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Abstract

The detections of gravitational waves from the collisions of stellar-mass black holes by the LIGO Scientific
& Virgo Collaboration have opened a new window onto the Universe. Even though multiple formation
mechanisms have been theorized in the literature, the question regarding their origin remains open. The
first part of this thesis aims to study merging binary black holes formed from isolated binary evolution in
galactic fields. In particular, we model the distribution of their observational properties such as black hole
masses, spins, and their merger redshifts. To achieve this goal, we combine detailed stellar and binary
evolution simulations of their progenitors with binary population synthesis techniques, which allow us to
model the statistical distributions of the binary black hole population properties. In the second part, we
consider model predictions for alternative formation channels, and illustrate how one could leverage these
signatures to interpret and quantify the origin of the detected sample of binary black holes. In the last
part, we discuss the implications on the observable population of electromagnetic transient events of our
stellar binary models, which could potentially be used to constrain further the formation mechanisms of

merging binary black holes.
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Résumé

La premiere détection d’ondes gravitationnelles émis par la collision de deux trous noirs de masse stellaire
par la collaboration de LIGO-Virgo a drastiquement modifié notre vision de I’Univers. Bien que plusieurs
mécanismes de formation aient été théorisés dans la littérature, la question de leur origine reste ouverte.
La premiere partie de cette these vise a étudier la formation de trous noirs binaires, formée par ’évolution
des étoiles binaires isolées dans les champs galactiques. Nous modélisons en particulier la distribution de
leurs propriétés d’observations telles que les masses des trous noirs, leurs spins et leurs redshifts de fusion.
Pour atteindre cet objectif, nous générons des simulations détaillées de 1’évolution stellaire et binaire
de leurs progéniteurs et utilisons des techniques de synthése de population binaire. Ceci nous permet
par la suite de modéliser les distributions statistiques des propriétés de la population des trous noirs
binaires. Dans la deuxieme partie, nous considérons des prédictions des modeles des canaux de formation
alternatifs et illustrons comment interpréter et quantifier 'origine de formation de trous noirs binaires
détectés, grace aux signatures spécifiques de chaque canal de formation. Dans la derniere partie, nous
discutons des implications sur la population observable des événements transitoires électromagnétiques
de nos modeles binaires stellaires, les quelles pourraient potentiellement étre utilisées pour contraindre

les mécanismes de formation des trous noirs binaires.

iv



Members of the jury

e Dr Christopher Berry
Institute for Gravitational Research, School of Physics & Astronomy

University of Glasgow, Kelvin Building, University Avenue, Glasgow,
G12 8QQ, Scotland

e Prof. Corinne Charbonnel
Départment d’Astronomie, Faculté des Sciences

Université de Geneve, Chemin Pegasi 51, CH-1290 Versoix, Switzerland

e Prof. Tassos Fragos
Départment d’Astronomie, Faculté des Sciences

Université de Geneve, Chemin Pegasi 51, CH-1290 Versoix, Switzerland

e Prof. Pascal Oesch
Départment d’Astronomie, Faculté des Sciences

Université de Geneéve, Chemin Pegasi 51, CH-1290 Versoix, Switzerland



List of my publications

The contents presented in this thesis contain material appearing in some of the following list of co-authored

publications. Only first- and second-authorship manuscripts appear as a whole in the thesis.

First author publications

1. Bavera S. S., Fragos T., Qin Y., Zapartas E., Neijssel C. J., Mandel 1., Batta A., Gaebel S. M.,
Kimball C., and Stevenson S. The origin of spin in binary black holes: predicting the distributions
of the main observables of Advanced LIGO. A&A, 635:A97, March 2020 [open-access link]

2. Bavera S. S., Fragos T., Zevin M., Berry C. P. L., Marchant P., Andrews J. J., Coughlin S.,
Dotter A., Kovlakas K., Misra D., Serra-Perez J. G., Qin Y., Rocha K. A., Roman-Garza J., Tran
N. H., and Zapartas E. The impact of mass-transfer physics on the observable properties of field
binary black hole populations. A&A, 647:A153, March 2021 [open-access link]

3. Bavera S. S., Zevin M., and Fragos T. Approximations of the Spin of Close Black Hole- Wolf-Rayet
Binaries. RNAAS, 5(5):127, May 2021 [open-access link]

4. Bavera S. S., Fragos T., Zapartas E., Ramirez-Ruiz E., Marchant P., Kelley L. Z., Zevin M.,
Andrews J. J., Coughlin S., Dotter A., Kovlakas K., Misra D., Serra-Perez J. G., Qin Y., Rocha K.
A., Romén-Garza J., Tran N. H., and Xing Z. Probing the progenitors of spinning binary black-hole
mergers with long gamma-ray bursts. A&A, 657:L8, January 2022 [open-access link|

5. Bavera S. S., Franciolini G., Cusin G., Riotto A., Zevin M., and Fragos T. Stochastic gravitational-
wave background as a tool to investigate multichannel astrophysical and primordial black-hole merg-
ers. A&A, 660:A26, April 2022 [open-access link]

6. Bavera S. S., Fishbach M., Zevin M., Zapartas E., and Fragos T. The xeg — z correlation of field
binary black hole mergers and how 3G gravitational-wave detectors can constrain it. arXiv e-prints,

page arXiv:2204.02619, accepted for publication in A&A, June 2022 [open-access link]

vi


https://arxiv.org/pdf/1906.12257.pdf
https://arxiv.org/pdf/2010.16333.pdf
https://arxiv.org/pdf/2105.09077.pdf
https://arxiv.org/pdf/2106.15841.pdf
https://arxiv.org/pdf/2109.05836.pdf
https://arxiv.org/pdf/2204.02619.pdf

Second author publications

7.

Zevin M., Bavera S. S., Berry C. P. L., Kalogera V., Fragos T., Marchant P., Rodriguez C.
L., Antonini F., Holz D. E., and Pankow C. One Channel to Rule Them All? Constraining the
Origins of Binary Black Holes Using Multiple Formation Pathways. ApJ, 910(2):152, April 2021

[open-access link]

Romén-Garza J., Bavera S. S., Fragos T., Zapartas E., Misra D., Andrews J., Coughlin S., Dotter
A., Kovlakas K., Serra J. G., Qin Y., Rocha K. A., and Tran N. H. The Role of Core-collapse
Physics in the Observability of Black Hole Neutron Star Mergers as Multimessenger Sources. ApJ,
912(2):L23, May 2021 [open-access link]

Zevin M. and Bavera S. S. Suspicious Siblings: The Distribution of Mass and Spin Across Com-
ponent Black Holes in Isolated Binary Evolution. ApJ, 933, 86, July 2022 [open-access link]

Other publications

10.

11.

12.

13.

Zapartas E., Renzo M., Fragos T., Dotter A., Andrews J. J., Bavera S. S., Coughlin S., Misra
D., Kovlakas K., Roman-Garza J., Serra J. G., Qin Y., Rocha K. A., Tran N. H., and Xing Z.
P. Reuvisiting the explodability of single massive star progenitors of stripped-envelope supernovae.
A&A, 656:L19, December 2021 [open-access link]

Fragos T., Andrews J. J., Bavera S. S., Berry C. P. L., Coughlin S., Dotter A., Giri P., Kalogera V.,
Katsaggelos A., Kovlakas K., Lalvani S., Misra D., Srivastava P. M., Qin Y., Rocha K. A., Roman-
Garza J., Serra J. G., Stahle P., Sun M., Teng X., Trajcevski G., Hai Tran N., Xing Z., Zapartas
E., and Zevin M. POSYDON: A General-Purpose Population Synthesis Code with Detailed Binary-
Evolution Simulations. arXiv e-prints, pages arXiv:2202.05892, submitted to ApJS, February 2022

[open-access link]

Akira Rocha K., Andrews J. J., Berry C. P. L., Doctor Z., Marchant P., Kalogera V., Coughlin
S., Bavera S. S., Dotter A., Fragos T., Kovlakas K., Misra D., Xing Z., and Zapartas E. Active
Learning for Computationally FEfficient Distribution of Binary Evolution Simulations. arXiv e-

prints, page arXiv:2203.16683, submitted to ApJ, March 2022 [open-access link]

Amaro-Seoane P., Andrews J., Arca Sedda M., Askar A., Balasov R., Bartos I., Bavera S. S.,
Bellovary J., Berry C. P. L., Berti E., Bianchi S., Blecha L., Blondin S., Bogdanovi¢ T., Boissier
S., Bonetti M., Bonoli S., Bortolas E., Breivik K., ... and Vigna-Gémez A. Astrophysics with the
Laser Interferometer Space Antenna. arXiv e-prints, pagse arXiv:2203.06016, submitted to Living
Rev. Relativ., March 2022 [open-access link]

vii


https://arxiv.org/pdf/2011.10057.pdf
https://arxiv.org/pdf/2012.02274.pdf
https://arxiv.org/pdf/2203.02515.pdf
https://arxiv.org/pdf/2106.05228.pdf
https://arxiv.org/pdf/2202.05892.pdf
https://arxiv.org/pdf/2203.16683.pdf
https://arxiv.org/pdf/2203.06016.pdf

Conference proceedings

14.

15.

Teng X., Corpstein A., Holm J., Knox W., Mathie B., Payne P., Wiel E. V., Giri P., Trajcevski G.,
Dotter A., Andrews J., Coughlin S., Qin Y., Serra- Perez J. G., Tran N., Roman-Garja J., Kovlakas
K., Zapartas E., Bavera S. S., Misra D., and Fragos T. CACSE: Context Aware Clustering of
Stellar Evolution. SSTD ’21: 17th International Symposium on Spatial and Temporal Databases,
August 2021 [link]

Teng X., Beckler T., Gannon B., Huinker B., Huinker G., Kumar K., Marquez C., Spooner J., Tra-
jeevski G., Dotter A., Andrews J., Coughlin S., Serra J. G., Qin Y., Tran N., Garja J. R., Kouvlakis
K., Zapartas E., Bavera S. S., Misra D., Fragkos A., and Giri P. CSD-CMAD: Coupling Sitmilarity
and Diversity for Clustering Multivariate Astrophysics Data. SIGSPATIAL ’21: Proceedings of the
29th International Conference on Advances in Geographic Information Systems, November 2021
[link]

viii


https://doi.org/10.1145/3469830.3470916
https://dl.acm.org/doi/10.1145/3474717.3483989

CONTENTS

Contents

Abstract

Résumé

Members of the jury

List of my publications

1 And then there were none

1.1

1.2

1.3

14

Gravitational-wave astronomy . . . . . . . . ... L. L
1.1.1 Gravitational-wave detectors . . . . . . . . . . ...
1.1.2  Gravitational waveforms and binary black-hole properties . . . . . . ... ... ..
1.1.3 Current gravitational-wave detections . . . . . . . . ... ... . L.
From stars to black holes . . . . . . . .. . Lo
1.2.1 Stellar evolution of massive stars and core-collapse supernovae . . . . ... .. ..
1.2.2 Pulsational pair-instability supernovae . . . . . . . . ... .. oL oL
1.2.3 Black-hole natal kicks . . . . . . .. . ... L
Binary black-hole formation channels . . . . . . . . ... ... ... L
1.3.1 Isolated binary evolution in galactic fields . . . . . ... .. ... ... ... .. ..
1.3.2 Dynamical formation in dense stellar environments . . . . . . . . . ... ... ...
1.3.3 Triple and multiples . . . . . . . .. L
1.3.4 Population IIT stars . . . . . . . . . . . e
1.3.5 Primordial black holes . . . . . . . . . .. ..
1.3.6 Active galactic nuclei . . . . . ... L
1.3.7 Ultra-compact dwarf galaxies . . . . . . . .. ... .o
1.3.8 Stellar flybys . . . . . . .
Distinguishing binary black-hole evolutionary channels . . . . . .. ... .. .. ... ...
1.4.1 The pair-instability supernovae gap . . . . . . . . . . ... L.
1.4.2 Eccentricity in the merging binary black hole . . . . . . .. ... ... ... ....
1.4.3 Black-hole spin orientations and magnitudes. . . . . . .. .. ... . .0

1.4.4 Correlations between binary black-hole properties. . . . . . . .. . ... ... ...

ix

iii

iv

vi

O © O N =



CONTENTS

1.4.5 Hierarchical Bayesian model selection . . . . ... .. .. ... ... .. ... ... 24
1.5 Modeling isolated binary evolution and populations . . . . . . .. .. ... ... ... ... 24
1.5.1 Binary population synthesis . . . . . . .. ... L oo oL 24
1.5.2  POSYDON: A general-purpose population synthesis code with detailed binary-evolution

simulations . . . . . ... Lo 25
1.5.3 The hybrid binary population synthesis approach . . . . . .. ... ... ... ... 26
2 Dancing with the stars 28
2.1 The origin of spin in merging binary black holes. . . . . . . ... ... ... ... .. .. 28
2.1.1 A brief introduction . . . . . . ... 28
2.1.2 Manuscript . . . ... oL 29
2.1.3 Impact on the current field of research . . . . . . .. ... ... 0. 49

2.2 The impact of mass-transfer physics on the observable properties of field binary black hole
populations . . . . ... 50
2.2.1 A brief introduction . . . ... .. 50
2.2.2 Manuscript . . .. ..o e e e 51
2.2.3 Impact on the current field of research . . . . . . ... ... ... 0L 78
2.3 Approximations to the spin of close black-hole-Wolf-Rayet binaries . . . . . . .. ... .. 78
2.3.1 A brief introduction . . . . .. .. 78
2.3.2 Manuscript . . . .. Lo e e 79
2.3.3 Impact on the current field of research . . . . . . ... ... ... 0L 83
2.4 Investigating the y.g—mass-ratio anti-correlation of field binary black hole mergers . . . . 83
3 If not me, who? If not now, when? 85
3.1 Unraveling the origins of merging binary black holes . . . . . . . . ... ... ... .... 85

3.2 Stochastic gravitational-wave background as a tool to investigate multi-channel astrophys-
ical and primordial black-hole mergers . . . . . . . .. ... o oL 86
3.2.1 A brief introduction . . . ... 86
3.2.2  Manuscript . . . . .. e e e 87
3.2.3 Impact on the current field of research . . . . . . . . . ... ... ... .. ..... 100
3.3 The xeg-redshift correlation of field binary black hole mergers . . . . . . . ... ... ... 101
3.3.1 A brief introduction . . . ... 101
3.3.2 Manuscript . . . . ..o e 101
3.3.3 Impact on the current field of research . . . . . . . .. ... ... ... ....... 116
4 Now you see me 117
4.1 Probing the progenitors of spinning binary black-hole mergers with long gamma-ray bursts 117
4.1.1 A brief introduction . . . .. ... 117
4.1.2 Manuscript . . . . ..o 118
4.1.3 Impact on the current field of research . . . . . .. ... ... o000 131
4.2 On the electromagnetic counterpart observability of black-hole-neutron-star mergers . . . 132



CONTENTS

5 Back to the future 134

5.1 Conclusions . . . . . . .. L 134

5.1.1 How do merging binary black holes form? . . . . ... .. ... ... ... ... 134

5.1.2  Probing black hole merger formation with multi-messenger astrophysics . . . . . . 135

5.1.3 Software innovation and impact on the broader astrophysical community . . . . . 135

5.2 Final remarks and outlook . . . . . . . ... Lo 136

Appendices 138

A Suspicious siblings 138

A.1 The distribution of mass and spin across component black holes in isolated binary evolution138

A.1.1 A brief introduction . . . ... Lo 138

A1.2 Manuscript . . . . . . .. 138

A.1.3 TImpact on the current field of research . . . . . . . .. ... ... L. 159

B One channel to rule them all? 160

B.1 Constraining the origins of binary black holes using multiple formation pathways . . . . . 160

B.1.1 A brief introduction . . . . . ... 160

B.1.2 Manuscript . . . . . . oL e 160

B.1.3 Impact on the current field of research . . . . . . . . .. ... ... ... ... ... 188

C Shine like a diamond 189
C.1 The role of core-collapse physics in the observability of black hole neutron star mergers as

MUltimesSenger SOUTCES . . . . v v v v v v vt e e e e e e e e e 189

C.1.1 A brief introduction . . . . . . . ... 189

C.1.2 Manuscript . . . .« . . 189

C.1.3 Impact on the current field of research . . . . . . . . ... ... ... ... ..... 203

Acknowledgements 205

Acronyms list 206

Bibliography 207

xi



To Aurélie



Chapter 1

And then there were none

It is now established that most massive stars are members of binary or higher-order stellar systems
(Sana et al. 2012; Moe & Di Stefano 2017). Some of these stars will interact during their evolution and
eventually form compact objects, such as black holes (BHs), neutron stars (NSs), and white dwarfs. Over
hundreds of millions of years, these systems slowly spiral inward toward each other, eventually colliding.
These compact objects orbit each other at an ever-increasing rate during the last seconds of their life,
emitting an extreme amount of energy in gravitational waves (GWs). Gravitational waves are ripples in
space-time that travel at the speed of light and carry information about their source. The first detection
of GWs, GW150914, from the merger of two BHs by the Advanced LIGO detectors (Abbott et al. 2016d),
sparked the start of the new era of multi-messenger astronomy. Gravitational-wave astronomy gives us
a new window on the Universe and has the potential to revolutionize our astrophysical understanding of
multiple aspects of the Cosmos. For example, as the endpoint of massive-star evolution, merging binary
black holes (BBHs) can encode unique information about their progenitor systems, such as the types
of environments they were born in, their formation processes, and the complex stellar evolution that
persisted throughout their lives. This chapter reviews the BBH detections made with GW detectors and

introduces all the key ingredients needed to unravel the origin of merging BBHs.

1.1 Gravitational-wave astronomy

The existence of GWs in general relativity was first predicted by Albert Einstein one year after
formulating the field equations in 1916 (Einstein 1916, 1918). Indirect evidence of their existence came
in 1982 by Taylor & Weisberg (1982), who, in the previous years, measured the GW energy loss of the
binary pulsar PSR B1913+16 as predicted by general relativity, in the system previously discovered by
Hulse & Taylor (1975). This further motivated the construction of laser interferometry detectors which
could directly observe GWs. By the early 2000s, a set of initial detectors was completed, including TAMA
300 in Japan (Ando & TAMA Collaboration 2002), GEO 600 in Germany (Willke et al. 2002), the Laser
Interferometer Gravitational-Wave Observatory (LIGO) in the United States (Fritschel 2003), and Virgo
in Ttaly (Marion & VIRGO Collaboration 2000). In 2015, Advanced LIGO (Aasi et al. 2015b) became

the first of a significantly more sensitive network of advanced detectors to begin observations (Aso et al.
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1.1. GRAVITATIONAL-WAVE ASTRONOMY

light storage arm test mass
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test mass test mass

test mass

beam
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Figure 1.1: A schematic diagram of a laser interferometer with light storage arms. Credit: LIGO
Scientific Collaboration.

2013; Affeldt et al. 2014; Aasi et al. 2015a; Acernese et al. 2015). On September 14, 2015, the LIGO
Hanford and Livingston GW observatories detected GW150914, the first coincident GW signal coming
from the merger of two stellar-mass BHs of roughly 30 M in mass (Abbott et al. 2016d).

The global GW detector network currently consists of two Advanced LIGO detectors (Aasi et al.
2015b), the Advanced Virgo detector (Acernese et al. 2015), the GEO 600 detector (Dooley et al. 2016),
the Japanese detector KAGRA (Aso et al. 2013; Akutsu et al. 2020), and soon, a third Advanced LIGO
detector to be located in India (Unnikrishnan 2013). The first observing run (O1) of Advanced LIGO
took place from mid-September 2015 until mid-January 2016. The second observing run (O2) for the
Advanced LIGO detectors began at the end of November 2016 and lasted until the end of August 2017.
The Advanced Virgo detector formally began observations during O2 at the beginning of August 2017,
enabling the first three-detector observations of GWs (Abbott et al. 2019b). The third observing run
(03) of LIGO-Virgo detectors lasted from April 2019 until March 2020, with all three detectors operating
with their best sensitivity to date. The upcoming O4 run will also see the joint operation of the KAGRA
detector (Akutsu et al. 2019). In the following sections, we review how GW detectors work (§1.1.1), what
are the BBH observable properties constrained from GW observations (§1.1.2) and review current GW
detections of BBHs (§1.1.3).

1.1.1 Gravitational-wave detectors

The current second-generation GW detectors such as Advanced LIGO (Aasi et al. 2015b) and Advanced
Virgo (Acernese et al. 2015) are large-scale enhanced Michelson interferometers. These detectors are
sensitive to perturbations of space-time induced by passing GWs, causing the arms’ lengths to vary
over time. Terrestrial force and disturbances are equivalently measured by the detector and constitute

noise that can mask the GW signals. When a GW passes through a detector, it causes differences in

2



1.1. GRAVITATIONAL-WAVE ASTRONOMY
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Figure 1.2: Design strain sensitivity of the Advanced LIGO detector, showing the main noise sources
that contributes to limiting the sensitivity. For comparison, the measured sensitivity of the Livingston
LIGO detector during the O2 run is displayed as an example of the typical performance of the GW
detectors. Credit: Vajente et al. (2019)

the relative arm length, generating power variations in the laser output captured by photodiodes. The
Advanced LIGO GW detectors are identical in design, with 4 km-long arms. Advanced Virgo has a similar
design, with 3 km-long arms. Fabry-Perot cavities are used in the arms of the detectors to increase the
interaction time with a GW, and power recycling is used to increase the effective laser power. A calibration
procedure is applied to the interferometer photodiodes, making the detector operational between the GW
frequencies of 10 Hz and 5kHz. This frequency range correspond to the GW chirp frequency of merging
stellar mass compact objects like BHs and NSs (e.g., Aasi et al. 2015b). The GW detector’s performance
is continuously monitored to characterize noise sources that could negatively impact the sensitivity of
the GW searches or the source property estimation (Abbott et al. 2016a; Covas et al. 2018; Davis et al.
2021; Acernese et al. 2022). Figure 1.1 is a schematic diagram of the laser interferometer technique used
in GW detectors.

The GW signals recorded by the Advanced LIGO and Advanced Virgo detector instruments are im-
pacted by various types of noise sources, including quantum sensing, seismic, suspension thermal, mirror
coating thermal, and gravity gradient (Aasi et al. 2015b). In addition, there are transient sources of
noise such as, e.g., human activities, weather and equipment malfunctions (Abbott et al. 2016a), and

occasional noise of unknown origin, commonly referred to as glitches (Cabero et al. 2019; Davis et al.



1.1. GRAVITATIONAL-WAVE ASTRONOMY
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Figure 1.3: The gravitational waveform reference computed from the numerical relativity template for
the GW150914 discovery paper (Abbott et al. 2016d) in the LIGO detector GW frequency band. Credit:
Abbott et al. (2020b)

2021; Acernese et al. 2022). Finally, there is also elevated persistent noise confined to certain frequencies,
referred to as spectral lines, which electrical and mechanical devices or resonances typically cause these
(Covas et al. 2018). The impact of the different noise sourses to the GW detector strain sensitivity is
shown in Figure 1.2. For comparison, the same figure also shows the measured sensitivity of one of the
Advanced LIGO GW detectors during the second observing campaign. In the data analysis, the noise is
modeled as a stochastic process with statistical properties given by the joint probability distribution of
all the noise sources in a detector. The GW detection and parameter estimation techniques are briefly
discussed in the following section, but e.g., see the guide in Abbott et al. (2020b) to the LIGO-Virgo

detector noise and extraction of GW signals from the data for a more in depth review.

1.1.2 Gravitational waveforms and binary black-hole properties

Binary black holes lose orbital energy and angular momentum due to the emission of GWs. This causes
their orbital separation to shrink until the two BHs collide and merge, forming a single BH of mass less
than the sum of the two parent BHs. Three distinct stages characterize the BBH orbital evolution: the
inspiral, the merger, and the ringdown phase of the remnant BH (for a review see Schmidt 2020). The GW
signature encodes the properties characterizing the merging BBH. There are seven intrinsic parameters
characterizing a BBH system composed of two Kerr BHs in a circular orbit, since for astrophysical BHs,
one commonly assumes charge neutrality (see, e.g., Zajacek & Tursunov 2019). These parameters are
the mass ratio ¢ = ma/m; where m; and mo are the BH masses (with the common convention being
my < my), and the two dimensionless spin vectors x; and Ya, which are defined as Y; = cj; /(Gm;)?,
where J; is the angular-momentum vector of the BH with dummy index i € {1,2}. The total mass of the
BBH system, M = mj + mg, is not relevant intrinsically but determines the GW frequency in physical
units, and is therefore relevant for the parameter estimation in GW detection.

The general relativistic two-body problem lacks analytic solutions. Therefore the dynamics and the
corresponding GW signal must be approximated using a combination of analytic and numerical tech-
niques. During the inspiral stage, where the orbital separation between two BHs is much larger than

their size, the BHs can be treated as point particles. The GW signal can be calculated using the post-
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Newtonian approximation. The post-Newtonian approximation is no longer valid at smaller separations,
and the Einstein field equations must be solved numerically. Figure 1.3 shows the last moments of
the gravitational waveform as predicted by numerical solutions of general relativity for GW150914; the

first-ever detected merging BBH system.

Given the computational cost of solving the Einstein field equations numerically, GW data analysis
relays on libraries of precomputed gravitational waveform models. Matched-filter search is the most
common analysis used to extract GW signals of coalescing compact objects from the detector noise (e.g.,
Sathyaprakash & Dhurandhar 1991; Allen et al. 2012). This detection technique relays on comparing
the measured GW detector signal with the gravitational waveform libraries. Complementary, the signal
is scanned for unmodeled short-duration transient bursts (Klimenko et al. 2016). In both cases, once
a candidate GW signal is identified and its significance is established, the next goal is to use the data
to infer the physical parameters characterising the source that created the GWs. This is done by using
Bayesian inference (e.g., Christensen & Meyer 1998, 2001, 2022; Rover et al. 2006; van der Sluys et al.
2008a,b; Veitch & Vecchio 2010; Veitch et al. 2015; Zackay et al. 2018; Biwer et al. 2019). The total
number of physical parameters inferred from the GW signal of a merging BBH in a circular orbit is 15.
In addition to the seven intrinsic BBH parameters and the total binary mass, M, we have the polarization
angle 1 and the angle 6 between the total orbital angular momentum L and the propagation direction
of the GW, ﬁ, the source luminosity distance Dy, the source right ascension a and declination §, and a
reference phase ¢y and a reference time, typically the GW strain peak time, ty. To the set of physical
parameters, one must add another ten parameters per GW detector necessary to specify the calibration
uncertainty model. Hence, for a typical three-detector analysis (LIGO-Virgo), 45 parameters for a quasi-
circular system with generic spin orientations must be inferred. We refer to Abbott et al. (2020b) for a
review of how such a high dimensional parameter space is efficiently explored. Additionally, we note that
accounting for more complicated orbits, e.g., eccentric ones, or accoutring for tidal deformation of NSs,

would consequently require additional parameters for the model.

Because GW signals are weak compared to the GW detector noise, there are, potentially large, uncer-
tainties in the parameter estimation. Additionally, some of the source parameters are strongly correlated,
leading to near-degeneracies when extracting them from a noisy dataset. For the heaviest BBHs, the total
mass M is measured relatively accurately because the latest stage of the merger waveform, the ringdown,
whose frequency is a function of the total mass, falls in the sensitive frequency band of current GW detec-
tors. For lower-mass BBHs, the chirp mass My, is the better-measured parameter since it determines
to the lowest order the rate of frequency evolution during the earlier inspiral phase of the waveform. The

chirp mass is defined as
(mymsy)3/®
e (1)

Additionally, the mass ratio ¢ is often poorly constrained. This parameter appears in the GW waveform

Mchirp =

inspiral phase at higher order corrections in the ratio of the orbital velocity to the speed of light, and is
partially degenerate with the BH spins (Poisson & Will 1995; Hannam et al. 2013).
Similarly, placing precise constraints on the BH spins is challenging. Instead, a quantity that can be

constrained better is the effective spin parameter, ye.g: a mass-weighted linear combination of the BH
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Figure 1.4: Diagram showing the masses of all BHs observed as GWs by the LVK Collaboration in
GWTC-3 (blue) and NSs (orange). The resultant merger object mass is indicated with arrows. Credit:
visualization by the LVK Collaboration, Aaron Geller at Northwestern University.

dimensionless spin components along the orbital angular-momentum direction L (e.g., Racine 2008; Ajith

2011)

mixi +maxX1 =
Yo = AL L (12)

This parameter is better constrained as it is proportional to the gravitational waveform amplitude.
Finally, as mentioned before, coupled with information from two or more GW detectors in a network,

it is possible to infer the sky location, the orientation, and the luminosity distance to the source, or
redshift assuming a cosmological model (e.g., Veitch et al. 2015; Abbott et al. 2016e; Ashton et al. 2019).

1.1.3 Current gravitational-wave detections

To date, 76 detections of GWs with a false alarm rate < 1yr~! have been reported by the LIGO- Virgo-
KAGRA (LVK) Collaboration (Abbott et al. 2016b, 2019b, 2021a,d,e). In the GW transient catalogs
GWTC-1, GWTC-2, GWTC-2.1, and GWTC-3 released by the LVK Collaboration, we count 69 merging
BBHSs event, two merging binary NSs (BNSs; Abbott et al. 2017b, 2020a), two from the merger of BH-
NS binaries (Abbott et al. 2021b), and three difficult-to-classify events GW190426-152155, GW190814,
and GW190917_114630. The mass of the less massive component in these last three systems could be
classified as a NS or a BH depending on where the threshold between NS and BH formation lies in the
2 — 3 Mg mass range. Figure 1.4 shows an illustration of the mass distribution of the mentioned GW
detections. Additional detections have also been reported by other groups’ independent reanalysis of
the data (Venumadhav et al. 2020; Nitz et al. 2021a,b; Olsen et al. 2022). For the remaining of this
section, we will just focus on discussing the main BH observed properties through GWs, but see Mandel
& Farmer (2022) for a general review of observed BH properties, which also includes a discussion about

BHs detected in X-ray binaries.
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Figure 1.5:  Cumulative probability distribution of the redshifts of detected BBHs of given masses,
assuming that the underlying redshift distribution is uniform in comoving volume. The solid (dashed)
lines show the expected distributions for Advanced LIGO at design (O2) sensitivity. If the merger rate
evolves positively (negatively) with redshift, these curves would shift to the right (left). Credit: Fishbach
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Figure 1.6: The astrophysical BBH primary mass distribution for the fiducial model analysis by the
LVK Collaboration, showing the differential BBH merger rate as a function of primary mass. Credit:

Abbott et al. (2021f)
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Figure 1.7: Diagram showing the chirp masses, Mcpnirp, versus the effective spin parameters, x.g, of all
BHs observed as GWs by the LVK Collaboration in GWTC-3 (blue). The error bars indicate the 90%
credible interval. Credit: visualization by the LVK Collaboration (generated from http://catalog.
cardiffgravity.org).

Assuming the lower-mass object in GW190814 is a BH rather than a NS (Abbott et al. 2020e),
the observed BH masses range from ~ 2.6 Mg to ~ 80 Mg for GW190521 (Abbott et al. 2020d). In
Figure 1.4, we see a significant selection bias toward detecting more massive BBHs. This occurs because
the GW detector sensitivity depends on the observed BBH component masses. More massive BBHs have
louder GW signals as the GW amplitude is mass dependent and the horizon distance at which a source
is detectable, specifically scales as M fh/i?p. Figure 1.5 shows the cumulative distribution of the redshifts
of detected BBHs of given masses for Advanced LIGO at design and O2 sensitivity. More massive BBHs
can be detected at larger redshifts. Correcting for GW detector selection effects, one can recover the
underlying distribution of BH masses, which is consistent with a power-law for the most massive BH, i.e.,
p(my) oc my** (Abbott et al. 2021f). This power law is reminiscent of the stellar initial mass function
(Salpeter 1955) with an additional peak at around 34 Mg as shown in Figure 1.6. Additionally, the
majority (99%) of observed merging BHs have masses below 45 Mg (Abbott et al. 2021f).

Most observed BBH mergers have small spins, but some events show evidence of non-zero xeg. In
Figure 1.7, we show the estimated x.s parameters versus Mcnirp for the detected BBHs. The population

spin distribution of merging BBHs is a topic of ongoing discussion, and the official interpretation by
the LVK Collaboration is debated (e.g., Abbott et al. 2021f,c; Roulet et al. 2021; Callister et al. 2021b;


http://catalog.cardiffgravity.org
http://catalog.cardiffgravity.org
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Galaudage et al. 2021). See Section 1.4.3 for a discussion on this matter and its astrophysical implications.
The official LVK Collaboration analysis hints at a sub-population of x.¢ < 0 BBHs (Abbott et al. 2021f,c).
On the other hand, both Roulet et al. (2021) and Galaudage et al. (2021) contest such claims by finding
that the majority of BBHs have negligible spins on both components (consistent with zero), while a
small fraction has positive and preferentially aligned spins (with the orbital angular momentum) with no
observed events displaying a definite negative y.g. These differences are the result of the adopted model
used to interpret the BBH population xeq distribution. Roulet et al. (2021) and Galaudage et al. (2021)
claim that by assuming yes follows a simplistic Gaussian distribution (as done in the LVK Collaboration
analysis), the original analysis miss-specify the real underlying BBH y.g distribution. See also Miller
et al. (2020) for a discuss on the overestimation of y.g introduced by the assumption of uninformative

spin priors given the observed population.

All BBH events were observed with distances of around 250 Mpc to 6 Gpc, corresponding to redshifts
between 0.05 and 0.9. This is consistent with the detector sensitivity during the first three observing
runs of LIGO-Virgo GW detectors (Abbott et al. 2021e). Moreover, a couple of events could potentially
have residual eccentricity at the GW frequency of 10 Hz (Romero-Shaw et al. 2021, 2020, 2022). Still,
these analyses are not conclusive as they do not account for possible degeneracy between eccentricity and
precession (Bustillo et al. 2021). Finally, the LVK Collaboration constrains the merger rate to increase
with redshift, where the merger rate at the local Universe (z = 0) is 10 — 30 Gpc™® yr~' (Abbott et al.
2021f).

1.2 From stars to black holes

1.2.1 Stellar evolution of massive stars and core-collapse supernovae

The evolution post-main-sequence of stars more massive than 2> 8 My differs from lower mass stars
such as the Sun. After the hydrogen-burning phase, followed by helium burning and forming a carbon-
oxygen core, the very high central temperature of massive stars can further trigger carbon and oxygen
burning. Figure 1.8 shows the Hertzsprung-Russell diagram evolution of single stars in the mass range
0.5 —300 Mg. The most massive stars will continue undergoing all nuclear burning phases up to forming
an iron core. The iron core keeps growing by silicon shell burning to a mass of around the Chandrasekhar
mass limit ~ 1.44 M. This leads eventually to electron capture and dissociation of the core elements
into alpha particles in a process known as photodisintegration. The first process removes the degeneracy-
pressure support of the core, while the second removes the thermal support. Combined, these two
mechanisms accelerate the collapse until the core reaches nuclear densities, and neutron degeneracy
pressure halts the collapse. This sudden halt produces a bounce shock moving out of the core. The shock
wave moves outwards until it deposits all its energy into the surrounding layers. A supernova explosion
occurs if the deposited energy can overcome the ram pressure of the infalling stellar material. A fraction,
fm, of the material ejected by the supernova then falls back onto the stellar remnant. If the remnant is
massive enough, neutron degeneracy pressure fails to halt the collapse, which leads to the formation of

a BH. On the other end, the most massive stars can directly overcome the neutron degeneracy pressure
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Figure 1.8: Hertzsprung-Russell diagram of POSYDON single-stellar models in the mass range 0.5—300 Mg

where different stellar burning phases are indicated according to the legend. The stars are evolved up to
carbon depletion or until they reach the Hubble time. Credit: Fragos et al. (2022)

10



1.2. FROM STARS TO BLACK HOLES

when the collapse starts, and implode to form a BH. This process is known as a core-collapse supernova
(for a review see Janka et al. 2007).

The process of the core collapse was extensively studied during the past decades, and self-consistent
simulations that model the core-collapse process are still the subject of active research. An extensive
body of recent research showed that the star’s final fate in core-collapse supernovae, i.e. implosion or
explosion, depends sensitively on the structure of the stellar core immediately preceding the iron core-
collapse, which in turn is set by the last few thousand years of evolution in the stellar core (e.g. Fryer 1999;
Fryer et al. 2012; Woosley et al. 2002; O’Connor & Ott 2011; Ugliano et al. 2012; Pejcha & Thompson
2015; Sukhbold et al. 2016; Sukhbold & Adams 2020; Patton & Sukhbold 2020). We explicitly point out
that the latest research shows that there is no unique boundary in the core mass of the pre-core-collapse
star that transitions between the formation of NSs and BHs. This result is important and can potentially
impact BBH formation models, however, is still commonly neglected in population synthesis modeling
(see, e.g., Patton et al. 2022, and §1.5.1 for an introduction on this modeling technique). The most
commonly used prescription to approximate the remnant baryonic mass left behind by the core-collapse
supernova, given the pre-core-collapse stellar core mass, is the one of Fryer et al. (2012). Subsequently,
the remnant baryonic mass is converted to gravitational mass, given some empirical prescriptions to
account for neutrino mass loss during the collapse. See, e.g., the prescription in Appendix A.2 of Zevin
et al. (2020), which is an updated version of the one by Lattimer & Yahil (1989) based on the neutrino
observations of SN 1987A.

Finally, another important point about modeling the formation of BHs is the estimation of the fraction
of angular momentum stored in the collapsing star that is passed to the BH. Highly rotating, massive
stars are thought to support the formation of an accretion disk and potentially lead to the emission
of a long-duration gamma-ray burst (LGRB; e.g., Woosley 1993; Paczynski 1998). Given the profile
of a collapsing star and assuming the direct collapse of its shells, one can determine the portions of
the collapsing star that will collapse directly toward the center, as well as those that will support the
formation of an accretion disk (e.g., Batta & Ramirez-Ruiz 2019). Because this procedure is illustrated
in multiple of my publications (and, hence, this thesis), we omit an explanation of the details of this
mechanism here (e.g., Bavera et al. 2020, 2021a, 2022b; Fragos et al. 2022).

1.2.2 Pulsational pair-instability supernovae

During the post-carbon burning phase of massive stars, photons produced in the core can be energetic
enough to produce electron-positron pairs, softening the equation of state and diminishing the pressure
support of the core (see, e.g., Woosley et al. 2007; Langer 2012). In such stars, the core rapidly contracts.
The temperature increases, leading to explosive oxygen burning (e.g., Woosley & Heger 2015), which
creates a series of energetic pulses that eject material from the star’s surface. This phenomenon is known
as a pulsational pair-instability supernova (PPISN) and occurs for stars with helium core masses in the
range ~ 32 — 64 Mg (Yoshida et al. 2016; Woosley 2017, 2019; Marchant et al. 2019; Renzo et al. 2020).
For more massive stars with helium core masses in ~ 64 — 133 M, the first pulse is so energetic that can
unbind and destroy the whole star in a so-called pair-instability supernova (PISN; Fowler & Hoyle 1964;
Rakavy & Shaviv 1967; Barkat et al. 1967; Heger & Woosley 2002), leaving no remnant. Figure 1.9 shows

11
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Figure 1.9: Final remnant mass Mg, as a function of pre-supernova helium core mass My for stars
in the PPISN and PISN mass regime. The results of different studies (Belczynski et al. 2016a; Woosley
2017, 2019; Stevenson et al. 2017; Marchant et al. 2019) are indicated with different color markers. Solid
lines show analytical fits to these models as presented in Stevenson et al. (2019). All models demonstrate
a turnover between pre-supernova helium core mass and final mass. Credit: Stevenson et al. (2019)

the relation of the final remnant mass of stars experiencing PPISN according to some of the mentioned

aforementioned models.

We notice that the location of the PISN gap at BH mass ~ 45 M, is robust against model uncertainties.
For example, variations in the metallicity might shift it by < 3Mg), the treatment of internal mixing by
< 1 Mg, and stellar-wind mass loss < 4 Mg (Farmer et al. 2019). However, it was found that it is sensitive
to the uncertain 2C(a, )0 nuclear reaction rate. This nuclear reaction rate is of great astrophysical

significance and governs the production of oxygen at the expense of carbon (Farmer et al. 2020).

1.2.3 Black-hole natal kicks

During the core collapse, the binary system experiences abrupt mass loss away from the center of
mass, affecting its orbital parameters (Blaauw 1961; Boersma 1961). Furthermore, asymmetric ejection
of matter (Janka & Mueller 1994; Burrows & Hayes 1996; Janka 2013) or asymmetric emission of neutrinos
(Bisnovatyi-Kogan 1993; Socrates et al. 2005) can provide a momentum kick to the newly formed BH.
Oftentimes, BH kicks are empirically assumed to be drawn from a Maxwellian distribution with dispersion
o =265kms~! (Hobbs et al. 2005) and resealed by some factor as, e.g., one minus fg, (Fryer et al. 2012).
Depending on the natal kick magnitudes, BH kicks can induce a statistically relevant fraction of BBH
systems to have spins anti-align with the orbital angular momentum and have y.¢ < 0 (see, e.g., Rodriguez
et al. 2016b; Gerosa et al. 2018; Steinle & Kesden 2021; Callister et al. 2021a; Stevenson 2022).
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Figure 1.10: Diagram showing a binary black hole system forming through the canonical stable mass
transfer formation channel.

1.3 Binary black-hole formation channels

General relativity puts upper constraints on the maximal orbital separation at the formation of the
BBH system for the two BHs to coalesce within the age of the Universe (tg = 13.8 Gyr). The inspiral
timescale can be approximated using the Peters (1964) formula. For example, assuming a circular orbit,
the maximal orbital separation for the first-ever detected BBH system GW150914 composed of two BHs
with mass ~ 30 Mg for the system to merge in isolation within the Hubble time ¢y is < 47 Rs. However,
from isolated stellar evolution, we know that a star massive enough to generate such BHs will expand to
become a supergiant of more than a thousand solar radii during its evolution. Naively, we might therefore
expect that the stellar binary system would had merge long before the first BH formation. Therefore, a
viable formation mechanism for merging BBHs would either (i) efficiently bring the stars closer together
after they have expanded and formed the BH, (ii) prevent the stars from expanding during their evolution,
or (iii) have the expanding star interact with the binary companion without merging or disrupting the
system.

The present thesis mostly focuses on studying the BBH evolutionary pathways in the framework of
detailed, isolated binary evolution models. This corresponds to formation mechanisms categories (ii) and
(iii) listed above. However, many other formation channels have been discussed in the literature. The

following sections review and summarize the main BBH formation channel discussed in the literature.

1.3.1 Isolated binary evolution in galactic fields

1.3.1.1 The canonical stable mass transfer and common envelope evolutionary pathways

In this formation channel (for a review see Mandel & Farmer 2022), two massive stars are born

in a relatively wide binary. The first binary interaction happens after the initially more massive star
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Figure 1.11: Diagram showing a binary black hole system forming through the canonical common envelope
phase formation channel. We indicate the spin of the second-born BH acquired through tidal spin up
during the BH-WR phase with an arrow.

(henceforth, primary) leaves the main sequence and expands to become a red supergiant star. The
primary star inflates its hydrogen-rich envelope beyond its Roche lobe during this evolutionary phase,
leading to the first mass-transfer episode. The mass transfer stops when the entire stellar envelope is lost,
leaving behind a naked helium star known as Wolf-Rayet (WR) star. Depending on the mass-transfer
accretion efficiency, which mostly depends on the surface rotation of the accreting star, the secondary
star might accrete a small or large fraction of the transferred mass. Eventually, the primary star collapses
to form the first-born BH.

The angular-momentum transport efficiency determines the spin of the first-born BH during the
evolution of the progenitor star. Measurements of NS and white dwarf spins (Heger et al. 2005; Suijs
et al. 2008), and asteroseismology studies (Fuller et al. 2014; Eggenberger et al. 2012; Cantiello et al.
2014), suggest that this mechanism must be efficient (Spruit 1999, 2002; Fuller & Ma 2019). Thus, upon
expansion, the initial angular momentum of the star is mostly transported to the outer layers, which are
subsequently lost due to the first mass transfer episode and wind mass loss. This leads to the formation
of a slowly spinning first-born BH (|x1| = 0), as initially suggested in the context of BH low-mass X-ray
binary formation by Fragos & McClintock (2015), and subsequently quantitatively shown in Qin et al.
(2018), Fuller & Ma (2019), and Belczynski et al. (2020).

The above process repeats for the secondary star (also referred as companion). The mass-transfer
phase can be either stable or unstable, with the latter leading to the formation of a common envelope
(CE) of gas engulfing the binary. From this point on, we will refer to the first evolutionary case as the
stable mass-transfer (SMT) channel while the latter as the CE channel. If the stripping of the secondary’s
envelope is successful, we are left with either a tight BH-WR system in the case of the CE channel, or

with a wider system in the case of the SMT channel. Eventually, the secondary star collapses to form
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the second-born BH. Due to energy and angular-momentum loss from GW emission (Peters 1964), the
BBH system merges to form a single BH.

In the case of the SMT channel, during the second mass-trasfer episode, the first-born BH may accrete
material and spin up (Thorne 1974). This depends on the accretion rate onto BHs. If the accretion
efficiency is Eddington limited, then the first-born BH will not accrete material and avoid any spin-up.
In the case of super-Eddington accretion, the BH will spin up depending on the accreted mass (van Son
et al. 2020; Bavera et al. 2021a; Qin et al. 2022; Zevin & Bavera 2022).

On the other hand, the spin of the second-born BH is determined by the net effect of the interplay
between stellar-wind mass loss and the tidal interactions of the BH-WR, binary system. Because of the
efficiency of the angular-momentum transport, the WR star emerges from the second mass transfer event
with a negligible spin. If the orbital separation is small enough and stellar winds do not widen the
system significantly, the WR star can be spun up by tides. These conditions are met at low metallicities
(Z £0.2Z3) and for BH-WR systems mostly formed through the CE formation channel (Qin et al. 2018;
Bavera et al. 2020). In contrast, in the case of the SMT channel, the orbit shrinks less efficiently, leading
to wider BH-WR systems and less tidally spun-up second-born BHs than in the CE channel (Bavera
et al. 2021a). The main evolutionary steps described here for the SMT and CE evolutionary channel are
illustrated in Figures 1.10 and 1.11, respectively.

In recent years, a lot of focus was put on these two evolutionary pathways to explain the origin of
coalescing BBHs detected by LVK GW detectors. Relevant studies about the SMT channel are, e.g.,
Pavlovskii et al. (2017); van den Heuvel et al. (2017); Neijssel et al. (2019); Inayoshi et al. (2017); van
Son et al. (2021); Bavera et al. (2021a); Broekgaarden et al. (2022), while studies focusing on the CE
channels are, e.g., Smarr & Blandford (1976); van den Heuvel (1976); Tutukov & Yungelson (1993);
Kalogera et al. (2007); Dominik et al. (2012, 2013, 2015); Postnov & Yungelson (2014); Belczynski et al.
(2016b, 2020); Breivik et al. (2016); Giacobbo & Mapelli (2018); Zaldarriaga et al. (2018); Spera et al.
(2019); Bavera et al. (2020).

1.3.1.2 Chemically homogeneous evolution

Massive stars at the main sequence, in binary systems with short orbital periods (p < 2days) and
nearly equal masses (¢ > 0.8), tidally spin up to be highly rotating. The rapid rotation of the stars
induces rotational mixing in the stellar interior, replenishing the core with elements for nuclear burning
and never leading to significant expansion of the progenitor stars throughout core hydrogen burning
(Maeder 1987; Langer 1992; Heger & Langer 2000). This evolutionary pathway is known as chemically
homogeneous evolution (CHE). Detailed studies in binary systems have shown that this mechanism
leads to the formation of merging BBHs only at low metallicities (Z < 5-1073), where strong angular-
momentum loss due to stellar winds can be avoided such that the stars remain fully mixed until core
hydrogen exhaustion (Yoon & Langer 2005; Woosley & Heger 2006; Brott et al. 2011; Kohler et al. 2015;
Szécsi et al. 2015). Studies focusing on the CHE channel in massive binaries targeting the formation
of GW sources are de Mink & Mandel (2016); Mandel & de Mink (2016); Marchant et al. (2016) and,
subsequently, follow-up studies (e.g., du Buisson et al. 2020; Riley et al. 2021). Figure 1.12 illustrates the

evolution of a binary through this channel. Both stars born in a close binary system evolve chemically
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Figure 1.12: Diagram showing a binary black hole system forming through the chemically homogeneous
evolutionary channel. We use arrows to indicate the star and BH spins.

homogeneously avoiding expansion, becoming directly rapidly rotating WR stars and eventually forming

massive, nearly-equal mass and highly rotating BHs, which will eventually merge.

1.3.1.3 Other minor evolutionary pathways within isolated binary evolution

Another channel for forming BBHs is similar to the double-core CE channel first introduced by Brown
(1995) and Dewi et al. (2006) for the formation of merging BNSs. In this scenario, both stars evolve
beyond the Hertzsprung-gap, engaging in an unstable mass-transfer episode. Binaries that survive the CE
phase will form close WR-WR systems, which can then undergo tidal spin-up (Hotokezaka & Piran 2017;
Olejak & Belczynski 2021). Eventually, both stars will then collapse to form merging highly spinning
BBHs. This evolutionary channel typically leads to near-equal-mass mergers and is often neglected

because it is rare compare the other evolutionary pathways mentioned above (Neijssel et al. 2019).

1.3.2 Dynamical formation in dense stellar environments

In the isolated binary evolution channels, the companions are formed at the same time, and evolve in
parallel, largely ignoring the effects of environment. Conversely, in dense stellar environments, merging
BBHs may originate from stars of the same or different ages, in the same or different systems (single,
binary or multiple), subject to internal (e.g., three-body) or external (from close encounters) forces. The
evolution of one possible system in this channel is illustrated in Figure 1.13. This formation path is
present in nuclear star clusters (e.g. Antonini & Rasio 2016; Petrovich & Antonini 2017; Antonini et al.
2019; Arca Sedda 2020; Fragione & Silk 2020), globular clusters (e.g., Portegies Zwart & McMillan 2000;
O’Leary et al. 2006; Downing et al. 2010; Tanikawa 2013; Rodriguez et al. 2015, 2016a; Askar et al.
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Figure 1.13: Diagram showing a binary black hole system forming through dynamical interactions in a
dense stellar environment. The last drawing shows the BH spin vectors in case the BHs are born spinning.

In contrast to isolated binary evolution channels, BH spins are not expected to be aligned with the orbital
angular momentum.
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2017; Fragione & Kocsis 2018; Choksi et al. 2018; Choksi & Gnedin 2019; Hong et al. 2018; Rodriguez
& Loeb 2018), and young star clusters (e.g., Banerjee et al. 2010; Banerjee 2017, 2021; Ziosi et al. 2014,
Mapelli 2016; Di Carlo et al. 2019, 2020b; Kumamoto et al. 2019, 2020; Rastello et al. 2019). The BHs
formed from massive stars aggregate to the core of the cluster due to dynamical friction, creating a dense
subsystem dominated by BH interactions (Lightman & Shapiro 1978; Sigurdsson & Hernquist 1993).
Strong gravitational encounters between BH systems produce “hardened” binaries, typically extracting
orbital energy from the more massive components of the interaction by ejecting the lighter components
(McMillan et al. 1991; Hut et al. 1992; Sigurdsson & Phinney 1993; Miller & Hamilton 2002; Giiltekin
et al. 2006; Fregeau & Rasio 2007), leading to BBHs that can merge within the Hubble time (e.g., Samsing
et al. 2014; Samsing & Ramirez-Ruiz 2017). Different dynamical environments have unique predictions
for the properties of merging BBHs, since stellar densities, escape velocities, and stellar mass budgets
differ in these scenarios. If the BHs are born spinning, then because of their formation nature, one would
expect isotropically-distributed spins in contrast to isolated binary evolution, this evolutionary channel

is expected to result in symmetric BBH y.g distributions (see further discussion in §1.4.3).

1.3.3 Triple and multiples

Multiple systems of more than two stars, namely triples, quadruples, and so on, are abundant in
galactic fields (Sana et al. 2014; Moe & Di Stefano 2017). For example, for solar-type stars, one in
four binaries has a third companion (Raghavan et al. 2010; Tokovinin 2014). In contrast, for massive O
and B-type stars, progenitors of BHs, the fraction of triples might be even higher than those of binaries
(Moe & Di Stefano 2017). Based on stability arguments, we expect them to be hierarchical, consisting
of multiple levels in which the stars of the lower levels can be treated as binaries. For example, a stable
triple consists of an inner binary system, and a star orbiting the latter at a larger separation, while a
quadruple star may be a stable triple with an orbiting outer star, or a binary of stable binaries. If a
BBH is formed first as the inner binary in a hierarchical system, eccentricity can be imparted into the
inner BBH from the outter star (referred as “tertiary”) through the Lidov—Kozai mechanism (Kozai 1962;
Lidov 1962). This process will expedite the inspiral time of the binary, allowing systems to merge as
GW sources that, typically, would not merge within a Hubble time (Wen 2003; Toonen et al. 2016, 2020,
2021; Antonini et al. 2017; Silsbee & Tremaine 2017; Fragione & Kocsis 2019; Arca Sedda et al. 2021;
Vigna-Gémez et al. 2021). The dynamical impact of the tertiary is strongest when the system is “less”
hierarchical and close to dynamically unstable, which occurs when the separation of the tertiary from the
inner binary is comparable to the separation of the latter. These interactions are complex to model as the
hierarchy of an isolated stable triple can decrease and even break down because of its evolution (Perets
& Kratter 2012). The majority of our intuition about unstable triples comes mostly in the context of

stellar clusters.

1.3.4 Population III stars

Population III stars have also been proposed to form merging BBHs either in isolation or in stellar

clusters at high redshifts. The absence of carbon, nitrogen, and oxygen in these metal-poor stars could
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prevent the CNO cycle hydrogen fusion in the hydrogen shell around the helium-rich core, reducing radial
expansion after the end of the main sequence (Marigo et al. 2001). In addition, this could allow the star
to retain its tightly-bound hydrogen envelope when collapsing into a BH (Kinugawa et al. 2021). Since
stellar winds are weaker in low-metallicity stars, population III stars experience reduced wind mass loss
throughout their lifetime compared to present-day stars, producing BH masses in the range 40 — 140 Mg
(e.g., Bond et al. 1984; Schneider et al. 2000; Madau & Rees 2001; Bromm & Yoshida 2011; Hirano et al.
2014; Liu et al. 2021). There are two evolutionary pathways within the population III star channel: (i) in-
situ formation in binaries, and (ii) ex-situ from dynamical capture of two BHs, either born into one dense
star cluster or from two originally separate formation sites (e.g., during galaxy mergers). The first channel
has been intensely studied before and after the first LIGO detection (Kinugawa et al. 2014, 2016; Hartwig
et al. 2016; Inayoshi et al. 2016, 2017; Belczynski et al. 2017; Mapelli et al. 2019). There is disagreement
among different studies, mostly dominated by uncertainties in the initial binary parameters and evolution
models for population III binary stars (Stacy & Bromm 2013; Kinugawa et al. 2014; Belczynski et al.
2017). The second channel has been studied with semi-analytical models (e.g., Sesana et al. 2009, 2011,
Dayal et al. 2019) in the context of cosmic structure formation (e.g., Tremmel et al. 2015; Roskar et al.
2015; Tamfal et al. 2018; Pfister et al. 2019; Ogiya et al. 2019; Liu & Bromm 2020a). The BH merger
rate density of population III stars is expected to dominate over population I/IT at large redshifts (z 2 7,
e.g., Tanikawa et al. 2022).

1.3.5 Primordial black holes

Another well-studied formation channel for producing merging BBHs is merging primordial BHs
(PBHs; Zel’dovich & Novikov 1967; Hawking 1974; Chapline 1975; Carr 1975), which may arise from
the collapse of large overdensities in the radiation-dominated early Universe (Ivanov et al. 1994; Ivanov
1998; Garcia-Bellido et al. 1996; Blinnikov et al. 2016). Primordial BHs may have contributed to a
sizeable ratio fppn = Qppu/Qpm of the dark matter energy density in a variety of mass ranges (for a
recent review on constraints of fppp, see Carr et al. 2020). The recent discovery of GWs has reewed the
interest in PBHs, particularly as it has been noted that PBHs can produce observable mergers without
conflicting with existing bounds on the PBH abundance (Bird et al. 2016; Clesse & Garcia-Bellido 2017;
Sasaki et al. 2016). This finding has motivated various works on the confrontation of the PBH scenario
with the most recent data (see, e.g., the recent results of Eroshenko 2018; Wang et al. 2016, 2019; Clesse
& Garcia-Bellido 2018; Chen & Huang 2018; Raidal et al. 2019; Gow et al. 2020; Hiitsi et al. 2019, 2021;
Vaskonen & Veerméie 2020; De Luca et al. 2020b,a, 2021b,a; Hall et al. 2020; Wu 2020; Kritos et al. 2021;
Deng 2021; Kimura et al. 2021). Current GW data imply an upper bound to fppr < O(1072) in the mass
range of interest for current GW detectors (see, e.g., Wong et al. 2021). Finally, it was also shown (e.g.,
Ali-Haimoud et al. 2017) that the dominant PBH merger rate comes from PBH binaries assembled via
gravitational decoupling from the Hubble flow before matter-radiation equality (Nakamura et al. 1997;
Toka et al. 1998; Sasaki et al. 2018; Green & Kavanagh 2021).

19



1.4. DISTINGUISHING BINARY BLACK-HOLE EVOLUTIONARY CHANNELS

1.3.6 Active galactic nuclei

Another favorable environment for facilitating BBH mergers is active galactic nuclei (AGN) disks.
Multiple evolutionary pathways have been identified in the literature. In general, BBHs find themselves
or get caught in resonance traps of AGN disks, where they are efficiently “hardened” via gas dynamical
friction, potentially proceeding through many successive hierarchical mergers due to the high escape
velocity in the vicinity of the supermassive BH (Goodman & Tan 2004; Levin 2007; Just et al. 2012;
Antonini & Perets 2012; Antonini & Merritt 2012; McKernan et al. 2014, 2018, 2019; Bellovary et al.
2016; Bartos et al. 2017; Stone et al. 2017a; Leigh et al. 2018; Secunda et al. 2019; Yang et al. 2019a,b;
Tagawa et al. 2020, 2021).

1.3.7 Ultra-compact dwarf galaxies

It has also been suggested that stellar-mass BBHs detected by LIGO-Virgo might also originate in
the center of extremely low-mass ultra-compact dwarf galaxies that have merged in the distant past
at z > 1. Ultra-compact dwarf galaxies, with masses in the 10> — 106 My range, have extremely high
stellar densities. Therefore, they are considered birth places of BBHs formed from dynamical captures
(Conselice et al. 2020; Palmese & Conselice 2021).

1.3.8 Stellar flybys

Finally, another exotic channel for binaries is stellar flybys. Close encounters with other stars can
perturb ultra-wide BH binaries in galactic fields with orbital separations > 1000 AU. The frequent
interactions with random stars can change the eccentricity of wide binaries and, in some cases, excite
sufficiently high eccentricities, leading to the merger of the binary via GW emission at periastra causing
them to merge within the Hubble time (Michaely & Perets 2019, 2020).

1.4 Distinguishing binary black-hole evolutionary channels

Understanding the origin of merging BBHs is currently one of the most pressing quests in astro-
physics. The majority of the discussed formation channels have been shown to successfully lead to the
formation of merging BBHs and, in most cases, predict a plausible range of merger-rate density con-
sistent with current GW observational constraints (Mandel & Broekgaarden 2021). However, accurate
rate estimates are often difficult to make, as they depend on unconstrained astrophysical processes. The
most well-known uncertainties affecting the astrophysical models include initial stellar and binary prop-
erties (e.g., binary ratio, initial mass function, mass ratio, and initial orbital parameter distributions),
stellar evolution physics (e.g., stellar winds of massive stars, core-collapse mechanism, supernova kicks,
and PPISNe), binary evolution physics (e.g., mass-transfer stability and efficiency, and CE efficiency)
as well as uncertainties in the star-formation and metallicity history of high-redshift galaxies (see, e.g.,
Antonini et al. 2017; Chatterjee et al. 2017; Chruslinska et al. 2019; Neijssel et al. 2019; Grobner et al.
2020; Carr & Kiihnel 2020; Riley et al. 2021; Belczynski et al. 2021). Combined, these unconstrained

physical processes lead to order-of-magnitude uncertainties in the rates, hindering the interpretation of
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BBH observations (for a review see Mandel & Broekgaarden 2021). Hence, most recent studies focus on
key BBH observational features specific to a formation channel that might allow us to isolate its presence
in the observed BBH sample. In the following sections, we discuss some of these features and how they

can be used to interpret the origin of merging BBHs.

1.4.1 The pair-instability supernovae gap

Due to the PISN mass gap, isolated binary evolution cannot lead to the formation of BHs in the
mass range ~ 50 Mg to ~ 120 My (Marchant et al. 2019; Stevenson et al. 2019; van Son et al. 2020,
see also §1.2.2). To explain observed mergers of BHs in the PISN mass gap, also known as upper mass
gap, dynamical formation is invoked. For example, stellar mergers in young star clusters (e.g., Portegies
Zwart et al. 2004; Mapelli 2016; Di Carlo et al. 2020a; Rizzuto et al. 2021) or hierarchical BBH mergers
(e.g., Miller & Hamilton 2002; Giersz et al. 2015; Fishbach & Holz 2017; Gerosa & Berti 2017; Rodriguez
et al. 2019; Mapelli et al. 2021) could produce such massive BBHs. The discovery of BBH systems with
one or two components lying within the upper mass gap is considered a smoking gun for dynamical
origin (Fragione et al. 2020; Romero-Shaw et al. 2020; Kremer et al. 2020; Kimball et al. 2021; Liu &
Lai 2021; Samsing & Hotokezaka 2021). This was indeed a matter of debate after detecting GW190521
with at least one BH within the upper mass gap (Abbott et al. 2020d,f). Alternatively, GW190521 was
also interpreted in the context as having a primordial origin (Clesse & Garcia-Bellido 2020; De Luca
et al. 2021a) or formed from population III stars avoiding PISN (Safarzadeh & Haiman 2020; Liu &
Bromm 2020b; Farrell et al. 2021; Kinugawa et al. 2021; Tanikawa et al. 2021). However, we notice
that (Fishbach & Holz 2020) reanalyzed the event using a population-informed prior consistent with the
previously observed BBH sample finding that the lighter BH might lie below the upper mass gap with
mass < 48 Mg, at 90% credibility and the more massive BH to sit above the gap at 39% with mass 120 M,
which further adds to the puzzle.

1.4.2 Eccentricity in the merging binary black hole

Another important property of BBH mergers that can potentially distinguish between isolated and
dynamical formation is the eccentricity of the BBH merger in the LVK GW frequency band (e.g., Breivik
et al. 2016; Samsing & Ramirez-Ruiz 2017; Rodriguez et al. 2018; Samsing & D’Orazio 2018; Zevin
et al. 2019; Arca Sedda et al. 2021; Zevin et al. 2021b). Isolated binary evolution is expected to lead
to near-circular BBH merger due to the rarity of BH natal kicks to impart extreme eccentricities which
are not rapidly circularised by GW emissions (Peters 1964), while dynamical formation favors eccentric
BBH mergers. In globular clusters, eccentric mergers from strong gravitational encounters have been
shown to account for ~ 10% of the underlying population of BBH mergers, with approximately half of
these having eccentricities larger than 0.1 at a GW frequency of 10 Hz. With current GW observatories,
only eccentricities greater than 0.1 at GW frequency 10Hz can be measured (Harry & LIGO Scientific
Collaboration 2010; Lower et al. 2018). To date, a couple of events seem to have residual eccentricity at
the GW frequency of 10 Hz (Romero-Shaw et al. 2021, 2020). Still, these analyses are not conclusive as

they do not account for possible degeneracy between eccentricity and precession (Bustillo et al. 2021).
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This is partly because of the difficulty in modeling eccentric signals (Loutrel 2020) and the computational
burden of adding two extra dimensions to matched-filter template banks. Hence, current GW template
banks used for matched-filter searches for GW signals typically assume quasi-circular binaries with aligned
spins (Hooper et al. 2012; Allen et al. 2012; Dal Canton et al. 2014; Usman et al. 2016; Adams et al.
2016; Messick et al. 2017; Nitz et al. 2017; Chu et al. 2020; Davies et al. 2020; Aubin et al. 2021).

1.4.3 Black-hole spin orientations and magnitudes

Black-hole spin magnitudes and orientations might be another promising signature that might tell us
about the environmental origin of merging BBHs (Farr et al. 2017). Systems formed through dynamical
interactions among already formed BHs are expected to have isotropically distributed spin orientations
(e.g., Sigurdsson & Hernquist 1993; Portegies Zwart & McMillan 2002; Rodriguez et al. 2015, 2016b; Stone
et al. 2017b). In contrast, BBHs formed from isolated binary evolution are expected to have BH spins
preferentially aligned with the binary orbital angular momentum (Tutukov & Yungelson 1993; Belczynski
et al. 2016b, 2020; Bavera et al. 2020, 2021a). Observed BBHs spins have a small but non-zero magnitude
with half of them being below |Y] = 0.25 (Wysocki et al. 2019; Roulet & Zaldarriaga 2019; Miller et al.
2020; Garcia-Bellido et al. 2021; Biscoveanu et al. 2021; Abbott et al. 2021f). It was reported by several
studies, including the official LIGO-Virgo collaboration analysis, that some of the observed BBHs have
misaligned BH spin orientation with the orbital angular momentum (Talbot & Thrane 2017; Abbott et al.
2019a, 2021f). However, other studies have challenged such conclusions by applying a different population
model to interpret the data (Roulet et al. 2021; Galaudage et al. 2021). Both Roulet et al. (2021) and
Galaudage et al. (2021) analysis claim that there is no evidence for a negative x.s sub-population in the
data when analyzing the observed BBH sample with an astrophysical motivated prior, which allows for a
sub-population of BHs with negligible spins. We point the reader to the recent review paper by Callister
et al. (2022) who recently summarised what is under debate about BH spins. Given the huge potential
of BHs spins in disentangling the origin of merging BBHs, my Ph.D. thesis focuses on deepening our

current understanding of the origin of spin in BBHs formed through isolated binary evolution.

1.4.4 Correlations between binary black-hole properties

Recent studies have searched for correlation among BBH parameters such as mass, spin, and redshift
in the observed BBHs. Such correlations can be the result of evolutionary processes within a single
formation channel, or the presence of multiple populations arising from distinct formation channels. We
discuss here the highlights of these studies.

Callister et al. (2021b) and Abbott et al. (2021f) found statistically significant evidence for an anti-
correlation between the distribution of the effective spin parameter, y.g, and the binary mass ratio, g,
where the mean of the y.g distribution increases for extreme mass ratios. This result was also corrob-
orated by the recent analysis of Biscoveanu et al. (2022). This anti-correlation is unexpected for most
individual BBH formation models, with the possible exception of: BBH formation in AGN disks (e.g.,
McKernan et al. 2012, 2018, 2020; Stone et al. 2017a; Tagawa et al. 2021), super-Eddington accretion
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during stable mass transfer for systems formed via isolated binary evolution (Bavera et al. 2021a; Broek-
gaarden et al. 2022; Zevin & Bavera 2022), or the superposition of multiple populations formed via

independent channels with unique signatures.

Safarzadeh et al. (2020) looked for potential correlation between yeq with various BH mass parameters
of the binary, e.g., primary BH mass m;, the chirp mass Mcnirp, and total mass M. The authors found a
possible negative correlation between the mean x.g and the parameters m, Mcpirp and M, and a possible
positive correlation between the effective spin and mass dispersion. However, neither finding reached high
statistical significance at ~ 80% credibility depending on the mass and correlation parameters. One might
interpret this finding as potential evidence for dynamically formed BBHs, which via successive mergers,
might lead to more massive BHs and larger BH spins (e.g., Portegies Zwart & McMillan 2002; Miller
& Lauburg 2009; Benacquista & Downing 2013; Rodriguez et al. 2015, 2019; Antonini & Rasio 2016;
Fishbach et al. 2017; Kimball et al. 2020; Gerosa & Fishbach 2021). Similarly, Franciolini & Pani (2022)
found evidence of an evolving x.g distribution with increasing M by including the analysis the new
events of the GWTC-3 catalog. These last authors interpret this correlation as evidence for either an
astrophysical dynamical formation channel or primordial origin. However, one caveat of both analyses is
that they do not account for potential correlations with the BBH merger redshift, which might bias the
results.

Fishbach et al. (2021) and Abbott et al. (2021f) looked for potential correlations between the BBH
mass and redshift distributions. Such correlations are expected for BBHs formed via isolated binary
evolution channels as heavier BHs are predicted to form from low metallicity stellar progenitors, which
are more abundant at higher redshifts (Belczynski et al. 2020; Mapelli et al. 2019; Neijssel et al. 2019).
This might be the case, e.g., for systems formed via the CE formation channel at low metallicities (higher
redshifts) which tend to widen less and have shorter delay times compared to higher metallicities (lower
redshifts) (Bavera et al. 2020, 2021a; Broekgaarden et al. 2021b). However, see van Son et al. (2021),
who pointed out that the majority of BBHs formed through isolate binary evolution with masses above
30 Mg are formed from the SMT channel which produces wider BBHs compared to the CE channel and,
hence, massive BBHs might become more scarce relative to less massive BBH systems due to their longer
delay times. Additionally, Fishbach et al. (2021) find a redshift dependence of the maximum BH mass
by fitting a model which assumes the BH mass distribution has a sharp upper cutoff dictated by PISNe
with the observations.

Biscoveanu et al. (2022) recently found that the xeq distribution broadens for increasing redshift. This
might be explained by the existence of multiple sub-populations arising from distinct formation channels,
each occupying a different region in the x.g — z parameter space. For example, the y.g >~ 0 component
might be reconducted to BBHs dynamically assembled in dense stellar environments where BH birth
spins are negligible (e.g., Portegies Zwart & McMillan 2002; Miller & Lauburg 2009; Benacquista &
Downing 2013; Rodriguez et al. 2015, 2019; Antonini & Rasio 2016; Fishbach et al. 2017; Kimball et al.
2020; Gerosa & Fishbach 2021). In contrast, the preferentially-positive xes component corresponds to a
sub-population of systems formed via isolated binary evolution in galactic fields experiencing tidal spin
up (Gerosa et al. 2018; Qin et al. 2018; Zaldarriaga et al. 2018; Belczynski et al. 2020; Bavera et al. 2020,

2021a, 2022a). However, Biscoveanu et al. (2022) points out that such a mixture of two sub-populations
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generally leads to a shift in the mean of the g distribution with redshift. On the other hand, their
analyses strongly favor the evolution of the width of the x.g distribution with redshift.

1.4.5 Hierarchical Bayesian model selection

A quantitative and unbiased constraint to the formation mechanisms of coalescing BBHs comes from
considering many prominent BBH formation channels and encompassing the wide range of model pre-
scriptions for uncertain physical processes, which, as previously discussed, can affect BBH population
properties in highly degenerate ways. Given the rapidly growing catalog of BBHs, we are now at the
stage where such high-dimensional, multi-channel model selection, exploiting the different signatures of
the aforementioned channels, can be informative. The statistical methodology employed to constrain the
formation models and using the catalog of GW events, is known as hierarchical Bayesian model selection
(see, e.g., Mandel et al. 2019; Vitale et al. 2020). The selection effects of the GW detectors are also
accounted for this Bayesian framework. This approach allows for both measurement uncertainty in in-
dividual measurements and, crucially, selection biases on the population of measurements. The latter is
an important bias that should be carefully considered to correctly extract the parameters of the intrinsic
(underlying) BBH population, namely what a detector on Earth with infinite sensitivity would observe.
This technique can be employed to constrain model uncertainties and obtain constraints on the branching
fractions of formation channels (e.g., Bouffanais et al. 2021b; Franciolini et al. 2021; Wong et al. 2021;
Zevin et al. 2021a; Mapelli et al. 2022). It is important to notice that only a model selection analysis that
considers all model uncertainties and all BBH formation channels will lead to an unbiased and conclusive
answer to which channel dominates the formation mechanism of merging BBHs. However, the current
large number of proposed formation models and their model uncertainties, combined with the still limited

observational sample, make this task currently computationally infeasible.

1.5 Modeling isolated binary evolution and populations

1.5.1 Binary population synthesis

Understanding BH mergers formed from the evolution of isolated binaries, requires modeling the
formation and evolution of the progenitor systems. This is often achieved with a technique known as
binary population synthesis. The evolution of stars and binaries can be modeled in either of two methods

“detailed” and “rapid”, which different in computational speed and accuracy.

The “detailed” method refers to detailed stellar structure and binary-evolution calculations. It si-
multaneously solves each star’s stellar structure equations and the orbital evolution. Example of codes
which use this technique are, e.g., BEC (Heger et al. 2000; Heger & Langer 2000), BINSTAR (Siess et al.
2013), the Cambridge STARS code (Eggleton 1971; Pols et al. 1995; Eldridge & Tout 2004; Stancliffe &
Eldridge 2009), MESA (Paxton et al. 2011, 2013, 2015, 2018, 2019), and the TWIN code (Nelson & Eggleton
2001; Eggleton & Kiseleva-Eggleton 2002). A single system detailed binary simulation employing one
of these codes typically requires ~ 10-100 CPU hours (Paxton et al. 2019). Therefore studies that use

detailed binary-evolution calculations often cover the initial binary parameter space in rectilinear grids
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by varying, e.g., the masses of the two stars and the binary’s orbital period (e.g., Nelson & Eggleton 2001;
Podsiadlowski et al. 2002; de Mink et al. 2007; Marchant et al. 2017; Qin et al. 2018, 2019; du Buisson
et al. 2020; Langer et al. 2020; Laplace et al. 2020; Misra et al. 2020; Laplace et al. 2021). Because of
the computational cost, this approach is limited to a small part of the initial parameter space or focuses

on a specific evolutionary phase.

The “rapid” method uses faster approximate methods typically aimed at the binary population syn-
thesis approach. Over the last two decades, many general purpose binary population synthesis codes
also known as rapid or parametric have been developed, e.g., binary_c (Izzard et al. 2004, 2006, 2009),
BPASS! (Eldridge et al. 2017), the Brussels’ code (Vanbeveren et al. 1998a,b), BSE (Hurley et al. 2002),
ComBinE (Kruckow et al. 2018), COMPAS (Riley et al. 2022), COSMIC (Breivik et al. 2020), MOBSE (Giacobbo
et al. 2018), the Scenario Machine (Lipunov et al. 1996, 2009), SEVN (Spera et al. 2015), SeBa (Porte-
gies Zwart & Verbunt 1996; Toonen et al. 2012), StarTrack (Belczynski et al. 2002, 2008), and TRES
(Toonen et al. 2016). Binary population synthesis modeling first generates initial binary populations,
whose properties are randomly sampled from probability distributions that have been observationally
constrained. Then, the population is evolved with parametrized stellar evolution tracks, which are fitted
to detailed calculations to produce observable properties of the target population and rely on approxi-
mate prescriptions for modeling binary interactions (see next section for a discussion on the uncertainties
introduced by this method). For a large enough sample of binaries, this technique can provide valuable
insights into the expected rate and observable distribution of BBH properties, the different evolutionary
pathways that lead to the formation of these systems, and the effect that different physical processes have
on their evolution. These have been used in studies of a wide variety of binary populations, including
the formation of merging BBHs. The key advantage of these codes is that they are computationally
efficient, evolving a binary system in a fraction of a second. For most studies, one would need to model

the evolution of many millions of binaries in a reasonable computational time.

1.5.2 POSYDON: A general-purpose population synthesis code with detailed

binary-evolution simulations

The majorly of current rapid binary population synthesis codes approximate each star’s evolution,
employing either fitting formulae (e.g., SSE; Hurley et al. 2000) or look-up tables (e.g., COMBINE; Kruckow
et al. 2018) for the properties of single stars based on grids of pre-calculated detailed, single-star models.
The effects of binary interactions such as, e.g., mass-transfer episodes and tidal interactions are modeled
using approximate prescriptions and parametrizations. Parametric binary population synthesis codes
operate under the implicit assumption that the binary components have properties identical to single
stars of the same mass in thermal equilibrium (e.g., abundance profiles, core sizes, mass-radius relations,

and response to mass-loss). They also lack information about the star’s internal structure at different

1In contrast to the other rapid population synthesis code, BPASS uses extensive grids of detailed binary evolution models
computed with a custom version of the Cambridge STARS binary evolution code (Stancliffe & Eldridge 2009). In the grids of
binary-star models employed in BPASS, both the primary and the secondary stars are followed in detail, but for computational-
cost reasons only one at a time. During the primary’s evolution, the properties of the secondary star are approximated by
formulae based on single-star models (Hurley et al. 2000). Subsequently, once the modeling of the primary’s evolution is
completed, the secondary star’s evolution is re-computed, accounting for mass-transfer and rejuvenation effects.
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critical evolutionary phases, e.g., at the onset of a dynamically unstable mass transfer, at the end of stable
and unstable mass-transfer phases, or the core collapse, which might introduce systematic uncertainties
and inaccuracies. Instead, these caveats could be avoided by employing detailed stellar structure and
binary-evolution simulations. Focusing on aspects that are relevant to the formation of BBH: detailed
models (i) allow for a self-consistent estimation of the mass-transfer rate, especially during thermal-
timescale mass-transfer phases, and therefore an accurate assessment of mass-transfer stability; (ii) allow
for a more accurate description of the type and properties of the formed BH as well as any potential
associated transient events, since the internal structure of pre-core-collapse stars is known, (iii) account for
the transport of angular momentum between and within the binary components, including back-reaction
on the structure and evolution of each star (e.g., rotational mixing which induces CHE), and (iv) allow
for the self-consistent modeling of the end of a mass transfer phase (e.g., accounting for a potential partial
stripping of the envelope). All the mentioned points are crucial in determining the evolutionary pathways
leading to BBH formation and their observable properties.

During my Ph.D.; I contributed as one of the key developers of the next general-purpose popula-
tion synthesis code, which addresses the above points by employing detailed MESA stellar structure and
binary-evolution simulations throughout the whole evolution of the binaries. The POSYDON (POpulation
SYnthesis with Detailed binary-evolution simulatiONs) code was recently publicly released? (Fragos et al.
2022). In its first software version, POSYDON is limited to the evolution of stars of solar metallicity and bi-
naries where the primary star is massive enough to form a BH or a NS. Future releases, which are already
in development, will lift these limitations. The use of POSYDON enables the self-consistent treatment of
physical processes in stellar and binary evolution, including realistic mass-transfer calculations and assess-
ment of stability, internal angular-momentum transport and tides, stellar-core sizes, mass-transfer rates,
and orbital periods. We foresee that POSYDON will have drastically impact and improve our understanding

of binary evolution in general.

1.5.3 The hybrid binary population synthesis approach

At the beginning of my Ph.D. studies, a complete and fully functional population synthesis code that
employs detailed stellar structure and binary-evolution simulation such as POSYDON did not exist. Fur-
thermore, in its current version, POSYDON stellar and binary simulation tracks target only solar metallicity
stellar populations, while the detected merging BHs are expected to have formed at lower-metallicity en-
vironments. Therefore, to overcome some limitations of the POSYDON (e.g., metallicity) and the current
rapid population synthesis codes (e.g., accuracy), in my research projects I employed a hybrid technique
between the two approaches. I combined detailed MESA stellar and binary simulations targeting key evolu-
tionary phases of BBH progenitors with publicly available rapid population synthesis codes. This hybrid
technique allowed me to gain accurate BBH property distributions such as, e.g., the distribution of BH
spins rising from the BH-WR tidal spin up phase (see §2.1 and §2.2). Moreover, this allowed me to follow
in detail the stellar profile core collapse of highly rotating massive stars which is not only important for
determining the BH spins but it might also give rise to electromagnetic counterparts (see §4.1). In addi-

tion, this technique allowed me to obtain a complete BBH model of isolated binary evolution including

2See the POSYDON portal https://posydon.org
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the evolutionary pathway through CHE, which cannot be modeled with most standard rapid population
synthesis codes (see §3.2, §3.3, and §4.1).
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Chapter 2

Dancing with the stars

Massive stars in close binary systems interact during their evolution. This chapter studies the population
of massive binaries that evolve to become merging BBHs through the isolated binary evolutionary channel.
We focus on studying the binary interactions responsible for determining the BBH spins in the CE and
SMT evolutionary pathways (see §1.3.1.1). This is done by combining detailed MESA binary simulations
with rapid binary population synthesis techniques (see §1.5.3). Our models allow us to make predictions
of BBH observable distributions, which can then be leveraged to interpret the origins of coalescing BBHs
detected by the LIGO-Virgo GW detectors.

2.1 The origin of spin in merging binary black holes

2.1.1 A brief introduction

Isolated BHs, located in systems where binary interactions prior to the collapse of the helium core
do not cause significant spin-up, are thought to be born with negligible spins due to efficient angular-
momentum transport in stellar interiors (Spruit 1999, 2002; Fuller & Ma 2019, but see also the discussion
in §1.3.1.1). Nevertheless, during the BH-WR, evolutionary phase of BBH progenitors, tidal interaction
can induce spin-up via tidal torques exercised by the first-born BH on its stellar companion (Qin et al.
2018; Zaldarriaga et al. 2018; Piran & Piran 2020; Fuller & Lu 2022). Hence, quantifying the fraction
of tidally spun-up BBHs formed from isolated binary evolution is timely and critical in interpreting the
origin of currently detected coalescing BHs (see §1.4.3). In this project, we used a hybrid approach to
combine detailed binary BH-WR MESA simulations based on Qin et al. (2018) with the COMPAS (Riley
et al. 2022) rapid binary population synthesis model of Neijssel et al. (2019) targeting the CE formation
channel. See §1.5.3 for further details about the hybrid binary population synthesis technique.

The discussed CE formation channel is thought to lead to the formation of close BH-WR systems,
which potentially spin up. In practice, the efficiency of tides is highly dependent on the orbital separation
(Zahn 1977; Hut 1981), which can be altered by metallicity-dependent stellar-wind mass-loss rates (Vink
et al. 2001). At lower metallicities, binaries widen on average less because of weaker stellar-wind mass-loss

rates, and tides will more efficiently spin up the second-born BH progenitor than at larger metallicities
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(Qin et al. 2018). In this project, we aim to interpret the future (now current) GW detectable BBH
population by obtaining the effective spin (xeg) distribution of BBHs formed through the CE formation
channel. While working on this project, the LIGO-Virgo collaboration released the first catalog of GW
transient events, GWTC-1, with a sample of ten BBHs (Abbott et al. 2019b). Thanks to this sample, we

could leverage BBH observations to verify our theoretical model predictions.

2.1.2 Manuscript

The conducted study Bavera et al. (2020) was published in Astronomy € Astrophysics in March 2020.

The arXiv open-access version of the manuscript is presented in the following pages.

29



Astronomy & Astrophysics manuscript no. aanda
January 27, 2020

arXiv:1906.12257v3 [astro-ph.HE] 24 Jan 2020

The origin of spin in binary black holes:

Predicting the distributions of the main observables of Advanced LIGO

Simone S. Bavera'-*, Tassos Fragos', Ying Qin!, Emmanouil Zapartas', Coenraad J. Neijssel?, IlyaMandel® >4,
Aldo Batta>»%7, Sebastian M. Gaebel?, Chase Kimball®, Simon Stevenson®*

! Geneva Observatory, University of Geneva, Chemin des Maillettes 51, 1290 Versoix, Switzerland

2 Birmingham Institute for Gravitational Wave Astronomy and School of Physics and Astronomy, University of Birmingham, Birm-
ingham, B15 2TT, United Kingdom

Monash Centre for Astrophysics, School of Physics and Astronomy, Monash University, Clayton, Victoria 3800, Australia

ARC Centre of Excellence for Gravitational Wave Discovery — OzGrav

Instituto Nacional de Astrofisica, Optica y Electrénica, Tonantzintla, Puebla 72840, México

Consejo Nacional de Ciencia y Tecnologia, Av. Insurgentes Sur 1582, Col. Crédito Constructor, CDMX, C.P. 03940, Mexico
Niels Bohr Institute, University of Copenhagen, Blegdamsvej 17, 2100 Copenhagen, Denmark

Center for Interdisciplinary Exploration and Research in Astrophysics (CIERA), Northwestern University, 2145 Sheridan Road,
Evanston, IL 60208, USA

® Centre for Astrophysics and Supercomputing, Swinburne University of Technology, Hawthorn, VIC 3122, Australia

= IS I Y T Nt}

Accepted on January 21, 2020

ABSTRACT

Context. After years of scientific progress, the origin of stellar binary black holes is still a great mystery. Several formation channels
for merging black holes have been proposed in the literature. As more merger detections are expected with future gravitational-wave
observations, population synthesis studies can help to distinguish between them.

Aims. We study the formation of coalescing binary black holes via the evolution of isolated field binaries that go through the common
envelope phase in order to obtain the combined distributions of observables such as black-hole spins, masses and cosmological
redshifts of mergers.

Methods. To achieve this aim, we used a hybrid technique that combines the parametric binary population synthesis code COMPAS
with detailed binary evolution simulations performed with the MESA code. We then convolved our binary evolution calculations
with the redshift- and metallicity-dependent star-formation rate and the selection effects of gravitational-wave detectors to obtain
predictions of observable properties.

Results. By assuming efficient angular momentum transport, we are able to present a model that is capable of simultaneously pre-
dicting the following three main gravitational-wave observables: the effective inspiral spin parameter y.q, the chirp mass M, and
the cosmological redshift of merger Zmerger. We find an excellent agreement between our model and the ten events from the first two
advanced detector observing runs. We make predictions for the third observing run O3 and for Advanced LIGO design sensitivity.
We expect approximately 80% of events with y.q < 0.1, while the remaining 20% of events with y.q > 0.1 are split into ~ 10% with
Mpirp < 15 Mg and ~ 10% with Mpir, > 15 M. Moreover, we find that My, and y.q distributions are very weakly dependent on the
detector sensitivity.

Conclusions. The favorable comparison of the existing LIGO/Virgo observations with our model predictions gives support to the idea
that the majority, if not all of the observed mergers, originate from the evolution of isolated binaries. The first-born black hole has
negligible spin because it lost its envelope after it expanded to become a giant star, while the spin of the second-born black hole is
determined by the tidal spin up of its naked helium star progenitor by the first-born black hole companion after the binary finished the
common-envelope phase.

Key words. black-hole spin — isolated field binaries — common envelope channel — gravitational waves — aLIGO

©ESO 2020

1. Introduction

During the first and second observing runs O1/02 of the ad-
vanced gravitational-wave (GW) detector network, Advanced
LIGO (aLIGO) (Aasi et al. 2015) and Advanced Virgo (Acernese
et al. 2015) detected 10 GWs from binary black holes (BBHs).
With the third observing run O3 that just started, this number is
expected to increase. In the near future, sometime around 2020,
the detectors will be upgraded to reach design sensitivity and we

* E-mail:simone.bavera@unige.ch

expect the detection of hundreds of such mergers (Abbott et al.
2019).

To date, the origin of these BBHs is still an open scientific
question. Various explanations of different formation channels
for merging BBHs have entered into the scientific literature (see,
e.g., Abbott et al. 2016b; Miller 2016; Mandel & Farmer 2018,
for reviews). The most popular ones are as follows: isolated bi-
nary evolution where (i) the stars go through a common enve-
lope (CE) phase due to an unstable mass transfer after the for-
mation of the first-born black hole (BH) (e.g., Smarr & Bland-
ford 1976; van den Heuvel 1976; Tutukov & Yungelson 1993;
Kalogera et al. 2007; Postnov & Yungelson 2014; Belczynski

Article number, page 1 of 19



A&A proofs: manuscript no. aanda

et al. 2016a), (ii) massive stars with a nonextreme mass ratio af-
ter the formation of the first-born BH goes through stable mass
transfer avoiding the CE phase (e.g., van den Heuvel et al. 2017,
Pavlovskii et al. 2017; Inayoshi et al. 2017), (iii) massive stars
in close orbits experiencing strong internal mixing go through
chemically homogeneous evolution and produce massive BBHs
(e.g., de Mink et al. 2009; Mandel & de Mink 2016; Marchant
et al. 2016); dynamical formation (iv) in globular clusters and (v)
galactic nuclear clusters where the BBHs are formed from stars
not born in the same binary (e.g., Sigurdsson & Hernquist 1993;
Portegies Zwart & McMillan 2000; Miller & Lauburg 2009; Ro-
driguez et al. 2015; Antonini et al. 2016); or (vi) Lidov-Kozai
resonance bringing the inner binary to merge in hierarchical
triple systems (e.g., Silsbee & Tremaine 2017). All of these sce-
narios possess some significant uncertainties in the prediction of
merger rates due to the poorly constrained underlying physics or
unconstrained distributions of initial conditions. The merger rate
predictions for the isolated binary evolution via the CE phase are
consistent (Abbott et al. 2017a) with the observed rate of BBH
mergers of around ~ 24 — 112 Gpc~3yr~! (Abbott et al. 2018b).
The same holds for the stable mass transfer channel (Neijssel
et al. 2019), while formation via chemically homogeneous evo-
lution could yield tens of mergers per Gpc3yr~! (Mandel & de
Mink 2016; Marchant et al. 2016). Finally, predicted rates via
the dynamical formation channel are closer to the lower end of
the observed range (Fragione et al. 2018; Park et al. 2017); for
example Rodriguez & Loeb (2018) find 4 — 18 Gpc~3yr~! from
globular cluster in the local Universe.

Any astrophysical BH can be fully described by only two
quantities: its mass M and its dimensionless spin parameter, a =
cJ/(GM?), where J is the angular momentum of the BH. Using
matched-filtering analysis, GW observations provide estimates
for each of the above-mentioned quantities for both parent BHs.
Although individual BH spin magnitudes and orientations are
poorly constrained with present GW measurements, the effective
inspiral spin parameter

Ma; + Mja; »

L, 1
Xeff M1+M2 ( )

the mass-weighted spin of the system projected onto the orbital
angular momentum L, is reasonably well constrained (Abbott
et al. 2019). This is explained by the fact that the leading spin-
orbit-coupling term in the post-Newtonian waveforms is domi-
nated by this parameter (Santamarfa et al. 2010). From the ten
observed y.s, 8 are consistent with 0 within the 90% credible
interval while the remaining two are determined with a posi-
tive value of y.g¢. Another important quantity characterizing the
waveforms is the chirp mass

(M Ma)*P

(My + M)'3° @

Mchirp =
which, to first-order approximation, determines the frequency
evolution of the GW signal emitted during the BBH’s inspiral
phase (Cutler & Flanagan 1994). The ten observed My, Span
the range of 7.9 —35.7 M, with a pile-up around 26 M. In addi-
tion, the luminosity distance can be measured using the GW am-
plitude and, assuming a cosmological model, the cosmological
redshift of the merger can be inferred. The distributions of these
parameters for a population of merging BBHs can be used to dis-
tinguish between different formation channels. As pointed out in
the literature, the effective inspiral spin parameter is sensitive to
the evolutionary path of BBHs (see e.g., Rodriguez et al. 2016).
For isolated field binary channels, the spins of the two BHs are
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expected to be preferentially aligned with the orbital angular mo-
mentum, whereas, assuming effective exchange interaction, the
spin directions of BBHs formed in dynamical environments are
expected to be randomly, isotropically distributed (Abbott et al.
2016b; Farr et al. 2017).

In this study, we focus on BBHs formed through classical
isolated binary evolution that go through the CE phase. The main
evolutionary phases of this pathway are now summarized. At the
beginning, the stars are born in a relatively wide binary where
the initially more massive star, called the “primary”, reaches the
end of its main sequence first. At this stage the primary star ex-
pands its hydrogen-rich envelope past the Roche-lobe and be-
gins transferring mass to the secondary until it loses its entire
envelope, leaving a naked helium-burning star. Following wind-
driven mass loss the primary collapses to form a BH. When the
secondary reaches the end of its main sequence, the process re-
peats itself in reverse. This time, the mass transfer onto the black
hole is unstable and this leads to the formation of a CE of gas
around the binary (Paczynski 1976). The physical details of this
phase are still not fully understood (Ivanova et al. 2013). The
drag force on the BH from the envelope leads to a rapid inspi-
ral and the dissipated orbital energy leads to the expulsion of
the envelope and a decay of the orbital separation by more than
two orders of magnitude. At this stage we are left with the im-
mediate progenitor of the BBH system, namely a BH - He-star
binary. Finally, the secondary eventually collapses into a BH and
potential asymmetries in the core collapse may impart a kick on
the newly formed BH and alter the orbit further. Eventually, due
to energy and angular momentum loss from GW emission, the
BBH system can coalesce into a single, more massive BH.

Previous theoretical works focused on the first few observed
GW events suggest that these BBHs are consistent with having
been formed through the CE formation channel (Stevenson et al.
2017; Giacobbo et al. 2018; Kruckow et al. 2018). These au-
thors show how, at the respective appropriate metallicity regime,
the observed BH masses are produced by their binary evolution
models. Furthermore, their inferred merger rates are consistent
with the one obtained from GW observations. In another study in
favor of the CE formation channel, Belczynski et al. (2016b) car-
ried out a detailed analysis of merger rates and found that BBHs
formed though this channel should dominate the event rates in
Advanced LIGO and Virgo.

In the CE formation channel, the physical process determin-
ing the spin of the first-born BH is the efficiency of angular mo-
mentum (AM) transport through the evolution of the progenitor
star during the red supergiant phase. From observations of astro-
seismology (Fuller et al. 2014; Cantiello et al. 2014), as well
as neutron star and white dwarf spins (Heger et al. 2005; Suijs
et al. 2008), it is known that this mechanism must be efficient
(Spruit 1999, 2002; Fuller et al. 2019). Thus, upon expansion,
the initial angular momentum is mostly transported to the outer
layers of the star which are subsequently lost due to Roche-lobe
overflow mass transfer and wind mass loss. This leads to very
slowly spinning BHs (a; =~ 0) as was shown by Qin et al. (2018)
(see also Fuller & Ma 2019). Assuming efficient AM transport,
the angular momentum of the second-born BH is mainly deter-
mined by the net effect of the stellar winds and the tidal inter-
action of the BH-He-star binary system. This is because any ini-
tial or acquired rotation during the evolution of the secondary is
erased through mass transfer and wind mass loss by the time it
becomes a He-star. Several studies attempted to model the last
evolutionary phase of this channel and derived constraints on
the spin using analytical arguments and semi-analytical calcu-
lations (Kushnir et al. 2016; Hotokezaka & Piran 2017; Zaldar-
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riaga et al. 2018). These studies found out that around half of
the secondary BHs have zero spin and the other half are maxi-
mally spinning. When using detailed models to simulate the bi-
nary evolution and the stellar structure of the two components,
Qin et al. (2018) did not reproduce this prediction of a bi-modal
distribution of spins. Both Hotokezaka & Piran (2017) and Zal-
darriaga et al. (2018) results are based on the approach outlined
in Kushnir et al. (2016). Compared to the detailed binary sim-
ulations of Qin et al. (2018), these authors did not model self-
consistently the orbit evolution of the binary due to the combined
effects of tides and stellar winds, which in most cases leads to
the widening of the orbit. Even when tides are initially efficient
at synchronizing the spin of the helium star to the orbit, such
wind-driven orbital widening can lead to tidal decoupling. Ignor-
ing this effects underestimates the impact of stellar winds on the
final spin of the second-born BH. Moreover they used approxi-
mate timescales for the process of tidal synchronization that do
not take into account changes in the structure of the star during
its lifetime and assumed that tides allow the He-star to remain
tidally locked indefinitely. These approximations lead to results
that disagree with what is found in our detailed binary simula-
tions. Belczynski et al. (2017) used parametric binary population
synthesis models, which share all the same approximations as
the studies discussed above, to compare three different prescrip-
tions for the efficiency of AM transport. They found that efficient
AM transport is favored, as it results to distributions of y.g and
BH masses qualitatively consistent with observations, while in-
efficient AM transport would lead to rapidly spinning BHs which
are currently not observed by aLIGO.

In this paper, we present a model capable of predicting si-
multaneously the spin, mass and redshift distributions of coa-
lescing BBHs formed from isolated field binaries that go through
the CE phase. This aim is achieved by combining the paramet-
ric binary population syntheses code COMPAS with the detailed
MESA stellar structure and binary evolution simulations. The
study is structured as follows. In Sec. 2 we explain the meth-
ods used to generate a Monte-Carlo population of isolated field
BBHs and how we take into account the redshift and metallicity
dependence of the star formation rate and the observational se-
lection effects. In Sec. 3 we present our main results and make
detailed predictions for observing runs of the future GW detec-
tor network, distinguishing three regions of the BBH parameter
space. Our model is able to successfully reproduce the observed
Xeft distribution providing strong support for the CE channel be-
ing the dominant formation channel. We then discuss our results
in Sec. 4 where we compare our work to the current literature
and demonstrate the importance of detailed binary evolution cal-
culations. Finally, the conclusions of our work are given in Sec.
5.

2. Method

We use the parametric binary population synthesis code COM-
PAS (e.g., Stevenson et al. 2017, 2019; Barrett et al. 2017, 2018;
Vigna-Gomez et al. 2018; Neijssel et al. 2019) to evolve iso-
lated stellar binaries until the formation of BH - He-star sys-
tems, namely the immediate progenitors of BBHs. In Sec. 2.1
we briefly describe the COMPAS-model assumptions used in
the simulation. Since we are not interested in a parameter study,
we specifically picked a model capable of reproducing a BBHs
merger rate which is in agreement with the observed one from
Abbott et al. (2019). For the last step of the evolution, which
we consider to be the one that determines the spin distribution of
the secondary BH, we use the stellar structure and evolution code

MESA (Paxton et al. 2011, 2013, 2015, 2018, 2019) to simulate
the evolution of the binary systems. Assuming that the first-born
black hole can be treated as a point-like particle, this approach
allows us to track the angular momentum profile evolution of the
He-star until the formation of the secondary BH (see Sec. 2.2).
In Sec. 2.3, we explain in detail how we treat the collapse of
the He-stars into BHs. Finally, taking into account the redshift
dependence of metallicity, star-formation rate (SFR) and aLIGO
sensitivity, we can distribute the population across cosmic time
and compute the expected detection rate (see Sec. 2.5).

2.1. COMPAS model assumptions

We use the results from the simulations of Neijssel et al.
(2019) and here we only highlight the main physical assump-
tions. We assume that the underlying stellar population spans the
mass range 0.01 Mg < m; < 200 M, following the initial mass
function of Kroupa (2001). The mass distribution of the less
massive secondary star is given by my = m; g where g is the ini-
tial mass ratio (0 < gp < 1) drawn from a flat distribution (Sana
et al. 2012). We are interested in binaries with a primary star
that ends up forming a BH, thus we restrict the initial mass dis-
tribution of primary masses between 5 Mg < m; < 150 Mg, This
means we only model a fraction f.o of the underlying stellar
population mass. We calculate this by assuming a binary fraction
of 70% (Sana et al. 2012), see Appendix A. We assume that, at
formation, binaries are distributed uniformly in log-orbital sep-
aration restricted to 0.1 < A/AU < 1000 (Abt 1983) and have
zero eccentricity. We assume that all these distributions are in-
dependent from each other as well as independent of metallicity.
For the metallicity distribution of binaries we divide uniformly
in 30 bins the log-metallicity range Z € [0.0001, 0.0349]. We
then evolve three million binaries per metallicity bin AZ; with a
total of star forming mass on the order of Mz, = 6.5- 107 Mo,

COMPAS evolves stars according to the stellar models of
Pols et al. (1998) and uses analytical fits of these models to
rapidly evolve binaries (Hurley et al. 2000, 2002). We adopt
wind mass loss rates as prescribed by Hurley et al. (2000) for
stars with effective temperatures smaller than 12, 500 K, and for
hotter stars the winds of Vink et al. (2001) as implemented by
Belczynski et al. (2008). If stars during their evolution cross the
Humphrey-Davidson limit (Humphreys & Davidson 1994) and
enter a region of the Hertzsprung-Russel diagram in which no
stars are observed, we apply an additional wind mass loss rate of
1.5-107* My yr~! (Belczynski et al. 2010).

When the primary star reaches the end of its main sequence,
the star expands and loses its entire envelope through Roche-lobe
overflow. In binaries where the first mass transfer episode is sta-
ble, the companion can accrete some mass with an efficiency that
we assume depends on the ratio of the thermal timescales of the
two stars (Hurley et al. 2002; Schneider et al. 2015; Neijssel et al.
2019), while the mass not accreted by the other star leaves the
system carrying away the specific angular momentum of the ac-
cretor. Eventually, the envelope of the primary is stripped, leav-
ing a naked helium burning star which, following wind-driven
mass loss, collapses into a BH. The star collapses into a point-
like BH following the “delayed” model of Fryer et al. (2012).

When the secondary reaches the end of its main sequence
the process repeats in reverse and the mass transfer between the
BH and the He-star can be either dynamically stable or unstable.
Since we focus only on the subchannel that goes through the CE
phase, we consider exclusively systems with dynamically unsta-
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Fig. 1: Parameter distributions of the binary population after the CE phase. These BH — He-star binaries include systems that are
going to form BH-NS binaries and BBHs with GW inspiral timescales bigger than the Hubble time. We show the distributions of
orbital separation A, first-born BH mass Mgy, He-star mass My,_g,, and metallicity Z weighted by the integrated redshift- and
metallicity-dependent SFR over the cosmic time (see Eq. B.10). The lighter shades represent larger contour levels, 68, 95 and 99%,

respectively, constructed with pygtc (Bocquet & Carter 2016).

ble mass transfer which produces a non co-rotating CE of gas
engulfing the binary. This represents only a subset of all merg-
ing binary black holes in the models of Neijssel et al. (2019).
While uncertainties in the stability of mass transfer could reduce
the importance of the non-CE channel, a self-consistent varia-
tion of the assumptions regarding mass transfer stability would
also change the population of systems that evolve through a CE
phase. This analysis is beyond the scope of this work, but could
impact, in particular, our overall rate predictions for BBH merg-
ers, which should be compared directly to Neijssel et al. (2019).
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COMPAS uses the classical energy acg — A formalism (Web-
bink 1984; de Kool 1990; Dewi & Tauris 2000; Xu & Li 2010)
to parameterize the uncertainties in the physics of the CE phase.
During this phase the two stars spiral in due to friction with the
envelope. The loss of orbital energy can heat up and expand the
envelope. The efficiency of this energy transfer is parameterized
by the acg parameter which can vary (Livio & Soker 1988).
We assume that all of the dissipated orbital energy goes into ex-
pelling the envelope, @cg = 1. The A parameter, which charac-
terizes the binding energy of the CE, depends on the structure of
the donor’s envelope (de Kool 1990). We chose our A according
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to the fits of Xu & Li (2010) as implemented by Dominik et al.
(2012).

Within the CE subchannel, we distinguish two different sce-
narios for donor stars which are on the Hertzsprung-gap (HG).
In the optimistic scenario we apply the usual @ — A prescrip-
tion to evolve these systems. In the pessimistic scenario we as-
sume that Hertzsprung-gap stars have not yet developed a suf-
ficiently sharp density gradient at the core-envelope boundary
to allow the inspiral during the CE to stop. Thus any CE event
from donors in this evolutionary phase results in a merger which
reduces the BBH merger rate (Belczynski et al. 2007). In this
paper we present the results for the latter scenario. Both scenar-
ios yield a similar distribution of spins, but the pessimistic one
predicts fewer low-mass BHs compared to the optimistic. This
is because a greater fraction of the total post-main-sequence ex-
pansion occurs during the HG for high-metallicity stars (Lin-
den et al. 2010). Therefore, forbidding the channel with HG
CE donors has a particularly strong effect at high metallicity,
which yields lower-mass BHs due to metallicity-enhanced stel-
lar winds.

In Fig. 1 we show the distributions of orbital separation, first-
born BH mass, He-star mass and metallicity of our BH-He-star
binaries after the CE phase. These distributions are weighted
by the redshift- and metallicity-dependent star-formation rate
(SFR) integrated over the cosmic time, see Eq. (B.10) in Ap-
pendix B. We note that these distributions include all binaries,
including those systems that are going to become BH-NS bi-
naries and BBHs with GW inspiral timescales longer than the
Hubble time. After the CE phase the orbital separations are no
longer uniformly log-distributed and most of the first-born BHs
have masses smaller than 30 M. Moreover, we see that forma-
tion metallicities of progenitors of merging compact-object bi-
naries follow a skewed log-normal distribution. This is because
the mean metallicity of the Universe decreases as a function of
the look-back time and the star-formation rate peaks at a red-
shift ~ 2 , that is a look-back time of ~ 10.5 Gyr, where most of
the binaries are formed. These distributions are used as an initial
condition for our detailed modeling.

2.2. MESA model assumptions

We perform detailed stellar structure and binary evolution
calculations that take into account wind mass loss, internal dif-
ferential rotation of the He-star and tidal interaction between the
BH and the He-star. These simulations! are based on the work
of Qin et al. (2018) and are adapted for MESA r-10398.

Stellar winds play an important role in binary evolution.
Here, we take a slightly different approach compared to Qin
et al. (2018), and we follow the wind prescriptions outlined in
Belczynski et al. (2010), which is the same as the ones used in
COMPAS. Namely, for helium stars we adopt a wind mass-loss
rate of

M (L 15 1 71086 B
ar =" (L) (Z) Moy @
where L and Z are the star’s luminosity and metallicity, re-
spectively. This prescription is a combination of Hamann &
Koesterke (1998) and Vink & de Koter (2005) and takes into ac-
count He-star winds clumping and a strong dependence on the
metallicity. Furthermore, we adopt Z; = 0.017 as solar metallic-
ity (Grevesse & Sauval 1998).

! The detailed list of parameters used for the simulations can be found
at http://mesastar.org/results.

Tidal forces are responsible for synchronising the spin of the
He-star with the orbit. We assume that the CE ejection leaves a
circular binary, and the system remains circular during He-star
evolution. It has been suggested that dynamical tides are dom-
inant for stars with a radiative envelope and a convective core
(Zahn 1977; Hut 1981). The strength of the interaction depends
on the ratio of the stellar radius R to the orbital separation A. The
timescale for synchronization is defined as

L)

— 5/6
= 3E2 (1 +q) F Z

4

sync I é ( )
where the He-star has mass M, radius R and moment of inertia
I, r, given by ré = I/(MR?) is the dimensionless gyration radius
of the He-star, ¢ is the mass ratio of the BH mass to the He-star
mass, and E, is the second order tidal coeflicient. We take the
new fitting formula of E, as suggested by Qin et al. (2018) for
He-stars

Rconv 67
) : ®)

E, = 107093 (T

where R.ony 1S the radius of the convective core (see Appendix A
in Qin et al. 2018, for an in-depth discussion of E;). We highlight
here that a variation of the implementation of tides is used (Qin
et al. 2019). Instead of the standard tides prescription in MESA
(Paxton et al. 2015) that synchronize the whole star, the tides
here only operate on the radiative regions. However it has been
verified that this slight variation has a very small impact on our
results.

Rotational mixing and angular momentum transport are
treated as diffusion processes (Heger et al. 2000, 2005), which
mainly involve the effects of Eddington-Sweet circulation, the
Goldreich-Schubert-Fricke instability, and secular as well as dy-
namical shear mixing. In addition, diffusion element mixing is
included with an efficiency parameter of f. = 1/30 (Chaboyer
& Zahn 1992; Heger et al. 2000) for all processes above. Fur-
thermore, an efficient angular momentum transport mechanism
(i.e., Tayler-Spruit dynamo: Spruit (1999, 2002)) is included. For
comparison, we also ran a small grid without the Tayler-Spruit
dynamo and found that there is a negligible impact on our re-
sults. More details on this can be found in the discussion. Fur-
thermore, efficient AM transport allows us to assume that all He-
stars emerging from the CE phase are initially not rotating. This
is because any initial or acquired rotation during the evolution of
the secondary is erased by mass transfer and wind mass loss by
the time it becomes a He-star.

Running these simulations for all binary systems computed
by COMPAS is computationally too expensive. Therefore we
run a grid that allows us to infer through interpolation the six
parameters we are interested in, namely: the He-star mass be-
fore the supernova, the carbon-oxygen (CO) core mass pre-
supernova, the resultant second-born BH mass, the orbital pe-
riod pre-supernova, the lifetime of the BH-He-star binary sys-
tem (from the expulsion of the CE to the collapse of the He-star)
and the spin of the second-born BH, as a function of the initial
parameters of the BH - He-star binary: initial mass of the first-
born BH, mpy, initial mass of the He-star, mpye_g,, initial orbital
period, p, and He-star metallicity, Z. In order to optimally con-
struct our grid, we first randomly generate 3 000 points to cover
the parameter space spanned by the binaries after the CE phase,
namely, mpy € [2.5Mpg,60Mg], Mmye—star € [2.5 Mg, 89 Mg ],
p € [0.05 days, 8.5 days] and Z € [0.0001, 0.0349], to which we
add 1,500 points drawn from a kernel density estimator (KDE)
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trained with the post CE phase parameters of the synthetic popu-
lation. In Appendix C we explain how we try to minimize linear
interpolation errors by running more simulations where the inter-
polator is under-performing. The accuracy of the linear interpo-
lator at each step is verified conducting 50 “leave 5% of the sam-
ple out” tests. We run a total of 18,000 simulations and show how
the median relative errors stabilize at 0.01% and 0.04% for the
He-star mass pre-supernova and resultant BH mass respectively,
0.20% for the CO core mass of the He-star, 0.01% for the or-
bital period, 0.04% for the lifetime of the BH-He-star binary and
0.41% for the log-spin of the second-born BH. In the Appendix
we also show the spread of the relative errors. If in the 50 leave
5% of the sample out tests we also count non-fittable points, such
as remote points at the boundary of the parameter space, we find
the following percentages of test systems that have relative er-
rors above 10% in the estimated quantities: 5% and 8% of the
He-star mass pre-supernova and resultant BH mass, 8% of the
CO core mass of the He-star, 6% of the orbital period, 6% of the
lifetime of the BH-He-star binary and 17% of the log-spin of the
second-born BH .

2.3. Core-collapse physics

Black holes are formed during the core collapse of massive
stars and, in some cases, their formation may be accompanied
by supernova explosions. The collapse occurs when the stellar
core begins to contract under its own weight without being able
to trigger any more nuclear burning in its iron core. This leads
eventually to electron capture and dissociation of the core el-
ements into alpha particles. The first process removes the de-
generacy pressure support of the core while the second removes
the thermal support. These two mechanisms combined acceler-
ate the collapse until the core reaches nuclear densities and neu-
tron degeneracy pressure halts the collapse. This sudden halt pro-
duces a bounce shock moving out of the core. The shock-wave
moves outwards until it deposits all its energy into the surround-
ing layers. A supernova explosion occurs if the deposited energy
can overcome the ram pressure of the infalling stellar material.
A fraction, fy, of the material ejected by the supernova then
falls back onto the stellar remnant. If the remnant is massive
enough, neutron degeneracy pressure fails to halt the collapse
and a black hole is formed. Moreover, the most massive stars
can directly overcome the neutron degeneracy pressure when the
collapse starts and implode to form a black hole. For a thorough
review of our current understanding of the core-collapse process
see for example Janka et al. (2007).

We use Fryer et al. (2012) delayed supernova prescription
to model how much baryonic remnant mass is left behind after
the collapse of the secondary star. This differs from their rapid
prescription which produces a mass gap between BHs and neu-
tron stars by assuming a strong convection which allows insta-
bilities to grow quickly after the core bounce, producing more
energetic SN explosion. The two prescriptions are not expected
to lead to significant differences in the detected BBH merger rate
(Belczynski et al. 2016b) as the population is dominated, due to
aLLIGO’s selection effects, by more massive BHs.

Using the delayed prescription, we calculated the fraction of
the star that collapses to form the BH, and we assume that any
remaining outer layers that do not collapse are instantaneously
ejected. In order to estimate the spin of the resulting BH we fol-
low the framework described in Batta & Ramirez-Ruiz (2019).
We assume that there is no pressure stopping or slowing down
the collapse. We can think of the star mass distribution M(r)
as a collection of shells with mass mg,e; and angular frequency
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Qqhenr, that falls one by one onto the center of the star. We as-
sume that at the center, the shells up to 2.5 Mg, collapse directly
to form a black hole conserving their angular momentum and
mass. Once a shell reaches the BH’s event horizon, it is accreted
by it. The amount of angular momentum of the infalling mate-
rial determines the properties of the accretion flow. Low angular
momentum material collapses directly onto the BH transferring
its entire mass and angular momentum to the BH, while material
with enough angular momentum can create a disk around it. The
maximum amount of angular momentum the disk material can
give to the BH is determined by the specific angular momentum
at the innermost circular orbit (ISCO) around the BH (Bardeen

etal. 1972),
1/2
. 2) ] ,

where rig, is the radius at ISCO for prograde equatorial orbits,

Jisco =

GM 2 3¢ Figeo
_BH_[l 2( arn (6)
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o = T (342 = (-2 B+ 0+ 22)7). )
withz; = 1+ (1= a®)'"3((1 +a)'? + (1 —a)'?) and 7, = (3a® +
z)'? where a is the spin of the BH. Assuming that the disk
formed from the collapse of a shell is accreted before the next
shell collapses, as the viscous timescale of the disk is shorter
than the dynamical timescale of the collapsing shells, we can
evolve the BH’s mass and spin as it accretes material through the
accretion disk. Each mass shell then contributes to the angular
momentum of the BH by

Oaisk 7/2
2 .3 . .
Jshell = f Mipell Qshen (1)1 sin” 6 d6 + f Mshell Jisco SIN 6 d6
0

Bisk
®)
where the disk formation angle is given by
. Jiwo |
O4isk = arcsin ((W) ] )

and if the argument of arcsin exceeds 1, there is no disk for-
mation. The first term in Eq. (8) represents material with low
angular momentum that collapses directly onto the BH, while
the second term corresponds to the material that forms the ac-
cretion disk with mass mgisx = Migpen COS Bgisk. The mass-energy
accreted from the disk onto the BH is AMyigx = mygisk(1 —
2G Mgy /(3c?riseo))? and the accreted angular momentum is
Adgisk = Mgisk Jisco (Bardeen 1970; Thorne 1974). When treating
the accretion of the portions of the shell that collapse directly
onto the BH, we take into account 10% of baryonic mass loss
through neutrinos (Fryer et al. 2012).

In our population synthesis study we neglect the effects
of pair-instability supernovae (PISNe) and pulsational pair-
instability supernovae (PPISNe). Both events are caused by the
production of electron-positron pairs in the cores of very mas-
sive stars. In a PISN, pair production leads to a drop in the ra-
diation pressure support in the core, causing the core to con-
tract and the core temperature to increase. This results in explo-
sive oxygen burning which reverses the collapse, unbinding the
star. A PPISN is similar but the release of energy is insufficient
to completely disrupt the star. This create a series of energetic
pulses which eject material from the star before it collapses into
a BH. PISNe cause massive stars with He-core masses between
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Fig. 2: Combined distribution of the BBH merger timescale
Tmerger Versus the effective inspiral spin parameter y.g for our
synthetic BBH population at metallicity log,,(Z) = -2.5, in
gray. The lighter shades represent larger contour levels, 68, 95
and 99%, respectively. Tidally locked systems follow the rela-
tion log;o(Tmerger) ~ —% log,o(yerr), orange dashed line, while

the others systems follow log;o(Tmerger) ~ —% log,o(yerr) dic-
tated by the tidal synchronization timescale, blue dashed line.
Both lines are drawn at an arbitrary ordinate.

approximately 60 and 150 Mg, to be completely disrupted. There-
fore, PISNe put a second theoretical mass gap into the distribu-
tion of BH masses (Fowler & Hoyle 1964; Rakavy & Shaviv
1967; Barkat et al. 1967). On the other hand, PPISNe affect pre-
supernovae stars with He-core masses between around 35 and
60 M, enhancing the loss of mass before the supernova event
and resulting in less massive BHs (Yoshida et al. 2016; Woosley
2017; Marchant et al. 2019). Neglecting these two phenomena
leads us to overestimate the mass of the most massive BHs with
Mgy 2 35 My, For a recent population synthesis study of the ef-
fect of PISNe and PPISNe on the population of coalescing BBHs
using the same code as in this work see Stevenson et al. (2019).

During a supernova, the asymmetric ejection of matter
(Janka & Mueller 1994; Burrows & Hayes 1996; Janka 2013)
or asymmetric emission of neutrinos (Bisnovatyi-Kogan 1993;
Socrates et al. 2005) can provide a momentum kick to the newly
formed compact object. Here we assume that the birth kicks
of BHs follow a Maxwellian distribution with o = 265 km/s
(Hobbs et al. 2005), which is then rescaled by one minus the
fall-back mass fraction f7, (Fryer et al. 2012). In the Fryer
et al. (2012) that we adopt, this quantity depends on the carbon-
oXygen core mass Mo Of the star before the collapse. For core
masses grater than 11 Mo, fr, = 1, which means that in our
model all heavy black holes receive no natal kicks. These kicks
can tilt the orbit of the BBH, which may generate a negative y.,
add eccentricity to the orbit or disrupt the binary. We take into
account all these orbital changes, as well as orbital changes due
to symmetric mass loss, following the analytical calculations of
Kalogera (1996) and Abbott et al. (2017b).

2.4. Inspiral due to gravitational waves

After the birth of the second-born BH, GW emission re-
moves energy and angular momentum from the orbit, shrinking
it, and eventually leading to the merger of the two compact ob-
jects. The merger timescale for eccentric BBHs is computed as

15 & 1
304 G3 mymy(m; + my)

A'fe), (10)

Tmerger =
where m; and m, are the masses of the BHs, A is the orbital sep-
aration (Peters 1964) and f(e) is a numerical factor that account
for the orbital eccentricity:
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There is an important point to make here. As was already
explained by other authors (e.g., Kushnir et al. 2016; Zaldar-
riaga et al. 2018; Qin et al. 2018), the merger timescale is anti-
correlated with the spin of the second-born BH, a5, or the ob-
served quantity y.q. This is because in order to form a fast rotat-
ing BH, tides should be strong and therefore the orbital separa-
tion between the parent He-star and the BH companion should be
small. Since the merger timescale scales as the fourth power of
the orbital separation, for tidally locked systems we can recover
the following proportionality Tmerger ~ A* ~ w™/3 ~ _8/ 3
X ﬁ/ 3. In the second relation we used Kepler’s third law w1th w
belng the orbital frequency matching the He-star’s angular fre-
quency Q and in the last one a; = 0 as assumed in our model.
Meanwhile, for the wider binaries partially synchronized by dy-
namical tides on a synchronization timescale T, = |Ql/Q, we
recover small spins a; ~ Q ~ exp(1/Tsync) ~ 1/Tsync ~ A~172
(cf. Eq. (4)) and therefore Tiereer ~ A* ~ a; 817 X_S/ 17,
In Fig. 2 we show the combined distribution of the merger
timescale and the effective spin parameter for a specific metal-
licity bin (centered at log,,(Z) = -2.5) of our synthetic BBH
population, namely not integrating over redshift and not account-
ing for any selection effect, in gray. Indeed, systems with high
Xef follow the scaling relation for tidally locked systems (orange
dashed line), while those with low y.g follow the scaling dictated
by the tidal synchronization timescale (blue dashed line).

sync

2.5. Detection rate

To compute the expected rate of detectable GW events, we
need to convolve the star-formation rate (SFR) and metallicity
distribution at different redshift epochs with the selection effects
of the detectors. To do this we follow a similar approach to the
one used in Belczynski et al. (2016b). Here we briefly summa-
rize our approach, which is described in detail in Appendix B.

In our cosmological calculation we adopt the flat ACDM
model with Hy = 67.7 {2 and Q,, = 0.307 (Planck Collabo-
ration et al. 2016). Every simulated BBH k with BH masses m; 4
and my x, born at redshift zy; and merging at redshift z,, ;x set by
the delay time of this binary contributes to the detection rate by
the following weight

fSFR(zy,)

2
Jeorr 4 D (2 i k) Pdet(@m,iks M1 k> M2 ) AL
Msim az;

Wi jk =
(12)

where subscripts f and m refer to formation and merger, re-
spectively, and fSFR is the fractional star-formation rate, that is
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Fig. 3: Model predictions for binary black hole observables: chirp mass Mpirp, effective inspiral spin parameter y.g and cosmological
redshift of merger Zmerger distributions. We represent O1/02 observing runs in orange and O3 in green, while lighter colors represent
larger contour levels of 68, 95 and 99%, respectively. We overlaid in black the O1/0O2 LIGO-Virgo Collaboration (LVC) data with

their 90% credible intervals.

the total mass of stars formed per comoving volume per year
per metallicity interval AZ;. We adopt the SFR and metallic-
ity distribution of Madau & Fragos (2017). The SFR formula
we adopt is computed from UV and infrared surveys and is an
updated version of Madau & Dickinson (2014) that better re-
produces recent results at high redshifts 4 < z < 10 (Bowler
et al. 2015; Finkelstein et al. 2015; Ishigaki et al. 2015; McLeod
et al. 2015; Oesch et al. 2015; McLeod et al. 2016). The metal-
licities are log-normally distributed with standard deviation 0.5
dex around the mean metallicity function of Madau & Fragos
(2017). The mean metallicity function is obtained fitting ob-
servations assuming that the galaxy mass — metallicity relation
holds at any redshift (Kajisawa et al. 2009; Baldry et al. 2012;
Lee et al. 2012; Ilbert et al. 2013; Grazian et al. 2015). Further-
more, Miim az [ feorr 18 the matter simulated in the metallicity bin
AZ; rescaled by the normalization factor feor (see Appendix A),
D.(2) = ¢/Hy [;(Qu(1 +2')* + Qu)1/2d7 is the comoving dis-
tance to the source and pqec accounts for the selection effects of
the detector. The total rate of detectable BBH mergers for a given
detector network is calculated from the Monte Carlo simulations
as a sum

Rger = Z Z Z Wi jk s
%

At AZ;

13)

where we add the contribution of every binary placed at the cen-
ter of each formation time bin At; in its corresponding metallicity
bin AZ;. The population synthesis predictions are performed in
finite time bins of Ar = 100 Myr and the log-metallicity range
Z € [0.0001, 0.0349] is divided in 30 bins.

The sensitivity of a GW detector to a source depends on the
distance to the source, its orientation and position relative to the
detector and on its physical characteristics. The detectability of
a signal depends on its signal-to-noise ratio (S/R). In our model
we assume that signals are detected if their single-detector S/R
exceeds a threshold value of 8 (Aasi et al. 2016). For the two ob-
serving runs O1/02 of aLIGO, we assumed a detector sensitivity
equal to the target “early high sensitivity” (Abbott et al. 2018a).
This simplification is motivated by the fact that the sensitivity of
02 was close to that of O1 (Abbott et al. 2018a). We assume
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a target “late low sensitivity” for the third observing run O3
and for design sensitivity the corresponding one (Abbott et al.
2018a). We follow the methodology and implementation of Bar-
rett et al. (2018) [see their section 3.2] to compute the detection
probability pge for a given set of parameters (my, m,, z). The op-
timal S/R (for a face-on, i.e. zero inclination, directly overhead
source) is computed for a single detector using the sensitivity
above with GW waveforms from lalsuite (LIGO Scientific
Collaboration 2018). This S/R is then convolved with the an-
tenna pattern function distribution (Finn & Chernoff 1993) in
order to efficiently sample over the four angles involved, two for
the sky location and two for the source orientation, which allows
us to estimate the probability of detection. In our simplification
we ignored the impact of BH spin on detectability, although high
Xeft may slightly enhance pge.

3. Results

We use our model to predict the distributions of the three main
observables inferred from GW detections: the chirp mass, the ef-
fective inspiral spin parameter and the cosmological merger red-
shift (Abbott et al. 2016). Every binary in our population synthe-
sis model contributes to the total distributions of every observ-
able quantity with the weight given in Eq. (12).

Our detailed binary evolution models give predictions about
the spin of the second-born BH and its misalignment with the or-
bit. However, in order to estimate the observable y.r, we need
to also have information about the spin of the first-born BH. As
we already discussed earlier, here we assume that the spin of
the first-born BH is very low, a; = 0. This is due to two rea-
sons. First, while the progenitor of the BH evolves through the
red supergiant phase, most of the angular momentum is trans-
ported to the outer layers of the star upon expansion (because of
the assumed efficient AM transport). This depletes the angular
momentum of the core and eventually, due to mass transfer or
stellar winds which remove the outer layers of the star, leads to
a slowly rotating naked He-star. Second, the initial orbital sepa-
ration of the two stars is quite large compared to the later stage
of the evolution. Thus, even if tides can efficiently synchronize
the rotation of the star to the orbit, the angular frequency of the
envelope is too low to efficiently spin up the core. To quantita-
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Fig. 4: Cumulative distribution functions (cdfs) of the effective inspiral spin parameter y.g as predicted for O1/0O2 by our model
(solid orange line). (Left) From our model we generate 5,000 sets of 10 measurements and plot the median cdf (dashed orange line)
together with the 90% credible interval (shaded orange region). (Right) We generate again 5,000 sets of 10 measurements from our
model to which we now add mock measurement uncertainties generated from the zero-centered LVC data likelihoods. We plot the
median cdf (dashed orange line) and the 90% credible interval (shaded orange region). For both graphs, in gray, we plot the median
cdf (dashed line) and the 90% credible interval (shaded region) of 5,000 samples from the 10 actual observations generated from

their respective LVC data likelihoods.

tively check these assumptions, Qin et al. (2018) used detailed
stellar-evolution simulations to show that main sequence stars
with initial angular rotations up to Qipitial < 0.5 Qcritical €VOlVE to
yield BHs with negligible spins at all metallicities, even when
assuming that the angular momentum of the core is conserved in
the collapse. A small subset of the most rapidly spinning stars
undergo efficient internal mixing and evolve chemically homo-
geneously. These stars never expand to become giant stars and
hence do not evolve through the standard CE formation channel.

3.1. aLIGO 01, 02, & O3 observing runs

The first and second observing runs of aLIGO (and, for parts
of it, Advanced Virgo) lasted for 4 and 9 months, respectively, re-
sulting in a total of 166 days of data suitable for coincident anal-
ysis (Abbott et al. 2016a). Ten GW signals from BBH mergers
were detected (Abbott et al. 2019). These ten detections trans-
late to a rate of 22 BBH mergers per year. In our model com-
parison to the data we only include these ten detections from
the LIGO-Virgo Collaboration’s catalog, although evidence for
additional signals in O1/02 data has been presented by Zackay
et al. (2019a,b); Venumadhav et al. (2019). Our goal here is to
model the combined distributions of observable quantities of the
CE formation channel, with a special focus on the spins of the
BHs which we investigate in detail. We intentionally picked a
population synthesis model that approximately matches the ob-
served rate for this study. Using Eq. (13), our model predicts for
01/02 a detection rate of 27 yr~!, while for the ongoing observ-
ing run O3, we predict a detection rate of around 100 yr~!. How-
ever, the predicted event rate depends sensitively on a number
of uncertain evolutionary model parameters (e.g., Dominik et al.
2015; Giacobbo et al. 2018; Barrett et al. 2018) and metallicity-
specific star formation history (e.g., Chruslinska et al. 2019; Nei-
jssel et al. 2019).

In Fig. 3 we show the predicted two-dimensional distribu-
tions of chirp mass, effective inspiral spin parameter and cosmo-
logical merger redshift for O1/0O2 in orange and O3 in green.
Lighter colors delineate larger contour levels of 68, 95 and 99%,
respectively. For a comparison with the observations, we over-
lay the ten GW detections with their 90% credible intervals in
black. These detections agree visually very well with our model
prediction. In the first histogram, Mcpirp VS. Xefr, We see that the
selection effects of the detectors at different sensitivities do not
significantly affect the chirp mass and the effective inspiral spin
parameter distributions. Meanwhile in the other two histograms,
Zmerger VS. Xeff aNd Zmerger VS. Menirp, We see that at higher detec-
tor sensitivity we are able to detect events at higher cosmologi-
cal redshift, namely at further distances, and that more massive
sources can be observed out to a higher redshift, as one might
trivially expect.

To provide a qualitative comparison between our theoretical
predictions of y.s and LIGO-Virgo Collaboration (LVC) mea-
surements, we conducted a visual cumulative distribution func-
tion (cdf) graphical check and a Bayesian model comparison be-
tween our model and the LVC prior (uniform spin magnitudes
ajp € [0,1] and isotropic spin directions). For the graphical
check, shown in Fig. 4, we generate 5,000 sets of 10 mock events
from a KDE of our O1/02 model predictions (solid orange line
in Fig. 4) and compute the corresponding cdf. In the left panel of
Fig. 4 we plot the median cdf (dashed orange line) and 90% cred-
ible interval (shaded orange region) of these sets of mock obser-
vations without any measurement uncertainty. Our model mostly
predicts positive y.¢ and only a few slightly negative y.q but can-
not reproduce y.g < 0. In the right panel of Fig. 4 we plot the
same quantities, but this time we add uncertainties to the 5,000
sets generated from our model. These uncertainties are generated
from the zero-centered LVC likelihoods. We show the cdfs from
5,000 sets of 10 samples, one each from the LVC data likelihoods
of the 10 observed events, in gray in both panels of Fig. 4. These
likelihoods are obtained by weighting the posteriors of the ten
01/02 GW observations by the inverse of the average projected
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Fig. 5: Probability density function of y.r predicted by our
01/02 model (orange) and the average LIGO prior (blue). At
an arbitrary vertical position, we plot in black the LVC data
with their respective 90% credible intervals. The Bayes factor
between our model and the LIGO prior is 15.7.

LVC prior, which is found by combining the samples of all ten
priors. We see that, when accounting for observational uncer-
tainties, we can also reproduce negative values of y.g as in the
observed cdf tail. We conclude that, visually, our model agrees
well with the data. Of course, there is no single statistical check
to unambiguously test the goodness of a model. In addition to
the graphical check described above, we could ask, for example,
whether the existing observations are statistically consistent with
a model that predicts a negligible number of events with nega-
tive ye. They are indeed consistent. All individual observations
allow for zero or positive values of y.; well within their 90%
credible intervals. However, if future GW observations have sig-
nificant negative y.r inconsistent with zero, this will be an indi-
cation that those systems have been formed through alternative
channels, such as dynamical formation. In Fig. 5 we show the
probability density function of y.g as predicted by our O1/02
model, in orange, and the average projection of the LVC prior
onto yeq. For reference we added the ten LVC GW observations
with their 90% credible intervals at an arbitrary vertical position.
We carried out a Bayesian model comparison between our model
and the LVC prior given the observational data. This test results
in a Bayes factor of 15.7 which favors our model.

3.2. aLIGO design sensitivity

We use the target design sensitivity curve of Abbott et al.
(2018a) and predict a BBH merger rate of around 400 yr~' for
advanced detectors operating at design sensitivity. In Fig. 6, we
show the expected properties of the BBH population detectable
at aLIGO design sensitivity: the effective inspiral spin parameter,
chirp mass and cosmological merger redshift, as well as the BBH
merger timescale, metallicity and binary mass ratio.

As pointed out previously, the two-dimensional distribution
of the effective inspiral spin parameter vs. the chirp mass does
not change with different detector sensitivities. We arbitrarily di-
vide the parameter space and identify three regions: Region-A
with yeg < 0.1, Region-B with yeg > 0.1 and Meyirp < 15Mg
and Region-C with y.q > 0.1 and Mgpirp, > 15Mg. Our model
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predicts that 80, 10 and 10% of detectable BBH mergers fall into
these three regions, respectively.

To understand these different regions of the parameter space,
we recall that there is an anti-correlation between the merg-
ing timescale of the BBHS Tiyerger and the spin of the second-
born BH a, or equivalently the observed quantity y.qx (see Sec.
2.4). Region-A contains systems with low spins which translate
into long merger timescales. For reference, at formation of the
second-born BH most of the orbital periods are between 1 and 5
days. These systems might have formed at redshifts up to 10 and
they probe a wide range of metallicities and chirp masses. BBHs
in Region-B have short merger timescales since they have a high
Xefi: at the formation of the second-born BH they are in close or-
bits with periods smaller than 1 day. These BBHs are formed in
the local Universe, at redshifts close to zero, where the average
metallicity is high and the chirp mass is low because high metal-
licity massive stars tend to lose a lot of mass due to stellar winds
and thus the resulting BH masses are lower. Finally, systems in
Region-C have high spins and high chirp masses. These are bi-
naries that formed with low metallicity and merge quickly, that
iS at Zmerger = Zformation- 1Nis part of the parameter space really
probes the low-end tail of the metallicity distribution out to the
observational redshift horizon of aLIGO. These are intrinsically
rare systems but are amplified by aLIGO’s higher sensitivity to
high BH masses.

In Fig. 7 we further investigate GW selection effects that fa-
vor high BH masses. We show, in blue, the model prediction for
aLLIGO at design sensitivity against the overall BBH underlying
population that one would observe with an infinitely-sensitive
detector, in gray. The entire population of merging BBHs has a
peak in the merger redshift at around Zyerger = 2. While aLIGO
is not sensitive to mergers at such high redshifts, future third
generation GW detectors, such as the Einstein Telescope (Pun-
turo et al. 2010; Kalogera et al. 2019), are able to observe them.
The selection effects in favor of higher BH masses are clearly
visible in the distribution of Mcp;rp. Our observable predictions
show a bimodal distribution of chirp masses with peaks at 11 Mg
and 33 Mg, while the underlying population has only one peak
at around 10 Mg, Selection effects allow us to observe massive
BHs formed at high redshifts where the mean metallicity is lower
than today. GW detectors preferentially observe BBHs that do
not merge quickly, namely have wider orbits and slower spin (see
the peak at y.s = O in the y.g histogram). We note that in our
treatment of the selection effects we did not take into account the
potentially greater sensitivity to GWs from BBHs with high y.;
this may influence the tail of the effective inspiral spin parameter
distribution, accentuating the second peak at y.¢ = 0.4.

4. Discussion

4.1. Angular momentum efficiency

Our results are obtained assuming efficient angular momentum
transport (Spruit 1999, 2002; Fuller et al. 2019) which plays
an important role in determining the spin of the first-born BH.
Meanwhile, the spin of the second-born BH is mainly deter-
mined by the combined effects of stellar wind and tidal inter-
action during the binary evolution. Although the Tayler-Spruit
dynamo model helps to reproduce the flat rotation profile of our
Sun (Fuller et al. 2014; Cantiello et al. 2014) as well as neu-
tron star and white dwarf spins (Heger et al. 2005; Suijs et al.
2008), it cannot reproduce the asteroseismic constrains for sub-
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Fig. 6: Model predictions for the chirp mass My, effective inspiral spin parameter y.r, cosmological redshift of merger Zmerger.
BBH merger timescale Tierger, metallicity Z and the binary mass ratio g distributions of binary black holes observables at design
sensitivity. Lighter colors represent larger contour levels of 68, 95 and 99%. We arbitrarily divide the two dimensional histogram
Mhirp VS xer With red lines into three regions at yeg = 0.1 and My, = 15 Mo. Region-A contains 80% of the events, 10% are in
Region-B and 10% are in Region-C. For illustrative purposes, all histograms are plotted with a smoothing scale of 0.8 bins with the
exception of Zformation VS Xeff> Zformation VS. Zmerger> 4 VS. Xeff that have no smoothing

giants and red giants (Gehan et al. 2018), which would require
an even higher efficiency in angular momentum transport. Alter-
natively, a model with inefficient angular momentum transport
predicts highly spinning BHs, y.x ~ 1 (Belczynski et al. 2017,
Arca Sedda & Benacquista 2019), which do not match current
GW observations. To test that angular momentum transport effi-
ciency affects only the spin of the first born BH, and perhaps the
initial rotation of the helium star after the common envelope, but
not how tides can spin up an initially non-spinning helium star,

we ran a grid of 5,000 MESA simulations of BH-He-star bina-
ries with inefficient angular momentum transport, namely with-
out the Tayler-Spruit dynamo. We found that there is a negligible
impact on the spin of the second-born BH.

Article number, page 11 of 19



A&A proofs: manuscript no. aanda

Mehirp [Mo]

aLIGO design sensitivity
VS.
underlying BBHs population

Zmerger

|0g1 O(Tmerger/[Gyr])

logi0(Z)
s Yo Ss o

©

S P S

Mchirp [M G)]

Zmerger

Xeff

®

/rbb /‘59 /K'L?D /(L'Q

logi0(2)

N

log: O(Tmerger/[Gyr])

Q

/(b /(1/
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sitivity, in blue, versus the underlying population of merging BBHs one would observe with a GW detector with infinite sensitivity,
in gray. Lighter shades represent larger contour levels of 68, 95 and 99%, respectively.

4.2. Comparison with other studies

When comparing our results with other studies of the CE
channel, we find some discrepancies. For example Zaldarriaga
et al. (2018) found a bimodal distribution of spins of the
second-born BH, with around half of the BHs having spin
zero and the other half maximally spinning. When account-
ing for stellar winds and tidal interaction between the BH and
He-star in a detailed binary evolution calculation we find that
this bimodal distribution is an oversimplification. In Fig. 8 we
show the normalized distribution of the spin of the second-
born BH a, from detailed BH-He-star binaries simulations
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with masses Mgy = 30 Mg, Mye_star = 35 Mg and metallici-
ties Zo, 1071 Z,, 1072Z, assuming a uniform distribution in log-
orbital separation. Indeed, we find an approximately bimodal
distribution of spins (similar to Fig. 4 from Zaldarriaga et al.
(2018)) at low metallicity where stellar winds are weak and do
not affect the orbital evolution. However, at higher metallicity
the wind-driven mass loss causes the binaries to widen and the
tidal interaction which spins up the He-star gradually becomes
less effective. In the same figure we also show our predicted a,
distribution from our model of BBH mergers observable at the
aLLIGO design sensitivity (blue shaded region) versus the under-
lying population of merging BBHs (gray shaded region). The
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Fig. 8: Normalized distribution of the spin of the second-born
BH as predicted by our model for GWs observable at alLIGO
design sensitivity, in light blue, versus the underlying popula-
tion of merging BBHs, in gray. For comparison, we show the
same distribution obtained with MESA simulations of BH-He-
star binary systems with Mgy = 30 Mg, Mpye—star = 35 Mg and
metallicities Z, (orange), 107! Zg (green) and 1072 Z, (red) un-
der the assumption that the initial separation is log-uniform in
5 <A/Rg < 63.

former one has a peak at around a, = 0 while the latter has a
peak at around a, = 0.2. Although it has a peak at a, = 0, it is
much flatter and both do not show the second peak at high spins.
A key reason is that we did not assume a log-normal distribu-
tion of orbital separation after the CE phase, as was assumed by
Zaldarriaga et al. (2018), but used the predictions of our popu-
lation synthesis model (cf. Fig 1). Moreover, we also take into
account the redshift- and metallicity-dependent star formation
rate and apply aLIGO selection effects. The anti-correlation be-
tween Tiyerger and a; means that binary systems with high spins
merge quickly. Thus, their merger redshift distribution follows
the SFR evolution with a peak around z =~ 2, beyond aLIGO
sensitivity. This further reduces the number of rapidly spinning
BHs detectable by alLIGO. We believe that the non-inclusion of
detailed binary evolution calculations that carefully track the an-
gular momentum evolution due to tidal interaction and stellar
winds is also the reason for overestimated y.¢ distributions de-
rived in other studies (Gerosa et al. 2018; Postnov & Kuranov
2019).

4.3. Comparison with other formation scenarios

We now compare our findings with theoretical results from
other formation scenarios. All isolated binary evolution chan-
nels produce BH spins which are expected to be mostly aligned.
It was shown by Marchant et al. (2016) that the chemically ho-
mogeneous evolution channel mostly produce highly spinning
BHs (a2 > 0.4), which are currently not observed. An indica-
tor that would rule in favor of this scenario are the detections
of high effective spin parameters, say y.¢ > 0.8, which are not
predicted by the CE channel. Zackay et al. (2019b) recently re-
ported the finding of a new BBH merger by reanalyzing the pub-
licly available raw data from O1, using an independently devel-
oped pipeline. Assuming a flat y.g prior they found an event
with high chirp mass, Mcpip = 31f§ Mo, and high effective spin

parameter, ycr = 0.81*0)7, which is marginally consistent with

our model. If similar events with better-measured parameters
are found in the future, such BBHs would probably have been
formed through the chemically homogeneous evolution channel,
since the high y.q is outside our model prediction range for the
CE channel. For dynamically-formed BBHs in dense star clus-
ter, Rodriguez et al. (2018) found a symmetric distribution of y.g
with a peak at y.g = 0, regardless of the BH birth spins. There-
fore, anti-aligned systems (y.g < 0) would be a key indicator of
the dynamical formation channel, as these are not predicted for
either the CE channel or the chemically homogeneous evolution
channel.

4.4. Uncertainties

Our model may be limited by some uncertainties which can
alter the merger rate and, to a lesser degree, the predicted BBH
property distributions. Uncertainties in (i) how the CE phase is
accounted for, namely different choices of the acg parameter
which characterizes the efficiency of transferring orbital energy
into unbinding the CE might lead to different rate predictions
(see e.g., Giacobbo & Mapelli 2018). For example, Fragos et al.
(2019) report a very efficient (high) acg for a specific binary
neutron stars (BNSs) system analyzed with 1D hydrodynamic
simulations. However, in their estimate of a¢g they do not in-
clude the envelope’s thermal energy in the calculation of the
envelope’s binding energy, and, most importantly, their results
may not carry over to BBH formation, which tends to happen at
lower metallicities, with more similar donor and accretor masses
at common envelope onset. Indeed, Mapelli & Giacobbo (2018)
showed that uncertainties in acg correspond to a variation of a
factor of around 1.5 in the BBH merger rate estimates while a
factor of 10 for BNS merger rates. Another example are uncer-
tainties in the (ii) physics of the supernova explosions, such as
the kicks strength, which can influence rates and affect the pa-
rameter distribution of BBH mergers (Dominik et al. 2013). To
test how the delayed SN mechanism affects our results, we re-
laxed the model to account for direct collapse of the second born
BH (still assuming a possible 10% of mass defect). We found
similar distributions to the one of the delayed collapse with only
a slight increase around Mcpip, = 11 Mg and yer ~ 0.2 for de-
tectable binaries and an increase of the merger rate by ~ 10%
due to the survival of BBHs disrupted by natal kicks in the Fryer
et al. (2012) model and the detectability of the slightly more
massive BBHs are greater distances. Furthermore, in our binary
population, (iii) the He-stars after the CE phase are not neces-
sarily zero-age helium main sequence stars, as assumed in the
second step of our detailed binary evolution calculations. This is
because some of the progenitors of the helium stars overflowed
their Roche lobes and entered the common envelope phase after
helium burning was initiated in their core. The remaining life-
time of these stars is shorter than the duration of their zero-age
helium main sequence. They lose less mass through stellar winds
in their remaining lifetimes, which cause the orbits to not widen
as much and result in more massive BHs with higher spins. How-
ever, we expect that the fraction of stars that enter the CE while
burning helium in their core is higher at low metallicities, as low-
metallicity stars tend to expand later in their lives. At the same
time, stellar winds in these stars are weaker due to the low metal-
licity, so the overall effect on the population of BBHs is expected
to be limited. Moreover, our detection rate calculation is affected
by (iv) uncertainties in the redshift dependent SFR, (v) redshift-
dependent metallicity distribution and (vi) the initial mass func-
tion (de Mink & Belczynski 2015; Chruslinska et al. 2019; Nei-
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jssel et al. 2019) which may not be universal (e.g., Kroupa 2001;
Schneider et al. 2018), but see Farr & Mandel (2018). For exam-
ple there is an uncertainty in the UV and IR data used to infer
the SFR and mean metallicity at high redshift z > 4 (Madau &
Dickinson 2014). A SFR favoring lower formation metallicities
than the one assumed here would skew our result in favor of sys-
tems in Region-C in the yef — Mcnirp histogram of Fig. 6, namely
BBHs with high My, and high yeg, at the expense of systems
in Region-A, namely BBHs with low y.g.

5. Conclusions

One of the biggest open questions in GW astrophysics today
is how merging binary black holes are formed. Isolated bina-
ries that go through the CE phase are one of the main proposed
formation channels for BBHs. In this work we investigate the
combined distributions of masses, spins and merger redshifts of
a population of BBHs formed through this channel that would
be detectable by advanced GW detectors. We combine binary
population synthesis studies with detailed stellar structure and
binary evolution simulations. Rapid population synthesis allows
us to obtain a population of BBH progenitors: BH-He-star bina-
ries. Meanwhile, the detailed simulations that take into account
the effects of differential stellar rotation, tidal interactions, wind
mass loss and the evolution of the structure of the He-star, al-
low us to accurately predict the distribution of the properties of
BBH systems at their formation. We then take into account the
redshift and metallicity dependence of the star-formation rate to-
gether with the selection effects of the detectors to build a model
capable of reproducing all observable properties of the current
sample of 10 BBH mergers. We also predict what future GW ex-
periments are likely to observe. Our main findings can be sum-
marized in the following points:

— Our model is the first one to use detailed stellar structure and
binary evolution simulations to successfully reproduce the
observed y.g population: most with y.¢ =~ 0 and a few with
positive y.g. Hence, it provides strong support for the CE
channel as the dominant formation channel for the observed
BBH mergers.

— We find that the ten O1/02 GW detections are consistent
with having formed through the CE channel. We predict a
detection rate of 27 yr~! for a particular set of population-
synthesis model assumptions and a specific choice of a
metallicity-specific star formation history, which is consis-
tent with the 10 GW detections found in 167 days of total
coincident observing time during the first two advanced de-
tector observing runs.

— We predict the combined distributions of Mcpirp, Xer and
Zmerger fOI the current O3 observing run and for future data
at design sensitivity.

— We distinguish three different regions of observable BBH
mergers. At design sensitivity, we expect around 80% of
events with y.s < 0.1 and a wide range of chirp masses:
these systems formed in relatively wide orbits (mostly with
periods of 1-5 days at the formation of the second-born BH)
and might have formed at redshifts up to 10, probing a wide
range of metallicities. Around 10% of events with y.g > 0.1
and M, < 15Mg are BBHs born in close orbits (with
orbital periods of less than 1 day at the formation of the
second-born BH) in the local Universe at redshift close to 0
where the metallicity is high. These systems merge promptly.
Finally, the remaining 10% of events with y.x > 0.1 and
Mhip = 15M; are BBHs formed at low metallicity at a
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range of redshifts; these systems again merge promptly. Ef-
ficient spin-up of the secondary, which yields high y.g, re-
quires the BBH to be born in a close orbit, which then allows
for a prompt merger through GW emission.

— We find that the total population of merging BBHs, namely
the one that would be observed by a GW detector with infi-
nite sensitivity, has a peak in the merger redshift at around 2,
far beyond aLLIGO sensitivity. This peak is set by a combina-
tion of the star formation rate, which peaks at a redshift of 2;
the metallicity of star formation, which is lower in the early
Universe and favors more efficient BBH formation; and the
delay time distribution until merger.

— We show that in order to understand the distribution of BBH
spins, population synthesis studies of isolated field binary
formation channels should include detailed binary evolution
calculations that carefully track the angular momentum evo-
lution due to the tidal interaction and stellar winds which
are the origin of the spin of the second-born BH. Moreover,
we find that the assumption of efficient angular momentum
transport has a negligible impact on the spin of the second-
born BH.
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Appendix A: Mass renormalization of the population synthesis simulation

We used COMPAS to run a Monte-Carlo simulation and generate a sample of half a million BH - He-star binaries. When we perform
binary population synthesis simulations, we only model binary systems, neglecting the population of single stars. Furthermore, to
save on computational costs, we restrict the mass of the primary star to a suitable range 4 < Mprimary < mp S0 that we only consider
initial binaries that can be progenitors of the systems we want to study (this is a basic version of the importance sampling approach
described by Broekgaarden et al. (2019)). This means that we model only a fraction of the underlying stellar population. Here we
show how to renormalize the population synthesis simulation to the total stellar mass of the underlying stellar population.

Let us consider a stellar population of total mass M, with an initial mass function (IMF) of single star masses:

o
H(GE)" M <m<my

f(m) = )" (2)" msm<m (A1)

Mimin m

-] - —Q3
my my m
Pols) ()7 () ma<m <

where the constant f; is defined such that f’ "m fom)dm = 1. Let fyn be the fraction of stars in binaries and assume that the

Mmin

distribution of mass ratios in binaries is flat between 0 and 1, that is g(¢) = 1. Then, the mean mass of a stellar system in the
population is

Mmax Mmax 1
my =(1- fbin)f mf(m)dm+ foin f(; [f(m)g(q) (m + gm)] dgdm =
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In the case when mgu, mg > m,, we only model the following fraction of all systems:

mp 1 - - l-a; _ 1-a3
Footet = foin [ fOmydm = finfo (’"1 ) (@) (u] (A3)

ma 1 — a3 \ Min m m,

The mean mass of a binary system in our simulated population is;

B 1 mp 1 31—a3 m%—as _ mifm
My model = oy fm)g(g)(m + gm) dgdm = = >— o 1o |- (A4)
fm fmydm Im, Jo @3 \my = —m,
Thus, the total modeled mass M., noqe Tepresents only a fraction of the total stellar population mass M.:
M., M
fcorr = ]";Odel = fmodelm ;;lmdel (AS)

and we must renormalize by the inverse of f.o in order to return to the population we intended to simulate.

Adopting the Kroupa (2001) IMF, namely a; = 0.3, @y = 1.3, a3 = 2.3, m; = 0.08 Mg, my = 0.5 M, using the observed
Sfoin = 0.7 (Sana et al. 2012), arbitrarily choosing my,;, = 0.01 Mg and mp,x = 200 Mg as the minimum and the maximum stellar
mass, and carrying out the simulation for primary masses in the range between my = 5Mg and mp = 150M, (Figer 2005), we
obtain fi;} = 4.78.

Appendix B: Detection rate

To compute the detected BH merger rate by GW detectors, we follow a similar procedure to the one of Belczynski et al. (2016b)
which is a refined version of Dominik et al. (2015). In our cosmological calculation, we adopt the flat ACDM model with

Hy =67.7 1;4_11;/05 and Q,, = 0.307 (Planck Collaboration et al. 2016). We follow the model of Madau & Fragos (2017) for the star
formation rate (SFR) model as a function of redshift, which is an updated version of Madau & Dickinson (2014),

0.01- (1 +2)*¢

SER@) = T+ 073202

Mo yr~' Mpc™. (B.1)

We assume that the metallicities of the binaries follow a truncated log-normal distributed,

dP 1 7) — 2
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1
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with standard deviation o = 0.5 and mean u = log,, (Z(z)) 1n(10) o? where the mean metallicity is (Madau & Fragos 2017)

Z(Z) 100 153-0.074-7'34 ) (B.3)

The log-normal distribution is truncated at the highest metallicity bin edge, Zn,x = 0.034923, and the distribution is accordingly

0210 Zmax

renormalized to ensure that f N (loglo(Z) |u(z),0)dlog,yZ = 1. Portions of the distribution extending beyond the lower
limit edge Zi, = 0.000091 are “Included in the edge bin when integrating over metallicity.

We compute the detection rate by integrating the cosmological merger rate R(z,,) = W% per unit masses, per unit
comoving volume, per unit time as measured in the source frame at the redshift of the merger as in Eq. (5) of Dominik et al. (2015),
that is

dt,
Rye = fffR(Zm)_pde[(Zm,ml,mZ) dmidmydV., , (B.4)
dtdet

din — _L_ account for the difference in clock rates at merger and at the detector and pgqe is the detection probability

where the factor T = T
accounting for the detector’s selection effects. The integration over the comoving volume can be calculated with a change of variable

over the redshift of merger, namely dV, = %dzm, where

dV. _ 4nc D:(zm)
dzm ~ Ho E(2)

(B.5)

and D.(z) is the comoving distance which is related to the luminosity distance as Dy (z) = D.(z)(1 + z) and is computed as follows

c (* d7
D.(2) = f (B.6)
Hy Jo E@)
where E(z) = VQu(1 + 2)3 + Qa. The merger rate R(z,,) can be rewritten as the convolution of the star-formation rate, SFR= ddvﬁslff

that is the total mass of stars formed per comoving volume per year, and the number density of binaries per unit star forming mass
M per unit masses mp, m; per unit log-metallicity interval Z per unit time delay 7 = #,, — #;:

R(z,) = R((t —ftmfdsz &N N1 Z‘—l (zzp)
G =RC) = | [ ) e e ON lo200) [ = ogio (262

In(10
%)02,0 - 0.5) dlog,, Zdt;

(B.7)

where we used the compact notation zy = z(fy). The time delay 7 is mostly set by Terger, Since the GW-driven merger takes much
longer than stellar evolution for BH progenitors. Performing the change of variable dz,, = “%dtm = Ho(1 +z,,) E(z,,)dt,,, the integral

of Eq. (B.4) translates into the following Monte-Carlo sum over the formation time intervals arbitrarily chosen as Az; = 100 Myr
and 30 uniformly-distributed log-metallicity intervals for Z € [Znin, Zmax]

fSFR(z¢;)
Raet = ; ; Z Mo, Aj; Feorr 471¢ D2 (@i 1) Paet(Zmi> Mg Mag) Aty (B.8)
i

where Miim az; is the total mass simulated per log-metallicity interval AZ; and fSFR is the total mass of stars formed per comoving
volume per year per log-metallicity interval AZ;,

1SRG = LZ SFR (Zfi) N(logm(Z) ‘/J =logy, (Z(Zf)) _ n10) o?

,O = O.S)dloglOZ =
AZ, AZ; L
= SFR(z;.) CDF( log,o(Z;) + —) CDF( log,o(Z;) - —) M, yr~! Mpe~?, (B.9)

where Z; is the center of the log-metallicity bin AZ; corresponding to the metallicity Z; of the binary k. Meanwhile, the integrated
SFR (iSFR) over the cosmic time used to obtain the weighted distributions of parameters after the CE phase is computed with the
change of variable df = 4 dz = (Ho(1 + 2)E(z))”" dz,

iSFR(Z) = f SFR (z) N(loglO(Z) ‘ u=log,, (Z(Zf)) - ln(%o‘z,rr = 0.5) j—;dz Mo Mpc™, (B.10)
0

which gives the total mass of stars formed per comoving volume at a given metallicity Z.
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Appendix C: Linear interpolation of the MESA simulations

Running MESA simulations on the entire simulated binary population is too computationally expensive. Instead, we use linear
interpolation over a simulated grid to estimate the physical observables of the binaries that we are interested in. To generate the first
simulations we sample stochastically in the logarithmic parameter space of initial masses, orbital periods and metallicities. We gener-
ate 3,000 initial points with mpy € [2.5 Mg, 60 Mg ], Mpe_star € [2.5 Mo, 89 My], p € [0.05 days, 8.5 days] and Z € [0.0001, 0.0349].
We add to these 1,500 points drawn from a kernel density estimator (KDE) of the parameter distribution of the synthetic binary
population.

We cover these points by running MES A binary simulations as described in section 2.2. We want to interpolate six quantities: the
He-star mass and its CO core mass before the supernova, the resulting BH mass, the orbital period before the supernova, the lifetime
of the BH-He-star binary and the spin of the second-born black hole. All physical quantities are log-transformed and rescaled to the
interval [—1, 1] before going through the interpolation algorithm. The interpolation itself relies on building a Delaunay triangulation
of the input data points followed by barycentric linear interpolation over the vortices of the (hyper)triangle containing the location
of interest. The relative error on each quantity X; is computed as A; = (Xiryei — Xinterp.i)/Xirue,i (in the original units, except for
spins, where the relative error is computed on the spin logarithm to avoid excessive sensitivity to true values close to zero). We then
combine the relative errors of the quantities to obtain the combined relative error

A = min (C.1)

where we arbitrarily limit the maximal combined relative error to V6, that is a point with all relative errors equal to |A;] = 1.

We check the accuracy of the linear interpolator by conducting 50 leave 5% of the sample out tests. We use the combined relative
errors as weights to sample an additional 500 points where the interpolator is performing the worst. We iterate this procedure 21
times for a total of 10,500 simulations, stopping because almost all the new points generated through this procedure in the 22nd
iteration would be on the boundaries. The triangulation scheme can still fail near the parameter space boundaries; in this case, we
find that 2.5% of synthetic population systems cannot be interpolated, and we run 3000 simulations to bring the parameter space
coverage to 100%.

Fig. C.1 shows the relative errors in the interpolated quantities over the series of 50 leave 5% of the sample out tests. The left
panel shows the median percentage relative errors excluding non-fittable points. These stabilize at 0.01%, 0.20% and 0.04% for the
He-star mass before supernova, its CO core mass, and resultant BH mass; 0.01% for the orbital period; 0.04% for the lifetime of
the BH-He-star binary and 0.4% for the log-spin of the second-born BH. The log spin is the parameter which shows the biggest
relative errors because it can have very large negative values for spins close to zero. The right panel of Fig. C.1 shows the fraction
of relative errors larger than 10% as a function of the number of simulations for the different interpolated quantities where we also
count non-fittable points, such as points at the boundary of the parameter space or isolated regions of the parameter space. At the
last iteration the mean of the 50 leave 5% of the sample out tests shows the following fraction of relative errors greater than 10%:
5% for the He-star mass before the supernova, 8% for its CO core mass and the resulting BH mass, 6% for the orbital period, 6%
for the lifetime of the BH-He-star binary and 17% for the log-spin of the second-born BH. The apparent increase in the fraction of
relative errors larger than 10% with the number of simulations happens because with the last iterations we are sampling mostly the
boundaries of the parameter space and the test picks up more points that cannot be interpolated (we note that the median relative
errors does not show this trend and stabilizes). The last simulations used to bring the coverage of the parameter space to 100%
are run in disconnected and remote regions of the parameter space, and the “leave out” tests pick up the newly added samples,
artificially increasing the apparent fraction of large relative errors.
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Fig. C.1: Median relative error of the interpolation expressed as a percentage (Left) and the fraction of relative errors above 10%
(Right) from all iterations of the 50 leave 5% of the sample out tests for six interpolated quantities. The points on each plot, moving
from left to right, represent the different iterations; we exclude all simulations that stopped due to initial Roche-lobe overflow
(indicating a difference between COMPAS and MESA models). The right plot includes NaNs (obtained from non-fittable points,
e.g., points at the boundary of the parameter space) when counting relative errors larger than 10%, while the left plot excludes them.
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2.1. THE ORIGIN OF SPIN IN MERGING BINARY BLACK HOLES

2.1.3 Impact on the current field of research

The presented model had an important impact on GW astrophysics as it quantified the fraction of
tidally spun-up BBHs formed through the CE formation channel to be ~ 20% with x.g > 0.1. In contrast,
the remaining ~ 80% has negligible spins with 0 < yeg < 0.1. At the time of publication, the model
was consistent with current GW observations of BBHs from GWTC-1. Later observations of BBHs, e.g.,
those included in the GWTC-2 and GWTC-3, have hinted at a BBH sub-population having negative
Xeft, which is inconsistent with the CE channel if BH natal kicks are assumed to be small (Abbott et al.
2021c,e). However, other independent studies have challenged such interpretations, claiming that current
GW observations still show support for a dominant BBH population with negligible spins (x.g =~ 0)
and a smaller sub-population with spins positive-aligned with the orbital angular momentum (xeg > 0,
e.g., Roulet et al. 2021; Galaudage et al. 2021). We refer to the discussion about the interpretation and
implications of observed BBH spins in Sections 1.1.3 and 1.4.3. In the remaining part of this section, we

discuss the major impact that this publication had on the current field of GW astrophysics research.

In parallel to our work, under similar model assumptions but using StarTrack (Belczynski et al.
2002, 2008), Belczynski et al. (2020) independently reached at a similar conclusion with ours. In contrast
to our approach, Belczynski et al. (2020) employed approximations to model the tidal spin-up phase of
BH-WR binaries. These approximations include assuming that the WR stellar profile is tidally locked
to the orbital period and solid-body rotation of the WR stellar structure as implemented in (Belczynski
et al. 2008). This approximate modeling cannot capture in detail the rich features of this evolutionary
phase regarding the impact of stellar-wind mass loss and the WR stellar structure evolution onto the
tidal spin-up efficiency. See Bavera et al. (2020)’s discussion about previous studies, which used even
more simplistic parametric approximations and over-predicted the fraction of highly spinning BBHs
from the CE formation channel (Kushnir et al. 2016; Hotokezaka & Piran 2017; Zaldarriaga et al. 2018;
Gerosa et al. 2018). Additionally, Belczynski et al. (2020) also explored the possibility that post-CE
WR stars are highly rotating, as well as the impact of inefficient angular-momentum transport on such
a hypothetical scenario. They obtained a model predicting an overabundance of highly rotating BBHs
which are currently non observed by GW detectors. Using a similar parametric approach of tidal spin-up
but without using binary population synthesis, Piran & Piran (2020) also found that BBHs formed from
isolated binary evolution and experiencing tidal spin-up during the BH-WR evolutionary phase could

explain the observed sub-population of spinning BBHs.

Using detailed MESA binary simulations in a recent study, Fuller & Lu (2022) corroborated our results
about tidal spin-up efficiency in close BH-WR binary systems. Similar to our findings, the authors report
that spin-up of the WR stellar companion takes place for orbital periods < 1day. Further findings of
Fuller & Lu (2022) are discussed in §4.1.3.

Finally, we explicitly point out that the results presented in Bavera et al. (2020) are currently the
reference for studies of BBH spin distribution of systems formed through the canonical CE formation
channel. In this research project, Bavera et al. (2020) quantified the y.g distribution of BBH formed
through the CE channel employing detailed MESA binary simulations targeting the tidal spin-up phase of

BBH progenitors. Before this work, the understanding of this evolutionary channel was leading to a pre-
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2.2. THE IMPACT OF MASS-TRANSFER PHYSICS ON THE OBSERVABLE PROPERTIES OF
FIELD BINARY BLACK HOLE POPULATIONS

diction of a highly rotating BBH population, mainly due to an over-simplistic parametric approximation
of the BH-WR tidal spin-up phase.

2.2 The impact of mass-transfer physics on the observable prop-

erties of field binary black hole populations

2.2.1 A brief introduction

The previous section was restricted to the tidal spin-up of close BBH progenitors formed through
the CE channel. Alternatively, as discussed in §1.3.1.1, the second mass-transfer episode could be stable
(Pavlovskii et al. 2017; van den Heuvel et al. 2017; Neijssel et al. 2019; van Son et al. 2021). Following
the footsteps of the project presented in the previous section, we investigated the potential spin-up
of BH-WR systems formed through the SMT channel. Additionally, we investigated multiple mass-
transfer uncertainties that might affect the y.g distribution of BBHs formed from both the CE and SMT
channels in this project. These uncertainties include the efficiency of CE, which is parameterized by
acg in the acg — A parametrization (for a review about CE evolution, see Ivanova et al. 2013), super-
Eddington accretion spin-up on the first-born BH during the second SMT episode, and uncertainties
in the parametrization of mass-transfer stability (gerit) which governs the relative fraction of systems
evolving either through the CE or SMT channels (see §1.3.1.1). Similarly to Bavera et al. (2020), the
project presented in this section adopts the hybrid approach to binary population synthesis, combining
the COSMIC rapid binary population synthesis code (Breivik et al. 2020) with the same detailed BH-WR
simulations.

We also explicitly mention that the BH-WR MESA simulations presented in Bavera et al. (2020),
and based on the previous work of Qin et al. (2018), were reconfigured to follow the same stellar and
binary assumptions made by du Buisson et al. (2020). In this last study, du Buisson et al. (2020) used
MESA to study the BBH formation through the CHE channel (see §1.3.1.2). The BH-WR MESA models
were updated in preparation for the follow-up studies presented in Chapters 3 and 4, which require
complementing our BBH model targeting the CE and SMT formation channels with the CHE BBH
model of du Buisson et al. (2020). As previously discussed in Section 1.5.2, publicly available rapid
population synthesis codes, when this project was carried out, could not model the evolution through the
CHE channel.

Additionally, the newer version of the BH-WR simulation ensures that the BH-WR simulations only
start once the WR stellar profiles reach local thermal equilibrium after MESA relaxes the metallicity to the
desired value. Local thermal equilibrium is reached after the inflated (nonphysical) WR stellar profiles
contract to ignite helium in their stellar cores, namely when the stars find themselves at zero-age helium
main sequence. This last improvement to Qin et al. (2018) BH-WR MESA simulations is important to
accurately model close BH-WR systems, as we found that a non-relaxed profile might overestimate the
radius of the WR star up to a factor of two, depending on the WR stellar mass. The updated BH-WR
MESA simulation configuration was made publicly available after the publication of the project (Bavera
2021).
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2.2.2 Manuscript

The conducted study Bavera et al. (2021a) was published in Astronomy & Astrophysics in March

2021. The arXiv open-access version of the manuscript is presented in the following pages.
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ABSTRACT

We study the impact of mass-transfer physics on the observable properties of binary black hole populations that formed through
isolated binary evolution. We used the POSYDON framework to combine detailed MESA binary simulations with the COSMIC population
synthesis tool to obtain an accurate estimate of merging binary black hole observables with a specific focus on the spins of the black
holes. We investigate the impact of mass-accretion efficiency onto compact objects and common-envelope efficiency on the observed
distributions of the effective inspiral spin parameter y.f, chirp mass Mpir,, and binary mass ratio g. We find that low common envelope
efficiency translates to tighter orbits following the common envelope and therefore more tidally spun up second-born black holes.
However, these systems have short merger timescales and are only marginally detectable by current gravitational-wave detectors as
they form and merge at high redshifts (z ~ 2), outside current detector horizons. Assuming Eddington-limited accretion efficiency
and that the first-born black hole is formed with a negligible spin, we find that all non-zero y.q systems in the detectable population
can come only from the common envelope channel as the stable mass-transfer channel cannot shrink the orbits enough for efficient
tidal spin-up to take place. We find that the local rate density (z ~ 0.01) for the common envelope channel is in the range of ~ 17—
113 Gpc=3 yr~!, considering a range of acg € [0.2, 5.0], while for the stable mass transfer channel the rate density is ~ 25 Gpc™> yr~!.
The latter drops by two orders of magnitude if the mass accretion onto the black hole is not Eddington limited because conservative
mass transfer does not shrink the orbit as efficiently as non-conservative mass transfer does. Finally, using GWTC-2 events, we
constrained the lower bound of branching fraction from other formation channels in the detected population to be ~ 0.2. Assuming all
remaining events to be formed through either stable mass transfer or common envelope channels, we find moderate to strong evidence
in favour of models with inefficient common envelopes.

Key words. black hole physics — gravitational waves — stars: black holes — stars: binaries: close — stars: evolution — stars: massive —
accretion

1. Introduction

Stars in binary systems are common in the Universe (Sana et al.
2012), but the details of their evolution are uncertain. For mas-
sive binaries, it is difficult to observationally constrain the de-
tails of physical processes, such as mass-transfer (MT), as the
lifetimes of these interacting binary phases are short and hence
it is unlikely to observe many of them directly. However, with
gravitational-wave (GW) observations, one can search for the
imprints of these processes on the properties of their stellar rem-
nant populations, such as the binary black hole (BBH) popula-
tion.

The LIGO Scientific and Virgo Collaboration (LVC) has re-
cently released the new GW catalogue GWTC-2 (Abbott et al.

* E-mail: simone.bavera@unige.ch
** NASA Hubble Fellow

2020a), which includes 37 new potential BBH detections' from
the first half of the third observing run (O3a). In total, GWTC-2
contains 47 BBHs detections (Abbott et al. 2019; Abbott et al.
2020a), and the intrinsic rate density of BBH mergers is cur-
rently estimated to be 23.9’:5‘6'9 Gpc ™ yr~! (Abbott et al. 2020b).
Each GW detection can constrain some combination of the as-
trophysical BH parameters: spin and mass. Convenient well-

measured quantities are the chirp mass

(mimy)*P

(my +my)'/5°

ey

Mchirp =

! Here we consider GW190814 as a possible BBH.
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where m; and m, (m; > my) are the BHs masses, the binary mass
ratio ¢ = mp/m; < 1, and the effective inspiral spin parameter
mia; + myd; 4
Xeﬁ = ° L 9 (2)
my + my

where L is the orbital angular momentum (AM) unit vector and
a, and a, are the BH dimensionless spin vectors. The dimen-
sionless spin vectors are defined as

cli .
ai:G_,/niz’ lE{l,Z}, (3)
where c is the speed of light, G is the gravitational constant and
Ji is the spin AM vector of the BH. There is a degeneracy be-
tween y.r and ¢ which limits the accuracy to which each quan-
tity can be measured independently (Poisson & Will 1995; Han-
nam et al. 2013). Nevertheless, the combination of the three ob-
servables provide a robust constraint on the properties of a BBH.

Multiple formation channels have been proposed to explain
the origin of merging BBHs. They can be divided into two broad
categories: (i) isolated binary evolution and (ii) dynamical as-
sembly.

The former occurs during isolated stellar evolution in the
field under some specific binary evolution interactions. Interact-
ing binaries that after the formation of the first BH go through
(A) stable mass transfer (SMT; e.g. van den Heuvel et al. 2017,
Inayoshi et al. 2017; Neijssel et al. 2019) or (B) unstable mass
transfer leading to a common envelope (CE) phase (e.g. Smarr
& Blandford 1976; van den Heuvel 1976; Tutukov & Yungelson
1993; Kalogera et al. 2007; Postnov & Yungelson 2014; Bel-
czynski et al. 2016) have been shown to form merging BBHs.
Another possibility is the formation of BBHs from massive stars
with low metallicities and orbital period less than ~4 days, which
due to their tidal interaction, can maintain an almost critical rota-
tion and are going to evolve (C) chemically homogeneously (e.g.
de Mink et al. 2009; Mandel & de Mink 2016; Marchant et al.
2016; du Buisson et al. 2020).

The second category of formation channels category occurs
in dense stellar environments where stars and binaries can dy-
namically interact with each other and assemble new binary sys-
tems with more massive BHs and tighter orbits, that may even-
tually merge within the Hubble time. This formation path is
present in (D) globular, open, and nuclear stellar clusters (e.g.
Kulkarni et al. 1993; Sigurdsson & Hernquist 1993; Portegies
Zwart & McMillan 2000; Miller & Lauburg 2009; Banerjee et al.
2010; Rodriguez et al. 2015; Antonini & Rasio 2016; Arca-
Sedda & Gualandris 2018; Fragione & Kocsis 2018; Rodriguez
et al. 2019) and (E) active galactic nuclei disks (e.g. Bartos et al.
2017; Stone et al. 2017; McKernan et al. 2018; Tagawa et al.
2020). Finally (F) triple or higher-order stellar systems can also
lead to the formation of BBHs (e.g. Silsbee & Tremaine 2017;
Rodriguez & Antonini 2018; Gupta et al. 2020; Toonen et al.
2020). Within their uncertainties, almost all of these formation
channels have been shown to have rate estimates consistent or
marginally consistent with the empirical LVC rates.

In this study we consider the formation of BBHs in isolated
binary evolution (A and B) though the SMT and CE phase. In
these formation channels, two massive stars are born in a rel-
atively wide binary (orbital separations of order ~ 1000Ry),
where binary interactions happen after the more massive star
leaves the main sequence (MS). At this stage, the star expands
to become a red supergiant, and inflates its hydrogen-rich en-
velope beyond its Roche lobe, leading to the first MT episode.
The MT stops when the entire stellar envelope is lost, leaving
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behind a naked helium (He)-star which eventually collapses to
form a BH. When the companion reaches the end of its MS, the
process repeats itself for the companion star. This MT phase can
be either stable or unstable, with the latter leading to the for-
mation of a CE of gas engulfing the binary. If the stripping of
the secondary’s envelope is successful, we are left with either a
tight BH-He-star system in the case of CE, or with a somewhat
wider system in the case of SMT. Eventually the secondary star
also collapses to form the second-born BH, and due to energy
and AM loss from GW emission (Peters 1964), the BBH system
coalesces to form a single, more massive BH.

In the SMT and CE formation channels, the spin of the
first-born BH is determined by the AM transport efficiency dur-
ing the evolution of the progenitor star. Measurements of neu-
tron star and white dwarf spins (Heger et al. 2005; Suijs et al.
2008) and asteroseismology studies (Fuller et al. 2014; Cantiello
et al. 2014) suggest that this mechanism must be efficient (Spruit
1999, 2002; Fuller & Ma 2019). Thus, upon expansion, the ini-
tial AM of the star is mostly transported to the outer layers which
are subsequently lost due to MT and wind mass loss. This leads
to the formation of slowly spinning BHs (a; =~ 0), as initially
suggested in the context of BH low-mass X-ray binary formation
by Fragos & McClintock (2015) and subsequently quantitatively
shown in Qin et al. (2018), Fuller & Ma (2019) and Belczynski
et al. (2020). In the case of the SMT channel, during the second
MT episode, the first born BH may accrete material and spin up
(Thorne 1974), depending on the accretion efficiency rate. On
the other hand, the spin of the second-born BH is determined by
the net effect of the stellar wind and the tidal interaction of the
BH-He-star binary system. Because of the efficiency of the AM
transport, the He-star emerges from the second MT event with a
negligible spin. If the orbital separation is small enough and stel-
lar winds do not widen the system significantly, the He-star can
be spun up by tides. These conditions are met at low metallici-
ties for BBHs formed through the CE formation channel (Bavera
et al. 2020). In contrast, in the case of SMT, the orbits shrink less
efficiently leading to less tidally spun up second-born BHs com-
pared to the CE channel.

All formation channels can be investigated through popu-
lation synthesis studies which adopt stellar and binary models
to rapidly evolve millions of binary stars. This approach gives
us insights on the overall population observables given a set of
physical assumptions. To explore a wide landscape of parameter
values and generate many realisations of the studied population,
we need to efficiently evolve millions of binaries. This can be
achieved through parametric population synthesis codes which
employ fits of single stellar evolution with analytical models to
simulate the binary interactions at the expense of coarser approx-
imations when modelling these interactions. Despite this limita-
tion, rapid population synthesis still allows for investigation into
how the observable distributions of a population change within
the astrophysical model uncertainties. Bavera et al. (2020) re-
cently showed how, given a specific theoretical framework, one
can adopt detailed stellar and binary simulations in a population
synthesis study to obtain new observable estimates such as the
BH spin distributions. In this paper we study how these model
predictions are affected by the uncertainties of MT physics such
as MT stability and efficiency, CE efficiency and initial orbital
distributions.

In Sec. 2 we present the framework we use to generate the
population of BBHs and how we convolve the synthetic BBH
population with the redshift- and metallicity-dependent star for-
mation rate, as well as incorporate GW detector selection effects.
We also summarise the key differences between this work and
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Bavera et al. (2020). The BBH observable distributions for dif-
ferent MT and CE efficiencies are presented in Sec. 3, where
we also show how the e, Mcpip and g distributions change for
these different physical assumptions and determinate thorough
model selection which CE efficiency is supported by GWTC-
2 BBHs events. The impact of MT stability and initial orbital
distributions on the uncertainties of our models is discussed in
Sec. 4. We conclude by summarising our findings in Sec. 5.

2. Methods

We generate our populations of BBHs by modelling isolated bi-
nary evolution with the POSYDON code.? POSYDON, among many
other functionalities, can run and combine detailed stellar and bi-
nary evolution simulations performed with the MESA code (Pax-
ton et al. 2011, 2013, 2015, 2018, 2019) to existing parametric
binary population synthesis codes. This integration lets us tar-
get particular evolutionary phases with more detailed modelling.
Similar hybrid approaches have been used in previous popula-
tion synthesis studies (e.g. Nelson 2012; Chen et al. 2014; Fra-
gos et al. 2015; Shao & Li 2015; Shao et al. 2019). In this work,
we use COSMIC (Breivik et al. 2020) to model the evolution of
binaries starting from zero age MS (ZAMS) until the formation
of the BH—He-star system. We then use MESA to model in detail
the subsequent evolution until the formation of the BBH which
is the evolutionary phase that determines the spin of the second-
born BH (Qin et al. 2018; Bavera et al. 2020).

2.1. Binary black hole population

We create synthetic BBH populations similar to Bavera et al.
(2020), but with some key differences.

We assume similar initial binary properties with the excep-
tion of the initial orbital periods which here are drawn from
an extended Sana et al. (2012) log-power law with coefficient
n = —0.55 in the range p € [10%!3,10°°] days and extrapolated
down to p = 0.4 days assuming a log-flat distribution (as the
power law is not defined for p < 10%!5 day). This extension
includes the portion of the parameter space leading to chemi-
cal homogeneous evolution (du Buisson et al. 2020). All initial
binary property assumptions are explained in Appendix A and
discussed in Sec 4.1.

To determine the MT stability, we adopt critical mass ra-
tios gt as in Neijssel et al. (2019) with one exception. For
stars in the giant branch (GB) and asymptotic giant branch
(AGB) we use the same g fits as in Neijssel et al. (2019)
but do not adopt Soberman et al. (1997) radial response to
adiabatic mass loss for evolved stars beyond the Hertzsprung
gap (HG) because they are not currently available in COSMIC.
For our reference models, the stable mass-accretion efficiency
onto degenerate objects is Eddington-limited. This leads to a
highly non-conservative mass-transfer phase where the first-born
BH accretes a negligible amount of matter and cannot spin up
due to accretion. Unstable MT is parameterised with the stan-
dard acg—A formalism (see e.g. Ivanova et al. 2013, for a re-
view). In contrast to Bavera et al. (2020), we adopt A fits as
in Claeys et al. (2014) while we explore different acg efficien-
cies: acg € [0.2,0.35,0.5,0.75,1.0,2.0,5.0]. Since, approxi-
mately, acg scales linearly with the orbital separation post CE,
see Eq. (B.2), low CE efliciencies lead to tighter orbital separa-
tions post CE. Therefore, we expect that more BH-He-star sys-

2 See Fragos et al. (2021), to be submitted by the POSYDON collabo-
ration, www.posydon.org.

tems will undergo tidal spin up at lower acg. We describe the de-
tails of our COSMIC model, MT stability and CE in Appendix B.
In Sec. 4.2 and 4.3 we discuss how our BBH population distri-
butions and rates are affected by these assumptions.

The late-end phase of the binary evolution of BBHs formed
through CE and SMT channels are BH-He-star systems. We up-
date our MESA models (Qin et al. 2018; Bavera et al. 2020) to
match the stellar model assumptions of du Buisson et al. (2020).
In contrast to Bavera et al. (2020), we relax the He-star mod-
els to zero age helium MS (ZAHeMS) before initiating the bi-
nary evolution. This ensures that the He-star model is in thermal
and hydrostatic equilibrium when the binary interactions begin.
In order to verify that the He-star will not overfill the L2 Roche
volume throughout the binary evolution, we include the prescrip-
tion of Misra et al. (2020). The ingredients of our MESA model
are explained in Appendix C.

Once the He-star reaches carbon depletion, the MESA simu-
lations are stopped. We then collapsed the profile of the He-star
according to the procedure used in Bavera et al. (2020) which
accounts for disk formation. Here we adopted a different treat-
ment of neutrino mass loss where we assume that the innermost
3 M, forms a proto-neutron star which collapses to form a BH
of 2.5 Mg, while 0.5 Mg, are converted into neutrinos and escape
the system carrying away AM (cf. Zevin et al. 2020c). The com-
plete procedure used to collapse the He-star profiles is explained
in detail in Appendix D.

We use our detailed binary stellar models to cover the four-
dimensional parameter space of initial metallicity Z, BH mass
Mgy, He-star mass Mye—g,r and orbital period p. We run grids
for 30 different metallicities ranging from log,,(Z) = —4.0 to
log,((1.5Z5) = —1.593 in steps of log,,(Z) = 0.083 where we
adopt the solar reference Z; = 0.017 (Grevesse et al. 1996).
For each metallicity we run 11 BH masses in the log-range
[2.5,54.4] Mg, 17 He-star masses in the log-range [8, 80] My, and
20 initial binary periods in the log-range [0.09, 8] days. In total,
we calculated roughly 110, 000 new binary evolution sequences.
These grids were used to determine the final outcomes and final
parameters of the late-end evolution stage of the binary systems
through linear interpolation for each metallicity, independently.
The features of these grids and the interpolation accuracy are
discussed in Appendix E.

In Fig. 1 we show an example of a two-dimensional slice
from our four-dimensional grid. The parameter space is sliced
at Z = 0.001 and Mgy = 29.4 M. We show the final second-
born BH mass and spin, as well as the BBH merger timescale
as a function of initial orbital period and He-star mass at ZA-
HeMS. We see that the binary interactions determining the spin
of the second-born BH create a gradual transition between tidally
locked systems and non-spinning systems. The complex interac-
tions of stellar winds, tides, internal differential rotation and (in
some cases) mass transfer are important in determining the spin
of the second-born BH, and therefore require a detailed treat-
ment which traditional rapid population codes cannot offer.

Once a BBH system is formed, GW inspiral leads to the sys-
tem’s eventual merger. We calculate the merger timescale Tmerger
as in Peters (1964) accounting for eccentricity. In our models,
this timescale is anti-correlated with the observable y.q. This is
caused by tides, as they are the only mechanism able to spin up
the progenitor of the second-born BH. Their efficiency is highly
dependent on the orbital separation, see Eq. (C.1). For tidally

-8/3 - .
locked systems one recovers Terger 0 azg/ o Xeé/ 3 while for

the other systems Tmerger o ags/ 7 o )(;;/ 17 (Bavera et al. 2020).
We therefore expect systems with y.¢ > 0 to have, on average,
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Fig. 1. Example of a two-dimensional slice of the four-dimensional grid
showing their initial BH-He-star orbital period p; (in days) and initial
He-star mass mye—swr (in M) for log,((Z) = -3 and mpy; = 29.39 M.
The final mass mgy, and spin a, of the second-born BH, as well
as merger timescale Terger, are coloured according to the legend of
each panel. All successful MESA simulation stopped at carbon depletion
(square markers) while other termination flags are shown in the bottom
legend. The merger timescale colour bar is capped at 14 Gyr.
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shorter merger timescales compared to systems with y.g = 0.
This anti-correlation is the key to understanding the translation
from the underlying BBH population (what one would observe
with an infinitely sensitive detector) to the observed population.
Current GW detectors are probing small redshifts (z < 1) and
cannot explore the peak of the Universe’s SFR at z ~ 2 where
most of the highly spinning BBHs form and merge (as they
are preferentially formed in low metallicity environments, e.g.
Stevenson et al. 2017).

2.2. Rate estimates

To compute the expected rate of detectable GW events, we
need to convolve the redshift- and metallicity-dependent star-
formation rate (SFR) with the selection effects of the detector
array. To do this, we follow the approach shown in Appendix B
of Bavera et al. (2020). We assume a flat ACDM cosmology with
Hy = 67.7 kms~' Mpc™! and Q,, = 0.307 (Planck Collabora-
tion et al. 2016), a cosmic SFR history as in Madau & Fragos
(2017) and metallicities following a truncated log-normal dis-
tribution with standard deviation 0.5 dex around the empirical
mean metallicity function derived by Madau & Fragos (2017).
The log-normal distribution is truncated at the highest metallic-
ity bin edge and the distribution is accordingly renormalised to

ensure that [ N(log,(2) | u(2), ) dlogyg Z = 1, where Zia
is our highest metallicity edge bin. Portions of the distribution
extending beyond the lower limit edge are included in the edge
bin when integrating over metallicity. The population synthesis
predictions are performed in finite time bins of A¢; = 100 Myr
and log-metallicity bins AZ;. The detection rate of BBH mergers
for a given detector network is calculated from the Monte Carlo
simulations, cf. Eq. (13) in Bavera et al. (2020),

fSFR(zr) _
Rdet = E § § ﬁ:orr d 47TCD£(Zm,i,k) Pdet,ik Ati yr 19
An AZ; K Miim,az,
i J

“

where the argument of the summation is the cosmological weight
contribution of the k-th binary born at redshift z¢; with BH mass
mi, and myy, spin a; and ap; and merging at redshift zp 4.
Furthermore, Myim az; is the simulated mass per log-metallicity
bin AZ; and f.o the normalisation constant which converts the
simulated mass to the total stellar population (see Appendix A
in Bavera et al. 2020). Here, D.(z) is the comoving distance to
the source, fSFR(z) is the SFR per log-metallicity range AZ; and
Ddetix = Pdet(Zm.ik> M1k, M2k, @1 k> A2 k) accounts for the selection
effects of the detector array.

In contrast to Bavera et al. (2020), we calculate the sensi-
tivity of a GW detector to a source accounting for its network
configuration as well as include the selection effects on the BH
spins. We assume a 3-detector network configuration composed
of LIGO-Hanford, LIGO-Livingston, and Virgo with simulated
03 sensitivity (mid high/late low from Abbott et al. 2018). De-
tector response functions are calculated using the PyCBC package
(Nitz et al. 2020). For each compact binary merger, we calculate
the signal-to-noise ratio (S/R) as

= B* ()
2=4 f—d
e A I

for each detector in the network, where §,(f) is the one-sided
power spectral density of the noise, and A(f) is the GW strain,
determined using the IMRPhenomPv2 waveform approximant

&)
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(Hannam et al. 2014; Khan et al. 2016). The network S/R is the
quadrature sum of the S/Rs in all the three detectors. Assum-
ing a network detection threshold of pge; = 12, we Monte Carlo
sample the sky location, inclination, and phase N times for each
system and calculate pne;. The detection probably pgeti is thus
determined as

1 N
Pdetik = N ]Zl: 7—{(pnet, Lik — Pdet)s (6)

where each / represents a random draw of extrinsic parameters
and H is the Heaviside step function; we perform N = 1000
realisations of extrinsic parameters for each system.

The total BBH merger rate density Rgpy(z) is the number of
BBHs per comoving volume per year as a function of redshift.
This quantity can be calculated knowing the contribution of each
binary & placed at the centre of each formation time bin At in its
corresponding metallicity bin AZ; assuming pgeix = 1,

fSFR(zr,) 4mc DX (Zm,ix) 3. 1
R s(zp) = = = At, G ’
BBH (Z ) ; ; fcorr Msim,AZ,- AVC(Zi) pc “yr

@)

where AV,(2) is the comoving volume shell corresponding to the

cosmic time bin A,
4 D?
e e T
HO Azi E(Z)(l + Z)

where E(z) = VQu(1 +2)3 + Qa. Here Az; is the redshift inter-

val corresponding to the cosmic time bin Af; centered at z; = zy;.

1 dav.

AV, Zi) =
@=| Tw

®)

3. Results

We use our models to predict the distributions of some of the
main GW observables: the effective inspiral spin parameter y.g,
the chirp mass My, and the binary mass ratio g. We investigate
how these distributions change for different CE and accretion
efficiencies. The distributions for SMT and CE channels are ob-
tained by distributing the synthetic BBH population across the
cosmic history of the Universe as described in Sec. 2.2.

Our models use detailed binary evolution simulations to de-
termine the spin of the second-born BH, assuming that the first-
born BH is formed with a negligible spin a; =~ 0 because of
the assumed efficient AM transport (Qin et al. 2018; Fuller &
Ma 2019). If the second MT is stable the first-born BH can ac-
crete material and spin up (Thorne 1974). Nevertheless, because
in our reference models we assume Eddington-limited accretion
efficiency onto compact objects, the accreted mass is small; this
leads to small a; =~ 0 also for the SMT channel. The Edding-
ton limited accretion onto the BH is a crucial assumption for the
existence of this channel. In Sec. 3.1.2 we show that if highly
super-Eddington accretion onto the BH is allowed, the SMT
channel contributes to a negligible part to the BBH rate density
compared to the CE channel.

3.1. Underlying BBH population
3.1.1. Common envelope channel

In our CE channel, only the spin of the second-born BH is non-
zero and, hence, contributes to the y.; parameter. The BH pro-
genitor can be tidally spun up during binary evolution after the

CE event. The efficiency of tides depends strongly on the orbital
separation as the synchronisation timescale Ty, o A'7/2, see
Eqg. (C.1). On the other hand, stellar winds can cause the binary
to lose mass, widening the orbit and reducing or neutralising the
effects of tides. He-stars have wind mass loss rates that strongly
depend on metallicity. Hence, a second-born, tidally spun-up BH
can only occur at low metallicity as shown in our detailed binary
simulation (see Fig. D.1). A key point is that our detailed simula-
tions do not show a dichotomy between tidally locked and non-
spinning second-born BHs, but smoothly cover the whole range
of a; € [0, 1], (e.g. top panel of Fig. 1). This was pointed out by
Qin et al. (2018) and Bavera et al. (2020) and is in contrast with
results from semi-analytical models (Hotokezaka & Piran 2017,
Zaldarriaga et al. 2018; Gerosa et al. 2018).

In the top panels of Fig. 2 we show the joint distribution of
Xet and Mcyirp for the underlying BBH population of the CE
channel for the reference model with acg = 1 alongside the
SMT channel and their combination. For the CE channel, we
can see that the underlying BBH population has a non-negligible
amount of positive y.g mergers due to the tidal spin-up of the
second born BH’s progenitor. This is in agreement with our pre-
vious models (Bavera et al. 2020) obtained using the COMPAS
code (Stevenson et al. 2017; Vigna-Gémez et al. 2018) which
is based on the same stellar model fits but implements binary
interactions differently (a comparison between the two codes is
beyond the scope of this work). Because of the anti-correlation
between the merger timescale Tierger and yes (Sec. 2.1), these
highly spinning systems merge soon after their formation. Cur-
rent GW detectors probe only small redshifts (z < 1), well below
the peak of the cosmic SFR (z ~ 2) where most of these systems
are created and merge, as low metallicity environments are re-
quired for efficient tidal spin up.

CE efficiency has an important role in the determination
of the post-CE orbital distribution. This is because acg corre-
lates approximately linearly with the post-CE orbital separation
Aposice, see Eq. (B.2). Models assuming inefficient CE ejection
(acg < 1.0) result in tighter post-CE orbits and more systems
merging during CE compared to larger acg values (see Fig. 3).
This occurs because the binaries need to deposit more orbital en-
ergy into the envelopes to successfully eject them. The opposite
is true when assuming an efficient CE ejection (acg > 1.0). We
expect, on average, larger y.g values for models with lower CE
efficiency parameters, as more systems will undergo tidal spin up
and small y .4 for models assuming ultra-efficient CE ejection, as
tides are weaker at larger orbital separations. Indeed, this trend
is what we find. In Table 1, we report the median yef, Mchirp
and g with their 90% confidence interval (CI) for our different
CE efficiencies models. For the underlying (intrinsic) BBH pop-
ulation, we observe a monotonic decrease of all these quantities
for increasing acg (from 0.2 to 5.0). This trend is also found if
we look at the relative fractions of massive and highly spinning
BBHs, namely with yeg > 0.1 and My, > 15 Mo, in Table 2.
In both tables we see that on average models with small acg
have larger Mcyirp and g. This is because for the same orbital
separation, massive binaries have a larger orbital energy reser-
voir compared to lighter systems and, hence, can deposit more
energy into the envelope without shrinking to the point where
they merge in the CE phase.

In Table 1 we also report the local rate density for the cos-
mic time bin centreed at z = 0.01. The reference model with
ace = 1.0 has a local rate density of 42.6 Gpc™ yr~!. If we in-
crease acg, the post-CE orbital separations are larger, hence, the
rate density decreases because fewer systems merge within the
Hubble time. On the other hand, if we decrease acg, more sys-
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Fig. 2. Model predictions for the underlying (intrinsic) BBH population (grey) and the O3 detected BBH population (orange) for our reference
model with acg = 1.0 and 17,c = 1. We show the joint distributions of chirp mass M, and effective inspiral spin parameter y.q for the combined
CE and SMT channels (Left), CE formed BBHs (Centre) and SMT formed BBHs (Right). Lighter colours represent larger contour levels of 68%,
95% and 99%, respectively, constructed with pygtc module (Bocquet & Carter 2016). All histograms are plotted with 30 bins in the same range
without any bin smoothing. We overlaid in grey the O1, O2 and O3a LVC GWTC-2 data with their 90% credible intervals. The 9 events of
GWTC-2 in tension with our models are indicated in red (see Sec. 3.3), GW190521 is outside the plotted window.

tems merge during the CE event and the rate density decreases
as well. This trend is not followed by the model with acg = 0.2
where the rate density suddenly jumps up to 113.0 Gpc™ yr~!.
To understand the sudden increase in the rate density of this
model, we need to carefully look at the post-CE binary orbital
separations. In Fig. 3 we show a histogram of all BH-He-star
orbital separations surviving CE for acg € [0.2,0.5, 1.0] (solid
lines). The synthetic BBH population is weighted according to
Eq. (B.10) of Bavera et al. (2020) which integrates the redshift-
and metallicity-dependent SFR across the cosmic history of the
Universe. In grey, we show the 90% CI of systems forming merg-
ing BBHs with Terger < 14 Gyr for the model with acg = 0.2
(the other models have similar Cls). Systems with orbital sepa-
rations smaller than the left boundary of the CI either form BH-
NS binaries, merge during the BH—He-star evolution or widen
the orbits (because of wind driven mass loss rate) past the point
where they will merge within the Hubble time. Systems on
the right of the CI form double compact objects with merging
timescales larger than the Hubble time. In this figure we see that
as the CE efficiency decreases, the orbital separations decrease.
The total orbital separation distributions present a large peak of
orbital separation preceded by a smaller flatter distribution of or-
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bital separation. For acg = 0.2 we see that this large peak of
orbital separation enters the merging BBH population (grey area
of Fig. 3). This is the source of the sudden increase of the rate
density.

The peak of BH-He-star orbital separations post CE is a
metallicity product. All binaries going through CE are evolving
during the He-burning phase. In our models, systems that are in
the HG at onset of CE are considered to merge during the CE
(because we assume the pessimistic CE scenario; see Belczyn-
ski et al. 2007). The maximum stellar radius of a star in the HG is
metallicity dependent. Even though, on average stars with high
metallicity have larger radii during this phase compared to lower
metallicity stars, they have similar super-giant phase radii, see
for example, Fig. 7 of Linden et al. (2010). This implies that bi-
naries with high metallicities sample a smaller range of orbital
separations at onset of CE, with the donor star having passed
the HG phase, compared to binaries with lower metallicities.
Therefore, low metallicity BH-He-star binaries sample a wide
(approximately flat) Ayecg distribution which result to a wide
(also approximately flat) range of Aposce, While high metallic-
ity systems sample a narrow Apcg distribution which result in
a narrow Apogcg range. Fig. 3 shows the combination of these
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Rate density ~ Detection rate Mehirp [Mo] Xeff q

channel a@cg  7Nace atz =0.01 O3 sensitivity ~ intrinsic ~ detected  intrinsic  detected intrinsic  detected

[Gpe™ yr™'] [yr"] pop. pop. pop. pop. pop. pop.
CE 0.20 1 113.0 412 15.8f§:g 18.5f§:§ O.38j8:;§ 0.00fg:gé 0.92f8:?§ 0.95f8;?ﬁ
CE 0.35 1 17.2 56 1477000181442 0377007 0.327048  0.84*012 0.84“:8::2
CE 0.50 1 20.4 61 13.7’:;]6'5 18. lféy O.27f8:§g 0.09f8:(3)g 0.8 ljgég 0.82f8::‘5‘
CE 0.75 1 29.6 92 12,5458 18.9753%  0.187033  0.00%540  0.80701%  0.82014
CE 1.00 1 42.6 108 1 1.0’56136'1 17.975°  0.197932 0.00%020  0.79707%  0.82*014
CE 200 1 35.0 47 7655 16,0048 0217930 0.0070%  0.767035  0.79%0)7
CE 5.00 1 22.7 15 5 93% 1277880167037 0.007043  0.69%032  0.80705
SMT - 1 24.6 86 15 .3f{gﬁ 24.5f?ﬁ2 0.00fgjgg 0.00f8:88 0.72f8:§8 0.74f8:(‘)§
CE 1.00 10° 43.1 108 10.9’:&0 17.875% 0.1 8“:81%2 0.00’:8:(2)3 0.79*017 0.82*514
SMT - 10° 23.5 85 15.5’:}3:2 24.8f§ﬁ3 0.01f8;8(3) 0.01’:8;88 0.72f8j3 0.75f8:(')$
CE 1.00  10° 40.8 97 10.3fé%° 17.6féﬂ'3 0. 18f8:fg 0.00fgf)g 0.79f8;¥ 0.82f8: {;‘
SMT - 10° 3.7 13 7312 29.4f?'(f4 05372 0.32f8:(1)i 0.35f8f2 0.89f8:?§
CE 1.00 10° 38.6 93 10‘3’:;169 17.42_59“’ 0.18%02%  0.007928  0.79*317 O.83j8:};‘
SMT - 10° 0.2 0.3 8.5ﬁ:§ 13.9’:2:3 0.78“_“?:?2 0.78’:8;?2 0.147097  0.24*013

Table 1. This table summarises the results of our different models. The columns report the model’s channel, either CE or SMT, CE efficiency acg,
the mass-transfer accretion efficiency limit onto compact objects 77, in units of Eddington-limit, the local rate density at z = 0.01 (in Gpc™ yr™!),
the detection rate (in yr') and the median chirp mass My, effective inspiral spin parameter y.q and binary mass ratio g with their 90% CI for
the intrinsic (underlying) and observed BBH populations. Bold text is used to indicate our reference model.

Xer > 0.1 & Menirp > 15Mo Yo > 0.1 & Menip < 15 Mg Mahirp > 15Mo qg>038
CE + SMT intrinsic detected intrinsic detected intrinsic ~ detected intrinsic  detected
QCE  Tacc pop. pop. pop. pop. pop. pop. pop. pop.
0.20 1 0.33 0.05 0.27 0.01 0.56 0.88 0.77 0.83
0.35 1 0.38 0.22 0.44 0.08 0.48 0.83 0.61 0.40
0.50 1 0.22 0.12 0.46 0.08 0.42 0.82 0.52 0.37
0.75 1 0.11 0.04 0.46 0.05 0.34 0.83 0.47 0.41
1.00 1 0.09 0.02 0.49 0.03 0.27 0.80 0.45 0.42
2.00 1 0.06 0.01 0.59 0.03 0.15 0.78 0.39 0.29
5.00 1 0.01 0.00 0.53 0.01 0.13 0.82 0.28 0.24
1.00 10° 0.08 0.02 0.50 0.03 0.27 0.81 0.45 0.43
1.00 10° 0.07 0.13 0.55 0.06 0.22 0.74 0.47 0.68
1.00 10° 0.07 0.02 0.55 0.06 0.22 0.71 0.48 0.65

Table 2. This table summarises the relative fractions of BBHs formed through CE and SMT channels combined for some arbitrary parameter
space divisions (according to the column labels) for both the intrinsic (underlying) and observed BBH populations. The columns report the CE
efficiency acg, mass-transfer accretion efficiency limit onto compact objects 7,.. in units of Eddington-limit and the relative fraction of events in
the parameter space slices: yer > 0.1 & Mehirp > 15 Mo, xer > 0.1 & Mepirp < 15 Mg, Mepirp > 15M,, and g > 0.8.

distributions for all metallicities. Since the average metallicity
in the Universe is a monotonically increasing function, the yield
of binaries at low metallicities is smaller than the yield at larger
metallicities, hence the larger Aposce peak.

3.1.2. Stable mass transfer channel

In our SMT channel, the spin of both BHs can be non-zero and
hence affect the y.¢ parameter. Since in our reference model we
assume Eddington-limited MT, the amount of accreted material
is negligible compared to the BH mass and leads to small spins
(a; = 0.002 is the largest value in our population). In Table 1
we show that models with super-Eddington accretion efficiency
limits result in larger first-born BH spins, as the BH is allowed
to accrete at highly super-Eddington rates, and, hence, result in
larger median y.g. After the second MT phase, tides can fur-

ther spin up the second-born BH progenitor if the orbits are tight
enough (this requires p < 1 day). Since the orbits cannot shrink
as efficiently as in the CE channel, most of the systems formed
through this evolutionary path will not undergo tidal spin up.
Since the CE efficiency does not affect this evolutionary path,
here we report only values from the model with acg = 1.0.

In Fig. 2 we show the underlying joint distribution of y.¢ and
Mhirp for the SMT channel alongside the CE channel and their
combination. We see that the underlying SMT BBH population
presents a non-zero Y. contour at the 95% level. These are the
systems accreting during the second MT event with tidal spin up
during the subsequent phase. Even though the non-zero y.q dis-
tribution is a small part of the overall population (cf. median y.q
in Table 1) this subpopulation has an astrophysical consequence.
During the second MT, the accreting BHs are thought to form an
accretion disk with strong X-ray emission. This partly explains
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Fig. 3. Orbital separation of BH—He-star binaries post CE for acg €
[0.2,0.5,1.0] represented with solid lines according to the legend. The
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CI of the systems forming merging BBHs with Tierer < 14 Gyr for
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distributions move to the left: for acg = 0.2 the orbital separation peak
enters the grey area boosting the merger rate.
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Fig. 4. Orbital separation of BH-He-star binaries post SMT for accre-
tion efficiency limit 77, € [1,10°,10°] (in units of Eddington-limit)
represented with solid lines according to the legend. The histogram has
units of My, Gpc™ and accounts for the total stellar mass formed per
comoving volume integrated over the Universe cosmic history per log-
orbital period bin. The grey shaded area represent the 90% CI of the
systems forming merging BBHs with Tyereer < 14 Gyr for the model
with 7, = 1 (the other models have similar CIs). As the accretion ef-
ficiency is increased, the orbital separations become larger and the dis-
tributions move to the right: for highly super-Eddington accretion effi-
ciency n,.c = 10° the tail almost exits the grey area, hence, decreasing
the merger rate.

the high-end of the luminosity function of stellar X-ray sources
in galaxies (e.g. ultraluminous X-ray sources; Begelman 2002;
Swartz et al. 2004; Kovlakas et al. 2020).

In Table 1 we report the rate density contribution of SMT
channel to be 24.6 Gpc~> yr~!. This value is comparable to the
contribution of the CE channel for acg € [0.35,5.0]. This re-
sult is consistent with other studies (e.g. Neijssel et al. 2019)
and is strongly dependent on the assumed accretion efficiency
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limit onto the BH. If we allow for super-Eddington accretion
the BBH rate density will decrease. The drop in the rate den-
sity when allowing for super-Eddington accretion occurs be-
cause conservative MT does not shrink the orbit as efficiently
as non-conservative MT (in the case of Eddington-limited accre-
tion) and thus the BBHs formed post-MT are more commonly
too wide to merge within the Hubble time. This can be seen
in Fig. 4 where we show a histogram of all BH-He-star or-
bital separation post SMT for different accretion efficiency limits
Tace € [1, 103, 10°] (in units of Eddington-limit), solid lines, and
the 90% CI of systems forming merging BBHs with Tyerger < 14
Gyr, in grey. For not Eddington-limited accretion (here arbitrar-
ily limited to up to 10° times the Eddington-limit) the rate den-
sity contribution of this channels drops by two orders of magni-
tudes down to 0.2 Gpc™ yr~! while just decreasing the CE chan-
nel rate by ~ 10%. This is a negligible contribution to the BBH
merger rate compared to the yield of the CE channel.

When allowing for super-Eddington accretion, the first-born
BH accretes a non-negligible amount of matter leading to a dif-
ferent mass radio distribution compared to Eddington-limited
SMT models. In Table 1 we can see that the median mass ratio
decreases from 0.72 to 0.35 and 0.14 for increasing 7,¢.. Small
mass ratios are also found by the BPASS team (Eldridge et al.
2017) who, in their models, allow for super-Eddington accre-
tion onto BHs. As mentioned above, the first-born BH is spun-
up when mass is accreted onto it. Indeed, for increasing 775, our
SMT models predict larger median y.g-.

3.2. Detected BBH population

03a lasted 6 months and saw the detection of 37 GW signals
from BBH mergers resulting in a total of 177.3 days of data suit-
able for coincident analysis. These detections translate to a de-
tection rate of 76 yr~!. In our model comparison with the data we
include also the BBH detections of the first two observing runs
O1 and O2 (Abbott et al. 2019) for a total of 47 events. Although
evidence for additional signals in O1 and O2 data has been pre-
sented by other groups (e.g. Zackay et al. 2019a,b; Venumadhav
et al. 2020; Nitz et al. 2020), we do not include them in order
to simplify our analysis and only consider a single treatment of
selection effects. At the same time, adding a few additional, low
significance events in the observed population is not expected
to add significant discriminating power. For all events, we as-
sume simulated O3 sensitivity (mid high and late low from Ab-
bott et al. 2018) as the observable distributions of yef and Mcpirp
are weakly dependent on the detector sensitivity for the channels
considered (Bavera et al. 2020).

The detected joint distributions of yeg and Mcip of our refer-
ence model with @cg = 1.0 are presented in the bottom panels of
Fig. 2. The figure shows CE and SMT channels alongside their
combination. For a visual comparison with the observations, we
add the LVC GW detections with their 90% credible intervals in
grey. We can clearly see that the SMT channel only contributes
with zero y.q and large Mpip Systems to the detected popula-
tion. Hence, in our model, the only source of non-zero y.g in the
detected BBH population comes from the CE channel.

In Fig. 5 we show the predicted two-dimensional distribu-
tions of Yef, Mchirp and ¢ for the combined CE and SMT detected
population at different CE efficiencies. We can clearly see how
the models with inefficient CE (acg < 1) lead to overall larger
Xeff values compared to ultra efficient CE in the detected pop-
ulation (acg > 1). Next to each panel we also include the nor-
malised one-dimensional histogram of each quantity where we
also show the underlying BBH population for comparison. The
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one-dimensional My, histograms show how the selection ef-
fect favouring higher BH masses changes the distribution, while
in the one-dimensional y.g histograms we can see how the de-
tectable population mostly probes low y.s. This happens be-
cause the GW detectors probes small redshifts (z < 1) while
highly spinning systems tend to form at high redshifts (z ~ 2)
and low metallicity environments, and merge quickly at a red-
shift close to the one of their formation (see the discussion about
the anti-correlation between yeg and Terger in Sec. 2.1). These
high redshifts are outside current GW detection horizons.

In Table 1 we report the detection rate of each model for
03 sensitivity. For the SMT channel our model predicts a detec-
tion rate of 86 yr~! while the detection rate for the CE model
with acg = 1.0 is 108 yr‘l. As we increase or decrease CE ef-
ficiency we lower the detection rate to 56 yr~! for acg = 0.35
and 15 yr~! for acg = 5.0. The model with acg = 0.2 overpre-
dicts the detections with 412 yr~! (see Sec. 3.1.1 for an expla-
nation). On the other hand, the SMT model with highly super-
Eddington accretion efficiency limit predicts a detection rate of
0.2 yr~! which is negligible compared to the CE channel con-
tribution. Within the probed mass-transfer physics uncertainties,
the combination of the two channels is roughly consistent with
the observed rate. While our models are consistent with obser-
vations, the event rate does depend on many other uncertain evo-
lutionary parameters (e.g. Dominik et al. 2015; Giacobbo et al.
2018; Barrett et al. 2018) and metallicity-specific star formation
history (e.g. Chruslinska et al. 2019; Neijssel et al. 2019) which
we have not explored. Therefore, while our results can illustrate
the expected trend when varying CE efficiency, we cannot make
definitive statements on the true value of acg without also con-
sidering the other evolutionary parameters.

3.3. Evidence for additional formation channels

In GWTC-2 there are BBH events that appear marginally consis-
tent or inconsistent explained by our models of isolated binary
evolution through CE or SMT. Using individual events to dis-
criminate between models should be done with caution, as the
information that individual events carry can be strongly affected
by the choice of priors used in the analysis (e.g. Mandel & Fra-
gos 2020; Zevin et al. 2020b; Fishbach & Holz 2020). Instead,
one should attempt to derive conclusions based on the combined
detected population. In this section we discuss such events which
may originate from other active formation scenarios (see the dis-
cussion in Sec. 1), while in the following section we perform a
model comparison based on the combined sample of events.

In the catalogue we have two high-significance events with
asymmetric masses: GW190412 and GW190814. GW 190412

has a binary mass ratio of ¢ = 0.28%0.1> (Abbott et al. 2020b)

while GW190814 has g = 0.1 12’:8:883 (Abbott et al. 2020c). We
find that these small mass ratios are consistent at the 90% level
of BBHs formed though SMT with highly super-Eddington ac-
cretion. In these models the first-born BH accretes material dur-
ing the second MT phase leading to unequal mass ratios. How-
ever, these models predict large y.¢ values as the first-born BH
is spun up during accretion (Thorne 1974). The 90% CI of y.s

in this model is not consistent with the y.r = 0.25'0% and

Xeft = —0.002f8:82? of GW190412 and GW 190814, respectively.
If one assumes a different, astrophysically-motivated prior, such
as a prior that assumes non-spinning primary BHs (different for-
mation channels have different priors), rather than the one used
in the LVC analysis, GW190412’s inferred mass ratio increases

to 0.34 < g < 047 at the 90% level (Zevin et al. 2020b).
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The latter is marginally consistent with our models. The case
of GW190814, with its lower-mass component being a 2.6 Mg
compact object, remains a challenge to explain with isolated
BBH formation (Zevin et al. 2020c).

GW190521 is a GW signal with a BBH source with high
component masses, 85'2 My and 66*1 My (Abbott et al.
2020a). Accounting for pulsational pair instability (PPI; Yoshida
etal. 2016; Woosley 2017; Marchant et al. 2019) and a pair insta-
bility supernova (PISN; Fowler & Hoyle 1964; Rakavy & Shaviv
1967; Barkat et al. 1967) uncertainties, the primary mass falls
in the mass gap predicted by PISN at around [40-65, 120] M,
(Heger et al. 2003; Spera & Mapelli 2017; Giacobbo et al. 2018;
Takahashi 2018; Woosley 2019; Marchant et al. 2019; Farmer
et al. 2019; Marchant & Moriya 2020). Our work adopt fits to
PPI and PISN models of Marchant et al. (2019) which for metal-
licity 0.1 Z, find that the maximum BH mass is ~ 44 M. Hence,
this system is a poor fit to our CE and SMT models. This con-
clusion is consistent with other studies; for example, van Son
et al. (2020) investigated isolated binary evolution with super-
Eddington accretion without finding any merging BBH systems
with a total mass exceeding 100 M. Alternatively, Fishbach &
Holz (2020) showed that if the event is analysed with a prior on
the less massive BH of mppy < 48 My at 90% credibility, then,
the primary BH has a 39% probability of being above the PISN
gap. In our models we did not explore stellar and binary evolu-
tion above the PISN gap and hence, cannot rule out the formation
through CE or SMT.

Amongst the O2 detections there is one event marginally
consistent with our models: GW170729 (Abbott et al. 2019).
This event has high chirp mass of Mchi, = 35.4*%3 My and

a high effective inspiral spin of y.g = 0.37’:83; (Abbott et al.
2019). Fig. 5 shows that only models with low acg are consis-
tent with this event at the 99% level. When we calculate the like-
lihood of this system originating from our CE and SMT models
using Eq. (F.2), we find it to be extremely small compared to the
other events.

Similarly, we can identify a groups of events in
GWTC-2 with primary BH masses which support masses
larger than our PPI maximum BH mass ~ 44Mg
(Marchant et al. 2019). These are GW190413_134308,
GW190519_153544, GW190521, GW190602_175927,
GW190620_030421, GW190701_203306, GW190706_222641
and GW190929_012149. These events, given our CE and SMT
models, have extremely small likelihoods with respect to others,
and hence cannot be readily explained by our models.

All the events discussed in this section, perhaps with the ex-
ception of GW190412 and GW190814, are likely not the out-
come of isolated binary evolution though CE or SMT, given
our models. Without considering explicitly models for alterna-
tive channels, which is outside the scope of our study, we cannot
make a conclusive statement on their origins. However, if we as-
sume that all these systems originated from a different formation
channel we can put a lower bound on the contamination frac-
tion in the detected BBH population from other channels to be
9/47 =~ 0.2.

3.4. Models comparison

The real statistical power of model comparison lies in the
combined information from all detected events. In Appendix F
we explain how to compute the likelihood of observing N
independent GW events, described by the physical parameters
0 = (Xeff» Mchirp» 9), given an astrophysical model described by



S. S. Bavera et al.: The impact of mass-transfer physics on the observable properties of field BBH populations

—20

—o— 0.20
™ 0.35
M —-40-4 —e— 0.50
"3 —e— 0.75
o - 1.0
S -609 —o— 20

5.0

—80 4

—1004

VOOONONHOMISTOTINONOMT ©N
A MINOONMOTINAIINO AN T O
TOHOORNMMTONWOTMO®D0®D N O N
ENOYTMANNTONONOOMO OO O L0
COFTAAANNDOOONOANDANRNNINNM
mO|H|H|N|H|O|O|O|H|H|O|§§o|§§§§O|N|
Tt AN —HOMANMS M ~ < 1n
EdmoN—ad0oNNON—~O0OO00c0000NH
CINNOTOOINND S S ~ oo
focoococooocooococoo o oo
NN OGN R = > &
S553333333: = =5
QCOOOLOLLOLLLOLOO (G [CHG]

Fig. 6. BFs of CE and SMT models with respect to the ref-
erence model with acg = 1.0 and Eddington-limited ac-
cretion efficiency as a function of sample size. The initial
sample contains 38 GW events of GWTC-2 and exclude
GW170729, GW190413_134308, GW190519_153544, GW190521,
GW190602_175927, GW190620_030421, GW190701_203306,
GW190706_222641, GW190929_012149. At each iteration the event
with lowest likelihood with respect to the reference model is removed
and indicated on the horizontal axis until 20 events are removed. By
definition the BF of the model with acg = 1.0 is equal to 1. The data
show moderate to strong support for the models with low CE efficiency,
ace < 1.0. This result is robust because the BFs show a constant
behaviour as a function of sample size.

the set of parameters A. How well the data are described by one
model compared to another is described by the Bayes factor
(BF), see Eq. (F.4). To compute the BFs, we use as our reference
the model of CE and SMT with acg = 1.0 and Eddington-
limited accretion onto the BH. For our model comparisons
we remove the GW events discussed in the previous section
(GW170729, GW190413_134308, GW190519_153544,
GW190521, GW190602_175927, GW190620_030421,
GW190701_203306, GW190706_222641,
GW190929_012149) and consider them to not have been
formed through the CE and SMT channels in this work. Of
course, in the remaining population of events we cannot exclude
contamination from other formation channels. A proper analysis
would require a model comparison that includes all promising
formation channels for BBHs and their branching fractions as
model hyperparameters (Zevin et al. 2020a), this is beyond
the scope of this paper as here we are only considering two
formation channels.

To estimate which model describes best the events, and how
sensitive this result is to the selection of events, we iterate the
computation of the BF and remove at each iteration the event
with lowest likelihood (with respect to the reference model) un-
til the BF converges to a given value. In Fig. 6 we show the BFs
of our reference model to the others as a function of sample size;
this converge to a constant value after 5-6 events are removed.
The BFs indicate moderate to strong evidence in favour of mod-
els with inefficient CE, namely acg < 1.0, while excluding the
model with lowest acg = 0.2. If another model is chosen as the
reference, then the order of events removed changes, but the end
results is the same.

Another question we could ask ourselves is which parame-
ter out of the three (yef, Mchirp, ¢) has the most discriminatory

Channel  orbital RLOF  Rate density  Detection

dist. ZAMS  [Gpc3 yr!]  rate [yr!]
CE fiducial incl. 42.6 108
SMT fiducial incl. 24.6 86
CE fiducial excl. 55.8 142
SMT fiducial excl. 314 111
CE log-unif. incl. 73.3 184
SMT log-unif. incl. 23.1 78
CE log-unif. excl. 78.5 198
SMT log-unif. excl. 24.8 83

Table 3. Rate densities at z = 0.01 and O3 detection rate for SMT and
CE models with acg = 1.0 and 7, = 1 for different initial binary
properties. The second column indicates which orbital distribution is
used, either log-uniform or fiducial (the extended Sana et al. (2012)
distribution, see Eq. (A.1)). The third column indicates if we include or
exclude binary systems with Roche-lobe overflow at ZAMS.

power in the BF analysis and, hence, carries most of the infor-
mation about CE efficiency. To answer this question we repeat
the analysis considering each parameter separately in . We find
that the parameter carrying the least information is the mass ra-
tio ¢ which strongly disfavour only the model with acg = 0.2.
Most of the information is contained in Mcprp; considering there
is the greatest variation in BFs, for instance, for the model with
ace = 5.0 the BF is initially disfavoured at ~ 107'> and BF at
~ 107 for the one with acg = 2.0. The only other model dis-
favoured by the M, dimension is acg = 0.2 at BF ~ 107
The Mpip parameter has the largest discriminating power be-
cause is the one affected the most by the variation of acg in the
underlying distributions (cf. Table 1 and Table 2). Larger acg
leads to a smaller fraction of systems with Mcpip > 15Mg which
is what most of the LVC data support. In contrast, the y.g dimen-
sion favours models with efficient CE ejection the most: models
with acg = 2.0 at BF ~ 10’-10* and acg = 5.0 at BF ~ 10?6—
10° while it strongly disfavours acg € [0.2,0.35]. This result is a
direct consequence of the majority of LVC data supporting small
Xeft Which in our models are achieved for ultra efficient acg. Fi-
nally, when we calculate the BFs with 6 = (yefr, Mchirp) We find
similar results to the original analysis with 6 = (yeq, Mchirp, 9)-
Moreover, we find that, in contrast to the three-dimensional BF
analysis, the two-dimensional one shows rather constant BFs
starting from the initial sample. The variation in the first 6 itera-
tions of the three-dimensional analysis is caused by the g dimen-
sion. We should stress, however, that the model with acg = 0.2
significantly overpredicts the rate of events. Hence, overall an
acg in the range 0.2 < acg < 1.0 is favoured.

The result of our model section analysis needs to be inter-
pret with caution. Here we only explored one parameter of the
models which is degenerate with others, for example MT sta-
bility and efficiency, BHs birth spin, etc. Moreover we found a
non-negligible fraction (> 0.2) of BBHs originating from other
formation channels and, hence, cannot rule out an even greater
contamination in the studied population. Finally, other forma-
tion channels have been shown to predict BBH observable dis-
tributions degenerate with the CE and SMT channels (see refer-
ences in Sec. 1). Hence, a proper analysis would require a model
comparison of all promising formation scenarios (cf. Zevin et al.
2020a).
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Fig. 7. Initial orbital separation of 10° binaries sampled from the ex-
tended Sana et al. (2012) distribution, cf. Eq. (A.1), in blue, and from
a log-uniform distribution, in orange. Both distributions sample the
range p € [0.4,10°°] days and are independent of metallicity. With a
solid line, we show the same distributions after removing systems with
Roche-lobe overflow at ZAMS for Z = 0.1 Z,,.

4. Model uncertainties
4.1. Initial binary properties

Lack of knowledge of the initial binary properties are a source of
uncertainty in population synthesis studies. We assume that the
primary mass follows the Kroupa (2001) initial-mass function
(IMF). This is a power law which comes with uncertainties that
can affect the rate estimate and to a lesser degree the observed
distribution of BBHs (e.g. de Mink & Belczynski 2015). More-
over, the IMF may not be universal (e.g. Schneider et al. 2018;
Farr & Mandel 2018). An additional source of uncertainty can
be the initial binary mass fraction distribution and birth eccen-
tricities, which we did not investigate here. We expect the impact
of these uncertainties to be smaller compared to that of the IMF
(de Mink & Belczynski 2015).

Another important assumption is the distribution of the birth
orbital separation of the binaries. In our model, we assumed it
follows an extended Sana et al. (2012) power law in log-orbital
period p € [0.4,10%°] days, cf. Eq. (A.1). Here, we investigate
the sensitivity of our results to this assumption. In Fig. 7 we show
the histogram of 10 initial orbital separations drawn from the
assumed distribution, in blue, compared to a log-uniform dis-
tribution, in orange. We find that the rate density of the refer-
ence CE model with acg = 1.0 raises from 42.6 Gpc™ yr~! to
73.3 Gpc> yr~! when assuming log-uniform orbital separation
at birth. On the other hand, the rate density of SMT channel re-
mains almost the same. This happens because the log-uniform
distribution increases the yield of merging BBHs at large ini-
tial orbital periods (p 2 10> days), which are the binaries going
through the CE evolutionary path, while it does not affect the
yield of SMT BBHs as both initial orbital period distributions
create roughly the same number of systems at p ~ 10 days.

Moreover, the sampled orbital period range can affect our
results. In our model we lowered the smallest orbital period,
compared to that measured by Sana et al. (2012), to include the
portion of the parameter space leading to the chemical homoge-
neous formation of BBH (Mandel & de Mink 2016; Marchant
et al. 2016; du Buisson et al. 2020). By default, we included
systems overfilling their Roche lobe at ZAMS. Marchant et al.
(2016) found that binaries that are already in contact at ZAMS
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Rate Detection q
channel ¢.;  density rate intrinsic  detected
[Gpe yr'] [yr'] pop. pop.

CE F 426 108 0.79*017  (.82:0.14
SMT F 246 86 0.72:020  (,74+012
CE C 509 124 0787018 0817013
SMT C 1188 354 066702  0.69°01
CE B 245 28 0797018 .84+013
SMT B 313 212 0.94*095  (,94+005

Table 4. Rate densities at z = 0.01 and O3 detection rate for SMT and
CE models with acg = 1.0 and 1, = 1 for different g.; prescriptions.
The fiducial model (F) assumes the values presented in Sec. B.2 while
the other two options (C) and (B) uses values of Claeys et al. (2014) and
Belczynski et al. (2008), respectively. For comparison, we also report
the median BH mass ratio g with its 90% interval.

can potentially survive and lead to the formation of BBHs
through chemically homogeneous evolution. However, we only
have observations of massive binaries when they are well-past
their ZAMS, as in prior evolutionary phases they are still em-
bedded in the formation clouds, undergoing accretion. Accre-
tion onto a pre-MS binary significantly complicates its evolution
(e.g. Sgrensen et al. 2018), and thus including those binaries in
our population models may be problematic. We now investigate
how our results change if we exclude these systems. To exclude
systems that are initially Roche lobe filling, we adopt the stellar
radii fits of Tout et al. (1996). These fits are specific for ZAMS
and offer more accuracy than the one of Hurley et al. (2000)
which are meant to cover the entire stellar evolution and thus
sacrifice some accuracy at ZAMS. By removing these binaries,
we decrease the number of systems in small orbital periods as
shown by the solid lines for both distributions in Fig. 7. The new
way of drawing initial orbital periods is metallicity dependent
because, in general, stars have larger radii at larger metallici-
ties (Tout et al. 1996). In Table 3 we summarise the rates of all
these models. As expected, we find for both distributions that ex-
cluding RLOF ZAMS increases the rates for both channels. We
conclude that this uncertainty can affect our results by a factor
of < 2.

4.2. Mass-transfer stability

The critical mass ratio g.: determines weather the MT is dy-
namically stable or unstable (cf. Sec. B.2). We chose our g
values to match the assumptions of our previous work (Bavera
et al. 2020), which is based on the population synthesis model of
Neijssel et al. (2019) obtained using the COMPAS code (Steven-
son et al. 2017; Vigna-Gémez et al. 2018). In contrast to Nei-
jssel et al. (2019), we implement the same g fits to the GB
and asymptotic AGB (Hjellming & Webbink 1987) but do not
adopt Soberman et al. (1997) radial response to adiabatic mass
loss for evolved stars beyond the HG (this option is not present
in the current version of COSMIC). Despite this and other dif-
ferences in the model assumptions (such as different CE A fits)
which might affect the results, we reached similar conclusions
for the detected population of the CE channel with acg ~ 1.0.
Even though both models converge on similar detected popula-
tion distributions, the two models have different mass-ratio dis-
tributions for the underlying BBH population. We suspect that
this discrepancy is caused by the different g assumption for
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GB and AGB stars as all our merging BBH systems are evolving
through central He burning at onset of CE. In order to verify the
source of the difference, a thorough code comparison is needed,
which is outside the scope of this project.

To test the sensitivity of our results to this assumption, we
run two additional models with different g choices: model (C)
with g values corresponding to Claeys et al. (2014) and model
(B) with g values similar to Belczynski et al. (2008). We find
model (C) to have similar rate density to our fiducial CE chan-
nel but almost five times larger rate density of the SMT chan-
nel. On the other hand, the model (B) CE rate density is half
of our fiducial model and slightly larger rate densities for the
SMT channel. These results are summarised in Table 4 where
we also report for comparison the median mass ratio of the in-
trinsic and detected BBH populations. Both g choices do not
have a significant impact on the detected observable distributions
even though they have different impact on the underlying popu-
lations. To determine g, COSMIC uses the evolutionary type of
the donor (as defined in Hurley et al. 2000) rather than the actual
structure of its envelope. Recently, Klencki et al. (2021) showed
that this tends to overpredict the number of systems that evolve
through and survive a CE phase. This shows the limitation of
parametric population synthesis codes. In fact, g.i can be nu-
merically determined by detailed binary evolution simulations,
given the profile of the donor star. In the future, next-generation
population synthesis tools based on detailed binary and stellar
evolution simulations will remove this degree of freedom.

Finally, in our models we only explore the effects of MT ac-
cretion efficiency onto BHs, and did not investigate the effects
of MT accretion efficiency between two non-degenerate objects.
A recent study (Bouffanais et al. 2020) showed that, assum-
ing Eddington-limited accretion onto BHs, stars need to accrete
more than 30% of the mass lost by the donor stars during the
first MT episode in order to explain O1 and O2 BBHs. MT ef-
ficiency between two non-degenerate stars depends strongly on
the assumed specific AM of the material that reaches the sur-
face of the mass-gaining star. In turns, this depends on the ac-
cretion disk physics and the coupling of the accretion disk to
the star’s surface. The assumption that the accreted material car-
ries the Keplerian specific AM of the accretor’s surface leads to
a very efficient spin up of the mass-gaining star. The accretor
then quickly reaches critical rotation and halts further accretion,
leading to a highly inefficient mass transfer (a few to a few tens
percent; e.g. de Mink et al. 2013; Langer et al. 2020). On the
other hand, if one assumes that the AM is dissipated efficiently
before it reached the accretor’s surface, and that that the material
that is added onto the star has similar specific AM to that of its
own surface layers, then MT can be significantly more efficient.

4.3. Effect of angular momentum transport & accretion
efficiency on black hole spin

Our models assume efficient AM transport (Spruit 1999, 2002)
which leads to the formation of non-spinning first-born BHs
(Fragos & McClintock 2015; Qin et al. 2018). Although the
Tayler—Spruit dynamo model helps to reproduce the flat rotation
profile of our Sun (Fuller et al. 2014; Cantiello et al. 2014), as
well as, neutron star and white dwarf spins (Heger et al. 2005;
Suijs et al. 2008), it cannot reproduce the asteroseismic con-
strains for subgiants and red giants (Gehan et al. 2018). This
would require an even higher efficiency in AM transport. Alter-
natively, a model with inefficient AM transport predicts highly
spinning BHs (e.g. Arca Sedda & Benacquista 2019; Belczyn-
ski et al. 2020), which do not match current GW observations.

If the second MT episode is stable, then the first-born BH can
be spun up by accretion (Thorne 1974). If the MT accretion
onto BHs is Eddignton-limited, the BH accretes a negligible
amount of matter leading to a; =~ 0. On the other hand, a super
Eddington-limited MT accretion will result in larger spins. The
extreme case of this would be highly super-Eddington accretion
efficiency where the spin of the first-born BH can even approach
to a; ~ 1, but in this case the contribution to the merging BBH
population of the SMT channel almost vanishes (Table 1).

The spin of the second-born BH is determined by the com-
bined effects of stellar winds and tidal interactions during the
BH-He-star binary evolution which we model in detail. During
this evolutionary phase, the AM transport does not play an im-
portant role as the He-star is compact and will not expand dur-
ing its final evolution (Bavera et al. 2020). The strength of the
tidal interaction is primarily determined by the orbital separa-
tion during the BH-He-star evolutionary phase, see Eq. (C.1). In
our SMT models, the orbital separation is determined by the ac-
cretion efficiency. Models where super-Eddington accretion is
allowed will result in larger orbits than our reference model,
decreasing further the small effect of tides on this evolutionary
path.

4.4. Common-envelope prescription

In our CE models, the post-CE orbital separation, Apesice, is
linearly dependent on the CE parameterisation uncertainties as,
approximately, 6AposccE/AprecE © 0acg A. Even though we did
not explore different A fits in our models, our parameter study
of acg € [0.2,5.0] covers an uncertainty on 6AposcE/AprecE
5.0/0.2 = 25. Recently, Klencki et al. (2021) showed that A
fits similar to the one we used could underestimate the envelope
binding energies of massive radiative-envelope giants, leading
to an overestimation of the systems surviving CE. An additional
free parameter in the calculation of A which complicates a de-
tailed treatment of CE is the assumed boundary down to which
the envelope will be ejected. Unfortunately detailed stellar mod-
els cannot robustly predict this (e.g. Tauris & Dewi 2001) and
hydrodynamic simulations of the CE phase are necessary. For
example, Fragos et al. (2019) showed that for progenitors of bi-
nary neutron stars, a non-negligible fraction of hydrogen rich
material will remain bound to the core after the successful ejec-
tion of the CE, that would in turn imply a relatively efficient
ejection of the CE.

4.5. Other uncertainties

Our model may be limited by other uncertainties we did not ex-
plore which can alter the merger rate and, to a lesser degree,
the predicted BBH property distributions. Uncertainties in the (i)
physics of the supernova explosions, such as the kicks strength,
can influence rates and affect the parameter distribution of BBH
mergers (e.g. Dominik et al. 2013). When connecting the pop-
ulation synthesis code to our detailed MESA simulations we (ii)
assumed the BH-He-star systems post second MT to be at ZA-
HeMS. This is not always the case as the binaries are evolving
through central He burning at onset of the MT. This leads us to
overestimate the lifetime of these He-stars. This overestimation
is negligible as the binary only spends a few hundred thousand
years in this state compared to its overall life of a few million
years and much longer BBH inspiral. This overestimation might
lead to less massive second-born BHs and smaller spins as winds
act for a larger time window. However, we expect that the frac-
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tion of stars entering the MT on advanced He-burning phase is
higher at low metallicities, as low-metallicity stars tend to ex-
pand later in their lives (Linden et al. 2010). At the same time,
stellar winds in these stars are weaker due to the low metallic-
ity, so the overall effect on the population of BBHs is expected
to be limited. The uncertainty of the (iii) metallicity dependence
of stellar winds for massive stars is another important ingredient
of population synthesis studies which affects My, distributions
and the rates (cf. Barrett et al. 2018). The detection rate and den-
sity calculation is also affected by uncertainties in the (iv) red-
shift and metallicity dependent SFR (Chruslinska et al. 2019;
Neijssel et al. 2019; Tang et al. 2020). A SFR favouring higher
formation metallicities than the one assumed here would skew
our results in favour of smaller y.¢ and lower rates as low metal-
licity systems are responsible for high y.s and the short merger
timescales.

5. Conclusions

Mass-transfer physics is one of the most uncertain physical
processes determining the observable properties of field binary
black holes. The critical mass ratio g determines the fraction
of the parameter space going trough SMT and CE phases. Mass-
accretion efficiency onto compact objects determines how effi-
ciently binaries going through SMT will shrink, while CE effi-
ciency acg determines post-CE orbital separations. In this work
we investigated how the detected joint distributions of Mcpirp,
Xeft and g of BBH formed through the CEe and SMT formation
channels change given the uncertainties on these input physics.
We investigated this by combining rapid binary population syn-
thesis studies with detailed stellar and binary simulations. Rapid
population synthesis studies allow us to obtain different BH-He-
star populations for different input physics, while detailed simu-
lations which take into account differential stellar rotation, tidal
interaction, stellar winds and the evolution of the He-star stel-
lar structure allow us to accurately determine the distributions of
BBH observables. We then convolved the synthetic BBH popula-
tion with the redshift- and metallicity-dependent star-formation
rate, as well as selection effects from a 3-detector network to
build a model capable of describing LIGO—Virgo detections. Our
main findings are:

— We calculated the O3 detected joint distributions of yef,
Mhirp and ¢ for CE and SMT channels. Assuming efficient
AM transfer inside stars and Eddington-limited accretion ef-
ficiency, both channels lead to similar rate densities in the
local Universe. We find that the CE channel is the only evo-
lutionary path leading to non-zero y.g in the detected pop-
ulation as SMT channel cannot shrink the orbits enough for
efficient tidal spin-up to take place.

— Inefficient CE (small acg values) leads to smaller orbital sep-
aration post CE. On average, these models lead to more sys-
tems being tidally spun up. However, the majority of these
systems are not detected by current GW detectors because
most of these systems are formed in low metallicity envi-
ronments (otherwise stellar winds widen the binaries) and
merge quickly at a redshift close to their formation (z ~ 2
where the SFR peaks), far outside current GW detector hori-
zons (z S 1).

— Highly super-Eddington accretion efficiency onto compact
objects reduces the rate densities of CE by ~ 10%, while it
reduces the contribution of SMT channel by two orders of
magnitude, making the contribution of this channel almost
negligible compared to the CE channel.
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— The GW events GW170729,

GW190521,

GW190413_134308,
GW190519_153544, GW190602_175927,
GW190620_030421, GW190701_203306,
GW190706_222641 and GW190929_012149 of GWTC-2
are not well explained by our models of isolated binary
evolution through either CE or SMT. If we assume that these
systems originate from other formation channels then we
can put a lower bound on the detected branching fraction
from other formation channels: 9/47 ~ 0.2.

— We conducted a model comparison given the events of
GWTC-2 consistent with our CE and SMT models to deter-
mine which CE efficiency is best supported by the data. The
GW events show moderate to strong evidence in favour of the
models with inefficient CE, 0.2 < acg < 1.0. We find this re-
sult to be robust considering different selections of events in
our calculations. This analysis did not include rate estimates
which the acg = 0.2 model significantly overpredicts.

We conclude that future works aiming to properly infer model
parameters through model comparison will need to consider cor-
relation between parameters as well as contamination from other
formation channels in order to properly determine model param-
eters.
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Appendix A: Initial binary distributions

The parameters describing the initial conditions of a binary sys-
tem are primary and secondary masses, m; and m;, orbital pe-
riod p, eccentricity e and metallicity Z of the stars at ZAMS.
We assumed that the primary masses follow the initial mass
function (IMF) of Kroupa (2001) which spans the mass range
0.01Mp < m; < 150Mg. The upper limit is an extrapolation
of the Kroupa (2001) IMF which is measured only up to 50 M.
In our model, the lower limit represents the smallest theoreti-
cal mass for a star to support nuclear fusion (cf. Kumar 1963)
while the arbitrary maximum stellar mass exclude BH forma-
tion above the upper mass-gap (e.g. Heger et al. 2002). The
mass distribution of the less massive secondary star is given by
my = mjq where the initial mass ratio g is drawn from a flat
distribution (Sana et al. 2012) in the range g € [0, 1]. Further-
more, we adopt a binary fraction of fi;, = 0.7 (Sana et al. 2012)
and assume that at birth the distribution of log-orbital periods
follow Sana et al. (2012) power law with coefficient 7 = —0.55
in the range p € [10%!5,10°3] days and extrapolate down to the
range p € [0.4,10%!3] days assuming a log-flat distribution (as
the power low is not defined for p < 10%!3 days), that is

C x0.15703 0.4 < p/days < 10%1

A.l
Clog,,(p/days 10%15 < p/days < 1055 ° (A.1)

f(p) = { )05
where the normalisation constant C is determined by the condi-

tion pp " f(p)dp = 1. The lower limit of 0.4 days will ensure

that we probe all the available parameter space, see for exam-
ple, the detailed simulations of du Buisson et al. (2020) where
they find binaries with initial orbital periods as small as 0.4 days
forming BBHs. Finally, we assume that all binaries are born with
circular orbits, namely with zero e. We assume that all these dis-
tributions are both independent of each other, as well as, inde-
pendent of metallicity which in reality might not be the case
(Moe & Di Stefano 2017). This oversimplification means that
we also include systems overfilling the L1 and L2 Roche-lobe
surfaces at ZAMS. In Sec. 4.1 we discuss how our BBH rate es-
timates are affected by omitting these systems or by assuming
a log-uniform distribution. The omission of this portion of the
parameter space does not lead to a qualitative difference in the
predicted observable distributions.

In order to optimise the absolute number of binaries be-
coming BBHs per number of simulated binaries, we restrict
the primary mass to the range 5My < m; < 150Mg. For
the metallicity, we divide uniformly the log-metallicity range
Z € [0.0001,0.0309] in 30 bins. The largest metallicity bin was
chosen to have a centre at 1.5 Z; where we adopt the solar ref-
erence Zg = 0.017 (Grevesse et al. 1996). This metallicity range
is where the stellar model fits of Hurley et al. (2000) we use are
defined. We evolve 5 million binaries per metallicity bin AZ for
a total simulated mass per AZ of Mgim az = 1.05X 108 M. Since
we restricted the primary mass, we only model a fraction of the
underlying stellar population. Hence, we need to re-normalise
the simulated stellar mass Mg a7 to obtain the total stellar pop-
ulation; the normalisation constant for our choice of initial bi-
nary properties is fI = 4.72, see Appendix A in Bavera et al.

corr

(2020) for a derivation of this quantity.
Appendix B: COSMIC population synthesis model

Appendix B.1: Single stellar models

To generate our BBH population models, we used COSMIC ver-
sion v3.3.0. Stellar evolution in COSMIC (Breivik et al. 2020) is

based on the analytical fits of Hurley et al. (2000, 2002) to the
single stellar models of Pols et al. (1998). For O and B stars we
adopt mass loss through stellar winds according to the prescrip-
tion of Vink et al. (2001), which covers separately the tempera-
ture ranges 12, 500K < Teg < 22,500K and 27,500K < Teg <
50, 000K. Around T =~ 25,000 K there is a bi-stability jump that
leads to a mass-loss increase of a factor of about five. This jump
is due to the recombination of the Fe IV to the Fe III ion in the
lower part of the wind (Vink et al. 1999). For Wolf-Rayet stars
mass-loss rate we adopt stellar winds as in Brott et al. (2011)
who assume Hamann et al. (1995) reduced by a factor of 10 to
correct for clumping and use a metallicity scaling of (Z/Z)"%
(Vink et al. 2001). For all these wind prescriptions we adopt the
solar reference Z, = 0.017 (Grevesse et al. 1996).

During the post-carbon burning phase of massive stars, pho-
tons produced in the core are energetic enough to produce
electron—positron pairs which softens the equation of state, di-
minishing the pressure support of the core (Woosley et al. 2007).
This causes the core to rapidly contract and the temperature to
increase, allowing for explosive oxygen burning (e.g. Woosley
& Heger 2015). For He-core masses in the range ~ [30, 64] Mg
the released energy is insufficient to completely disrupt the star.
This create a series of energetic pulses which eject material from
the star before it collapses into a BH. This is the PPI (Yoshida
et al. 2016; Woosley 2017; Marchant et al. 2019). If the He-
core mass is in the range ~ [64, 133] M, the released energy
is enough to reverse the collapse, unbinding and destroying the
star. This event is a PISN (Fowler & Hoyle 1964; Rakavy &
Shaviv 1967; Barkat et al. 1967). Similar to Stevenson et al.
(2019), we adopt the fit to the grid of simulations from Marchant
et al. (2019, see Table 1), which demonstrate a turnover in the
relation between pre-supernova He-core mass and final mass.
We use the 9th-order polynomial fit of Breivik et al. (2020),
cf. their Eq. (4), to map the pre SN stellar mass in the range
31.99 < Myesn/Mo < 61.10 to the baryonic mass collapsing to
form the BH.

Appendix B.2: Mass-transfer stability and common envelope

The stability of Roche-lobe overflow mass transfer is determined
by the rate at which the Roche-lobe radius is changing as a re-
sult of mass-transfer dlog(Ry)/dlog(m) to the response of the
radius of a star as its mass is changing dlog(R.)/d log(m). We
use the approximation of Eggleton (1983) for the Roche-lobe
radius while we approximate the radial response of the star de-
pending on its stellar type. We adopt the values assumed in Nei-
jssel et al. (2019); Bavera et al. (2020). The stability of the mass
transfer can then be determined by solving this equation with re-
spect to the critical mass ratio, defined as gcrit = Mdonor /Maccretor-
For MS stars we use dlog(R.)/dlog(m) = 2.0 which correspond
to gerit = 1.72 while for HG stars d log(R.)/d log(m) = 6.5 which
correspond to gy ~ 3.83 (Ge et al. 2015). For stars on the GB
and AGB we use fits from Hjellming & Webbink (1987). For
stripped stars we adopt g as in Claeys et al. (2014). Different
choices of g, especially for GB and AGB stars have an im-
pact on the parameter space that leads to the formation of BBHs,
hence on the merger rate, see Sec. 4.3 for a discussion of this
uncertainty.

If the mass transfer is stable the companion star accretes a
fraction of mass lost by the donor star. Any mass that is not ac-
creted leaves the system instantaneously, taking away the spe-
cific AM of the accretor (Hurley et al. 2002). For our fidu-
cial models we assume that the accretion of degenerate objects
is Eddington-limited, this results in a highly non-conservative
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mass-transfer phase where degenerate objects accrete negligi-
ble amount of mass, hence the first-born BH will not spin
up because of accretion during the second mass-transfer phase
(Thorne 1974). For the Eddington-limited accretion efficiency
onto a compact object, COSMIC uses the definition of Hurley
et al. (2002),

Meaa = 2.08 X 107(1 + X) ™ (Ryce/Ro) Moyr ™" =1 = e ,
(B.1)

where X is the hydrogen mass fraction of the donor and R, is
the accretion radius of the compact object which for a BH is cho-
sen to be the Schwarzschild radius. In this work we define 7,
to be the MT accretion efficiency limit in units of the Eddington-
limit. To investigate how our results depend on this limit, we
explore different MT efficiency limits: 7,¢. € [1, 103,10°, 10°].

If the mass transfer is unstable, the donor star will expand to
form a CE of gas around the binary which can be expelled by
the injection of orbital energy from the binary (Paczynski 1976).
This is a complex phase and we parameterise it with the ocg—A4
formalism (see, e.g. Ivanova et al. 2013, for a review). In this pa-
rameterisation acg determines the efficiency factor for injecting
orbital energy into the envelope, while A characterises the bind-
ing energy of the envelope to its stellar core which depends on
the structure of the donor’s envelope. Assuming that the pre-CE
orbital energy is much smaller than the post-CE orbital energy,
the initial and final orbital period of the CE event, Ayece and
Aposice, are related by the following expression (Ivanova et al.
2013)

1 my M3 postCE

ApostiCE = 5 0cE A P ApreCE» (B.2)

M3 preCE M2 env

where 7 is the dimensionless Roche-lobe radius, m; is the mass
of the accretor, m; prece and my posice are the donor star masses
before and after the CE event and m; ¢,y the envelope mass. Pre-
vious studies of post-CE binaries have shown that the efficiency
could be as low as acg = 0.2 (Zorotovic et al. 2010; Toonen &
Nelemans 2013; Camacho et al. 2014) while other using detailed
modelling of the CE phase for binary neutron star progenitors
(Fragos et al. 2019), suggests CE efliciencies as high as acg =
5.0 (see also Giacobbo & Mapelli 2019). Approximately, uncer-
tainties on acg or on A linearly scale to uncertainties on the or-
bital separation post CE as 6Apos«cE /AprecE & 0@cg X A+acg X0A.
For A we adopt the fits as in Claeys et al. (2014).

Within the CE channel we distinguish and adopt a pes-
simistic scenario, in which unstable mass transfer from a donor
star without a well-developed core-envelope structure, namely
when a star finds itself in the HG, is always assumed to lead to
a merger (Belczynski et al. 2007). An optimistic scenario which
include these systems would result in an overestimation of the
observed local BBHs merger rate density (Neijssel et al. 2019;
Belczynski et al. 2020).

Appendix C: MESA detailed BH-He-star models

In our previous works (Qin et al. 2018; Bavera et al. 2020) we
explored the evolution of tight BH-He-star systems computing
grids of detailed binary evolution models using MESA (Paxton
etal. 2011, 2013,2015, 2018, 2019). This is the late-end phase of
the binary evolution of BBHs formed through the CE and SMT
channels. Here we iterate on this work by adapting those mod-
els to the newer MESA version r11701, computing an even larger
grid and modifying our stellar models to match the physical stel-
lar assumptions made in the work of du Buisson et al. (2020),
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which expand on the work of Marchant et al. (2016) on chemi-
cal homogeneous evolution.

Appendix C.1: Single stellar physics

All mixing processes are treated as diffusive processes. Convec-
tion is modelled using the Ledoux criterion, adopting a mixing-
length parameter of aypr = 1.5 (Bohm-Vitense 1958). Semi-
convection is modelled according to Langer et al. (1983) with
an efficiency parameter aspm = 1.0 (Langer 1991). We also
take into account exponential core-overshooting and thermoha-
line mixing with ety = 1.0 (cf. Cantiello et al. 2009). Opacities
are computed using CO-enhanced opacity tables from the OPAL
project (Iglesias & Rogers 1996), computed using solar-scaled
abundances based on Grevesse et al. (1996). As we are not inter-
ested in following the nucleosynthesis in detail, we use the sim-
ple networks provided with MESA basic.net which MESA au-
tomatically extend to co_burn.net to resolve carbon burning.
Our models are stopped at C depletion. Finally, PPI and PISN
are treated as in the single stellar models of COSMIC. We assume
that the mass loss through PPI of any stellar model is lost from
the surface of the star and only consider the AM of the remaining
layers in the collapse of the star.

Rotational mixing and AM transport are also treated as dif-
fusion processes (Heger et al. 2000, 2005), which involve the
effects of Eddington—Sweet circulation, secular and dynami-
cal shear mixing and the Goldreich—Schubert—Fricke instability
with an efficiency parameter of f. = 1/30 (Chaboyer & Zahn
1992; Heger et al. 2000). We include the effect of magnetic
fields on the transport of AM assuming an efficient AM trans-
port mechanism: the Tayler—Spruit dynamo (Spruit 1999, 2002).
An efficient AM transport allows us to assume that all He-stars
emerging from the CE or SMT phases are initially not rotating.
This is because any initial or acquired rotation during the evolu-
tion of the secondary is erased by mass transfer and wind mass
loss by the time it becomes a He-star. Assuming instead that the
He-star is initially synchronized with the orbit, right after the for-
mation of the BH-He-star binary, has been shown to have negli-
gible effects in the final properties of the resulting BBH system
(Qin et al. 2018).

We implement the same WR stars wind prescription as
in COSMIC where we also include the enhancement of winds
through rotation as in Heger & Langer (2000). When the ro-
tation rate exceeds a given threshold, Q/Q.; > 0.98, we im-
plicitly compute the mass-loss rate required for the rotation rate
to remain just below this value (Paxton et al. 2015). For a star
with mass M and radius R, Qcqe = [(1 - )GM/R]'* where
I' = kL/(4ncGM) is the Eddington factor and « is the true flux-
mean opacity coefficient (Langer 1997).

Appendix C.2: Binary stellar physics

We use MESA single star module to first create a He-star with
the desired mass and with abundances ¥ = 0.98 and Z = 0.02.
We then load the model in the MESA binary module, relax the
metallicity to the desired value and allow the star to relax un-
til it reaches ZAHeMS. We define ZAHeMS to be the moment
when the central luminosity becomes larger than ~ 99% of the
surface luminosity. To facilitate the relaxation of the star to ZA-
HeMS we adopt MLT++ treatment of convection (Paxton et al.
2013) which reduces the superadiabaticity in some radiation-
dominated convective regions. Once the star reaches ZAHeMS
we turn off MLT++. At ZAHeMS we check if the He-star overfill
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its Roche lobe, if this is the case we stop the evolution and as-
sume the system to be non-physical. Whenever one component
in the system attempts to overflow its Roche lobe during the bi-
nary evolution, we implicitly compute the mass-transfer rate us-
ing the Kolb scheme (Kolb & Ritter 1990). If the mass transfer
exceed 10 Mg yr~! we stop the run and assume that the binary
will merge. Furthermore, we use the prescription of Misra et al.
(2020) to check that the He-star does not overflow the L2 Roche
volume of the binary. If this is the case, either at ZAHeMS or
during the evolution of the binary, we stop the run and assume
that it will lead to a merger.

Tidal forces are responsible for synchronising the spin of the
He-star with the orbit (Zahn 1977; Hut 1981). Tidal effects are
implemented as in Qin et al. (2019) for the case of stars with
radiative envelope. This is a variation of the standard tidal pre-
scription of MESA (Paxton et al. 2015) which synchronize the
whole star. Here tides only operate on the radiative regions. This
slight variation has a negligible impact on our results because
the Tayler—Spruit dynamo guarantees strong coupling between
the star’s layers. We assume that the orbits after the second MT
phase are circular and the system remains circular during binary
evolution. The strength of the interaction depends on the ratio of
the stellar radius R to the orbital separation A, the He-star mass
M, the binary mass ratio g and the moment of inertia /. The
timescale for synchronization is given by (Hurley et al. 2002)

q2 (GM)I/Z (R)l7/2

R3 A

=3E>(1+¢)"° I

(C.D»H

syn r é
where rg = [I/ (MR?)]'/? is the dimensionless gyration radius of
the He-star and FE is the second order tidal coefficient. As in our
previous work, we use the fitting formula of E, for He-star from
Qin et al. (2018).

Appendix D: Core collapse

BHs are formed during the core collapse of massive stars and, in
some cases, their formation is associated with a supernova ex-
plosion. As in Bavera et al. (2020), we use Fryer et al. (2012)
delayed supernova prescription to model how much baryonic
remnant mass is left behind after the core collapse. This model
avoids an enforced mass gap between neutron stars and BHs
which are not consistent with current microlensing observations
(Wyrzykowski & Mandel 2020) or with GW190814 (Abbott
et al. 2020c). During the collapse of the star, asymmetric ejection
of matter (Janka & Mueller 1994; Burrows 2013) or asymmetric
emission of neutrinos (Bisnovatyi-Kogan 1993; Socrates et al.
2005) can provide a momentum kick to the newly formed BHs.
We assume that the birth kicks of BHs follow a Maxwellian dis-
tribution with o = 265 kms~! (Hobbs et al. 2005) rescaled by
1 — fi, where fp, is the fallback mass fraction (Fryer et al. 2012).
For massive stars with carbon—oxygen core masses grater than
11 Mg, Fryer et al. (2012) prescription assumes a direct collapse,
that is fip = 1. This implies that in our model all heavy BHs re-
ceive no natal kicks. The kicks impacted on the lighter BHs can
tilt the orbit, which may generate a negative y.g, add eccentricity
to the orbit or disrupt the binary. In practise systems with nega-
tive ye are not statistically relevant in our models as the kicks
are not strong enough to flip the orbits by more than 90°. Re-
cently, Callister et al. (2020) showed that a o ~ 1,000 km/s is
required in order to explain negative y.; in GWTC-2 data with
CE BBHs. We take into account all these orbital changes, as well
as, orbital changes due to neutrinos symmetric mass loss, follow-
ing the analytical calculations of Kalogera (1996).

We estimate the spin of the resulting second-born BH fol-
lowing the framework presented in Bavera et al. (2020). Here,
we adopt a different treatment of neutrino mass loss motivated
by Zevin et al. (2020c) which prescribes that a collapsing proto-
neutron star can lose up to 0.5 M through neutrino emission.
In order to calculate the final mass and spin of the BH resulting
from the collapse, we need to consistently follow its accretion
history soon after it is formed. We assume that the innermost
3 M, form a proto-neutron star, which collapse to form a BH
of 2.5 My, while 0.5 Mg are converted into neutrinos and leave
the systems carrying away a fraction (0.5/3) of the proto-neutron
star AM. We consider a collapsing star to be a collection of shells
with mass mgpe; and angular frequency Qg that falls one by
one onto the central BH. Once a shell reaches the BH’s event
horizon, it is accreted by it. The amount of specific AM of the
in-falling material, j(r,0) = Qe (r)7? sin(6) where 6 is the po-
lar angle, determines the properties of the accretion flow. Low
AM material collapses directly onto the BH transferring its en-
tire mass and AM to the hole, while material with enough AM
can create a disk around it. The mass Mgy and spin a of the
accreting BH determine the threshold for disk formation and is
given by the specific AM at the innermost stable circular orbit
(ISCO; Bardeen et al. 1972)

GMgy 2 32 12
fiseo = TBH_[l +2(M _2) ,

D.1
332 GMgu ©.1)

where risco is the radius of the ISCO for prograde equatorial
orbits,

fisco = — 5

B+an-13-2068+a+21"%, D2
withz; = 1+(1-a»)3[(1-a) 3 +(1+a)*]and 2, = (3a2+z%)1/2.
From the disk formation condition j(r, 8) > jisco we can define
the polar angle at which disk formation occurs as

. 1/2
J1SCO )
gzshell(r)r2

The portion of the shell with 6 < 64, will collapse directly onto
the BH on a dynamical timescale, fayn = [r*/(GM(r))]'/?, trans-
ferring j(r, 6) to the hole, while the portion of the shell with 6 >
O4isk Will form a disk and transfer only jisco to the BH. The disk
will be accreted on a viscous timescale , ~ ;' (Reire/H)*tcirc
assumed to be much smaller than 74y, (Batta & Ramirez-Ruiz
2019). Here H is the disk’s scale height, a, is the viscosity pa-
rameter and 7. is the Keplerian orbital period at the accretion
radius also known as circularisation radius R, = theu /(GMpgy).
The collapsing shell contributes therefore to the AM of the BH
by

Bagisk = arcsin( D.3)

disk
_ 2.3
Jhell = Jdirect + Jdisk = ﬁ Mshel1 Qshenn (7) 7~ sin” (6) d6 +
0

7T/2
+ f Mghell jisco sin(6) 6. (D.4)

Baisk

The accretion disk has mass mgjsx = Mghen OS(Bgisk) and the
mass-energy accreted onto the BH from the disk is AMyisxk =
maisk[1 — 2GMpy/(3c*risco)]V? (Bardeen 1970; Thorne 1974).

Appendix E: Grids of detailed BH-He-star models

We use our detailed binary stellar models to cover the 4D pa-
rameter space defined by initial metallicity Z, black hole mass
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Fig. E.1. Median relative error as a function of metallicity of the log-
transformed and re-scaled six quantities B;: the He-star mass (blue) and
its carbon-oxygen core mass (orange) before the supernova, the orbital
period before the supernova (red), the second-born BH mass (violet),
the spin of the second-born black hole (brown), and the lifetime of the
BH-He-star binary (green).

mpy1, He-star mass mype_gr and orbital period p. We run grids
for 30 different metallicities ranging from log;,(Z) = —4.0 to
logo(Z) = log,y(1.5Z5) = —1.593 in steps of log;,(Z) ~ 0.083.
For each metallicity, we run 11 BH masses in the log-range
[2.5,54.4] My, in steps of log;,(mpu1/Mg) = 0.134. The lower
limit is the smallest theoretical BH mass (in our model) while
the maximum BH mass is chosen to have the second to last BH
mass at 40 Mg near the PISN cut. For each metallicity and BH
mass we run 17 He-star masses in the log-range [8, 80] Mg in
steps of 10g, o (Me—star/Mo) = 0.063 and 20 binary periods in the
log-range [0.09, 8] days in steps of log,,(p/days) = 0.103. We
verified that smaller He-star masses do not lead to BH formation
for any metallicity we consider. The maximum He-star mass and
smallest orbital period where chosen to include any BH—He-star
system produced by our COSMIC models. The maximal orbital
period range ensure that we cover the parameter space well past
the point where the BBH systems are merging within the Hubble
time.

In total, we calculated roughly 110,000 new binary evo-
lution sequences, as compared to about 16,000 used in Bav-
era et al. (2020). The fraction of failed MESA runs vary from
3% to 0.1% depending on metallicity. To minimise the loss
of information created by the failed runs we rerun those mod-
els with an He-star mass increased by 5% which reduced the
failed runs by a factor of 3. In Fig. D.1 we show the spin of
the second-born BH for different two-dimensional slices of the
four-dimensional parameter space for four different metallici-
ties, Z € [0.00012,0.00120,0.00457,0.01187], and three dif-
ferent BH masses, mgy € [6.3,15.87,29.38] My. We can see
how the tides are more efficient at lower metallicities. This is
because the stellar winds of He-stars are metallicity dependent
o« (Z/Z5)"® (Vink et al. 2001) and widen more efficiently the
binaries at larger metallicities and hence reduce the impact of
tides.

These grids were used to determine the final outcomes and
final parameters of the late-end evolution stage of the binary
systems through linear interpolation. Each metallicity is interpo-
lated separately. We want to interpolate six quantities B;: the He-
star mass and its carbon-oxygen core mass before the supernova,

the resulting BH mass, the orbital period before the supernova,
the lifetime of the BH-He-star binary and the spin of the second-
born BH. Before interpolating each quantity, we log-transformed
it and re-scale it to the interval [—1, 1] to reduce the interpolation
error. The interpolation itself relies on building a Delaunay trian-
gulation of the input data points followed by barycentric linear
interpolation over the vertices of the (hyper)triangle containing
the location of interest. To test the accuracy of the interpolation:
we computed around 1000 new MESA tracks for each of the four
metallicities shown in Fig. D.1 and calculate the relative error
of each transformed and rescaled quantity X; = log,(B;)™""!
as A; = |Xiruei — Xinterp,il/ Xirue,i- In Fig. E.1 we show the median
relative errors of these quantities as a function of metallicity. In
the median calculation we exclude all the systems not becoming
BBHs. Half of the quantities have median relative errors inde-
pendent of metallicity with the exception of the second-born BH
spin, He-star mass and orbital period before supernova. The de-
crease of median error for a; and ppesn is explained by the fact
that at high metallicities the orbits widen more, neutralising tides
and resulting in systems with zero spin. On the other hand, the
median error of mye_g,r increases because at higher metallici-
ties this quantity does not depend linearly on the initial He star
mass which is caused by stellar winds that cause the He-star to
lose a non-negligible amount of mass. The largest relative me-
dian error is the lifetime of the BH-He-star system. This is not
a problem by itself as the delay time between the binary forma-
tion and merger is dominated by the GW inspiral which is many
order of magnitudes larger than this timescale. The increase of
interpolation accuracy compared to Bavera et al. (2020) is due to
the larger data set used here, the fact that we use a regular grid
and interpolate each metallicity independently.

Appendix F: Model comparison

We use Bayesian hierarchical modelling to determine the likeli-
hood of observing N independent GW events {x,} _, given an
astrophysical model described by a set of parameters A (e.g.
Mandel et al. 2019). We assume that each GW event is an in-
dependent observation and is characterised by a set of physical
parameters 6,

N TPyl _
10 = [ =7 = [ g | pestorp@12) 0=
i=1 i=1
N
_ p(xi) (" p@]x;)
=Ly ) T POV

(F.1)

where we have marginalised over the physical parameters of the
individual events and used Bayes’ theorem to obtain the final
line. Here p(6) is the prior on the physical parameters that are
used to generate the posterior samples. The normalisation fac-
tor £(A) = f Pdet(0)p(0]2)dO accounts for the overall probability
of making an observation given a particular choice A. Since in
GWTC-2 we have samples drawn from the posterior p(@]x;),
we can approximate posterior-weighted integrals as a sum over
samples as

Mpa) 1 p(6i | A)

(A) £ p(Br)

where S the number of posterior samples. Again, 6, are the as-
trophysical parameters drawn from the GW posterior distribu-

P, 1) = , (F2)
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tion and p(6;|A) are their likelihood given by our astrophysi-
cal model (underlying distribution). Similarly, the normalisation
constant £(A) can be approximated as a sum over the weighed
underlying BBH distribution p(6|4) as

1 T
ED = ——— > paal®)w, (F.3)

T
T X wj =

where 6; is the set of parameters describing the BBH j with
a cosmological weight w; given by the argument of the sum-
mation in Eq. (4) and T the total number of samples. Finally,
to approximate the probability density functions of each event
p(0) and each model p(6|1) we use a three-dimensional kernel
density estimator (KDE) where we graphically verify the accu-
racy by comparing random draws from the KDE with the real
marginalised one-dimensional and two-dimensional sample dis-
tributions.

We can now compare two models, M| and M,, described by
Ay and A, respectively. The amount by which the data supports
a specific model is described by the BF, defined as:

pUxi} 1 Ay)
px 1)

In the ratio of the two likelihoods the multiplicative constant
p(x;) is canceled out, leaving us with all the information required
to compute the BF. This factor indicates whether any model is
favoured or disfavoured by the data compared to another. Values
larger than 1 favour the model M; while values smaller than 1
favours the model M. In our analysis, we adopt the convention
of having M, as our reference model.

BF12 = (F4)

Appendix G: Model results

Here we present some extra figures which were not included in
the paper because of their size. Fig. G.1 and G.2 show the com-
bined distributions of the main GW observables y.f, Mcnip and
q of the CE channel for the detected and underlying BBH popu-
lation, respectively, for different acg values. Similarly, Fig. G.3
and Fig. G.4 show the combined distributions of these observ-
ables of the SMT channel for the detected and underlying BBH
population, respectively, for different ,.. values.
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Fig. G.1. Model predictions for the O3 detected BBH population of the CE channel for different g values according to the legend, in orange.
We show the joint distributions of chirp mass My, effective inspiral spin parameter y.r and binary mass ratio g. Lighter colours represent larger
contour levels of 68%, 95% and 99%, respectively, constructed with pygtc (Bocquet & Carter 2016). All histograms are plotted with 30 bins
without any bin smoothing.
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Fig. G.2. Model predictions for the underlying (intrinsic) BBH population of the CE channel for different acg values according to the legend, in
grey. We show the joint distributions of chirp mass M.y, effective inspiral spin parameter y. and binary mass ratio g. Lighter colours represent
larger contour levels of 68%, 95% and 99%, respectively, constructed with pygtc (Bocquet & Carter 2016). All histograms are plotted with 30
bins without any bin smoothing.



25

[ 03 detected BBH population: SMT channel (ONLY)

N
"o o
= . © =
=V 5 o O g
%L XX I
s © &> n
0
N
> - R
Q
S
Ne
9 ‘ . ® w
z ° 3
™ . © g
=) l 5 o Q
- It
o =
= o 3 <
9 ©
N
>
Q — N
S
& -/
o o N
N

Mchirp [M o} ]
e?

s
Xeff
Q
b4
7
Q01 = 0wy,

N
o
% o
S
S
=
'
%
o [y M
¥ o N
zo Qr =
3
= _ & RPN g
£ = oS I
s 0 >~ u 3
h p a9 © -
- - - o ,
® | o &
Q A
S
NN AN RN 4 NN N 0 P G
Xeff q Mchirp [M o} ]

Fig. G.3. Model predictions for the O3 detected BBH population of the SMT channel for different 7,.. values according to the legend, in orange.
We show the joint distributions of chirp mass My, effective inspiral spin parameter y.¢ and binary mass ratio g. Lighter colours represent larger
contour levels of 68%, 95% and 99%, respectively, constructed with pygtc (Bocquet & Carter 2016). All histograms are plotted with 30 bins
without any bin smoothing.
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Fig. G.4. Model predictions for the underlying (intrinsic) BBH population of the SMT channel for different .. values according to the legend, in
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larger contour levels of 68%, 95% and 99%, respectively, constructed with pygtc (Bocquet & Carter 2016). All histograms are plotted with 30
bins without any bin smoothing.
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2.3. APPROXIMATIONS TO THE SPIN OF CLOSE BLACK-HOLE-WOLF-RAYET BINARIES

2.2.3 Impact on the current field of research

The current project complemented our understanding of BBH spin distributions from the evolution
of binaries evolving through the canonical CE and SMT channels. In contrast to Bavera et al. (2020),
the present study used a different rapid population synthesis code (COSMIC) to evolve the binaries from
zero-age main sequence to the second mass-transfer episode. Nevertheless, model predictions of the tidal
spin-up of BBHs through the CE channels presented in Bavera et al. (2020) were confirmed by Bavera
et al. (2021a). We also showed how potential uncertainties on the efficiency of the CE phase affect the yef
distribution. Independently of this model uncertainty, Bavera et al. (2021a) showed that BBHs formed
through the CE channel are expected to have a highly spinning sup-population. Another interesting
result of this project is that it is in line with the new finding of other research groups using different rapid
population synthesis codes (e.g., Neijssel et al. 2019; van Son et al. 2021; Olejak et al. 2021; Broekgaarden
et al. 2022), which predict the existence if not the dominance of the SMT channel over the CE channel
to the formation of merging BBHs in the local Universe, in contrast to previous studies of isolated binary
evolution (e.g., Dominik et al. 2012, 2013, 2015; Belczynski et al. 2016b).

Overall, the research project presented in Bavera et al. (2021a) advanced our understanding of the
origin of spin in BBHs formed from the CE and SMT evolutionary channels. We find that, on average,
these two channels have comparable merger rates at low redshifts. BBHs formed through the CE channel
are less massive than those formed through the SMT channel. The SMT channel, on average, leads
to wider BH-WR orbital separations compared to the CE channel and, hence, the bulk of BBH formed
through the SMT channel avoids efficient tidal spin-up, leading to a BBH population with mostly yeg ~ 0
in contrast to BBHs formed from the CE channel which manifests a statistically relevant sub-population
of highly spinning BBHs. Consequently, BBHs formed through the SMT channel have, on average, longer
delay times than BBHs formed through the CE channel. This result agrees with van Son et al. (2021)
recent results. Overall, our BBH models predict correlations between the BBH masses, spins, and delay
times, having importance in the interpretation of GW observations. We discuss in these implications in

the following chapters of this thesis.

2.3 Approximations to the spin of close black-hole-Wolf-Rayet

binaries

2.3.1 A brief introduction

In Section 2.2, we presented a research project that used more than 110,000 detailed BH-WR MESA
simulations. This simulation grid was used to determine the outcomes and parameters of the late-end
evolution stage of highly rotating BBH progenitors. As explained in Bavera et al. (2021a), the simulations
cover the 4D parameter space of initial metallicity Z, BH mass, WR star mass, and orbital period. The
simulation grid was run for 30 different metallicities ranging from Z € [1074,1.5Z]. For each metallicity,
we run 11 BH masses in the range [2.5,54.4] Mg, 17 WR star masses in the range [8,80] Mg, and 20 initial

binary periods in the range [0.09, 8] days. The grid was evenly spaced in log-space across all dimensions.
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2.3. APPROXIMATIONS TO THE SPIN OF CLOSE BLACK-HOLE-WOLF-RAYET BINARIES

The simulations took into account differential stellar rotation, tidal interaction, WR stellar winds, the
evolution of WR stellar structure, and up to date core-collapse prescriptions accounting for angular
momentum supported disk formation during the collapse of the WR stellar structure, which guarantees
the general relativistic limit of the second-born BH spin |y2| < 1.

Building such a simulation library was computationally expensive as, on average, each evolutionary
track required several CPU hours. Additionally, the raw simulation output of ~ 2.5TB limits data
sharing. Hence, we thought that the scientific community would benefit from having a computationally
inexpensive analytical fit of the tidal spin-up second-born BH spin |x3| as determined by the detailed MESA
simulations. After multiple attempts, we found a simple relation between the orbital period at helium
or carbon depletion of the WR star, the WR stellar mass and the final spin of the second-born BH. We
note that the analytical approximation of |Y2| is model dependent on the core-collapse assumptions made
in Bavera et al. (2021a). These assumptions include the delayed core-collapse mechanism of Fryer et al.
(2012), the fit to the PPISN models of Marchant et al. (2019), neutrino mass and angular-momentum
loss up to 0.5 M as implemented in Zevin et al. (2020), and the minimum BH mass of 2.5 M.

2.3.2 Manuscript

The study Bavera et al. (2021b) was published in Research Notes of the American Astronomical Society

in May 2021. The arXiv open-access version of the manuscript is presented in the following pages.
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ABSTRACT

Population synthesis studies of binary black-hole mergers often lack robust black-hole spin estimates as they
cannot accurately follow tidal spin-up during the late black-hole-Wolf-Rayet evolutionary phase. We provide an
analytical approximation of the dimensionless second-born black-hole spin given the binary orbital period and
Wolf-Rayet stellar mass at helium depletion or carbon depletion. These approximations are obtained from fitting
a sample of around 10° detailed MESA simulations that follow the evolution and spin up of close black-hole—
Wolf-Rayet systems with metallicities in the range [107#, 1.5Z]. Following the potential spin up of the Wolf-
Rayet progenitor, the second-born black-hole spin is calculated using up-to-date core collapse prescriptions that
account for any potential disk formation in the collapsing Wolf-Rayet star. The fits for second-born black hole
spin provided in this work can be readily applied to any astrophysical modeling that relies on rapid population
synthesis, and will be useful for the interpretation of gravitational-wave sources using such models.

Keywords: black-hole, gravitational-waves

Isolated binary evolution is one of the leading astrophysical mechanisms proposed for generating merging binary black holes
(BBHs). In the standard BBH formation scenarios through isolated binary evolution, BBH progenitors either proceed through
a stable mass transfer and a common envelope phase (e.g., Bethe & Brown 1998; Belczynski et al. 2002; Kalogera et al. 2007;
Dominik et al. 2012; Bavera et al. 2020) or a double stable mass-transfer episode (e.g., van den Heuvel et al. 2017; Neijssel et al.
2019; Bavera et al. 2021). In both cases, after the second mass-transfer event the binary emerges as a black-hole—Wolf-Rayet
(BH-WR) system. The first-born BH spin is determined by the angular momentum (AM) transport of the progenitor star during
the red supergiant evolutionary phase. Asteroseismic observations hint at efficient AM transport (Spruit 1999, 2002; Fuller et al.
2019), and hence, upon expansion, any initial AM is mostly transported to the outer layers of the star which are subsequently lost
due to mass transfer and wind mass loss. The dimensionless spin parameter of the first-born BH is therefore agy; ~ 0 (Fragos
& Mcclintock 2015; Qin et al. 2018; Fuller & Ma 2019). During the BH-WR evolutionary phase, if the binary orbit is tight
enough, the WR star experiences tidal spin up from the compact-object companion, which can lead to rapid rotation and, after
core collapse, to the formation of a rapidly rotating BH (Qin et al. 2018; Bavera et al. 2020, 2021). However, during the BH-WR
evolution, mass loss through metallicity-dependent stellar winds can widen the binary and might lead to tidal decoupling. A
careful treatment of binary interactions, as well as the WR stellar structure evolution and core collapse, are thus essential to
properly determine the second-born BH spin apyp. In this research note, we present an analytical model to approximate agp,
given the BH-WR orbital period and WR mass at helium (He) or carbon (C) depletion. Though the BH-WR orbital period and
WR mass are implicitly dependent on BH companion mass and the zero age He main sequence (ZAHeMS) metallicity, we find
that accurate fits for agyy can be obtained using this two-parameter model. This approximation is well suited for isolated binary
evolution population synthesis studies aiming to study merging BBHs as well as modeling of other formation channels that rely
on rapid population synthesis.

To approximate agpy, we use the results of around 107 detailed BH-WR MESA simulations presented in Bavera et al. (2021).
These simulations take into account differential stellar rotation, tidal interaction, WR stellar winds, the evolution of WR stellar
structure, and up to date core-collapse prescriptions accounting for AM supported disk formation during collapse which guaran-
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Figure 1. Second-born black hole spin of close BH-Wolf-Rayet systems as a function of binary orbital period and Wolf-Rayet mass at carbon
depletion. Left: The result of the ~ 10° post-processed MESA simulation for all BH companion masses (mgy; € [2.5,55] M) and metallicities
(Z € [107%,1.5Z,]). Center: Analytical approximation for the second-born BH spin presented in this work (Eq. 1-2). Right: Nearest neighbour
approximation for the second-born BH spin determined via performing 20 realizations where 5% of the original dataset is used to test the
nearest neighbor algorithm.

tees the general relativistic limit agyy, < 1. The agy approximation presented in this work is therefore model dependent on the
assumptions made, which include Fryer et al. (2012) delayed core-collapse mechanism, fit to the (pulsational) pair-instability su-
pernovae models of Marchant et al. (2019), up to 0.5 Mg neutrino mass and AM loss as implemented in Zevin et al. (2020), and the
arbitrary minimum BH mass of 2.5 M. The initial conditions of the simulations at ZAHeMS cover the range of BH-WR orbital
periods p' € [0.09, 8] day, WR masses mi,, € [8,80] My, BH masses mi, € [2.5,55] Mo, and metallicities Z' € [107,1.5Z,],
all of which are uniformly sampled in log. All assumptions about these simulations are explain in detail in Appendixes C and D
of Bavera et al. (2021). The simulation dataset used in this work is made available, including the second-born BH mass mpyy.

We empirically determine that agp, can be approximated by the following analytical function, given the BH-WR orbital period,
p, and Wolf-Rayet mass, mwg, at He or C depletion:

alogo(p/[day])* + Blogo(p/[day]) p < 1day

otherwise

where @ = f(mwr, c{,c§,c5) and B = f(mwr, Cf Cg Cég) for

—¢|
¢z + exp(—c3 mwr /[Mg])

2

f(mwr,c1,c2,¢3) =

The coefficients cj’f , are determined through non-linear least-square minimization to be (c‘f,cg,c‘;) =

(0.059305,0.035552,0.270245) and (cfcgcf) = (0.026960,0.011001, 0.420739) for input p and mwgr at He depletion, or

(cf,c5,¢§) = (0.051237,0.029928, 0.282998) and (c’?, c'g, cg) = (0.027090, 0.010905, 0.422213) for input p and mwg at C de-
pletion. Though our simulations and analytical approximation always return 0 < agp> < 1, one may wish to impose the extra
condition agy, = max(agme, 1) to ensure that BHs are spinning at the physical limit according to general relativity if the fit is

extrapolated to regimes outside the parameter space of our models.

We compare the absolute errors |aiis, — agri» | from our analytical approximation to the absolute errors determined by k-
fold validation of a nearest neighbor interpolant trained on the normalized input parameters (log,y(p),log,y(mwr)). We find
the absolute errors to be comparable: over the whole population for all orbital periods (orbital periods less than 1 day), the
absolute error of the analytical approximation is 0.00*343 (0.04*01+) whereas the absolute error of the nearest neighbor algorithm
is 0~00i8:83 (0.O2f8:(1]§), where we quote the median and symmetric 90% credible interval. A visual comparison between the
simulation results, analytical approximation, and nearest neighbour algorithm is shown in Figure 1. The accuracy of the two-
parameter approximation to the full 4D parameter space (p, mwr, mgy1,Z) is achieved due to the fact that the orbital period p

at He or C depletion is itself a function of mwg, mpy, and Z. Approximately, because for ZAHeMS p' < 1 day the BH-WR
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evolutionary timescale of a few 100 kyr is larger than the tidal synchronisation timescale (Qin et al. 2018), to prove this point,
one can assume that at He or C depletion any binary undergoing tidal spin-up is tidally synchronized. One therefore finds
agHy = ¢Jwr/ Gm%vR x Q/ m%VR for tidally spun up BHs, where Q « 1/p is the orbital frequency. On the other hand, for wide
BH-WR binaries, here p > 1 day, it holds cJwr << Gm%vR and hence agy = 0.

We anticipate that the flexible analytical approximation presented in this work will be useful for various population modeling
endeavors. Spins are one of the key observational signatures of BBHs detected via gravitational waves, and an accurate physical
representation of BH spins from theoretical models is essential for the interpretation of gravitational-wave events.

1. DATA RELEASE STATEMENT

We provide the dataset of BH-WR binaries at He and C depletion used in the work as well as a notebook with our analytical
models on GitHub https://github.com/ssbvr/approximating_BH _spins. The MESA inlists used to run the BH-WR simulations are
available at http://cococubed.asu.edu/mesa_market/ or on Zenodo (Bavera 2021).

We would like to thank Christopher Berry and Emmanouil Zapartas for comments on the manuscript. This work was supported by
the Swiss National Science Foundation Professorship grant (project number PPOOP2_176868). Support for M.Z. was provided by
NASA through the NASA Hubble Fellowship grant HST-HF2-51474.001-A awarded by the Space Telescope Science Institute,
which is operated by the Association of Universities for Research in Astronomy, Inc., for NASA, under contract NAS5-26555.
This study made use of the following open-sources Python modules Matplotlib (Hunter 2007), Numpy (Harris et al. 2020),
Scikit-learn (Pedregosa et al. 2011), and Scipy (Virtanen et al. 2020).
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2.4. INVESTIGATING THE xgrr—MASS-RATIO ANTI-CORRELATION OF FIELD BINARY
BLACK HOLE MERGERS

2.3.3 Impact on the current field of research

The analytical approximation of the spin of the second-born BH in tidally spun-up BH-WR binaries
obtained from the detailed MESA simulations has already impacted the current field of GW astrophysics.
In this section, we summarise a few relevant uses of the fit presented in Bavera et al. (2021b), mainly
constraining uncertain astrophysical processes, which expand on the work done during my Ph.D.

Recently, Stevenson (2022) used the analytical fit to generate a Xog phenomenological model of field-
formed BBHs to contradict recent results by Callister et al. (2021a). In the latter study, the authors
assumed a phenomenological model of BH spins for the tidally spin-up scenario resulting from the CE
channel to analyze the LIGO-Virgo GWTC-2 catalog of GW detections and constrain BH natal kick
magnitudes, assuming all observed BBHs originate from said channel (see §1.2.3). Given their phe-
nomenological model, Callister et al. (2021a) find that to explain the presence of BH spins misaligned
with the orbital angular momentum, BBHs formed through isolated binary evolution would require ex-
treme natal kicks, with a Maxwellian dispersion greater than o = 260kms™' at 99% credibility. This
is greater than what is currently assumed in BBH population synthesis models (see §1.4.3). However,
Stevenson (2022), who employed the Bavera et al. (2021b) fit to obtain a simulation-based phenomeno-
logical model of BBHs formed through tidal spin-up BH-WR systems, highlights that the Callister et al.
(2021a) results might be biased by their assumption that all secondary BHs can be tidally spun up. This
is not motivated by recent physically motivated models which show the formation of wider BH-WR sys-
tems from the SMT channel avoiding spin up (Bavera et al. 2021a; Zevin & Bavera 2022; Broekgaarden
et al. 2022). By accounting for a population of wider merging binaries where tidal synchronization is
ineffective, Stevenson (2022) finds that the spin-orbit misalignment observed in the GWTC-2 BBH pop-
ulation can be explained by more typical BH kicks with ¢ ~ 100kms~!, consistent with kicks inferred
from Galactic X-ray binaries (Brandt et al. 1995; Mirabel et al. 2001; Repetto et al. 2012, 2017). At the
same time, other BHs might not receive any kick at all (Mirabel & Rodrigues 2003) as often assumed.

Finally, an example of how this analytical fit can be employed in current generation rapid population
synthesis endeavors is presented in the following section. The application of the BH spin fit was used to
study the formation of unequal-mass, highly-rotating BBHs (Zevin & Bavera 2022). Similarly, Broek-
gaarden et al. (2022) also employed the Bavera et al. (2021b) BH spin fit to study the same problem of

mass ratio reversal with highly-rotating primary BHs in the context of isolated binary evolution.

2.4 Investigating the y.s —q anti-correlation of field binary black
hole mergers

By analyzing the observed sample of merging BBHs, some authors have suggested that merging BBHs
might have effective spin parameters (x.g) anti-correlated to their mass ratio (g), i.e., the mean of the x.q
distribution increasing for smaller mass ratios (Abbott et al. 2021f; Callister et al. 2021b; Biscoveanu et al.
2022, and see §1.4.4 for more details). Looking at individual events, GW190412 was a BBH merger with
unequal mass ratio where the most massive BH was constrained to be highly rotating with |y;| > 0.22 at
95% credibility (Abbott et al. 2020c). Models of isolated binary evolution presented in §2.2 showed that
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BBHs formed through the SMT channel and experiencing super-Eddington accretion during the second
mass-transfer episode, or systems experiencing mass ratio reversal and undergoing tidal spin up through
the CE channel, might lead to such signatures (Bavera et al. 2021a).

Motivated by this sparked interest in these evolutionary channels, we further study whether BBH
systems formed in galactic fields from isolated binary evolution can achieve final configurations with
unequal mass ratios and large effective spins. To achieve this, we leverage the analytical fit of Bavera
et al. (2021b) to the second-born BH spin of tidally spun-up BH-WR systems (see §2.3). The analytical
approximation to the detailed simulations is convenient, as it can be directly employed in rapid popu-
lation synthesis studies. This technique allows us then to efficiently investigate multiple astrophysical
uncertainties impacting the formation of highly spinning BBHs with unequal BH masses.

Section 2.2 discussed the impact of mass-transfer physics uncertainties on BBHs spins. In addition
to the investigated uncertainties of CE efficiency, mass transfer stability and accretion efficiency onto
BHs, one could and should consider the uncertainty of mass-transfer accretion efficiency onto stars and
angular-momentum transport in massive stars. The first uncertainty could have a major impact on
the stellar mass distribution of the secondary star after the first mass transfer phase, depending on
the mass accreted and, consequently, alter BBH formation and their observable properties. The second
uncertainty directly impacts the BH spin distributions. In Appendix A, we discuss the Zevin & Bavera
(2022) publication where, using a rapid population synthesis approach, we investigated the ability of
isolated binary evolution to form highly spinning, asymmetric mass BBH systems through either super-
Eddington accretion onto the first-born BH (SMT channel) or mass ratio reversal and tidal spin-up of
the second-born BH progenitor (CE channel). This work showed that the production of systems with
significant mass asymmetries and spin residing in the primary BH is unlikely to originate from isolated
binary evolution abundantly enough to explain observed BBHs. We point to Appendix A for an in-depth

discussion of the study and its implication for GW astrophysics.
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Chapter 3

If not me, who? If not now, when?

Multiple formation mechanisms other than isolated binary evolution in the galactic field have been the-
orized to explain the origin of merging BBHs. After more than half a decade since the first detection of
GWs from the merger of two BHs, the question about their origin remains open. This chapter aims to
show how one may quantify how much and when the different theorized formation channels contribute
to the formation of merging BBHs in the Universe. This challenging task is further complicated by
unconstrained astrophysical processes, which make accurate theoretical estimates of BBH merger rates
impossible. In addition, there are multiple degeneracies between BBH observational property distribu-
tions across the different formation channels. The effort that could maximize our current chances to
disentangle the formation mechanisms, is to rely on key BBH observational features specific to them,
which, in turn, might allow us to isolate their presence in the observed BBH sample (see §1.4). Com-
plementary, it exists a quantitative analysis that leverages these features with BBH observations. To
constrain the formation mechanisms of coalescing BBHs and their model uncertainties one could use

hierarchical Bayesian model selection (see §1.4.5). In this chapter, we illustrate such an approach.

3.1 Unraveling the origins of merging binary black holes

We analyze the GWTC-2, the second catalog of GW detections containing 46 BBH events, using a
suite of five state-of-the-art BBH population models covering a range of isolated and dynamical formation
channels. We illustrate how one can use hierarchical model selection to infer branching fractions between
channels as well as constrain uncertain physical processes that impact the observational properties of
BBH mergers. We consider the three evolutionary pathways for the isolated binary evolution channel
in galactic fields: CE, SMT, and CHE. We adopt the models of Bavera et al. (2021a) for the CE and
SMT channels, which we combined with the CHE models of du Buisson et al. (2020). We complement
Bavera et al. (2021a) simulations with du Buisson et al. (2020) one because the former could not cover
the parameter space with short orbital periods at zero-age main sequence, leading to CHE. With this
purpose in mind, the CE and SMT models were designed to match the same stellar and binary physical
assumptions made in the du Buisson et al. (2020) CHE model (see §2.2). For the dynamical formation

channels in dense stellar environments, we consider the models for BBH mergers in globular clusters of
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3.2. STOCHASTIC GRAVITATIONAL-WAVE BACKGROUND AS A TOOL TO INVESTIGATE
MULTI-CHANNEL ASTROPHYSICAL AND PRIMORDIAL BLACK-HOLE MERGERS

Rodriguez et al. (2019) and the model of Antonini et al. (2019) for nuclear star clusters. Each formation
channel model has unique predictions for BBH mass and spin distributions, and merger rate density
evolution with redshift. The models were made publicly available upon publication of the manuscript
(Zevin 2021).

To illustrate how this Bayesian analysis can put constraints on model uncertainties, across all models,
we vary the natal spin magnitude of BHs born in isolation or in binary systems where binary interactions
before the collapse of the helium core do not cause significant spin-up. Variations in the BH natal spin
magnitudes act as a proxy for the efficiency of angular-momentum transport in massive stars. If angular
momentum is efficiently transported from the core to the envelope, the birth spins of BHs are predicted to
be low (e.g., Qin et al. 2018; Fuller & Ma 2019, but also see the discussion in §1.3.1.1), while for inefficient
angular-momentum transport the opposite is true. In addition, we also consider different assumptions for
the efficiency of the CE phase ejection as presented in Bavera et al. (2021a). This last model uncertainty
significantly impacts the BH mass and spin distributions only for BBHs formed from the CE channel.

The results of this project (Zevin et al. 2021a) are presented in detail in Appendix B. Here, we limit
ourselves to summarizing some key results. Given the assumed BBHs modes, our analysis showed a
significant difference between the branching fractions of the underlying and detectable BBH populations.
This is due to the GW detector selection effects skewing detections in favour of massive BBHs that
can be detected at further distances (see Figure 1.5). The diversity of detections suggests that multiple
formation channels are at play. A mixture of channels is strongly preferred over any single channel
dominating the detected population: any individual channel does not contribute to more than ~ 70% of
the observational sample of BBHs. Additionally, we find preference for some BH natal spin assumptions
and common-envelope efficiencies in our models. The analysis favors models where the natal spins of
isolated BHs are || < 0.1, indirectly implying that the angular-momentum transport of massive stars
must be efficient and strongly disfavoring highly inefficient CE phases. We notice that this latter result
is the opposite of what Bavera et al. (2021a) found. This contradicting result shows how neglecting
the contribution of the aforementioned formation scenarios leads to biases in the analysis. Therefore, a
conclusive and unbiased answer to which channel truly dominates the formation mechanism of merging
BBHs in the Universe, would require the consideration of all possible formation channels and model

uncertainties, which today is still a computationally unfeasible task.

3.2 Stochastic gravitational-wave background as a tool to inves-
tigate multi-channel astrophysical and primordial black-hole

mergers

3.2.1 A brief introduction

In this research project, we show how the stochastic GW background (SGWB) can provide an addi-
tional input for the origin of merging BBHs. The SGWB is generated by the incoherent superposition of

signals emitted by many resolved and unresolved astrophysical sources at any redshift in the Universe.

86



3.2. STOCHASTIC GRAVITATIONAL-WAVE BACKGROUND AS A TOOL TO INVESTIGATE
MULTI-CHANNEL ASTROPHYSICAL AND PRIMORDIAL BLACK-HOLE MERGERS

In the GW frequency ranges of current GW observatories, the SGWB is thought to be dominated by
coalescing compact binaries (Abbott et al. 2016¢, 2018), where BBHs mergers are thought to dominate
the SGWB over NS-NS or BH-NS systems (e.g., de Freitas Pacheco 2020; Périgois et al. 2021a,b).

The previous section introduced hierarchical model selection analyses to constrain the origin of merging
BBHs. However, such a technique has discriminating power only up to the GW detector horizons,
currently at redshifts z < 1 for LVK detectors. This project illustrates a methodology that uses the SGWB
to complement multi-channel hierarchical model selection analysis by putting an additional independent
constraint on the validity of model selection results. As a working example, we adopt the results of the
hierarchical model selection analysis of Franciolini et al. (2021) and add further model constraints using
the SGWB. The latter study consider BBHs formed through isolated binary evolution as modeled by
Bavera et al. (2021a), dynamical formation in the globular cluster as modeled by Rodriguez et al. (2019),
and included the potential contribution of the primordial BH formation channel (see §1.3.5). Primordial
BHs are thought to be formed from the collapse of large overdensities in the radiation-dominated era of
the early Universe (Ivanov et al. 1994; Garcia-Bellido et al. 1996; Ivanov 1998; Blinnikov et al. 2016).
Therefore, they are expected to dominate the BBH merger rate density at much larger redshifts (z 2 10).
Consequently, the SGWB is an additional tool to constrain the relative contribution of the BBH formation

channels.

3.2.2 Manuscript

The conducted study Bavera et al. (2022c) was published in Astronomy & Astrophysics in April 2022.

The arXiv open-access version of the manuscript is presented in the following pages.
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ABSTRACT

The formation of merging binary black holes can occur through multiple astrophysical channels such as, e.g., isolated binary evolution
and dynamical formation or, alternatively, have a primordial origin. Increasingly large gravitational-wave catalogs of binary black-
hole mergers have allowed for the first model selection studies between different theoretical predictions to constrain some of their
model uncertainties and branching ratios. In this work, we show how one could add an additional and independent constraint to model
selection by using the stochastic gravitational-wave background. In contrast to model selection analyses that have discriminating
power only up to the gravitational-wave detector horizons (currently at redshifts z < 1 for LIGO-Virgo), the stochastic gravitational-
wave background accounts for the redshift integration of all gravitational-wave signals in the Universe. As a working example,
we consider the branching ratio results from a model selection study that includes potential contribution from astrophysical and
primordial channels. We renormalize the relative contribution of each channel to the detected event rate to compute the total stochastic
gravitational-wave background energy density. The predicted amplitude lies below the current observational upper limits of GWTC-3
by LIGO-Virgo, indicating that the results of the model selection analysis are not ruled out by current background limits. Furthermore,
given the set of population models and inferred branching ratios, we find that, even though the predicted background will not be
detectable by current generation gravitational-wave detectors, it will be accessible by third-generation detectors such as the Einstein

Telescope and space-based detectors such as LISA.

Key words. Gravitational waves — Stars: black holes — Black hole physics — Cosmology: dark matter

1. Introduction

Coalescing binary black holes (BBHs) are the primary sources
of gravitational-waves (GWs) currently detectable by the LIGO
(Aasi et al. 2015), Virgo (Acernese et al. 2015) and KAGRA
(Aso et al. 2013) detectors. To date, counting only events with
- false alarm rate of < 1yr~!, the signals of 69 confident BBH
mergers have been reported along with 2 binary neutron stars
(BNSs), 2 black hole-neutron star (BHNS) systems (Abbott
et al. 2019, 2021a,b,d,e).

In addition to events that are individually detectable, the en-
tire population of unresolved and resolved events generates a

_~ stochastic gravitational-wave background (SGWB) signal. Other

@

than compact binary coalescences, there are multiple astrophys-
ical and cosmological sources contributing to the SGWB. Possi-
ble sources include core-collapse supernovae, magnetars, cosmic
strings and GWs produced during inflation (e.g. Regimbau 2011;
de Freitas Pacheco 2020). However in the frequency ranges of
current GW observatories, the SGWB is thought to be domi-
nated by coalescing compact binaries (Abbott et al. 2016, 2018)
where BBHs mergers are thought to dominate the SGWB over
BNS or BHNS systems (de Freitas Pacheco 2020; Périgois et al.
2021a,b).

The SGWB is characterized by a spectral energy spectrum,
Qgw(v), which can be measured by cross-correlating the data
streams from multiple detectors (Christensen 1992; Allen & Ro-

mano 1999). Using the data of the first three observing runs (O1,
02 and O3), the LIGO Scientific and Virgo Collaboration (LVC)
did not find evidence of the SGWB. Hence, the LVC was able
to put an upper limit to the SGWB energy density spectrum of
Qgw(v = 25Hz) < 1.04 x 107 for a power-law SGWB with a
spectral index of 2/3, consistent with expectations for coalescing
compact binary (Abbott et al. 2021f).

Multiple astrophysical evolutionary pathways may con-
tribute to the formation of coalescing BBHs, which are often
divided into categories. The isolated binary evolution family of
pathways includes binaries evolving through a stable mass trans-
fer (MT) and a common envelope (CE) phase (e.g. Bethe &
Brown 1998; Kalogera et al. 2007; Postnov & Yungelson 2014;
Belczynski et al. 2016; Bavera et al. 2020), double stable MT
(SMT) (e.g., van den Heuvel et al. 2017; Neijssel et al. 2019;
Bavera et al. 2021b), and chemically homogeneous evolution
(CHE) (e.g. de Mink et al. 2009; Mandel & de Mink 2016;
Marchant et al. 2016; du Buisson et al. 2020). Dynamical forma-
tion of BBHs in dense stellar environments may occur in glob-
ular clusters (GCs) (e.g. Sigurdsson & Hernquist 1993; Miller
& Hamilton 2002; Downing et al. 2010; Rodriguez et al. 2015),
nuclear star clusters (NSCs) (e.g. Miller & Lauburg 2009; Petro-
vich & Antonini 2017; Antonini et al. 2019; Arca Sedda 2020)
or young open star clusters (e.g. Ziosi et al. 2014; Mapelli 2016;
Banerjee 2017; Kumamoto et al. 2020). Population III stars have
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also been proposed to lead to merging BBH either in isolation
or in stellar cluster (e.g. Madau & Rees 2001; Kinugawa et al.
2014; Inayoshi et al. 2017; Liu et al. 2021). Furthermore, alter-
native proposed channels exists such as the formation of merg-
ing BBHs in active galactic nuclei disks (e.g. Antonini & Perets
2012; McKernan et al. 2014; Bartos et al. 2017; Tagawa et al.
2020) and in triple or multiples systems (e.g. Antonini et al.
2016, 2017; Fragione & Loeb 2019; Vigna-Gémez et al. 2021).

Another well-studied formation channel for producing merg-
ing BBHs is through primordial origins (PBHs) (Zel’dovich
& Novikov 1967; Hawking 1974; Chapline 1975; Carr 1975).
PBHs may arise from the collapse of large overdensities in the
radiation-dominated early universe (Ivanov et al. 1994; Garcia-
Bellido et al. 1996; Ivanov 1998; Blinnikov et al. 2016) and
could contribute to a sizeable ratio fpgy = Qppu/Qpm of the
dark matter energy density in a variety of mass ranges (see Carr
et al. 2020, for a recent review about constraints on fpgy). The
recent discovery of GWs has ignited a new wave of interest on
PBHs as it was soon realised that PBHs could produce observ-
able mergers without conflicting with existing bounds on the
PBH abundance (Bird et al. 2016; Clesse & Garcia-Bellido 2017;
Sasaki et al. 2016). This motivated various works on the con-
frontation of the PBH scenario with the most recent data (see,
for example, the recent results of Wang et al. 2016, 2019; Hall
et al. 2020; Kritos et al. 2021; Hiitsi et al. 2021; De Luca et al.
2021b; Deng 2021; Kimura et al. 2021). Current GW data imply
an upper bound fpgy < O(1073) in the mass range of interest for
current GW detectors (see e.g., Wong et al. 2021). The constrain-
ing power of GW observations of either resolved mergers or the
SGWB will improve significantly with future GW detectors (De
Luca et al. 2021c; Pujolas et al. 2021).

All these channels have been shown to successfully lead to
the formation of merging BBHs and, in most cases, predict a
plausible range of merger-rate density approximately consistent
with current GW observational constraints. However, accurate
rate estimates are often difficult to be made, as they are highly
dependent on uncertain and sometimes unconstrained astrophys-
ical processes. The most well-known uncertainties affecting the
astrophysical models include initial stellar and binary properties
(e.g., binary ratio, initial mass function, mass ratio and initial or-
bital parameter distributions), stellar evolution physics (e.g., stel-
lar winds of massive stars, core-collapse mechanism, supernova
kicks and pulsational pair instability), binary evolution physics
(e.g., MT stability and efficiency, and CE efficiency) as well as
uncertainties in the star formation rate and metallicity distribu-
tion of their environment at high redshifts ( see e.g., Antonini
et al. 2017; Chatterjee et al. 2017; Chruslinska et al. 2019; Nei-
jssel et al. 2019; Grobner et al. 2020; Riley et al. 2021; Belczyn-
ski et al. 2021). The primordial channel also suffers from large
uncertainties on the overall PBH abundance and initial mass dis-
tribution, which are mostly unconstrained in the mass range of
interest for LVC mergers (Carr et al. 2020). Combined, these
unconstrained physical processes lead to order-of magnitudes
uncertainties in the rates while often have minor effects on the
BBH observable distributions (see e.g., Mandel & Broekgaar-
den 2021, for a review). Such large uncertainties translate to the
SGWB energy spectrum and also bias relative Qgw estimates
between channels.

Given the large uncertainty on the modelled BBH rates, com-
parison between theoretical predictions and GW observations
are often done by normalising the theoretical rate to the ob-
served one. Recent attempts of model selection involving multi-
ple formation channels and GWTC-2 events (Wong et al. 2021;
Zevin et al. 2021a; Franciolini et al. 2021) indicate that, given the
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state-of-the-art formation models considered, multiple formation
channels are needed to explain the detected population of BBHs.
To date, Zevin et al. (2021a) work is the most inclusive analysis
which accounts for CE, SMT, CHE, GC and NSC channels. Even
though Zevin et al. (2021a) find that a mixture of channels is pre-
ferred over a single dominant channel, at face value, the analysis
shows that isolated BBH formation might dominate the underly-
ing BBH merging population. It is important to note that only the
uncertainties of CE efficiency (cf. Bavera et al. 2021b) and iso-
lated BH spin as a proxy for angular momentum transport were
explored in that analysis. The consideration of all model uncer-
tainties and the other prominent BBH formation channel are key
in obtaining an unbiased and conclusive answer, though the large
number of proposed formation models and model uncertainties,
combined with the still limited observational sample, make this
task currently computationally infeasible. Following an analysis
similar to Zevin et al. (2021a), Franciolini et al. (2021) expanded
the set of considered models by also including the PBH channel.
The Bayesian evidence for PBHs against an astrophysical-only
multi-channel model was found decisive, due to the fact that the
astrophysical models considered there did not produce signifi-
cant numbers of high-mass events, such as those observed by the
LVC. However, the evidence weakens in the presence of a domi-
nant SMT isolated formation channel, which is more efficient at
producing high-mass BBHs.

In this work we compute the contribution to the SGWB en-
ergy spectrum of astrophysical and primordial BBHs using the
results of the model comparison by Franciolini et al. (2021) as
a working example. The relative contribution of each channel
is directly dictated by the comparison of the models with the
GWTC-2 data, and their total contribution normalised against
the BBH detection rate of 44 events, including GW190521."
This assumption is complementary to previous studies which
use phenomenological astrophysical models (e.g. Callister et al.
2020a; Zhao & Lu 2021) and arbitrarily fix the relative contribu-
tion of primordial to astrophysical BBHs (e.g. Chen et al. 2019;
Mukherjee & Silk 2021; Mukherjee et al. 2021). Moreover, our
analysis gives a further model constraint to model selection stud-
ies as the SGWB includes the rate contribution across all redshift
compared to current GW detectors horizons of z < 1 (Abbott
et al. 2020a). The results presented in this work are meant to
illustrate a methodology which can be applied to and extended
with future catalogs of BBH events, putting more stringent con-
straints on model selection studies. The best fit parameters of as-
trophysical and PBH models, with the corresponding branching
ratios, can change drastically with adjustments in the population
models or the formation channels considered. However, account-
ing for the measurement or upper limits on the SGWB provides
a new additional constraint on the validity of model selection re-
sults, which to our best knowledge is considered here for the first
time.

The paper is structured as follows. In Section 2 we present
the main assumption of each considered astrophysical and pri-
mordial BBH channel and explain how we estimate the SGWB

! Following Abbott et al. (2021c), Franciolini et al. (2021) discarded
from the GWTC-2 catalog the events with large false-alarm rates
(GW190426, GW190719, GW190909) and two events involving neu-
tron stars (GW170817, GW190425). Also, as the secondary mass (m, =~
2.6 M) of GW 190814 (Abbott et al. 2020b) would correspond to either
the lowest-mass astrophysical BH or to the highest-mass NS observed
to date, challenging current understanding of compact objects, it was
assumed that the secondary component of GW190814 is a neutron star
and this event was neglected. Notice, however, that its inclusion would
not affect our conclusions (Franciolini et al. 2021).
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energy density spectrum. Section 3 presents the SGWB energy
density spectrum of our models compared to current and planned
ground- and space-based GW observatories such as the Einstein
Telescope (ET) (Punturo et al. 2010) and the Laser Interferome-
ter Space Antenna (LISA) (Amaro-Seoane et al. 2017). Finally,
in Section 4 we discuss how our results depend on model uncer-
tainties and we quantify the effect of neglecting other prominent
channels. In Section 5 we summarise our findings.

2. Methods

We compute the SGWB energy density spectrum of merging
BBHs from astrophysical and primordial origins. For the astro-
physical channels we include isolated binary evolution evolving
through CE and SMT channels, and dynamical formation in GC.
We adopt BBH models of isolated binary evolution by Bavera
et al. (2021b), a GC model by Rodriguez et al. (2019) as released
by Zevin et al. (2021a) and a PBH model by Franciolini et al.
(2021). The key assumptions of all these models are summarised
in Appendix A. More precisely, as favoured by the model com-
parison with GWTC-2 data in Franciolini et al. (2021) (but also
see Zevin et al. 2021a), we use models with isolated BHs birth
spins of zero and for the CE channel the model with common
envelope efficiency acg = 5. Here, an acg value grater than 1
does not mean that other sources of energy partake in the CE
ejection, but more likely points to an inaccurate assumption of
core-envelope boundaries in the a@cg — A parametrization of CE
(see, e.g. Ivanova et al. 2013, for a review). The fact that enve-
lope stripping stops earlier than what currently assumed in pop-
ulation synthesis models has been suggested in multiple recent
studies (Fragos et al. 2019; Quast et al. 2019; Klencki et al. 2021;
Marchant et al. 2021). Finally, the combined and relative detec-
tion rate and, hence indirectly, the local merger rate density of
these channels are calibrated against the model selection com-
parison of Franciolini et al. (2021) with GWTC-2 events.

For a graphical visualisation of the intrinsic distributions
of the main BBH observables of all considered channels, in
Figure 1, we show the underlying distributions of chirp mass
M and effective spin parameter y. The intrinsic (underlying)
BBH distribution is what a GW detector with infinite sensitiv-
ity would observe on Earth. Here, the chirp mass is defined as
M = (mymy)?3 [ (my+my)'° where m; and m, are the BHAmasses
and the effective spin parameter y = (m;a; +m,a,)/M - L where
a; and a, are the BHs dimensionless spins and 1. is the orbital an-
gular momentum unit vector. The probability density functions
(PDFs) of astrophysical channels are constructed using kernel
density estimators (KDE) on the BBH discrete model results,
while for the PBH channel the PDFs are semi-analytically deter-
mined using Eq. (6).

In Figure 1, the maximum M of the isolated binary evolu-
tion channels CE and SMT is dictated by pulsational pair insta-
bility supernovae (e.g., Fowler & Hoyle 1964; Woosley 2017,
Marchant et al. 2019) while this is not the case for the GC chan-
nel since merger products can be retained in the cluster and
merge again. PBHs form from the collapse of large overdensi-
ties in the early universe and their mass is related to the mass
contained in the cosmological horizon at the time of collapse.
For this reason, PBHs can form in a much wider range of masses
compared to astrophysical BHs and can cover the mass gap (e.g.
De Luca et al. 2021a). Even though we assume astrophysical
BHs are born with zero spin in isolation, tidal interactions in the
later phase of close BH-Walf-Rayet systems can tidally spin up
second born BHs in the CE and SMT channels (e.g., Qin et al.
2018; Bavera et al. 2020). The spin of the resultant BH is mostly

aligned with the orbital angular momentum since BH natal kicks
are not typically strong enough to flip the orbits by more than
90° (e.g., Rodriguez et al. 2016; Callister et al. 2020b). Hence,
the minimum effective spin parameter of CE and SMT channels
is y =~ 0. In contrast, GC channel might lead to negative y given
the random dynamical assembly of the BBH systems. Since the
majority of these systems are the results of first-generation merg-
ers whose components do not proceed through tidal spinup, the
effective spin distribution peaks at y ~ 0. However, merger prod-
ucts retained in the cluster are imparted spin due to the angular
momentum of the inspiraling binary, and thus hierarchical merg-
ers lead to a symmetric distribution of y about zero. While PBHs
form with negligible spin in the standard scenario, efficient ac-
cretion can spin up PBHs along independent directions and lead
to large magnitudes for y symmetrically distributed around zero,
see more details in Appendix A.2.

The SGWB energy density spectrum, Qgw, for each model
as well as the GW detectors’ power-law-integrated sensitivity
curves are calculated as explained in the following Sections.

2.1. SGWB energy density spectrum

Under the cosmological assumption of the ACDM model, the
fractional energy density content of the Universe today is dom-
inated by matter Q,, ~ 0.307 and dark energy Q) = 1 — Q,,.
These energy density ratios are defined in terms of closure den-
sity pe = 3H§/ (87G) with a current Universe relative rate of ex-
pansion Hy = 67km/s/Mpc (Planck Collaboration et al. 2016).

In comparison, the energy density ratio of the SGWB, Qgw,
is small and often expressed as a spectrum, namely as a func-
tion of frequency. This is done in order to compare it with GW
detectors’ power-law-integrated sensitivity curves which are fre-
quency dependent. Here, we consider frequencies of current
ad future ground-based detectors such as LIGO, Virgo, KA-
GRA and ET, which are sensitive to the [1, 10°]Hz band, as
well as space-based detectors like LISA, which are sensitive to
[107#,0.1] Hz. In such bands, the spectral GW energy density is
dominated by merging BBHs (de Freitas Pacheco 2020; Périgois
et al. 2021a).

The SGWB spectral energy density ratio is defined as (e.g.
Zhu et al. 2011)
ey

Vobs
Qow(Vobs) = 30 - Fy(Vobs) »
CPe

where vops is the observed GW frequency related to the source
frame by v = vops(1 + 2), F, is the GW spectral energy density
and c the speed of light. Here, we can express

"Tmax dR
Srobs» Z)d_(Z) dz,
V4

Fy(vobs) = @

where dR/dz is the differential GW event rate given by each
BBH formation channel (see Sections 2.2 and 2.3 for astro-
physical and primordial models, respectively) and f, the en-
ergy flux per unit frequency emitted by a source at a luminos-
ity distance di(z) which is related to the comoving distance,
d.(z) = c¢/Hy foz E(Z) 'dz where E(z) = +Qu(1 +2)3 + Qa,
by the relation d.(z) = (1 + z) d.(z). Here, the integration limit
Zmax = 22 — ] is given by the maximal emitting GW frequency

Vobs

Veut- WE can express

e 1 1 dE
And?(z) Avobs  And2(z) 1 +2 dv

fv(Vobs’ Z) = P (3)

V=Vobs(1+2)
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Fig. 1. Gravitational-wave observables for the intrinsic distribution of merging BBHs in the Universe for different formation channels according
to the legends. (Left) We show the normalised chirp mass, M, distributions where we can see that the PBH and GC channels leads to more
massive BHs, whereas the maximum BH mass of CE and SMT channels is dictated by pulsational pair instability supernovae. (Right) We show
the normalised effective spin parameter, y, distributions where we see that only the CE channel generates a large ratio of positive y due to tidal
spin up, while both the GC and PBH channels lead to a symmetric distribution of y (allowing for negative values) because of isotropically oriented

spins in hierarchical mergers (GC) or uncorrelated spin growth (PBHs).

where we used the coordinate transformation dv/dveps = (1 + 2)
to change from the observer frame to source frame of ref-
erence. Here, dE/dv is the GW energy spectrum emitted by
the BBH system evaluated in the source frame. Assuming the
BBH systems are in quasi-circular orbits when they reach the
[107*,10°] Hz band, we approximate dE/dv using Eq. (B.1)
and the waveform approximations for non-precessing spinning
BBHs by Ajith et al. (2011), as explained in Appendix B. Ignor-
ing the precession of spins in the waveforms approximation will
not affect our results as the majority of spins in the considered
channels are small. In Figure 2 we show the GW energy spec-
trum dE/dv for BBH systems with varying component masses
and y.

2.2. Astrophysical binary black hole merger rates

For each astrophysical channel, we define w}"}‘kimic to be the con-

tribution of a binary k to the intrinsic GW event rate (cf. e.g.,
Bavera et al. 2020, 2021a,b).? This binary is described by com-
ponent masses m; , and m; x, and spin vectors a; ; and a, ;. Each
binary is placed at the cosmic time bin At; with its redshift of
formation z; at the center of the bin, and merges at redshift zy, ; x
for its corresponding metallicity bin AZ;. Here, the “intrinsic”
superscript indicates that we assume an infinite detector sensi-
tivity and thus detection probabilities of pger;x = 1, following
the notation of Eq. (D.4) in Bavera et al. (2021a). Therefore, the
BBH event rate observed on Earth for a detector with infinite
sensitivity is N = f Riz =3 ALAZ, w;nj‘rkm“c We can thus cal-
culate the SGWB energy density spectrum of Eq. (1), given any
arbitrary intrinsic event rate normalisation N’, as

Vobs ~ intrinsic
Qawobs) = 5N D" filVabs Zmin) W, @)
,0 ¢ AGLAZik
~intrinsic  _ mtrmsu: mtrinsic : :
where W L= Wy | Zar AZK Wi g 19 the normalized

cosmological weight. The normallsatlon constants N’ are given
by the model selection result of Franciolini et al. (2021). For

2 For the GC model (Rodriguez et al. 2019) we take the weights as
released by Zevin et al. (2021a) where we divide out the coefficient

1+z)™! ddv; . and multiplied each weight by AV,(z;) to obtain w‘""k'“s‘C
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each considered astrophysical channel we have a median in-
trinsic event rate value for the Universe observed on Earth of
N{g = 167294 yr™!, Ngyypr = 905.1yr ! and Ny = 779.6yr™!,
respectively.

Similar to the BBH event rates, we can calculate the BBH
rate density by dividing the normalised cosmological weight
contribution of the binary k by the integrated differential comov-
ing volume over Az; corresponding to the comic time bin Az, i.e.

N

AZjk

R(Z) — ~1ntr1nslc/AV (Zz) [Gpcisyril] ,

l]k

(&)

where AV (z;) = ‘;,LOC df(z)/(E(z)(l + 7)) dz as in Eq. (D.2) of

Bavera et al. (2021a).

Az;

2.3. Primordial binary black hole merger rate

For the computation of the rate density of binaries in the primor-
dial model, we closely follow the parametrisation of the merger
rate as in Franciolini et al. (2021) and Refs. therein. We refer
the reader to App. A.2 for more details on the predictions of the
PBH scenario.

Depending on the initial abundance fpgy and mass function
W(m), one can estimate the probability of forming binaries in the
early Universe due to PBHs decoupling from the Hubble flow.
The initial distribution of orbital parameters is defined by the
spatial distribution of the surrounding population of PBHs, as
well as density perturbations adding an initial torque to the bi-
nary system (see e.g. Ali-Haimoud et al. (2017)). Then, one can
compute the differential PBH merger rate density as a function
of masses using (De Luca et al. 2020a)

-¥ o iNE
t\ (M) -
fPBHn ‘7(Z1 (%) (Fo)
9/37
M (Zcut—oﬁ)) /

M(zi)
N(Zcut-off) a 12 (eut-off { M(¢) 0
(5t) els T ) o
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dmi1 dmi2
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Fig. 2. Gravitational-wave energy spectrum, dE/dv, as a function of fre-
quency. (Top) We show the energy spectrum for different non-spinning
equal mass BBHs according to the legend. The more massive the BBH
systems is, the more energetic the GW signals and the smaller the
merger frequencies. More precisely, the GW energy spectrum scales
as dE/dv o« vTBMB for v < Viewer and dE/dv o« VM3 for
V < Viingdown (cf. Eq. B.1), while Viperger & M1 where M = m + my
is the total mass (cf. Eq. B.4). (Bottom) We show the energy spectrum
for a BBH system composed of two BHs of mass 10 M, and different
effective spins according to the legend. Larger y values lead to more
energetic GW signals as dE/dv o v (1 + O(y)) for v < Viperger and
dE/dv o« v*? (1 + O(x)) for v < Vsingdown (cf. Eq. B.1).

where M = my + mp, u = mymy/M, n = u/M, t is the cos-
mic time and f; is the current age of the Universe. Integrating
Eq. (6) in both masses provides the PBH merger rate density
as a function of redshift which we adopt in the following. This
formula also accounts for the corrective factors introducing the
evolution of PBH masses from the initial redshift z; (i generally
indicates high-z quantities before PBH accretion took place) to
the cut-off redshift z.yof and the shrinking of the binary semi-
major axis due to accretion (De Luca et al. 2020a). This effect
drives the binary evolution up to zcytoff, after which the binary
evolves through the energy loss induced by GW emission (Peters
& Mathews 1963). The suppression factor S (Mo, fpau, ¥) =
S'1 X 8, accounts for both the effect of surrounding DM matter
inhomogeneities (not in the form of PBHs) and the disruption
of binaries due to interactions with neighbouring PBHs (Raidal

et al. 2019; Vaskonen & Veermie 2020; Young & Hamers 2020;
Jedamzik 2021, 2020; De Luca et al. 2020; Tkachev et al. 2020;
Hiitsi et al. 2021). In particular, the second piece S, specifically
includes the effect of disruption of PBH binaries in early sub-
structures formed throughout the history of the universe.> The
two pieces read (Hiitsi et al. 2021)

) ) 5 \-21/74
oI N

N +C  fipy
$2(x) » min|1,9.6 - 107x% exp (0.03In” x)|

S1(M, fegu, ¥) = 1.42(

N

with x = fpeu(#(2)/10)** and the number of neighbouring PBHs
being N = M/{m) X fpgu/(freu + oM). The constant C appear-
ing in Eq. (7) is defined in Eq. (A.5) of Hiitsi et al. (2021). Notice
that, for fpgy < 0.003, one always finds S, ~ 1, i.e. the suppres-
sion of the merger rate due to disruption inside PBH clusters is
negligible. This is supported by the results obtained through a
cosmological N-body simulation finding that PBHs are essen-
tially isolated for a small enough values of the abundance (In-
man & Ali-Haimoud 2019). Therefore, for the small values of
fpeu adopted in our analysis following Franciolini et al. (2021),
the clustering of PBHs does not play a significant role (Inman &
Ali-Haimoud 2019; Vaskonen & Veermie 2020; De Luca et al.
2020).

In order to compute the SGWB energy density Qgw(Vobs)
emitted by the PBH population, we calculate the differential
merger rate as a function of redshift as

drR _ f 1 dVe(z) d*Resn dmidm
dz 1+z dz dmidm, 1=

and feed this information in Egs. (1) and (2). Finally, the en-
ergy spectrum dE/dv is computed by integrating over the dis-
tribution of PBH binary masses as implied by Eq. (6). Also in
this case, consistently with the previous section, the PBH model
hyper-parameters (i.e. [M,, o] determining the PBH mass distri-
bution, the abundance fpgy and zqyeof characterising PBH ac-
cretion, see more details in App. A.2), are assumed to be given
by the population inference result of Franciolini et al. (2021). In
particular, we adopt M, = 34.54M, o = 0.41, fpgy = 107364
and zeyroff = 23.90, such that the PBH channel is compatible
with explaining around (1 — 21)% of the detectable events in the
01/02/03a run of LVC, and given the associated astrophysical
models considered, the mass gap event GW190521.

®

2.4. Power-law-integrated sensitivity curves

The power-law-integrated (PI) sensitivity curve of a given de-
tector (see Thrane & Romano 2013) can be computed once the
noise spectral density and the averaged overlap functions are
known following the procedure detailed in Appendix C. For the
extended LVC network, we assume instrumental noise in differ-
ent detectors to be uncorrelated. For triangular detectors we take
into account the fact that the three nested inteferometers have
correlated noise. All PI sensitivity curves are computed using
the public code schNell (Alonso et al. 2020). We choose a (op-
timistic) SNR threshold of p = 2 to claim a detection, as com-
monly done in the literature on the subject (see e.g., Périgois
et al. 2021a). Notice that the PI sensitivity curves scale linearly
with p, see Eq. (C.8).

3 Recent numerical results on PBH clustering confirm the suppression
factors we adopt taking into account that the ratio of PBH binaries not
entering in clusters is sizeable (Jedamzik 2021).
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Fig. 3. Binary black hole rate density evolution normalised to the model selection results of Franciolini et al. (2021) compared to the local merger
rate density inferred from GWTC-2 events assuming a power-law evolution of the merger rate with redshift. We show, in black, the contribution
of all channels with relative Poisson error, in gray, computed on the detection rate of the 44 confident BBH events in the O1/02/O3a observing
runs. The model prediction can be directly compared to the local rate constrained by GWTC-2 displayed in blue. With different colors we show
the contribution of each channel: common envelope (CE), stable mass transfer (SMT), globular cluster (GC) and primordial black holes (PBH).
For comparison, we show the assumed SFR for isolated BBHs which the CE and SMT channels follow, in dashed gray.

The current official model for the power spectral density of
the LISA noise (for both auto and cross-correlations) is based
on the Payload Description Document, and is referenced in the
LISA Strain Curves document LISA-LCST- SGS-TN-001.*

For ET one might argue that any estimate of correlated noise
is quite arbitrary at the moment. We assume that the noise in ET
is 20% correlated between detectors with an arm in common.
This means that magnetic noise lies about a factor 2 in ampli-
tude below other instrument noise. This is a robust assumption at
lowest frequencies (< 20Hz). At higher frequencies, if one con-
siders subtraction of magnetic noise, the correlation is expected
to be substantially less than 20%. It is difficult to predict how
much one can remove magnetic noise from data with subtrac-
tion, but it could even be by another factor 10 in amplitude. A
level of correlation of 20% is therefore quite conservative. As the
site for ET has not yet been chosen, we arbitrarily choose a lo-
cation in Sardinia, close to one of the surveyed sites (see Alonso
et al. (2020) for the specific coordinates and orientation angle of
the triangular network). We use the sensitivity curve of the in-
strument in the so-called D-configuration (Hild et al. 2011). The
resulting PI sensitivity curve is in quantitative agreement with
the one of Maggiore et al. (2020).

3. Results

We compute the SGWB of astrophysical and primordial BBHs
models given the relative event rate contribution determined by

* We stress that some care has to be taken when comparing different PI
sensitivity curves in the literature, as different references assume differ-
ent arm length for LISA, different observation times and different SNR
threshold p, see e.g. Petiteau (2015) for an overview. We consider the
official configuration with 2.5 Gm arms and 4 yr of activity. Our results
for the PI agree with Fig. 11 of Babak et al. (2021).
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the model selection comparison against GWTC-2 events of Fran-
ciolini et al. (2021). For each channel, in Figure 3, we show the
BBH merger rate density as a function of redshift as well as their
combination. Given our event rate normalisation against the ob-
served 44 events of GWCT-2, the modelled combined local rate
density is consistent with the LVC redshift-dependent estimation
at 19.3'3! Gpe~?yr~! (Abbott et al. 2021c)’. For comparison, in
Figure 3, we also plot the assumed SFR density of the Universe.
The rate density redshift evolution of the CE and SMT chan-
nels follow the SFR density. The GC BBH rate density does
not mimic the star formation history of the host galaxies, in-
stead peaking at z € [2,3] (see e.g., Rodriguez & Loeb 2018).
In contrast to the astrophysical channels, primordial BBHs have
a monotonically increasing merger rate density with redshift
as (Ali-Haimoud et al. 2017; Raidal et al. 2019; De Luca et al.
2020a)

1(2)
t(z=0)

-34/37
) ; )

Repu(z) = (

extending up to redshifts z = O(10%). Notice that the evolution of
the merger rate with time shown in Eq. (9) is entirely determined
by the binary formation mechanism (i.e. how pairs of PBHs de-
couple from the Hubble flow) before the matter-radiation equal-
ity era. Eq. (9) is, therefore, a robust prediction of the PBH model
assuming the standard formation scenario where PBHs are gen-
erated with an initial spatial Poisson distribution. In our case,
given the local normalisation we assume, the PBH contribution
grows to overcome the rate density of the astrophysical channels
at high redshift (z > 9.5). In contrast, the BBH merger rate den-
sity at low redshifts is dominated by the CE and SMT channels
up to z = 2 where the PBH and GC dominate over SMT. The

5> Notice that the new GWTC-3 rate estimate 17.3 — 45 Gpc>yr~' at
z = 0.2 is consistent with the GWTC-2 estimate (Abbott et al. 2021f).



Bavera et al.: Constraining model selection of astrophysical and primordial BBHs with the SGWB

SMT channel shows a stronger rate suppression over redshift
compared to the CE channel as their delay times, i.e. the time
between binary formation and BBH merger, are much longer.
This occurs because the second MT episode is not as efficient
as the CE phase to shrink the BH-Wolf-Rayet binary systems
progenitors of the BBHs (Bavera et al. 2021b).

The SGWB energy density spectrum of astrophysical and
primordial BBH channels is shown in Figure 4. We find that,
even though the BBH merger rate density is dominated by the CE
channel up to redshifts z =~ 9.5, Qgw is dominated by the PBH
channel in the frequency range v € [1074,400] Hz. The dom-
inance of the PBH channel over astrophysical channels is ex-
plained by two factors. First, contrary to the astrophysical chan-
nels, the merger rate density of primordial BBHs is a monotonic
increasing function (see Figure 3) peaking at high redshifts of
z 2 9.5. Second, given the model inference results of Franci-
olini et al. (2021), primordial BBHs are more massive than those
produced by the astrophysical channels (see Figure 1) whose co-
alescence will lead to more energetic GW signals (see Figure 2).
The combinations of these two factors leads to the dominance
of the PBH channel in the SGWB since Qgw accounts for the
integration over all redshifts. Furthermore, we find that the as-
trophysical channels dominate Qgw at v € [400, 1100] Hz. The
suppression of Qgw at higher frequencies is explained by the fact
that the astrophysical channels can produce less massive BBHs
compared to our fiducial PBH model (see Figure 1). Given that
the inspiral and merger frequency scales as Vierger M (cf.
Eq. B.4, but also see Figure 2) the astrophysical channels con-
tribute to Qgw above the PBH channel frequency turning point.

Our model predicts® Qgw(v = 25Hz) = 1'11t8i(1)g x 10710,
roughly ten times smaller than the current observational upper
limits by the LVC of Qgw(v = 25Hz) < 1.04 x 10~ (Abbott
et al. 2021f). Notice that this is not a trivial result generated
by our normalisation assumption but rather a new constraint to
model selection since these SGWB estimates include the integra-
tion over all redshifts whereas the constraints from GW events
only probe the models up to the detectors horizons (z < 1). Fur-
ther, we can predict whether our BBH SGWB estimate will be
detected by future GW observing runs. To this end, in Figure 4,
we show the PI sensitivity curves for the ground base detectors
LIGO-Virgo (HLV), LIGO-Virgo-KAGRA (HLVK) with auto-
correlations and ET accounting for 2 yr of integrated data col-
lection at their design sensitivities as well as the space-based
detector LISA for the nominal 4 yr mission. Given our model as-
sumptions, we find that the SGWB of merging BBH lies below
the current generation of GW detectors. However, we find that
LISA and the third-generation (3G) GW detectors such as ET
will be able to detect the BBH SGWB.

4. Discussion

Compared to the analysis of Zevin et al. (2021a), in Franciolini
et al. (2021) the CHE channel was excluded, while the inclusion
of the NSC channel was not found to lead to a larger Bayesian
evidence, still reaching similar conclusions regarding the rela-
tive contributions of CE, SMT and GC channels. This is due to
the CHE and NSC models contributing < 8% and < 13%, re-
spectively, to the underlying merging BBH distribution in Zevin
et al. (2021a) at 95% credibility. More precisely, the CHE chan-
nel mostly leads to highly spinning and massive BHs which are
favoured due to GW detector selection effects and a smaller con-

5 We report the value of Qgw at v = 25Hz where the current LVC
sensitivity has its maximum, see Figure 4.

tribution to the underlying BBH distribution is required to ex-
plain the events in GWTC-2. A similar argument can be made
for the NSC channel where in contrast to CHE channel BH spins
are smaller. Given the small predicted contribution of these two
channels to the intrinsic merger rate distribution we expect a sub-
dominant contribution to Qgw, much smaller than the GC con-
tribution in Figure 4, and hence, will not affect our results.

Our analysis neglected the contribution from the population
of non-merging binaries, which previous studies on isolated bi-
nary evolution (Périgois et al. 2021a) have found to be negligible
compared to the merging population in the frequency bands we
consider. Furthermore, we also did not include eccentric correc-
tions to the GW energy spectrum and assumed that the BBHs
will reach the LISA or ground based detector sensitive frequen-
cies with quasi-circular orbits. Périgois et al. (2021a,b) showed
that this is the case for isolated binary evolution, while a num-
ber of semi-analytic and numerical studies (Breivik et al. 2016;
Samsing & Ramirez-Ruiz 2017; Rodriguez et al. 2018; Samsing
& D’Orazio 2018; Zevin et al. 2019, 2021b) have shown that for
dynamically formed systems a sizable fraction of the BBH pop-
ulation can retain appreciable eccentricity when they enter the
LIGO or LISA bands. However, since the GC channel shows a
subdominant contribution to the total Qgw at one part in 20 at
v = 3mHz, any boost to the GW background from this channel
will not change our conclusion significantly.

In this work we presented our SGWB analysis as an ad-
ditional constraint to multi-channel Bayesian model selection
where Qgw is computed a posteriori to be much smaller than the
observational constraint. Alternatively, if we had a more strin-
gent constraint to Qgw, one could include the SGWB constraint
in the inference of such model selection frameworks, providing
the analysis with a direct discriminatory power to models over-
predicting Qgw. Because in our analysis the SGWB is found to
be much smaller than the LVC observational constraint, the re-
sult of our model selection would remain the same. On a similar
end, given a phenomenological model, Callister et al. (2020a) re-
cently used the SGWB and informations about individually re-
solvable events from O1 and O2 to place joint constraints on
the BBH merger rate density peak and slope for low redshifts.
Notice that the two analysis are complementary as the one pre-
sented here simultaneously constrains the potential contribution
of each channel to the total BBH merger rate density while Cal-
lister et al. (2020a) puts a direct constraints on the overall joint
merger rate density.

A future detection of the SGWB would also possibly help
in distinguishing between astrophysical and primordial chan-
nels through the SGWB anisotropies (Wang & Kohri 2021). An-
other example for distinguishing between channels is that in the
case the GC channel dominates the SGWB, one would expect
to be able to identify a cusp in Qgw in LISA frequency band
(D’Orazio & Samsing 2018). Other possible ways to discrimi-
nate among different channels is the measurement of the merger
bias at 3G detectors through the study of the cross-correlation
with the large scale structure (Cusin et al. 2017, 2018; Scelfo
et al. 2018; Mukherjee & Silk 2020a,b; Calore et al. 2020; Yang
et al. 2021), the study of the time evolution of the high redshift
merger rates (De Luca et al. 2021b; Ng et al. 2021), and the
reconstruction of the spectral shape pre-merger via small band
searches.

5. Conclusions

With the aim of further constraining multi-channel BBH
Bayesian model selection, as a working example in this work,
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Fig. 4. Stochastic gravitational-wave background energy density spectrum of merging astrophysical and primordial BBHs (solid lines). The fiducial
model assumes combined BBH event rate normalized against the 44 confident BBH detections of GWTC-2 and branching ratios of each channel
inferred by the model selection analysis of Franciolini et al. (2021). We show with individual lines the partial contribution of each channel: common
envelope (orange), stable mass transfer (green), globular cluster (pink) and primordial black holes (blue). The total SGWB is indicated in black
where the gray band indicates the Poisson error. The upper constraint to the SGWB from GWTC-3 is indicated with a blue bar marker and an arrow.
For comparison, we indicate with dashed lines the PI sensitivity curves of different detectors for corresponding continuous observation time. The
detector configurations include LIGO-Virgo at design sensitivity (HLV), the same configuration including KAGRA with auto-correlations (HLVK
auto-corr.), Einstein Telescope (ET) and the Laser Interferometer Space Array (LISA).

we computed the SGWB of an astrophysical and primordial
BBH population resulting from a model selection comparison
with GWTC-2. Because our study did not include all potentially
prominent channels leading to merging BBHs or span all model
uncertainties (cf. Section 1), the results of the analysis need to
be carefully interpreted. Rather than being a definitive answer
to which channel dominates the SGWB, our analysis is intended
to provide a complementary tool to model selection that can be
used to further constrain the contribution of particular forma-
tion channels. In principle, it provides an additional constraint to
model selection as the SGWB probes the theoretical prediction
over all redshifts. This is in contrast to model selection analyses
that focus on the resolved population, which have discriminating
power only up to the GW detector horizons, currently at z < 1
for LIGO-Virgo. Our methodology can therefore be extended to
all future model selection studies aiming to unravel the origin
of merging BBHs independently from which channel dominates
the BBH merger rate density.

To mitigate the large model uncertainties on the merger rate
density estimation of each channel which directly correlate to
Qgw, we have normalized the event rate to the 44 confident
detections of GWTC-2 and the relative contribution of each
channel to the branching ratio results in the model selection
analysis of Franciolini et al. (2021). We predict a SGWB of
Qew(v = 25Hz) = 1.11*31% x 1070 which lies below the cur-
rent observational upper limits published by the LVC. Moreover,
we find that such background will be accessible only to 3G GW
observatories such as ET and the space-based detector LISA.
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Finally, with 3G Earth-based detectors, a catalogue of indi-
vidual events and background mapping provide complementary
information on the underlying source population. Combining the
two approaches can be useful to gain information on a high red-
shift population of sources which cannot be detected and studied
individually, even with large-horizon instruments.
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Appendix A: Binary black hole models
Appendix A.1: Astrophysical BBH models
Appendix A.1.1: Isolated binary evolution models

We consider the SMT and CE channels for the formation of
merging BBH through isolated binary evolution. In both cases
a typical binary evolves first through a stable MT episode which
is caused by the primary star evolving faster and expanding first
to overfill the Roche-lobe when the star leaves the main sequence
to become a red supergiant. Stripped from its envelope, the pri-
mary eventually collapse to form a BH. Similarly, when the com-
panion star leaves its main sequence, the secondary will expand
to overfill the Roche-lobe leading to the second mass transfer
episode which can be either be stable (SMT channel) or unstable
(CE channel). The latter case leads to a CE phase where the en-
velope of the secondary engulf the BH companion. If the binary
survives the MT episode, namely it avoids merging, a BH-Wolf-
Rayet systems is formed. Compared to the SMT channel, the
CE channel leads to smaller orbital separations post MT (Bavera
et al. 2021b). For BH-Wolf-Rayet orbital periods smaller than 1
day tidal interactions from the BH onto the companion can lead
to the spin-up of the Wolf-Rayet star which subsequently leads
to the formation of a highly spinning second-born BH (Qin et al.
2018; Bavera et al. 2020, 2021b,¢).

In this work we adopt the CE and SMT models of Bav-
era et al. (2021b) which used POSYDON’ (Fragos et al. 2021,
in prep.) to combine the rapid parametric population synthesis
code COSMIC (Breivik et al. 2020) with detailed MESA (Paxton
et al. 2011, 2013, 2015, 2018, 2019) binary evolution simula-
tions. COSMIC was used to rapidly evolve binaries from zero-
age main sequence to post second MT while MESA to target the
BH-Wolf-Rayet evolutionary phase leading to the tidal spin-up
of the secondary. The spin of the first-born BH is assumed to
be zero, a direct consequence of the assumed efficient angular
transport (Fragos & McClintock 2015; Qin et al. 2018; Fuller
& Ma 2019) which finds support in asteroseismic measurements
(Kurtz et al. 2014; Deheuvels et al. 2015; Gehan et al. 2018), ob-
servations of white dwarfs spins (Berger et al. 2005) and recent
gravitational-wave observations (Zevin et al. 2021a). Moreover
we assume Eddington-limited accretion efficiency onto compact
objects, which leads to negligible mass accretion onto the first-
born BH and prevent any mass-accretion spin-up in the SMT
channel (Thorne 1974). For a detailed description of all the
model parameters we point the reader to Bavera et al. (2021b).

Appendix A.1.2: Dynamical formation models in GC

In addition to isolated evolution channels, we also consider the
astrophysical formation channel of BBH mergers that are synthe-
sized in dense stellar environments. In particular, we use the set
of globular cluster models from Rodriguez et al. (2019), which
are simulated using the Henon-style cluster Monte Carlo code
CMC (Hénon 1971a,b; Joshi et al. 2000; Pattabiraman et al. 2013).
These cluster models span a range of initial masses, half-mass
radii and metallicities and show present-day consistency with
observational properties of globular clusters in the Milky Way
and nearby galaxies. We use the models from Rodriguez et al.
(2019) in which black holes are born with near-zero spin, as
spin has only a minor effect on the GW energy spectrum and
this model is preferred by the data (Zevin et al. 2021a; Franci-
olini et al. 2021). Cluster formation, and therefore the redshift

7 https://posydon.org

distribution of mergers, follow the prescriptions in Rodriguez &
Loeb (2018), and the cluster population is weighted based on the
metallicity distribution of Milky Way globular clusters.

Appendix A.2: Primordial BBH model

The formation of PBHs occurs from the collapse of large over-
densities in the primordial Universe (see Green & Kavanagh
2021, for a recent review). The formation of a PBH of mass
m takes place deep in the radiation-dominated era at a typical
redshift z; ~ 2 - 10" (m/My)~"/?. The distribution of masses is
determined by the characteristic size and statistical properties of
the density perturbations, corresponding to curvature perturba-
tions generated during the inflationary epoch. As typically done
in the literature, we assume a model-independent parametriza-
tion of the mass function at formation redshift z; of the form

2
exp (_log (m/MC)),

202

Y(m, zi) = (A.D)

1
V2rom

in terms of its width o~ and reference mass scale M, (not to be
confused with the chirp mass denoted here with M). This mass
function describes a PBH population resulting from a symmetric
peak in the curvature spectrum and recovers a wide variety of
models (Dolgov & Silk 1993; Green 2016; Carr et al. 2017).8

As extreme perturbations tend to have nearly-spherical
shape (Bardeen et al. 1986) and the collapse takes place in a
radiation-dominated Universe, the initial adimensional Kerr pa-
rameter a is expected to be below the percent level (De Luca
et al. 2019; Mirbabayi et al. 2020). However, a non-zero spin
can be acquired by PBHs forming binaries through an efficient
phase of accretion (De Luca et al. 2020a,b) prior the reionization
epoch. Therefore, a defining characteristics of the PBH model
is the expected correlation between large values of binary to-
tal masses and large values of spins of their PBH constituents.
Also, the spin directions of PBHs in binaries are independent
and they randomly distribute on the sphere. PBH accretion is
still affected by large uncertainties, in particular coming from
the impact of feedback effects (Ricotti 2007; Ali-Haimoud et al.
2017), structure formation (Hasinger 2020; Hiitsi et al. 2019) and
early X-ray pre-heating (Oh & Haiman 2003). Therefore, an ad-
ditional hyper-parameter, the cut-off redshift zyof € [10, 30],
was introduced by De Luca et al. (2020b) accounting for this
accretion model uncertainties. For each value of z.y.of there
exists a one-to-one correspondence between the initial and fi-
nal masses which can be computed according to the accretion
model described in details in Refs. (Ricotti 2007; Ricotti et al.
2008; De Luca et al. 2020a,b). We highlight, for clarity, that a
lower cut-off is associated to stronger accretion and vice-versa.
Values above zqyi.of = 30 correspond to negligible accretion in
the mass range of interest for the LVC observations.

In the absence of primordial non-Gaussianities, the PBH lo-
cations in space at the formation epoch follow a Poisson distri-
bution (Ali-Haimoud 2018; Desjacques & Riotto 2018; Balles-
teros et al. 2018; Moradinezhad Dizgah et al. 2019). This feature,
describing the spatial distribution of PBHs at formation in the
stadard scenario, is used to compute the properties of the popula-
tion of PBH binaries formed at high redshift and contributing to
the merger rate described in Sec. 2.3. Notice, finally, that that the
dominant PBH merger rate comes from PBH binaries assembled

8 In the literature, other PBH mass functions were also considered (e. g.
Kiihnel & Freese 2017; Bellomo et al. 2018; Hall et al. 2020; Gow
et al. 2020). In this work, we follow Franciolini et al. (2021) and adopt
Eq. (A.1).
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via gravitational decoupling from the Hubble flow before matter-
radiation equality (Nakamura et al. 1997; Ioka et al. 1998) and,
as shown for example in Ali-Haimoud et al. (2017), the merger
rate of binaries formed through dynamical capture in the present
day halos is subdominant and, therefore, neglected in our com-
putations.

Appendix B: Gravitational-wave energy spectrum

We approximate the gravitational-wave energy spectrum, %, of
a coalescing BBH using the phenomenological templates mod-
els of Ajith et al. (2011) which are obtained using frequency do-
main matching of post-Newtonian inspiral waveforms with co-
alescence waveforms from numerical simulations. These mod-
els approximate the inspiral, merger and ringdown waveforms in
the frequency Fourier space domain, v, for BBHs with compo-
nent masses, m; and my, and non-precessing spins, a; and a,.
Assuming circular orbits, we have (Zhu et al. 2011)

—1/3 £2
v / fl V < Vmerger

dE _ (Gr)*P M

E 3 w1V2/3f22 Vmerger <V < Vringdown (B.1)
w2f32 Vringdown < V < Veut
where in the above expression
fi= AM g, x) =1 +a2v? + azv’?,
f= M) =1+ + &7,
v
HL=Efo, Vringdown M, x) = . 2> (B.2)
2(V=Vringdown)
1+ (—(Tg )
with v/ = (*MGv/c*)'/? and
323 N 451
2= 7504 " 168"
27 11
az=|— - — ,
3 3 6 nx
g1 = 1.4547y — 1.8897,
& = —1.8153y + 1.6557. (B.3)

Here, the merge, ringdown and cut frequencies, as well as o, are
approximated by

3

__¢ _ 0217 1026
Vmerger - M (1 4455(1 /\/) + 3521(1 /\/) + ﬂmerger) >

3

Vringdown = 71';4_G ((1 - 063(1 _X)O.B) /2 + /lringdown) )

3
__¢ 2
Ve = — (0.3236 + 0.04894y + 0.01346x” + frcut)

3

_ _ N03Y 1 N045
o= — = ((1-063(1 = 0*) (1 =0 /4 + ).
(B.4)
where ,u,fj ) with k € [merger, ringdown, cut, o] are computed as
3 min(3-i,2) .
me= = > Wi, (B.5)
i=1  j=0

with y; coefficents given in Table 1 of Ajith et al. (2011). Finally,
w; and w, are normalisation constants that guarantee continuity
at Vinerger AN Vyingdown, Tespectively,

w) = Vr_nlergerflz(vmergera M, an)/fzz(Vmerger, M7 777X) 5

—4/3

Wy = Wi Vringdownfzz(vringdowm M, 777)() . (B.6)
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Appendix C: Power-law-integrated sensitivity curve

Let us assume to have a network of N detectors. The antenna
pattern for a detector pair AB is given by

—i2mvn-byp

AapM,v) = yapm) e (C.1)

These functions are already defined in schNell (Alonso et al.
2020) for different detector classes. We define the average an-
tenna patter function, often referred to in the literature as average
overlap function (i.e. the exponential factor in Eq. (C.1) is often
included in the definition of y4p) as

Asp(v,n
yaa) = [ TR,
TT

We start from the effective noise power spectral density. In full
generality this is given by

(C.2)

-12
Sefr = I D N PN P )| (C3)
ABCD
for the case of uncorrelated detectors
_ 1
N = F (C4)

where N is the noise power spectral density (PSD). In this case
Eq. (C.3) simplifies to

¢ o N N o
eﬁ—;zw

=1 B>A

-1/2
(C.5)

However, for triangular detectors such as LISA and ET one
needs to know both the noise variance (auto-correlation) NV”,
and the cross-detector covariance N&z. We convert Eq. (C.3) to
energy density units using

3H; Qen(v)
2712 v
For a set of power low indices 8, we compute the value of the

amplitude Qg such that the integrated signal to noise ratio p has
some fixed value, here we assume p = 2. This is given by

-1/2
Qp = P [fvmx (V/Vref)zﬁ} / d
B = 5 v
V2T | v 25 (0)
Note that the choice of v is arbitrary and will not affect the
sensitivity curve. For each pair of values (8,€3), we compute

Qcw = Q(v/ Viet)®. The envelope is the power low integrated
sensitivity curve. Formally it is given by

Se(v) = (C.6)

(C.7

B
QPI(V) = maxg [Qﬁ (L) :| . (CS)

Vref
Any line (on a log-log plot) that is tangent to the power-law
integrated sensitivity curve corresponds to a gravitational-wave
background power-law spectrum with an integrated signal-to-
noise ratio p = 2. This implies that if the curve for a predicted
background lies everywhere below the sensitivity curve, then
p < 2 for such a background.



3.2. STOCHASTIC GRAVITATIONAL-WAVE BACKGROUND AS A TOOL TO INVESTIGATE
MULTI-CHANNEL ASTROPHYSICAL AND PRIMORDIAL BLACK-HOLE MERGERS

3.2.3 Impact on the current field of research

The fiducial model of astrophysical and primordial BHs presented in Bavera et al. (2022c¢) predicts a
SGWB spectral energy density ratio of Qqw (v = 25Hz) < 1.3 x 10719, which lies below the optimistic
upper limits of the LVK detectors at design sensitivity. Hence, given our model, the SGWB of merging
BBHs will only be accessible by the third-generation of ground-based GW detectors such as the Einstein
Telescope (Punturo et al. 2010) and the Cosmic Explorer (Reitze et al. 2019) and, in the future, also by
the space-based detector LISA (Amaro-Seoane et al. 2017).

Recently, Périgois et al. (2021b) studied the SGWB of coalescing double compact objects formed
from both isolated binary evolution and dynamical formation channels. For merging BBHs, Périgois
et al. (2021b)’s model predictions corroborate Bavera et al. (2022¢) results that the SGWB will only
be accessible by the next generation of GW detectors. Périgois et al. (2021b) also modeled the SGWB
contribution of coalescing BH-NS and NS-NS systems in the [107°,103| Hz frequency regime. When
considering the contribution of all coalescing double compact objects and model uncertainties, the authors
find that the combined SGWB might be detectable after 8 yr of data collection by the LIGO-Virgo GW

detectors.

As previously discussed, the SGWB is a powerful tool that can be used to constrain BBH formation
at high redshifts. Formation channels other than primordial BHs are predicted to have abundant merger
rates at large redshifts (z 2 10), such as population III stars (see §1.3.4). Both Callister et al. (2020)
and Atal et al. (2022) discussed how current upper limits on the estimates of the SGWB by the LVK
Collaboration put constraints on a phenomenological model for the merger rate up to redshifts higher than
the current detector horizon of LVK detectors at z < 1. This different approach does not rely on model
selection analysis, and puts direct constraints on the total intrinsic redshift evolution on the BBH merger
rate density redshift evolution. The two different methodologies are complementary, while the Bavera
et al. (2022¢) approach has the advantage of simultaneously constraining the potential contribution of
each channel to the total BBH merger rate density.

Finally, we note that the power-law-integrated sensitivity curves for the Einstein Telescope and LISA
detectors presented in Bavera et al. (2022c), computed with the schNell code (Alonso et al. 2020),
and used to compare the model predictions with GW detectors sensitivities, have been adopted in other
publications as a reference (e.g., Balaji et al. 2022). We explicitly point out that, because both detectors
are yet to be built, care must be taken when comparing different power-law-integrated sensitivity curves in
the literature, as different references assume different detector configurations. Our derived future power-
law-integrated sensitivity curves agree with Babak et al. (2021) for LISA and Maggiore et al. (2020) for

the Finstein Telescope.
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3.3 The Y. — z correlation of field binary black hole mergers

and how 3G gravitational-wave detectors can constrain it

3.3.1 A brief introduction

The growing GW source catalog by the LVK Collaboration allows for ever-increasingly precise char-
acterization of the population properties of merging BBHs as well as their correlations (see §1.4.4). Such
correlations might be imprinted via evolutionary processes within a single formation pathway or can be
caused by the presence of multiple populations arising from distinct formation channels. In this research
project, we presented the theoretical existence of a correlation between BH effective spins and BBH
merger redshifts for coalescing BHs formed through isolated binary evolution in galactic fields. Similarly
to the work presented in Section 3.1, we consider the formation of merging BBHs through the CE, SMT,
and CHE evolutionary channels using the updated model of Bavera et al. (2022b, see §4.1). In contrast
to the models used in Zevin et al. (2021a), the new variation adopts an improved assumption of the
metallicity-dependent star formation history based on the Illustris TNG simulation (Nelson et al. 2015),
and excludes initial initial binary configurations which overfill the Roche-lobe at zero-age main sequence
from the BBH merger rate normalisation. Both assumptions aim to further improve our estimates of the
relative BBH merger rates of the different channels. For a more detailed discussion of the new assump-
tions, we point to the discussions in Appendix D of Bavera et al. (2022b) and Section 4.1 of Bavera et al.

(2021a), respectively.

3.3.2 Manuscript

The conducted study Bavera et al. (2022a) was accepted for publication in Astronomy € Astrophysics

in June 2022. The arXiv open-access version of the manuscript is presented in the following pages.
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ABSTRACT

Understanding the origin of merging binary black holes is currently one of the most pressing quests in astrophysics. We show that
if isolated binary evolution dominates the formation mechanism of merging binary black holes, one should expect a correlation
between the effective spin parameter, y.q, and the redshift of the merger, z, of binary black holes. This correlation comes from tidal
spin-up systems preferentially forming and merging at higher redshifts due to the combination of weaker orbital expansion from low
metallicity stars given their reduced wind mass loss rate, delayed expansion and have smaller maximal radii during the supergiant
phase compared to stars at higher metallicity. As a result, these tightly bound systems merge with short inspiral times. Given our
fiducial model of isolated binary evolution, we show that the origin of a y.x — z correlation in the detectable LIGO-Virgo binary
black hole population is different from the intrinsic population, which will become accessible only in the future by third-generation
gravitational-wave detectors such as Einstein Telescope and Cosmic Explorer. Given the limited horizon of current gravitational-wave
detectors, z < 1, highly rotating black hole mergers in the LIGO-Virgo observed y.g — z correlation are dominated by those formed
through chemically homogeneous evolution. This is in contrast to the subpopulation of highly rotating black holes in the intrinsic
population, which is dominated by tidal spin up following a common evolve event. The different subchannel mixture in the intrinsic
and detected population is a direct consequence of detector selection effects, which allows for the typically more massive black holes
formed through chemically homogeneous evolution to be observable at larger redshifts and dominate the LIGO-Virgo sample of
spinning binary black holes from isolated evolution at z > 0.4. Finally, we compare our model predictions with population predictions
based on the current catalog of binary black hole mergers and find that current data favor a positive correlation of y.¢ — z as predicted

by our model of isolated binary evolution.

2619v2 [astro-ph.HE] 27 Jun 2022

=) 1. Introduction

<I" The detection of gravitational waves (GWs) from coalescing bi-
nary black holes (BBHs) by the LIGO-Virgo-KAGRA (LVK)
collaboration has opened a new window for the study of stellar
. . and binary astrophysics (Aasi et al. 2015; Acernese et al. 2015;
= Akutsu et al. 2021). To date, the LVK collaboration has reported

™ 69 BBH events with a false alarm rate (FAR) smaller than 1 yr~!

>< (Abbott et al. 2019, 2021a,e,c). However, after more than half
a decade since the first detection of GWs, the origin of merg-
ing BBHs remains an open question. This is not due to a lack
of theoretical predictions but rather because of the degeneracy
between different formation channel model predictions and un-
constrained astrophysical processes of these models (see, e.g.,
Mandel & Broekgaarden 2022; Zevin et al. 2021).

Improved sensitivity of the LVK detectors and planned third-
generation (3G) GW detectors such as the Einstein Telescope
(Punturo et al. 2010) and the Cosmic Explorer (Reitze et al.
2019) will increase BBH detection rates by orders of magni-
tude. A larger sample size allows for detailed investigations of
correlations between BBH observable properties (e.g., Maggiore

Key words. Gravitational waves — Black hole physics — Stars: binaries: close

et al. 2020; Tiwari 2021), which might enable different astro-
physical formation channels to be distinguished. For example,
multiple studies have looked for potential correlations between
masses and redshifts (Fishbach et al. 2021; Abbott et al. 2021d),
Menivp — Xert (Safarzadeh et al. 2020; Abbott et al. 2021d; Fran-
ciolini & Pani 2022), y.g — ¢g (Callister et al. 2021b; Abbott
et al. 2021d), and y.x — z (Biscoveanu et al. 2022). The red-
shift at which the BBH systems merge, z, is a proxy for the
distance to the source, Mcpip = (myimy)33 [(my + mp)' is the
chirp mass where m; and m; are the BH component masses,
q = mp/m; is the mass ratio defined with m, < m;, and
Xeft = (mpa; + meay)/(my + my) - L. is the effective spin param-
eter where a; and a, are the component BH dimensionless spin
vectors and L the orbital angular momentum unit vector.

Here, we demonstrate that field-formed BBHs naturally pre-
dict a . — z correlation. Under the assumptions of efficient an-
gular momentum transport inside stars, supported by asteroseis-
mology observational constraints (Kurtz et al. 2014; Deheuvels
et al. 2014; Gehan et al. 2018) and current GW observations
(Belczynski et al. 2020; Zevin et al. 2021), and Eddington lim-
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ited mass accretion efficiency onto BHs, the origin of BH spin
in field BBHs arises from tidal interactions during the late BH—
Wolf-Rayet (BH-WR) (Qin et al. 2018; Bavera et al. 2020; Fuller
& Lu 2022) or WR-WR (Hotokezaka & Piran 2017; Olejak &
Belczynski 2021) evolutionary phases or, alternatively, through
chemically homogeneous evolution induced by rotational mix-
ing caused from tidal spin-up during the early evolutionary stage
of close binaries (Mandel & de Mink 2016; Marchant et al.
2016). From first principles, such correlation should exist since
the strength of tidal interaction steeply depends on the orbital
separation (Zahn 1977; Hut 1981), and the distribution of or-
bital separation pre core collapse evolves with redshift. The red-
shift evolution of the orbital separation distribution originates
from the metallicity-dependent stellar winds (Nugis & Lamers
2000; Vink et al. 2001) whose intensity increases as a function of
metallicity. Stronger wind-mass loss (during the BH-WR binary
evolution phase) widens the binary more efficiently, inhibiting
or even canceling the effects of tides. Because the mean metal-
licity of the Universe decreases as a function of redshift (Madau
& Dickinson 2014; Madau & Fragos 2017), we empirically ex-
pect an increasing fraction of BBH mergers with highly spin-
ning BH components from tidal spin up as a function of redshift.
Additionally, low metallicity stars are more compact at zero-age-
main-sequence (ZAMS), expand later in their evolution and have
smaller maximal radii during the supergiant phase compare to
stars at higher metallicity.

In this paper, we discuss the evolving y.qg distribution as a
function of redshift for field BBHs from the common envelope
(CE), stable mass transfer (SMT), and the chemically homoge-
neous evolution (CHE) channels. The paper is structured as fol-
lows. First, we introduce our fiducial model and describe how
we quantify the y.g — z correlation in Section 2. In Section 3, we
present the redshift evolution of the y.g distribution for the in-
trinsic and detectable BBH population as predicted by our model
of isolated binary evolution. We then compare our model predic-
tions against the LIGO-Virgo catalog of BBHs. In Section 4, we
discuss how potential uncertainties in our model might affect the
Xeft distribution of field BBHs and how a possible change in the
mixing fraction of the different channels predicted from isolated
binary evolution might impact our results. All findings are sum-
marised in Section 5.

2. Methods
2.1. The binary black-hole population synthesis model

This study uses the isolated binary evolution model presented in
Bavera et al. (2022a), calculated using the POSYDON framework
(Fragos et al. 2022), which accounts for BBH formation through
the CE, SMT, and CHE channels. It was shown that this model (i)
leads to BBH observable properties consistent with the events of
the second LIGO-Virgo GW transient catalog (GWTC-2) (Zevin
etal. 2021), (ii) have BBH merger rate estimates compatible with
observational constraints of GWTC-2 and, now GWTC-3, (Bav-
era et al. 2021a; du Buisson et al. 2020), (iii) the subpopulation
of highly spinning BBHs might explain the observed population
of luminous LGRBs across the cosmic history of the Universe
(Bavera et al. 2022a), and (iv) does not violate current upper
limit estimates of the stochastic GW background (Bavera et al.
2022b).

In contrast to most rapid population synthesis studies, our
simulations accurately model the late tidal spin-up phase of the
second-born BH and CHE due to rotational-induced mixing of
tidally spun-up ZAMS binaries. The former is done by follow-
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ing the evolution of the binaries from ZAMS up to the formation
of the BH-WR systems after the second mass transfer phase with
the rapid population synthesis code COSMIC (Breivik et al. 2020)
and then uses detailed MESA (Paxton et al. 2011, 2013, 2015,
2018, 2019) BH-WR simulations (Bavera et al. 2021a) to accu-
rately model the final tidal spin-up phase of the BH-WR system
up to central carbon exhaustion of the WR star, as done in Bavera
etal. (2022a). The detailed BH-WR simulations self-consistently
model the angular momentum evolution of the WR star, which is
determined by the interplay of tides, WR stellar wind mass loss,
and the evolution of the WR stellar structure.

Massive stars in short orbital periods (p < 2 days) at ZAMS
with nearly equal masses tidally spin up to be highly rotating,
which induces rotational mixing and eventually leads to CHE.
Because COSMIC cannot model the parameter space leading to
CHE as the code cannot accurately follow the back-reaction on
the stellar structure and evolution from rotational-induced mix-
ing, CHE is done by matching ZAMS binary conditions to de-
tailed MESA simulations targeting CHE according to du Buisson
et al. (2020), as implemented in Bavera et al. (2022a).

Given the availability of the stellar profile at carbon exhaus-
tion from the MESA simulations, in both cases, the core col-
lapse considers disk formation during the collapse of highly
spinning stars. Additionally, we account for mass loss through
neutrinos, pulsational pair-instability and pair-instability super-
novae (PPISNe & PISNe) (Marchant et al. 2019), and orbital
changes resulting from anisotropic mass loss and isotropic neu-
trinos mass loss (Kalogera 1996), as explained in Appendix D
of Bavera et al. (2021a). Because we implement the Fryer et al.
(2012) delayed collapse mechanism which assigns zero velocity
kicks to collapsing stars with carbon-oxygen cores with masses
above 11 My, in practice, we find a statistically small number of
systems with y.g < 0. Alternatively, non-negligible kicks would
lead to a more considerable fraction of negative y.qs (see, e.g.,
Rodriguez et al. 2016; Gerosa et al. 2018; Callister et al. 2021a;
Stevenson 2022). For a detailed explanation of the main features
and the physical assumptions made in this model, we refer the
reader to the extensive discussions in Bavera et al. (2022a).

2.2. Detection rates

Merger rates are computed by convolving the redshift and metal-
licity dependent star formation rate as predicted by the Illustris-
TNG simulation (Nelson et al. 2015) with the synthetic catalog
of merging BBHs obtained by evolving initial ZAMS conditions
at different discrete metallicities with POSYDON. Following the
notation of Bavera et al. (2020, 2021a, 2022a), the BBH detec-
tion rate of a GW detector network can be expressed as a Monte
Carlo sum over the synthetic population of merging BBHs, i.e.,
Raee = XijixWijk(Pae) yr~' where w; . is the weighted con-
tribution of a binary k forming at redshift z;; and merging at
redshift zmx = zx. Here the dummy index j indicates the dis-
crete sum over the 30 simulated log-binned metallicity intervals
AZ;. The synthetic BBH population is distributed across the cos-
mic history of the Universe in the center of time bins of size
At; = 100 Myr with center the formation redshift z¢;. We chose
the time bin size to be small enough to ensure the convergence of
our results (see Appedinx D of Bavera et al. 2022a for the details
of the calculation).

To compute the BBH detection rate of LIGO-Virgo, we ac-
count for the detectors’ selection effects, pqer, given the source
redshift, BH masses, and spins. Here, we assume a GW detec-
tor network configuration composed by LIGO Hanford, LIGO
Livingston, and Virgo at O3 mid-high/late-low sensitivity
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(Abbott et al. 2018) with a network signal-to-noise ratio (S/N)
threshold of 12 as implemented in Bavera et al. (2021a).

We also consider the sensitivity of the future 3G ground-
based GW detector Einstein Telescope. To approximate the BBH
detection rate of the Einstein Telescope, we account for detector
selection effects given the source redshift and BH masses assum-
ing a theorized noise-sensitive curve ET-D (Hild et al. 2011) as
implemented by Barrett et al. (2018) in COMPAS (Team COM-
PAS et al. 2022). Here, we assume a conservative S/N thresh-
old of 12 for the Einstein Telescope, similar to what Hild et al.
(2011) assumed. In practice, we find that this assumption sets
the horizon of a BBH with m; = my = 15 M, at z = 10, namely
pdEeTt(z =10,m; =myp = 15 M) ~ 0.

Finally, we will distinguish the intrinsic detection rate, i.e.,
what a GW detector with infinite sensitivity would observe on
Earth, using the notation W; jx = w; jx(pger = 1) as first intro-
duced in Bavera et al. (2022a).

2.3. Relative channel contribution

Once detection rates are defined, we can compute the relative
contribution to the intrinsic detection rate from each one of the
isolated binary evolution channels (CE, SMT, and CHE) at a
given redshift as

Wi jx(k |k € channel)
ﬁ:hannel(z) = Z b W n
ij.

ey
ik wehz
where z € [0, 10] is discredited in bins, Az, taken to have a con-
stant cosmic time width of At = 200 Myr. Similarly, for the de-
tectable population, we define Cd}f;nnel(z) where we use w; jx in-
stead of W; j in z € [0, 1] for LIGO-Virgo and z € [0, 10] for the
Einstein Telescope.

2.4. Quantifying the y.x — z correlation

To quantify the redshift evolution of the y.q distribution, we de-
fine f 4>y, (2) to be the fraction of merging BBHs with y.f above
the arbitrary value y at a given redshift for the modeled intrinsic
BBH population. This quantity is calculated as

Wi k(e ke > X0)

ﬁ(ctr>xo (Z) = E ~ (2)
= Wi jk
i,jik ) %€Az

and, similarly, for the detectable populations, we define )?;F»m (2)

with the same redshift spacing and bounds as in Eq. (1).

3. Results

We now investigate the y.g — z correlation of field-formed BBHs
and assert its detectability given current and planned GW obser-
vatories. We first look at the intrinsic and detectable y.q distri-
butions as a function of redshift in our fiducial model, which
includes potential contribution from the CE, SMT, and CHE
channels described in Section 3.1. We then quantify the intrin-
sic and detectable y.g — z correlation by computing the quan-
tities fi 4>y (2) and ﬁ$>)m (z) and the relative channel contribu-

tions fihanne1(2) and Cd}f;mel(z), in Section 3.2. Finally, we look for

evidence of the modeled f,;>,,(z) and )ff;»m (z) in LIGO-Virgo
GWTC-3 data in Section 3.3.

3.1. The . distribution of field BBHs

First, we show the y.g distribution as a function of discrete
redshift bins for the intrinsic and detectable BBH populations
in Figure 1. At low redshifts, the intrinsic distribution mani-
fests a peak at y.s = O plus an almost flat distribution up to
Xet = 0.5 which then progressively decays. Similarly, the de-
tectable LIGO-Virgo y.g distribution also exhibit a similar nar-
row peak at y.g = 0. However, in contrast to the intrinsic distri-
bution, we observe a second broader peak at around y.g =~ 0.35
with an elongated tail reaching large y.¢ depending on redshift.
Both distributions evolve with redshift; with the y.¢ distribution
in the intrinsic population showing a slow evolution with red-
shift, while in the LIGO-Virgo observable population the dis-
tribution evolves significantly over the redshift range between 0
and 1. The median j.g value of the intrinsic distribution grows
from 21 = 0.12 to p%! =~ 0.33 while for the LIGO-Virgo

detectable population the model predicts that )_(i;:f[o,o.zl ~ 0.13

grows to g1 = 0.41.

The origin of the redshift evolution of the y.q distribution is
different between the intrinsic and the detectable LIGO-Virgo
BBH populations as they probe different redshift horizons, z €
[0, 00] and z € [0, 1], respectively. The former encapsulates all
merging BBHs at any redshifts and probes the increasing frac-
tion of systems experiencing tidal spin up prior to BBH for-
mation at increasing redshifts (see Section 1). In contrast, the
detectable LIGO-Virgo population is biased by the BBH mass-
dependent selection effects. More massive BHs can be detected
at further distances than lighter BHs. We note that at the highest
redshifts detectable by LIGO-Virgo (z =~ 1), only systems with
large positive y.¢ are detected due to the increased duration of
the inspiral and therefore the S/N. However, the impact of y.g
on detectability is minor compared to mass selection effects (Ng
et al. 2018).

In the following section, we show how the different evolu-
tionary channels CE, SMT, and CHE, which have distinct spin
distributions, have different detector horizons due to their in-
herent mass spectrum. For a discussion about the intrinsic and
LIGO-Virgo observable joint distributions of yef vS. Mchirp, W€
refer the reader to Figure 1 of Bavera et al. (2022a). Finally, be-
cause the Einstein Telescope has a much more distant horizon
than current generation GW detectors, the planned GW observa-
tory will be able to detect the majority of the underlying BBH
population up to large redshifts, see e.g., z € [4,5] in Figure 1.
We therefore find that the Einstein Telescope will observe an
evolving y.g distribution similar to the intrinsic one.

3.2. The y.x — z correlation of field BBHs

The y.¢ — z correlation of field BBHs in the intrinsic popula-
tion, fy.e>y(2), s shown in the leftmost column of Figure 2 for
Xo = 0.2 and xo = 0.5. In both cases, f;>y,(z) is monotonically
increasing and reaches an asymptotic plateau at high redshifts,
z > 5and z > 8 for yo = 0.2 and yo = 0.5, respectively. To
understand the origin of the f, >y, (z) shape, we need to look
at this quantity channel-wise and consider the relative contribu-
tion of each channel fihanne1(z) to the total BBH intrinsic popu-
lation. In Figure 2, we can see that at low redshifts the intrin-
sic BBH merging population is composed of a mix of channels,
Jfee(z = 0) = 30%, fsmr(z = 0) = 55%, and feye(z = 0) = 15%.
In contrast, at higher redshifts, the total population of merging
BBHs is dominated by the CE channel, with fcg(z > 2) > 80%.
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Fig. 1. Effective spin parameter, y.g, distribution of field BBHs as a function of redshift, z. (Leff) We show the modeled intrinsic (underlying)
population of field merging BBHs. (Center) We show the modeled detectable LIGO-Virgo BBH population assuming simulated O3 detector
sensitivity selection effects. (Right) We show the modeled Einstein Telescope detectable BBH population assuming a forecast detector sensitivity
as in Hild et al. (2011). In all cases, the fraction of non-spinning BBHs decreases as a function of redshift, shifting the y.g distribution to larger
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Fig. 2. Fractions of BBHs with f, .0, and f, ;-0 as a function of redshift (solid lines), and the relative contribution of each field BBH channel,
Jehannel» according to the legend (dashed lines). Black solid lines show the fraction of systems that satisfy a given y.q criteria for the combined CE,
SMT, and CHE channels with redshift-dependent branching fractions accounted for. (Left) We show the modeled intrinsic (underlying) population
of field merging BBHs. (Center) We show the modeled LIGO-Virgo detectable BBH population assuming simulated O3 detector sensitivity
selection effects. (Right) We show the modeled Einstein Telescope detectable BBH population assuming forecast detector sensitivity as in Hild
et al. (2011). In most cases, the fraction of highly spinning BBHS increases as a function of redshift.

Channel-wise, we can see that f)25>)(0 (z) increases monoton-
ically due to a larger fraction of systems experiencing tidal spin-
up as a function of redshift. On average, at higher redshifts, bi-
nary systems are born at lower metallicities and experience re-
duced stellar wind mass loss. Hence, an increased fraction of

binaries can maintain short orbital separations and tidal lock-
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ing during the BH-WR phase. A similar argument can be made
for the SMT channel. However, because SMT leads on average
to wider BH-WR orbital separations than the CE channel (Bav-

era et al. 2021a); we find

SMT
Xefi(2)>X0

CE

(Z) < Xeft>X0

(z) for any red-

shift. Moreover, we find that at low redshifts fXSMT ,@=0)=0,

o >0.
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which steadily increases to )2?30.2(1 ~ 10) ~ 0.5. On the con-
CHE

trary, f- 0. ,(z) manifests a monotonically decreasing behavior.

At low redshifts, fC >02(Z =~ () = 1, i.e. all BBHs from the CHE
channel are fast spinning, while at hlgher redshifts most systems
possess negligible yeg, with fc 502 = 10) = 0. We also no-
tice that highly rotatmg CHE systems with y.¢ > 0.5 are not
present in the local universe fC >05(& = 0) = 0 but their pres-

ence peaks at fCH ~0.5(@ = 2.5) = 0.6 before decreasing again to

fCﬂ>0 s(z = 10) = 0. The decreasing fraction of highly rotating

CHE systems as a function of redshift is a direct consequence
of angular momentum loss due PPISNe. The CHE channel only
operates at low metallicities (Z < 5- 107%) but only binaries with
metallicities Z < 10™* experience mass loss due to PPISNe (in
the considered ZAMS primary masses range < 150 M). Dur-
ing these pulses, the mass ejection from the stellar surface de-
pletes the angular momentum content of these stars and leads to
slowly rotating BHs, see Appendix A for more details. Because
at large redshifts (z > 3) the metallicity-dependent star forma-
tion rate leads to an increasing relative fraction of extremely low
metallicity binaries, we expect to observe a decreasing )(CﬂHEXo as
a function of increasing redshift. The three channels combined
lead to the monotonically increasing behavior of f ;>,,(z) we
see in Figure 2, which is mainly dominated by the CE chan-
nel. In Appendix B, we show how our fiducial model predictions
would change if one of these three channels would be neglected,

see Section 4 for a discussion of these alternative scenarios.

The y.s — z correlation of field BBHs in the detectable pop-
ulations, fC‘ﬁ> ,(2), is shown in the center and right columns of
Figure 2 for LIGO—Vlrgo detectors at O3 sensitivity and the Ein-
stein Telescope, respectively, for yo = 0.2 and yo = 0.5. For

LIGO-Virgo detectability, )ff;>)(o (z) is a monotonically increas-

ing function growing from fde‘>02(z =0)=0.25t0 fd°t>02(z =
D = 1,and £z = 0) = 0.05to fi  (z = 1) = 05.

On the other hand, the Einstein Telescope fj;m (z) mimics the
intrinsic distribution up to z =~ 5 above which it shows a suppres-
sion. The similarity between the Einstein Telescope detectable
distribution and the underlying distribution is due to the Einstein
Telescope GW horizon being much more distant than that of
LIGO-Virgo. The suppression for the detectable Einstein Tele-
scope )?jIF>X0(z > 5) is caused by the fact that the detector can-
not resolve all distant low mass highly rotating BBHs formed
through the CE channel. To understand the difference between
the LIGO-Virgo )?;F>XO redshift evolution compared to the Ein-
stein Telescope and the intrinsic BBH population, we need to
once again consider the relative contribution of each channel.
Similar to the intrinsic distribution, for LIGO—-Virgo at low red-
shift, we have a mixed contribution of the different channels,
&z =0) = 30%, fdel (z=0) = 55%, and f&.(z = 0) = 15%.
Up to redshift z 0 4 the SMT channel dominates over CE
and CHE, above Which the CHE channel dominates the LIGO-
Virgo detectable population to the point where de‘E(z > 0.75) =
1. This is notably different than the behavior of the intrinsic
BBH population and is a direct consequence of selection ef-
fects favouring high BH masses. The different channels have
different BH mass distributions, which result in different obser-
vational horizons for each channel. Notably, the CHE channel
leads to more massive BBHs compared to CE and SMT, and
hence this channel can be probed by LIGO-Virgo at larger red-
shifts compared to BBHs formed from the CE and SMT chan-
nels. The described signature leads to a bimodal distribution of
Xeft in the LIGO-Virgo detectable BBH population in Figure 1.
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Fig. 3. Modeled and observed fractions of BBHs satisfying )ie;>)(o as
a function of the redshift. Samples are placed into redshift bins with a
bin size of At = 1.6 Gyr. The observed fractions fd9t>02 nd ]; 505 Are
obtained from the median of 10,000 GWTC-3 mock catalog events ob-
tained by sampling the 69 events with FAR < 1yr~! likelihoods. The
modeled prediction for O3 sensitivity is shown with a solid orange line.
To compare the model with the data, we generated 10,000 mock cata-
logs of 69 events, to which we added mock measurements uncertain-
ties. We indicate the median and 90% CI modeled fractions with orange
dashed line and shaded area, respectively. Mock uncertainties are ob-
tained from the zero-centered GWTC-3 event likelihoods.

The second peak is mostly composed of BBHs formed through
the CHE channel (see Bavera et al. 2022a, for further discus-
sions). This bimodal feature is not present in the y.g distribu-
tion of the intrinsic BBH population for z € [0, 1] (see the right
panel of Figure 1). Because intrinsically Cﬁfoz(z <) =

fspoz(z <1)=0,and fCE>02(Z) is monotonically increasing at
low redshifts, we also find a monotonically increasing ]S?C‘?T‘wa(z)
function for LIGO-Virgo sensitivity. A similar argument can
be made for fdet 0.5(2), where for low redshifts, it holds that
ST, sz < 1) = 0 while both £ ((z < 1) and /8 (z< 1)
are monotonically increasing, Wthh results in Ji?jw.s (z) mono-

tonically increasing. Finally, notice that the CHE dominance is
not present in the Einstein Telescope detectable population as
the 3G detector, given our theorised sensitivity curve, will be
able to observe the entire intrinsic BBH population up to red-
shift z ~ 4 - 5.
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3.3. Evidence for the y. — z correlation in GWTC-3 data

Our model provides a falsifiable prediction that both the under-
lying and detected high-y.x fractions f, ;>,,(z) and )i?>)(0(z)
for the O3 LIGO-Virgo detector network should increase as
a function of redshift if isolated evolution channels domi-
nate the BBH merger rate at low redshifts. We notice that
at low redshifts, z < 1, the evolution of this fraction for
the intrinsic BBH population is mild, but can be amplified
by the selection effects of current ground-based detectors. We
use BBH events from GWTC-3 to infer both f>,,(z) and

fg>)(o(z) and compare them against our model predictions. As
in Abbott et al. (2021d), we only consider GWTC-3 events
with a false alarm rate (FAR) smaller than lyr’l. In GWTC-
3, there are 76 events satisfying this condition from which
we exclude the binary neutron stars (NSs) GW170817 and
GW190425_081805, the NS-BH systems GW190426_152155,
GW200105_162426, GW200115_042309, and the events
GW190814, GW190917_114630 in which the less massive com-
pact objects have masses that could be either a massive NS or
a BH. Our BBH sample therefore includes a total of 69 BBH
events.

We first approximate the observed

fGWTC—3
Xeff>X0

(z), in a model agnostic way directly from the observed
events. We measure ]j((;’;gg‘“%(z) on a sample of 10,000 mock
GWTC-3 catalogs composed of 69 BBH events. A mock cat-
alog of events, {xi}fi :169, is generated by drawing a 2D sample,
xf = ¢k, 2, from each event’s x; 2D posterior distribution'
P(xest, 21x;) weighted by the inverse of the prior 2D probabil-
ity density p(yef,z) in order to sample from the likelihood. The
events’ posterior and prior distributions are publicly released by
the LIGO-Virgo collaboration. We approximate the discretely-
sampled prior distribution probability density function (PDF)
with a 2D kernel density estimator (KDE) trained on the GWTC-
3 event samples where the bandwidth of the KDE is set by
Scott’s rule (Scott 2015) as implemented in the Gaussian KDE
function of the SciPy Python module (Virtanen et al. 2020). The
accuracy of our KDE method to represent the inferred 2D distri-
butions is verified by comparing the histogram of the original
samples and samples generated from the KDE:s.

To perform a fair comparison of our model with the observa-
tions, we need to account for (i) the statistical variance of draw-
ing a sample of 69 events from our model and (ii) to account
for the measurement uncertainty for BBH parameters. This is
done by generating 10,000 mock samples of 69 events from our
model, to which we add mock uncertainty to each event. We
approximate measurement uncertainties following a procedure
first shown in Bavera et al. (2020) for the y.s parameter. Here,
we extend this procedure to the 2D case. Mock uncertainties are
obtained by shifting another set of 10,000 mock GWTC-3 cata-
logs by each event’s median value X; = (Yest, 2);. When the mock
uncertainty is added to the model mock samples, we find that
this methodology overestimates the measurement uncertainty of
events with low redshift of merger. This occurs because this
methodology does not assign smaller measurement uncertain-
ties to events with smaller redshifts of merger. Such correlation
is expected because of the larger measurement uncertainty for
more distant events, which is due to their typically smaller S/N

)ie;>)m(z) for O3, or

! In contrast to the GWTC-3 official analysis, for events in O3b we use
posterior samples from the IMRPhenomXPHM analysis as the Mixed
and SEOBNRv4PHM analyses do not come with associated prior sam-
ples in the 8th November 2021 data release (LIGO Scientific Collabo-
ration, Virgo Collaboration and KAGRA Collaboration 2021c).
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compared to events merging at lower redshifts. In practice, we
find that this procedure only leads to 0.6% of the sample having
nonphysical values |yeq| > 1 and 4.2% of systems having non-
physical z < 0, which we map back to |yex| = 1 or z = 0. We
claim that this bias is small and does not affect our results as we
still find that events with larger Z have broader y.¢ distributions.

In Figure 3, we show the comparison of the median
&GXES_% (z) computed on the sample of mock GWTC-3 catalogs
with the model prediction. The GWTC-3 quantity is indepen-
dently measured for each mock catalog in the interval z € [0, 1]
by counting the events meeting the y.g > yo condition in the
discrete redshift bin Az with constant cosmic time bin of size
of At = 1.6 Gyr and then quote the median value at each red-
shift bin. We then compare our model predictions with the inclu-
sion of mock uncertainties by overlaying the median and 90%
CI )fg>)(0 (z). We conclude that our model cannot be ruled out
given the current GWTC-3 sample. Even though our model 90%
CI overlaps with the median inferred GWTC-3 value, a closer
comparison with the model median indicates that our model
slightly overpredicts the fraction of highly spinning BBHs. This
could be due, e.g., to an overprediction of the fraction of highly
spinning BBHs formed from the CHE channel which dominates
over BBHs formed from the CE channel in the LIGO—Virgo de-
tectable population (see Appendix B) or the existence of an ad-
ditional channel contributing to the detectable BBH population
with small BH spins (see e.g., dynamical formation in globular
clusters, Zevin et al. 2021). Other model uncertainties are dis-
cussed in Section 4.

We next infer the underlying fraction f, ;,,(z) by fitting a
model for the astrophysical BBH population to the GWTC-3
data. We jointly fit the mass (m, my), spin y.g, and redshift z
distribution, allowing the y.g distribution to evolve redshift but
for simplicity neglecting possible correlations between other pa-
rameters:

3

For the mass distribution, p(m;,m;), we use the Broken
Power Law model from Abbott et al. (2021b) and for the redshift
distribution, p(z), we assume the merger rate evolves as a power
law in (1 + z) (Fishbach et al. 2018). We model the redshift-
dependent spin distribution p(y.s | z) as a mixture model be-
tween a “zero-spin" component, approximated as a narrow Gaus-
sian centered at y.g = O with standard deviation 0.03, and a
“positive spin” component, for which we use a Gaussian dis-
tribution N7 with mean 0.2 < y, < 0.5 and standard deviation
0.05 < o, < 0.5 truncated to the range [0, 1] to reflect our model
predictions. We take the mixture fraction A between the zero and
positive spin components to be a logistic function of z (so that it
is always within 0 < A < 1), described by two free parameters,
A(z = 0) and A(z = 1). We therefore have

ppop(mlamZ»Xeff’ 2) = p(my,m)p(xerr | 2)p(2).

POterr | 2) = (1 = A2) Nyzo.0=0.03(Xerr) + AQN" (xerr | fps o),
)

where

A@) = (1 + Bexp(k)) ™", (5)
with B = A"'(z=0) - 1 and k = log(A~!(z = 1) - 1) - log(B).
We fit for all population parameters by sampling from a hierar-
chical Bayesian likelihood with PyMC3 (Salvatier et al. 2016)
(see e.g., Thrane & Talbot 2019; Mandel et al. 2019; Vitale et al.
2020), using the GWTC-3 detector sensitivity estimates cover-
ing the first three observing runs and the parameter estimation
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Fig. 4. Underlying y.q distribution from fitting the population model
of Eq. (4) to the GWTC-3 BBH events. We plot the y.; population
distribution at two redshift slices, z = 0 (blue) and z = 1 (orange). Solid
lines denote the median and shaded bands denote the 90% CI.
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Fig. 5. High-y.q fractions in the underlying distribution inferred from
the population fit described in Section 3.3, in blue and orange accord-
ing to the legend. Lighter contour colors indicate larger Cls of 50%
and 90%, respectively. The fraction of BBH systems with large positive
spins in the underlying population may increase with increasing redshift
(credibility 82%), consistent with our model predictions (black). We do
not yet have enough BBH events at z ~ 1 to accurately measure the y.g
distribution at high z and therefore cannot confidently conclude that the
distribution is evolving.

samples for the GWTC-3 BBH events (LIGO Scientific Collab-
oration, Virgo Collaboration and KAGRA Collaboration 2019,
2020, 2021a,b,c). We use flat priors on all parameters within
their ranges specified above.

The inferred intrinsic y.s population distribution at two red-
shifts, z = 0 and z = 1, is shown in Figure 4. At z = 0 the
positive-spin component is constrained to be small, whereas at
z = 1, the data permit a larger fraction of systems with high y.g,
although the overall constraints are more uncertain and more
closely resemble the prior. We can directly compare the under-
lying high-y.g fractions f,;>02 and f, ;0.5 inferred under this
fit to the low-redshift z < 1 predictions in the leftmost panel of
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Fig. 6. Redshift and effective spin parameters of the 69 confident BBH
observations drawn from the GWTC-3 posteriors (orange; “observed”)
compared to 69 draws from the inferred distribution fit (blue; “pre-
dicted”) described in Section 3.3. Each marker shape corresponds to
a different set of 69 draws. We plot ten total sets. The inferred model
sometimes over-predicts the largest observed y.q, while the bulk of both
observed and predicted draws cover an equivalent portion of the z — yes
plane in a comparable abundance, confirming that the inferred model is
a good fit for the data.

Figure 2. In Figure 5, we show the inferred intrinsic f, ;02(2)
and f, ;>0.5(z) versus our astrophysical model predictions. The
intrinsic fractions are broadly consistent with the model predic-
tions, although the data prefer slightly smaller fractions of large
positive y.g at all z, similar to the conclusions of Figure 3 re-
garding the observed fractions. To reiterate, this could be due,
e.g., to an overprediction of the contribution of the CHE channel
(see Appendix B) or the non-negligible contribution of an addi-
tional channel with small BH spins. Other model uncertainties
are discussed in Section 4.

We verify the goodness-of-fit of the inferred model by per-
forming posterior predictive checks. Figure 6 shows the compar-
ison between the (z, yef) parameters of ten mock GWTC-3 cata-
logs versus ten sets of 69 events drawn from the inferred model.
This test is analogous to the posterior predictive check in Figure
2 of Fishbach et al. (2021). Each of the ten sets (plotted with
a different marker size) corresponds to one draw from the in-
ferred population hyperposterior. We reweight the single-event
posterior from each GWTC-3 event to the population distribu-
tion specified by the hyperposterior draw, and draw one (z, yef)
sample per event. We then draw a set of 69 predicted events
from the same population distribution, conditioned on detection.
We can see that the inferred model sometimes over-predicts the
largest observed y.qs, while the bulk of both the observed and
predicted draws cover an equivalent portion of the z — y.¢ plane
in a comparable abundance, confirming that the inferred model
is a good fit to the data.

Despite the suggestive hint that f, .-02(z) increases with z,
we are not yet able to confidently identify that the y.g distribu-
tion varies with redshift under our parameterization. More pre-
cisely, we constrain f, ;.02(z = 0.3) > 0.06 at 99% credibil-
ity and find that f, ;-02(z) increases with increasing redshift at
82% credibility. Our conclusions are consistent with the results
of Biscoveanu et al. (2022), who find that the width of the y.g
distribution likely broadens with increasing redshift, but do not
find compelling evidence that the mean y.gs evolves with red-
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shift.> Our model for field BBH formation predicts that the mean
of the y.q distribution must increase with redshift.

We further caution that our phenomenological population fit
makes the simplifying assumption that the mass distribution is
independent of spin and redshift, despite the fact that we pre-
dict a correlation between total mass, y.g, and redshift. How-
ever, given current statistical uncertainties on the inferred intrin-
sic fy.a>vo(2), we do not expect our systematic errors on this in-
ferred quantity from mismodeling the population distribution to
be significant. However, with future data it will be important to
allow for y.q to vary with both mass and redshift in BBH popula-
tion fits, because as Figures. 1 and 2 show, some of the observed
Xeft €volution in the LIGO-Virgo catalog will be due to an un-
derlying correlation between y.r and mass. These conclusions
are corroborated by Biscoveanu et al. (2022), who find that the
preference for y.gs to correlate with redshift is stronger than a
possible correlation with primary mass, although the two sce-
narios can be confused for each other.

4. Discussion

In this work, we considered a fiducial model for isolated bi-
nary evolution. However, model uncertainties can potentially al-
ter BBH observable distributions and rates (see e.g. Broekgaar-
den et al. 2021 for an extended overview of such uncertainties).
Here, we are interested in astrophysical uncertainties which may
alter the y.g — z joint distribution.

Our fiducial model assumes efficient angular momentum
transport inside stars which leads to the formation of non-
spinning first-born BHs for the CE and SMT channels. Alter-
natively, a less efficient angular momentum transport would lead
to non-negligible birth spins (see e.g. some model variations in
Belczynski et al. 2020) which would consequently raise our esti-
mated fraction of highly spinning BBHS f, >, (2) as the CE and
SMT channels dominate the intrinsic BBH population. Never-
theless, current observations are consistent with low birth spins
of < 0.1 for isolated BHs (Abbott et al. 2021b,d; Miller et al.
2020; Zevin et al. 2021).

In Bavera et al. (2021a), the impact of mass-transfer physics
uncertainties on the y.g distribution of BBHs formed from the
CE and SMT channels was investigated, accounting for uncer-
tainties in (i) the unknown efficiency of CE ejection in the acg—A4
parametrization (see, e.g., [vanova et al. 2013, for a review), (ii)
the SMT accretion efficiency onto BHs, and (iii) the criteria for
mass-transfer stability. The first uncertainty directly impacts the
relative fraction of highly rotating BBHs in the CE channel as
the acg parameter approximately linearly scales with the orbital
separation post CE. For a wide range of acg € [0.2,5], Bav-
era et al. (2021a) showed that the BBH fraction of systems with
Xet > 0.1 formed from the CE channel can vary from 0.54
to 0.82 where the merger rate density might also vary by up
to one order of magnitude. Nevertheless, Bavera et al. (2021a)
showed how both acg extremes include a non-zero fraction of
tidally spun-up BBHs in the CE channel. The second uncer-
tainty affects the initially negligible spin of the first-born BH
of a BBH systems formed through the SMT channel. In the case
of highly super-Eddington accretion efficiency onto BHs, Bavera

2 Qur parameterization for the y.¢ distribution is most similar to the
model Biscoveanu et al. (2022) consider in their Section 4.3 with the
“Prior 3” variation. Biscoveanu et al. (2022) analysis consider alterna-
tive models for the parameterization of the redshift evolving y.q distri-
bution other than the one assumed here, still reaching similar conclu-
sions.
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et al. (2021a) showed how a non-negligible fraction of first-born
BHs could be spun up due to accretion. However, in such cases,
depending on the super-Eddington accretion efficiency, Bavera
et al. (2021a) found a suppression of the SMT merger rate den-
sity up to two orders of magnitude. This occurs because con-
servative mass transfer is less efficient than unconservative mass
transfer in leading to tight BH-WR systems, leading to less BBH
systems that can merge in a Hubble time. Finally, the third un-
certainty directly impacts the relative fraction of systems that un-
dergo either stable or unstable mass transfer and, hence, CE or
SMT evolution. We now examine how these uncertainties might
affect the presented y.¢ — z correlation.

In the present study, we assumed inefficient CE ejection,
namely the model with acg = 0.5 of (Bavera et al. 2021a).
A smaller value than what was assumed here would lead to a
more significant fraction of tidal spun-up BBHs. Because the
CE channel dominates the intrinsic BBH population, such a sce-
nario would increase the predicted quantity f, .>,,(z). In con-
trast, a more efficient assumption for CE ejection would lead to
a smaller fraction of systems that are tidally spun up. For the de-
tectable fraction de;m (z), we expect a small impact of this as-
sumption as the detectable population of BBHs is dominated by
the SMT and CHE channels. Since Bavera et al. (2021a) showed
that at @cg = 5 there is still a fraction of highly rotating BBHs
formed from the CE channel with a median )‘(eclf = 0.16, we
can claim that our model will always display a monotonically
increasing f, >y, (z) regardless of the acg value in the CE pa-
rameterization.

Our fiducial model assumed Eddington limited mass-transfer
accretion efficiency onto BHs. A super-Eddington accretion ef-
ficiency onto BHs would boost the fraction of highly spinning
BBHs formed from the SMT channel, and, hence, positively
contribute to larger values of f, ., (z) and )?;_‘>Xo(z). However,
given that the BBH merger rate from the SMT channel (both
detected and intrinsic) drops by up to two orders of magnitude
compared to our fiducial model when increasing the allowed ac-
cretion rate onto BHs (see Table 1 of Bavera et al. 2021a), we
would expect a smaller intrinsic contribution to the SMT chan-
nel than the one modeled here.

Both uncertainties (i) and (iii) might lead to a smaller rel-
ative contribution of the CE channel to the total BBH popula-
tion than what is assumed here, where the CE channel domi-
nates the f, ..,,(z) behavior. Moreover, recent studies employ-
ing detailed binary simulations point towards an overestimation
of systems evolving through and surviving CEs due to envelope
stripping during the CE ceasing earlier than what is assumed
in rapid population synthesis codes (Fragos et al. 2019; Quast
et al. 2019; Klencki et al. 2021; Marchant et al. 2021; Gallegos-
Garcia et al. 2021). Therefore, it is natural to ask ourselves what
would happen to the modeled f, -, (z) fraction if the CE chan-
nel is negligible compared to SMT and CHE. In such a scenario,
given our model, one would expect that most binaries evolv-
ing through CE would either evolve through SMT or success-
fully emerge from the CE at wider orbital separations. In the
first case this would lead to a SMT contribution that is similar
or greater than what is modeled here. The second case would
lead to a reduced fraction of tidally spun-up CE systems, simi-
larly to the outcome of choosing an efficient acg values. If the
remaining SMT and CHE channels retain a similar fraction of
highly spinning BBHs to what is modeled here, one would find
Srer>02(z < 4) = 0.2 which would eventually decay at larger red-
shifts while the LIGO-Virgo detectable population would still
exhibit a monotonically increasing behaviour since the contribu-
tion of CE systems to the LIGO-Virgo detectable population is
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small ( fgg(z > 0.25) < 10%). In Appendix B, we show how
Fig. 2 would change given the omission of the CE channel from
our fiducial model. At low redshifts, z < 1, we find that the in-
trinsic fraction f, ;>0 of this alternative model is still consistent
with the 90% CI of GWTC-3 constraints shown in Figure 5.

Similar to this last point, we alternatively entertain the idea
of what would happen to the y.z — z correlation if either the
SMT or CHE channels contributions are negligible. This might
happen, for example, if we overestimate the contribution of the
initial conditions parameter space at low orbital periods that
leads to SMT or CHE evolution. In Appendix B, we show that
the presented correlation would still be observed. In both cases
we still recover monotonically increasing fractions f .sy,(z)
and ﬁ;@m (z). However, we note that the model with the omis-
sion of the SMT channel manifests a larger, relatively constant
fras02(z < 1) = 0.45 which is inconsistent with the 90% CI
of GWTC-3 constraints in Figure 5 of f, -02(z < 0.4) < 0.3.
Finally, we find that the model that excludes the CHE channel
has both an intrinsic f,;>,, and LIGO-Virgo detectable ;j;m
closer to the median GWTC-3 inferred constrains of Figures 3
and 5.

5. Conclusions

In this paper, we investigated the y.g — z correlation of field-
formed merging BBHs. An increasing fraction of highly spin-
ning BBHs as a function of redshift is expected. At higher red-
shifts, stars are formed at lower metallicities, experience weaker
stellar wind mass loss, and consequently can maintain their short
orbital separations and undergo tidal spin up. We quantified this
correlation by the fraction of systems with y.x > xo as a func-
tion of redshift, f .-, (z). For our fiducial model of field BBHs,
which includes the potential contribution of CE, SMT, and CHE
channels, this quantity for y¢ € [0.2,0.5] shows a monotoni-
cally increasing behavior as a function of redshift in the under-
lying BBH population. We also presented predictions for the de-
tectable )?;L)(O(z) for the LIGO-Virgo detector network at O3
sensitivity and the Einstein Telescope. Because of the smaller
horizons of current GW detectors (z =~ 1), the origin of the mono-
tonically increasing LIGO-Virgo ;;gm (z) quantity is different
than the intrinsic BBH population or that which the Einstein
Telescope will observe in the future. Such differences originate
from different BH mass distributions of the various channels.
On average, highly rotating BBHs formed from the CHE chan-
nel are more massive than tidally spun up BBH systems formed
from the CE channel. Hence, LIGO-Virgo detector selection ef-
fects favour high BH masses and lead to different observational
horizons for different channels. We find that, in contrast to the
intrinsic distribution where the y.¢ — z correlation is dominated
by tidal spun-up BBHs from the CE channel, the CHE channel
dominates the LIGO-Virgo detected y.¢ — z correlation above
z>04.

Finally, assuming isolated binary evolution dominates the
detected population of merging BBHs, we performed a model
comparison between our fiducial model and LIGO-Virgo
GWTC-3 data. We find that current observations favor the pre-
diction of our model that there is a positive correlation be-
tween y.s and z. Such a conclusion is consistent with the re-
sults of Biscoveanu et al. (2022) who found that the width of the
Xeft distribution likely broadens with increasing redshift, event
though they did not find compelling evidence in favor of a red-
shift evolving mean y.g. Additionally, our model prediction at
low redshifts of a large zero-spin BBH population with an addi-
tional subpopulation of systems with spin vectors preferentially

aligned to the orbital angular momentum is in agreement with
Roulet et al. (2021) and Galaudage et al. (2021) reanalysis of
GWTC-2 events. Moreover, our results are consistent with the
findings that investigated field BBH observable properties and
rates (Bavera et al. 2020, 2021a), multi-channel model selec-
tion with GWTC-2 data (Zevin et al. 2021), potential constraints
from LGRBs (Bavera et al. 2022a), and the current upper limits
of the stochastic GW background (Bavera et al. 2022b).

Considering future 3G GW detector facilities, we demon-
strated that if isolated binary evolution plays a dominant role
in the formation of merging BBHs in the Universe, 3G GW de-
tectors will observe more of the merging BBHs in the Universe
and a y.g — z correlation that is more indicative of the behavior
of the underlying population.
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Appendix A: Angular momentum loss due to
pulsational pair-instability supernovae

Mass loss due to PPISNe can play a role in depleting the angular-
momentum reservoir of a collapsing star. Because the pulsations
carry away the outer layers of the stars that carry most of the
angular-momentum content of the star, this phenomena could
have a major impact in reducing the spins of massive BHs.

The impact of PPISNe on the spin of the second-born BH of
tidally spun up BH-WR systems was briefly discussed in Zevin
& Bavera (2022). For tidally spun-up systems with orbital peri-
ods p < 1day and WR stellar masses of Mwr > 40 M, at car-
bon depletion, the first panel of Figure 1 in Bavera et al. (2021b)
shows a small suppression of the second-born BH spin obtained
from the WR stellar profile collapse of MESA BH-WR simula-
tions from Bavera et al. (2021a). Because WR stellar wind rates
scale as a function of metallicity (Vink et al. 2001), only binaries
born at low metallicities (prevalently formed at high redshifts)
will evolve to have WR stars in such a mass regime. Hence, for
the CE channel, we expect this phenomena to have a small im-
pact as on average the channel operates at smaller WR stellar
mass. For the SMT channel, we find that in practice this phe-
nomena is relevant only at large redshifts as this channel leads
on average to more massive BH-WR star systems compared to
the CE channel, resulting in a Jﬁlf\fo,z(z > 7) = 0.45 plateau in
Figure 2.

In contrast, we find that the impact of PPISNe onto the spin
of BHs formed from the CHE channel is not negligible as this
channel only operates at low metallicities (Z < 5 - 10~*) and for
massive stars. For metallicities Z < 107 the entire sample of
merging BBHs evolving through the CHE channel is formed by
stars with ZAMS primary masses 40 M, < M; < 70 M, which
undergo PPISN. This occurs because at these low metallicities
stellar wind mass loss is weaker compared to larger metallicities,
and the stars reach the mass regime of PPISN, see Figure Al of
du Buisson et al. (2020). We note that in our fiducial model we
do not simulate BBH formation above ZAMS primary masses of
150 M, hence Figure Al of du Buisson et al. (2020) should be
read accordingly. On the other hand, the 10™* < Z < 5-1073
parameter space leading to the formation of merging BBHs al-
lows for direct collapse and, hence, conservation of angular mo-
mentum during the stellar profile collapse (with the exception
of extremely highly rotating stars inducing disk formation). In
Figure A.1, we show the ZAMS binary conditions leading to
merging BBH formation through the CHE channel, showing
their final primary BH spins as a function of ZAMS initial or-
bital period and primary mass which can be directly compared
to Figure Al of du Buisson et al. (2020). We can see that for
Z < 107* and ZAMS primary masses < 70 M, the entire pop-
ulation of BBHs is composed of BBH systems with negligible
spins as they have lost their high stellar angular momentum
due to PPISN mass ejection. The gap in the parameter space
at 1.8 < log,((M/My) < 2.1 for Z < 10~* binaries in Fig-
ure A.1 is due to pair-instability supernovae leaving no remnant.
For binaries with Z > 107, this portion of the parameter space
is present at larger ZAMS primary masses and orbital periods
(see Figure A1 of du Buisson et al. 2020). The impact of PPISN
onto the BH spin of BBHs formed from the CHE channel at ex-
tremely low metallicities explains the monotonically decreasing
behaviour of fCHE (z) as a function of increasing redshift as the

N eff >X0 .
Universe forms more stars at these low metallicities.
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Fig. A.1. Distribution of ZAMS binary orbital period, p, primary mass,
M, and the final primary BH spin of systems evolving thorough the
CHE channel to become merging BBHs in our fiducial model. In this
sample we only include BBH systems with inspiral times less than the
age of the Universe. Different markers differentiate metallicity regimes
according to the legend. For visualisation purposes, we capped the color
bar at agy; = 0.7 even though there are BHs approaching the general
relativistic limit agy; = 1. Though binaries with p < 1day do tidally
spin up and evolve through CHE, they later undergo mass loss due to
PPISN which depletes the WR star of its angular momentum reservoir.

Appendix B: The y.g¢ — z correlation with channel
exclusion

In this appendix section we show the impact to our results pre-
sented in Figure 2 in the hypothetical scenario that one of the
three channels considered has a negligible contribution to the
formation of merging BBHs.

First, let us consider neglecting the CE channel. Factors that
might lead to this hypothetical scenario are discussed in Sec-
tion 4. Figure B.1 shows how the results presented in Figure 2
would change under this assumption. In this alternative model,
the intrinsic fraction f, ;>02(z) is mainly supported by highly
spinning BBHs formed from the CHE channel at z < 5, while
at larger redshift the SMT channel contributes with a larger frac-
tion of tidally spun-up BHs. However, we notice that in contrast
to our fiducial model the intrinsic fraction f,;-0.2(z) is monoton-
ically decreasing. On the other hand the LIGO-Virgo detectable
BBH population shows a similar behaviour as the fiducial model.
This occurs as the CE channel contribution to the LIGO-Virgo
detectable population is small compared to the SMT and CHE
channels, since the CE channel leads to less massive BBHs (cf.
Figure 2).

Second, let us consider neglecting the SMT channel. Fig-
ure B.2 shows how the results presented in Figure 2 would
change under this assumption. Because at low redshifts (z < 5)
the SMT channel mostly contributes to the intrinsic distribu-
tion with non-spinning BBHs, this alternative scenario leads to
a larger f,;>02(2) fraction compared to the fiducial model. This
hypothetical scenario would result in a LIGO-Virgo detectable
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Fig. B.1. Same as Figure 2 but the model of isolated binary evolution excludes the CE channel.

BBH population £ (z) 2 0.6, in tension with GWTC-3 ob-
servations.

Last, let us consider neglecting the CHE channel. As dis-
cussed in Section 4 this might occur, for example, in the hy-
pothetical case where the abundance of binary stars at ZAMS
with short orbital periods (p < 2days) is overestimated. This
alternative model is presented in Figure B.3. We can see that
the fy.;>y,(2) distribution is similar to what is presented in Fig-
ure 2. This is explained by the fact that for any redshift the CHE
channel has a small contribution to the intrinsic population of
merging BBHs at fcye(z) < 0.2. On The other hand the LIGO—
Virgo detectable f;g)(o (z) manifests an almost flat behaviour up
to z = 0.6 above which it sharply increases to reach unity at
z = 1. This sharp monotonic increase of ﬁ_‘}g)m (z > 0.6) is due
to the contribution of tidally spun up BBHs formed from the CE
channel completely dominates over BBHs formed from the SMT
channel at z > 0.75, as f&(z > 0.75) > f5it.(z > 0.75).

A comparison between the intrinsic f,;>0.2(z) when exclud-
ing one of the three field channels and the inferred distribution
given the phenomenological model presented in Eq. (4) is shown
in Figure B.4. We can see that a model without the CHE channel
is closer to the median inferred intrinsic fraction of f .0 than
the fiducial model. Additionally, the model excluding the SMT
channel is incompatible with the 90% CI of the inferred fraction
as it overpredicts the fraction of highly rotating BBHs.
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Fig. B.3. Same as Figure 2 but the model of isolated binary evolution excludes the CHE channel.
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Fig. B.4. Same as Figure 5 but we show the models excluding one of
the three channels according to the legend.
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3.3. THE xgrr-REDSHIFT CORRELATION OF FIELD BINARY BLACK HOLE MERGERS

3.3.3 Impact on the current field of research

The presented redshift evolution of the xeg distribution for BBH mergers is a distinct feature of
isolated binary evolution that can be used to identify the presence of this formation channel in the detected
population of merging BBHs. Assuming isolated binary evolution is the dominant BBH formation channel
in the Universe, we showed how the future third-generation GW detectors such as the Einstein Telescope,

which have wider observational horizons than current GW detectors, might directly observe this evolution.

Simultaneously to the publication of the Bavera et al. (2022a) manuscript, Biscoveanu et al. (2022)
reported that the current observed BBH sample (GWTC-3) show that the y.g distribution broadens
with increasing redshift. This conclusion is consistent with our analysis of GWTC-3 events Bavera et al.
(2022a). However, in contrast to Bavera et al. (2022a) BBH models for the isolated binary evolution
previously presented, Biscoveanu et al. (2022) analysis does not find compelling evidence that the mean of
the xeg distribution evolves with redshift, but only an increasing dispersion. A xog distribution evolving
with redshift is constrained at ~ 80% credibility in both cases. Compared to Bavera et al. (2022a),
Biscoveanu et al. (2022) carefully considers potential biases introduced in the analysis. For example, the
authors ruled out that this signature is caused by the marginalization over a potential correlation between
BH primary mass and effective spin. The authors also conclude that the measured trend is robust against
considering alternative astrophysically-motivated phenomenological models. These trends are discussed,

among others in Section 1.4.4.
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Chapter 4

Now you see me

Merging BBHs formed from isolated binary evolution are expected to be generated in a gas-free en-
vironment. Hence, the merger event is not expected to be associated with an electromagnetic (EM)
counterpart. Given the right conditions, BBHs formed in gaseous environments like AGN disks might
lead to prompt EM emission during the merger of the two BHs (e.g., McKernan et al. 2019). Nonetheless,
the core collapse of massive rapidly spinning stars and the formation of BHs in isolation has been linked
to long-duration gamma-ray bursts (LGRBs) under the collapsar model (Woosley 1993; Paczyniski 1998).
Being bright transient events, LGRBs are detectable to high redshifts (e.g., z ~ 9 Cucchiara et al. 2011).
This chapter investigates and quantifies the contribution to LGRBs of the sub-population of highly ro-
tating merging BBHs formed from isolated binary evolution. Additionally, we discuss the implications of
our tidal spin-up models of isolated binary evolution to the observability of EM counterparts in BH-NS
mergers. In contrast to merging BBHs, merging BH-NS systems are expected to lead to EM counterparts
if the tidal disruption radius of the NS is outside the innermost stable circular orbit (ISCO) of the BH,
which, in turn, depends on the BH spin.

4.1 Probing the progenitors of spinning binary black-hole merg-

ers with long gamma-ray bursts

4.1.1 A brief introduction

The collapse of a massive, rapidly rotating star is thought to lead to the formation of a gaseous
disk around a centrally formed BH which accretion can successively power an electromagnetic jet. This
process, known as the collapsar scenario, is thought to be responsible for the emission of observed LGRBs.
These are transient events in which the detected signal lasts more than two seconds (Kouveliotou et al.
1993), as opposed to short-duration gamma-ray bursts, which last less than two seconds and are thought
to be emitted during the merger event of two compact objects (Abbott et al. 2017c). We point out
that this classical picture was recently challenged by Rastinejad et al. (2022) claim of observing a LGRB
event with a kilonova-like light curve similar to the one observed after the EM observation of GW170817
following the merger of two NSs (Abbott et al. 2017a).
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4.1. PROBING THE PROGENITORS OF SPINNING BINARY BLACK-HOLE MERGERS WITH
LONG GAMMA-RAY BURSTS

Efficient angular-momentum transport in stellar interiors, currently supported by asteroseismic and
gravitational-wave constraints, leads to predominantly slowly-spinning stellar cores (see §1.3.1.1 and
§3.1). However, tidal interactions in close binaries can explain the observed sub-population of spinning
and merging BBHs (see Chapeters 2 and 3). In the CE, SMT, and CHE evolutionary channels, high BH
spins result from tidal spin-up in the BBH progenitor system, which leads to a high angular-momentum
content in the pre-collapse core. At core collapse, portions of the star supported by their extreme angular
momentum do not fall directly toward the center, forming an accretion disk. As the newly-formed central
BH accretes from the disk, a fraction of the accreted material’s rest mass is converted into energy,
powering a jet that pierces a hole through the collapsing star’s poles, giving rise to the LGRB. In this
research project, we quantify the contribution of the isolated binary evolutionary channel to the observed
sample of LGRBs and look for potential candidates in the observed GW sample for BBHs systems that

were associated with a LGRB at the moment of BBH formation.

4.1.2 Manuscript

The conducted study Bavera et al. (2022b) was published as a Letter in Astronomy & Astrophysics

in January 2022. The arXiv open-access version of the manuscript is presented in the following pages.
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ABSTRACT

Long-duration gamma-ray bursts are thought to be associated with the core-collapse of massive, rapidly spinning stars and the for-
mation of black holes. However, efficient angular momentum transport in stellar interiors, currently supported by asteroseismic and
gravitational-wave constraints, leads to predominantly slowly-spinning stellar cores. Here, we report on binary stellar evolution and
population synthesis calculations, showing that tidal interactions in close binaries not only can explain the observed sub-population
of spinning, merging binary black holes but also lead to long gamma-ray bursts at the time of black-hole formation. Given our model
calibration against the distribution of isotropic-equivalent energies of luminous long gamma-ray bursts, we find that ~10% of the
GWTC-2 reported binary black holes had a luminous long gamma-ray burst associated with their formation, with GW190517 and
GW190719 having a probability of ~85% and ~60%, respectively, being among them. Moreover, given an assumption about their
average beaming fraction, our model predicts the rate density of long gamma-ray bursts, as a function of redshift, originating from this
channel. For a constant beaming fraction fg ~ 0.05 our model predicts a rate density comparable to the observed one, throughout the
redshift range, while, at redshift z € [0, 2.5], a tentative comparison with the metallicity distribution of observed LGRB host galaxies
implies that between 20% to 85% of the observed long gamma-ray bursts may originate from progenitors of merging binary black
holes. The proposed link between a potentially significant fraction of observed, luminous long gamma-ray bursts and the progenitors
of spinning binary black-hole mergers allows us to probe the latter well outside the horizon of current-generation gravitational wave
observatories, and out to cosmological distances.

Key words. Gravitational waves — Black hole physics — Stars: binaries: close — Gamma rays: bursts — Accretion, accretion disks

1. Introduction

The substantial increase in the sample size of merging binary
black holes (BBHs) detected by the Advanced LIGO (Aasi
et al. 2015) and Advanced Virgo (Acernese et al. 2015) detec-
tors has allowed for significant improvement in our understand-
ing of BBH assembly, primarily driven by meaningful popula-
tion inferences. The second gravitational-wave transient cata-
log, GWTC-2, contains 46 confident BBH detections (Abbott
et al. 2020b). Each system can be characterised by the chirp
mass Mchirp and the effective spin parameter y.r. Here, Mchirp =
(mym2)*? [(my +mp)'/> where my and m, are the BH masses and
Xeft = (mja;+mpay)/(m;+my)-L where a; and a; the BH dimen-
sionless spin vectors and L the orbital angular momentum (AM)
unit vector. The majority of the detected BBHs have a y.¢ con-
sistent with zero, 9 events have positive y.g at 95% credibility,

* E-mail: simone.bavera@unige.ch

while no individual BBH events are observed with confidently
negative y.q. These observations indicate the existence of a sub-
population of spinning BBHs.

Although several formation pathways of coalescing BBHs
have been proposed in the literature, recent works suggest that
the evolution of isolated binaries dominates the underlying, lo-
cal merging BBH population (Zevin et al. 2021; Franciolini et al.
2021; Bavera et al. 2021b) over dynamical formation in dense
stellar environments (e.g., Rodriguez et al. 2019; Antonini et al.
2019) or primordial merging BBHs (e.g., Sasaki et al. 2016; De
Luca et al. 2020). However, There is not yet enough observa-
tional evidence to make a definite conclusion regarding the ori-
gin of BBHs.

The isolated binary formation pathways include (i) a stable
mass transfer (MT) and a common envelope (CE) phase (e.g.,
Smarr & Blandford 1976; van den Heuvel 1976; Tutukov & Yun-
gelson 1993; Kalogera et al. 2007; Postnov & Yungelson 2014;
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Fig. 1: Joint distribution of the chirp mass Mcirp and the effective inspiral spin parameter y.g for the combined CE, SMT, and CHE
channels. For all figures, the model predictions for the underlying (intrinsic) BBH population are shown in gray where lighter colors
represent larger contour levels of 90% and 99.9%, respectively. Left: The detected BBH population with O3 sensitivity is shown
in orange. Overlaid in black are the O1, 02, and O3a LVC GWTC-2 (Abbott et al. 2020a) data with their 90% credible intervals;
GW190521 is outside the plotted window. Right: The BBH sub-population which emitted LGRBs at BBH formation is shown in
blue. The 10 events in GWTC-2 with chances > 10% to have emitted a luminous LGRB at BBH formation are indicated in black.
The 2 events, GW190517 and GW 190719, with > 50% probabilities are indicated with star markers. No bin smoothing was applied

to construct the contour levels.

Belczynski et al. 2016; Bavera et al. 2020), (ii) double stable MT
(SMT) (e.g., van den Heuvel et al. 2017; Inayoshi et al. 2017,
Neijssel et al. 2019; Bavera et al. 2021a) or (iii) chemically ho-
mogeneous evolution (CHE) (e.g., de Mink et al. 2009; Mandel
& de Mink 2016; Marchant et al. 2016; du Buisson et al. 2020).
In these channels, high BH spins are the result of tidal spin-up
in the BBH progenitor system, which leads to a high AM con-
tent in the pre-collapse cores. The high spins of the cores are
retained until collapse, even in the case of efficient AM transport
(Spruit 1999, 2002; Fuller et al. 2019). In contrast, efficient AM
coupling in isolated single-star evolution or in wide binaries is
expected to lead to BHs with negligible spin (Qin et al. 2018;
Fuller & Ma 2019) which AM transport efficiency is supported
by asteroseismic data (Kurtz et al. 2014; Deheuvels et al. 2015;
Gehan et al. 2018), observations of white dwarfs spins (Berger
et al. 2005) and recent gravitational-wave observations (Zevin
et al. 2021).

The collapse of a spinning stellar core has been linked to
long-duration gamma-ray bursts (LGRBs) under the “collapsar”
model (Woosley 1993; Paczyniski 1998). In this scenario, por-
tions of the star supported by their extreme AM do not fall di-
rectly towards the center when they collapse, forming instead an
accretion disk. As the newly-formed central BH accretes from
the disk, a fraction of the accreted material’s rest mass is con-
verted into energy powering a jet that pierces a hole through the
collapsing star’s poles, giving rise to the LGRB. Being bright
transient events, LGRBs are detectable up to very high red-
shifts (e.g., z ~ 9, Cucchiara et al. 2011) and have Tyy > 25,
where Ty is the time over which a burst emits 90% of its total
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measured counts (Kouveliotou et al. 1993). Furthermore, sev-
eral LGRBs have been associated with Type Ic-broad-line super-
novae (Woosley & Bloom 2006). These supernovae show broad
spectral lines due to their high kinetic energy and lack H- and
He-lines, which indicate that the progenitors are stripped stars
(Modjaz et al. 2016). There are only a few unbiased and redshift-
complete catalogs of LGRBs, as they require a rapid follow-up
response from the ground to obtain redshift measurements. The
largest of these catalogs is the SHOALS survey which counts
110 LGRBs and is considered complete for all LGRBs with flu-
ence S s_1s0key > 1076 erg cm~2 which corresponds to isotropic-
equivalent energies of EfSo» > 10°! erg in the 45-450 keV band
(Perley et al. 2016).

Detailed stellar models of tidally spun-up stars have shown
that binary configurations, such as those involved in the forma-
tion of fast-spinning merging BBHs from isolated binary scenar-
ios, can lead to LGRBs (van den Heuvel & Yoon 2007; Detmers
et al. 2008; Marchant et al. 2016; Qin et al. 2018; Chrimes et al.
2020). Notably, one of the first quantitative studies by Detmers
et al. (2008) concluded that only a small fraction of LGRBs can
come from tidal spin-up, in contrast to findings of more recent
studies, including this work.

In this work, we make the working assumption that the
isolated binary evolution pathway dominates the formation of
merging BBHs in the Universe. We adopt a formation model that
combines the CE, SMT, and CHE BBH channels and is consis-
tent with observed BBH merger rates and their observable dis-
tributions (du Buisson et al. 2020; Bavera et al. 2021a; Zevin
et al. 2021), and explore the hypothesis of a direct link between
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Fig. 2: Modeled merging BBH and luminous LGRB rate densities as a function of redshift from isolated binary evolution in dashed
and solid black lines, respectively. The CE, SMT, and CHE channel contributions are indicated in orange, blue, and green colors,
respectively. The violet marker denotes observable constraints of local BBH rate densities at z = 0 from LVC GWTC-2 (Abbott et al.
2020a) and the red markers the luminous LGRB rate densities from the SHOALS survey (Perley et al. 2016). The SHOALS survey
LGRB rate densities are not beaming-corrected and hence probe the observed and not the intrinsic LGRB population. Our fiducial
model assumes LGRB efficiency n = 0.01, constant beaming factor fg = 0.05, and IlustrisTNG redshift- and metallicity-dependent

star formation rate (Nelson et al. 2019).

a potentially significant fraction of the observed long gamma-ray
bursts and the progenitors of highly spinning, merging BBHs.

2. Methods

The modeling of the BBH population combines detailed binary
stellar MESA (Paxton et al. 2011) models that follow in detail
the tidal spin-up of the collapsing cores, with rapid popula-
tion synthesis techniques (Breivik et al. 2020) under the same
software framework called POSYDON.! The key assumptions of
these models are summarised in Appendicies A to C. To com-
pute the corresponding rate densities, we assume a redshift- and
metallicity-dependent star formation rate (SFR) density accord-
ing to the [ustrisTNG cosmological simulation (Nelson et al.
2019) as explained in Appendix D.

3. Results

The combined gravitational-wave (GW) observable predictions
of yefr and Meprp for the modeled underlying population of merg-
ing BBHs is shown in gray in Figure 1. The CE evolutionary
pathway leads to BH-Wolf-Rayet systems in close orbits where
a subsequent tidal spin-up phase may occur (Bavera et al. 2020,
2021a,c). The SMT channel leads, on average, to wider orbital
separations and, hence, the majority of these systems will avoid
efficient tidal spin-up (Bavera et al. 2021a). CHE occurs in ini-
tially close binaries with stars that have nearly equal masses and
orbital periods between 0.4 and 4 days (du Buisson et al. 2020).
Both stars experience strong tidal spin-up since early in their
evolution, which leads to efficient rotational mixing throughout

! posydon.org

their interior, avoiding a super-giant phase and associated stel-
lar expansion. Therefore, the CE and CHE scenarios are mostly
responsible for BBHs with non-zero y.s (Bavera et al. 2020,
2021a), where the CHE BBHs primarily probe high Mchir, (du
Buisson et al. 2020).

Contemporary GW detectors can probe only the low redshift
subset (z < 1, Abbott et al. 2020b) of the underlying BBH popu-
lation. Observations are biased towards high M, as the signals
of massive BBHs are louder and, hence, can be detected at fur-
ther distances. Current GW observatories are therefore unable
to individually resolve a large fraction of merging BBHs in the
Universe. In the left panel of Figure 1, we indicate in orange the
observed distribution of y.g and My, predicted by our model,
assuming a three detector configuration with a network signal-
to-noise ratio threshold of 12 and “mid-high/late-low” sensitivity
(Abbott et al. 2018), consistent with the third observing run of
LIGO and Virgo detectors. For a direct comparison with the ob-
servations, we overlay the 46 BBH events with their 90% cred-
ible interval (CI) in black. The GW detector selection effects
distort the observable distributions to high My, and y.q values
compared to the underlying BBH distribution, which is shown in
gray.

A fraction of the underlying merging BBH population with
highly spinning BHs is expected to give rise to LGRB events at
the moment of BBH formation. For each BBH formation, we
calculate from the structure profile of the BH progenitor star
whether a sufficiently massive accretion disk is formed during
the core collapse, which will give rise to a luminous LGRB (see
Appendix C for details). In the CE channel, only the second-born
BH is associated with a LGRB as tidal interactions are only rel-
evant in the BH-Wolf-Rayet evolution phase of the BBH pro-
genitor. In contrast, a highly spinning CHE BBH system can
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be associated with two LGRB events, as tides cause both stars
to be rapidly spinning. The sub-population of BBHs associ-
ated with LGRBs is indicated in blue in the right panel of Fig-
ure 1. These systems have yex = 0.2 (90% CI) while favoring
Mhirp € [5,30] Me. In contrast to the observed GW population,
there is no observational bias for high-Mcy;, BHs in the LGRB
population. We find that the expected number of GWTC-2 events
that had emitted a LGRB at BBH formation is 4. Among
all the GWTC-2 events, GW190517 and GW190719 have the
highest probabilities, *85% and ~60% respectively, of having
had a LGRB precursor, while 8 more events have a probability
pLcors > 10%. Those 10 events are highlighted in the right panel
of Figure 1. The details of the calculation of these probabilities
are presented in Appendix E.

The combined local (z = 0) BBH merger rate density of our
CE, SMT, and CHE fiducial models is 38.3 Gpc~> yr™!, with each
channel contributing 57%, 29%, and 14%, respectively. The pre-
dicted local rate density is within the observational constraints
from GWTC-2 with [15.3,38.8]Gpc ™2 yr~! at 90% credibility
(Abbott et al. 2020a). In Figure 2, we show the redshift evolu-
tion of each channel’s BBH merger rate density as well as their
combination (dashed lines). The CE BBH merger rate density
peaks at a redshift z € [2, 3], close to the peak of the SFR den-
sity, shown in gray. The CE BBH merger rate closely follows the
SFR because of the short delay times between the formation and
merger of tight BBH systems produced by the CE channel. In
contrast, SMT and CHE BBHs have longer delay timescales as
there is no mechanism to shrink the orbits as efficiently as the
CE phase does. Therefore, the SMT rate density does not follow
the SFR density and peaks at lower redshifts. Finally, we note
that the CHE rate density is not as suppressed at high redshift
as in the other two channels. This is because the CHE channel
operates with higher efficiency at extremely low metallicity en-
vironments, which are more abundant at high redshifts.

08 1 SHOALS survey
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Fig. 3: Normalized histogram of the observed luminous LGRB
isotropic-equivalent energies with redshift z < 5 from the
SHOALS survey, in light red, compared to the modeled LGRB
isotropic-equivalent energies. Our fiducial model was calibrated
such that the modeled LGRB energies peak near the observed

energy distribution. This is achieved for 7/ fg = 0.2 o< EiLS‘C’;RB.

Luminous LGRB rate densities from our fiducial model are
shown in Figure 2 as a function of redshift, for each chan-
nel and their combination (solid lines). The fiducial model as-
sumes a LGRB energy efficiency = 0.01 and beaming fraction
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Fig. 4: Cumulative distribution function (CDF) of the modeled
LGRB progenitors’ metallicities for redshifts z < 2.5, in blue.
The CDF of the observed SHOALS LGRBs host galaxy metal-
licities for z < 2.5 (Graham et al. 2019) are indicated in or-
ange. The light orange shaded area shows the uncertainty in the
observed CDF due to systematic offsets in the measurement of
log,(,(O/H) depending on the calibrations used, and the stellar
mass of the galaxy which can be as high as A[log,;,(O/H)] =~
0.7 dex (Kewley & Ellison 2008). As a reference, we indicate
with a vertical dashed black line the median metallicity from the
IlustrisTNG simulation at redshift z = 2 and lighter gray shaded
areas delineate larger CI of 68, 95 and 99% for the assumed star
formation metallicity distribution.

/s = 0.05, whose ratio is calibrated to match the peak of ob-
served luminous LGRB energy distributions as described in Ap-
pendix C and shown in Figure 3. The majority of LGRBs orig-
inate through the CE evolutionary pathway while only 21-25%,
for any z < 10, come from CHE. The SMT channel leads to the
smallest LGRB rate densities (< 0.03 Gpc™ yr™!) for any red-
shift, as tidally spun-up second-born BHs are rare in this evolu-
tionary pathway. To confront our model predictions, we compare
our theoretical luminous LGRB rate estimates with the SHOALS
survey estimates using red markers in Figure 2. The combination
of CE and CHE LGRB rates for our fiducial model are consis-
tent with the observations of luminous LGRBs throughout the
redshift range. A discussion about the sensitivity of our rate es-
timates about the choice of beaming fraction and SFR are pre-
sented in Appendices C and D.

LGRBs probe the formation of highly spinning merging
BBHs formed at low metallicity because, at such metallicities,
stellar winds are weaker, which allows the BBHs’ progenitors to
remain rapidly spinning and in close orbits until the formation
of the BHs. These systems are therefore mostly formed at high
redshifts where low metallicity environments are more abun-
dant. Measurements of the metallicity of LGRB host galaxies
have shown that LGRB rates are indeed enhanced at low metal-
licities (Fruchter et al. 2006). In our model, the threshold for
LGRB formation is Zy,x ~ 0.2 Z; where we adopt Zy = 0.017
(Grevesse et al. 1996). In Figure 4, we compare the progeni-
tors’ metallicities of modeled LGRBs to the sub-sample of the
SHOALS LGRBs with identified host galaxies which have mea-
sured metallicities for z < 2.5 (Graham et al. 2019). At face
value, we find that 40% of the observed LGRB host galaxies
have metallicities lower than Z,,,. However, when taking into
account possible systematic uncertainties in the measurement of
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log,,(O/H) abundances (Kewley & Ellison 2008) our model can
be consistent with at most ~85% of observed LGRBs, see Ap-
pendix F for more details. Selection effects in LGRB host galax-
ies for which metallicity measurements are possible, biases the
sample towards low red-shift and high-mass galaxies, and hence
potentially towards higher metallicities (Graham et al. 2019).
This comparison implies that in order to associate the entirety
of luminous LGRBs to the formation of BBHs, a potentially sig-
nificant fraction of LGRB progenitors at low redshifts (z < 2.5)
must originate in low metallicity pockets of the host galaxies. Fi-
nally, we should stress that theoretical model uncertainties due
to the uncertain metallicity dependence of stellar wind mass loss
during the late Wolf-Rayet phase of the stars evolution as well
as the uncertainties in the metallicity dependent SFR make this
comparison less conclusive. A detailed parameter study would
improve such a comparison but is outside the scope of this letter.

4. Discussion & Conclusions

In this study, we only consider a contribution to the LGRB
rate from merging BBH progenitors. Other pathways to fast-
spinning, BH progenitor stars, in single or binary stars, have
been proposed to lead to LGRBs (e.g., Yoon et al. 2006;
Cantiello et al. 2007), none of which though at a rate that
matches the observed one, when considering efficient angular
momentum transport in stellar interiors (Fryer et al. 2007). Ob-
served high mass X-ray binaries, containing highly spinning
BHs, such as Cygnus X-1 (e.g., Gou et al. 2011; Zhao et al.
2021), may have also been progenitors of LGRBs. The forma-
tion of these systems is puzzling (e.g. Wong et al. 2012; Neijssel
et al. 2021), and it is uncertain whether the BH spin in these
systems originates from highly-spinning pre-collapse cores (see
e.g., Moreno Méndez et al. 2008; Batta et al. 2017; Schrgder
et al. 2018). It is interesting to note that a simple estimate of
the LGRB rate density from Cyg X-1 like systems, assuming
that there is one such binary per Milky Way like galaxy with
SFRyw =~ 1 Mg yr~!, and a typical lifetime of Tyyxp =~ 10° yr,
far exceeds the observationally determined one at Rygrp(z =
0) < 0.6Gpc yr! at

HMXB,_ _ my _ THMXB JB 3
Ricrs (z=0)=10x ( 10° yr ) X (m) Gpeyr . 1)
In this estimate, we assumed a SFR(z =~ 0) = 2 X

10" M, Gpe ™ yr~! for the local Universe (cf. Figure 1). Another
possible viable alternative for the origin of LGRBs includes the
formation of a fast rotating neutron star with an ultrahigh mag-
netic field (Duncan & Thompson 1992). While our analysis can-
not exclude other potential progenitors of LGRBs, consideration
of the salient uncertainties of our model demonstrates that pro-
genitors of fast-spinning BBH mergers, formed via isolated bi-
nary evolution, are likely a major contribution to the observed
luminous LGRB rate.

Fast-spinning BBHs have typically short merger timescales.
Because of this, current gravitational wave detectors cannot
probe them efficiently, as their formation and merger rate is max-
imal approximately where the SFR density peaks at z € [2,3].
Luminous LGRBs, on the other hand, are observable up to
redshift of ~ 9, and can therefore be used as a cosmological
probe, empirically constraining the sub-population of progeni-
tors of fast-spinning BBH merger events far beyond the horizons
of current-generation gravitational wave observatories. We have
used two types of multi-messenger, albeit asynchronous, types
of observations, gravitational waves, and gamma-rays, to chart

BBH formation across cosmic time. Using combinations of ob-
servations like this opens a new avenue to constrain the currently
uncertain physics of binary evolution and compact object forma-
tion.
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Appendix A: Population synthesis of CE, SMT, and CHE binary black holes

We model the evolution of binaries through CE and SMT with the POSYDON framework to combine the rapid population synthesis
code COSMIC (Breivik et al. 2020) with detailed MESA (Paxton et al. 2011, 2013, 2015, 2018, 2019) stellar structure and binary
evolution simulations (Bavera et al. 2021a). This hybrid approach is used to rapidly evolve millions of binaries from the zero-age
main sequence (ZAMS) until the end of the second MT episode. For the last phase of the evolution, which determines the second-
born BH spin (Qin et al. 2018; Bavera et al. 2020), we used detailed BH-Wolf-Rayet binary evolution simulations to model the
tidal spin-up phase until the secondary star reached central carbon exhaustion. These simulations take into account differential
stellar rotation, tides, stellar winds, and the evolution of the Wolf—Rayet stellar structure until carbon depletion. The core collapse is
modeled as described in the next section. We consider disk formation during the collapse of highly spinning stars, mass loss through
neutrinos, pulsational pair-instability and pair-instability supernova (PPISN & PISN) (Marchant et al. 2019), and orbital changes
resulting from anisotropic mass loss and isotropic neutrinos mass loss (Kalogera 1996).

In our models, the first-born BHs in the SMT and CE channels are formed with a negligible spin because of the assumed
efficient AM transport (Fragos & McClintock 2015; Qin et al. 2018; Fuller & Ma 2019). If AM transport were to be inefficient, this
would lead to spinning BBHs (Belczynski et al. 2020), which are currently inconsistent with GWTC-2 observations. Moreover, we
assume Eddington-limited accretion efficiency onto compact objects, resulting in a negligible amount of mass accreted onto the first-
born BH during SMT. Hence, the first-born BH in the SMT channel avoids any spin-up during MT (Thorne 1974). Alternatively,
if the accretion onto compact objects could reach highly super-Eddington rates, the binaries would not shrink enough to produce
merging BBHs, leading to the suppression of the SMT channel (Bavera et al. 2021a). Hence, even though super-Eddington accretion
efficiency strongly affects the yield of merging BBHs through the SMT channel, it will not affect LGRBs rates as the MT accretion
spin-up occurs after BH formation. Finally, motivated by the model comparison between our models and GWTC-2 data (Bavera
et al. 2021a), we assume inefficient common envelope ejection efficiencies, taken as acg = 0.5 in the @cg — A CE parameterization
theory (see, e.g. Ivanova et al. 2013, for a review) and adopt A fits as in Claeys et al. (2014). Because the orbital separation post CE
is approximately proportional to acg, inefficient CE ejection leads, on average, to a larger fraction of tidally spun-up BHs, but at the
same time to a smaller overall number of BBH merger events compared to efficient CE ejection, acg > 1. Here, an acg value grater
than 1 does not mean that other sources of energy partake in the CE ejection, but more likely points to an inaccurate assumption
of core-envelope boundaries. Indeed, multiple recent studies (Fragos et al. 2019; Quast et al. 2019; Klencki et al. 2021; Marchant
et al. 2021) have shown that envelope stripping stops earlier than what currently assumed in population synthesis. We find that this

model’s uncertainty changes our LGRB rate estimate by RﬁCGE;g'S at redshift z = 0 (z = 2) by +36% (+18%), —56% (—42%) and

—68% (—54%) for acg = 0.25, 1 and 2, respectively, not changing our study’s conclusion.

The binary evolution through CHE is modeled entirely with MESA until the carbon depletion of both stars (du Buisson et al.
2020). More precisely, we model the two stars simultaneously in a binary system where tidal interaction and mass transfer are taken
into account. For consistency, the CE and SMT MESA models used identical input physics to the CHE ones, while simulations with
the COSMIC code were also configured to be as consistent as possible (Bavera et al. 2021a; Zevin et al. 2021). Similar to the other
channels, the stars’ profiles’ core collapse is done self-consistently with CE and SMT models using POSYDON. Because the CHE
MESA grids assume a fixed mass ratio ¢ = 1, both stars will reach core collapse simultaneously. In practice, we collapse one star
after the other by applying a Blauw kick (Kalogera 1996) after each star has collapsed to account for the orbit adjustment resulting
from PPISN and neutrinos mass loss, where we assume circularization after the formation of the first BH (du Buisson et al. 2020).

Initial binary conditions at ZAMS are drawn randomly from empirically constrained distributions. In CE and SMT, the ZAMS
binaries are directly evolved with POSYDON while binaries in the parameter space leading to CHE are mapped to the nearest
neighbor CHE MESA evolutionary track. Metallicities are sampled in the log-range log,,(Z) € [-5,log,,(2Zs)]. For the CE and
SMT models the log-metallicity range is divided in 30 desecrate values from log,,(Z) = —4 to log,,(1.5Z;) where binaries with
log,((Z) € [-5,—4] are mapped to the lowest metallicity bin (Bavera et al. 2021a). For the CHE models the log-metallicity range
is sampled with 22 discrete values from log,,(Z) = —5.0 to log,,(Z) = —2.375, above which any binary evolves through the
CHE channel (du Buisson et al. 2020). Primary masses follow the Kroupa initial mass function (IMF), a broken power law with
coefficient @« = —2.3 (Kroupa 2001) in the sampled mass range SMg < m; < 150 M. The upper limit is an extrapolation of the
original Kroupa IMF measured only up to 50 Mg. The arbitrary maximum stellar mass is chosen to exclude BH formation above
the upper mass gap of PISN, which we do not model (Heger et al. 2002). The mass distribution of the less massive secondary star
is given by my = m; X g, where the initial mass ratio ¢ is drawn from a flat distribution (Sana et al. 2012) in the range g € (0, 1].
We assume that all binaries are born with circular orbits. Furthermore, we adopt a binary fraction of fi;, = 0.7 (Sana et al. 2012)
and assume that at birth the distribution of log-orbital periods follow a power law with coefficient 7 = —0.55 (Sana et al. 2012)
in the range log,,(p/[day]) € [0.15,5.5] and extrapolate down to the range log,,(p/[day]) € [log,;,(0.4/[day]),0.15] assuming a
log-flat distribution (Bavera et al. 2021a). The portion of the parameter space with ¢ € [0.8, 1] and p € [0.4,4] days may lead to
CHE (du Buisson et al. 2020). Notice that there are some uncertainties on the actual initial binary properties of mass ratios, periods,
and eccentricities (see e.g. Moe & Di Stefano 2017), however, there are no constraints on them at low metallicities such as the one
modeled here. Moreover, The extrapolation to low orbital periods causes us to sample systems Roche-lobe overflowing at ZAMS.
Therefore, these systems have undergone MT during the pre-main sequence phase, which complicates the binary evolution and, a
priori, might not lead to CHE. To remove these systems from the sampled distribution, we adopt ZAMS stellar radii fits (Tout et al.
1996), which we compare to the initial Roche-lobe radii of the binary (Eggleton 1983). The population synthesis will then result in
a synthetic population of BBHs, which we distribute across the cosmic history of the Universe to compute rate densities. See the
later section for a detailed description.
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Appendix B: LGRB collapsar scenario

A massive star collapses under its own weight when nuclear reactions can no longer generate enough pressure to balance the pull
of gravity. For the most massive stars, this occurs after the stars have formed iron cores. Due to computational constraints, our
MESA simulations run until carbon depletion, which occurs less than a year before the actual core collapse. Because the remaining
stellar evolutionary phase is so rapid compared to the star’s total evolution, we can assume that the star’s structure will not change
drastically in the neglected portion of the evolution. The core collapse is modeled using fits to the results of 2D core-collapse models
(Fryer et al. 2012). We also account for mass loss through PPISN or stellar disruption from PISN using fits to 1D stellar models
targeting this evolution phase (Marchant et al. 2019). Depending on the carbon-oxygen core mass, mco—core, the star might explode
as a supernova and have a fraction of the ejected mass falling back onto the compact object or, if the star is massive enough, where
Mco-core = 11 Mg, the star will collapse directly to form a BH (Fryer et al. 2012). Consequently, in our models, only stars with
Mco-core < 11 Mg can receive natal kicks, with magnitudes drawn from a Maxwellian distribution with o = 265 km/s (Hobbs et al.
2005) and rescaled by one minus the fall-back mass fraction (Fryer et al. 2012). In this case, only a negligible fraction of such low
mass merging highly spinning BBHs associated to LGRBs will be disrupted by natal kicks as they are in tight orbits (orbital periods
of less than one day) and, hence, only a kick with magnitude larger than the corresponding orbital velocity vo > 500 km/s can
disrupt the system. Furthermore, notice that newer studies on core-collapse physics (e.g. Pejcha & Thompson 2015; Sukhbold et al.
2016; Patton & Sukhbold 2020; Schneider et al. 2021) indicate that there is no such distinct monotonic relation between neutron-
star (NS) and BH formation (for a detailed study of the impact of newer core-collapse mechanism prescriptions on the formation of
merging BBH and BH-NS in our models, see Roman-Garza et al. (2021)). In the collapse, we also account for up to 0.5 Mg mass
loss through neutrinos (Zevin et al. 2020). If the collapsing star is rapidly rotating, an accretion disk might form during this process
(Bavera et al. 2021a). Because our MESA simulations provide us with the star’s profile at core collapse, we can estimate the amount
of material that forms an accretion disk around the newly-formed BH and the spin of the final BH (Batta & Ramirez-Ruiz 2019).
We assume that the innermost shells of the star form a central BH of mass 2.5 M, through direct collapse, where we account for the
mass and AM loss through neutrinos (Bavera et al. 2021a). The collapse of each subsequent shell happens on a dynamical timescale.
We account for each shell’s portion with enough specific AM to support disk formation instead of collapsing directly. The thin disk
is subsequently accreted on a viscous timescale which we assume to be much smaller than the dynamical timescale. Hence the disk
is accreted before the next shell collapses. Notice that the accretion problem might be more complex than what assumed, e.g. Taylor
et al. (2011) 3D smoothed-particle hydrodynamics simulations showed that hydrodynamical instabilities in the accretion disk may
result in intermittent accretion. If this is the case one would also need to account for feedbacks from the already-accreted disk to
the rest of the in-falling material (see e.g. Bavera et al. 2021c) which we do not account here. When an accretion disk is formed,
a fraction of its rest-mass energy can power the formation of a jet that pierces through the star and breaks out from its poles. This
mechanism is known as the collapsar scenario and is thought to give rise to LGRBs (Woosley 1993; Paczyriski 1998).

Appendix C: LGRB isotropic-equivalent energy calibration

The LGRB jet is powered by the accretion disk produced in the core-collapse, and only a fraction, fi, of this rest-mass energy
will power the jet, of which a fraction f, is observed in the y-ray band 45 — 450keV. Moreover, when the jet breaks out from the
poles, the star’s outer layers, which have yet to collapse, could become unbound by the shock caused by the jet, using a fraction
of the estimated energy to unbind the star while the rest escapes. Similarly, we can encompass this uncertainty in the parameter
1 — funbound- For simplicity, in our models, we parameterize our ignorance about these processes in the fixed efficiency parameter
N = fiee X f X (1 = funbound)- Hence, the total LGRB energy released in the y-ray band by the BH formation process is then

Eire = 1AM ¢* ergs, (C.1

where AMgige = (1 — [1 = 2GMgy/(3¢*riscoi)]"/?)mais; is the total rest mass released as energy during the accretion process
which depends on the radius of the innermost stable circular orbit (ISCO) of the accreting central BH, risco (Bardeen 1970; Thorne
1974). Here, mgisk i = Mgneli €0S(Bisk.i) is the mass of the disk formed during the collapse of the ith shell with radius r where Og;g i
is the polar angle above which disk formation occurs. This quantity depends on the specific AM of the ISCO of the accreting BH,
Jisco, and the shell’s specific AM, Q(r)r?, as

. 1/2
Buisk,i = Oaisk(r) = arcsin [( él(src)cr)z) ] . (C.2)
The jet escapes from the poles and is beamed with a half-opening angle 6. The chance of having the line of sight aligned with the
jets is then fg = 1 — cos(8g). The total isotropic-equivalent energy released by the LGRB jet is

Eforg = f5 Ercre = fi' 1 AMaig raa ¢ erg. €3)

We have two apparent free parameters, fg and 7, to determine. For simplicity, we assume that both parameters are constants. We
can then use observations of luminous LGRBs from the SHOALS survey to calibrate the ratio n/fg E}ngB such that the peak of
the modeled isotropic-equivalent energy distribution matches the observed one. In Figure 3 we show the result of this calibration,
namely 7/ fg = 0.2. With this constraint, we can choose reasonable values of fg and obtain a corresponding 7. Under certain
model assumptions, the jet opening angle can be estimated from the afterglow (Sari et al. 1999; Frail et al. 2001) or the prompt
emission of LGRBs (Goldstein et al. 2016), with mean reported values being roughly in the range of approximately 3 to 20 degrees
(corresponding to fg of 0.001-0.06). For our fiducial model we chose fg = 0.05 and = 0.01. Different choices of fg, given the
calibration, result in different LGRB rate densities as shown in Figure C.1. Lower fg values lead to a suppression of the rates as the
chance of seeing these systems are directly proportional to fg, while the contrary is true for larger fg values.
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Fig. C.1: Modeled luminous LGRB rate densities as a function of redshift for all channels combined. The figure illustrates model
uncertainties given an arbitrary choice of beaming fraction fg € [0.01,0.03,0.05,0.1]. The LGRB energy efficiency 7 is obtained
from the isotropic-equivalent energy calibration condition r7/fg = 0.2.

Appendix D: BBH and LGRB rate densities and detection rate

The BBH merger rate density Rppps(z) is the number of BBHs mergers per comoving volume per year as a function of redshift. This
quantity can be calculated (Bavera et al. 2021a) by convolving the redshift- and metallicity-dependent star-formation rate (SFR)
density with the synthetic BBH population obtained sampling initial binary distributions. To conduct this calculation, we assume a
flat ACDM cosmology with Hy = 67.7 kms~! Mpc™! and Q,, = 0.307 (Planck Collaboration et al. 2016).

We assume a modeled redshift- and metallicity-dependent star formation rate, SFR(z,log,,(Z)), from the TNG100 Illustris
simulation (Nelson et al. 2019). Illustris is a state-of-the-art large-scale cosmological simulation of the Universe. This model tracks
the expansion of the Universe assuming a flat ACDM cosmology, the gravitational pull of baryonic and dark matter onto itself, the
hydrodynamics of cosmic gas, as well as the formation of stars. The simulated comoving volume of (100Mpc)® contains tens of
thousands of galaxies captured in high detail. Illustris is calibrated to match the present-day ratio of the number of stars to dark
matter for galaxies of all masses and the total amount of star formation in the universe as a function of time. Furthermore, the
simulation also matches the galaxy stellar mass and luminosity functions.

The population synthesis predictions are performed in finite time bins of A#; = 100 Myr and log-metallicity bins AZ;. Each
binary k with BH masses m, x and m,; is placed at redshift of formation z¢; corresponding to the center of A#; and merging at
redshift zy, ;4 for its corresponding metallicity bin AZ;. The BBH rate density is given by the Monte Carlo sum (Bavera et al. 2021a)

fSFR(z¢,1AZ) 47t D (Zm.ix) 3
R Zi) = - At; Gpe™ yr 7, D.1
BBHs(Zi) = Z Z Jeo Mam a2 AV.(2) pcy (D.1)

where Miim az; is the simulated mass per log-metallicity bin AZ; and f.orr the normalization constant which converts the simulated

mass to the total stellar population (Bavera et al. 2020). Here, fSFR(z|AZ;) = fAz- SFR(z,log,o(Z))log,, Z is the fractional SFR
]
density corresponding to the log-metallicity bin AZ; and AV,(z;) is the comoving volume shell corresponding to At;,

AVe(z) =

D2
1 Ve, _ 4re f (@) (D.2)
A

7= — — ——dazg,
w142 dg Hy Ju, EQ(1+72)

where, Az; is the redshift interval corresponding to the formation time bin At;, D.(z) = ¢/H foz E(Z) 'dz is the comoving distance,
E(@) = VQu(1+2P3 +Qpand Qp = 1 - Q,,.

A fraction of merging BBHs emit LGRBs at the compact object’s formation, i.e. zLGRB ix Where the dummy index [ = 1,2
indicates the first- or second-formed BH. In the case of CE and SMT channels, only the second-born tldally spun up BH can lead
to a LGRB event, while for the CHE channel, we assume both stars can emit the LGRB at the same time zLGRB ik = zLGRB % We
can therefore compute the LGRB rate density Ry grp(z) by substituting z; Grp.ix t0 Zmix in Eq. (D.1). Accountmg for beamlng, we
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obtain the LGRB rate density visible to an observer as

At; Gpc‘3yr‘1 . (D.3)

RLcre(2) = Z

fSFR(z,/AZ)) 47c DX(zL6RB.iA)
Z focorr
AZ &

Msim, AZ; AVC (Zi)
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Fig. D.1: Modeled merging BBH (dashed lines) and luminous LGRB (solid lines) rate densities as a function of redshift for all
channels combined. The figure illustrates model uncertainties given an alternative choice of SFR density (Madau & Fragos 2017)
(dashed gray line) and assuming metallicities follow a truncated log-normal metallicity with oo = 0.5 dex as in (Bavera et al. 2020,
2021a), in blue, versus the fiducial assumption of IllustrisTNG SFR density (Nelson et al. 2019) (solid gray line), in black. The
fiducial luminous LGRB rate estimate assumes the beaming fraction fg = 0.05 and LGRB energy efficiency n = 0.0.01, while the
alternative model was calibrated against the empirical isotropic-equivalent energy to fg = 0.02 and = 0.002.

To highlight the uncertainties in the SFR density and metallicity distribution which might bias our rate estimate, we compare
our results given the fiducial SFR density choice (IllustrisTNG, Nelson et al. 2019) to an alternative SFR density (Madau & Fragos
2017) assumed in previous works (Bavera et al. 2020, 2021a) where it was assumed that metallicity follow a truncated log-normal
distribution around the empirical mean of (Madau & Fragos 2017) with o = 0.5 dex. In Figure D.1, we see that [llustrisTNG SFR
density peaks at slightly higher redshift z € [2, 3] compared to Madau & Fragos (2017) SFR density which peaks at z = 2 while the
latter shows a larger suppression at higher redshifts. Moreover, the alternative model predicts twice the fiducial BBH rate densities
for z < 2. The difference lies in the metallicity distribution which in the alternative model predicts more low metallicity systems
compared to the [llustrisTNG metallicity distribution. This difference is due to the truncation of the log-normal distribution centered
around the empirical mean which shifts the distribution towards lower metallicity systems and, hence, leads to an overproduction of
merging BBH systems compared to IllustrisTNG.

The BBH detection rate Rppys is the number of BBH mergers observed per year by a gravitational-waves detector network.
Similarly to the rate density calculation, we can calculate the BBH detection rate with the Monte Carlo sum (Bavera et al. 2021a)

fSFR(zf,i|AZ;) ~
Rgphs = Z Wijk = Z Z Z Ddetik Jeorr M+”4FC DZ(zmix) At yr ', (D.4)
AGLAZ K A; AZ; K sim, AZ;

where w; jx is the contribution of the BBH & to the detection rate. Similarly to the rate density calculation, the binary k is placed
at the time bin At; with center the redshift of formation z¢; and merging at zy, ;i for its corresponding metallicity bin AZ;. Here,
Ddetik = Pdet(Zm.ik> M1k, Mok, A1k, A1) 1S the detection probability which account for selection effects of the detector. Each BBH
k is characterised by the masses m;; and m,;, and by the dimensionless spin vectors a; and a,;. To compute pgerir (Bavera
et al. 2021a) we assume a three detector configuration with a network signal-to-noise ratio threshold of 12 and “mid-high/late-low”
sensitivity (Abbott et al. 2018), consistent with the third observing run of LIGO and Virgo detectors (Bavera et al. 2021a; Zevin
et al. 2021).

The normalised weight Wi jx = Wi jx/ Zar, az, & Wi, j 4 1s used to generate the gravitational-waves observable distributions of
the detected BBH modeled population in the left panel of Figure 1. To generate the underlying (intrinsic) BBH merging distribution
in Figure 1, i.e. what a detector on Earth with infinite sensitivity would observe, we weight the modeled population with Wi{‘;"kmi“ =
Wi jk(Pdeix = 1). Finally the intrinsic distribution of BBH mergers associated with luminous LGRBs shown in the right panel of
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Figure 1 is obtain by weighting the modeled population as
 inirinsic LGRB _ Wifﬁimc’ EjGrg > 107erg (D.5)
Lk 0, else ’

Appendix E: Luminous LGRB evidence in GWTC-2

The probability of a gravitational-wave event X to have emitted a luminous LGRB, given our model, is calculated as

I ~100M,
PLGRB(X) = f f fGRB (et Mchirp) X p(Xefrs Mchirp|x) d/\/elf ndhirp =
-1 JoM,

2O fen PO g AMU AY ek AMapiny (E.1)
!

m

where we approximated the integrals with a Riemann sum over the finite /- and m-bins of size Ayeg = 0.05 and AMepi, = 2 Mo,
respectively. The gravitational-waves events’ posterior probability density p(yeq, Mchirp/X) is discretised and calculated at the center

of each 2D bin (A,\(é I:f,AM’C’ilirp). Here, figrs, is the probability density of an event with (yef,Mchirp) to have emitted a luminous
LGRB at BBH formation. We approximate this probability, given our model, over the finite bins A)(é 5 and AMZ;MP as

intrinsic, LGRB 1 m
Lm A 1 AM™ ) = ZAti’AZf’k Wi,j,k (A/\/eﬂ" A1v[chirp)
fLGRB = fiors(Ay eff> chirp/ ™ 3 WintrinsiC( AVl AM™ )
Aty AZy ke Win jrjo (PN efer SV ehirp

(E.2)

intrinsic, LGRB
i.jk

where w]"#"™ is the weight contribution of each binary to the intrinsic detection rate and w
luminous LGRB criteria similar to Eq. (D.5).
The probability p;grp of each event in GWTC-2 is summarised in Table E.1, where we also report as a reference the median

Xeft and My Of each event.

is conditioned against the

Appendix F: Metallicity of LGRB progenitors

The maximal ZAMS metallicity of LGRB progenitors in our models is primarily dictated by the interplay of tides and Wolf-Rayet
stellar winds (Nugis & Lamers 2000), which is the dominant phase of stellar wind mass loss and is taken to scale with metallicity
as o (Z/Zx)*® (Vink et al. 2001). In our model, this threshold is at Zp.x ~ 0.2 Zs, where we adopt Z; = 0.017 (Grevesse et al.
1996). As shown in Figure 4, this corresponds to the lower 16% bound of the metallicity distribution of newly formed stars at z = 2
in the IlustrisTNG simulation, which we use as input in our models. In the same figure we compare the progenitors’ metallicities
of modeled LGRBs to the sub-sample of the SHOALS LGRBs with 45 identified host galaxies which have measured metallicities
for z < 2.5 (Graham et al. 2019). We have translated the reported 12 + log,,(O/H) to [Fe/H] using an empirical relation between
[O/Fe] and [Fe/H] (Nicholls et al. 2017) and took the solar reference as [O/H],.; = 8.83 (Grevesse & Sauval 1998). Explicitly, we
numerically solve the equation [Fe/H] = [O/H]-[O/Fe]([Fe/H]) with respect to [Fe/H] where [O/H] = 12+1log,, (O/H)—[O/H],¢
and (see Eq. (5) in Nicholls et al. 2017)

+0.5, -25<[Fe/H] < -1
[O/Fe] ([Fe/H]) = {-0.5 x [Fe/H], -1 <[Fe/H] <0.5 F.1)
-0.25, [Fe/H] > 0.5.

Typical values of [O/Fe] increase as [Fe/H] decreases due to the increased influence of Type II supernovae over Type Ia at lower
metallicities. At face value, we find that 40% of the observed LGRB host galaxies have metallicities lower than Z,,,. However,
when taking into account possible systematic uncertainties in the calibration of different metallicity measurement methods, we find
that our model can be consistent between 18 and 86% of all observed luminous LGRBs, cf. Figure 4. These uncertainties can be
as high as +0.35dex on the measured abundance log,,(O/H) (Kewley & Ellison 2008), where (Graham et al. 2019) determined
metallicities using the R,3 diagnostic scale of Kobulnicky & Kewley (2004) which are skewed towards larger values with respect to
other calibration methods (cf. Figure 2 of Kewley & Ellison 2008).
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Table E.1: Probabilities of each BBH event in GWTC-2 to have emitted a luminous LGRB, Eis°
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emitted
EVENT LGRB <Xefi> | <Mechirp>
chance in % Mo]
GW190517_055101 86.85 0.52 26.6
GW190719_215514 59.82 0.31 234
GW190412 37.88 0.25 13.3
GW170729 28.37 0.37 354
GW190828_063405 26.93 0.19 25.0
GW190527_092055 19.00 0.11 24.3
GW190513_205428 18.89 0.11 21.6
GW190727_060333 15.36 0.11 28.7
GW151012 13.26 0.05 15.2
GW190424_180648 10.29 0.13 31.1
GW190620_030421 9.27 0.33 38.2
GW170823 7.68 0.09 29.2
GW190731_140936 6.39 0.06 29.6
GW190413_052954 5.94 -0.01 24.6
GW170809 5.57 0.08 24.9
GW190828_065509 4.20 0.08 13.3
GW190930_133541 4.15 0.14 8.5
GW190630_185205 3.44 0.09 24.9
GW190915_235702 2.96 0.02 253
GW190803_022701 2.54 -0.03 27.3
GW190909_114149 2.04 -0.06 30.6
GW151226 2.01 0.18 8.9
GW190706_222641 1.82 0.28 42.8
GW190413_134308 1.62 -0.04 32.9
GW170814 1.38 0.07 24.1
GW190929_012149 1.00 0.01 35.8
GW190519_153544 0.79 0.31 44.6
GW190512_180714 0.62 0.03 14.6
GW190421_213856 0.55 -0.06 31.2
GW190728_064510 0.49 0.12 8.6
GW170104 0.47 -0.04 214
GW190503_185404 0.44 -0.03 30.2
GW190521_074359 0.41 0.09 32.1
GW190720_000836 0.34 0.18 8.9
GW190514_065416 0.25 -0.19 28.7
GW170818 0.18 -0.09 26.6
GW190910_112807 0.15 0.02 34.3
GW190924_021846 0.09 0.03 5.8
GW170608 0.07 0.03 7.9
GW190408_181802 0.07 -0.03 18.3
GW190708_232457 0.07 0.02 13.2
GW190707_093326 0.00 -0.05 8.5
GW150914 0.00 -0.01 28.6
GW190602_175927 0.00 0.07 49.2
GW190521 0.00 0.03 69.2
GW190701_203306 0.00 -0.07 40.3
] CUMULATIVE \ 383.66 \ \ \

LGRB

> 107! erg, at the formation of

the BBH system. For comparison, we report the median y.q and My, for each event. The expected number of GWTC-2 events
that had emitted a luminous LGRB is ~4 out of 46.
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4.1. PROBING THE PROGENITORS OF SPINNING BINARY BLACK-HOLE MERGERS WITH
LONG GAMMA-RAY BURSTS

4.1.3 Impact on the current field of research

The results obtained in this project are remarkable twofold. If indeed merging BBH progenitors
are a dominant formation channel for luminous LGRBs, this would imply that LGRBs could be used
as cosmological probes to empirically constrain BBH formation outside the current horizons of GW
detectors such as LIGO and Virgo with horizons at z < 1. Additionally, independently from any rate
estimate, Bavera et al. (2022b) found that the LIGO-Virgo detectors have already observed a BBH system
associated with a LGRB at BBH formation. It is important to notice how this last result is independent
of the relative contribution of this channel to the total population of LGRBs. It only depends on the
ratio calibration between the disk energy-radiation efficiency and average beaming fraction, / fg, against
the distribution of isotropic equivalent luminous LGRB energies (see Figure 3 of Bavera et al. 2022b). In
the following paragraphs, we summarise how the work presented in Bavera et al. (2022b) has impacted
current high-energy astrophysics research.

Recently, Fuller & Lu (2022) studied tidal spun-up binaries using an updated model of the Tayler-
Spruit dynamo (Spruit 2002; Fuller & Ma 2019) for efficient AM transport based on the Tayler instability
(Spruit 1999; Fuller et al. 2019). The authors confirm the results presented in Chapter 2, where we found
the BH-WR, parameter space of orbital periods p < 1day leading to spun-up second-born BHs. Fuller &
Lu (2022) explicitly confirms our results that the BH spin of systems with p < 0.4 day approaches unity
for BH masses > 5 M. Following the procedure presented in Bavera et al. (2022b), Fuller & Lu (2022)
investigates the possibility that tidally spun-up WR stars lead to LGRB production under the collapsar
model. Once again, the authors reach a similar conclusion to the Bavera et al. (2022b) results finding
that the binary channel may be able to account for most LGRBs of the Universe. However, Fuller &
Lu (2022) points out that this evolutionary scenario cannot simultaneously explain the observed rate of
Ic broad-line supernovae thought to occur from the discussed binary evolutionary scenario of LGRBs.
Alternative models to explain Ic broad-line supernovae might also be possible. For example, the CHE
channel leading to a wider BBH systems that do not merge within the age of the Universe, boosting
Ic broad line supernovae rates without increasing BBH merger rates. Alternatively, the case A mass-
transfer scenario also invoked for explaining the large inferred spins of BHs in high-mass X-ray binaries
(HMXB; Liu et al. 2008, 2010; Gou et al. 2009, 2014) might be another possibility (Qin et al. 2019). For
HMXBs like the one found in our own Galaxy (Cygnus X-1; Bowyer et al. 1965; Orosz et al. 2007, 2011;
Miller-Jones et al. 2021), our current understanding of the future evolution of such systems is that they
will avoid the formation of merging BBHs (Belczynski et al. 2011, 2012; Wong et al. 2012; Neijssel et al.
2021).

Inspired by Bavera et al. (2022b) results and with a different approach based on a phenomenological
BBH delay time model and a statistical argument, Arcier & Atteia (2022) investigated whether BBH
mergers and LGRBs are coming from the same population. The study finds that unless highly rotating
BBH mergers have a long coalescence time of several Gyr (not supported by current models, see Bavera
et al. 2020, 2021a, 2022b), the BBH and LGRB populations cannot have the same formation history. In
spite of that, Arcier & Atteia (2022) analysis still supports the potential contribution of a few percent
contaminant of the BBH merger channel to contribute to the LGRB population. It is important to

notice that this study uses fiducial beaming fractions, which are 3 — 12 times smaller than the fiducial
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4.2. ON THE ELECTROMAGNETIC COUNTERPART OBSERVABILITY OF
BLACK-HOLE-NEUTRON-STAR MERGERS

value used in Bavera et al. (2022b). Figure C1 of Bavera et al. (2022b) shows how uncertainties in this
currently unconstrained parameter affect rate results. Indeed, for smaller values than the fiducial one
assumed by Bavera et al. (2022b), these alternative models would lead to a smaller contribution of the
BBH channel to LGRB formation. Hence, in this case, Bavera et al. (2022b) models agrees with Arcier
& Atteia (2022)’s findings that other channels than isolated binary evolution might be responsible for
producing the bulk of the observed LGRB population.

We finally mention that our results are also relevant to radio astronomy. For example, Lloyd-Ronning
(2021) investigated the possibility that radio laud LGRBs result from the collapse of massive stars in
interacting binaries. In contrast, the authors suggest that radio-quiet LGRBs are produced by the collapse
of single massive, rapidly rotating stars. If such a scenario would turn out to be true in Nature, then
radio follow-up observation of LGRBs may offer us a new and unique insight to constrain the underlying

physics of these objects and eventually BBH formation.

4.2 On the electromagnetic counterpart observability of black-
hole—neutron-star mergers

The chances of a BH-NS merger event emitting an EM counterpart depends on the compact object
properties like masses, BH spin, and NS radius. An EM counterpart occurs if the NS tidal disruption
radius is outside the ISCO of the BH. For a non-spinning BH and a NS of mass 1.4 Mg, this condition
is met for BHs of mass < 3.5 My (Capano et al. 2020). The exact value depends on the NS radius,
determined by the NS equation of state (Capano et al. 2020). If the BH is spinning, the ISCO moves
closer to the BH event horizon, and the BH mass limit for an EM counterpart to occur moves to larger
values of < 20 My for maximally spinning BHs (agg ~ 1; Foucart et al. 2018). Chapter 2 showed that
tidal interactions in short-orbit BH-WR binaries can lead to the formation of highly rotating second-born
BHs. Similar to the CE formation channel of BBHs, we could imagine an evolutionary formation channel
for merging BH-NS systems where the NS is formed first and the WR stars in close NS-WR, binaries
tidally spin up to form highly rotating BHs.

To make qualitative statements about EM counterparts of BH-NS mergers, we need to extend our MESA
BH-WR simulation library to sample the NS-WR parameter space where the BH is formed second and
low mass BH-WR regime where the NS is formed second. Extending the parameter space of Bavera et al.
(2021a) BH-WR simulations to cover NS star and low WR stellar masses is computationally expensive.
This is due to two reasons. First, we want to sample multiple NS masses. Second, low mass WR stars,
progenitors of NSs, expand from radii < 1 Rg at zero-age helium main sequence up to 100 Rg, during
helium burning. Hence, this portion of the parameter space leads to mass transfer episodes (see, e.g.,
Figure 14 in Fragos et al. 2022). Given the mentioned computational constraints, we only expanded a
subsample of 1/3 of the metallicities covered in Bavera et al. (2021a) to the considered mass regime,
consisting of ten metallicities equally spaced in the log-range of Z € [0.0001,0.0174]. To the original
sample of 11 BH masses taken in the log-range [2.5,54.4] M, we simulate ten additional NS masses in
the log-range [1,2.28] M, assuming the NS can be treated as a point mass in the simulation similar to the

BH. The original sample of 17 WR star masses in the log-range [8, 80] M, is extended with an additional

132
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sample of 26 WR. star masses in the range [2.5,12] My. Finally, because the lowest mass WR stars can
fit in a smaller orbit, we extend the 20 orbital periods sampled in the log-range [0.09, 8] days by one extra
period at 0.04days. The subset of Bavera et al. (2021a) MESA simulations consisting of 37,400 models
was extended to a total of 172,740 MESA models. To highlight the computational effort and resources
required in this task, we report that the new raw MESA simulation output of the grid extension accounts
for ~ 3.7TB (to be compared with the original grid size of ~ 2.5 TB).

The extended simulation grid was then used in Romén-Garza et al. (2021) to study merging BH-NS
formation channels associated with EM counterparts. In Appendix C, we present the mentioned project
in detail and discuss it’s impact on the current field of research. In addition to studying the fraction of
merging BH-NS systems that will produce an EM counterpart from the tidal spin-up channel (constrained
to be < 10%), Romdn-Garza et al. (2021) also investigated the impact of newer core-collapse prescriptions
on BBH and BH-NS merger rates. The newer predictions based on detailed core-collapse models indicate
a stochastic relation between the explodability of massive stars and their pre-collapse core masses, which

is in contrast to commonly used prescriptions in BH-NS rapid population synthesis (see §1.2.1).
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Chapter 5

Back to the future

During the past few years, dozens of GW detections by the LVK Collaboration have revealed the existence
of merging BBHs, starting the new era of multi-messenger astronomy. The improved sensitivity of the
LVK detectors, and the development of the next generation of ground-based detectors, such as the
Einstein Telescope and the Cosmic Ezplorer, and future space-based detectors like LISA, will increase
detection rates by orders of magnitude. However, after more than half a decade since the first detection
of GWs, the origin of merging BBHs remains an open question. This is not due to a lack of theoretical
predictions, but rather because of model degeneracies and unconstrained astrophysical processes in the
different BBH formation channels. The present thesis aimed at a deeper theoretical understanding of BBH
formation through isolated binary evolution in galactic fields, focusing on the processes which affect the
BH spins. Among other observable signatures, BBH spin distributions have the potential to disentangle
the origin of merging BBHs. To this end, in preparation for future GW detections, we showcased the
constraining power of hierarchical Bayesian model selection inference in constraining model uncertainties

and quantifying the origin of merging BBHs.

5.1 Conclusions

The work presented in this thesis made contributions to different research fields and can be summarised

in three distinct categories.

5.1.1 How do merging binary black holes form?

The models of isolated binary evolution presented in this thesis, distinguish themselves from others
as they include accurate BBH spin estimates, which have already played a key role in shaping the
current field of GW astrophysics. Such detailed simulations followed the BBH progenitor tidal spin-up
phase and stellar core collapse, resulting in accurate BH spin estimates for LVK sources (Bavera et al.
2020, 2021a,b). Three distinct evolutionary pathways lead to merging BBHs within the isolated binary
formation channel in galactic fields. Each of them is characterized by distinct binary interaction phases,

affecting the BBH’s observable properties such as BH mass, spin and the redshift of merger. These
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pathways are (i) a stable mass transfer and a common envelope phase (CE channel; Bavera et al. 2020,
2021a, 2022a,b), (ii) double stable mass transfer (SMT channel; Bavera et al. 2021a, 2022a,b), or (iii)
chemically homogeneous evolution (CHE channel; Bavera et al. 2022a,b). These model advancements are
crucial because the BHs spin orientations and magnitudes are the keys to differentiate the isolated binary
evolution pathways against other formation channels, and are currently poorly predicted in standard rapid
population synthesis models. Combined predictions for the other formation channels and current GW
events, the presented models favored a mixture of channel contributions over a single dominant pathway
in the LIGO-Virgo detectable population of merging BBHs (Zevin et al. 2021a). Additionally, to further
study BBH formation, we showed how one could use the SGWB to add an additional constraint to multi-
channel hierarchical model selection (Bavera et al. 2022¢). Finally, the introduced models of isolated
binary evolution predict the existence of correlations between BBH spins and their merger redshift,

which will be confirmed by the next generation of GW detectors (Bavera et al. 2022a).

5.1.2 Probing black hole merger formation with multi-messenger astrophysics

The discussed detailed models have a direct impact on multi-wavelength and multi-messenger obser-
vations. For example, we identified the subpopulation of highly spinning BBH mergers through isolated
binary evolution as a significant contributor to the population of luminous LGRBs (Bavera et al. 2022b).
We found two GW events in the second GW transient catalog (GWTC-2) with a probability more than
50% of being associated with a LGRB at the formation of the BBH system indecently of the rate con-
tribution of the binary channel to LGRBs. The proposed link between LGRBs and the progenitors of
spinning BBH mergers has the potential to probe the last well outside the horizon of current-generation
GW observatories and out to cosmological distances. We also indirectly provided constraints on stellar
core-collapse mechanisms by studying the relative fraction of EM counterparts to BH-NS merger events
(Roman-Garza et al. 2021). Detailed binary-evolution models are critical in determining whether the
NS will be tidally disrupted by the BH, as spinning BHs increase the probability of EM counterparts
produced by BH-NS mergers.

5.1.3 Software innovation and impact on the broader astrophysical commu-
nity

During my Ph.D. research and, in part, through the work presented in this thesis, I contributed to the
development of POSYDON (Fragos et al. 2022). The POSYDON software is a next-generation binary popula-
tion synthesis code incorporating full stellar structure and binary evolution modeling, using the MESA code
throughout the whole evolution of binaries. This allows POSYDON to employ self-consistent treatments of
physical processes in stellar and binary evolution, including (i) realistic mass-transfer calculations and
physical assessment of stability, (ii) internal angular-momentum transport and spin-orbit coupling for
asynchronous binaries due to tides and mass-transfer, (iii) stellar core sizes, and central/surface abun-
dances, which are calculated taking into account the effects of binary interactions, and (iv) compact
object masses and spins that are based on the structure of stars as products of self-consistent binary

evolution modeling. Such innovation in binary population synthesis modeling software has the potential
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Figure 5.1: Diagram summarising all intermediate phases of the binary system evolving to become a
GW source. Some of these phases can be probed with EM observations. The various space telescopes and
ground observatories, each with different probing wavelengths of the EM spectrum, are indicated below
the colored band. Future observatories are marked with an asterisk. We use the additional acronyms of
mass transfer (MT) and supernova (SN) in the diagram.

to deeply impact the whole astrophysical community, well outside the field of GW science. For example,
POSYDON has already been used to study stripped-envelope supernovae (Type IIb, Ib, Ic) in the context
of single stellar evolution (Zapartas et al. 2021), demonstrating that massive, envelope-stripped, single
stars, coupled with the state-of-the-art explodability prescriptions (implemented in POSYDON) are in ten-
sion with the observations of stripped-envelope supernovae, adding an independent physical argument

toward an alternative channel, e.g., binary progenitors.

5.2 Final remarks and outlook

The formation pathways of merging BBHs are still surrounded by uncertainties related to stellar
and binary evolution, which GW observations alone might not be able to constrain. Electromagnetic
observations of intermediate phases of the binary systems along their pathways to become merging BBHs
also have the potential to constrain these uncertainties. Ground-based and space telescopes provide rich
information on the evolution of GW source progenitors. For example, ground observatories such as the
Very Large Telescope can constrain initial binary conditions (Sana et al. 2012). Similarly, the binary
state after the first mass transfer, composed of WR-~OB stars, can be probed by multiple observatories

and telescopes (e.g., van der Hucht 2001). High-mass X-ray binaries probe! the binary system after the

1The formation and future evolution of HMXBs is still a matter of active research. The current understanding of the
future evolution of HMXBs is that they will avoid forming merging BBHs (e.g., Belczynski et al. 2011, 2012; Wong et al.
2012; Neijssel et al. 2021), however see Marchant et al. (2017). This intuition is mostly based on the rapid binary population
synthesis approach. See Section 1.5.2 for the limitations of this technique which might affect such conclusions. Hence, for
completeness, we indicate in Figure 5.1 when, hypothetically, the HMXB phase could occur during the evolution of a BBH
progenitor.
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first core-collapse (e.g., Vanbeveren et al. 2020), detections of which are carried out by X-ray telescopes
like Chandra, XMM-Newton, eROSITA, NuSATR (e.g., Lazzarini et al. 2018) and Athena in the future
(Barcons et al. 2017). Upcoming GAIA releases of astrometric data will provide BH-WR observations
(e.g., Breivik et al. 2017; Mashian & Loeb 2017), which probe the binary phase following the second mass-
transfer episode. Moreover, type Ib and Ic supernovae detected by surveys like the Zwicky Transient
Facility (Perley et al. 2020) and the upcoming Vera Rubin Observatory (Ivezié¢ et al. 2019) or Fermi
(Atwood et al. 2009), and together with SWIFT LGRB observations (Perley et al. 2016), probe the
first and second core collapse of the stars. Additional constraints on the environments of these transient
events are obtained by detailed photometric and spectroscopic follow-up observations with the Hubble
Space Telescope and James Webb Space Telescope. Figure 5.1 shows a diagram of all mentioned phases of
a binary system evolving to become a merging BBH. Combining EM and GW observations with detailed
binary population synthesis models in a full-scale hierarchical Bayesian model selection analysis, is a rich
but uncharted territory that will advance the current understanding of isolated binary evolution, and

shed light on the origin of merging double compact objects in general.
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Appendix A

Suspicious siblings

A.1 The distribution of mass and spin across component black

holes in isolated binary evolution

A.1.1 A brief introduction

The LIGO-Virgo collaboration reported the detection of BBHs systems with non-zero spins and sys-
tems like GW190412 with asymmetric mass (¢ ~ 0.28) and spin residing in the heavier BH of the pair
(IX1] > 0.22 at 95% credibility). The combination of BH masses and spins across binary components
carry important clues about the formation history of the BBH system. As discussed in Section 1.3.1.1,
under the paradigm that the angular-momentum transport inside stare is efficient, isolated binary evo-
lution is expected to lead to the formation of the first-born BH with a negligible spin (Qin et al. 2018;
Fuller & Ma 2019; Belczynski et al. 2020). Because the more massive star of the binary evolves faster,
the first-born BH is often expected to form the more massive BH of the pair. Alternatively, appreciable
accretion onto BHs (see §2.2) or mass ratio reversion during the first mass transfer episode followed by
tidal spin up (see §2.1) can lead to highly spinning primary BHs. This project explored the viability of
isolated binary evolution in forming asymmetric-mass, spinning primary BBH systems as observed by
the LVK collaboration.

A.1.2 Manuscript

The conducted study Zevin & Bavera (2022) was published in The Astrophysical Journal in July 2022.

The arXiv open-access version of the manuscript is presented in the following pages.
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ABSTRACT

The LIGO and Virgo gravitational-wave detectors have uncovered binary black hole systems with
definitively non-zero spins, as well as systems with significant spin residing in the more massive black
hole of the pair. We investigate the ability of isolated binary evolution in forming such highly spinning,
asymmetric mass systems through both accretion onto the first-born black hole and tidal spin-up of
the second-born black hole using a rapid population synthesis approach with detailed considerations of
spin-up through tidal interactions. Even with the most optimistic assumptions regarding the efficiency
at which an accreting star receives material from a donor, we find that it is difficult to form systems
with significant mass asymmetry and moderate or high spins in the primary black hole component.
Assuming efficient angular momentum transport within massive stars and Eddington-limited accretion
onto black holes, we find that < 1.5% of systems in the underlying binary black hole population have
a primary black hole spin greater than 0.2 and a mass asymmetry of greater than 2:1 in our most
optimistic models, with most models finding that this criteria is only met in ~ 0.01% of systems. The
production of systems with significant mass asymmetries and spin in the primary black hole component
is thus an unlikely byproduct of isolated evolution unless highly super-Eddington accretion is invoked

or angular momentum transport in massive stars is less efficient than typically assumed.

1. INTRODUCTION

Prior to the direct observation of compact binary
coelescences via gravitational waves (GWs), the ex-
pected birth properties of black holes (BHs) relied pri-
marily on highly-uncertain predictions from stellar pop-
ulation modeling and a limited number of indirect ob-
servations. The past half-decade has brought an ob-
servational sample of binary black hole (BBH) mergers
that has not only provided invaluable insights into the
birth properties of BHs, but also unveiled a number of
unexpected systems that are in tension with the theoret-
ical expectations of BH formation channels. Trends and
features of the population as a whole are also becom-
ing apparent, such as structure beyond a sharp cutoff
in the BH mass distribution (e.g., Abbott et al. 2021a)
and potential correlations between intrinsic parameters
of BBH systems (e.g., Callister et al. 2021).

Certain BBH systems observed by the LIGO—-Virgo—
KAGRA Collaboration (LVK) collaboration show unex-

michaelzevin@uchicago.edu
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pected features not just in their masses or spins individ-
ually, but their distribution of mass and spin across the
two binary components. For example, GW190412 was
the first BBH to have been measured with definitively
asymmetric component masses (¢ ~ 0.28, where g =
ma/my with mo < m;y) and non-zero spin (s > 0.14
at 90% credibility, where Xeg = (m1a1,+maas;)/(mi+
mg) and a, is the projection of the BH dimensionless
spin aligned with the angular momentum) (Abbott et al.
2020). Because of the mass asymmetry in the signal,
the component spin of the more massive primary BH
was able to be disentangled from the leading-order spin
term Xeg, with the more massive BH having a dimen-
sionless spin of a; > 0.22 at 95% credibility. More BBH
systems with spinning component BHs have been iden-
tified in recent GW catalogs (e.g., Abbott et al. 2021b,c;
Nitz et al. 2021; Olsen et al. 2022).

The combination of BH masses and spins across both
binary components hold important clues about both the
formation environment of BBH systems as well as the in-
tricate physical processes occurring within and between
their progenitor stars. In massive stars, angular momen-
tum (AM) transport between the stellar core and enve-
lope significantly impacts the expected spin of the resul-



2 ZEVIN & BAVERA 2022

tant BH. Models of AM transport in massive stars, such
as the Taylor-Spruit magnetic dynamo (Spruit 2002), in-
dicate AM transport to be highly efficient (Heger et al.
2005; Fuller et al. 2019). Under this paradigm, AM
would thus be transported to the outer layers of the
star during its giant phase and lost due to wind mass
loss or Roche-lobe overflow (RLO) mass transfer (MT)
onto a binary companion, resulting in a slowly-spinning
core and upon collapse a BH with a dimensionless spin
extremely close to zero (Qin et al. 2018; Fuller & Ma
2019, though see Belczynski et al. 2020 for variations in
this mechanism that can lead to slightly larger spins of
a ~ 0.1). The low effective spins in most BBHs also
observationally hint at efficient AM transport in their
progenitors (Abbott et al. 2021a,d; Miller et al. 2020;
Zevin et al. 2021), though certain systems are beginning
to challenge the universality of quasi-isolated BHs hav-
ing low spins at birth (e.g., Zevin et al. 2020a; Qin et al.
2021).

Even in the efficient AM transport paradigm, binary
processes such as tides can induce high spins on stel-
lar cores that can be preserved in their remnants. This
can be accomplished in three general ways: (a) chem-
ically homogeneous evolution, where two massive stars
with near-equal masses in a tight binary system at zero-
age main sequence (ZAMS) tidally interact on the main
sequence, which induces strong rotational mixing that
prevents expansion and AM loss, resulting in two mas-
sive, spinning BHs (Mandel & De Mink 2016; De Mink
& Mandel 2016; Marchant et al. 2016); (b) Case A MT
(i.e., while the donor is on the main sequence) for bi-
naries on tight orbits of about a day or less, where
the donor and accretor are tidally locked during MT
and the envelope of the donor is stripped, leading the
donor to never expand during its evolution into a Wolf-
Rayet (WR) star (Qin et al. 2019); (c) tidal spin-up
of a WR star (i.e., a naked helium star), either by an
already-formed compact object following a stable or un-
stable MT event that hardens the binary to sub-day or-
bital periods (Detmers et al. 2008; Kushnir et al. 2017;
Hotokezaka & Piran 2017; Zaldarriaga et al. 2018; Qin
et al. 2018; Bavera et al. 2020; Olejak & Belczynski 2021;
Steinle & Kesden 2021; Fuller & Lu 2022) or following a
double-core common envelope (CE) scenario where two
helium cores of supergiant stars are enveloped in the
envelope of one or both of the supergiants and hard-
ened through a CE phase to a point where the two cores
can tidally interact (Brown 1995; Dewi et al. 2006; Ho-
tokezaka & Piran 2017; Neijssel et al. 2019; Olejak &
Belczynski 2021). Extremely metal-poor stars born in
the early universe may also be able to retain a substan-
tial hydrogen envelope and collapse into high-spinning

BHs, though their contribution to the local merger pop-
ulation is likely small (Cruz-Osorio et al. 2021; Tanikawa
et al. 2022). Following formation, a BH can also gain an-
gular momentum through accretion, though any appre-
ciable spin-up would require accretion to either be highly
super-Eddington or transpire over timescales far longer
than the evolutionary timescales of massive stars (van
Son et al. 2020; Bavera et al. 2021b; Qin et al. 2022).

Systems with unequal masses and spinning primaries
provide a challenge to the isolated binary evolution
scenario. BBHs that result from chemically homo-
geneous evolution strongly favor near-equal-mass sys-
tems (Marchant et al. 2016; Mandel & De Mink 2016;
du Buisson et al. 2020). The Case A MT scenario
has been invoked for explaining the large inferred spins
of BHs in high-mass X-ray binaries (Qin et al. 2019),
though binary modeling finds high-mass X-ray binaries
in the Milky Way are unlikely to form merging compact
binary systems (Belczynski et al. 2011, 2012; Neijssel
et al. 2021). The BH-WR tidal spin-up scenario is pre-
dicted to be common for post-CE binaries (Bavera et al.
2021b), though the efficiency of this pathway is highly
dependent on CE ejection efficiency and can only impart
spin on the second-born BH progenitor. Though the
tidal spin-up of two WR stars following a double-core
CE may lead to significant spins in both BHs (Olejak &
Belczynski 2021), it typically leads to near-equal-mass
mergers and operates at a much lower rate than the BH-
WR tidal spin-up scenario (Neijssel et al. 2019). Lastly,
though spinning up the first-born BH through accretion
can be accomplished via highly super-Eddington MT, if
accretion is pushed too high the rate of mergers from
this channel can drop by orders of magnitude (Bavera
et al. 2021b).

The BH-WR tidal spin-up scenario described above
may be a valid explanation for the observed spins of pri-
mary BHs if the second-born BH can oftentimes be more
massive than the first-born BH. In isolation, a more
massive star at ZAMS will typically lead to a more mas-
sive remnant (though see e.g. Patton et al. 2022). How-
ever, binary interactions throughout the co-evolution
of the two stars can alter this picture. In particular,
since the more massive star at ZAMS will almost always
evolve off the main sequence first, it will be the first to
overflow its Roche lobe and transfer material onto its
companion. The fraction of transferred mass deposited
onto the companion depends on an uncertain MT accre-
tion efficiency (Bouffanais et al. 2021b), and can poten-
tially lead to a mass ratio reversal (MRR), where the
star that was originally less massive at ZAMS has its
mass inflated from the accreted material and leads to a
more massive remnant (e.g., Olejak & Belczynski 2021;
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Broekgaarden et al. 2022; Hu et al. 2022). The origi-
nally more massive star will still proceed through the
remainder of its evolution quicker, and create the first
compact object in the binary. Then, the originally less
massive star can be stripped of its envelope and harden
its orbit with the compact object companion during the
second MT episode, and be tidally spun up as a WR
star.

In this paper, we explore the viability of the
MRR/tidal interaction and BH accretion spin-up sce-
narios for forming the asymmetric-mass, spinning-
primary BBH systems observed by the LVK. In Sec-
tion 2 we overview our populations models and the de-
termination of BH spins through tidal spin-up and accre-
tion. Analysis of these models, with a particular focus
on mass ratios, MRR, and BH spins, is in Section 3. We
contextualize our results with GW events and popula-
tion properties in Section 4, and discuss broader impli-
cations and caveats in Section 5. Throughout this work
we assume solar metallicity of Zg = 0.017 (Grevesse &
Sauval 1998) and Planck 2018 cosmological parame-
ters (Alves et al. 2020).

2. POPULATION MODELS

We use the open-source binary population synthesis
code COSMIC! (Breivik et al. 2020) for modeling popu-
lations of BBH mergers. COSMIC is based on single-star
evolutionary tracks from the SSE code (Hurley et al.
2000) and the binary star implementations of BSE (Hur-
ley et al. 2002). A large number of updates have been
made to the physical prescriptions used for initial con-
ditions, winds, the onset of mass transfer and system
evolution during RLO, remnant formation, and natal
kicks. Rather than simulating a fixed number of systems
with specific physical assumptions at a given metallicity,
COSMIC samples systems until user-specified convergence
criteria have been reached in the population.? Though
we highlight physical assumptions pertinent to this work
in the following section, we refer the reader to Breivik
et al. (2020) for further details.

2.1. Physical Assumptions

A large number of physical uncertainties embed mod-
els of massive-star binary evolution, which have sig-
nificant impacts on the population properties of their
BBH remnants (e.g., Giacobbo et al. 2018; Giacobbo

L cosmic-popsynth.github.io, Version 3.4

2 We set the maximum number of simulated binaries for all runs
to 108, and thus specified convergence criteria are sometimes not
reached especially for high-metallicity populations where the BH
formation efficiency is extremely low.

& Mapelli 2018; Kruckow et al. 2018; Bouffanais et al.
2019; Stevenson et al. 2019; van Son et al. 2020; Bav-
era et al. 2021b; Belczynski et al. 2021; Santoliquido
et al. 2021; Zevin et al. 2021). Though recent studies
have become increasingly thorough in their coverage of
this highly uncertain parameter space (see Broekgaar-
den et al. 2021 for a recent overview), it is computation-
ally expensive and can make interpretation difficult. We
instead narrow our parameter space coverage to uncer-
tainties that have the strongest effect on MRR and BH
spin-up.
The main parameter varied between models is the ac-
cretion efficiency:
facc = Macc

€ [0,1] (1)
don
where Mdon is the mass-loss rate of the donor during
RLO and M, is the mass accepted by the accretor.
The additional mass (1 — faCC)Mdon is lost from the sys-
tem with an angular momentum as if it were a wind
from the accretor. We simulate 5 variations for facc:
[0.0,0.25,0.5,0.75,1.0] where fi.. = 0.0 means that the
accretor accepts no mass from the donor and f,.. = 1.0
means that the accretor accepts all of the mass trans-
ferred by the donor. Though timescales pertinent to the
response of the envelope to mass transfer may provide
a more realistic description of the amount of material
a star can accrete in a given amount of time, this sim-
ple parameterization can capture the extreme limits of
accretion efficiency, which has an important impact on
possible MRR, during stable MT and subsequent tidal
spin-up of the second-born BH. This parameter also
impacts compact binary merger rates and mass spec-
tra (see e.g., Kruckow et al. 2018), and has the promise
of being constrained with GW data (Bouffanais et al.
2021b). The mass lost rate from the donor during RLO,
Mgon, follows the prescription of Hurley et al. (2002).
In addition, we simulate 2 separate assumptions for
the amount at which BHs can accrete material above the
Eddington rate, which impacts the accretion-induced
spin-up of the first-born BH:

T3 ~ ypaq X Ry x 2.08 x 1073 Moyr™!  (2)

where Ry is the Schwarzschild radius of the BH in units
of Solar radii and ygqq is a multiplicative factor that al-
lows for super-Eddington accretion (i.e., yrag = 1 would
limit accretion onto a BH to the Eddington rate). The
maximum rate at which a BH can accrete is thus given
by

MBH = MIN(fachdoru ]rgngx) (3)

Note that we allow fa.. to alter the accretion efficiency
of compact objects as well as (non-degenerate) stars in
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our models, and thus at fi,.c = 0 BHs will not gain
mass through accretion. We choose two values for vgqq:
[1,10°]. The highly super-Eddington parameterization
of Ygaq = 10° is extreme but chosen because it can lead
to a significant number of BHs to be spun up through
stable MT onto the BH, whereas lower values for ygqq
are much less capable (see e.g. Bavera et al. 2021Db).

The final parameter variations we explore govern the
evolution through a CE phase. These affect both the
survival of systems that evolve through a CE phase and
post-CE orbital separations, thereby impacting the abil-
ity of the progenitors of the second-born BH to tidally
spin up. We model 3 variations for the efficiency at
which orbital energy of the inspiraling binary is trans-
mitted into the energy needed to eject the envelope, as-
suming the o — A\ formalism for energetics during CE
evolution (Webbink 1984): acg = [0.5,1.0,2.0]. We use
the variable prescription in Claeys et al. (2014) for de-
termining the value of A. Stellar type-dependent mass
ratios that determine whether MT proceeds stably or
unstably follow Neijssel et al. (2019), though we also run
a subset of models that follow Belczynski et al. (2008)
to investigate the impact this parameterization has on
MRR and tidal spin-up (see Appendix B).

All models sample binary initial conditions inde-
pendently following Kroupa (2001) and Sana et al.
(2012), and assume a pessimistic CE scenario in which
Hertzprung gap stars that experience unstable RLO
merge in the CE and do not form compact binaries (see
Belczynski et al. 2008). We assume a fixed binary frac-
tion of fui, = 0.7, which only affects the arbitrary
normalization during the resampling described in Sec-
tion 2.3. Wind mass loss follows Hurley et al. (2002)
with updates for O and B stars (Vink et al. 2001)
and metallicity-dependent WR winds (Vink & de Koter
2005). Remnant masses are determined assuming the
Delayed supernova engine prescription of Fryer et al.
(2012) with neutrino mass loss as implemented in Zevin
et al. (2020b). A maximum neutron star mass (and
therefore minimum BH mass) of 3 Mg is assumed. Su-
pernova kicks, which can tilt the orbital plane and lead
to BH spins that are misaligned from the orbital angular
momentum, are drawn from a Maxwellian with a disper-
sion of 265kms™! (Hobbs et al. 2005) and are fallback
modulated, leading to a suppression of kick strength as
a function of BH mass (e.g., Rodriguez et al. 2016). BH
masses as a result of pulsational pair instability and pair
instability supernovae are treated using fits to the results
of Marchant et al. (2019).

Population models only retain systems that result
in a BBH that merges within a Hubble time. For
each population model, we simulate 12 fixed metallic-

ities spaced uniformly in log between Z = [107*,0.03].
The permutation of all these model variations leads to
5 [face] X 2 [YRad] X 3 [acg] x 12 [Z] = 360 individual pop-
ulation sequences. Throughout this work, we present
results that combine the 12 discrete metallicities for
each model set according to the joint star formation and
metallicity evolution of the universe (see Section 2.3).

2.2. BH Spins

Tracking the spin evolution of BH progenitors is dif-
ficult in rapid population synthesis, and typically relies
on simplified prescriptions. This is because rapid pop-
ulation synthesis codes lack information about the in-
ternal structure of a star, and thus cannot accurately
model the AM transport between binary components
or back-reaction on the structure and evolution of each
individual star. We assign spins to the first-born BH
(a1p) and second-born BH (agp,) in our population dur-
ing post-processing, assuming that angular momentum
transport is highly efficient (Spruit 2002; Fuller & Ma
2019) such that the first-born BH can only attain non-
zero spin through accretion after it becomes a compact
object and the second-born BH can only attain non-
zero spin through tidal spin-up of its WR progenitor.
Thus, BHs born in quasi-isolation where their progeni-
tors are not susceptible to tidal spin-up are assumed to
be Schwarzschild BHs, though we examine the impact
of relaxing this assumption on our results to account
for other possible mechanisms for inducing spin in Sec-
tion 5. We note that post-processing spins in this way
leads to a slight inconsistency in our determination of
inspiral times through GW emission, as spins aligned
with the orbital angular momentum will slightly expe-
dite the eventual merger. However, this has a minor
effect for the timescales considered, since spin effects en-
ter at a higher post-Newtonian order and do not impact
the inspiral rate significantly until the binary is close to
merger (Damour 2001).

The spin of the first-born BH is calculated assum-
ing stable MT from a disk of material being accreted
from the innermost stable circular orbit of the BH as in
Thorne (1974):

2 M, 18M7 M
VR [4— (5% —2)] 1< <6
1 i > V6

(4)
where M; is the mass of the BH prior to MT and M; is
the mass of the BH after MT has ceased. For the de-
termination of ayp,, we only consider mass gained from
RLO stable MT and neglect any potential mass gain
from wind accretion. We also assume that the BHs gain
no mass when inspiraling through a CE (though see e.g.
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MacLeod & Ramirez-Ruiz 2015; Cruz-Osorio & Rezzolla
2020). The spin of the second-born BH is determined
using the semi-analytic fits from Bavera et al. (2021a),
which are based on detailed spin evolution of BH-WR
systems during tidal spin-up using the MESA simula-
tions (Paxton et al. 2011, 2013, 2015, 2018, 2019) under
the POSYDON® framework (Fragos et al. 2022). Bavera
et al. (2021a) found the spin of the second-born BH to
be well-approximated by a quadratic function dependent
on BH-WR log-orbital period log,q(p/day), which im-
plicitly is dependent on the mass of the WR star Mg
at Helium depletion:
2

= L7080 () FP10gi0 () 01 < <
0 & >1

(5)
where f(08) = (@ J[e{P) 4 oxp(—c$P Mg/ Mo))
with coefficients cga’ﬁ), céa’ﬁ ), and cga’ﬁ ) determined
through least-square minimization, see Bavera et al.
(2021a). Since the grid of systems used for the fit only
extended down to orbital periods of 0.1 day (given by the
physical limit of RLO at zero-age helium main sequence
in the MESA simulations), for systems in our population
with p < 0.1day we assume their orbital periods are
0.1 day when computing the fit. Across our population
models, 0.2—2.9% of BH-WR systems have orbital peri-
ods of p < 0.1day and are extrapolated in this manner.

We show the second-born BH spins for a single pop-
ulation model in Figure 1. For Mwgr < 14 My at low
periods (p < 0.3day) the resultant BH spin decays as
a function of WR star mass. Such a trend is dictated
by the core-collapse mechanism. For stars with carbon-
oxygen core masses mco—core < 11 Mg, the Fryer et al.
(2012) delayed prescription predicts mass ejection in the
supernova event. The ejected mass will carry away the
AM stored in the outer layers, lowering the fraction of
AM transferred to the BH from the WR star. In the sim-
ulations of Bavera et al. (2021a), we also see a similar
BH spin decay for BH-WR systems with Mwg > 40 Mo
and low orbital periods (p < 0.3 day). Such suppression
is due to strong WR stellar winds and pulsations due to
the pair instability process, which both cause the star
to lose a non-negligible fraction of material from its en-
velope, depleting the WR AM reservoir.

One additional subchannel of BBH formation from iso-
lated binary evolution that is present in our populations
is the double-core CE channel, in which the helium cores
of two supergiant stars proceed through a CE in one or
both of the envelopes of the stars, leading to a tight

3 posydon.org
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Figure 1. Dimensionless spin magnitudes of the second-
born BH (a2b) determined using the fits from Bavera et al.
(2021a) for a single population model as a function of the or-
bital period p and the WR-star mass at He-depletion Mwg.
This model assumes facc = 0.5, ymaa = 1, and acg = 1, with
other model assumptions as specified in Section 2.1. Di-
agonal line-like features are the result of the set of discrete
metallicities run for each population model, which are resam-
pled according to the star-formation history and metallicity
evolution of the Universe as described in Section 2.3.

WR-WR system where both binary components can be
tidally spun up. Since this channel is sub-dominant and
we currently lack simulation grids and fits to monitor
this subdominant tidal spin-up scenario, we exclude such
systems from our population and focus solely on the
standard CE and stable MT channels that lead to tidal
spin-up. This channel also typically forms near-equal-
mass BBH systems and therefore does not strongly affect
our key results. We comment more on our exclusion of
this subchannel and implications in Section 5.

2.3. Star Formation and Metallicity Fvolution

As described in Section 2.1, for each model (parame-
terized by face, YEdd, and acg), we simulate 12 discrete
metallicities. Each binary is evolved for a full Hubble
time ty. To get a population of merging BBHs that is
representative of the underlying population in Universe,
we resample 2 x 10° binaries from the metallicity runs
and populate the binaries in redshift according to star
formation history and metallicity evolution as predicted
by the I1lustris-TNG simulations (Nelson et al. 2015).

From Illustris-TNG, we have a grid of stellar mass
formed over metallicity and lookback time in a 100 co-
moving Mpc® cube. Marginalizing over the metallicity
axis provides the star formation rate density as a func-
tion of redshift, ¥(z). However, though our population
modeling tracks the total stellar mass sampled across
all single stars and binaries, our population models only
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retain systems of interest (i.e., those that form BBHs).
Therefore, drawing birth redshifts for our target popula-
tion according to this distribution does not account for
the relative formation efficiency of our target population
at each redshift, which is dependent on the metallicity
distribution at each redshift. For each metallicity model
Zsim we have a formation efficiency

Neeu(Zsim)

Zsim = 375 7\
<< ) Msample (Zsim)

(6)
where Nppy is the number of BBHs formed and Mgampie
is the total mass sampled in the particular metallicity
model, accounting for the entirety of the initial mass
function and binary fraction. At a given redshift z, we
can construct a distribution of metallicities from the cos-
mological model. The cumulative distribution function
of this distribution can be used to determine the rela-
tive contribution of each discrete metallicity at a given
redshift. We define pz(Z|z) as the support of the metal-
licity cumulative distribution function at redshift z clos-
est to a metallicity model Zg,, in log-space, such that
> 26im Pz(Z]2) = 1. Combined, ((Zsim)pz(Zsim|2) gives
the number of systems per sampled stellar mass that
should be drawn from each metallicity model at a given
redshift.

The number of BBH systems formed per comoving
volume at a particular discrete metallicity across all red-
shifts is thus

dN ) _ Fmoe "/)(Z)C(Zsim)pZ(Zsim‘z) 2
d—‘/C(ZSIm) - L:O Ho(l +Z)E(Z) dz.

(7)

where we perform the change of variable dt =
ddz = (Ho(l + 2)E(2))"'dz with E(z) =
V(14 2)3 + Qi (1 + 2)2 + Q4. This integral gives us
the total number of BBH systems formed per source-
frame year in a comoving box at a discrete metallic-
ity over the entire history of the Universe. At a given
metallicity, we densely discretize redshifts and evaluate
this integral between the bounds of our redshift bins,
which gives a relative weight at a particular redshift and
metallicity that we use when resampling our population
models.

With the relative probability of drawing a system from
our target population at a given redshift and metallic-
ity in hand, we randomly draw the birth redshifts and
metallicities of 2 x 10 systems for each population model
set. We remove systems from our resampled population
that merge after the present day; that is, systems that
satisfy the condition 7(2) — tdqelay < 0, where tgelay is
the delay time (defined as the time between ZAMS and
BBH merger) and 7(z) is the lookback time of a system
born at redshift z. This eliminates 4 — 13% of systems

from our populations of merging BBHs. The codebase
used for generating a metallicity and redshift resampled
population based on COSMIC models using various star
formation history and metallicity evolution assumptions
is available on Github.*

3. RESULTS

We now investigate the viability of isolated evolution
at forming systems with asymmetric masses and spin-
ning primaries. We first look at the component spin dis-
tributions and mass ratio distributions individually for
our array of population models to identify trends across
our physical assumption variations in Sections 3.1 and
3.2. We then look at broader population properties in
mass ratio—spin space in Section 3.3.

3.1. Spin magnitudes of the first- and second-born BH
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Figure 2. Spin magnitude distributions for first-born BHs.
Non-zero spin magnitudes for the first-born BH population
are the result of accretion onto the already-formed BH from
stellar companions. Colors show distributions for different
assumptions of the accretion efficiency facc, with rows show-
ing variations in the super-Eddington accretion parameter
Yedd- Dotted, dashed, and solid lines show the distributions
for acg values of 0.5, 1, and 2, respectively.

4 https://github.com/michaelzevin /resample-population
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Under the assumption of efficient AM transport in
massive stars, spin in the first-born BH can be achieved
through accretion via stable MT onto the already-
formed BH by a stellar companion. Figure 2 shows the
distribution of first-born BH spins a1}, across our various
physical assumptions. The distributions transition from
a flat region, which indicates the branching fraction of
stable M'T systems in each model, to a monotonically in-
creasing behavior; the transition at aj, ~ 3 x 1074 in all
models corresponds to the minimum accretion timescale
found in our populations of ~ 0.01 Myr. Appreciable
spin in the first-born BH can only be attained via accre-
tion if the BH can accrete far above the Eddington limit.
For Eddington-limited accretion onto the first-born BH,
we find that no more than 0.9% of systems are spun up
beyond aqp, > 0.01 across all population models. This is
expected due to the short evolutionary timescales of the
massive stars that are BH progenitors, which have post-
main-sequence lifetimes of < 1Myr and thus can only
accrete at most a fraction of a Solar mass if accretion
is limited to the Eddington rate. More systems pro-
ceed through this stable MT channel at lower accretion
efficiencies (~ 8% at face = 0.25 compared to ~ 2%
at face = 1 in the Eddington-limited models), though
higher values for the accretion efficiency lead to larger
typical first-born spins when only considering the sta-
ble MT channel. Variations in the CE efficiency, shown
with different linestyles in Figure 2, have a minor and in-
direct impact on the first-born spin distributions; these
slight variations are due to the changes in the relative
fraction of merging BBHs that proceed through a CE
phase rather than stable MT.

Increasing the accretion limit onto BHs to 10° times
the Eddington rate drives first-born BH spins to more
extreme values. The differences in the transition be-
tween a flat behavior and monotonically increasing be-
havior for different accretion efficiency models in Fig-
ure 2 indicates that the maximum MT rate is now often
imposed by the f,.. rather than the ygqq, with the tran-
sition happening at larger spins as fac. increases. For
non-zero accretion efficiencies fa.c > 0, a sizeable frac-
tion of systems in our populations have first-born spins
with ai, > 0.5: =~ 6% in our face = 0.5 models. Al-
most no systems have first-born spins of a1, < 0.5 in
any of our super-Eddington accretion models. Though
we do not explicitly consider BBH merger rates here, we
note that significantly increasing the possible accretion
rate onto BHs drives down the expected merger rate
of systems with highly-spinning first-born BHs due to
conservative MT not shrinking the orbit as efficiently
as non-conservative MT (Bavera et al. 2021b). This is
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Figure 3. Spin magnitude distributions for the second-born
BH. Non-zero spin magnitudes for the first-born BH popu-
lation are the result of tidal spin-up of the WR progenitor.
Colors show distributions for different assumptions of the
accretion efficiency facc, with rows showing variations in CE
efficiencies acg. Accretion is limited to the Eddington rate
(YEdaa = 1) for all plotted models.

seen in the bottom panel of Figure 2; though increasing
the accretion efficiency does indeed lead to more highly-
spinning BHs from the stable MT channel, the relative
contribution of this channel compared to the full BBH
population decreases.

In Figure 3, we show the spin distributions for the
second-born BHs agp, in our models, which is driven by
tidal spin-up of He cores by the first-born BH. For all
models, we find a broad range of spin magnitudes rang-
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Figure 4. Distribution of mass ratios between the first-born BH and second-born BH. Values with ¢, < 1 indicate that the
first-born BH is the more massive component, whereas values with ¢, > 1 indicate that the second-born BH is the more massive
component. As in Figures 2 and 3, colors show distributions for different assumptions of the accretion efficiency facc. Rows and
columns show variations in CE efficiency acgk and super-Eddington accretion ygad, respectively. Vertical dashed lines mark the
region in which 99% of all systems in the respective populations reside.

ing from non-spinning to maximally spinning, with lit-
tle dependence on ygqq since the CE channel dominates
over the stable MT channel in our models. The peak at
asp ~ 0 in all models is the result of systems that have
orbital periods outside of the spin-up regime at WR-BH
formation, see Figure 1. Across our models, we find that
22% —52% of secondary spin magnitudes are as, < 0.05.

We find a general trend of second-born spin distri-
butions pushing to larger values with increasing accre-
tion efficiency and decreasing CE efficiency, in agree-
ment with Bavera et al. (2021b). For fa.. = 0.5 and
ace = 1, 31% of systems have second-born BH spins
of ag, > 0.5. This fraction drops to 18% for acg = 2
and increases to 52% for acg = 0.5. The increase in
high-spinning BHs with decreasing CE efficiency is due
to less efficient CE phases leading to more hardened or-
bits post-CE, which makes the stripped He core more
susceptible to tidal spin-up. At acg = 1, the fraction
of systems with ag, > 0.5 drops to 18% for face = 0

whereas at fu.. = 1 it increases to 33%. This trend of in-
creasingly high-spinning second-born BHs with increas-
ing accretion efficiency is due to the progenitor of the
second-born BH gaining more mass during the first sta-
ble MT phase; the post-CE separation scales inversely
with the product of the total mass and envelope mass
of the donor pre-CE.

3.2. Mass ratios and Mass Ratio Reversal

We now turn to the mass ratio distributions in our
populations. Since the order at which BHs are born
in a binary determines the mechanism responsible for
their potential spin, we choose to define the birth mass
ratio parameter g, = man/mip, where mq, and maoy
are the masses of the first-born BH and second-born
BH, respectively. Thus, for values ¢, > 1, the system
proceeded through a MRR that led to the less massive
star at ZAMS forming in the more massive BH in the
binary. Note that in our models the only mechanisms
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for inducing spin on BH remnants are accretion onto
the BH and tidal spin-up, and thus the first-born BH is
only susceptible to the former and the second-born BH
is only susceptible to the latter of these processes.

We show the population distributions of the mass ratio
parameter ¢, in Figure 4. The accretion efficiency facc
has the largest impact in determining whether MRR en-
sues, as this parameters governs the amount of material
the less massive star at ZAMS can accept from the ini-
tially more massive donor after it evolves off the main
sequence and overflows its Roche lobe. For example,
in our default model with acg = 1 and ygaq = 1, we
find 0.3% of merging BBH systems to have ¢, > 1 for
face = 0, which rises to 47% at face = 0.5 and 72%
at face = 1. Despite this, the second-born BH rarely
reaches masses of more than ~ 3 times the mass of the
first-born BH; in our most optimistic MRR, models, we
find the birth mass ratio parameter to be constrained
to qn < 2.2 at 99% confidence, and never reach a value
larger than g, = 3.7.

Increasing the accretion limit onto BHs leads to more
systems occupying the low-end tail of the ¢, distribu-
tion. This is due to the first-born BH being able to
gain significantly more mass from accretion relative to
the Eddington-limited case, and can generate systems
with mass ratios of gy, ~ 0.09 in the most extreme cases.
However, these extreme mass ratio systems are still rare
in the context of the full population; at facc = 0.5 and
acg = 1, we find that 99% of systems have g, > 0.18 for
~vEad = 10°, which raises to ¢, > 0.33 for the Eddington-
limited case with ygqq = 1. Thus, when considering all
systems regardless if they proceeded through a MRR or
not, we find that forming binaries with mass asymme-
tries of more than 3:1 is a rare occurrence unless super-
Eddington accretion is invoked.

3.3. Population properties

We now examine both component spins and mass ra-
tios simultaneously to make broader statements about
the viability of generating asymmetric mass systems
with spinning primaries. Figure 5 marks the fraction of
systems in our full BBH population that satisfy particu-
lar criteria of interest. We specifically highlight systems
that proceed through MRR (g, > 1), systems that have
significant asymmetries in their BH masses (g, > 2 or
gp < 0.5), and systems that achieve a significant primary
BH spin (a > 0.2).

As shown in Figure 4, the number of systems that
proceed through a MRR is significantly enhanced with
increasing accretion efficiency (blue and green lines).
However, even for perfectly conservative MT where all of
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Figure 5. Fraction of systems that satisfy criteria based on
mass ratios and component spins as a function of accretion
efficiency facc. Different criteria are denoted with different
colored lines as indicated in the legend, with solid lines with
circular markers (dashed lines with square markers) showing
the ygaa = 1 (Yraa = 10°) populations and rows showing
different values of acg. Points for models where no systems
in the population satisfy a particular criteria are plotted on
the horizontal axis. Note that the points for the pink (g, <
1; a1p > 0.2) and brown (g, < 0.5; a1 > 0.2) conditions are
mostly overlapping.
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the material from the donor is accepted by the accretor,
the number of system that have significantly asymmetric
masses and non-negligible spins in the primary BH are
small (yellow and orange lines). Across our Eddington-
limited population models, 0.6% —1.5% satisfy this crite-
ria at facc = 1; this number drops by and order of mag-
nitude or more for lower values of f.... Therefore, in the
efficient AM transport paradigm, we find the formation
of systems with asymmetric masses and spinning pri-
mary BHs to be inefficient even for the most optimistic
assumptions about MT physics.

For our models that allow for highly super-Eddington
accretion (ygqa = 10°), the percentage of systems with
non-negligible primary BH spins and mass ratios greater
than 2:1 can exceed 8% and drop to less than 0.5%
depending on choice of accretion efficiency, so long as
face > 0. When accretion onto BHs is Eddington lim-
ited, no systems in our population meet this criteria
since the first-born BH spin-up is highly suppressed (see
Figure 2). Thus, in either spin-up scenario, we find the
fraction of systems that have significant mass asymme-
tries (> 2:1) and significant primary spins (> 0.2) to
be percent-level at best, and requires highly conserva-
tive MT or highly super-Eddington accretion to achieve
these numbers.

4. CONTEXTUALIZING WITH THE
GRAVITATIONAL-WAVE POPULATION

In the previous section, we examined the efficiency of
forming systems with asymmetric masses and spinning
primary components, and found that such systems are
relatively rare occurrences in the underlying population
even when taking optimistic assumptions about mass
transfer efficiency. We now turn to the implications of
these results, both in the context of explaining individ-
ual events and general trends that are observed in the
BBH population.

A number of systems in the current population of
BBHs exhibit interesting combinations of mass ratio and
spin. For example, GW190412 and GW190517_055101
are both high-confidence events with positive effective
spins of yer = 0.25709% and yer = 0.527015, re-
spectively, at 90% credibility (Abbott et al. 2021e).
The primary BH in GW190412 is 3-4 time more mas-
sive than the secondary, with a mass ratio of ¢ =
0.2870:52 (Abbott et al. 2020), whereas the mass ratio
of GW190517_055101 is more consistent with unity (¢ =
0.697027, Abbott et al. 2021e). Because of the large
measured effective spins and/or mass asymmetry, the
spin magnitudes of the primary BH can be constrained
to a; = 0447035 and a; = 0.867032 for GW190412
and GW190517_055101, respectively, whereas the spin

of the secondary BH is unconstrained.® The extended
catalog for the first half of the third observing run un-
covered the system GW190403.051519, and though it
has a relatively low astrophysical probability compared
to GW190412 and GW190517_055101 and a primary
mass that is in tension with the maximum BH mass
expected from the pair instability process, its signifi-

cantly asymmetric masses (¢ = 0.2570%%) and high pri-

mary spin (a; = 0.921997) make it a system of interest.
In the most recent GW catalog published by the LVK,
the high-confidence event GW191109_010717 also has in-
triguing spin signatures with the primary BH spinning
at a; = 0.8375:13 (Abbott et al. 2021c), though its high
mass and in-plane spin may be indicative of a dynamical
formation scenario. Other GW catalogs outside the LVK
have also uncovered additional systems with interesting
configurations of spin and mass ratio that may help to
probe viable spin-up mechanisms (e.g., Nitz et al. 2021;
Olsen et al. 2022).

These BBHs, particularly GW190412, are potential
exemplars of systems whose progenitors underwent a
MRR where the more massive BH was born second and
its progenitor was tidally spun up (Abbott et al. 2020;
Zevin et al. 2020a; Olejak et al. 2020; Olejak & Belczyn-
ski 2021), or alternatively having the first-born primary
BH spun up by super-Eddington accretion during the
second stable MT episode (Bavera et al. 2021b). As
we showed in Figure 3, population modeling predicts a
significant number of systems that can have apprecia-
ble spins across the entire range of physical spin magni-
tudes in the underlying population. However, the forma-
tion of systems that can also achieve spinning primary
components drops precipitously as the mass of the pri-
mary relative to the mass of the secondary increases,
as shown in Figure 5. Though the mass ratio distribu-
tion of GW190517_055101 is too broad to definitively
rule out this formation mechanism, we find the forma-
tion of GW190412 through MRR and tidal spin-up to
be improbable. Taking the upper and lower values of
GW190412’s 90% symmetric credible interval for mass
ratio and primary spin, respectively (i.e., taking values
closest to non-spinning and equal mass), we find that
< 0.1% of systems satisfy this criteria in our Eddington-
limited accretion model even when we take the opti-
mistic assumption of f,.c = 1. For our highly super-
Eddington models we find the formation of such systems

5 Though strong astrophysical priors have been shown to lead to
alternate interpretation in the distribution of spin between the
primary and secondary components of GW190412 (Mandel &
Fragos 2020), this interpretation is statistically disfavored rela-
tive to the system having a spinning primary (Zevin et al. 2020a).
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Figure 6. Joint distribution of mass ratio between the first-born and second-born BH, ¢, and effective spin, yes, for various
assumptions regarding the accretion efficiency, facc (columns), and CE efficiency, acg (rows). Values of g, < 1 indicate that the
first-born BH is the more massive component, whereas ¢, > 1 indicate that the second-born BH is the more massive component.
For all distributions in this figure, we show results for models that assume Eddington-limited accretion, with ygqqa = 1. Black
dashed (solid) lines surround 90% of systems from the stable MT (CE) channel. Colored points show the 90% credible intervals
for mass ratio and effective spin for a selection of GW events: GW190403_051519 (orange), GW190412 (red), GW190517_055101
(cyan), and GW191109.010717 (pink). Two points are shown for each event that are reflected over the boundary at g, = 1.

to be more likely, with up to 8% of systems satisfying
this criteria.

We find the detection of asymmetric mass, spinning
primary BH systems through the tidal spin-up scenario
to be less likely when selection effects are accounted for,
consistent with the findings of Bavera et al. (2021b).
Since tidal spin-up of a WR star by a BH requires
sub-day orbital periods (see Figure 1), these systems
have short inspiral times when they form BBHs. Sys-
tems will more readily proceed through tidal spin-up at
lower metallicities (and therefore higher redshifts) be-
cause WR stellar winds are weaker, which lessens orbital
expansion and keeps the BH-WR system in the regime
where tidal spin-up can still be efficient (Bavera et al.
2020). Therefore, many tidal spin-up systems will merge
outside of the horizon of current ground-based GW de-
tectors, and a lower fraction of systems in the detectable
population are predicted to have high spins from tidal
spin-up relative to the underlying population (e.g., Bav-
era et al. 2021b; Safarzadeh & Hotokezaka 2020). Apply-
ing selection effects to our population causes the proba-
bility of detecting systems similar to GW190412 through
the MRR and tidal spin-up channel to further decrease

by more than an order of magnitude. However, we find
the super-Eddington accretion spin-up scenario to be
less impacted by selection effects, still accounting for a
percent-level number of systems in the detectable pop-
ulation. We describe our implementation of selection
effects in Appendix A.

In addition to individual BBH systems in the GW-
detected population having interesting parameter esti-
mates, populations analyses are useful for uncovering
trends and features in the data as a whole (see e.g., Man-
del et al. 2019; Vitale et al. 2020). One example that is
particularly pertinent to mass ratios and spins configu-
rations is that the population of BBHs shows tantalizing
signs of (anti-)correlations between mass ratio and effec-
tive spin (Callister et al. 2021; Abbott et al. 2021d). In
Figures 6 and 7, we show joint distributions of the birth
mass ratio parameter, gy, and effective spin, xef, in our
BBH populations for vgqq = 1 and ygaq = 10°, respec-
tively. A few GW events with interesting mass ratio and
spin measurements are overplotted for comparison.

We find no strong indication of trends in effective spins
as a function of mass ratio (for either g, > 1 or g, < 1)
in our Eddington-limited population models shown in
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Figure 7. Same as Figure 6 except for models with a super-Eddington accretion parameter of ygaq = 10°.

Figure 6. Effective spin distributions tend to narrow
closer to xeg =~ 0 as mass ratios decrease from g, = 1 to
qr = 0. For values of g, > 1, effective spin distributions
remain broad, but retain a peak in the distribution at
Xeft = 0.

This situation differs in the super-Eddington models,
as shown in Figure 7. Significantly increasing the accre-
tion limit onto BHs leads to the stable MT channel pop-
ulating the region of parameter space with large effective
spins and small mass ratios (g, < 1). The combina-
tion of the bulk of systems dominating the low-spin and
equal-mass regime, MRR and tidal spin-up accounting
for mildly asymmetric masses and moderate spins, and
stable MT with super-Eddington accretion producing
low mass ratios and high spins can lead to an apparent
trend between mass ratio and effective spin, and a po-
tential means of generating the anti-correlation observed
in GW data. Visually, the super-Eddington stable MT
channel can populate regions of parameter space occu-
pied by unique systems such as GW190412. We also
see an increased number of systems with ¢ < 1 and
anti-aligned spins, which result from the second-born
BH being lower mass and more susceptible to strong
natal kicks that can significantly tilt the orbital plane.
Though the relative fraction of BBHs formed via CE
and stable MT channels may not be accurately captured
by rapid population synthesis approaches (see Section 5
for further discussion), the combination of these isolated

evolution subchannels may provide one explanation for
anti-correlations between mass ratio and effective spin.
However, our models find that extreme assumptions re-
garding the accretion rate onto BHs are required for such
an interpretation.

It is interesting to note that certain analysis tech-
niques can have a significant impact on measurements
of spins in individual BH systems and the population of
component spins. For example, rather than inferring the
properties of the most massive and least massive BHs in
a particular system, Biscoveanu et al. (2021) show that
by instead inferring the parameters of the highest spin-
ning and lowest spinning components of the system, spin
magnitude measurements can be more informative es-
pecially for near-equal-mass systems. Such variations to
standard analyses may be useful in better constraining
component spin magnitudes, though it yields less differ-
ences in parameter estimates for unequal mass systems
such as those considered in this work, due to the spin
of the heavier BH playing a larger role in measured spin
quantities such as the effective spin. Nonetheless, such
techniques may uncover more component BHs with sig-
nificant spin magnitudes in the broader population (Ab-
bott et al. 2021d).

5. DISCUSSION AND CONCLUSIONS

In this work, we simulated a suite of population mod-
els to investigate the joint distribution of masses and
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spins across an astrophysical population of BBHs. In
particular, we focus on the ability of stellar progenitors
to proceed through a MRR where the lighter star at
ZAMS leads to the more massive compact object, and
potential means of generating spin in BHs even with ef-
ficient AM transport in their stellar progenitors. Our
key results are as follows.

1. Though the distribution is peaked near zero, the
second-born BH can attain a range of spin mag-
nitudes from near zero to maximally spinning
through tidal spin-up, with less efficient CE phases
leading to larger typical spins. Across our model
variations, 4 — 57% of systems have second-born
BHs with spin magnitudes > 0.5 (Figure 3).

2. Assuming highly efficiency AM transport and
Eddington-limited accretion, the spin of the first-
born BH will naturally be small, with typical val-
ues < 1072. However, increasing the accretion
rate to many orders of magnitude above the Ed-
dington limit will lead to a sizeable fraction of first-
born BHs with significant spin. Though higher ac-
cretion efficiencies lead to larger typical spins from
this subchannel, it causes the contribution of this
subchannel to drop relative to the full population
(Figure 2).

3. Naturally, the number of systems that proceed
through MRR is highly sensitive to the assumed
accretion efficiency at which the accreting star
accepts material from the donor star. Our pa-
rameterization choices for the accretion efficiency
bracket the range of systems that have a more mas-
sive second-born BH to 0.3 — 72%, though even at
a low accretion efficiency of fa.c = 0.25 more than
18% of systems have a more massive second-born

BH.

4. It is rare for systems to form with asymmetric
masses and spinning primary BHs through MRR
and tidal spin-up; across our various model as-
sumptions with faee > 0, 1072 —1072 of systems in
the underlying population have second-born BHs
that are twice as massive as their first-born coun-
terparts and have spin magnitudes > 0.2. These
numbers decrease by an order of magnitude or
more when GW detector selection effects are con-
sidered due to the short delay times of this chan-
nel and lower efficiency of tidal spin-up at lower
redshifts and higher metallicities. The number
of systems where the first-born BH is twice as
massive as the second-born BH and spinning at

> 0.2 is negligible for our Eddington-limited mod-
els, though can account for 5 x 1073 — 8 x 1072
of systems in the underlying population for our
models that assume highly super-Eddington accre-
tion. We therefore find that the formation of BBH
systems with asymmetric masses and spinning pri-
mary BHs, such as GW190412, is unlikely through
the channels considered in this work unless highly
super-Eddington accretion is invoked.

5. We find no indication of a correlation between
mass ratio and effective spin in our model vari-
ations other than in models that assume highly
super-Eddington accretion onto BHs.

Though we aim to survey the parameterizations of bi-
nary stellar evolution that most impact MRR and tidal
spin-up, the vast array of physical uncertainties that
embed binary population modeling prevent us from be-
ing completely exhaustive in our coverage of parameter
space. We anticipate that the criteria determining the
onset of unstable MT could lead to potential changes in
our results. This is typically encoded in rapid popula-
tion modeling via an array of stellar-type-specific crit-
ical mass ratio values, (.., where MT will be unsta-
ble if the donor mass is sufficiently more massive than
the accretor mass. One variation in this parameter for
a subset of our other model variations is described in
Appendix B. However, it is possible that the values typ-
ically used in population synthesis are not representa-
tive of the true physical picture. For example, Gallegos-
Garcia et al. (2021) found that rapid population synthe-
sis may severely over-predict the number of systems that
proceed through a successful CE phase and form BBH
systems. In Figure 7, the high-density region at low
mass ratios (¢gr < 1) and large, positive effective spins
is populated almost exclusively through systems that
do not proceed through CE evolution, and could po-
tentially lead to a mass ratio—effective spin correlation
in the full BBH population if the CE channel is sup-
pressed, though this feature is only apparent in models
that assume super-Eddington accretion onto BHs (see
also Bavera et al. 2021b). In our Eddington-limited
models, we find that the stable MT channel typically
does not harden BH-WR binaries to orbital periods of
less than 1 day, and thus is inefficient at spinning up
the second-born BH progenitor through tides. However,
we note that work investigating tidal spin-up in isolated
evolution with other population synthesis codes, such as
Olejak & Belezynski (2021), find that evolutionary se-
quences that do not involve a CE phase can still lead to
an appreciable fraction of systems that are spun up via
tides.
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One subchannel present in our models though ex-
cluded in our analysis is the double-core CE channel,
in which both helium cores can tidally interact and spin
up before collapsing into BHs. This channel is excluded
(a) because we lack detailed simulations grids follow-
ing tidal spin-up in this scenario and (b) so our results
are less opaque and the first-born BH can only attain
spin through accretion following BH formation and the
second-born BH can only attain spin through BH-WR
tidal spin-up. Though subdominant, this channel con-
tributes up to ~ 10% of our underlying population of
merging BBHs in certain models, similar to the un-
derlying populations of Neijssel et al. (2019). It does,
however, contribute to a much smaller fraction of the
detectable population (see e.g. Figure 12 of Neijssel
et al. 2019). We anticipate that proper treatment of
this spin-up process would lead to spinning first-born
and second-born BHs and large, positive effective spins.
However, in our models this channel favors the forma-
tion of near-equal-mass binaries, with ~ 95% of systems
having mass ratios of ¢ > 0.75. Therefore, though the
inclusion and proper treatment of this channel would af-
fect the formation of near-equal-mass systems with high
effective spins, we find it to be inefficient at generating
systems with spinning primaries and significantly asym-
metric masses.

Another evolutionary scenario not explored in detail
here that can induce spins in BH progenitors is through
MT that occurs during the main sequence. In this Case
A MT scenario, the primary star is in a tight binary
with an orbital period at ZAMS of ~ 0.5 — 1.2day and
is tidally locked when it overfills its Roche lobe on the
main sequence. This strips the primary star of its en-
velope and causes it to become a fast-spinning WR star
without any significant expansion. Though this channel
has been shown to lead to the formation of high-mass X-
ray binaries with appreciable BH spin, it will typically
not lead to a merging BBH (Belczynski et al. 2012; Qin
et al. 2019; Neijssel et al. 2021).

Throughout this work, we have assumed that AM
transport in massive stars is highly efficient, leading
to BHs formed from progenitors that do not undergo
substantial tidal interaction to have near-zero spins.
Though numerical simulations of AM transport in high-
mass stars through Taylor-Spruit dynamo and the ma-
jority of spins in BBH systems being small hint at ef-
ficient AM transport, astroseismic measurements that
encode this process are typically for low-mass stars. Fur-
thermore, efficient AM transport may still lead to BH
spins that are low but non-negligible (a ~ 0.1, Belczyn-
ski et al. 2020), and processes such as supernova fallback
may induce some spin on the resultant BH even if AM

transport is highly efficient (Schrader et al. 2018). As
a simple approximation for less efficient AM transport,
we set a floor on the minimum spin of BHs at birth:

G1b2b  G1b,2b = Gmin
Q1p,2b = (8)

Amin a1b,2b < Qmin

where @i, is the minimum spin magnitude of quasi-
isolated BHs at birth. With ay;, = 0.2, we find only
minor changes in our main results regarding MRR and
spinning primaries. For example, with all second-born
BHs satisfying the criteria ag, > 0.2, we find that the
percentage of systems in our most optimistic MT effi-
ciency models with g, > 2 and ag, > 0.2 to raise from
~ 0.6% — 1.5% to ~ 0.7% — 1.9%. However, setting the
minimum natal spin magnitude of BHs has a larger im-
pact on systems that do not proceed through a MRR,
with upwards of 52% of systems satisfying ¢, < 0.5 and
ap > 0.2

Of course, isolated evolution is only one of many pro-
posed formation scenarios for generating BBH mergers,
and the full population of BBH mergers may be the
result of a combination of formation pathways (Bouf-
fanais et al. 2021a; Wong et al. 2021; Zevin et al. 2021).
Though we will not cover alternative potential forma-
tion pathways in detail here (see e.g. Mandel & Farmer
2018 for a review), we note that the formation of sys-
tems with spinning primaries and asymmetric masses
may be the result of hierarchical mergers in dense stellar
environments. However, the formation of GW190412-
like systems still proves to be enigmatic in the stan-
dard hierarchical merger paradigm, as its primary BH
component is unlikely to be the product of a second-
generation merger in an environment such as a classical
globular cluster since its primary spin is lower than what
one would expect for the merger product of a two low-
spinning BHs (Abbott et al. 2020). A number of other
formation scenarios have been proposed such as third-
generation mergers (Rodriguez et al. 2020), hierarchical
systems (Hamers & Safarzadeh 2020), and formation in
the disks of active galactic nuclei (McKernan et al. 2021;
Tagawa et al. 2021). If systems such as GW190412 and
GW190517_055101 result from sub-dominant formation
scenarios it may impact the astrophysical interpretation
of the apparent anti-correlation between mass ratio and
effective spin, as the exclusion of these events in such
analyses (slightly) reduces the statistical significance of
such a correlation (Callister et al. 2021), and different
formation pathways do not necessarily need to share cor-
relations in their mass and spin parameters.

The population of BBH mergers observed via GW
emission has already led to many astrophysical lessons.
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In addition to the properties of systems as a whole, the
distribution of mass and spin across the two components
of the merging binary is enlightening when considering
formation scenarios and physical processes. As always,
the hundreds of anticipated BBH detections in the up-
coming observing runs of the LVK interferometer net-
work will help to determine whether such asymmetric
mass, highly spinning systems are commonplace. Given
the quantity and flexibility of proposed formation sce-
narios for compact binary mergers, we stress the impor-
tance of determining regions of parameter space that
cannot be easily populated by astrophysical formation
models in addition to regions that can. This will be
equally as important for constraining merger rates and
uncertain physical processes that embed the myriad of
potential formation pathways.
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APPENDIX

A. INCORPORATING SELECTION EFFECTS

The observation of compact binary coalescences via GWs is prone to selection effects, most notably that more massive
systems are more luminous and thus can be seen out to higher luminosity distances. Current ground-based detectors
are most sensitive at frequencies of ~ 100 Hz, and systems with redshifted total masses 2 500 My, become unobservable
since they merge at frequencies below the seismic floor (e.g., Mehta et al. 2021). Mass ratios and spins also impact
the observability of compact binary mergers, with detectors being most sensitive to systems with near-equal masses
and high, aligned spins. Selection effects must be accounted for in our population models to yield a fair comparison
against the observed BBH population.

We use a semi-analytic treatment to incorporate selection effects in our population models, which relies on pre-
computed detection probabilities over a grid of chirp masses M. = (mi1mz)>/®/(my + mz)'/®, mass ratios ¢ = my/m,
with mo < myq, and redshifts z where m; and ms are the primary and secondary masses. We assume a three-detector
network consisting of LIGO-Hanford, LIGO-Livingston, and Virgo operating at either midhighlatelow or design
sensitivity (Abbott et al. 2018). Extrinsic parameters are sampled over, and systems with network signal-to-noise ratio
of pehresh = 10 are considered detectable (Nitz et al. 2020; Abbott et al. 2021e), such that the detection probability

Pdet 1S given
LN 1/2
Paet = 57 Z H <Z pi (%‘)) — Pthresh (A1)
7 [

where 1); are the sampled extrinsic parameters, i defines the detector, and H is a Heaviside step function. Spin effects
are ignored, as they have a minor effect on detection probabilities (Ng et al. 2018). The relative weight of each system
in the population thus becomes

dv, _
w= pdetd—;(l +2)7! (A2)
10! mid high/late low design
=100 ]
mo
o
@)
o0
g 10~ N
o
=
S q=1.00
&~ 10-2- | — q=0.90 q=0.40
— q=0.80 q=0.30
— q=0.70 q=1020
— q=0.60 q=0.10
10_3 T T T T
10! 10° 10" 102
my [Mo)] my [M)]

Figure 8. Sensitive redshifted spacetime volume, VT, as a function of primary mass mi and mass ratio ¢ for a three-detector
network consisting of LIGO-Hanford, LIGO-Livingston, and Virgo with fixed power spectral densities representative of the third
observing run O3 (left) and at design sensitivity (right). Power spectral densities for all three interferometers are taken from
Abbott et al. (2018). Colors show VT for mass ratios ranging from 10:1 to 1:1. Until the turnover in sensitivity at m; ~ 100 M,
we find the scaling in VT to be well approximated by a power-law in m; with VT oc m} ' for mid high/late low sensitivity and
VT o« mi® for design sensitivity, similar to Fishbach & Holz (2017).
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where 2% is the differential comoving volume at the merger redshift and dtgc/dtobs(z) = (14 2) 7! is the time dilation

between the merger and detectors. Detection probabilities for each system are determined using a k-nearest neighbors
regressor trained on our detection probability grid.

Figure 8 shows the sensitive comoving spacetime volume, VT, for which a given search is sensitive to a BBH system
with a particular primary mass and mass ratio, defined as

dv, 1
pE mpdet (ml, q, z)dz (A3)

VT(m.a) =T |

where T is the observing time, which is fixed to 1 yr, and pget(m1, g, 2) is the detection probability for a system merging
at redshift z with primary mass m; and mass ratio ¢ (see e.g., Fishbach & Holz 2017). Our grid of pre-computed
detection probabilities is publicly available on Zenodo (Zevin 2021) and the associated codebase for applying selection
effects is available on Github."

B. VARYING THE ONSET OF UNSTABLE MT

Throughout this work, we have assumed that the critical mass ratios that govern the onset of unstable MT follow
the prescription in Neijssel et al. (2019). Here, we briefly discuss how key results change with an alternative choice
of critical mass ratios by adopting the values from Belczynski et al. (2008). Figure 9 shows the birth mass ratio
versus effective spin distribution across our five simulated accretion efficiency (facc) values, for a single model variation
of CE efficiency (acg = 1) and super-Eddington accretion factor (ygaqa = 1). Overall, the mass ratio and effective
spin distributions are similar between the two critical mass ratio models. The critical mass ratio parameterization of
Belczynski et al. (2008) leads to slightly less systems proceeding through MRR and tidal spin-up. Compared to the
critical mass ratios of Neijssel et al. (2019), at faecc = 0.5 the Belczynski et al. (2008) model decreases the percentage
of systems with g, > 1 from 47% to 22%. The fraction of systems that proceed through MRR and have second-born
spins of agp, > 0.2 decrease by about a factor of 2.
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Figure 9. Same as Figure 6 except comparing the stellar-type-specific critical mass ratios of Neijssel et al. (2019) (N+19,
used throughout the rest of this work) and Belczynski et al. (2008) (B4-08). For the models shown here, the CE efficiency and
super-Eddington factor are acg = 1.0 and vygaa = 1.0, respectively.

6 https://github.com/michaelzevin/selection-effects
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A.1. THE DISTRIBUTION OF MASS AND SPIN ACROSS COMPONENT BLACK HOLES IN
ISOLATED BINARY EVOLUTION

A.1.3 Impact on the current field of research

The main results of Zevin & Bavera (2022) can be summered as follows. We found that depending
on the assumed mass accretion efficiency onto stars and BHs, only a small fraction of 107° — 1072 of
underlying BBH systems underwent mass ratio reversal having the second-born BHs with more than twice
the mass of the first-born counterparts and have spins of |Y2| > 0.2. On the other hand, the fraction of
systems with first-born BH being at least twice as massive as the second-born and spinning at |x1| > 0.2
is 5 x 1073 — 8 x 1072 of the systems in the underlying BBH population for super-Eddington accretion
models. The present study has shown that BBHs such as GW190412 are unlikely to have formed from
isolated binary evolution unless highly super-Eddington accretion onto BHs is invoked. Furthermore,
we did not find a correlation between the mass ratio and effective spins other than for super-Eddington
accretion models confirming Bavera et al. (2021a) results. In the reaming part of this section, we discuss

the importance of these results in the current field of research.

Qin et al. (2022) also recently discussed the interpretation of GW190412-like systems in the context
of the mass ratio reversal through the CE channel. The authors find that such systems are unlikely to
be formed through the mentioned channel if angular momentum transport inside stars is assumed to be
efficient. This independent study further corroborates the results of Zevin & Bavera (2022).

Recently, Shao & Li (2022) used detailed binary MESA simulations to study super-Eddington accrediting
BHs. These detailed binary simulations corroborate our findings that super-Eddington accretion efficiency
might lead to spun-up first-born BHs. In contrast to Zevin & Bavera (2022) results, Shao & Li (2022)
models already show appreciable BH spin up at ten times the Eddington accretion limit. In Zevin &
Bavera (2022), most of the super accreting BHs underwent case B mass transfer, while in Shao & Li
(2022) most BHs underwent case A mass transfer which lasts longer. Hence, BHs can accrete more
material and further spin up. We also point out that, compared to Zevin & Bavera (2022), the conclusion
reached by Shao & Li (2022) about the importance of this BBH formation channel is pure speculation. A
true statement for BBH merger rates cannot be made without accounting for the prior binary evolution
until the second mass transfer episode. See, e.g., Bavera et al. (2021a), van Son et al. (2020), and Zevin
& Bavera (2022) on how uncertainties during this prior binary evolution might affect BBH merger rate

estimates of for the super-Eddington SMT channel.
Finally, Broekgaarden et al. (2022) performed a similar study to Zevin & Bavera (2022) studying

the occurrence of mass ratio reversal with tidally spun-up second-born BHs assuming the Bavera et al.
(2021b) BH spin fit. Broekgaarden et al. (2022) used a different rapid binary population synthesis
code compared to Zevin & Bavera (2022) study, and explored additional model uncertainties including
uncertainties about the cosmic star formation history In general, Broekgaarden et al. (2022) reached

similar conclusions to Zevin & Bavera (2022).
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Appendix B

One channel to rule them all?

B.1 Constraining the origins of binary black holes using multi-

ple formation pathways

B.1.1 A brief introduction

Although past studies have attempted to leverage GW observations for characterizing the origin of
BBHs or to constrain uncertain astrophysical processes governing their formation, they often restrict
themselves to targeting a single channel or a small subset of channels. This is due to the high complexity
and dimensional of the problem. Hierarchical model selection analysis is a technique that employs ob-
servational data to simultaneously constrain multiple formation channels encompassing a wide range of
prescriptions for uncertain astrophysical processes, which can affect BBH population properties in highly
degenerate ways. In principle, this Bayesian approach has the potential to quantify the origin of merging
BBHs and constrain their model uncertainties. The current project aims to illustrate this formalism by
leveraging existing data (GWTC-2). Even though the quantitative results presented in this project can
be affected by uncertain assumptions in the assumed model predictions, the presented methodology can

be extended to account for additional model uncertainties and to include other formation channels.

B.1.2 Manuscript

The conducted study Zevin et al. (2021a) was published in The Astrophysical Journal on April 2021.

The arXiv open-access version of the manuscript is presented in the following pages.
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ABSTRACT

The second LIGO-Virgo catalog of gravitational-wave (GW) transients has more than quadrupled the
observational sample of binary black holes. We analyze this catalog using a suite of five state-of-the-art
binary black hole population models covering a range of isolated and dynamical formation channels and
infer branching fractions between channels as well as constraints on uncertain physical processes that
impact the observational properties of mergers. Given our set of formation models, we find significant
differences between the branching fractions of the underlying and detectable populations, and that the
diversity of detections suggests that multiple formation channels are at play. A mixture of channels is
strongly preferred over any single channel dominating the detected population: an individual channel
does not contribute to more than ~ 70% of the observational sample of binary black holes. We calculate
the preference between the natal spin assumptions and common-envelope efficiencies in our models,
favoring natal spins of isolated black holes of < 0.1, and marginally preferring common-envelope
efficiencies of 2 2.0 while strongly disfavoring highly inefficient common envelopes. We show that it
is essential to consider multiple channels when interpreting GW catalogs, as inference on branching
fractions and physical prescriptions becomes biased when contributing formation scenarios are not
considered or incorrect physical prescriptions are assumed. Although our quantitative results can
be affected by uncertain assumptions in model predictions, our methodology is capable of including

models with updated theoretical considerations and additional formation channels.

1. INTRODUCTION

In less than five years the field of gravitational-wave
(GW) astrophysics has evolved from speculating about
the properties of compact binary coalescence events to
having a substantial population primed for astrophys-
ical inference. The recently released catalog of com-
pact binary coalescences (GWTC-2), accumulated by
the LIGO and Virgo GW detector network (Aasi et al.
2015; Acernese et al. 2015), has increased the num-
ber of confident detections reported by the LIGO Sci-
entific and Virgo Collaboration (LVC) to 50 (Abbott

* NASA Hubble Fellow
michaelzevin@uchicago.edu

et al. 2020b). As the endpoint of massive-star evolution,
merging double compact objects can encode unique in-
formation about their progenitor systems, such as the
types of galactic environments they were born in and
their formation processes, the complex stellar evolution
that persisted throughout their lives, and the physics
of the supernovae that marked their deaths (Abbott
et al. 2016a; Mandel & Farmer 2018; Vitale 2020). From
this catalog, the rates of compact binary mergers in the
local universe have been significantly constrained, fea-
tures have been resolved in the binary black hole (BBH)
mass spectrum, and a non-negligible fraction of systems
have been found to have spins misaligned relative to
the pre-merger orbital angular momentum by more than
90° (Abbott et al. 2020c).
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Of the GWTC-2 observations, the vast majority (46)
are confidently identified as BBH mergers (Abbott et al.
2020b). BBHs have a disparate array of proposed for-
mation channels. The simple picture of two canonical
BBH formation channels, the isolated evolution of a
massive-star binary and dynamical assembly in a dense
stellar environment, is now inadequate to capture the
breadth of theoretical models proposed for BBH merg-
ers. Both the isolated evolution and dynamical assembly
paradigms have multiple subchannels with differing pre-
dictions for mass distributions, spin distributions, and
the redshift evolution of BBH mergers, each with pre-
dicted local merger rates consistent with the empirical
rate measured by the LVC of 15-40 Gpc=2yr=! (90%
credible interval; Abbott et al. 2020¢).

On the isolated evolution side, the standard chan-
nel involves a phase of unstable mass transfer following
the formation of the first black hole (BH), initiating a
common envelope (CE) phase that hardens the binary
via drag forces (Paczyiiski 1976; van den Heuvel 1976;
Tutukov & Yungelson 1993) and leading to BBHs that
can merge in less than the Hubble time (e.g., Bethe
& Brown 1998; Belczynski et al. 2002; Dominik et al.
2012; Belczynski et al. 2016; Eldridge & Stanway 2016;
Stevenson et al. 2017b; Giacobbo & Mapelli 2018). How-
ever, theoretical models have shown that hardened BBH
systems merging within the Hubble time can also form
through late-phase stable mass transfer (van den Heuvel
et al. 2017; Neijssel et al. 2019). On the other hand,
if the progenitor stars are born in a very tight orbital
configuration, they may proceed through a chemically
homogeneous evolution, in which rapid rotation of the
stars attained through tidal interaction leads to strong
mixing, replenishing the core with elements for nuclear
burning and never leading to significant expansion of
the progenitor stars (De Mink & Mandel 2016; Mandel
& De Mink 2016; Marchant et al. 2016). Extremely low-
metallicity Population III stars in binary systems have
also been proposed to have formed the high-mass BBH
mergers observed (Madau & Rees 2001; Kinugawa et al.
2014; Inayoshi et al. 2017).

On the dynamical side, following the formation of BHs
from massive stars in a dense stellar environment such
as a globular cluster (GC), nuclear star cluster (NSC),
or young open star cluster, these BHs’ mass segregate
to the core of the cluster due to dynamical friction and
create a dense subsystem dominated by BH interac-
tions (Lightman & Shapiro 1978; Sigurdsson & Hern-
quist 1993). Strong gravitational encounters between
BH systems act to produce hardened binaries, typically
extracting orbital energy from the more massive compo-
nents of the interaction by ejecting the lighter compo-

nents (McMillan et al. 1991; Hut et al. 1992; Sigurdsson
& Phinney 1993; Miller & Hamilton 2002; Giiltekin et al.
2006; Fregeau & Rasio 2007) and leading to BBHs that
can merge within the Hubble time (e.g., Portegies Zwart
& McMillan 2000; O’Leary et al. 2006; Downing et al.
2010; Samsing et al. 2014; Ziosi et al. 2014; Rodriguez
et al. 2015, 2016a; Antonini & Rasio 2016; Askar et al.
2017; Banerjee 2017; Samsing & Ramirez-Ruiz 2017).
Different dynamical environments have unique predic-
tions for the properties of merging BBHs, since stel-
lar densities, escape velocities, and stellar mass budgets
vary significantly between these environments.

To further complicate matters, a slew of formation
scenarios for the synthesis of BBHs have been proposed
that do not fit cleanly into the broad categorizations of
isolated binary evolution and dynamical assembly. A
significant number of massive stars form in high-order
multiples such as triples and quadruples (Sana et al.
2014; Moe & Di Stefano 2017). If a BBH is the in-
ner binary in a hierarchical system, eccentricity can be
imparted into the inner BBH through the Lidov-Kozai
mechanism (Kozai 1962; Lidov 1963). This process will
expedite the inspiral time of the binary, allowing sys-
tems to merge as GW sources that would not typically
merge within a Hubble time (Wen 2003; Antonini et al.
2017; Silsbee & Tremaine 2017; Fragione & Kocsis 2019;
Vigna-Gdémez et al. 2021). Galactic nuclei are also pre-
dicted to produce BBH mergers in a similar way, with
the supermassive BH as the outer perturber (Antonini
& Perets 2012). Another promising environment for fa-
cilitating BBH mergers is active galactic nuclei (AGNs);
BHs are predicted to get caught in resonance traps of
AGN disks, potentially proceeding through many hier-
archical mergers due to the high escape velocity in the
vicinity of the supermassive BH (McKernan et al. 2014;
Bartos et al. 2017; Stone et al. 2017). Stellar-mass BBHs
detected by LIGO-Virgo have also been proposed to
originate from the merger of central BHs in extremely
low-mass ultradwarf galaxies that merge at z 2 1 (Con-
selice et al. 2020). Ultrawide BH binaries and high-order
systems in the galactic field that are perturbed from stel-
lar flybys may also excite eccentricity in the BBH system
and cause it to merge within the Hubble time (Michaely
& Perets 2019, 2020). Finally, primordially formed BHs
have also been proposed as sources of merging BBHs and
have been suggested as candidates for dark matter (Bird
et al. 2016; Sasaki et al. 2018; Clesse & Garcia-Bellido
2020).

Numerous attempts have been made to leverage GW
observations for characterizing the branching fractions
between these channels or constraining uncertain physi-
cal processes governing these channels (Stevenson et al.
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2015; Rodriguez et al. 2016b; Farr et al. 2017a,b; Man-
del et al. 2017; Stevenson et al. 2017a; Talbot & Thrane
2017; Vitale et al. 2017; Zevin et al. 2017; Barrett et al.
2018; Taylor & Gerosa 2018; Arca Sedda & Benacquista
2019; Powell et al. 2019; Roulet & Zaldarriaga 2019;
Wysocki et al. 2019; Abbott et al. 2020c; Antonini &
Gieles 2020a; Arca Sedda et al. 2020; Baibhav et al.
2020; Bavera et al. 2020a; Bouffanais et al. 2020; Farmer
et al. 2020; Fishbach & Holz 2020; Hall et al. 2020; Kim-
ball et al. 2020a,b; Roulet et al. 2020; Safarzadeh 2020;
Wong et al. 2020, 2021; Bhagwat et al. 2021). How-
ever, due to the high complexity and dimensionality of
the problem, these studies often restrict themselves to
targeting a single channel or a small subset of channels.
Though idealized model comparisons are enlightening,
the most robust and unbiased constraints will come from
considering many prominent BBH formation channels
and encompassing a wide range of prescriptions for un-
certain physical processes, which can affect BBH popu-
lation properties in highly degenerate ways.

Given the rapidly growing catalog of BBHs, we are
now at the stage where such high-dimensional, multi-
channel model selection endeavors can be informative.
We present a methodology for leveraging a suite of state-
of-the-art BBH formation models to perform hierarchi-
cal inference using the catalog of GW events. We simul-
taneously consider the predicted BBH parameter distri-
butions from five simulated populations, ensuring the
models are as self-consistent as possible, and vary two
uncertain physical parameters between these channels,
namely the natal spins of isolated BHs and the efficiency
of CE evolution. Though the models we consider do
not cover the entire array of proposed formation chan-
nels, the infrastructure presented in this work can be
expanded to include an arbitrary number of channels
and uncertain physical prescriptions. We find that the
current catalog of GWs strongly disfavors a single for-
mation channel, indicating a more complex landscape of
prominent channels for BBH formation.

In Section 2, we briefly overview the astrophysical
models considered in this work, as well as the physical
parameterizations we vary between these models. Sec-
tion 3 details our hierarchical modeling procedure. In
Section 4, we show the results of our analysis applied to
the current catalog of GW observations of BBH mergers.
We discuss the implications of our results and conclude
in Section 5.

2. FORMATION MODELS

We consider five astrophysical models for BBH merg-
ers, each with unique predictions for mass distribu-
tions, spin distributions, and the evolution of merger

rate with redshift. Further details about these models
and assumptions regarding cosmological evolution can
be found in Appendix A.

2.1. Isolated Evolution

Three models are considered that fall under the broad
categorization of isolated evolution in the galactic field:
binaries that proceed through a late-phase CE (CE), bi-
naries that only have stable mass transfer between the
star and the already formed BH (SMT), and chemically
homogeneous evolution (CHE).

The CE and SMT channels are modeled using the
POSYDON framework (T. Fragos et al. 2021, in prepa-
ration), which, among other functionalities, stitches to-
gether different phases of binary evolution that are mod-
eled using rapid population synthesis (COSMIC; Breivik
et al. 2020) and detailed binary evolution calculations
(MESA; Paxton et al. 2011, 2013, 2015, 2018, 2019).
These models are described in detail in Bavera et al.
(2020a), and the key ingredients are summarized in Ap-
pendix A.1.1. In this channel, the more massive star
leaves the main sequence first and expands to become
a supergiant star. At some point the star overfills its
Roche lobe, typically leading to a stable mass-transfer
event where the primary loses most of its hydrogen en-
velope before it undergoes core collapse and forms a BH.
During the subsequent evolution the secondary expands,
leading to a second mass-transfer episode. This can be
either stable or unstable, with the latter leading to a CE
phase that shrinks the orbit more efficiently. If the strip-
ping of the secondary is successful, a BH-Wolf-Rayet
system is formed, which can undergo a tidal spin-up
phase. In general stable mass transfer leads to wider or-
bits compared to a CE, and hence, the system will avoid
tidal spin-up (Bavera et al. 2020a). Eventually the sec-
ondary collapses to form a BH, and energy dissipation
due to GW radiation leads to the merger.

The CHE models are adapted from du Buisson et al.
(2020), who computed a large grid of simulations for bi-
naries undergoing this evolutionary process. Although
not discussed in the work of du Buisson et al. (2020),
the simulations include predictions for the final spins of
the BHs, which arise from tidal synchronization during
core hydrogen burning. The final spin in these systems
is determined by wind mass loss, which removes angu-
lar momentum and widens the binary. This leads to
BBHs at wider separations and lower spins with increas-
ing metallicity (Marchant et al. 2016).

2.2. Dynamical Assembly

We also consider two models for BBH mergers syn-
thesized via dynamical assembly in dense stellar envi-
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ronments: formation in old, metal-poor GCs (GC) and
formation in NSCs (NSC).

The GC simulations are taken from a grid of 96 N-
body models of collisional star clusters described in Ro-
driguez et al. (2019). The models were created using
the Hénon-style cluster Monte Carlo code CMC (Hénon
1971a,b; Joshi et al. 2000; Pattabiraman et al. 2013).
The 96 models consist of four independent grids of 24
models, each with different initial spins for BHs born
from stellar collapse (x» = 0, 0.1, 0.2, and 0.5). Within
each 24-model subgrid, the clusters span a range of re-
alistic initial masses, metallicities, and half-mass radii
consistent with observations of GCs in the Milky Way
and nearby galaxies. The cluster birth times are taken
from a cosmological model for GC formation (El-Badry
et al. 2019), where we take into account the correlation
between cluster metallicity and formation redshift (Ro-
driguez & Loeb 2018; Rodriguez et al. 2018a).

The NSC models are adapted from Antonini et al.
(2019). For the evolution of the clusters we need the
initial cluster mass M, half-mass radius r,, and BH
masses. Since the formation history and evolution of
NSCs is uncertain (Neumayer et al. 2020), we proceed
with a number of simplifying assumptions. We assume
that the properties of nuclear clusters today are repre-
sentative of their properties at formation. Accordingly,
M and ry, are sampled directly from the 151 NSCs in
Georgiev & Boker (2014) with well-determined proper-
ties. For each cluster we use COSMIC to generate the
BH masses from a single stellar population with metal-
licity of 0.01Zy, 0.1Zg, or 1Z5. We then evolve the
clusters and their BHs using the semi-analytical ap-
proach described in Antonini et al. (2019). Finally, the
BBH merger rate, masses, component spins, and redshift
evolution are obtained by assuming that the formation
epoch and metallicity of nuclear clusters evolve in the
same way as their galactic hosts, using Madau & Fragos
(2017). This procedure is repeated for four values of the
initial BH spins, xp, = 0, 0.1, 0.2 and 0.5.

2.3. Physical Prescriptions

The physical prescription we vary across all models
above is the natal spin magnitude x}, of BHs that are
born in isolation or in systems where binary interactions
prior to the collapse of the helium core do not cause sig-
nificant spin-up. Variations in the natal spin magnitudes
act as a proxy for the efficiency of angular momentum
transport in massive stars; if angular momentum is ef-
ficiently transported from the core to the envelope, the
birth spins of BHs are predicted to be low (e.g., Fuller &
Ma 2019). We use four models for the natal dimension-
less spin magnitudes of isolated BHs in each channel:

Xb € [0.0,0.1,0.2,0.5]. These discrete values for xi, are
chosen to match the natal spins assumed for the GC sim-
ulations in Rodriguez et al. (2019). However, this does
not mean that all components of BBHs in these models
are spinning at precisely these prescribed values.

In the field channels, tidal spin-up of the pre-collapse
helium core or mass transfer following the birth of the
primary BH can cause BHs to be born with or attain
spin. For the CE channel, the helium core progenitor of
the second-born BH can be spun up through tidal inter-
actions with the already born BH. The degree at which
the second-born BH is spinning depends on the post-CE
separation and thus on the CE efficiency; lower CE effi-
ciencies will lead to tighter post-CE binaries, increasing
the effect of tides and therefore increasing the natal spin
of the second-born BH (Qin et al. 2018; Zaldarriaga et al.
2018; Bavera et al. 2020a). The spin of the first-born
BH can grow through stable mass transfer, though this
is sensitive to assumptions regarding the maximum rate
of accretion. Since we consider Eddington-limited ac-
cretion efficiency, the amount of spin-up that first-born
BHs can acquire via accretion is minimal (Thorne 1974),
and systems cannot tighten enough through this highly
nonconservative mass transfer for tidal effects to be ef-
fective at spinning up the progenitor of the second-born
BH (Bavera et al. 2020a). BBHs evolving through chem-
ically homogeneous evolution are near-contact at birth,
and strong tidal interaction between the stars leads to
high rotations and substantial chemical mixing in both
stars. This inhibits significant expansion of the stars,
preventing efficient loss of angular momentum via ac-
cretion or loss of their envelopes. The natal spins of
all BHs in our simulations self-consistently account for
these effects, and for all three field channels considered,
components spinning at x < xp at BBH formation are
given spins of x1,. Thus, unless binary interactions such
as tidal effects or mass transfer are efficient at spinning
up the BH components, their spin magnitudes are as-
sumed to be those that they would attain in isolation
solely from the collapse of the stellar core.

For the dynamical channels, the natal spins of BHs
play an important role in the evolution of the BBH sub-
system in the cluster as a whole. In particular, the frac-
tion of BBH merger products retained in a cluster is
highly sensitive to the spins of the BHs in the natal
population (Gerosa & Berti 2019; Rodriguez et al. 2019;
Kimball et al. 2020a); as spin magnitudes increase, the
higher degree of asymmetry in the merger leads to larger
relativistic recoil kicks due to the anisotropic emission
of GWs at merger (Peres 1962; Bekenstein 1973; Wise-
man 1992; Favata et al. 2004; Baker et al. 2006; Kop-
pitz et al. 2007; Pollney et al. 2007; Holley-Bockelmann
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Figure 1. Marginalized detection-weighted distributions of BBH parameters for our five formation channels with varying natal
spin prescriptions. The CE efficiency is fixed at acg = 1.0 for all models in this figure. Black ticks mark the median value
of the posterior distribution for all confident BBHs in GWTC-2; GW190521, which is excluded from our analysis, is instead
marked with a red tick. The dashed black line shows an example mixture model synthesized for the five channels, assuming
equal detectable branching fractions and a true model with the values xp = 0.0 and acg = 1.0.

et al. 2008; Lousto et al. 2010; Blanchet 2014; Sperhake
2015). Thus, BBH merger products from spinning BHs’
components are more efficiently kicked out of their host
environments, preventing them from proceeding in sub-
sequent hierarchical mergers (e.g., Rodriguez et al. 2019;
Banerjee 2021; Fragione & Silk 2020). With higher natal
spins, the mass spectrum of BBHs will thus be quenched
at large values by the limitations of massive-star evolu-
tion, though the retention rate and frequency of hier-
archical mergers are sensitive to the mass and escape
velocities of the cluster in question (Antonini & Rasio
2016; Antonini et al. 2019; Gerosa & Berti 2019; Kim-
ball et al. 2020a,b; Mapelli et al. 2020). Suites of cluster

models with varying cluster properties and metallicities
are thus run for the GC and NSC channels for all spin
magnitude models considered. Though all BHs start
with the prescribed spin magnitude, higher spins in BBH
components can be attained through hierarchical merg-
ers, which impart a spin on the newly formed BH of
x ~ 0.7 for nearly equal-mass binary mergers with non-
spinning components (Pretorius 2005; Gonzélez et al.
2007; Buonanno et al. 2008).

In addition, we consider five assumptions for the ef-
ficiency of CEs: acg € [0.2,0.5,1.0,2.0,5.0]. Values of
acg > 1.0 (i.e. efficient CE evolution) mean that there
is an energy source in addition to the orbital energy of
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the binary acting to remove the envelope (e.g., Ivanova
et al. 2013; Nandez & Ivanova 2016) or that some of the
envelope material remains bound to the stellar core af-
ter the successful ejection of the CE (e.g., Fragos et al.
2019). These variations are assumed to affect only the
CE channel, since the other field channels by definition
do not proceed through late phases of unstable mass
transfer and BBHs from dynamical channels are typi-
cally assembled after BHs form from isolated progeni-
tor stars. The value of acg in the CE channel impacts
the resultant spin distribution significantly, since tighter
post-CE binaries (lower aicg) lead to more efficient tidal
spin-up of the second-born BH.

We use a four-dimensional parameter distribution of
the source-frame chirp mass M., mass ratio g = msy/mq,
effective inspiral spin yeg, and merger redshift z in con-
structing the likelihoods of our population models given
the GW observations. Marginalized detection-weighted
distributions for our population models are shown in
Figure 1. From these distributions, a variety of fea-
tures from our population models can be seen. In the
chirp mass and mass ratio distributions, varying as-
sumptions for xp primarily affect dynamical channels
(GC and NSC); increasing xp suppresses the high-mass
bump in the chirp mass distribution and the asymmetric
peak near ¢ ~ 0.5, which are populated by hierarchical
merger events that require lower recoil kicks and there-
fore lower component spins in the first-generation pop-
ulation. The asymmetric peak and high-mass bump are
more pronounced in the NSC population than in the GC
population since the potential well is deeper and merger
products are more readily retained in the cluster. All
formation channels show diversity in the xeg distribu-
tions with varying . As X1 increases, we see broader
distributions for y.g in the GC and NSC models coming
from their isotropically oriented spins. The CE and SMT
channels are strongly peaked at the prescribed value of
Xb, with tails extending to higher y.g in the CE chan-
nel due to systems that proceed through efficient tidal
spin-up. The CHE channel typically has component spins
greater than y1, and is therefore only affected in our most
extreme spin scenario (xp, = 0.5). The redshift distri-
butions peak at slightly larger values and broaden with
increasing x1, for the CE and SMT channels since higher
aligned spins spend more time in-band and are prefer-
entially detected.

3. POPULATION INFERENCE

Given our astrophysical models, we now establish how
we place constraints on branching fractions and physi-
cal prescriptions using the current catalog of BBH ob-
servations. We use posterior and prior samples from

the GWTC-1 (Abbott et al. 2019a) and GWTC-2 (Ab-
bott et al. 2020b) analyses, publicly available from
the Gravitational Wave Open Science Center (Abbott
et al. 2019¢). For GWTC-1 and GWTC-2, we use the
Combined and PublicationSamples posterior samples,
respectively, which combine posterior samples from dif-
ferent waveform approximants to marginalize over un-
certainties in waveform modeling (Abbott et al. 2016b).
The choice of prior on the event parameters is irrele-
vant since they are divided out during the inference.
The detection probabilities for each sample in our pop-
ulations are calculated assuming a detector network
consisting of LIGO Hanford, LIGO Livingston, and
Virgo operating at midhighlatelow sensitivity (Abbott
et al. 2018) and assuming a network signal-to-noise ra-
tio (SNR) threshold of pthresn = 10 (see Appendix B);
these detection probabilities are used to construct the
detection-weighted distributions in Figure 1. We only
consider high-confidence GW events that are definite
mergers of two BHs, thus excluding GW170817 (Ab-
bott et al. 2017), GW190425 (Abbott et al. 2020a),
GW190426 (Abbott et al. 2020b), and GW190814 (Ab-
bott et al. 2020d). We also exclude GW190521 (Abbott
et al. 2020e) from our analysis as it has vanishing sup-
port across our models and picks up on minute fluctua-
tions in the kernel density estimates (KDEs) for certain
population models. This event is either not explainable
by our set of channels or requires updated physical pre-
scriptions for our set of channels. For each event, we ran-
domly draw 102 samples from its posterior distribution
to evaluate in the population model KDEs, which are
parameterized by xp, acg, and the formation channel.
We provide additional details for our KDE generation
in Appendix C.

We perform hierarchical modeling to place constraints
on the parameters influencing our population models
using a methodology similar to that of Zevin et al.
(2017). Since we are only interested in the shape of
the populations and not in the merger rate, we im-
plicitly marginalize over the expected number of detec-
tions (e.g., Fishbach et al. 2018). The hyperparam-
eters we szh to infer are the underlying branching
fractions, 8 = [Bcg, Beue; Bac, Busc, Pswr), af_{d the physi-
cal prescriptions assumed in each model, A\ = [xp, acg].
We assume an uninformative prior across E, given by a
Dirichlet distribution with equal concentration param-
eters and dimensions equal to the number of formation
channels, and impose the constraints (0 < 3; < 1)Vi
and >, f; = 1. Alternatively, this prior could be pro-
portional to the predicted local merger rates for these
channels; however, given the large uncertainties in the
predicted merger rates we choose an uninformative prior
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for this work. We assume a uniform prior across the
physical prescription parameters X.1 Since the xb and
acr models are not mixed across formation channels
(i.e. the CE channel cannot have x, = 0.0, while the GC
channel has x, = 0.1), this results in Nepannel + 1 hy-
perparameters in our modeling: two physical prescrip-
tions and (Nchannel — 1) branching fractions, since one
branching fraction is inferred given the constraint that
the branching fractions sum to unity.

Given our model hyperparameters A = [X, E] and
the posterior samples of our event parameters g =
[Me, q, Xeft, 2], our hyperlikelihood p(ﬂ[i) is given by
a mixture model of channels:

p(61X) = Zﬁjp Oy ), (1)

where 1 " is the (underlying) population model associ-
ated with j3;, parameterized by a particular natal spin
magnitude and CE efficiency. Using the discrete pos-
terior samples for each event, the likelihood of the ob-
served GW data x = {&;}7°" given our model hyper-
parameters is

Nobs Si

(x|A)o<HS£WZ p( (I;tkj )7 (2)

k=1

where Ngps is the number of GW events, S; denotes the
posterior samples used for event 4, w(gk) is the prior
weight for each posterior sample in the LVC analysis,
and £ = >, Bi deet(é')p(g\u}’a) df is the detection
efficiency of each hypermodel (e.g., Mandel et al. 2019;
Vitale et al. 2020). The hyperposterior is thus given by

p(K|x) = p(x|X)7(4), 3)

where W(K) is the prior on our hyperparameters.

In practice, the likelihood of Eq. (2) is evaluated
by first moving in the (discrete) physical prescription
parameter \ space, then moving in the (continuous)
branching fraction ﬁ space, and evaluating if the jump
proposal is accepted. Thus, Eq. (2) consists of evalua-
tions from a mixture model of the underlying popula-
tion KDEs for the given values of xp, acg, and E at
a particular step in the sampler. We use the ensemble
sampler from emcee (Foreman-Mackey et al. 2013) to
sample this distribution, and perform 10? realizations
of this inference with different random samplings from
the event posteriors, creating a combined posterior dis-
tribution across these realizations. Further details can

L In practice, we use a continuous dummy parameter to evaluate

the discrete model space — see Appendix D.

be found in Appendix D, and results from a mock in-
jection study using this methodology can be found in
Appendix E.

4. APPLICATION TO GWTC-2
4.1. Two-channel example

We first consider a simplified picture to build intuition
for the full analysis, assuming that the BBH population
comes from only the CE and GC channels. The poste-
rior distributions for the underlying branching fractions
B are shown in Figure 2, with colored lines showing the
contribution of various xp models to the full posteriors
for ﬁ In this simplified case, we already see some no-
table features. The Bayes factors B between models are
given by the number of samples in one physical prescrip-
tion model compared to another (i.e. the relative area
under the colored curves in the top panels of Figure 2).
We find a preference for our smallest natal spin model
(xp = 0.0) relative to the higher x;, models considered.
Compared to the highest natal spin model (x, = 0.5),
the Xb 0.0 model is preferred by a Bayes factor of
B;‘E_O 5 =~ 40. However, once natal spin magnitudes
are decreased to lower values, the preference becomes
more marginal, BX"Z0) ~ 7 and BX"Z (] ~ 4, respec-
tively. This is consistent with the population analysis
associated with GWTC-2, which pushes to low compo-
nent spins for the BBH population (Abbott et al. 2020¢).

When marginalizing over all values of xp and acg,
the median and symmetric 90% credible interval of the

posterior distributions for S¢g and Bgc are 0.89f8:g; and

0.11%5:22 respectively. The branching fractions are sen-
sitive to the value of xp; we find a significant increase
(decrease) in Bec (Bee) for models with x1, > 0.1. If we
take our most extreme natal spin model, x;, = 0.5, the
inferred branching fractions reverse: feg = 0.267035 and
Bec = 0. 74*8 ?fg However, this model is strongly disfa-
vored by the data. In the bottom panel of Figure 2, we
also gauge the preference for a mixture of channels in
the underlying population by evaluating the posterior
distribution for Bnax, defined as the largest value of 3
across all channels. We find SBpax < 0.95 (0.97) at the
90% (99%) credible level when all spin models are con-
sidered. For this simplified case, if natal spins for BHs
born in isolation are low, which is favored by the data,
the CE channel dominates the underlying BBH popu-
lation, though some contribution from the GC channel
is still necessary. These results are for the underlying
population of BBHs; we discuss the conversion to the

detectable population in the following section.

4.2. Five-channel analysis
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Figure 2. Top row: Branching fractions between CE and GC
channels, under the assumption that only these two channels
contribute to the BBH catalog. Black dashed lines show the
posterior on the detected branching fractions [, marginal-
ized over the xp and acg models. Colored lines show the
contributions to the full 8 posterior from various xp mod-
els. Bottom row: Posterior distribution on Smax = max(g).
The gray line shows the prior distribution for Smax; vertical
lines mark the symmetric 90% credible interval for the fully
marginalized posterior and prior distributions.

We now perform the same analysis but using all of
our five formation models. In this case, we also con-
sider the branching fractions for the detectable popu-
lation Edet which encodes the breakdown of formation
channels to the population detected by LIGO-Virgo.
To transform to such detectable branching fractions,
we rescale the recovered underlying branching fractions
by the detection efficiency of each population model,

0% = [ Paer(0)p(0]p 1) A6

lfor3

3

Edet _

; (4)

X,

where E is a vector of detection efficiencies for all forma-
tion models j given a particular submodel x, o and B @{
is the element-wise product of 5 and g” for samples in the
submodel x,a. The posterior distributions for the un-
derlying and detectable branching fractions are shown in
Figures 3 and 4, respectively, with the top row breaking
down the contribution from the various xp models and
the bottom row breaking down the contribution from
the various acg models.

Even when considering all five channels, the underly-
ing populations may be dominated by the CE channel,
though there is significant support for lower values of Seg

and a non-negligible contribution from the other chan-
nels (see Figure 3). The median and 90% credible inter-
val for the underlying branching fraction posteriors 5 =
[Bee. Bese, Bec: Puse, Bawr] are [0.708F040%. 0.02370:0%%,
0.11479-2980.02470 597, 0.10070 3551, These correspond
to relative measurement uncertainties on the underlying
branching fractions of ~ 80%-430% (90% credibility).
Though most of the distributions are broad, the CE chan-
nel has the least support at S = 0; at least 2.4% of the
underlying population is from the CE channel at 99%
credibility.

As expected, we also find notably different inferred
branching fractions and model preferences between the
two-channel case and the five-channel case. For exam-
ple, as compared to that in the two-channel analysis, in
the five-channel analysis the median branching fraction
for the CE channel decreases by 21% while the median
branching fraction for the GC channel increases by 5%,

and the xp = 0.1 model is increasingly favored by a
factor of Bi:ﬂ“gﬁ“el / Bi:i_hgfll“el ~ 2.2,

In certain formation channels, we see the branch-
ing fractions converge to different values when differ-
ent physical prescriptions are assumed. The branch-
ing fractions for dynamical (isolated) channels push to
larger (smaller) values with increasing y,; moving from
Xxb = 0.0 to xp = 0.5 leads to an increase in the median
recovered branching fraction of 0.51 for the GC channel.
This is due to the effective inspiral spin distribution for
the BBHs in the LVC catalog, which is near-symmetric
about zero although slightly skewed toward positive val-
ues (Abbott et al. 2020c). As natal spins increase, the
isotropic spin orientations in dynamical environments
lead to broader and symmetric effective inspiral spin
distributions, whereas the relatively aligned spins from
isolated evolution channels lead to a strong peak in the
effective inspiral spin distributions at positive values (see
Figure 1). Thus, under the assumption of nonzero natal
spins, the inferred relative branching fraction between
channels will change, increasing the relative contribu-
tion from dynamical formation channels. Systematic
shifts in the inferred branching fractions are also ap-
parent for variations in the CE efficiency; for the CE
channel, changing acg by an order of magnitude from
0.2 to 2.0 increases the median Sgg by 0.63.

The posterior distributions on detectable branching
fractions are shown in Figure 4. The median and

90% credible interval for the detectable branching frac-

tion posteriors Bt = [gdet pdst, gdst pdet gdet] are

0.08700%, 0.1170:43, 0.307035, 0.19%030, 0.2670:37).
The detectable branching fractions for all channels other
than CE increase relative to the underlying branching
fractions, since the CE channel typically produces BBHs
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Figure 3. Branching fractions for all five channels inferred using the GWTC-2 BBHs. Colored lines show the contributions
from various x1, models marginalized over acg models (top row), and various acg models marginalized over x, models (bottom
row). Black dashed lines show the full posterior on the branching fractions, marginalized over both xp and acg models.

with lower masses. This is due to the mass spectrum of
these channels pushing to larger values, particularly for
the favored xp = 0 model, which leads to an increase
in their detection efficiency. Given our astrophysical
models, the GC channel contributes to the bulk of the
detected population, making up > 2.6% of the observed
population at 99% credibility. The most significant in-
creases when converting to detectable branching frac-
tions are in the channels whose mass spectra push to
the largest values; given our set of formation models,
the median detectable branching fraction for the NSC
channel is almost an order of magnitude larger than the
median underlying branching fraction.

Once again, the detectable branching fraction for iso-
lated channels rises with decreasing natal spin magni-
tude. For example, the median value for 3det increases
by 24% when considering the xp, = 0.0 model relative to
the fully marginalized models.

To further gauge whether a single channel or multi-
ple channels are favored by the BBH population, we
again show the posterior distribution on Bnax in Fig-
ure 5, now with all five formation channels included.
In this higher-dimensional case, the prior on Fnax has
a more complicated morphology; the prior volume near
B =1 for any one channel drops precipitously. However,
we still see that the posterior on B, significantly devi-
ates from the prior, pushing to larger values of S.x and
favoring one channel dominating the underlying popu-

lation. For the underlying branching fractions, we find
that Bmax is constrained to be below 0.88 (0.93) at the
90% (99%) credible level, compared to 0.62 (0.79) for
the prior. Conversely, we find a mixture of channels
contributing to the detected population to be strongly
preferred. For the detectable population, St < 0.56
(0.69) at 90% (99%) credibility compared to 0.75 (0.89)
for the prior.

Another metric we can consider is the number of chan-
nels that dominate the branching fractions. We gauge
this by examining the posterior distribution on the num-
ber of branching fractions that are simultaneously above
a threshold value. Setting the threshold to S = 0.1 and
marginalizing over all xp, and acg models, we find that
~ 26% of the posterior for the underlying branching
fractions supports a single model contributing to more
than 10% of the underlying population, and > 95% of
the posterior supports a significant contribution from
three or fewer channels. Though our CE model is favored,
this indicates that there may still be an appreciable con-
tribution from a couple of other formation channels to
the underlying BBH population. This picture changes
drastically for the detectable population. We find that
there is a > 99.8% probability that more than one chan-
nel contributes to at least 10% of the detected popu-
lation, with the bulk of the posterior support (~ 79%)
suggesting that three to four channels significantly con-
tribute. Thus, given our astrophysical models, the de-
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Figure 4. Same as Figure 3, but with detectable branching fractions instead of branching fractions for the underlying population.

tected catalog of BBHs comes from a diverse array of
formation scenarios.

The Bayes factors between the physical prescriptions
X = [xb, acg] are given in Table 1, analogous to the
fully integrated colored curves in Figure 3. As with the
two-channel case, we find moderate to strong preference
for low natal spins of xp < 0.1 relative to larger natal
spins, in agreement with other work investigating natal
spin distributions using the catalog of BBH events (Farr
et al. 2017b; Abbott et al. 2020c; Kimball et al. 2020b;
Miller et al. 2020). Spins of x1, < 0.1 are favored relative
to models with xp, 2 0.2 by a Bayes factor of B ~ 12.9.
The marginal preference for the no-spin x, = 0.0 model
compared to the low-spin xp = 0.1 model (B;‘E:g_’?
1.9) indicates no strong discriminating power between
the two.

We also marginally prefer high CE efficiencies of
acg =~ 5.0, which have Bayes factors of B ~ 5 rela-
tive to the acg = 1.0 model. Values of agg = 1.0 and
acg = 0.5 show near-equal preference, and highly in-
efficient CEs with acg = 0.2 are disfavored relative to
the most highly favored model (acg = 5.0) by a Bayes
factor of 2 10. Though we use the CE and SMT models
from Bavera et al. (2020a) in this work, we find the op-
posite results in terms of the inferred CE efficiency. In
Bavera et al. (2020a), low CE efficiencies preferentially
form more massive BBHs. Since only the CE and SMT
channels are considered in Bavera et al. (2020a), the
preference for low CE efficiencies comes from the ne-
cessity to produce these more massive systems to match

~

Table 1. Bayes factors log,,(B) across x» models (columns)
and acg models (rows). Bayes factors are normalized against
ace = 1.0 and x», = 0.0 in the general case, against x, = 0.0
when marginalizing over acg, and against acg = 1.0 when
marginalizing over x1. The bottom row provides the Bayes
factors for x1, models marginalized over all acg models, and
the rightmost column provides the Bayes factors for ack
models marginalized over all x, models.

Xb

0.0 0.1 0.2 0.5
02| —-063 -056 -—-124 —-1.71 | —0.35
0.5 | -0.06 -0.58 —-096 —1.11 0.00

ace 1.0 =0 -0.77 —-1.02 —-1.29 =

2.0 0.34 0.05 -1.19 -1.15 0.42
5.0 0.56 0.39 -0.54 -0.87 | 0.70

=0 -0.27 -1.11 —-1.35

the properties of the events in GWTC-2, whereas in this
work such systems can be explained by alternative for-
mation channels. We tested this hypothesis by consider-
ing two-channel inference that included only the CE and
SMT channels, and also found a strong preference for CE
efficiencies of acg ~ 0.5, with no samples in the efficient
(acg > 1.0) CE models.

5. DISCUSSION AND CONCLUSIONS

We analyze the recently bolstered catalog of BBH
mergers using a suite of state-of-the-art models for astro-
physical formation channels of BBHs. Our main findings
are as follows:
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Figure 5. Posterior distribution for the maximum branch-
ing fractions of the underlying population Bmax (top row)
and detectable population 83, (bottom row) when consid-
ering all five formation channel models. The black dashed
line shows the fully marginalized posterior distribution, with
colored lines showing the contribution to the posterior from
the different x1, models marginalized over all acg models.
We also show the prior distributions for Smax and 83, with
gray lines; vertical black dashed lines and gray lines mark
the symmetric 90% credible interval for the fully marginal-
ized posterior and prior, respectively. There is a clear dif-
ference between the branching ratios in the detectable pop-
ulation and the underlying population. Since higher-mass
binaries are more likely to be detected, the subpopulations
that contribute to these channels are enhanced, making the
detectable population much more diverse.

e Though the CE channel dominates the underly-
ing BBH population in our models, a contribution
from various formation channels is preferred over
one channel dominating the detected population of
BBH mergers. From the formation channels con-
sidered in this work, we find that no single chan-
nel contributes to more than 70% of the detectable
BBH population at 99% credibility, and the prob-
ability that three to four channels each contribute
to more than 10% of the detected BBH population
is 79%.

e Small natal spins (x, < 0.1) for BHs born in iso-
lation or without significant tidal influence from a
binary partner are favored over larger natal spins

(xb 2 0.2) by a Bayes factor of ~ 12.9, indicating
efficient angular momentum transport in massive
stars.

e The CE efficiency, which scales roughly linearly
with the post-CE separation, shows marginal pref-
erence for larger values (acg =~ 5.0) relative
to acg ~ 1.0 by a Bayes factor of =~ 5, and
stronger preference relative to highly inefficient
CEs (acg =~ 0.2) by a Bayes factor 2 10. This
preference for efficient CE ejection may indicate
that other energy sources are at play when eject-
ing CEs rather than solely the orbital energy of
the binary (Ivanova et al. 2013).

e When incorrect physical prescriptions are assumed
or formation channels contributing to the BBH
population are not considered, estimates for the
values of branching fractions and variables in phys-
ical parameterizations can be significantly biased.

Numerous studies have investigated how populations
of compact-object mergers can help inform uncertain-
ties in binary stellar evolution and compact-object for-
mation. This is typically done with either phenomeno-
logical models or predictions from population models,
though in the case of the latter, usually under the as-
sumption that a single population model is exclusively
contributing to the entire population. However, several
studies have considered the relative contribution and
population properties expected from dynamical channels
versus isolated binary evolution (e.g., Rodriguez et al.
2016b; Farr et al. 2017b; Stevenson et al. 2017a; Vitale
et al. 2017; Zevin et al. 2017; Bouffanais et al. 2019;
Arca Sedda et al. 2020; Safarzadeh et al. 2020; Santolig-
uido et al. 2020; Wong et al. 2020). For example, when
considering BBH mergers formed in isolation or dynam-
ically in young stellar clusters, Bouffanais et al. (2019)
found that branching fractions can be constrained to
the ~ 10% level with O(100) detections. With only
~ 50 observations in GWTC-2 and the inclusion of addi-
tional formation channels, we see broader constraints on
the precise values of branching fractions; investigating
the convergence on branching fraction estimates when
considering more channels will be investigated in future
work. Wong et al. (2020) also analyzed the BBH popu-
lation from GWTC-2 using models for the GC and CE
channels. We find opposite results for the underlying
branching fractions when we consider the simplified pic-
ture of only the CE and GC channels (see Figure 2); we
find the majority of the underlying population (~ 90%)
comes from the CE channel, whereas Wong et al. (2020)
found ~ 80% of the underlying population comes from
the GC channel. However, our detectable distributions
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are in better agreement with the branching fractions pre-
sented in Wong et al. (2020); incorporating detectabil-
ity increases the detectable branching fraction of GCs
in the two-channel example to ~ 70%. We also find a
slight preference for efficient CEs and a stronger prefer-
ence against highly inefficient CEs (acg =~ 0.2), whereas
the constraints for acg in Wong et al. (2020) are broad
but slightly favor inefficient CEs. The difference in our
analyses may be due to our inclusion of spin informa-
tion, since the CE efficiency has a stronger impact on
the spin distributions of the CE channel compared to
the mass spectrum. This emphasizes the importance
of considering all observational information when con-
straining models.

Though we consider five distinct BBH formation mod-
els in this analysis, we can also investigate the broad
two-channel categorization of formation in the galactic
field and dynamical assembly in dense stellar environ-
ments. In Figure 6, we combine the branching fractions
for the field channels (CE, CHE, SMT) against the dy-
namical channels (GC, NSC). With low spins (x, < 0.1),
we find a strong preference for field channels compris-
ing the majority of the underlying distribution. The
field channels are dominated by the CE channel, which
makes up the majority of the underlying population (see
Figure 3). Marginalizing over all xp and acg models,
we find the underlying branching fractions for the field
channels and dynamical channels are Bgelq = O.86f8:§é
and Baynamical = 0.14418:??, respectively (90% credibil-
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Figure 6. Branching fractions recovered for the com-
bined field and dynamical channels. Colored lines show the
contribution to the posterior from the different xp models
marginalized over all acg models. In the top row we show
the distribution for underlying branching fractions as in Fig-
ure 3, and in the bottom row we show the distribution for
detectable branching fractions as in Figure 4.

ity). The contribution from dynamical channels in-
creases as natal spins increase due to the behavior of the
effective inspiral spin distributions, since the effective
inspiral spins of the BBH events in GWTC-2 are near-
symmetric about zero (Abbott et al. 2020c) and incom-
patible with a highly spinning, aligned-spin population.
At x1, = 0.5, which is disfavored relative to x, = 0 by a
Bayes factor of ~ 27, the underlying branching fractions
are Bgeld = 0.18J_r8:§; and Bdaynamical = 0.82J_r8:§§. In the
bottom panel of Figure 6, we again use Eq. (4) to convert
underlying branching fractions to detectable branching
fractions. In the detectable population, the contribu-
tion from dynamical channels is amplified. Marginal-
izing over all xp, and acg values, we find the inferred
branching fractions of the detected populations to be

ity = 0507035 and A = 05002, Thus
given the formation models considered in this work, dy-
namical and field channels contribute similar numbers
to the detected BBH population.

Our analysis favors low natal spins for BHs born in iso-
lation or without significant tidal spin-up. Analyses us-
ing phenomenological representations for the spin mag-
nitude distribution show a preference for low spins (Farr
et al. 2017b; Abbott et al. 2019b, 2020¢; Kimball et al.
2020b; Miller et al. 2020), in agreement with the pref-
erence for low natal spins in this work. Low spins in
the natal population will increase the rate of hierarchi-
cal mergers in dynamical environments (Rodriguez et al.
2019; Banerjee 2021; Fragione & Silk 2020; Fragione &
Loeb 2021; Kimball et al. 2020a), pushing the BH mass
spectrum to larger values, imparting large spin on the
merger products, and accentuating the mass asymmetry
of mergers in those populations.

We find a mild preference for efficient CEs in our
modeling, which strongly disfavors highly inefficient CEs
with acg =~ 0.2. Inferred values for the CE efficiency
acg have more diversity than natal spins across the lit-
erature, from population modeling (e.g., Bavera et al.
2020a; Santoliquido et al. 2021; Zevin et al. 2020) to
hydrodynamical simulations (e.g., Fragos et al. 2019)
and theoretical considerations (e.g., Ivanova et al. 2013).
Our results, which mildly favor high CE efficiencies, are
in agreement with Santoliquido et al. (2021), who found
high CE efficiencies are necessary to match the merger
rate of binary neutron stars in their population models,
and with Fragos et al. (2019), who modeled the spiral-in
phase of CE evolution using hydrodynamic simulations
and found a non-negligible fraction of the envelope re-
mains bound to the core after the CE is successfully
ejected. These results for acp contrast with those from
Bavera et al. (2020a), but we find that these conflicting
results arise only from the consideration of more forma-
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tion channels in this work; when considering contribu-
tions from only the CE and SMT channels, we also favor
low CE efficiencies of acg ~ 0.5. We also find similar
detectable branching fractions for the CE and SMT chan-
nels, in agreement with Bavera et al. (2020a) who found
the channels have comparable BBH detection rates in
the local universe.

We have shown multiple times that failing to account
for the broad array of formation channels or assuming
incorrect physical prescriptions can severely bias infer-
ences. For example, when only considering the CE and
SMT channels in our inference, we find a preference for
low CE efficiencies compared to the preference for high
CE efficiencies when considering all five channels. When
considering only the CE and GC channels, the recov-
ered branching fractions differ significantly compared to
when we consider all five channels (see Figures 2 and 3).
Even when including our full array of formation chan-
nels, differing assumptions for physical prescriptions al-
ter the recovered branching fractions (see Section 4.2).

While we consider more formation channels in this
analysis than has been done before, the astrophysical
models used in this work only comprise a subset of
the proposed formation channels for BBHs,? and each
channel is subject to a number of additional theoretical
uncertainties that are not accounted for in this work.
Therefore, as with any such model selection endeavor
that is reliant on population modeling predictions, there
are a number of inherent caveats associated with as-
sumptions made for uncertain physical prescriptions. A
few examples of such caveats are as follows: (a) since a
massive-star binary in a CE phase has never been ob-
served, the modeling of this phase is entirely theoreti-
cal, and the a—\ energy balance formalism with a fixed
CE efficiency acg across all stellar regimes may not be
valid; (b) BH natal kick magnitudes and orientations rel-
ative to the spin axis of the exploding star are uncertain
due to the limited observational sample of BH binaries
with well-measured proper motions, and choosing a na-
tal kick prescription other than the standard bimodal
Maxwellian distribution with fallback-modulated kicks
can affect both population properties and rates; (c) us-
ing a fixed natal spin for isolated BHs, which is a proxy
for the efficiency of angular momentum transport, may
instead be better described by a distribution of natal
spins dependent on the properties of the collapsing star;
and (d) in clusters, changes in the assumed binarity of
the primordial population, cluster rotation, triaxiality,
and the dynamical effect that would be caused by the

2 We welcome additional models that could be included in this
framework.

presence of a massive BH may all have an impact on the
properties of BBH mergers. This list of caveats is not
exhaustive, but it provides a sense of the complexity of
this model selection problem, especially when consider-
ing contributions from multiple formation scenarios that
have both shared and independent physical uncertain-
ties. Though our quantitative results may change with
the inclusion of additional formation models or updated
prescriptions for binary stellar evolution and compact-
object formation, given the diversity of BBH detections
to date we anticipate that the necessity for multiple
channels significantly contributing to the detected BBH
population is robust. Since the local BBH merger rate
continues to become more constrained as the catalog of
BBHs grows, predicted merger rates will also be crucial
to include in these types of analyses and can be incor-
porated into branching fraction priors.

As statistical uncertainties get smaller, systematics
become more important (Barrett et al. 2018), and failing
to consider a more complete and comprehensive picture
for the diversity of possible BBH formation channels will
become increasingly dangerous. As the detected popula-
tion of BBHs grows, our methodology can be expanded
to include additional formation channels and uncertain
physical prescriptions, which will lead to a more unbi-
ased and complete understanding of the relative contri-
bution from various astrophysical channels to the ob-
served population of compact binary mergers. Only
through these comprehensive analyses will we be able
to accurately infer crucial aspects of BBH origins.

The population models and posterior samples from
the hierarchical inference in this work are available on
Zenodo (Zevin 2020). The codebase developed for this
analysis, Astrophysical Model Analysis and Evidence
Evaluation (AMAZE), is available on Github® along with
notebooks for generating the numbers and figures in this

paper.

3 https://github.com/michaelzevin/model_selection
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APPENDIX

A. POPULATION MODELS

In this section, we provide further details for the population modeling in this work. In Appendix A.1, we discuss
the formation channels used in our inference and the assumptions that were made to provide more self-consistency
between models. In Appendix A.2, we discuss the distribution of systems across cosmic time for our five formation
channels, as well as the assumed distribution of metallicities as a function of redshift.

A.1. Formation Channels
A.1.1. Isolated Evolution through CE and Stable Mass Transfer

The CE and SMT models are simulated with the POSYDON framework (T. Fragos et al. 2021, in preparation), which was
used to combine the rapid population synthesis code COSMIC (Breivik et al. 2020) with MESA detailed binary evolution
calculations (Paxton et al. 2011, 2013, 2015, 2018, 2019) as in Bavera et al. (2020a). COSMIC was used to rapidly evolve
binaries from the zero-age main sequence until the end of the second mass-transfer episode. For the last phase of the
binary evolution (BH-Wolf-Rayet), which determines the second-born BH spin (Qin et al. 2018; Bavera et al. 2020b),
we used detailed stellar and binary simulations from MESA. These simulations take into account differential stellar
rotation, tidal interaction, stellar winds, and the evolution of the Wolf-Rayet stellar structure, therefore allowing us
to carefully model the tidal spin-up phase until the core collapse of the secondary.

These models assume the first-born BH is formed with a negligible spin x1, =~ 0 because of the assumed efficient
angular momentum transport (Qin et al. 2018; Fuller & Ma 2019) and the Eddington-limited accretion efficiency onto
compact objects; this also leads to small first-born BH spins for the SMT channel because the mass accreted onto BHs
during the second mass- transfer is negligible (Thorne 1974). In this work we artificially varied the first assumption by
changing the birth spins in post-processing. Assumptions for the efficiency of accretion onto BHs may affect the natal
spins of the first-born BH in the SMT channel if it is highly super-Eddington, though Bavera et al. (2020a) showed that
a highly super-Eddington accretion efficiency leads to the extinction of BBH mergers in the SMT channel and thus we
do not consider variations in its value.

These simulations were designed as much as possible to match the same stellar and binary physical assumptions
made in the CHE models; in fact, the MESA model is entirely self-consistent with that used in du Buisson et al. (2020).
Consistency in the initial binary distributions was also a priority. For example, we assumed that log-initial orbital
period distributions follow a Sana et al. (2012) power law in the range [10°-15,10%-%] days and extend down to 0.4 days
assuming a flat-in-log distribution in order to sample the parameter space leading to a chemically homogeneous
evolution (du Buisson et al. 2020). Finally, analogous to the CHE and NSC models, we used the same prescriptions for
distributing the synthetic BBH populations across cosmic history (see Appendix A.2). To translate the underlying
BBH population to the detected population in all channels, Bavera et al. (2020a) assumed the detection probabilities
detailed in Appendix B but with a higher network SNR, threshold of ppresh = 12. The estimated rate densities for the
CE channel are in the range 17-113 Gpc ™2 yr~! depending on acg (the smallest value corresponds to the model with
ace = 5.0, while the largest value corresponds to acg = 0.2), and 25 Gpc ® yr~! for the SMT channel (Bavera et al.
2020a). For a detector network with midhighlatelow sensitivity and a network detection threshold of pipresn = 12,
these values translate to a detection rate of 15412 yr~—! and 86 yr~! for CE and SMT, respectively.

A.1.2. Chemically Homogeneous Evolution

The CHE models are adopted from du Buisson et al. (2020) who computed a large grid of detailed MESA stellar and
binary simulations undergoing this evolutionary process. For consistency with the other models, we restrict primary
masses to the range [0.01, 150] Mg, meaning that, compared to the original study, we ignore systems forming BBHs
with components above the pair instability mass gap (e.g., Woosley 2017; Farmer et al. 2019; Marchant et al. 2019).
The core collapse of the stars’ profiles is done self-consistently in CE and SMT models using POSYDON (see Appendix
D of Bavera et al. 2020a). The applied prescription takes into account disk formation during the collapse of highly
spinning stars, mass loss through neutrinos, (pulsational) pair instability supernovae according to the fits of the
detailed simulation of Marchant et al. (2019), and two Blaauw kicks (Blaauw 1961; Kalogera 1996) where we assume
circularization after the first supernova (see du Buisson et al. 2020). The synthetic population of BBHs is distributed
across the Universe cosmic history assuming the same initial binary distributions as in the CE and SMT models.
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Since we have a regular grid of MESA simulations covering the initial binary distributions instead of sampling them
with a Monte Carlo approach, we can directly calculate their phase space volume. Given a binary k with initial primary
mass mi,x, mass ratio g, and period py, the relative contribution of that system to the total population Py is

Py, = p(ma i, @k, Pk) = prvr (Mg, Gk, Pr) X P1QF (M ks Qs Pi) X PIPF (M ks Qs Dk ) (A1)

where IMF, IQF, and IPF designate the initial mass, mass ratio, and period functions. These probabilities are obtained
by integrating the assumed initial distribution probability densities independently; for simplicity, we assume that the
initial binary properties are independent of each other and of metallicity. For the initial mass function, we assume a
Kroupa (2001) power law in the range [0.01,150] Mg; for the initial mass ratios, we assume a flat distribution in the
range [0,1]; and for the initial periods, we assume an extended Sana et al. (2012) log-power law as in Eq. (A.1) of
Bavera et al. (2020a). For each binary the integration is performed around the initial values m; j, gx, and py assuming a
volume corresponding to the grid’s resolution, namely, Alog;,(m1 /Mg) = 0.025, Agr, = 0.2, and A(py/day) = 0.025.
Even though the simulations for the CHE channel were carried out at a fixed mass ratio value of ¢ = 1, here we assume
that they are representative of resultant BBH mass ratios within [0.8, 1], and artificially smear the BBH mass ratios
uniformly across this range while keeping the total mass of the binary fixed. This assumption is justified by the findings
of Marchant et al. (2016).

Similar to Eq. (7) of Bavera et al. (2020a), the BBH merger rate density is calculated in finite-time bins of At; =
100 Myr and log-metallicity bins AZ; where each binary k is placed at the center of each time bin corresponding to
the redshift of formation z¢; and merging at zp, ;. Therefore,

fSFR(z¢ 4 47rcD2 Zm.i 3 _
Rppus(z) = Z Zpi,j,lc foin m(* £.) AV((z-j ) At; Gpe P yr !, (A2)
AZ; k e

where fpin = 0.7 (Sana et al. 2012) is the binary fraction, m, = 0.518 M is the average system mass (computed
as in Eq. (A.2) of Bavera et al. 2020b), fSFR is the star formation rate (SFR) per metallicity range AZ;, D.(z) is
the comoving distance, and AV, is the comoving volume corresponding to At;. Using a network detection threshold
of pthresh = 12, we find a merger rate density of 32.9 Gpc_3 yr~! and a detection rate for a detector network with
midhighlatelow sensitivity of 360 yr—!. The rate found here is higher than the one found by du Buisson et al. (2020),
5.8 Gpc 2 yr~1, for two reasons: (i) The original study assumed a flat-in-log orbital period distribution over the range
[0.4,365.25] days compared to the extended log-power law assumed here for consistency with the CE and SMT channels;
when we assume the original distribution over the range [0.4,10%°] days, the rate density decreases to 10.6 Gpc ™2 yr~—1.
(ii) du Buisson et al. (2020) assumed an SFR and metallicity distribution from the cosmological simulations of Taylor
& Kobayashi (2015), which predicts less stellar mass formed at low metallicities compared to Madau & Fragos (2017),
assuming the metallicities follow a truncated log-normal distribution around the empirical mean of Madau & Fragos
(2017) and a standard deviation of 0.5 dex.

A.1.3. Globular Clusters

The GC models are simulated using the Hénon-style cluster Monte Carlo code CMC (Hénon 1971a,b; Joshi et al.
2000; Pattabiraman et al. 2013). CMC has been shown to reproduce both the global cluster properties and the BBH
populations found in direct N-body cluster models in a fraction of the time (Rodriguez et al. 2016b). Each cluster
model contains all of the necessary physics to describe the dynamical formation of BBHs. Each star and binary in
the cluster is evolved with the Binary Stellar Evolution (BSE) package of Hurley et al. (2000, 2002) with updated
prescriptions for stellar winds, compact-object masses, supernova natal kicks, and pulsational-pair instability physics
consistent with COSMIC (Chatterjee et al. 2010; Rodriguez et al. 2016a, 2018b, and references therein). The three-
body interactions between single stars that produce many BBHs are treated probabilistically using prescriptions from
Morscher et al. (2013), which have been well tuned to direct N-body integrations. Furthermore, stars and binaries
are allowed to interact through strong three- and four-body encounters, whose outcomes are directly integrated with
Fewbody (Fregeau & Rasio 2007), a small-N dynamical integrator with relativistic corrections (Antognini et al. 2014;
Amaro-Seoane & Chen 2016; Rodriguez et al. 2018b). BBHs that merge inside the cluster, either as isolated systems
or due to prompt GW emission during three-body encounters, are given new masses, spins, and GW recoil velocities
taken from numerical relativity-based fitting formulae (Rodriguez et al. 2018b, Appendix A).

As the natal spins of BHs are set at the start of the simulations, no post-processing is necessary across our i,
models. We do not consider differing acg values in our GC models for two reasons: (i) Most BBHs that go on to merge
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are processed dynamically and go through partner swaps throughout their evolution in the cluster and do not merge
with their original partner; thus the post-CE separation has a minimal impact on the rates and properties of BBH
mergers. (ii) Of the BHs in the cluster originally in a BBH system that formed from a massive-star binary progenitor,
we find only a percent-level number that were at tight enough orbital configurations during the BH-Wolf-Rayet phase
for tidal spin-up to be relevant. We therefore set the CE efficiency to our fiducial value of acg = 1 in the GC model.

The GC model is the only model that does not follow the standard star formation and metallicity evolution described
in Appendix A.2, since cluster formation does not mimic the star formation history of the host galaxies. We instead
follow the prescriptions in Rodriguez & Loeb (2018), which rely on detailed modeling of GC formation across cosmic
time (El-Badry et al. 2019), and weight GCs of differing metallicities by the metallicity distribution of GCs observed
in the Milky Way (Harris 2010).

A.1.4. Nuclear Star Clusters

The evolution of NSC models is determined using the semi-analytical approach of Antonini et al. (2019). In this
method, we assume that the energy generated by the BH binaries in the cluster core is regulated by the process of
two-body relaxation in the bulk of the system (Breen & Heggie 2013). This principle of balanced evolution (Hénon
1961) is used to compute the hardening and the merger rate of the core binaries. Moreover, we neglect mass loss
from stellar evolution and the escape of BHs and stars, i.e. we assume a constant cluster mass (see Antonini & Gieles
2020b for caveats in this assumption). Each BBH formed dynamically in the cluster core is then evolved until it either
merges inside the cluster or it is ejected from it. If the merger remnant is retained inside the cluster, we compute its
spin and mass using the prescriptions in Rezzolla et al. (2008). We evolve the cluster until either all BHs have been
ejected or a time of 13 Gyr has passed.

As with the GC model, we do not consider differing avcg values for the NSC model and assume the population properties
are the same across all values of acg (see discussion in Appendix A.1.3). In contrast to those in the GC model, we
assume that star formation and metallicity evolution follow the same prescriptions as the CE, CHE, and SMT models
(i.e. they trace the evolution of the host galaxy as a whole). There are arguments that the star formation histories
of nuclear clusters are different from those of their galactic hosts (Neumayer et al. 2020). Given the uncertainties,
however, we continue with the assumption above and sample from the three metallicity models (0.01Zg, 0.1Z5, and
1Za) according to the prescriptions described in Appendix A.2.

A.2. Formation Rate and Metallicity Evolution

All formation channels provide raw samples of BBH mergers for a given xy,, acg, and metallicity. For all models
other than GC (see Appendix A.1.3), we distribute the synthetic BBH populations across cosmic history assuming the
SFR density in Madau & Fragos (2017):

(1+ 2)%6
1+ [(1+2)/3.2]°?
This determines the birth redshift of the BBH progenitor. For the CE, CHE, and SMT models, the merger redshift is then
calculated using the BBH formation time (thiren — tpu) and inspiral time (finsp), the latter of which is determined

using the orbital properties of the binary following the birth of the second BH (Peters 1964). Thus, the merger redshift
is

P(z) = 1072 Mg yr~—! Mpe™2. (A3)

Zmerge = T(tbirth —iBBH — tinsp)a (A4)
where 7 is the transformation function between the lookback time and redshift. For the NSC model, delay times
(tdelay = tBBH + tinsp) are computed directly from the model and used to determine the merger redshift. For all
models, we assume a ACDM cosmology with the Planck 2015 cosmological parameters of Hy = 68 kms™ ' Mpc ™,
Q= 0.31, and Qa4 = 0.69 (Ade et al. 2016).

Each formation channel model is simulated across a range of metallicities. At a given redshift, metallicities are
distributed following a truncated log-normal metallicity distribution around the empirical median metallicity from
Madau & Fragos (2017) assuming a standard deviation of 0.5 dex (Bavera et al. 2020a, Section 2.2):

logyo (Z) Zs) = 0.153 — 0.074234, (A5)

with a solar metallicity of Zg = 0.017 (Grevesse & Sauval 1998). We use the SFR density, Eq. (A3), and metallic-
ity distribution, Eq. (A5), to construct a full cosmological population for each submodel of the formation channels
(parameterized by xp and acg).
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B. DETECTION PROBABILITIES

In our inference, detection probabilities are a key component of the detection efficiency £ in the hyperlikelihood.
From the cosmological populations of each channel, we calculate detection probabilities numerically. Though this
is more computationally intensive than using analytical scaling relations that approximate the sensitive spacetime
volume to leading order (e.g., Fishbach & Holz 2017), we choose to calculate detection probabilities numerically to
better capture the influence that total mass, mass ratio, and spins have on selection effects.

Each system is characterized by its (source-frame) component masses, three-dimensional component spin vectors,
and merger redshift. For every system in each population model, we first calculate the optimal SNR pgp for LIGO
Hanford, LIGO Livingston and Virgo operating at midhighlatelow sensitivity (Abbott et al. 2018) by assuming the
system is directly overhead with a face-on inclination. We use the IMRPhenomPv2 waveform approximant (Hannam
et al. 2014; Khan et al. 2016) for determining SNRs, and detector response functions are constructed using the PyCBC
package (Nitz et al. 2019). We approximate the optimal network SNR as the quadrature sum of the optimal SNRs
from the three detectors,

Pret, opt S Z(F’i opt)’ (B6)

(2

which will give us a conservative overestimate of the true optimal SNR of the network. We choose a network SNR
threshold of pghresh = 10, consistent with the false-alarm-rate threshold of two per year, which is used as a criterion for
events in GWTC-2 (Abbott et al. 2018; Nitz et al. 2020; Abbott et al. 2020b). If pnet, opt < Prhresh, We set the detection
probability of the system to Pt = 0. Otherwise, we consider the source potentially detectable and perform 10% Monte
Carlo realizations of the extrinsic parameters, namely the right ascension, declination, inclination, and polarization
angle. The detection probability of the system marginalized over the extrinsic parameters is then given by

7

~ 1 N
Pdet - N Z H Z(Pz (w]))Z — Pthresh | » (B7)
j=1

where NV is the number of Monte Carlo realizations, ¢ indexes over detectors, 1; denotes the extrinsic parameters drawn
for the Monte Carlo sample j, and H is the Heaviside step function. These detection weights are used to construct
the weighted KDE models in Figure 1.

C. KDES OF MODELS

We use an adaptation of the gaussian kde class of SciPy to construct KDEs for each population model, which
are 4-dimensional over the parameters . Our gaussian kde class handles reflection over physical boundaries in the
parameter space (i.e. 0 < ¢ < 1). To ensure an adequate choice of KDE bandwidth for our population models,
we perform a holdout analysis where we construct the KDE using a subset of samples from the full population,
draw samples from the KDE, and compare the one-dimensional marginalizations of the parameters 6 drawn from the
KDE with another subset of samples. We find a bandwidth of ~ 0.01 consistently matches the true distribution of
parameters, whereas values lower and higher tend to overfit and underfit the data, respectively.

D. POPULATION INFERENCE

Our goal is to recover the posterior for our set of hyperparameters, § = [Bek, Bene, Bec, Pusc, Bsur] and X = [Xb, aCE],
given the set of (independent) GW observations of BBHs from GWTC-2, x = {fl}fv"" In the following, we are only
interested in the shape of the populations and not the rate and implicitly marginalize out the rate term by assuming
a p(N) o 1/N prior on the number of detections (Fishbach et al. 2018).

Starting from the ground up, the probability of detecting a set of event parameters 8 = {92} given the model
hyperparameters A= [5 , X} from independent observations is

Nobs oy
9|A) = ﬁWA) — D
S Vo TG I (0%

where Pdet(g) is the detection probability for an event with parameters 6 (Chennamangalam et al. 2013; Farr et al.
2015; Mandel et al. 2019; Vitale et al. 2020). Marginalizing over event parameters, the probability of observing the
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data for event &; given our hyperparameters A is

p(EIK) = / p(:(8)p(A1K) 0. (DY)

—

By applying Bayes’ theorem, we replace p(i;|6) with p(6|Z;)p(Z;) /(). Assuming independent observations, we get

N B -
Y p(Z;) p(0i|Z)p(0:|A) . >
o) = 1T ot gran ) ey o

where 77(5) is the prior on the parameters 6= M, q, Xeff; 2 z] assumed in the original inference of g, which is provided
alongside the LVC posterior samples. We evaluate 7r(€) at each point 6; in a 4-dimensional prior KDE constructed
using the LVC prior samples. Since we use .S; posterior samples to approximate p(91|gc,)7 we can rewrite this integral
as a discrete sum over the posterior samples:

Nobs - Si e
ﬁ p(xl) p(ézc‘A) (D].].)

p(x|K) = 2
i1 Si fp |A Paet(0) d k=1 m(07)

The hyperlikelihood p(H_Z“\K) is evaluated as a mixture model of the underlying KDEs in the current x, and acg
model,

p(OF18) = > Bip(GF ) ), (D12)
i

where the summation is over the formation channels and ;L;(’a is the xp and acg model that the sampler is in at a
given step in the chain. Thus, our hyperlikelihood from Eq. (D11) becomes

Nobs

= (#) p(OF |1y )
x|A p~
rl8) = 1T o505 ;&; @) (D13)

where for convenience we define £ =37, ;6" where

& = [ o0y Pac(8) a8 (D14)

is the detection efficiency for each formation channel model with natal spin x and CE efficiency «. The channel-
dependent detection efficiency & ;"a is evaluated using a Monte Carlo approach, since detection probabilities are already
calculated for each sample in the population models. Finally, the posterior distribution on the hyperparameters,

p(K[x) = p(x|R)m(X)/p(x), is

. . Nobs ék s
(0 =<8 T 5 Z@ZP( (|:,j> | (D15)

where W(K) is the prior on the hyperparameters.

For priors, we use a Dirichlet distribution with equal concentration parameters and dimensions equal to the number
of formation channels as a prior for the branching fractions E, imposing the constraints (0 < 8; <1)Viand ), 8; = 1.
In practice, the discrete x1, and acg models are sampled using dummy index parameters that are defined on the range
[0, Nx,m], where Ny ,,, is the number of m = x1, or n = acg models, with a flat prior across this range and no support
outside this range. The X model considered at each step is given by the floor of the dummy parameter values that
correspond to xp and acg.

E. TESTING WITH MOCK OBSERVATIONS

In addition to examining constraints on the GW population, we can test our methodology using mock draws from
the underlying population distributions. In Figures 7 and 8, we show the convergence on detectable branching frac-
tions and physical prescriptions as the number of observations increases. In this mock sample, we set the true
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physical prescriptions to x, = 0.0 and acg = 1.0 and the detectable branching fractions between channels to be
[Bdet et pdet pdet gdet] — 10.3,0.1,0.3,0.1,0.2]. We draw systems from the underlying distributions of the vari-
ous populations until Nobsﬁfet detectable samples are drawn from channel j, where Ngps is the number of observed
events for a particular mock realization. Figure 7 shows the contribution to branching fraction posteriors for different
Xb models, marginalized over acg models, and Figure 8 shows the contribution to branching fraction posteriors for
different acg models, marginalized over xi, models. For demonstration purposes, in these examples we assume no
measurement uncertainty; in actuality the inclusion of mock measurement uncertainty will lead to less precise mea-
surements. In this simplified example, we find our analysis recovers the injected model, with increasing Bayes factors
for the correct physical prescription and increasing precision in the branching fraction measurement as the number
of observations increases. As with our analysis using the GW observations, we see strong biases in the recovered
branching fractions when the incorrect physical prescriptions are considered. A more investigative analysis with the
inclusion of SNR-dependent measurement uncertainty will be explored in future work.
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B.1. CONSTRAINING THE ORIGINS OF BINARY BLACK HOLES USING MULTIPLE
FORMATION PATHWAYS

B.1.3 Impact on the current field of research

The presented manuscript had an important impact on the current field of GW astrophysics research,
and was followed by other similar studies. Thanks to the tens of GW detections made by the LVK
collaboration and ever-improving theoretical models of BBH formation channels, it is now possible to
conduct full-scale model selection studies to quantify the origin of merging BBHs. This realm has marked
a change of direction in the field of research aiming to study the origin of merging BBHs. Because the
main findings of Zevin et al. (2021a) are summarised in Section 3.1, in the rest of this section, we limit

ourselves to discussing the impact this paper had on the current field of research.

Multiple independent studies were either performed in parallel or followed the footsteps of Zevin et al.
(2021a). For example, Wong et al. (2021) analyzed GWTC-2 accounting for models of isolated binary
evolution in galactic fields through the CE and SMT channels and the dynamical formation of globular
clusters. Because the models used by the authors did model BBH spins self consistently, their hierarchical
model analysis only considered BH mass and redshift distributions. Similarly, Bouffanais et al. (2021a)
also analyzed GWTC-2 BBH events but accounted for dynamical formation in young clusters instead of
globular clusters. Overall, Wong et al. (2021) and Bouffanais et al. (2021a) conclusions agree with Zevin
et al. (2021a) result that, given the employed BBH models, multiple formation channels are favored by
the analyses over a single model dominating the formation of the observed BBH sample. Other studies
have also looked for the potential contribution of other formation channels like PBHs (De Luca et al.
2021b; Franciolini et al. 2021; Hiitsi et al. 2021), population III stars (Ng et al. 2021), and young star
clusters (Mapelli et al. 2021, 2022). Zevin et al. (2021a) remains the most inclusive analysis that accounts
for the largest number of formation channels and state-of-the-art model predictions BBH, including the
self-consistent modeling of BH spins.

We repeat, here, that only by considering all model uncertainties and all active BBH formation
channels in Nature once can obtain an unbiased and conclusive answer in hierarchical model selection.
For example, Bouffanais et al. (2021b) used model selection to constrain mass-transfer accretion efficiency
and the CE phase efficiency with GWTC-2 events. However, Bouffanais et al. (2021b) only accounted
for the isolated binary evolution through the CE and SMT channels. The omission of other formation
channels in the analysis might lead to biased results, similar to the contradicting result about CE efficiency
found in Bavera et al. (2021a), which only considers the CE and SMT channels compared to the more
inclusive Zevin et al. (2021a) model selection study.

The planned next generation of GW detectors such as Einstein Telescope, Cosmic Explorer, and LISA
will bring order of magnitude new BBH detections. We foresee that the discussed Bayesian framework in
comiatio with improved and more accurate BBH models will play a pivot role in the quest to understand
the origin of merging BBHs (e.g., Maggiore et al. 2020; Tiwari 2022; Toubiana et al. 2021).
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Appendix C

Shine like a diamond

C.1 The role of core-collapse physics in the observability of

black hole neutron star mergers as multimessenger sources

C.1.1 A brief introduction

Current rapid binary population synthesis studies employ prescriptions to predict the final fates, explo-
sion or implosion, and remnant masses of compact objects. These prescriptions are based on parameters
at the evolutionary cutoff imposed by the code, usually at or near central carbon ignition. In doing this,
rapid binary population synthesis studies disregard late-stage evolution’s role in determining the final
fate within the neutrino-driven explosion paradigm (see, e.g., Patton et al. 2022). The vast majority
of these studies use the Fryer et al. (2012) “rapid” and “delayed” prescriptions, which predict a unique
boundary in the core mass of the pre-core-collapse star that leads to the formation of a BH or an NS
above or below that boundary, respectively. This is in contrast to recent core-collapse simulations, which
show that there is no unique boundary in the core mass of the pre-core-collapse star that transitions
between the formation of NSs and BHs. For example, Sukhbold et al. (2016); Ertl et al. (2020); Patton
& Sukhbold (2020); Schneider et al. (2021) finds successive islands of successful and failed explosions
leading to the formation of NSs and BHs via direct collapse, respectively (see §1.2.1). In this project,
we explored the effects of newer core-collapse prescriptions on the formation of merging BH-NS systems
and their potential observably as electromagnetic transients. We also discuss the impact of the newer

core-collapse mechanisms on BBH merger rate models presented in Chapter 2.

C.1.2 Manuscript

The conducted study Romén-Garza et al. (2021) was published in The Astrophysical Journal Letters

in May 2021. The arXiv open-access version of the manuscript is presented in the following pages.
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ABSTRACT

Recent detailed 1D core-collapse simulations have brought new insights on the final fate of massive
stars, which are in contrast to commonly used parametric prescriptions. In this work, we explore the
implications of these results to the formation of coalescing black-hole (BH) — neutron-star (NS) binaries,
such as the candidate event GW190426_152155 reported in GWTC-2. Furthermore, we investigate the
effects of natal kicks and the NS’s radius on the synthesis of such systems and potential electromagnetic
counterparts linked to them. Synthetic models based on detailed core-collapse simulations result in
an increased merger detection rate of BH-NS systems (~ 2.3yr~!), 5 to 10 times larger than the
predictions of “standard” parametric prescriptions. This is primarily due to the formation of low-mass
BH via direct collapse, and hence no natal kicks, favored by the detailed simulations. The fraction of
observed systems that will produce an electromagnetic counterpart, with the detailed supernova engine,
ranges from 2-25%, depending on uncertainties in the NS equation of state. Notably, in most merging
systems with electromagnetic counterparts, the NS is the first-born compact object, as long as the
NS’s radius is < 12km. Furthermore, core-collapse models that predict the formation of low-mass BHs
with negligible natal kicks, such as the ones from detailed core-collapse studies, increase the detection
rate of GW190426_152155-like events to ~ 0.6 yr~!; with an associated probability of electromagnetic
counterpart < 10% for all supernova engines. However, increasing the production of direct-collapse
low-mass BHs also increases the synthesis of binary BHs, over-predicting their measured local merger
density rate. In all cases, models based on detailed core-collapse simulation predict a ratio of BH-NSs
to binary BHs merger rate density that is at least twice as high as other prescriptions.

Keywords: Gravitational waves — Stars: black holes — Stars: neutron — Supernovae: general — Stars:
massive — Binaries

1. INTRODUCTION

The recently released catalogue of the LIGO Scientific
and Virgo Collaboration (LVC), GWTC-2, includes for
the first time an event, GW190426_152155, classified as
a black hole (BH) — neutron star (NS) merger (Abbott

* jaime.roman@etu.unige.ch

et al. 2020a). In addition, GW190814, an extreme mass-
ratio merger event, has an estimated mass of 2.59f8:83
for the lower-mass compact object, making it unclear
whether it is a binary BH (BBH) or a BH-NS (BHNS)
merger (Abbott et al. 2020b). Due to the relatively low
significance of GW190426_152155 and the unclear na-
ture of GW190814, no BHNS merger rate density was

estimated based on GWTC-2 (Abbott et al. 2020c), with
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the older estimates from GWTC-1 setting only an upper
limit of < 610 Gpe3 yr—! (Abbott et al. 2019). Neverthe-
less, taking into account that the first half of the LVC’s
third observing run (O3a) included 177.3 days of data
suitable for coincident analysis and assuming 1 or 2 de-
tections, one can estimate a detection rate of ~2-4yr~1.

The first detection of a binary NS merger was accom-
panied by an electromagnetic counterpart (EMC), which
was observed in the whole electromagnetic spectrum as
a kilonova and a short Gamma-ray burst (Abbott et al.
2017b,a). The merger of a BH with a NS is also expected
to be accompanied by a similar EMC, if the tidal dis-
ruption radius of the NS is outside the innermost stable
circular orbit (ISCO) of the BH. The maximum mass
of a non-spinning BH for this to happen, assuming a
1.4Mg NS, is ~3.5 Mg, with the exact value depending
on the adopted NS equation of state (e.g. Capano et al.
2020). If, however, the BH is spinning, then the ISCO
moves closer to the BH and the corresponding BH mass
limit becomes as high as ~ 20 Mg, for a maximally spin-
ning BH (see Foucart et al. 2018), vastly increasing the
probability of an electromagnetic counterpart.

Under the assumption of efficient angular momentum
transport in the interior of stars, the first-born com-
pact object in a binary is expected to be formed with
negligible spin (Fragos & McClintock 2015; Qin et al.
2018). This is because as the progenitor star expands
to become a supergiant, most of its angular momentum
is transported to its outer layers, which are then re-
moved via winds and Roche-lobe overflow. On the other
hand, the immediate progenitor of the second-born com-
pact object, in the isolated binary formation channels,
is a stripped helium (He) star in a close orbit with its
first-born compact-object companion. There, the He-
star has a chance to be spun up via tides, and thus give
rise to a compact object with a significant spin (e.g.,
Van den Heuvel & Yoon 2007; Qin et al. 2018; Bavera
et al. 2020a,b). Hence, the only way to have a highly
spinning BH in a BHNS system is to have the NS be the
first-born compact object, which will then tidally spin
up the BH’s progenitor star.

Coalescing BHNSs formed via isolated binary evolu-
tion are thought to be sufficiently abundant, with the-
oretical estimates of their merger rate density cover-
ing the whole range of 0.1-1000 Gpc3yr—! (Giacobbo
& Mapelli 2018; Belczynski et al. 2020; Drozda et al.
2020). Among them, however, BHNSs in which the NS
is the first-born system should be rare for two main rea-
sons: (i) the initially more massive primary star is typi-
cally the progenitor of the BH which tends to form first,
and (ii) even if binary interactions reverse the pre-core-
collapse mass of the primary and secondary, kicks im-

parted on newly-born NSs (Hobbs et al. 2005), which are
typically higher than those on BHs, tend to disrupt the
binary when the system is in a wide orbit, as is typically
the case when the first compact object is formed.

The details of the general statements above depend
crucially on the physics of core-collapse and compact ob-
ject formation. The vast majority of binary population
synthesis studies use the “rapid” and “delayed” mecha-
nisms (Fryer et al. 2012) to prescribe the fate of massive
stars. Both of them are parametric descriptions of the
convection-enhanced supernova (SN) engine driven by
neutrino losses (see Herant et al. 1994). In contrast to
the “dealayed”, the “rapid” prescription predicts a mass
gap between BHs and NSs due to stronger convection
which allows instabilities to grow rapidly and produces
more energetic SN explosions. Furthermore, both mech-
anisms predict a unique boundary in the core mass of
the pre-core-collapse star that leads to the formation of a
BH or a NS, above or below that boundary respectively.

Detailed 1D core-collapse simulations, on the other
hand, show that there is no unique boundary in the
core mass of the pre-core-collapse star that transitions
between the formation of NSs and BHs. Instead, these
studies find successive islands of successful and failed ex-
plosions leading to the formation of NSs and BHs via di-
rect collapse (e.g., Pejcha & Thompson 2015; Sukhbold
et al. 2016; Ertl et al. 2020; Patton & Sukhbold 2020;
Schneider et al. 2020; Ugliano et al. 2012; O’Connor
& Ott 2011). This is the result of the non-monotonic
behaviour between the central carbon-burning phase
and the final core properties, linked to the convec-
tive episodes developed during the burning phase (e.g.
Sukhbold et al. 2018). Another significant difference be-
tween these more recent calculations and the “rapid”
and “delayed”, is in the formation of BHs via suc-
cessful explosions and significant fall-back. Whereas in
the “rapid” and “delayed” prescriptions there is a wide
range of pre-core-collapse core masses that lead to the
formation of BHs via accretion of fall-back mass from a
successful explosion. Detailed 1D simulations find that
these cases are very rare and virtually all BHs are formed
via direct collapse. The latter becomes important in the
context of population synthesis studies, where the natal
kicks imparted on BHs are most often normalized to the
fraction of fall-back mass, while BHs formed via direct
collapse receive no kick (e.g., Belczynski et al. 2008).

In this work we explore the effects of the core-collapse
mechanism on the formation of coalescing BHNSs, such
as GW190426_152155, and their potential observability
as electromagnetic transients. For the first time we con-
sider a core-collapse prescription based on detailed 1D
core-collapse simulations and study the effect of non-
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monotonic stellar explodability, with respect to the pre-
collapse mass of the core. Finally, we discuss what we
can learn in the future in terms of formation pathways,
core-collapse physics and NS equation of state, once ob-
servations put a firmer constraints on the BHNS merger
rate density and the fraction of them accompanied by
an EMC.

2. METHODS

We use the software framework POSYDON (Fragos et
al. 2021, in prep.) to evolve populations of binaries for
this study. POSYDON allows, among other functionalities,
to couple parametric population synthesis codes with
such models for different phases of a binary’s evolution.
In this work, we coupled the parametric code COSMIC
(Breivik et al. 2019) to evolve binaries from the zero-age
main sequence (ZAMS) until the first compact object
strips its companion; and a grid of ~170,000 detailed
binary evolution models ran with the MESA code (Paxton
et al. 2011, 2013, 2015, 2018, 2019) to follow the final
evolutionary phase of a BHNS progenitor, i.e. that of
a binary consisting of stripped He-star and a compact
object in a close orbit. This allows us to accurately
predict the spin of the second born compact object (see
Bavera et al. 2020b, for a detailed description of the
simulation setup).

For all populations evolved, we consider the following
initial binary properties: the mass of the most massive
star my is distributed by the Kroupa (2001) initial mass
function in a mass range of [5,150] M. We assume the
mass ratio at birth is distributed uniformly as ¢ € [0, 1]
(Sana et al. 2012). The initial orbital periods are dis-
tributed in the range [0.4,10%?] days as in Sana et al.
(2012), extending the distribution for for low values with
a flat distribution as in Bavera et al. (2020b). All bi-
naries have zero birth eccentricity, and we assume an
overall binary fraction f, = 0.7 (see Bavera et al. 2020b;
Sana et al. 2012). For each model, we evolve 5 x 106
binaries per metallicity, for 10 different metallicity val-
ues, Z € [0.0001, 0.0002, 0.0003, 0.0006, 0.001 , 0.0018,
0.0031, 0.0055, 0.0098, 0.0174]. This corresponds to a
total stellar mass of ~ 5 x 103Mg, for the underlying
stellar population, per metallicity bin; and corresponds
to a fraction of the initial mass function of f.o,r = 0.212.

We use the same set of physical model parameters
as in Bavera et al. (2020b). Specifically, we adopt mass-
transfer (MT) stability according to the values of gerit as
described there. Unstable MT is modelled with the clas-
sical acp—A common-envelope (CE) formalism (van den
Heuvel 1976; Webbink 1984), where assume an acg = 1
and Acp fits from Claeys et al. (2014) without tak-
ing into account the ionization energy of the envelope.

Moreover, we assume the pessimistic common-envelope
scenario, namely all systems that start common envelope
evolution with a star in the Hertzsprung’s gap are con-
sidered to merge due to the unsuccessful envelope ejec-
tion (Ivanova & Taam 2004; Belczynski et al. 2007). The
electron-capture SN (ECSN) prescription described in
Podsiadlowski et al. (2004) is used, which maps Helium-
core masses in the range [1.4,2.5] My to remnant bary-
onic mass 1.38 Mg, as in Giacobbo & Mapelli (2020). For
the pair-instability and pulsational pair-instability SNe
we consider the prescription by Marchant et al. (2019)
which limits the maximum BH mass at ~ 44 M.

To model the core-collapse, in addition to the “rapid”
and “delayed” mechanisms by Fryer et al. (2012), we
implement a new prescription based on detailed 1D
core-collapse simulations. We use the publicly avail-
able data on pre-SN models and the remnant properties
produced by the N20 engine of Sukhbold et al. (2016).
We consider the He-core mass of the star at the pre-SN
phase, MHe, core, to predict the remnant’s baryonic mass,
M:em, bar, taking into account whether the SN explosion
is predicted to be successful or not. We only consider
the successful explosions that will produce NSs, as the
ones that produce BHs are rare. A complete description
of the implementation of the engine in our population
synthesis study is in the Appendix A.

For each mechanism three populations were produced
with the assumptions described in Table 1. Our fiducial
model, called STANDARD, considers a Maxwellian dis-
tribution with ogcsy = 20 km/s for kicks imparted on
NS formed from ECSN and opecosny = 265 km/s for Fe
core-collapse SN (FeCCSN); the kicks in this model are
fallback-weighted as in Fryer et al. (2012). The FULL-
ECSN-KICK model considers that NS formed from
ECSN and FeCCSN receive the same kicks (ogcsny =
oreccsN = 265 km/s). Finally, the NO-BH-KICK
model considers BHs receive no natal kicks, even if they
are not produced by direct collapse.

While the evolution of binaries from ZAMS to the for-
mation of a compact object plus a He-star was computed
with the parametric code COSMIC, the last phase of the
evolution of a close compact object plus He-star was per-
formed by interpolating a grid constituted by 172,570
detailed MESA binary evolution models. This last step,
allows us to derive accurate predictions of the second-
born compact object’s spin (Qin et al. 2018; Bavera et al.
2020a). The details on the grid and its interpolation are
discussed in Appendix B.

We extract the BHNS mergers, systems that merge
due to gravitational wave radiation emission in less
time than the current age of the Universe, and com-
pute the number of BHNS mergers per unit mass. The
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Table 1. Definition of the models used to evolve the binary
stellar populations.

Model OECSN  OFeCCOSN NS BH
name [km/s]  [km/s] kicks kicks
STANDARD 20 265 fallback  fallback
weighted weighted
FULL-ECSN 265 265 fallback  fallback
-KICK weighted weighted
NO-BH 20 265 fallback No
-KICK weighted kicks

merging timescale, by gravitational wave radiation, is
computed according to Peters (1964). Adopting the
ACDM cosmology, we distribute the BHNS across the
metallicity-dependent cosmic star-formation history; as-
suming metallicities follow a truncated log-normal dis-
tribution with standard deviation 0.5 dex around the
empirical mean metallicity function derived by Madau
& Fragos (2017). We compute the merger rate densities
and detection rates as in Bavera et al. (2020b), assum-
ing the simulated “mid high/late low” LVC O3 detector
sensitivity (Abbott et al. 2018), by considering a single
detector signal-to-noise ratio threshold > 8 that sim-
ulates a 2 network detector (see Barrett et al. 2018).
Finally, we compute the fraction of events that produce
EMCs. We assume that a BHNS merger will produce
an electromagnetic counterpart if the mass outside the
BH ISCO after the merger, M®°*? ig greater than zero.
The detailed description on the computation of M eecta
is described in Appendix C. Taking into account uncer-
tainties in NS equation of state (e.g. Capano et al. 2020;
Chatziioannou 2020, and references there in), we con-
sider three different constant values for the NS readius,
Rns € [11,12,13] km, to compute M®e*® and, hence,
predict the occurrence EMCs.

3. RESULTS
3.1. The theoretical merger rates of BHNS

The left panel of Fig. 1 shows the number of BHNS
mergers per unit mass, namely the total evolved mass
corrected by the initial mass function and the binary
fraction, in terms of metallicity for the STANDARD
model. In that panel the dashed lines represent the
whole population of BHNSs for each core-collapse mech-
anism. While the shaded regions represent the subset of
systems that will reproduce an EMC. The upper bound-
ary of a shaded region is defined for Ryg = 13 km,
while the lower boundary is delimited by considering
Rns = 11 km. By distributing the mergers on the cos-

mic star-formation history we find the merger density
history in terms of redshift, shown in the right panel of
Fig. 1. There, we see that the local merger density for
all core-collapse mechanisms is consistent with the upper
limit reported on GWTC-1 (see Abbott et al. 2019) and
plotted as the gray shaded region. Furthermore, these
results are consistent with other recent population syn-
thesis studies (e.g. Giacobbo & Mapelli 2018; Neijssel
et al. 2019; Drozda et al. 2020; Belczynski et al. 2020).

We show the detection rate of BHNSs for simulated
03 LIGO/Virgo sensitivity for all the populations in the
upper panels of Fig. 2. The estimated BHNSs detection
rates are plotted with unfilled diamonds, while the filled
symbols represent the subset of systems that will pro-
duce an electromagnetic counterpart for different values
of Rns. All the rates shown on the upper panels of Fig. 2
are also summarized in Table 2. The most striking fea-
ture of Fig. 2 is that detection rates from the N20 engine
(the purple diamonds) are higher by a factor of ~ 2—10
with respect to the predictions for the “rapid” and “de-
layed” mechanisms in all models. This is because the
N20 engine predicts the formation of low mass BHs by
direct collapse. These BHs do not receive natal kicks,
that would otherwise disrupt the binary, and they are
produced by less massive stars whose number is favored
by the initial mass function.

To explore further the role of BH natal kicks on the
detection rates of BHNS mergers, we focus on the NO-
BH-KICK model (upper right panel in the Fig. 2). The
assumption of no BH kicks increases the detection rate
for the “delayed” mechanism by a factor of ~4 with re-
spect to the STANDARD model. In contrast the rate
for the “rapid” prescription does not have a significant
increase between models. This difference is due to the
fact that the pre-core-collapse He-core mass, MHye, core,
range where the “rapid” mechanism predicts BH for-
mation via partial fall-back and non-zero kick veloci-
ties is smaller (Mye,core € [9,13]Mg) compared to the
“delayed” mechanism (M, core € [6,13]Mg), as shown
in Fig. 3. Furthermore, since this region is located at
higher Mye, core values for the “rapid” mechanism, the
steepness of the initial mass function results, in any case,
in less BHs with non-zero kicks. Despite all of this, the
N20 engine produces more than twice as many BHNS
mergers, even when only considering the NO-BH-KICK
models. This is explained by the fact that low mass
BHs formed by the “delayed” mechanism in the NO-
BH-KICK model are not produced by direct collapse.
Meaning that only a fraction (as low as ~ 30%) of the
pre-SN mass of their progenitors will collapse and the or-
bit of the binary needs to be readjusted even if the BH
does not receive a natal kick. The readjustment of the
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Figure 1. BHNS mergers per unit mass in terms of relative metallicity to the solar value (left) and its translation to the
merger density rate history as a function of redshift z (right) for the STANDARD model. The dashed lines represent the whole
population of BHNSs mergers, while the contours enclose the number of electromagnetic counterparts by considering the three
values of NS radius as described in Sec. 2; where upper and lower boundaries of the contours are the predictions taking into
account Rns = 13km and Rns = 11km respectively. In the right panel, the gray vertical bar is the 90% confidence interval of

local BHNS merger density rate reported in GWTC-1.

orbit in such cases reduces the number of BHNS mergers
with respect the amount expected if the low mass BHS
were produced by direct collapse.

3.2. Rates of electromagnetic counterparts linked to
BHNS mergers

The predicted rates of EMCs considering three differ-
ent values for NS radii, 11, 12 and 13km, are shown in
the upper panels of Fig. 2 with the triangle, square and
circle markers, respectively. The predicted EMC rates
for the N20 engine in the STANDARD population re-
mains higher than the ones predicted using the other
core-collapse prescriptions and, for all NS radii. Note,
however, that it is the “delayed” mechanism that has
the largest fraction of BHNS mergers with EMCs. This
can be understood from the fact that among the three
mechanisms considered, it is only the “dalayed” that can
produce low-mass BHs, in the range of 2.5 — 3.5 M.
These low-mass BHs, even when they are non-spinning,
are able to disrupt a relatively compact (< 12km) NS
outside their ISCO.

For the “rapid” and N20 engines and assuming NS
radii < 12km, BHNS mergers with EMCs are only pro-
duced when the NS is the first-born compact-object
which subsequently tidally spins up the BH progenitor
star and produces a higly spinning BH. The bottom row
of Fig. 2 shows that although the fraction of first-born
NS in BHNS merges, for the “rapid” and N20 engines,

is ~ 10%, the fraction of BHNS mergers with EMC that
had a first-born NS is close to 100%.

The formation of the first compact object occurs in
a wide orbit. Since the probability of the binary to re-
main bound after a SN kick scales with the ratio of the
orbital velocity over the kick velocity (Kalogera 1996),
a NS formed via FeCCSN, that typically receives a na-
tal kick of hundreds of kms™!, will disrupt the binary.
With the N20 engine, however, as BHs may be produced
by Me, core @s low as ~ 4.5Mg, a non-negligible frac-
tion of first-born NSs may come from progenitors with
low enough pre-core-collapse Mpe, core that results to an
ECSN. The low kicks associated with ECSN increase sig-
nificantly the survivability of these relatively rare binary
configurations.

The FULL-ECSN-KICK models allow us to quanti-
tatively explore the role of ECSN on the formation of
BHNS with EMCs, which as explained above affects
models with the N20 engine. Increasing the ECSN
kick velocities has primarily an impact on the systems
with first-born NSs rather than the whole population of
BHNSs. From Table 2, we see that the BHNS merger
detection rate slightly decrease for N20 from STAN-
DARD to FULL-ECSN-KICK. Contrarily, such rates for
the other core-collapse mechanisms remain similar, as
the fraction of first-born NSs from ECSN is negligible
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Figure 2. Predicted merger rate of BHNS populations for
O3a (upper panels) and the fraction of systems with first-
born NSS fhrst born Ns (lower panels). This predicted rates
are plotted each core-collapse mechanism mechanisms and
each model respectively, see labels. In the upper panels,
the unfilled diamonds indicate the predicted detection rate
for the whole population of BHNSs, while the filled markers
indicate the EMCs considering different NS radii, see legend
above. In the lower panels, the unfilled hexagons denote the
detected fraction of BHNSs with first-born NSs with respect
to the whole population of detected mergers, while the filled
markers are the fractions of EMC from systems with firstborn
NSs with respect to all of them, see legend above for the
shape description.

in those cases!. Most importantly though, high ECSN
kicks decrease the rate of BHNS with EMCs, in the N20
engine by a factor of ~ 4, for NS with radii < 12km, see
Table 2.

Current constraints on the NS equation of state indi-
cate that NS radii can be as high as 13 km (see Capano
et al. 2020; Chatziioannou 2020, and references therein).
This parameter has a crucial impact on the population
of EMCs from BHNS mergers where the BH is the first-

LIn fact, we do see a very small increase in the detection rate
for those models, which is however above the Poisson error of
our simulations. This very small increase may be explained by
the fact that in those models some of the second-born NSs are
produced by ECSN. Imparting a larger natal kick on those NSs
will not disrupt the binary as its orbit is very close at that point
in time, but will impart some eccentricity in the post-SN orbit
which may shorten the time to merge due to GW emission. This
in turn can have a small effect on the overall rate.

born compact object. In such cases the BH spin is neg-
ligible; therefore a Rng on the high end of the allowed
parameter space is crucial to achieve a NS tidal disrup-
tion (Foucart et al. 2018). In fact, for Rys = 13km
the maximum BH mass that can tidally disrupt a NS
is below the minimum BH mass predicted by the N20
engine. This allows for BHNS mergers with EMCs orig-
inating from binaries with non-spinning, first-born BHs
and translates to an increase by a factor of 15 and 2.5 of
EMCs, compared to assumed Ryg of 11km and 12 km,
respectively.

3.3. The role of the SN engine on the synthesis of
GW190426_152155-like events

The estimation for the BHNS merger rate form the
LVC O3a run, 2 — 4 yr~!, is closer to the results from
the N20 engine on all populations, as well as for the
“delayed” for the NO-BH-KICK population, favoring
the engines that predict low-mass BHs with negligible
SN kicks. We compute the merger rate of systems like
GW190426-152155, the only observed system labeled
as a BHNS merger (Abbott et al. 2020a), by consid-
ering the 90% confidence intervals of the event’s mea-
sured total mass, chirp mass and the effective spin.
Those results are shown in Table 2 as the population
“GW190426-like”. The detection of a system similar
to GW190426-152155 is favored by the N20 engine in
all populations and by the “delayed” mechanism in the
NO-BH-KICK populations; while the “rapid” prescrip-
tion predicts a rate of only 0.03 — 0.12 yr—!, indicating
that the detection of an event with GW190426_152155-
like properties is rare in such case.

We also computed the rate of GW190426_152155-
like systems that will produce an EMC (population
“GW190426 EMC” in Table 2). In all cases the rates of
EMCs linked to events like GW190426_152155 are less
than 0.1 yr—!, translating to a probability of 0 — 25 % of
EMCs per observed system. This low rate agrees with
the lack of an electromagnetic signal linked to the ob-
served event.

3.4. Comparison to BBH merger density rates

In order to compare our models with measurements
with better constraints, we compute the local BBH and
BHNS merger density rates as shown in Table 3 of Ap-
pendix C. The N20 STANDARD model, which increases
the likelihood of events like GW190426_152155, over-
predicts the measured BBH merger density, as reported
by Abbott et al. (2020a), by ~ 5 times compared to
the other collapse mechanisms which over-predict the
rate by < 2 times. Again, this is because the N20
engine assumes BH are born without kicks. Similarly,
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Table 2. The predicted local detection rates, Rt (detected mergers per year), for the LVC’s third observing run. Results here
are for the whole population of BHNSs (All) the electromagnetic counterparts (EMC), and for systems like GW190426_152155
(GW190426-like), and the subset of GW190425-like systems those systems that will produce an electromagnetic counterpart

(GW190426 EMC) for each physical model.

STANDARD FULL-ECSN-KICK NO-BH-KICK

Population Rns R%GQtO Rdthpid 7?’dDeetlayed R%e;O R?{thid RdDeetlayed R%thO Rgiztpid 7?'(]iDEetlayed
All 2.37 0.56 0.24 2.25 0.57 0.25 2.37 0.85 1.10
11km 0.04 0.01 0.01 0.01 0.01 0.01 0.04 0.01 0.05
EMC 12km 0.23 0.01 0.03 0.06 0.01 0.03 0.23 0.01 0.13
13km 0.6 0.01 0.04 0.42 0.01 0.05 0.6 0.01 0.21
GW190426-like 0.56 0.03 0.06 0.55 0.05 0.07 0.56 0.12 0.42
11km 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
GW190426 EMC  12km 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
13km 0.05 0.00 0.02 0.03 0.00 0.01 0.05 0.00 0.03

“rapid” and “delayed” NO-BH-KICK over-predict the
local BBH rate by the same amount. When looking care-
fully at the BBH’s progenitor evolutionary pathway we
find that it is the CE channel that produces the major-
ity of these merging BBHs contributing to the observed
local rate density. If, indeed, BHs are born without
a kick then the models are overproducing the systems
going trough and surviving CE and therefore the popu-
lation of BBH, as we expect the mixture of all formation
channels to contribute on the whole population, which is
what recent studies suggests (e.g. Kruckow et al. 2016;
Pavlovskii et al. 2017; Klencki et al. 2020).

4. DISCUSSION AND CONCLUSIONS

In this work, we present population synthesis mod-
els exploring the role of core-collapse prescriptions, in-
cluding results of detailed 1D core-collapse simulations,
and the associated natal kicks, on the observability of
BHNS systems, events like GW190426_152155, and their
EMCs. A parametric code has been used to model bi-
nary stars from ZAMS until the first-born compact ob-
ject strips its companion star. From that stage, the evo-
lution of the system until the formation of the second-
born compact object was followed by detailed binary-
evolution models, allowing for accurate predictions of
the spin of the second-born compact object. The latter
is critical in determining whether the NS will be tidally
disrupted by the BH, as spinning BHs increase signif-
icantly the probability of EMCs produced by BHNS
mergers.

We find that the N20 SN engine predicts BHNS
merger rates higher by an order of magnitude compare
to the “rapid” and “delayed” mechanisms. This is a
consequence of the formation of low-mass BHs by direct
collapse that are predicted by SN engines from detailed

core-collapse simulations, such as N20. In addition, the
N20 engine predicts higher rates of EMCs while being
consistent with the lack of observations of such events
to date.

Our models show that future, more stringent con-
straints on the NS equation of state will allow to dis-
tinguish between formation sub-channels of BHNSs. A
mean NS radius closer to 11 km would indicate that the
information from future observations of BHNS EMCs is
linked to systems where the NS is the first-born com-
pact object; as compact NSs are harder to disrupt by
non-spinning BHs. In contrast, evidence of a larger radii
(such as Abbott et al. 2020; Riley et al. 2019) will help
us to infer information of low-mass BHs and possible
natal kicks linked to their formation.

Finally, we find that the synthesis of events like
GW190426-152155 is favored by SN engines that pro-
duce low-mass BHs with small or no SN kicks. The N20
engine predicts a rate of ~ 0.6 yr~! for such event, one
order of magnitude higher than the predictions by the
“rapid” and “delayed” mechanisms in the STANDARD
model, and 30% larger than the result from “delayed”
with the NO-BH-KICK model. However, such mecha-
nisms overestimate the BBH local merger density rate,
with most of the predicted merging BBHs going through
the CE evolution channel. Detailed binary evolution cal-
culations suggest that the source of this apparent dis-
crepancy may be the parametrizations of mass-transfer
stability criteria and envelope binding energy estimates,
which, as implemented in most binary population syn-
thesis codes may, severely over-predict the number of
BBH progenitor systems going through and surviving
the CE phase.
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APPENDIX

A. IMPLEMENTATION OF THE N20 ENGINE

We consider the stellar models by Sukhbold et al.
(2016), evolved in solar metallicity, to describe the bary-
onic mass of the final remnant. We apply the prescrip-
tion deduced from their results to stars with different
metallicity as we aim to explore the effect of the average
non-monotonic explodability trends rather than predict-
ing accurately the compactness of the core. Such non-
monotonic trend is preserved for different metallicities
(Patton & Sukhbold 2020).

Fig. 3 shows the baryonic remnant mass as a func-
tion of Mpe, core, for the N20 engine (Sukhbold et al.
2016), the “rapid” and “delayed” mechanisms (Fryer
et al. 2012). On the same figure, each stellar model, col-
lapsed with N20, is classified as a successful explosion
or a direct collapse depending if the supernova shock
is reactivated by the neutrino flux or not, respectively.
In the case of the N20 engine, to predict if a star will
undergo a successful explosion or direct collapse, we ex-
tract the result in terms of the nearest-neighbor of the
star’s Me, core With respect to the results from Sukhbold
et al. (2016). If the star is classified as a progenitor of
a successful explosion, its Myem, bar Will have the same
value of the remnant baryonic mass associated to the
point with the nearest value for My, core- Otherwise, if
the star is classified as a progenitor of a direct collapse,
then Myem, bar 1S equal to the pre-SN mass of the star.

To determine if the remnant is a BH or a NS, we
calculate the remnant gravitational mass considering the
neutrino loss as in Zevin et al. (2020), where, here, the
maximum mass loss by neutrinos is considered to be
0.5Mg. If the remnant gravitational mass is larger than
2.5Mg we assume that the compact object is a BH,
else a NS. For this work, the successful explosions that
produce massive remnants that will end up as BHs were
not considered, as such cases are rare (from Sukhbold
et al. 2016, only 5 models from 105 successful explosions
form a BH for the N20 engine).

B. GRIDS OF DETAILED NS/BH-HE-STAR
MODELS

We use subset of detailed MESA models of BH-He-star
systems of Bavera et al. (2020b) which we extend to
cover the NS star and low He-star masses. These mod-
els treat the compact object as a point mass, hence, they
can be applied to simulate NS—He-star systems. For sim-
plicity, we assumed that all physical assumptions made
in the BH-He-star regime applies also to the NS—-He-star
regime too, including an Eddington mass-accretion rate

16 ® Succesful explosion
@® Direct collapse
[
14
..
. 12 o®
o °®
= 10 /
IS
3 8
g ¢
o
6
@
< & g
4 q 4

2 oubanbliy- Rapid
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2.5 5.0 7.5 10.0 12.5 15.0
MHe, core [M 0] ]

Figure 3. Baryonic remnant mass, Myem, bar, as a function
of the He-core mass at the pre-supernova phase, Mye, core,
from N20 engine of Sukhbold et al. (2016) (circles); and for
the “rapid” and “delayed” (red and turquoise thick lines)
mechanisms from Fryer et al. (2012). For illustrative pur-
poses we assume that the mass of the carbon-oxygen core
is 0.76 Me, core- Each model exploded with the N20 engine
is labeled as a successful explosion or direct collapse (i.e.
failed explosion), with purple and black colors, respectively.
The black dashed line represents the maximum NS baryonic
mass, in our model, which corresponds to a maximum NS
gravitational mass of 2.5 Mg.

limit of Mgaq = 7.36 x 1078 (Mpp/ns/Ma) Meyr—?.
The selected subset of the original grid covers the initial
parameter space of 10 metallicities, Z, in the log-range
[0.0001,0.0174] in log-steps of Alog;,(Z) ~ 0.25, 11 BH
masses in the log-range [2.5,54.4] Mg, 17 He-star masses
in the log-range [8,80] Mg and 20 binary periods in the
log-range [0.09, 8] days. We extend this dataset to cover
10 NS masses in the log-range [1,2.28] M, 26 He-star
masses where 20 are in the log-range [3,12] Mg, 5 in
the range [3,7]Mg (only for BH masses) and one at
2.5Mg and an extra period at 0.04 days. The small-
est He-star mass is chosen to guarantee coverage of the
parameter space down to white dwarf formation, while
the maximum He-star mass and smallest orbital period
were chosen to include the full range of compact object
— He-star systems produced by our COSMIC models. The
wide orbital period range ensures that we cover the pa-
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Figure 5. Median relative error as a function of metallicity
of the log-transformed and re-scaled five quantities A;: the
He-star mass (blue), angular momentum (orange) and its
carbon-oxygen core mass (green) before the supernova, the
orbital period before the supernova (red) and the lifetime of
the binary (green).

rameter space well past the point where any BHNS or
BBH system will merge within the age of the Universe.
The original grid subset consisting of 37,400 models was
therefore extended to a total of 172,740 MESA models.
The fraction of failed MESA runs vary from 0.6% to 1.5%
depending on metallicity. In Figure 4 we show two 2D
slices of the 4D parameter space sliced at Z = 0.00312
and, mng = 1.44 Mg and mpy = 8.57 Mg, respectively,
where we indicate with a color the final He-star mass
and angular momentum given initial orbital separation
and He-star masses of the detailed simulations.

These grids were used to determine the final outcomes
and final parameters of the late-end evolution stage of
the binary systems through linear interpolation. Each
metallicity is interpolated separately. We want to in-
terpolate five quantities A;: the He-star mass, angu-
lar momentum and its carbon-oxygen core mass, orbital
period before the supernova, as well as the lifetime of
the binary. Before interpolating each quantity, we log-
transformed it and re-scale it to the interval [—1,1] to
assign equal weight to each dimension during the inter-
polation. The interpolation itself relies on building a De-
launay triangulation of the input data points followed by
barycentric linear interpolation over the vertices of the
(hyper)triangle containing the location of interest. We
test the accuracy of the interpolation computing rela-
tive errors of a test grid which is constituted of an ar-
bitrary fraction (5%) of runs which we excluded from
the train sample. To obtain a consistent estimate, we
repeat this experiment 10 times for each metallicity and
each interpolated quantity. If a point of an nonphysical

region of the parameter space (e.g. zero age He main
sequence (ZAHeMS) overflow, max MT or L2 overflow)
is correctly interpolated to NaN (not a number) by the
algorithm, we consider it to have a zero relative error.
On the other hand, if a point is wrongly interpolated
to NaN, we consider it to have a relative error of 1. In
Fig. 5 we report the median relative error of each trans-
formed and rescaled quantity X; = log;o(A;)"" 1 as
A; = | Xiruei — Xinterp,il/Xtrue,i- Because of the large
sample of data-points we find small interpolation errors.
Most of the quantities show an increase of median rel-
ative error as a function of metallicity. This is caused
by the fact that at high metallicity the grids show a
less-linear behaviour than at low metallicity. This non-
linearity is a direct consequence of He-star stellar winds
which, in our models, scale as (Z/Z)%%. In these sys-
tems, the He-stars lose a non-negligible amount of mass
and the orbits widen considerably. Moreover, NS-He-
star in tight orbits have higher probability to initiate a
mass transfer case due to the He-star tendency to ex-
pand more than at low metallicity.

C. BHNS ELECTROMAGNETIC COUNTERPART
CONDITION

We consider the model of Foucart et al. (2018) to de-
termine the mass of the NS that remains outside the BH
ISCO after the tidal disruption, as

1-20C . C 0
[max (aTM—ﬁRlscois—l-’y,O)} Mys (C1)
n n

where a:O.%O6, £=0.139, ~=0.255, 0=1.761,
Frsco="ig, Ons=Qp iy Q=i 1 =
Q/(1 + @Q)%. Here, Mpy is the mass of the BH, Mg
the mass of the NS, and Ryg is the radius of the NS.
In this work we explore three values for Rng, as 11, 12,

13, km.

D. BBH AND BHNS MERGER RATE DENSITIES

To better understand the implication of the model
physical modelling assumptions done in this study, we
also calculate the BBH merger rate densities. The lat-
ter are much better constrained by GWTC-2, which
finds the local merger rate density of BBH to be
23.974%9 GpePyr~! (Abbott et al. 2020c). The BBH
rate densities rising from the common envelope (CE)
and stable mass transfer (SMT) channels given the same
set of assumption made here (STANDARD-Delayed) are
presented in Bavera et al. (2020b). For an one-to-one
comparison with BHNS rate densities of the different
core-collapse and kick prescriptions considered in this
work, we summarise the rate densities of BBHs and
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Table 3. Predicted local rate density R (in units of Gpc™'yr~!). Results here are shown for the common envelope (CE) and
stable-mass transfer (SMT) channels sepratatly and combined for, both, the populations of BBH and BHNS for each model.

STANDARD FULL-ECSN-KICK NO-BH-KICK

Channel RN20  RRapid RbDelayed RN20  RRapid RbDelayed RN20  RRapid RbDelayed

CE 162.78 81.13 39.13 162.06 81.64 38.55 162.78 129.41 167.31

BBH SMT 39.73 33.05 31.27 41.43 33.6 31.08 39.73 31.38 26.36
CE + SMT 202.51 114.18 70.4 203.49 115.24 69.63 202.51 160.79 193.67

CE 74.96 7.28 2.59 66.36 7.59 2.93 74.96 14.66 30.18

BHNS SMT 2.28 2.86 3.06 2.99 3.12 2.88 2.28 1.88 2.49
CE + SMT 77.24 10.14 5.65 69.35 10.71 5.81 77.24 16.54 32.67

BHNS for the CE and SMT channels as well as their
combination in Table 3.

In contrast to the original study done by Bavera et al.
(2020b) the new models differ in the following ways.
First, we simulated a (i) metallicity range with one third
the resolution of Bavera et al. (2020b) but verified that
this does not have a noticeable impact on the rate esti-
mates by reanalysing Bavera et al. (2020b) models with
the same metallicity sample resolution. Second, (ii) the
core-collapse of the secondary is assumed to be direct
where in the original study we followed the core-collapse
of the MESA He-star profile at SN accounting for disk
formation. When an accretion disk is formed only a
fraction of its mass falls to the hole (see Appendix D
in Bavera et al. 2020b) which, in practice, means that
here tidally spin up highly spinning BHs are slightly
more massive compared to Bavera et al. (2020b). More-
over, we only (iii) interpolate binary properties before
the supernova while in the original work, which only
investigated the delayed collapse mechanism, also inter-
polated the second born compact object mass and spin
(the former has, on average, a larger interpolation error
compared to the pre SN mass, see Fig. E.1 of Bavera
et al. (2020b)). Finally, we also updated the condition
which determines BH formation. We assume (iv) a BH is
formed if the compact object gravitational mass is larger
than the maximum NS mass (2.5 Mg) while in the pre-
vious work we assumed that a collapsing star leading to
the formation of a BH had to have at least a carbon-
oxygen core mass and a remnant baryonic mass of 3 Mg
in order to form a BH (as 0.5 Mg where assumed to
be lost because of neutrinos during the collapse of the
proto-NS). We verified that this change has no impact
on the results.

In Table 3 we can see that the STANDARD-
delayed model predicts a comparable rate density ~
39Gpc?yr~! and ~ 31Gpc 3yr~! for CE and SMT
channels, respectively. These values are in agreement

with Bavera et al. (2020b) where the small deviation in
the numbers is given by the changes explained in the pre-
vious paragraph. On the other hand, STANDARD-N20
overpredicts the CE4-SMT rates compared to the obser-
vations by a factor of at least 5. This is because in the
N20 engine all BHs are formed thorough direct collapse,
without a kick. When assuming no natal kicks (other
than the readjustment of the orbits because of neutrino
mass loss) the NO-BH-KICK models with rapid and
delayed predict similar rates to the N20 engine mean-
ing that the discrepancy is a direct product of no BH
kicks. In fact, if nature would to agree with the N20
engine, then the formation of merging BBH thorough
the CE4SMT over-predicts the systems surviving these
channels. When looking more carefully at the rate den-
sities of these models we see that is the CE channel to
over-predicting the constrains from merging BBH in the
local universe. As recent studies have shown, the clas-
sical acg — A parameterization of CE and mass trans-
fer stability parameterization (gerit) might over-predict
the number of systems going thorugh and surviving this
evolutionary phase (e.g. Kruckow et al. 2016; Pavlovskii
et al. 2017; Klencki et al. 2020).
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C.1.3 Impact on the current field of research

The main results of this project can be summarised in two parts. First, adopting newer core-collapse
simulation results in the binary population synthesis leads to predicting one order of magnitude larger
BH-NS merger rates than Fryer et al. (2012) prescriptions currently employed in other studies literature
(e.g., Giacobbo & Mapelli 2018; Belczynski et al. 2020; Drozda et al. 2020). The increased rate is explained
by the increased production of low-mass BHs produced by direct collapse. These results also positively
impact the relative fraction of BH-NS EM counterparts. Second, assuming a stiff NS equation of states,
our model predicts that BH-NS EM counterparts are linked to systems where the NS is the first-born
compact object as such compact NSs (of ~ 11km in radius) are harder to disrupt by non-spinning BHs
as discussed in Section 4.2. We now discuss how the results of Romén-Garza et al. (2021) have impacted
the current field of research.

The recent work of Fragione (2021) studied EM counterpart rates to BH-NS mergers considering
different NS equations of state and BH birth spins as a proxy for angular-momentum transport. Fragione
(2021) finds that only models with large BH birth spins (|x| = 0.8) would lead to more than 50% BH-
NS mergers associated with an EM counterpart. Such results would invoke the existence of inefficient
angular-momentum transport, which is currently excluded from asteroseismic observations and by GW
observations, see Sections 1.3.1.1 and 3.1, respectively. The model variation of Fragione (2021) where
the BH birth spins are small (inefficient angular-momentum transport) leads to similar results of Roman-
Garza et al. (2021) for both soft and stiff NS equation of state with one caveat. Fragione (2021) does not
model the tidal spin-up of close NS-WR systems formed from the CE channel missing the EM channel
for BH-NS mergers presented in Romdan-Garza et al. (2021).

Motivated by the lack of EM counterpart observation following the detection of BH-NS mergers
GW200105 and GW200115 by the LVK collaboration (Abbott et al. 2021b), by follow up searches (e.g.,
Anand et al. 2021; Gompertz et al. 2020a,b; Kasliwal et al. 2020; Page et al. 2020), and by the lack of
relevant research other than Romén-Garza et al. (2021) on the BH-NS channel with fast-spinning BHs
systems where the NS is first-born, recently, Hu et al. (2022) made a follow-up study. These authors
corroborated Roman-Garza et al. (2021) results that the mentioned channel can lead to highly rotating
BHs and, hence, have an EM counterpart associated with BH-NS mergers. The lack of the observation of
any EM counterparts to GW200105 and GW200115 is consistent with the model predictions of Roman-
Garza et al. (2021), which predicts the relative fraction of first-born NSs with tidal spun-up BHs to be
small. However, Hu et al. (2022) points out that the relative fraction of the discussed BH-NS channel
depends not only on the studied supernovae mechanism and natal kick magnitude uncertainties but also
on other astrophysical uncertainties, which should be the subject of further investigation in the future
(see, e.g., Broekgaarden et al. 2021a; Chattopadhyay et al. 2021).

A final interesting remark to make is that, in contrast to BBH formation, Romén-Garza et al. (2021)
showed that the BH-NS merger rate is approximately independent of metallicity up to ~ 0.2Z;, above,
which then declines (see left panel of Figure 1 in Romédn-Garza et al. 2021). In contrast, BBH merger
rates are strongly suppressed at large metallicities, see Chapter 2. Such difference rises from the fact

that BH-NS systems typically form from lower mass stars than BBH mergers. Hence, these BH-NS
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systems do not experience a boost in formation yields at low metallicities compared to the BBH mergers.
These results are discussed in detail in Broekgaarden et al. (2021b) and are a direct consequence of the

metallicity dependence of stellar-wind mass loss of massive stars.
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Acronyms list

AGN
BH
BBH
BNS
CE
CHE
EM
CPU
GW
GWTC
HMXB
ISCO
LVK
LGRB
NS
BNS
PBH
PPISN
PISN
SMT
SGWB
WR

active galactic nuclei

black hole

binary black hole

binary neutron star

common envelope

chemically homogeneous evolution
electromagnetic (counterpart)
central processing unit

gravitational wave
gravitational-wave transient catalog
high-mass X-ray binaries

innermost stable circular orbit
LIGO-Virgo-KAGRA (Collaboration)
long-duration gamma-ray burst
neutron star

binary neutron star

primordial black hole

pulsational pair-instability supernova
pair-instability supernova

stable mass transfer

stochastic gravitational-wave background
Wolf-Rayet (star)
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