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ABSTRACT

Context. The origin of nebular He Il emission in both local and high-redshift galaxies remains an unsolved problem. Various theories
have been proposed to explain it, including He II-ionizing photons produced by high mass X-ray binaries, ultra-luminous X-ray
sources, or “stripped” He stars produced by binary interaction or evolution of rapidly rotating (v/ve; > 0.4) single massive stars,
shock ionization, and hidden active galactic nuclei. All of these theories have shortcomings, however, leaving the cause of nebular
He1r emission unclear.

Aims. We investigate the hypothesis that the photons responsible for driving nebular He II emission are produced by the evolution of
single massive stars and/or Wolf-Rayet (WR) stars whose winds are on the verge of becoming optically thin due to clumping, thus
allowing significant escape of hard ionizing photons. We combined models of stellar evolution with population synthesis and nebular
models to identify the most favorable scenarios for producing nebular He IT via this channel.

Methods. We used the Modules for Experiments in Stellar Astrophysics (MESA) code to compute evolutionary tracks for stars with
initial masses of 10—150 M, and a range of initial metallicities and rotation rates. We then combined these tracks with a range of
custom treatments of stellar atmospheres, which were intended to capture the effects of clumping, in the population synthesis code
Stochastically Lighting Up Galaxies (SLUG) in order to produce the total ionizing photon budgets and spectra. We used these spectra
as inputs to CLOUDY calculations of nebular emission at a range of nebular densities and metallicities.

Results. We find that if WR winds are clumpy enough to become close to optically thin, stellar populations with a wide range of
metallicities and rotation rates can produce HeIl ionizing photons at rates sufficient to explain the observed nebular /(He 11)/I(HB)
ratio ~0.004—0.07 found in HeIl-emitting galaxies. Metal-poor rapidly rotating stellar populations ([Fe/H] = —2.0, v/vey = 0.4)
also reach these levels of Hell production, even for partially clumpy winds. These scenarios also yield He 11, HB, and “blue bump”
line equivalent widths comparable to those observed in He Il emitters. Only for homogeneous non-clumpy winds did we fail to find
combinations of metallicity and stellar rotation rate that yield /(He 11)//(HB) values as high as those observed in He II emitters.
Conclusions. Contrary to previous findings, we conclude that single WR stars can be a strong source for nebular He Il emission if
their winds are sufficiently clumpy. This scenario also reproduces a range of other properties found in He Il emitters, suggesting that
hard photons escaping through clumpy WR winds are a strong candidate to explain nebular He 1I-emission.

Key words. stars: abundances — stars: massive — stars: mass-loss — ISM: abundances — galaxies: evolution — galaxies: ISM

1. Introduction

The He1r 144686 and He11 11640 emission lines that are com-
monly observed in the optical and UV spectra of active galactic
nuclei (AGNs) and star-forming (SF) galaxies result from the
recombination of He™ with e~. Production of these lines there-
fore requires the presence of hard ionizing photons at energies

* Corresponding author; arpita.royl016@gmail.com

>54.4 eV, or wavelengths 1 < 228 A, corresponding to the ion-
ization potential of singly ionized He. The presence of such hard
photons is expected in galaxies that host an AGN. However, both
direct observations and indirect inferences from population stud-
ies have indicated that SF galaxies also manage to produce pho-
tons at these energies. Directly, nebular He I emission has been
detected in SF galaxies without any AGN signatures, particularly
at subsolar metallicities for local galaxies, and in galaxies at red-
shifts z > 2 (Shirazi & Brinchmann 2012; James et al. 2022).
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Indirectly, AGN number density drops sharply at redshifts z > 3,
while He 1T emitters are found up to z ~ 7 (Cassata et al. 2013;
Stark 2016; Patricio et al. 2016; Berg et al. 2018; Sobral et al.
2019; Nanayakkara et al. 2019; Saxena et al. 2020a). He IT emit-
ters indeed become increasingly prevalent at higher redshifts:
Kehrig et al. (2011, 2016) found that >3% of the galaxy popula-
tion at z = 3 exhibits narrow He II lines, which is well above the
fraction (~1-1.5%) at z ~ 0 (Saxena et al. 2020a). The combi-
nation of a drop in AGN number density with an increase in He It
emitter fraction at high redshift means that AGNs are unlikely to
be significant contributors to He IT emission at z > 3 (Feltre et al.
2016 and references therein).

While this evidence strongly suggests that SF galaxies can
in at least some circumstances produce photons well past the
He™ ionization edge, the precise origin of Hell emission in
SF galaxies is poorly understood. One possible route is through
the production of compact objects at the ends of massive stars’
lives. In support of this hypothesis, many local (z ~ 0) galaxies
exhibiting robust He I1 14686 emission are characterized by low
metallicities, as exemplified by I Zw18, SBS0335-052E with a
metallicity of Z ~ 1/30,Z; (Kehrig et al. 2016, 2018), or the
young massive cluster NGC 346 (Sixtos et al. 2023 and refer-
ences therein) in the Small Magellanic Cloud. This is a signifi-
cant clue because X-ray luminosity per unit star-formation rate
(Lx/SFR) and He 11 14686 intensity display a strikingly similar
anti-correlation with metallicity, which led Schaerer et al. (2019)
to suggest that high-mass X-ray binaries (HMXB) and/or ultra-
luminous X-ray (ULX) sources serve as the primary contribu-
tors to nebular He I emission. Schaerer et al. (2019)’s hypothe-
sis is also supported by the fact that HMXBs are observed to be
produced more readily in metal-poor stellar populations. Consis-
tent with this scenario, Mayya et al. (2023) found that of the 32
He 11 14686 emitting H 1I-regions in the Cartwheel galaxy (which
has an Large Magellanic Cloud-like metallicity), ten coincide
with ULX sources.

However, Senchyna et al. (2020) argue that HMXBs by
themselves are insufficiently luminous enough to explain
observed HeII line strengths and suggest as an alternative mod-
ifications to stellar wind prescriptions (which affect massive
stellar hard ionizing photon budgets) and/or additional softer
X-ray sources alongside HMXBs. In support of this argument,
Saxena et al. (2020b) found no significant difference between
the X-ray luminosities and Lx/SFR ratios of 18 Hemm 11640-
emitting SF galaxies selected from the VANDELS survey at
z & 2—4 and a control sample of non-HeII emitters at similar
redshifts. Based on their analysis, they concluded that HMXBs
and/or any weak or obscured AGNs might not be the dominant
He1r producers at z > 2.

Several alternative physical mechanisms have also been
proposed by various authors. Ionization by strong shocks
(Dopita & Sutherland 1996; Izotov et al. 2012) is one possi-
bility, though Thuan & Izotov (2005) and Izotov et al. (2012)
argued that this mechanism is viable only if shocks are so strong
that they also supply ~10% of the total number of hydrogen
ionizing photons produced in a galaxy. However, there is cur-
rently no model establishing a quantitative connection between
shock strengths and other galaxy properties nor is it clear how
a shock-driven model could explain the anti-correlation between
He1l emissivity and metallicity in nearby SF galaxies. Another
alternative route is via the production of stars with higher effec-
tive temperatures and thus harder ionizing spectra than are found
in standard stellar evolution models. Such stars could potentially
be produced via rotation-induced chemical mixing (Szécsi et al.
2015; Roy et al. 2020), by the rejuvenation of old stars through
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binary interactions (Eldridge et al. 2017; Gotberg et al. 2018,
2019), or as a late stage in the evolution of metal-free population
III stars (Tumlinson & Shull 2000; Schaerer 2003; Visbal et al.
2015). However, more recent quantitative explorations of the
idea that “rejuvenated” stars produced by binary interactions
explain Hell emission have found that they are insufficient to
reproduce the observed He II intensity in subsolar local galaxies
(Stanway & Eldridge 2019).

Wolf-Rayet (WR) stars represent yet another possible route
to He 11 emission. The WR phase in a massive star’s life begins,
in general, during the core He burning phase (e.g., Roy et al.
2020, 2021), and during this phase, stars reach the high effective
temperatures, Tex ~ 80—100kK, required to produce photons
capable of ionizing He* (Schaerer 2002). As with the HMXB
scenario, this idea has received observational support from an
observed correlation between HeIT emission and spectral fea-
tures, indicating a strong spectral contribution from WR stars.
Some nearby SF galaxies emitting He 1T 14686 display a “blue
bump” in their spectra, a distinctive signature of the presence of
WR stars that is associated with the HeIl 14686 line blended
with either NI 14640 in WN stars and/or Cli/C1v 14650
in WC stars (Guseva et al. 2000; Loépez-Sanchez & Esteban
2010; Kehrig et al. 2016; Mayya et al. 2020, 2023). He II emit-
ting galaxies also occasionally exhibit a “red bump” as
well (Lopez-Sanchez & Esteban 2010), which is linked to
the broad C1v 15808 line primarily observed in WC stars.
The I(Hemm A4686)/I(HB) ratio — onwards abbreviated to
I(He1r)/I(HB) — in galaxies with sub-solar metallicity that show
prominent WR features in their integrated spectra is a few
percent (Izotov & Thuan 2004), which is much higher than is
typical of galaxies lacking WR features. On smaller scales,
Mayya et al. (2023) measured I/(Hetm)/I(HB) ~ 0.004-0.07,
with a mean of 0.01 £ 0.003 for the 32 He 11 14686 emitting H 11
regions in the Cartwheel galaxy.

However, the WR idea has proven difficult to test for both
observational and theoretical reasons. Observationally, the prob-
lem has partly been one of resolution. Most early attempts to
explain HeII features in spectra have focused on spectra from
the Sloan Digital Sky Survey, which typically encompass regions
spanning several kiloparsecs around galactic centers. Over such
large spatial scales, many physical mechanisms may contribute
to HeIl emission, including photoionization by single and/or
binary stellar populations, strong shock-driven ionization, He*
ionization by “stripped” He stars, HMXBs, and even the ion-
ization by weak AGNs. The poor resolution makes it challeng-
ing to disentangle these processes and check stellar population
models against observations. For example, a number of authors
have found that stellar population models fail to reproduce the
observed amount of HeII flux in these integrated galaxy spectra
(e.g., Plat et al. 2019; Schaerer et al. 2019; Stanway & Eldridge
2019), but this may simply be because on kiloparsec scales,
the spectra also contain significant contributions from supernova
(SN)-driven shock ionization (Plat et al. 2019).

Observations focused on individual nebulae at a few hun-
dred parsec scales represent a more promising way of testing
WR models (and other models where Hell is driven partly by
young stellar populations). However, even this approach has
proven challenging. For example, even with ~500 pc observa-
tions of the metal-poor (Z ~ 0.03 Zy) nearby galaxy SBS 0335-
052E using optical VLT/MUSE spectroscopic and Chandra X-
ray observations, Kehrig et al. (2018) failed to reach any solid
conclusion as to the origin of Hell emission. Their findings
only indicated that the observed He 1l ionization budget could
be produced either by single rotating metal-free (Z < 107 Z5)
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stars or by a metal-poor (Z ~ 0.01 Zy) binary population with a
top-heavy initial mass function (IMF). Kehrig et al. (2015) con-
cluded that WR stars are insufficient to explain the rate of He*
ionization demanded by their observations of another metal-poor
nearby galaxy, IZw 18. By contrast, Mayya et al. (2020) carried
out MEGARA observations of the central starburst cluster in
NGC 1569 and concluded that WR stars can produce enough
He* ionizing photons to explain the observed He 11 14686 flux.
Mayya et al. (2023) reached similar conclusions from ~120 pc
resolution MUSE observations of regions around super star clus-
ters (M, ~ 10°—107 M) in the Cartwheel Galaxy.

On the theoretical side, the WR scenario has proven chal-
lenging to test because of uncertainties on the He*-ionizing
fluxes of WR stars. The largest uncertainty in these models
concerns the atmospheres of these stars, with some theories
assuming a spherical, homogeneous, optically thick WR atmo-
sphere. Such models are clearly inconsistent with observations
that suggest that winds of most WR stars consist of stochas-
tic clumps (Schumann & Seggewiss 1975; Moffat et al. 1988;
Eversberg et al. 1998; Grosdidier et al. 2001; Lépine & Moffat
2008; Chené et al. 2020) rather than having a homogeneous
structure. This feature is difficult to capture in simulations of
stellar atmospheres because most of the simulations are 1D
spherically symmetric. However, there is a standard approxi-
mation method to deduce clumping factors assuming that the
clumps themselves remain optically thin, known as “micro-
clumping”, from the electron scattering wings (Hillier 1991;
Koesterke et al. 1999). Incorporating microclumping leads to
a reduction in the derived mass-loss rates from the observa-
tions of WR stars but a constant transformed mass-loss rate'.
Sander et al. (2023) finds that if this transformed mass-loss rate
is below a characteristic value log[M /(Mg yr )] = —4.5, WR
winds become transparent to He"-ionizing photons, potentially
greatly increasing the escape of such photons into the interstel-
lar medium. However, this approximation is not sufficient to cal-
culate the escape of He"-ionizing photons from a stellar wind;
such a calculation requires full 3D (or at least 2D) simulations.
A few such simulations do exist in the literature: Oskinova et al.
(2007) carried out Monte Carlo simulations for very approxi-
mate treatments of clumpiness in WR stars, and Moens et al.
(2022) recently presented the first ever hydrodynamic models
of WR winds. However, Moens et al.’s simulations are restricted
to only low mass WR stars ~10Mg. Wind porosity is another
topic that is not yet explored well. Owocki et al. (2004) intro-
duced a new “porosity-length” formalism in the 1D atmosphere
modeling and discussed how wind porosity reduces the effective
opacity of the atmosphere, thus boosting the escape of ionizing
photons. However, there are no detailed quantitative studies nor
any 2D or 3D modeling of wind porosity in the literature. Thus,
neither the mass loss of WR winds nor the wind opacity and/or
clumpiness and wind porosity are well-quantified.

Our goal in this paper is to revisit the hitherto unsolved prob-
lem of nebular He Il emission and demonstrate that incorporat-
ing close to optically thin and/or higher clumpiness and porous
WR atmosphere models (e.g., Nugis & Lamers 2000; Vink et al.
2001) can significantly enhance the production of He* ionizing
photons. Models with this new atmosphere treatment can explain

! The transformed mass-loss rate is a normalized measure to approx-

imately remove the effect of different luminosities and terminal veloc-
ities. It can be written as M, o« Mu,DZ/?L3*, where M is the mass-
loss rate, v, is the terminal velocity, L is the luminosity, and D, is the
clumping factor defined as D., = {p*)/{0)?, where (o) is the mean den-
sity of the atmosphere.

both the observed He 11 flux as well as the /(He 1)/I(HB) ratio
in H 11 regions through the single stellar population channel.
Importantly, this explanation avoids the need to invoke addi-
tional physical mechanisms such as binarity, “stripped” He stars,
shock ionization, HMXBs, and/or contribution from AGNSs. In
addition to this primary result, we provide the first comprehen-
sive studies exploring the impact of mass, metallicity, and rota-
tion rates of WR stars on the ability to produce ionizing spectra
hard enough to explain observed He IT emission.

The remainder of this paper is organized as follows. In
Sect. 2, we describe our method for calculating the expected neb-
ular He 1 fluxes from stellar evolution and population synthesis
models. In Sect. 3, we present the results of our population syn-
thesis modeling, focusing on the time evolution of ionizing pho-
ton luminosities and their ratios and their dependence on vari-
ous model parameters.We also analyze the nebular lines these
photons drive, calculating intensity ratios and equivalent widths
(EWs) of key emission lines so that we can compare our mod-
els to observations. We conclude the paper by summarizing our
findings and their implications in Sect. 4.

2. Methods

Our objective is to obtain He™ ionizing photon budgets produced
by the single massive star channel, and then use these to compute
nebular fluxes in the He 11 14686 and He 11 11640 emission lines.
For this purpose we first produce a set of stellar tracks and atmo-
spheres for single massive stars that have high T ~ 80—100 kK
(Sect. 2.1) and then process them through a stellar population
synthesis code (Sect. 2.2) to obtain the ionizing photon budgets
and spectra expected from stellar populations. Finally, we pro-
cess the star cluster spectra through a photoionization code to
derive the nebular spectra (Sect. 2.3).

2.1. Stellar models

Massive stars on the main sequence (MS) lose mass via winds
with high velocity (~a few x 1000 km/s) and low mass-loss rates
M ~ 107° Mg yr™!, yielding optically thin atmospheres. How-
ever, when these stars transition to the WR phase, in general
during core He burning, their mass-loss rates typically increase
by an order of magnitude to M ~ 1073 Mg yr~!, resulting in an
extended optically thick atmosphere. Despite their high opacity,
these atmospheres often exhibit clumpiness, which potentially
allows ionizing photons to escape through the atmosphere and
into the interstellar medium through optically thin pathways. Our
goal here is to parameterize this effect.

We begin from a set of stellar tracks, for which purpose we
use MESA Isochrone Stellar Tracks (MIST; Choi et al. 2016) for
two rotation rates, v/vgi; = 0.0, 0.4 and for three metallicities,
[Fe/H] =0.0, —1.0, —2.0 with a upper mass limit of 150 M. At
high masses the tracks have a mass interval AM = 10M,, and
we show in Appendix A that this relatively high resolution (com-
pared to some other sets of tracks) is important to capture ion-
izing photon budgets accurately. For details of the MIST setup,
such as adopted physical processes, parameter choices, etc., we
refer the readers to Choi et al. (2016). These tracks yield, for
each initial stellar mass, rotation rate, and metallicity, a set of
stellar parameters as a function of time, the most important of
which for what follows are the mass-loss rate M, stellar radius
R, stellar luminosity L, and surface abundances of H, He, C, N,
and O; we use these abundances to classify stars as either non-
WR or WR, and within WR as one of several possible sub-types:
WNL, WNE, WO, WC; see Choi et al. 2016 (who in turn take
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their scheme from Georgy et al. 2012) for full details of how the
classification is performed. For further detailed discussions on
WR subtypes, we refer the readers to Roy et al. (2020, 2021).

While we use the MIST tracks as a default because they
are well-tested, they have a weakness that, like most stellar
tracks, they assume that all elements follow solar-scaled abun-
dances. However, it is well established that at metallicities of
1/10th solar and below this assumption is invalid. Instead, a-
elements are enhanced due to the contributions from type-II
supernovae without corresponding type-Ia events (Nicholls et al.
(2017), and references therein). To ensure that our results do
not depend on the assumption of solar-scaled abundances, in
Appendix B we repeated the analysis of the main text using
the STROMLO STELLAR TRACKS (SST)?> (Grasha et al. 2021),
which use empirically motived “Galactic Concordance” abun-
dances from Nicholls et al. rather than solar-scaled abundances.

In order to predict the stellar spectrum at each point along an
evolutionary track (see Sect. 2.2), we require two more pieces
of information: the effective temperature and radius of the stel-
lar photosphere, T.g¢ and R.g. For stars without optically thick
winds, these are simple: the photosphere is at the stellar surface,
R.tt = R, and the effective temperature is then given implicitly by
the usual relation L = 47TR§EO'SB T:ﬁ. For WR stars with poten-
tially opaque winds, however, the choice is much subtler because
in such stars, the photosphere could potentially be at a much
larger radius than that from which the wind is launched, lead-
ing to a much lower effective temperature. We therefore con-
sider three possible approaches to calculating R.gq and T.g for
WR stars.

2.1.1. Highly clumped and porous winds

One option is to assume that the wind is sufficiently clumped and
porous that the solid angle over which it is optically thick covers
only a minority of the stellar surface, in which case the effects
of the wind are small and we can set R.q and T for WR stars
exactly as for all other stars. This is the limit of close to optically
thin winds, and is the default option for the MIST tracks, i.e., the
values of R.¢ and T.g reported by Choi et al. (2016) are com-
puted in this way. Note that these stars observationally might not
actually be WR stars given their low emission line strengths due
to more transparent winds, even though their surface abundances
and T ranges match with WR classifications. These stars rather
fall in the category of envelope-stripped stars with a more trans-
parent wind. We consider this wind treatment case just to achieve
the maximum limit possible for He II emission from the single
massive stars.

2.1.2. Spherically homogeneous smooth winds

A second possibility is to treat the wind as spherical and
homogenous, and compute the location of the photosphere under
this assumption. As a proxy for the cooler temperatures resulting
from these extended atmospheres of stars with strong mass loss,
we adopt the prescription of Schaller et al. (1992), which we
briefly summarize here for readers’ convenience. This scheme
assumes the wind follows the standard velocity law

o(r) = vm(l - Lj)ﬂ, 1)

2 https://sites.google.com/view/stromlotracks/home?
authuser=0
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where v(r) is the radial velocity, 8 is the acceleration index for
the wind, and v, and R.g are the terminal velocity and stellar
radius, respectively. Following Pauldrach et al. (1986), we adopt
B =2and v, = 2 x 10’ km s~'. To compute the optical depth
through this wind, we note that the flux-weighted mean opacity
can be written as

k=0[1+M], 2)

where o is the opacity for electron scattering and M is the force-
multiplier denoting the radiative acceleration due to lines in units
of grddington (=kL/4mcr?, where c is the speed of light, and « is
the wind opacity). The term o can be written as (Eq. (8.93) of
Lamers & Cassinelli 1999)

OTHe

Y |z
o = — 0.401 (IHX + ey + IZ—) cm? g, 3)

14

where o1 = 6.6524 x 1072 cm? is the Thomson scattering cross
section of electrons, p is the total mass density, 7. is the electron
density, Iy = 1, Iy. = 2 and Iz = 14 are the number of electrons
per ion of H, He and heavier elements, respectively, and X, Y,
and Z = 1 — X — Y are the mass-fractions of H, He, and heav-
ier atoms at the stellar surface (which we know from the stellar
tracks). Therefore, the optical depth in terms of & is

T(r):f /_(pdr:f O'epdr-i-f TeMp dr = Te + Tiines, (4)

where

oM 1
= dnon(1- PR [1 T _R/r)[;’—l} (5)

is the electron scattering optical depth and p = M /4nr?v(r) is the
mass density in the wind for a star with mass-loss rate M. We
calculated Tyipes from the prescription of Kudritzki et al. (1989)
for the force-multiplier M as

M dv k oepvn\ [ e o CF dv
(p, o dr’ne) B (dv/dr) (W(r)) (r, v dr)’
where vy, = V2kgTeg/my is the thermal velocity of protons,
kg and my are the Boltzmann constant and proton mass respec-
tively, W and CF are the dilution and correction factors respec-
tively coming from the non-radial streaming of photons, and
k, a, and 6 are numerical fitting factors that are obtained by
comparing the analytic prescription above to numerical results;
Kudritzki et al. (1989) follow Pauldrach et al. (1986) in setting
k=0.124, @ = 0.64, and 6 = 0.07, and we do the same. We then
computed n./W(r) as (Kudritzki et al. 1989, Eq. (42))

(6)

n J s R\2
| = A2 — 1
(W(r)) [Q(dﬁ) ( r) + %)
. 0
(M2 1+
A= (47TR21)00 myg 1+4Y x 1077 em ®)

and the numerical factor g(6,58) = 0.244 for our chosen values
of § and B. Similarly, we computed CF as (Kudritzki et al. 1989,

Eq. (15))

1 x2

1 1 a+l1
F=mm[l‘(l‘;+h@ﬁ>;) ]

where x = r/R and h(x,B) = (x — 1)/B.

©))
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The expressions above fully specify the force multiplier M
at each radius, and therefore put us in a position to compute 7(r)
for arbitrary r by evaluating the integrals in Eq. (4). We can in
turn then find the radius r for which 7(r) = 2/3, which defines
our effective radius R.¢ and implicitly our effective temperature
Te. We carry out this calculation for every point in our stellar
evolution calculation where stars are classified as WR. We con-
sider this extreme case of maximum wind opacity just to get a
hard lower limit for the He I emission via the single massive star
channel, similar to how we use the another extreme scenario for
the highly clumped and porous winds (Sect. 2.1.1) to achieve the
upper limit.

2.1.3. Partially clumped winds

The previous two schemes represent the limits of very strongly
clumped and porous winds, and completely smooth winds,
but we can also consider an intermediate case motivated
by the results of three-dimensional simulations. Moens et al.
(2022) performed the first ever time-dependent 3D radiation-
hydrodynamical simulations of WR star winds, and tabulate the
effective temperatures of the resulting structures (their Table 2).
Comparing their results for a high-luminosity 10 M, star with a
clumping factor of =2 to the T.x we compute for a star of com-
parable mass and luminosity using the spherically homogeneous
wind prescription described in Sect. 2.1.2, we find that the 3D
simulation yields a factor of ~2 larger T.¢. As a crude estimate
of the effects of partial clumping, we took T.g for this case to
be twice the value returned using the spherical wind prescription
from Sect. 2.1.2. We note that this is a conservative lower limit
for the effects of partial clumping, since 10 Mg, is at the low mass
end for WR stars and 2 is a relatively low clumping factor, and
we expect the difference between the smooth and clumped value
of Teg to be larger for higher stellar masses and wind clumping
factors.

We caution that this approximation is rather crude, since in
reality if the wind has partial coverage of the stellar surface then
a better description than a single intermediate effective temper-
ature might be a weighted sum of the outputs of atmospheres
with two different effective temperatures and surface gravities —
one representing the contribution from parts of the stellar surface
that are directly visible from infinity and one representing areas
where the wind is opaque enough to obscure the surface and the
photosphere from much further out. Given the non-linear depen-
dence of hard ionizing photon production on T.g (as we shall
see below), the results from such a mixing model might be quite
different from the results we obtain here by specifying a single,
intermediate T.¢. However, the development of such improved
models for wind partial covering is beyond the scope of this
paper, and we therefore resorted to the single 7. approxima-
tion.

2.2. Population synthesis modeling

Having obtained values for R.g and T.g at each point in the stel-
lar tracks via the three possible methods described above, we
next generate synthetic spectra for stellar populations by using
these stellar tracks in the Stochastically Lighting Up Galaxies
(SLUG®) code (da Silva et al. 2012; Krumholz et al. 2015). We
compute spectra for star clusters with ages from 0.1-10 Myr
with a time step of 0.1 Myr. Given that the observed clusters
that produce HeII emission are likely substantially more mas-

3 https://bitbucket.org/krumholz/slug2/src/master/

sive than ~103—10* M, the range below which stochastic sam-
pling generally becomes important, we turn off SLUG’s stochas-
tic features and treat the IMF as fully sampled; for this mode
the total cluster mass simply acts as a multiplicative constant
on the output spectrum. We assume a Chabrier IMF (Chabrier
2003). We generate spectra using SLUG’s “starburst99” model
for stellar atmospheres, which replicates the model used in star-
burst99 (Leitherer et al. 1999; Vazquez & Leitherer 2005). This
model uses a library of Kurucz model atmospheres taken from
Lejeune et al. (1997) for stars without strong winds, models
from Pauldrach et al. (2001) for OB stars with optically thin
winds, and models from Hillier & Miller (1998) for WR stars.

2.3. Nebular modeling: Spectral synthesis models

To generate nebular spectra, we use the spectra produced by
SLUG as inputs to a calculation of the structure and emission
from a photoionized nebula using CLOUDY* (Chatzikos et al.
2023). To perform these calculations we normalize the total
luminosity of the stellar population to that of a cluster of mass
10° Mg, and place an innermost zone for the nebula at a dis-
tance of 1 pc from this population. We then use CLOUDY to
calculate a hydrostatic structure for the resulting nebula, adopt-
ing CLOUDY’s “expanding sphere” prescription for H II region
geometry and setting the nebula to be isobaric at a pressure
log(P/ks [K cm™]) = 7. We choose our mass normalization
and pressure to be typical of values inferred for observed He II-
emitting regions, but we have verified that varying these choices
over plausible ranges leads to negligible differences in the quali-
tative results for the line ratios in which we are interested below®.
We set the abundances of the 30 non-hydrogenic elements
included in CLOUDY to values consistent with those assumed in
the MIST models from which we generate the stellar tracks; this
means that nebular abundances properly scale with stellar ones.
We further adopt CLOUDY’s default grain composition for H 11
regions of solar metallicity, scaling the total grain abundance by
factors of 0.1 and 0.001 for [Fe/H] = —1 and -2 respectively, fol-
lowing Rémy-Ruyer et al. (2014)’s findings with regard to vari-
ation of the dust-to-gas ratio with metallicity (see the discus-
sion in Fig. 4 of Rémy-Ruyer et al. 2014). We stop running the
models when either the electron temperature falls below 1000 K
or the electron fraction, defined as the ratio of electron to total
hydrogen densities, falls below 0.1. In addition to stellar radia-
tion, we also include CLOUDY’s default cosmic ray background.

3. Results

Here we describe the results of our nebular Hell modeling.
We start in Sect. 3.1 by examining ionizing photon budgets and
their dependence on model parameters, most importantly on our
adopted treatment of stellar wind clumping. In Sect. 3.2 we ana-
lyze synthetic spectra of H I regions, testing under what cir-
cumstances our models can reproduce key features of observed
He 11 emitters such as He II to HB intensity ratios and the equiv-

4 https://gitlab.nublado.org/cloudy/cloudy

5 The sole exception to this statement is for the case of a stellar popula-
tion with v/v; = 0.0, [Fe/H] = —1 for the highly clumped and porous
winds at 5 Myr, for which at the chosen pressure and luminosity the
system admits two distinct solutions for the structure of the nebula, one
lower temperature and higher density and one lower density and higher
temperature, with somewhat different line ratios; changing the cluster
mass or pressure can then cause one of the two solution branches to dis-
appear. However, since this is only one case out of a large number of
models, we do not worry about this complication further.
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Fig. 1. Left: Time evolution of HI, He1, He II photon luminosities Q(#),
number of photons emitted per unit time, for the three wind prescrip-
tions: optically thick and homogeneous winds, partially clumpy, and
highly clumped close to optically thin winds. The results shown are for
non-rotating solar metallicity stars and for a star-cluster mass of 10° M.
Right: Cumulative photon emission, N, = fOT Q(t)dt, as a function of
time 7T for the same parameters.

alent widths of prominent lines such as HB, He 1, and the blue
bump lines.

3.1. lonizing photon budgets

In this section we quantify how these various choices in our treat-
ment of stellar evolution and atmosphere modeling affect ioniz-
ing photon budgets.

3.1.1. Extended atmosphere correction

We start our inspection with the most crucial yet most uncertain
parameter: the scheme used to model clumpy WR atmospheres,
as described in Sect. 2.1. In Fig. 1 we show the time evolu-
tion of the instantaneous H1-, He I-, He II-ionizing photon lumi-
nosities (left), along with the cumulative output in these three
bands (right), for our three wind opacity schemes: spherically
homogeneous optically thick winds, partially clumpy, and very
clumpy and porous (close to optically thin winds). This plot is
for the case [Fe/H] = 0.0, v/vi = 0.0 and for a cluster mass of
M, = 10° My; we explore the effects of sub-solar metallicity and
rotation below. We find that H1 photon luminosities have simi-
lar values irrespective of wind opacities, with the homogeneous
and highly clumpy winds’ results differing by only ~3% once
they reach the asymptotic plateau at >5 Myr. The differences are
much larger for harder photons: cumulative photon output differs
by ~17% for He1, and ~2000% (a factor of 20) for He 11.

The difference between the models is almost entirely due
to the rate of hard ionizing photon production at times from
~2.5—4 Myr, when stars 270M, enter their WR phases. To
understand the origin of this difference in more detail, we focus
on one example case: a non-rotating, solar metallicity star with
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Fig. 2. T.¢ versus time for 90 M, stars with [Fe/H] = 0.0 and v/vey =
0.0, with WR winds modeled with three different atmosphere morpholo-
gies. We divided the time axis into two equal halves, one from 0-3 Myr
and another from 3—3.5 Myr, using different stretches in order to zoom-
in on the evolution of T.q after 3 Myr.

an initial mass of 90 M. We examine the time evolution of Teg
for this star in Fig. 2, which shows that the optically thick atmo-
sphere reaches a maximum temperature of log(7egr) = 4.8 dur-
ing the WR phase, too cool to produce significant quantities
of harder photons capable of ionizing He1l and with limited
production of Hel-ionizing photons. In contrast, the partially
clumpy wind achieves a temperature as high as log(T.g) = 5.0,
but not higher, leading to the substantial production of HeT pho-
tons, but still few harder photons past the He II ionization edge.
For the highly clumped, close to optically thin atmosphere, the
surface temperature reaches log(T.f) = 5.2 at 23 Myr, result-
ing in the significant production of photons capable of ioniz-
ing both Hel and HeIl. Given this large difference, for the
remainder of this paper we focus on highly clumped winds as
our fiducial case unless explicitly stated otherwise, with the
intention of exploring the maximum He I ionizing photon bud-
gets and the corresponding line intensities achievable via single
WR-star pathways.

3.1.2. Rotation

Now that we have established that our models can in some
cases produce large quantities of HeII-ionizing photons when
the winds are highly clumped, we next examine the importance
of stellar rotation. From the standpoint of production of hard ion-
izing photons, rotation has two major effects:

— Longer MS and WR lifetime: Rotation enhances the mix-
ing of chemical elements in a massive star, leading to chem-
ically homogeneous evolution (CHE) in the most extreme
cases for stars 290 M. This increased mixing extends the
supply of hydrogen fuel to the core, prolonging the star’s
MS lifetime. However, following the typical definition of
WR stars, having high T (210*K) and high helium mass-
fraction (240%), rotating stars with masses >70 M, enter the
WR phase when they are still on the MS (core H burning).
Moreover, the WR lifetime also enhances for rotating stars
because the helium fuel supply to the core lasts longer in the
most extreme cases for stars =90 My, similar to the extended
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Fig. 3. Time evolution of log(T.x), top panel; R, middle; and surface
metal abundance Zg,,¢, bottom, for 90 M, solar-metallicity stars rotating
at v/vgy = 0.0 and 0.4. We measured these parameters at the surface of
the hydrostatic core because we calculated them for the highly clumpy
winds. We divided the time axis into two equal halves as in Fig. 2, but
here the second half of the range extends from 3—4 Myr.

hydrogen fuel supply during the MS. Thus, the combined
effect of the early entry to the WR phase and the prolonged
lifetime makes the rotating star to spend a longer duration in
the WR phase.

— Enhanced surface opacity: Rotation may enhance the heavy
element abundances at the surface of WR stars, and hence
in the winds, through two channels. First, rotation directly
enhances the mass-loss rate in the MIST framework follow-
ing the prescription M(v) = M(0) (1/(1 = v/veit))*, where
M(v) is the mass-loss rate as a function of rotation veloc-
ity v, and ¢ is set to 0.43 based on numerical calibra-
tions (Friend & Abbott 1986; Langer 1998; see Sect. 3.7.3
of Choi et al. 2016 for details). Second, rotation-induced
instabilities bring heavy elements from the core to the stel-
lar surface, and this combined with rotation-enhanced mass
loss exposing deeper layers in the star yields a significant
enhancement in the abundance of heavy elements at the stel-
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Fig. 4. Same as Fig. 1 but now showing the results for highly clumped
and porous winds for two different rotation rates v/v.;; = 0.0 and 0.4.

lar surface (Roy et al. 2020). Both the higher mass loss and
the larger heavy element abundances increase the wind opac-
ity.

To explore the effect of rotation, in Fig. 3 we show the time evo-
lution of Teg, radius, and the surface metallicity Zg,s (defined
as the mass fraction in elements heavier than He) for the same
90 M, solar-metallicity case shown in Fig. 2 but now compar-
ing the cases v/vgiy = 0.0 and 0.4; the former is the same
as the highly clumpy winds shown in Fig. 2. We find that the
non-rotating star inflates toward the end of the MS, resulting in
decreased T.¢. Subsequently, it begins losing mass rapidly due to
the combination of low surface gravity and high mass (80 M)
and thus luminosity. As a result, the star shrinks, exposing the
“fossil” convective core and producing high surface metal abun-
dance and T4 soon after the star enters the WR phase. How-
ever, this phase is short-lived (~0.2 Myr). In contrast, the rotat-
ing star spends a longer duration in the WR phase because of
the early entry into this phase. As the star enters the WR phase,
both Tq and Zg, increase significantly, while the radius slowly
decreases.

Having understood the evolution of a single massive star at
two different rotation rates, we now return to the broader ques-
tion of how rotation affects IMF-averaged hard photon produc-
tion. In Fig. 4, we plot the ionizing photon budgets for 10° M,
solar-metallicity clusters with highly clumped winds at v/vy =
0 and 0.4; the v/veir = 0 case shown in this figure is identical
to the highly clumped winds shown in Fig. 1. We see that the
longer duration spent as a WR star in the rotating case leads to
higher budgets of H1I-, He I-, and He II-ionizing photons. Consis-
tent with what we found when examining treatments of clump-
ing, sensitivity is greatest for the highest-energy photons: we find
differences of ~15%, ~30% and ~32% for the cumulative bud-
gets of HI, Hel, and Hell, respectively, at >5 Myr. However,
recall that changing the clumping factor produced a factor of
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Fig. 5. Same as Fig. 3 but now showing the result for three differ-
ent initial metallicities: [Fe/H] = 0.0 (blue solid lines), —1.0 (orange
dashed lines), and —2.0 (green dotted lines). The left panels correspond
to v/veie = 0.0, and the right panels show v/v.; = 0.4.

~20 change in the He II-ionizing photon budget; in comparison,
we see that the effects of rotation are substantially smaller.

3.1.3. Metallicity

We next examine the effect of the initial stellar metallicity, which
also affects hard ionizing photon production. Surface metallicity
is a determining factor for mass loss, with higher metallicities
resulting in higher loss rates due to stronger line-driven winds®.
More metal-rich stars therefore have larger mass-loss rates prior
to the WR phase, and this higher envelope loss in turn makes
it easier to expose stars’ “fossil”’-convective cores (cores that are
no longer convective, but were part of the convective cores in the
previous evolutionary stages; for details, see Roy et al. 2020),
which are heavily helium-enhanced due to CNO burning. This
leads to the earlier entry into the WR phase.

In Fig. 5 we show the metallicity dependence through the
time evolution of Ty (top panels), radius (middle) and surface
Zgyr (bottom panels), again focusing on the example of a 90 M,
star; we show both the non-rotating (left panels) and rotating,
v/vgiy = 0.4 (right panels) cases. For non-rotating stars, we
observe that as [Fe/H] decreases, the MS lifetime increases sig-
nificantly: ~3.3 Myr for solar metallicity versus ~3.7Myr for
[Fe/H] = —1.0. This is because at low metallicity, the initial
hydrogen mass fraction is larger compared to the metal-rich star,
and also the convective core mass increases as the metallicity
decreases; the combined effect of which enhances the hydrogen

% We note that metal line-driven mass-loss rates are actually depen-
dent on the iron surface abundances, not on the total surface metallicity
(Sander et al. 2020 and references therein). However, our MIST models
account for the surface metallicity in order to keep it similar to the other
existing 1D stellar evolution codes (for example, the GENEVA STELLAR
TRACKS).
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Fig. 6. Same as Fig. 1 but now showing the results for three different
metallicities, [Fe/H] = 0.0, —1.0, and —2.0, for non-rotating stars. The
[Fe/H] = 0.0 case shown here is identical to the highly clumped winds
shown in Fig. 1.

fuel reservoir for the metal-poor star enhancing its MS lifetime.
As we approach the WR phase, the stronger mass loss in the two
more metal-rich cases ([Fe/H] = 0.0 and —1.0) causes the stars
to shrink rapidly and expose their metal-rich fossil convective
cores, producing a sudden increase in T.g and surface metallic-
ity; this effect is greatly diminished for [Fe/H] = —2.0. In con-
trast, with rotation (right panels), the surface parameters become
nearly independent of metallicity because rotation-induced mix-
ing leads to CHE for stars 290 M, thus bringing helium from
the core to the surface and allowing stars to enter the WR phase
even with lower mass losses. Consequently, the MS lifetimes are
only weakly dependent on [Fe/H], with only about a 3% differ-
ence between solar and 1/10th solar metallicity and a less than
1% difference between [Fe/H] = —1.0 and -2.0.

We show how these changes affect the IMF-averaged ioniz-
ing photon budgets in Figs. 6 and 7 for the non-rotating and rotat-
ing cases, respectively. We find that for softer ionizing photons
(H1, He 1) in non-rotating stars, the ionizing luminosity increases
monotonically as [Fe/H] decreases due to decreasing surface
opacity and thus decreasing wind opacity and increasing surface
temperature. For He I1, on other hand, we find that ionizing pho-
ton output is maximized at [Fe/H] = —1.0, and is lower at both
—2.0 and 0. This pattern holds true only for non-rotating stars.
We can understand this non-monotonic behavior as a result of a
competition between two effects. One is the same mechanism we
have already invoked to explain the softer photons: as we lower
the metallicity we lower the opacity, raising the surface temper-
ature and increasing the escape of ionizing radiation. The other
competing effect is mass loss: stars lose more mass at higher
metallicity, which in turn means that once stars enter the WR
phase, they have smaller radii and higher effective temperatures,
favoring production of harder ionizing photons as the metallic-
ity increases. The competition between these effects yields a
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Fig. 7. Same as Fig. 6 except the stars are now rotating at v/v; = 0.4.

maximum for Hell ionizing photon production at [Fe/H] =
—1.0. The effect has importance only for the non-rotating case
because this is the case for which the initial surface metallicity
has the impact on stellar mass loss. For this case, [Fe/H] = —1.0
yields a cumulative HeII-ionizing photon production that is a
factor of =5 larger than either the metallicity 0 or —2.

On the contrary, in rapidly rotating stars, CHE for the most
massive stars 290 Mg, facilitates the early entry to the WR phase
prolonging the WR lifetime, even at low metallicities, despite
reduced metal line-driven mass loss, resulting in nearly uniform
surface abundances across different metallicities. Consequently,
there is a monotonicity in the increment in ionizing luminosity
as [Fe/H] decreases for both softer and harder ionizing photons.
We find that for this case with v/ve; = 0.4, [Fe/H] = -2.0
yields a cumulative HeII-ionizing photon budget that is a fac-
tor of ~29 and ~4 larger than that of solar metallicity and —1,
respectively. To conclude, rotating stars with v/v.; = 0.4 pro-
vide a more favorable scenario for the He IT ionizing photon pro-
duction across all metallicities.

3.1.4. From ionizing photon budgets to line ratios

Having discussed the dependence of various stellar parameters
on the ionizing photon budgets, we are now in a position to
address the central, motivating question for this study, namely,
what are the circumstances that allow stars with clumpy winds
to drive the bright nebular He II lines seen in some SF galaxies.
In Sect. 3.2, we carry out full nebular photoionization calcula-
tions.

Our simple approximation is to treat emission in both the
He 11 14686 and Hg lines as arising purely from recombinations
occurring in a uniform-temperature, dust-free, photon-bounded
H 11 region within which all photons above the He I ionization
threshold are absorbed by He™ ions and all photons below that
energy but above 1 Ryd are absorbed by neutral H. Since the
number of photons above the He 11 threshold is small compared
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Fig. 8. Time evolution of Q(He 1)/ Q(H1) for non-rotating (top panel)
and rotating stars with v/ve;, = 0.4 (bottom panel) for three metal-
licities, [Fe/H] = 0.0 (blue solid line), —1.0 (orange dashed), —2.0
(green dotted), and for highly clumped winds. The blue band shows the
approximate range of Q(HeIr)/Q(H1) ~ 0.0021-0.0371 expected to
produce line intensity ratios /(He I1 14686)/I(HB) in the range observed
in spatially resolved observations of the Cartwheel Galaxy (Mayya et al.
2023), ~0.004—0.07.

to the total ionizing flux, in this case we can simply equate the
HI-ionizing flux with the rate of recombinations to HI, with
a fixed fraction of those recombinations yielding emission of
a photon in the HB line, and we obtained the usual relation
between ionizing photon emission and HS line luminosity:

L(HB) = Engap(HB, T)Q(HT) ~ 1.94 x 10" Q(H1)erg,

where ag(HB, T) is the effective recombination coefficient for
Hp emission in case B as a function of the temperature 7', and
our numerical evaluation is appropriate for 7 ~ 10* K. Similarly,
we can equate the recombination rate to He 1T with the production
rate of He II-ionizing photons and compute the luminosity of the
He 11 214686 line as (Kehrig et al. 2015)

(10)

L(Hell) = Eyenag(Hetr, T)YQHT) ~ 3.66 x 1073 Q(He 1) erg,
(11)

where Eyey and ap(Hell, T) are the He I1 14686 photon energy
and recombination rate coefficient. Combining these results, we
find that under our simple approximations the intensity ratio for
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Fig. 9. Time evolution of I(He1r)/I(HB) for stellar populations with
highly clumped winds at three metallicities, [Fe/H] = 0.0 (blue), —1.0
(orange), and —2.0 (green), and two rotation rates, v/v.y = 0.0 (top
panel) and 0.4 (bottom panel).

the He 11 14686 and Hp lines should be related to the emission
rates of HI- and He II-ionizing photons by

I(Hem) 89Q(Hen)
IHB) ~ 7 QHD

Kehrig et al. (2015) show that varying the temperature leads to
only small variations in this ratio.

Since typical observed I(He 1)/ I(Hp) ratios in He II-emitting
nebulae such as those found in the Cartwheel Galaxy are
~0.004-0.07 (Mayyaetal. 2023), this simple analysis sug-
gests that stellar populations that produce ionizing photon ratios
QO Hem)/QMHTI ~ 0.0021-0.0371 will provide a reasonable
match to observations. To see how our models compare to this
range, in Fig. 8 we show the time evolution of Q(He11)/Q(H1)
for two rotation rates v/veqe = 0.0 (top panel) and 0.4 (bottom
panel), and three metallicities [Fe/H] = 0.0, —1.0, and -2.0
(blue solid, orange dashed, and green dotted lines respectively),
again focusing in the case of highly clumped winds. We indicate
our target range of Q(He 1)/ Q(H1) by the blue band.

We see that all three metallicites can produce ratio in this
range during the period immediately after the most massive stars
enter the WR phase at ~3 Myr, regardless of rotation rate. How-
ever, for non-rotating stars, only the two higher-metallicity cases
remain in this range for ~1—-1.5Myr, while the lowest metal-
licity case enters the range only briefly. On the other hand, for

12)

A29, page 10 of 15

—e— [Fe/H]=0.0
5F —e— [Fe/H]=-1.0
—eo— [Fe/H]=-2.0

3F V/Vgit=0.0

EW(Hell) [A]

V/Vcrit =0.4

time [Myr]

Fig. 10. Same as Fig. 9 but now showing He 11 EW.

the rotating case, all three metallicities remain in this range
for ~1.5-2.5 Myr. Nonetheless, Fig. 8 clearly demonstrates that
populations of single massive stars with very clumpy atmo-
spheres can produce Q(He)/Q(HT) ratios that are in princi-
ple high enough to reproduce the /(He11)/1(Hp) ratios found in
He 11-emitting nebulae.

3.2. Nebular spectral synthesis

While Sect. 3.1.4 is suggestive, our calculations with CLOUDY,
as detailed in Sect. 2.3, provide more realistic results that include
all the complexity we neglected in our simple analytic approxi-
mation. They also enable us to examine other observables such
the equivalent widths of the He IT and blue bump lines. To this
end, we generated synthetic nebular spectra using the procedure
outlined in Sect. 2.3 at stellar population ages of 2.0, 2.8, 2.9,
3.0, 3.1, 3.2, 3.3, 3.5, 3.8, 4.0, 4.5, and 5.0 Myr. These times
provided good coverage of the range of times over which Fig. 8
suggests that stellar populations are in the right range of ionizing
photon ratio to produce line emission consistent with observa-
tions.

3.2.1. I(Hell)/I(HB)

In Fig. 9 we show the time evolution of the line intensity ratio
I(He1r)/I(HB) for three metallicities, [Fe/H] = 0.0 (blue), —1.0



Roy, A., etal.: A&A, 696, A29 (2025)

>00r —— [Fe/H]=0.0

—o— [Fe/H]=-1.0
—eo— [Fe/H]=-2.0

4001

300~

200¢

100+

—_— V/Vcnt:OO
E 0 L 1 1 L
@ 500!
W 400+
300-
200r

100+ V/Veric = 0.4

) 3 4 5

time [Myr]

Fig. 11. Same as Fig. 10 but for HB.

(orange), and —2.0 (green), and two rotation rates, v/vi¢ = 0.0
(the top panel) and 0.4 (the bottom panel). We show the observed
values of I(He1r)/I(HB) ~ 0.004—0.07 for the He 1T nebulae in
the Cartwheel galaxy (Mayya et al. 2023) by the blue shaded
region. The results are generally consistent with what we might
have expected from Fig. 8: both the [Fe/H] = 0.0 and —1.0 mod-
els go through ~1-1.5 Myr-long intervals where the line inten-
sity ratio is in the observed band, independent of the rotation rate
or gas density, while [Fe/H] = —2.0 remains in this range for a
much longer duration only for rapid rotation and is well below
it for zero rotation. For all of these models, the maximum of
I(He1r)/I(HB) occurs at the time at which the most massive stars
(270 My) are in their WR phases at stellar ages of ~3—4 Myr.
We can understand the physical origins of several features
of these plots. First, for the non-rotating case we notice that
the [Fe/H] = —1 case yields the highest I(He11)/I(HB) ratios
and the longest duration within the ~0.004—0.07 characteris-
tic of observed He Il-emitting nebulae. This occurs because at
[Fe/H] = —1 represents the optimal compromise between two
effects: at high metallicity the surface opacity is too high to pro-
duce many He II-ionizing photons, while at low metallcity the
mass-loss rate is too low to expose the stellar core and pro-
duce high T.g; the [Fe/H] = —1 case balances these two effects,
producing a surface temperature that is enough and a surface
opacity that is low enough to maximize HeIl-ionizing photon
production. For rapidly rotating stars, by contrast, high metallic-
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Fig. 12. Same as Figs. 10 and 11 but for the blue bump line blend fea-
ture.

ity is not needed to produce high mass loss due to the rotation
enhanced mass-loss rates and rotational mixing described above;
consequently, for the rapidly rotating case, we find that time
spent at high /(He1)/I(HB) increases monotonically as metal-
licity decreases.

3.2.2. Line equivalent widths

In addition to examining line ratios, we can also check that our
clumpy wind models yield line equivalent widths (EWs) that are
consistent with observations. We specifically check the widths
of the He 11, HB, and blue bump lines. To calculate the EWs of
the Hell and Hg lines, we determine the line fluxes by inte-
grating the nebular plus stellar spectra output by CLOUDY over
40 A-wide bands centered at 4685.5 and 4865 A respectively. We
obtain the corresponding continuum fluxes for these two lines
by integrating over regions on the either side of the line of inter-
est chosen to contain no or only very weak lines; for the He I
line we obtain the continuum level by integrating the spectra
from 4760-4840 A and from 4540-4620 A and averaging the
two results, while for HS line we integrate from 4885-4935 A
and 4790-4840 A and average the results. We calculate the blue
bump line flux by integrating the spectra from 4570-4740 A,
and the corresponding continuum flux as the average of results
obtained by integrating the spectrum over 50 A windows

A29, page 11 of 15
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Fig. 13. Same as Fig. 9 except here different colors corresponds to different wind morphologies, ranging from optically thick and homogeneous
winds (blue) to partially clumpy (orange) to highly clumpy, porous, and on the verge of optically thin winds (green). Each panel shows a different
combination of metallicity and stellar rotation rate: columns show, from left to right, [Fe/H] = 0, —1, —2; the rows show v/v.i = O (top) and 0.4

(bottom).

centered at 4525 A and 4905 A, corresponding to the red and
blue sides of the blue bump feature; our procedure here follows
that of Mayya et al. (2023).

We show the time evolution of the EWSs for our three lines
of interest in Fig. 10, Fig. 11, and Fig. 12, respectively. Examin-
ing these figures, we see that during the epochs from ~3—-4 Myr
when our models predict /(He 11)/1(HB) ratios sufficiently large
to match observations, the typical EWs of the He 1114686, Hg,
and blue bump lines in the range ~0.1-3.5 IOA, ~20-300 A, and
~2-10A, respectively. Exact values vary with metallicity and
rotation rate, but these values are in good agreement with the
typical ranges found in HeIl-emitting regions by Mayya et al.
(2020, 2023). We therefore conclude that not only do clumpy
wind models for single stars produce /(He 11)/1(HB) ratios simi-
lar to observed values, they also reproduce the observed line-to-
continuum ratios in these two lines as well as in the blue bump
feature.

3.2.3. Dependence on wind clumpiness

Thus far we have focused on our highest-clumping case, demon-
strating that it yields line ratios and EWs that are in very good
agreement with observations. We now return to our other two
cases, no clumping, smooth winds and intermediate clumping,
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using our full pipeline to predict /(He11)/I(HB) ratios and EW
for the He I line exactly as we have for the highly clumped case.
We show the results in Figs. 13 and 14, respectively.

We find that for both solar and 1/10th solar metallic-
ity, only the highly clumped and porous winds, which is
on the verge of the optically thin scenario, can produce the
observed I(He1r)/I(HB) ratio ~0.004—0.07. However, for the
most metal-poor case, [Fe/H] = —2.0 and rapidly rotating stars,
0/verie = 0.4, even partially clumpy winds reproduce the observed
I(He1r)/I(HPB) ratio. This case, while it has a lower He T EW
than the highly clumped case, nonetheless reaches EWs of ~4 A
at the ~3-5Myr ages when the I(HeIr)/I(HB) ratio is high,
and thus it is well within the observed range for He llemitters.
We therefore conclude that the combination of efficient rotation-
driven CHE (for stars 290 M), mass loss, and low atmospheric
opacity in this case is sufficient to produce enough He II-ionizing
photons to match observations even if the stellar surface is partly
blocked by a semi-opaque wind.

4. Discussion and conclusions

The origin of nebular He I emission in SF galaxies remains an
unresolved problem. The line is powered by the recombination
of He™™, production of which requires photons with energies
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Fig. 14. Same as Fig. 10 except that here we show a comparison for the three atmosphere morphologies. The three metallicity cases are in three
different panels: [Fe/H] = 0.0 (Ieftmost panels), —1.0 (middle panels), and —2.0 (rightmost panels).

>54.4 eV, which are thought to be difficult to produce with con-
ventional single stellar populations. The challenge of explaining
the production site of the required photons has led to a number
of proposals, including photoionization of He* by binary stellar
populations or by compact objects such as HMXBs and ULXs,
shock-driven ionization, and hidden AGNSs. By contrast, ioniza-
tion by single massive and/or WR stars has often been dismissed
as a possibility because their HeII ionizing photon production
rates were thought to be too low.

However, the stellar models that were the basis for this
conclusion have a number of limitations. They treated stel-
lar winds as spherically homogeneous and optically thick,
which is at odds with modern observational constraints. They
assumed that the responsible stars were non-rotating, contrary
to theoretical expectations that massive stars should be born
with high rotation rates (Rosen et al. 2012). In this paper, we
removed these limitations and revisited the single WR chan-
nel as a possible source for the nebular Hell emission using
a dense grid of massive stellar evolution models at a range of
metallicities and rotation rates coupled to three different WR
wind morphologies. We summarize our primary findings in the
following:

— We find that varying our treatment of clumping in extended

WR atmospheres leads to dramatic variations in the predicted

He 11-ionizing photon budgets. Models that assume highly

clumped winds that expose most of the stellar surface yield a

factor of 20 increase in the production of photons beyond the

He™ ionization edge compared to traditional models, where
winds are treated as spherically homogeneous and optically
thick. This enhanced production of hard photons occurs for
stellar populations with ages of ~3—5 Myr, corresponding to
the time at which the most massive stars, >70 M, enter the
WR phase for [Fe/H] > -2.0.

During this period of enhanced hard photon production, neb-
ular modeling with CLOUDY revealed that nebulae powered
by stellar populations with highly clumped winds experience
~1-2 Myr periods where their ratio of Hell 14686 to HS
line luminosities reaches the large values, I(He1r)/I(HB) ~
0.004-0.07, observed in local He II-emitting regions. During
this period, the equivalent widths of the He 11, HB, and blue
bump lines are also comparable to the observed values — a
few Angstroms, a few hundred Angstroms, and a few tens of
Angstroms, respectively.

The periods where the predicted nebular emission closely
matches what we observe occur for all metallicities and stel-
lar rotation rates if winds are highly clumped. If we treat WR
winds as moderately clumped and elevated I(He1)/I(HB)
ratios and He IT equivalent widths still occur for metal-poor
rapidly rotating stellar populations ([Fe/H] = -2, v/vei =
0.4) but not for more metal-poor or non-rotating ones, for
a conventional model using smoothed winds, there are no
periods of elevated /(He 11)/I(HS) for any of the metallicities
or rotation rates we have considered, consistent with earlier
work.
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We therefore conclude that earlier estimates that single stars with
moderate rotation rates, v/ve; < 0.5, could not be the drivers of
nebular He IT emission are incorrect since this conclusion holds
only if we assume that these stars have spherically homogeneous
and non-clumpy winds. On the contrary, single WR stars with
highly clumpy to partially clumpy winds are strong candidates
for drivers of the nebular HeII emission seen in both local and
high-redshift galaxies.

Our findings have important implications, particularly at
high redshifts. Massive stars in metal-poor environments are
typically expected to be moderately to rapidly rotating, with
v/vgie 2 0.4 (Rosen et al. 2012), and high-redshift galaxies may
also have IMFs that are more abundant in massive stars (e.g.,
Sharda & Krumholz 2022; van Dokkum & Conroy 2024). The
combination of these factors likely results in a greater abun-
dance of massive rotating stars in the early Universe, facilitating
the contribution of single massive stars as significant sources of
He1l emission. This may explain the increasing abundance of
He 1Temitters in the early Universe and may have further impli-
cations for He I reionization.

Data availability

The data underlying this article will be shared on request to the
corresponding author (AR).
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Fig. A.1. Same as Fig. 1 but now comparing the results generated using
MIST models with finer (blue) and coarser (orange) mass resolutions.
For both sets of models we show the case of highly clumped, close to
optically thin winds.

Appendix A: On the importance of mass resolution

As discussed in the main text, we use MIST tracks in part
because of the high mass resolution they offer at the high mass
end of the IMF. To demonstrate why this is important, we com-
pare results generated using the high mass-resolution that is the
default for MIST to results generated using the same MIST
tracks, but with the mass-resolution reduced to match that of the
Geneva stellar tracks’ (Ekstrom et al. 2012; Georgy et al. 2013),
which are the most widely used for massive stars but have much
lower mass resolution at the upper end of the mass range; specif-
ically, they include models at initial mass M = 60, 85 and 120
M only.

To demonstrate the importance of resolution, in Fig. A.l
we show the time evolution of the HI, Hel, and Hell ioniz-
ing luminosities for highly clumped, optically thin atmospheres
computed using MIST-I high and low resolution stellar tracks,
holding all other parameters at the same values used in Fig. 1.
The blue line shown here for the MIST-I models is identical to
the highly clumped case shown in Fig. 1. For the low-resolution
tracks we observe kinks in the He I and He IT ionizing luminosi-
ties as stars > 70 Mg, enter the WR phase, similar to the MIST
results, but we find that this peak is substantially broader in time
for the finer mass-resolution compared to the coarser one, result-
ing in cumulative differences of approximately 25% and 45% for
He1 and HeIr respectively, with a comparatively smaller differ-
ence in HI luminosities of ~ 20% at > 5 Myr. The difference
between these two mass-resolution cases is simply a result of
the need for far more interpolation across the mass range that
produces WR stars in the lower-resolution tracks than for the
higher-resolution ones.

7 https://www.unige.ch/sciences/astro/evolution/en/database/
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Fig. B.1. Same as Fig. 1 but now comparing the results generated using
MIST and Stromlo stellar tracks to show the dependence on initial metal
abundances at a given metallicity. The tracks shown here are for two
metallicities, [Fe/H] = -1 and -2, and for non-rotating stars with
highly clumped, close to optically thin winds.

Appendix B: Dependence on initial abundance

As discussed in Sect. 2.1, for the main part of the paper we use
MIST tracks, which assume solar-scaled abundances. However,
we find in Sect. 3.1.3 that metallicity plays a crucial role in deter-
mining mass-loss rates, and consequently, the ionizing photon
budgets, particularly for non-rotating stars, and it is therefore
important to verify that these results do not change significantly
if we adopt more realistic non-solar-scaled abundances. For this
purpose we compare the results from MIST to results gener-
ated using the Stromlo Stellar Tracks (SST; Grasha et al. 2021)%,
focusing only on non-rotating tracks, since we have seen in Sect.
3.1.3 that surface parameters are independent of metallicities for
stars with v/v.i = 0.4, and on metallicities [Fe/H] = —1 and
—2, since MIST and SST are nearly identical at solar metallicity.
We show the time evolution of the instantaneous and cumulative
ionizing photon outputs for these cases in Fig. B.1.

For softer photons (H1 and HeI), we see that MIST and SST
produce similar results, with maximal percentage differences in
cumulative photon luminosities of ~ 12.8% and ~ 3.7% for
Hr1, and ~ 18% and ~ 5% for Hel at [Fe/H] = —1 and -2.0,
respectively. However, the disparity increases for harder photons
(He1r), where the maximal differences reach ~ 155% and ~ 68%
for [Fe/H] = —1 and -2, respectively. While this difference is
not negligible, it is also not as pronounced as those induced by
other parameter choices, and in particular is much smaller than
the effects of our choice of atmosphere model. We therefore con-
clude that our results remain robust regardless of the initial abun-
dance distribution, and adopt the solar-scaled abundance pattern
throughout the main text.

8 Note that both MIST and SST have exactly same physics models and
parameters, the only difference comes in their initial abundance setups.
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