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Abstract

The X-ray binary system Cygnus X-3 (4U 2030440, V1521 Cyg) is luminous but enigmatic owing to the high
intervening absorption. High-resolution X-ray spectroscopy uniquely probes the dynamics of the photoionized gas
in the system. In this Letter, we report on an observation of Cyg X-3 with the XRISM/Resolve spectrometer,
which provides unprecedented spectral resolution and sensitivity in the 2-10keV band. We detect multiple
kinematic and ionization components in absorption and emission whose superposition leads to complex line
profiles, including strong P Cygni profiles on resonance lines. The prominent Fe XXV Hea and Fe XXVI Lya
emission complexes are clearly resolved into their characteristic fine-structure transitions. Self-consistent
photoionization modeling allows us to disentangle the absorption and emission components and measure the
Doppler velocity of these components as a function of binary orbital phase. We find a significantly higher velocity
amplitude for the emission lines than for the absorption lines. The absorption lines generally appear blueshifted by
~—500-600kms~'. We show that the wind decomposes naturally into a relatively smooth and large-scale
component, perhaps associated with the background wind itself, plus a turbulent, denser structure located close to
the compact object in its orbit.

Unified Astronomy Thesaurus concepts: High mass x-ray binary stars (733); High resolution spectroscopy (2096)

1. Introduction

Cyg X-3 is a high-mass X-ray binary (HMXB) with a very
short orbital period (P = 4.8 hr; D. R. Parsignault et al. 1972). It
is unusual in its radio brightness, ranging from ~100 mJy up to
20 Jy during outbursts (E. B. Waltman et al. 1995). Its distance
i$ 9.7 £ 0.5 kpc M. J. Reid & J. C. A. Miller-Jones 2023). The
companion is a WN4-6-type Wolf-Rayet (W-R) star
(M. H. van Kerkwijk et al. 1992, 1996; K. I. I. Koljonen &
T. J. Maccarone 2017). The strong wind from the companion
star (F. Paerels et al. 2000; A. Szostek & A. A. Zdziarski 2008;
A. A. Zdziarski et al. 2010, 2012) absorbs and scatters X-rays
from the compact object and produces a quasi-sinusoidal
orbital light curve with its peak at phase 0.55-0.60 (R. Willin-
gale et al. 1985; A. A. Zdziarski et al. 2012). The wind material
prevents unobscured observation of the compact X-ray source.

The X-ray line emission from CygX-3 is among the
strongest of any known X-ray source (P. J. Serlemitsos et al.
1975), with equivalent widths ranging from 0.2 to 0.4keV
(L. Hjalmarsdotter et al. 2008; K. I. I. Koljonen et al.
2010, 2018). These lines can provide constraints on the
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conditions in the wind and other structures in the binary
(F. Paerels et al. 2000). Study of these lines is aided by the
brightness of Cyg X-3, making it relatively well suited to study
with current X-ray spectrometers. The spectrum is highly cut
off by interstellar attenuation, with an average equivalent
hydrogen column density of >10*cm™2 (P. M. W. Kalberla
et al. 2005). Thus, X-rays provide one of the only ways to
study this system. The X-ray line spectrum indicates the
importance of photoionization as an excitation mechanism in
the line-emitting gas (e.g., D. A. Liedahl & F. Paerels 1996).
Observations using the Chandra High Energy Transmission
Grating (HETG) have provided insights, including the presence
of radiative recombination continua, which constrain the gas
temperature (F. Paerels et al. 2000); orbital modulation of the
emission line centroids (M. J. Stark & M. Saia 2003); and P
Cygni profiles, which constrain the masses of the two objects
(O. Vilhu et al. 2009; T. Kallman et al. 2019).

In this Letter, we report on the analysis of the spectrum from
Cyg X-3 as observed by the XRISM X-ray observatory
(M. Tashiro et al. 2020). We address the following questions:
what does the line spectrum look like when viewed with the
high spectral resolution of XRISM/Resolve? What is the
mechanism responsible for the line emission, and what can we
learn about the ionization state and other properties of the gas?
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What inferences can be made about the dynamics of the gas in
the system?

2. Data Acquisition and Reduction

Cyg X-3 was observed by XRISM as a performance
verification target (starting at 2024-03-24T06:53:50 UTC and
ending at 2024-03-25T15:37:46 UTC) when the source was in a
“hypersoft state,” right before the onset of a major radio
flare. The observation resulted in a net exposure of ~66.6ks.
The average flux at 2-10keV was 4.7 x 10 ergcm s ',
corresponding to an absorbed luminosity of 5.3 x 10> ergs™!
for an assumed distance of 9.7kpc (M. J. Reid &
J. C. A. Miller-Jones 2023).

We used cleaned event files reprocessed by the Science Data
Center (SDC) on 2024 July 24 and applied additional screening
with respect to pulse rise time, event type, and status as
recommended in the Quick-Start-Guide version 2.0. We further
excluded events from pixel 27 due to known -calibration
uncertainties. The flat and point-source-weighted composite
resolutions of the whole array are both ~4.5eV FWHM at
6 keV. The systematic uncertainty on the absolute energy scale
from 5.4 to 9.0keV is £0.3 eV. We only use high primary event
grades, which give an average count rate of ~31 counts s We
created standard exposure map, effective area, and response files
with the XRISM SDC tools xaarfgen and rslmkrmf (Build
8 and CalDB 8) with default configuration. We use large (L-
type) response files for all spectral fitting as they describe the
line-spread function appropriately. Extra-large (XL-type)
responses, which include continuum redistribution effects, lead
to significant computational overhead and are not needed for
narrowband spectroscopy.

The intensity variability associated with the orbital period is
clearly visible in the XRISM/Resolve light curve, and the
XRISM observation spans approximately seven orbital cycles
of Cyg X-3. We adopt the quadratic ephemeris of 1. I. Antokhin
& A. M. Cherepashchuk (2019) with a slightly adjusted orbital
period of 17,252s (~4.8 hr; T. Kallman et al. 2019), which
reproduces the widely accepted convention of phase 0 to match
the minimum of the orbital light curve (see also bottom panel
of Figure 4). We extract eight orbital-phase-resolved spectra of
equal-sized width of 0.125 in phase. A multiplicity of the
orbital period of XRISM and Cyg X-3 leads to periodic gaps in
the light curve due to visibility constraints and renders phase
bin 3 (0.250-0.375) severely underexposed and unsuitable for
spectral analysis.

We used the data analysis packages xspec (K. A. Arnaud
1996) and isis (J. C. Houck & L. A. Denicola 2000) for
spectral fitting. We rebinned the spectrum on a 2 eV bin size
grid and used x? statistics. Parameter uncertainties are
statistical only and given at a 90% confidence level unless
otherwise noted.

3. Orbital-phase-averaged Spectroscopy
3.1. Empirical Modeling and Line Identification

The 2-10keV XRISM/Resolve spectrum shows the
expected multitemperature blackbody with strong continuum
absorption and a plethora of absorption and emission lines from
various elements. In line with previous work (K. I. I. Koljonen
et al. 2018; T. Kallman et al. 2019), we model the 2-10 keV
continuum with a disk blackbody (diskbb in xspec) with
continuum absorption using the neutral absorption model
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tbabs with J. Wilms et al. (2000) abundances and cross
sections of D. A. Verner & D. G. Yakovlev (1995).

The broadband spectrum in Figure 1 clearly shows strong
K-shell line emission and absorption from iron near 6.4—8 keV,
as well as S, Ar, and Ca at lower energies. The iron Ko line
complex consists of many narrow emission components
separated by deep notches indicating absorption.

As a first step, we fit the lines in the XRISM/Resolve
spectrum using Gaussians with centroids close to the reference
energies of the probable transitions of each line. With the
exception of the near-neutral Fe Ka and the Fe XXVI Ly« lines,
which required broader features, we kept the width of all lines
fixed at 5eV. The results are given in Table 1. The line
identification is tentative and often not unique, as many of the
observed features may be blends of unresolved fine-structure
transitions or overlapping features of different ionization states.
Our line labels therefore indicate plausible transitions. We
allow the normalization of each feature, which is proportional
to the flux, and the apparent velocity shift to vary to obtain a
best fit. Negative line normalizations indicate absorption, and
negative velocity shifts indicate blueshifted lines. The fit model
shown in Figure 1 is purely empirical and, indeed, not very
satisfactory. This is mainly due to a practical limitation on the
total number of Gaussian components that can be included in
such a fit as well as the simplification of the profiles that often
result from line blends. The purpose of this figure is rather to
demonstrate these complications when inferring line velocity
shifts and emphasize the importance of more detailed radiative
transfer modeling.

Visual inspection of the spectrum as well as preliminary
fitting of line features with Gaussians reveals both absorption
and emission features over a wide range of ionization states of
iron. Absorption and emission components accompany many
strong lines, with the absorption generally blueshifted relative
to the laboratory energy and the emission component red-
shifted. In this sense, the line profiles resemble P Cygni profiles
(C. S. Beals 1929), although the emission components of many
lines are stronger than the absorption, indicating the importance
of processes such as electron impact excitation, recombination,
or K-shell fluorescence in addition to resonance scattering
(A.J. Willis et al. 1986). Among the most prominent features is
the Hea complex of Fe XXV near 6.6-6.7 keV, with a strong
blueshifted absorption apparent in the resonance (w) line. The
XRISM/Resolve spectrum further shows a broad Fe XXVI Ly«
emission feature near 7 keV, emission from low-ionized iron
near 6.4 keV, and a series of Ka and K3 absorption features
from Li- through C-like iron.

It is clear from this analysis that no single red- or blueshift
can fit to all the line centroids. Most of the absorption
components have Doppler blueshifts of ~500 kms ™', while the
redshifts of the emission components range from ~0 to
400kms~', and no single value or narrow range of values is
consistent with all of them. This is difficult to reconcile with
any simple picture of the motion of the gas in Cyg X-3.

A solution to the puzzle of the line shifts comes from the fact
that the absorption and the emission overlap. That is, the
blueshifted absorption from a given line partially obscures the
emission from adjacent emission lines. Even lines that do not
form classic P Cygni profiles due to their very low oscillator
strength (for example, He-like Fe XXV z) can be affected by
transitions of neighboring ionization states (here, for example,
Fe XX1V ¢, r, and f), which makes a careful modeling of the
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Figure 1. The 2-10 keV XRISM /Resolve spectrum of Cyg X-3, modeled with an absorbed disk blackbody and several Gaussian emission and absorption lines. Black

labels are lines that are included in the model and listed in Table 1.

whole ensemble of lines necessary to infer the dynamics of the
absorbing and emitting gas. The exact contribution of these
individual transitions to observed absorption and emission
features requires appropriate radiative transfer modeling, which
we address in the following section. A decomposition of the
photoionization model into emission and absorption compo-
nents is shown in the lower two panels of Figure 2.

3.2. Photoionization Modeling

We have demonstrated that the interaction between emission
and absorption lines can account for the observed spectrum
using detailed photoionization models that account for all the
likely microphysical processes occurring in this gas and utilize
relatively recent state-of-the-art atomic energy levels, rate
coefficients, and cross sections. We calculated ion gopulations
for an optically thin medium with a density of 10%cm > and
solar metallicity (E. Anders & N. Grevesse 1989) with an
incident spectral energy distribution of a multitemperature
blackbody (diskbb in xspec) with an inner temperature of
kT = 1.3 keV, appropriate for this state of Cyg X-3, using the

plasma code XSTAR v2.59.° The resulting charge state
distribution is overall similar to the one presented in T. Kallman
et al. (2019), although we note that they assumed a slightly
hotter blackbody. We have demonstrated that our results are
unaffected by other abundance choices, including large hydro-
gen depletion as possibly expected in W-R stars. We then used
the ion populations with the XSTAR-derived xspec/isis
analytic models warmabs and photemis to fit the narrow
Fe K-band spectrum (6-9keV) of CygX-3. We kept the
continuum absorption fixed as it cannot be constrained in the
narrowband spectrum. We find that a combination of three
photoionized emission and three absorption components fit most
of the Fe Ko complex satisfactorily. We note that several Fe K3
lines are not well reproduced by the XSTAR model alone, owing
to incomplete treatment of turbulent broadening of these lines in
warmabs/photemis, so we include an empirical Fe K3
model with reference energies as listed in Table 1. The
motivation for this is that the Fe K3 lines appear mostly in
absorption and therefore provide a useful constraint on the

1 https:/ /heasarc.gsfc.nasa.gov /docs/software /xstar /xstar.html
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Table 1
Empirical Model Lines
Energy Ton Transition Reference Norm. Width Vshift
(keV) 103 photons st em™) V) (kms™h)
2.430348 S XV 157 1Sp-15'2p' 35, XSTAR 1.63 +0.15 5 —52874%
2.460658 S XV 15? 1So-1s"2p" 'P, XSTAR 225 +0.16 5 887°7%
2.619679 S XVI 1s' 'S, )-15%2p" *Py XSTAR 3.17 £ 0.14 5 436128
3.104139 Ar XVII 152 'So-15"2p' 35, XSTAR 0.78 + 0.09 5 385+3]
3.139549 Ar XVII 152 1So-1s'2p' 1P, XSTAR 1.07+5939 5 456719
3.139549 Ar XVII 152 1So-1s'2p' 1P, XSTAR —0.8279% 5 —470%43
3318176 Ar XVIIT 1s" 18 /-15"2p" 'Py 15 XSTAR 1.371037 5 51533
3.318176 Ar XVIII 1s" 18 /-15"2p" 1P, 15 XSTAR —0.8470% 5 —68371%
3.861134 Ca XIX 15% 1S-1s5'2p"' 38, XSTAR —0.487538 5 —4807%8
3.902255 Ca XIX 15 'Sp-1s'2p" 'P, XSTAR 2034444 5 <188
3.902255 Ca XIX 15 'So-1s5'2p' 1P, XSTAR —2.047058 5 —2687]
4.100145 Ca XX 15" 'Sy jo-15"2p" 2Py s XSTAR 0.86 + 0.06 5 11013
6.400000 Fel Ka XSTAR 1.55 +£0.07 30 —90 + 86
6.465592 Fe XIX 2p*3P,-1s5'25%2p° 3P, XSTAR —0.28+0% 5 —622+4
6.496421 Fe XX 2p* 485 - 15"2572p* *P5 5 XSTAR —0.40 + 0.02 5 823120
6.496421 Fe XX 2p® 485 - 15"25%2p* *P5 XSTAR 0.0779% 5 207+1¢8
6.543737 Fe XXI 2p% 3Py-15'252p% 3D, XSTAR —0.47 £ 0.02 5 —55371¢
6.586495 Fe XXII 2p' 2Py /»-15'25%2p” *D;3 XSTAR —0.40 £ 0.02 5 —494+18
6.628752 Fe XXIII 252 15o-1s'25s%2p" 1P, XSTAR —15%% 5 —13343)
6.636579 Fe XXV 15 'S-15"2p" 38) (2) XSTAR 0.57 +0.05 5 784138
6.661876 Fe XXIV 25" 28, -15"25'2p" 2P3 XSTAR 0.41 +0.04 5 —30*13)
6.667548 Fe XXV 152 'So-152p" 3Py (3) XSTAR 16412 5 1617438
6.682298 Fe XXV 15% 1S-1512p' 3P, (%) XSTAR 1.18 & 0.05 5 1348*13
6.700401 Fe XXV 157 'So-1s'2p" 'P; (w) XSTAR 1.15 + 0.04 5 216112
10
6.700401 Fe XXV 152 'So-1s"2p" 'P; () XSTAR —0.40 + 0.02 5 —630 + 18
6.951961 Fe XXVI 1s' 'Sy )0-15"2p" 2Py s XSTAR 1254099 10 465+
6.973174 Fe XXVI 1s' 1S, -15%2p" 2P5 5 XSTAR 1.167097 10 3175
7.356047 Fe XIX 2572p* 483 -15°p*(4P)3p P, SPEX —0.16 £ 0.02 5 —377 + 45
7.437518 Fe XX 2572p° 85 /-15*p*(38)3p *P1 2 SPEX —0.18 £0.02 5 —366742
7.528938 Fe XXI 2572p* *Po-152p*(4P)3p *D, SPEX —0.23 £ 0.02 5 —453123
7.627064 Fe XXII 25%2p P, -15252p(3P)3p *P1 SPEX —0.23 £ 0.02 5 —46143]
7.734248 Fe XXIII 257 18-1s'253p" 1P, SPEX —0.17 £ 0.15 5 —11+36
7.820462 Fe XXIV 15°25' 28, j-15'25"(18)3p" 2P5 SPEX —0.08 + 0.02 5 —180+72
7.881520 Fe XXV 152 18o-1s"3p" 1P, XSTAR —0.19 £ 0.02 5 —4737%

velocity of the absorption component. Besides the blackbody
normalization and temperature, the free parameters of our model
are the local ionization parameter log £ (C. B. Tarter et al. 1969),
the equivalent column density Ny for absorption models or
normalization of emission models, respectively, as well as the
turbulent broadening velocity vy, and the bulk velocity shift vgyg.
In schematic xspec notation, our complete fit model can be
written as tbabs X (diskbb+vshift(photemis+phote-
mis+photemis)) X vshift(warmabs X warmabs X
warmabs X Fe Kf).

The photoionized emission is modeled by one low-
ionization component (log ¢ ~ 1.6) that accounts for most of
the blended emission around 6.4 keV, a moderately ionized
component (log& ~ 2.9) with the charge state distribution
peaking around Fe XXV that reproduces the observed strong
Hea triplet lines, and a more highly ionized component
(log & > 4.9) with a charge state distribution consisting almost
entirely of Fe XXVI, which gives rise to broad Ly« lines. We
tie the turbulent velocity broadening of the low and
moderately high ionization emission components, whereas
the highly ionized emission component is allowed to have a
higher turbulent velocity. Thus, the Fe XXVI Ly« lines appear

about twice as broad as the medium- and low-ionization lines.
All emission components are redshifted by the same bulk
velocity of ~130kms ™",

The emission components include the effects of radiative
excitation by continuum photons, also referred to as “resonance
scattering” (A. Kinkhabwala et al. 2002). This has the effect of
boosting the strengths of essentially all resonance lines, most
notably the w line from He-like Fe XXV (A. H. Gabriel &
C. Jordan 1969). The importance of this effect depends
sensitively on the details of the radiative transfer at the line
energy, and our treatment neglects attenuation of this radiation
at the line energy, other than the continuum attenuation. We
have also experimented with assuming that all the radiation at
the line energy is attenuated; i.e., we omit radiative excitation
entirely. This produces a much worse fit, owing to the fact that
the remaining line excitation mechanisms, notably recombina-
tion, favor excitation of the intercombination and forbidden
lines x, y, and z of FeXXV and hence underproduce the
resonance line w. Similar results were hinted at in the study of
the third-order Chandra/HETG spectra by A. Suryanarayanan
et al. (2024).
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Figure 2. The XRISM/Resolve spectrum in the Fe K region showing the observed data and our best-fit model using multiple photoionized absorption and emission
components as described in the text. The top panel shows the observed count data (black) together with the best-fit model. The second and third panels show the
contributions to x* vs. energy and the ratio of the best-fit model to the observed counts. The final two panels show the models for line emission and absorption,

respectively. Note the energy offset between the emission and absorption.

Our emission models intrinsically produce He-like line ratios
appropriate to a low gas density, 10%cm™. The observed
strengths of all the He-like lines are affected by overlapping
line absorption, which complicates exploration of constraints
on density or other processes affecting the relative strengths of
the triplet series lines. Detailed modeling that examines the
sensitivity of these effects to plasma conditions or dynamics is
beyond the scope of this Letter and will be examined in
subsequent publications.

The absorption components reflect a similar separation of
regions of different ionization. The low-ionization component
(log & ~ 2.3) reproduces a series of Ko absorption lines of
Li- through C-like Fe, and a moderate-ionization component
(log& ~ 3.1) gives rise to a strong Fe XXV Heaw line in
absorption that forms a P Cygni profile with the emission line. A
highly ionized, log £ > 4.5, component is required to reproduce
the full Fe XXVI Ly« profile through absorption. The absorption
components have comparable column densities, i.e., a flat
absorption measure distribution (T. Holczer et al. 2007). Again

we tie the turbulent velocity broadening of the two lower-ionized
components and note that the absorption components generally
appear to be roughly only half as velocity-broadened as the
emission components and blueshifted with respect to their
reference energies. We do not favor a different arrangement of
the absorbers and emitters in which the absorber does not absorb
the emission. Partial absorption of the emission lines is needed in
order to account for the centroid locations for several of the
emission lines.

Remaining residuals may be caused by the simplified line
profile modeling that assumes turbulent broadening but neglects
the bulk velocity dispersion in the W-R wind. Other potential
model shortcomings may include insufficient broadening of the
Fe K3 model lines. Line centroids, however, are reproduced
satisfactorily, allowing for detailed velocity measurements, as
well as the depth of the majority of lines. We have also
experimented with allowing for velocity shifts of individual
components to vary independently. This does not improve the
fits, nor does it significantly affect the values of the shifts.
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Table 2
Best-fit Parameters of the Photoionization Model of the Phase-averaged and Phase-resolved Spectra
Parameter Phase Average Bin 1 Bin 2 Bin 4 Bin 5 Bin 6 Bin 7 Bin 8
Continuum

log (Ny)® 22.72¢ 22.72¢ 22.72¢ 22.72¢ 22.72¢ 22.72¢ 22.72¢ 22.72¢

NOrMg; s 30150 36413] 4082 42573 448738 661173 265+13 295432

Ty (keV) 130 £ 0.01 1.26 £ 0.02 1.25 +£0.02 1.24 £ 0.02 1.23 £ 0.02 1154002  1.31+0.02 1.2659%
photemis Component #1

log(norm) 4824093 497409 4.97+09¢ 4744048 481799 483198 4.82 +0.06 5.04610963

log ¢ 1.68 + 0.08 1.5843% 1.57 £0.2 169703 1.58 £ 0.03 1.597040 1.68 + 0.01 1.58+003

Vears" (km s 600:3¢ 661155 70374 50373 52873 604752 631+ 50 726143
photemis Component #2

log(norm) 3.43 £+ 0.03 3.401091 3.34409%3 3.37 £ 0.07 345109 351599 3.54+003 3.68 £ 0.04

logé 2.9140:02 2.9410% 2.94 +0.02 2.837908 2.89750 2.92+5004 2.91 +0.02 2,915

Vern® (kms™h) 60073 661798 70318 50332 52833 604182 631 £ 50 726133
photemis Component #3

log(norm) 221502 2.1379% 2.09 +0.03 2.12 +0.06 2.18 + 0.03 2525044 2425004 2.597008

log¢ >4.92 >4.85 4657042 463703 >4.90 >4.89 >4.94 >4.55

Veary, (km s~ 1466 + 52 16774138 >1919 >1889 1378+132 118073 121174 1070+%
warmabs Component #1

log (M) 2273 +0.02 22884+ 0.04  2282+£0.02  2270+0.04  22.66 % 0.03 227059 22.69810:04 22.75500

log¢ 2.33 +£0.01 2.19 + 0.04 2321901 2.37 +0.02 2.37 +0.02 2337902 2.321500 2204099

Vearye (km s~ 31344 40173 365718 322423 320*12 28039 260*23 2238
warmabs Component #2

log (Viy) 22.05+09 22.15+097 22.29+0938 2229 +0.07 22351997 22374097 21.95+09 21.6419%2

log ¢ 3.082088 3311043 3131040 3.047992 3.02+0.03 3055388 3.047004 3.047433

Vi, (kms™") 31373 40173 365718 32072 320712 280739 260723 2238
warmabs Component #3

log Vi) © 22354043 22281043 22,6605 23.00+1¢ 22.68+091 22.85+048

log ¢ 4507016 >4.62 >4.90 466792 4461097 433198

Vearp, (km s™") 592132 300549 394782 >727 734788 >937

Vohotemis (K s™") 128+ —22 440 —156+8% 32538 687830 135133 239728 15248

Voarmabs (km s~ —526+6 —600 = 30 —576+10 —494+14 —496*17 —476+22 —525+12 —56613

x?/dof 2.49 1.30 1.39 1.27 1.39 1.24 1.48 1.24

Notes.
# These parameters are tied together during spectral fitting.
® Units of Ny in this table are log;o of the column density in units of cm 2.

¢ The column density of the highest-ionized absorption component (warmabs #3) that primarily models the Fe XXVI Lya absorption lines hit the lower limit of
10%° cm™ in the spectra of bins 1 and 2 and was therefore removed in the final fits.

4 This parameter was fixed during spectral fitting.

Our best fit is shown in Figure 2, and the parameters are
given in Table 2. The lower two panels of Figure 2 show the
respective contributions of the individual model components.

4. Orbital-phase-resolved Spectroscopy

We have explored the variability of the spectrum with orbital
phase. We divided the data into eight equally spaced phase bins
as described in Section 2. The procedure for fitting is the same
as in Section 3.2, and we again only focus on the 6-9 keV
band. Figure 3 shows the spectrum in the various phase bins.
The lower panels of Figure 3 show the x residuals of each

phase-resolved spectrum with respect to the best-fit model. The
best-fit parameters for each of the orbital-phase-resolved
spectra are also listed in Table 2, and we show the variation
of the velocity shift of the absorption and emission components
as a function of orbital phase in Figure 4. We fitted for the
systemic velocity vy and the projected velocity semiamplitude
K for both components assuming strictly circular orbits (i.e., an
eccentricity e = 0). We find that the emission component has a
systemic velocity of vie® = 40 £ 20 km s~! and a semiampli-
tude K™ =194 29 km s ', while the absorption component
has a systemic velocity »® = —534 + 6kms~! with a

y's
semiamplitude of K**=55+7kms '. We note that these
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Figure 3. Top: orbital-phase-resolved XRISM/Resolve spectra of Cyg X-3. The gray line shows the respective best-fit model that has the same components as the
phase-averaged model described in Section 3.2. Bottom: x residuals of the individual phase-resolved spectra.
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Figure 4. Top: velocity shift of the photoionized emission components of the spectrum as a function of orbital phase. Middle: velocity shift of the photoionized
absorption components of the spectrum as a function of orbital phase. Red curves show fits of the radial velocity profile (see text for details). Bottom: 2-10 keV
XRISM/Resolve light curve folded on the orbital period of 17,252 s. Two orbital cycles are shown for clarity.

velocities are similar to the velocity shifts for the orbital-phase-
averaged spectrum reported in Table 2, although the different
weighting of the individual phase bins leads to slightly different
values. We observe the maximum redshift of the emission and
absorption components at phase 0.75 £ 0.03 and 0.60 £ 0.03,
respectively.

Examination of Table 2 and Figure 4 shows the following.

1. The phase modulation of the 2-10 keV folded light curve
is not sinusoidal. While the folded light curve has, by
definition, a minimum at phase 0.0, the maximum occurs
near phases 0.6-0.7, rather than at phase 0.5. Previous
observations have shown that the long-term phase-folded
continuum is also not sinusoidal and peaks at phase
0.55-0.60 (A. A. Zdziarski et al. 2012; I. I. Antokhin &
A. M. Cherepashchuk 2019).

2. The emission components have a velocity variation of
K=194+29kms ' and an approximately sinusoidal
phase dependence. The radial velocity of the average flux
is vy° =40 £ 20kms~'. The extreme values occur
near phases 0.25 and 0.75.

3. The intensity of these emission components varies by a
factor of ~2 around the orbit, with the maximum value
occurring near phase 0.75, following a trend similar to the
broadband intensity profile.

4. The ionization parameters of the emission components do
not vary significantly around the orbit. All phase-resolved
spectra show strong lines of the same ion species, except
the Fe XXVI Ly« absorption lines, which are very weak in
bins 1 and 2 (i.e., phases 0-0.25).

5. The absorber velocities vary with the orbit with an
amplitude of K=55-+7kms ' and an average value of
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vs“yt;“ = —534 4+ 6kms~!' and show extreme values at
phases ~0.1 and ~0.6.

6. The amplitude of the velocity modulation of the emission
components is larger than its average, so in some phase
bins it appears redshifted, while in others it appears
blueshifted. The absorption comlponents are always

blueshifted by at least —400 km s

Although the photoionization model reproduces the overall
spectra well, we note distinct characteristics of the Fe XXVI
Lya emission in both the phase-averaged and phase-resolved
spectra. The width of this line, both in emission and absorption,
is about twice as large as for all other lines, and the absorption
line depths do not follow the same trend as ionization states
Fe XXV and below. For this reason, we have also modeled the
line profile of the Fe XXVI Ly« separately to provide a better
comparison with other lines.

We fit the Fe XXVI Ly« line in the spectra of bins 2, 4, and 5,
where evidence of absorption features is confirmed, with a
model consisting of four xspec zgauss components and a
single powerlaw continuum: two zgauss for the Lya; and
Lya, emission, and the other two are the Lya; and Lya,
absorption (thus, the latter two have negative normalization). We
fix the Lya; and Ly, line energies to their rest-frame energies
(6973 eV and 6952 ¢V, respectively) and the Lya; /Lyc, flux
ratio to 2. The redshift and width of the Ly, and Lyas, lines are
assumed to be identical within the emission or absorption
component but are independent between the emission and
absorption. We obtain vy = —392/5 ' kms™!  (bin 2),
—8173 kms™" (bin 4), and 7372} kms' (bin 5) for the
emission component and —397"132kms™' (bin 2), —433 +
56kms~" (bin 4), and —367"]0s kms™" (bin 5) for the absor-
ption component. This indicates a larger amplitude of the orbital
modulation in the emission component than in the absorption
components. This is qualitatively consistent with the results from
the XSTAR-based photoionization model, but the amplitude
obtained here for the emission component is significantly larger.
This suggests that the highest-ionization component is spatially
separate from the low- to-medium-ionization components of the
emission and thus is kinematically separate as well. More details
of the analysis focusing on the Fe XXVI Ly« lines will be
presented in a separate paper.

5. Discussion
5.1. Velocities

We measured the orbital velocity curves of the absorption
and emission features in CygX-3 by fitting our multi-
component photoionization model to the phase-resolved
Fe K-band spectra. In this model, velocity shifts are tied such
that the parameter space is reduced to a single velocity shift for
all absorption features and a single velocity shift for all
emission features. We note that in this model, the velocity shift
of the absorption features is mostly constrained by the series of
absorption lines from Fe XX through Fe XXV, while the
emission component is constrained primarily by the
Fe XXV Hear emission complex. The FeXXVI Lya lines
generally appear much broader, and absorption lines on top
of the strong emission feature are present only in some phase
intervals. This behavior suggests that these lines may probe a
different region of the stellar wind with possibly different
dynamics. We find that our photoionization model generally
describes the profile of the Fe XXVI well if we allow for a larger
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turbulent broadening of these lines, a result that is supported by
our empirical Gaussian model.

The overall small systemic velocity and very sinusoidal
modulation of the velocity shift of the emission components
suggest that their origin is in the vicinity of the compact object
and the velocity modulation being closely connected to its
orbit. Further confirmation for this comes from the orbital
phase variation: the extreme values of the radial velocity of the
emission occur at phases 0.25 and 0.75. This is just what would
be expected for a circular orbit with inferior conjunction at
phase 0. Further confirmation of this hypothesis comes from
the fact that the data require that the absorption absorbs the
emission, which indicates that the absorber must be further
from the compact object than the emitting gas.

We note parenthetically that the relation between the
location of the emitting gas and its ionization parameter
depends strongly on the density distribution close to the
compact object. It is likely that the density will be influenced
by the stellar wind together with structures affected by the
gravity of the compact object: accretion wake, bow shock, or
accretion disk (e.g., J. M. Blondin et al. 1991; I. El Mellah et al.
2019). Simple assumptions about the gas density are therefore
highly uncertain.

The interpretation of the velocity modulation of the absorption
component is less obvious. The absorption components have a
systemic blueshift of ~—530kms "' with a semiamplitude of
~55kms . Such semiamplitude velocities are much less than
the corresponding values for the IR emission lines, which are
attributed to the primary star (K. L. I. Koljonen & T. J. Maccar-
one 2017). If so, it is unclear why the X-ray lines do not show a
comparable speed.

Simple estimates suggest that the ionization parameter of the
stellar wind illuminated by the X-rays from the compact object
is log & ~ 3—4 (see also the discussion in Section 5.3), which is
comparable to the values found for absorption components 1
and 2 in Table 2, and that such ionization parameters can be
sustained over large fractions of the wind. This suggests that
the absorption is due to gas on a spatial scale that is large with
respect to the binary orbit, with density comparable to the
primary stellar wind but with dynamics that are closer to being
symmetric around the system center of mass rather than being
tied to the orbital motion of the primary star. More detailed
inferences about this gas require testing of specific dynamical
models, which we will carry out in a subsequent paper.

The velocity profile of the absorption lines is more difficult
to interpret. The line of sight is expected to cross large volumes
of the wind, and the initial speed as well as the velocity
dispersion and the density profile of the wind will contribute to
the observed absorption line profile and its orbital dependence.
The efficiency of the wind acceleration is further subject to the
degree of ionization by the compact object. While our fitted
semiamplitude of the velocity of the absorption lines is
~55kms™', we note that the change in turbulent velocity
along the orbit is also of the order of several tens of km s~ for
warmabs components 1 and 2, emphasizing the complexity of
the wind dynamics and caveats to the interpretation of the
observational results.

It is still instructive to discuss the quantitative consequences
of our results based on plausible assumptions. An estimate for
the orbital separation is 3.4 R;, = 2.4 x 10" ¢m (O. Vilhu et al.
2009). For wind speeds of a few hundred km s~ ! (before the
wind reaches its terminal velocity), the time for perturbations of



THE ASTROPHYSICAL JOURNAL LETTERS, 977:L.34 (13pp), 2024 December 20

the wind velocity to propagate through the binary system is on
the order of ~10%s. This can be compared with the orbital
period of ~10%s. This suggests that the wind structure will
reflect the motion of the primary star out to large distances.
However, significant apparent phase shifts of the orbital
velocity curve are still possible, and this could account for
the small phase shift of the observed absorption line radial
velocity curve.

If we assume the semiamplitudes of the absorption and
emission components are representative of the motion of the
primary star and the compact object, respectively, then they
allow us to constrain the mass ratio ¢ = My.r/Mco, which we
find to be 3.8 + 0.6 using standard Gaussian error propagation.
Deriving absolute masses is sensitive to the inclination of the
system. A plausible range of nitrogen-rich W-R star masses is
10-83 M, (P. A. Crowther 2007).

More detailed inferences about the system masses and
parameters are complicated owing to the dependence on
inclination, assumptions about the primary, and assumptions
about the locations of the various emission components in the
binary system. We believe that the XRISM spectrum provides a
new opportunity to address these issues, and our model fits are
the first step toward new constraints on the masses. However, a
thorough examination of these issues requires extensive
modeling and analysis of the 3D dynamics and radiative
transfer of the Cyg X-3 binary system, and we have elected to
postpone this until a future paper.

5.2. Emission Line Luminosities

The model parameters allow us to infer the conditions in the
emitting and absorbing gas in Cyg X-3. Fits of the emission
components provide a normalization for the model, as shown in
Table 2. For the photemis model,62 the normalization  is
directly related to the emission measure,

p \
EM = 1.20 x 10°* x k x cm3, €]
1 kpc

where D is the distance to the source. Assuming a distance of
9.7kpc (M. J. Reid & J. C. A. Miller-Jones 2023), photemis
component 2 corresponds to an emission measure EM = 3.0 x
10% cm™>. This can be compared with the value derived from
the emissivity of the Fe XXV resonance line (w). At & =
10°ergems™', the emissivity of this line we obtain from
XSTAR is j/n* =7.91 x 10~*° ergcm® s~ '. From the Gaussian
fits, we infer a luminosity of Ly, = 1.39 x 10% erg s71, so the
emission measure by this method is EM = 1.76 x 10° cm .
We note that this is at best a rough estimate, since the line
emissivity is sensitive to assumptions about density, the rate for
radiative excitation, and the charge state distribution. This
emission measure corresponds to the total density of nuclei, not
just iron, and it assumes solar abundances of iron. W-R winds
are expected to be highly depleted in hydrogen. This affects the
ionization balance by resulting in a greater electron number
density relative to the nuclei. This can enhance the total line
emissivity by a factor of <2.

The emission measures derived above can be compared with
the values that can be provided by a stellar wind appropriate for

%2 For details, see the XSTAR manual hitps://heasarc.gsfc.nasa.gov /xstar/
xstar.html.
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a W-R star. If the star has a mass-loss rate M = 107> M, yr~!
and wind speed v of 1000 kms™' (we assume it to be constant
for now), then the wind density as a function of radius is

M /pmy

-
=3.04 x 10“cm*3(i)
47R%y 102 cm

(o) o
1000 km s~ 105M, yr ')’

where p is the average atomic weight per nucleon (here we
assume p = 1, i.e., pure hydrogen). The total emission measure
in the wind is then obtained by integration from an innermost
radius R to infinity:

n(R) =

@)

. 2
EM = L [M/mmu 6 5 1090 e
47R %
(ts) (o) (i)
102 cm 1000 km s~ 105Myyr ') -
3)

This estimate is greater than what is needed to produce the
observed lines assuming the wind is optically thin based on the
simple estimates given above. Thus, it is plausible that the wind
itself can supply the gas seen in the X-ray lines. More detailed
comparisons must include models or assumptions about the gas
dynamics together with detailed multidimensional radiative
transfer calculations.

5.3. Absorption Lines

The results of our spectral fitting presented in Section 3.2
show the presence of ionized plasma components with an
ionization parameter of order log& ~ 2-3. This is consistent
with crude order-of-magnitude estimates of the ionizing
conditions in a system with column density ~10*? cm ™2, density
n~ 10" cm73, size of the absorbing medium R ~ 10'? cm, and
luminosity of the X-ray source L~ 10*®ergs™".

We have also made a very simple simulation to estimate the
range of ionization parameters that would be expected in
Cyg X-3. We assume that the gas is supplied by the stellar
wind, which is spherically symmetric around the star. The total
wind mass-loss rate is 10> M, yr ', and the terminal velocity
is 1000 km s~ ! with a “beta law”; i.e., velocity versus radius is
given by v(R) =~ v, (1 — Ry/R)® with 3= 1. The X-ray source
is assumed to be isotropic with luminosity of 10 ergs™'. We
find that the average ionization parameter in the wind is
log ¢ ~ 3. This is approximately constant over a large region
since both the wind and radiation density are diluted at the
same rate at large distances. The ionization parameter can be
much greater close to the X-ray source, log & ~ 4-5, and much
smaller close to the star. Although the dynamics and density
distribution in this simulation are highly idealized, this
demonstrates that the wind can supply gas at approximately
the right ionization parameter to account for the absorption
component that we observe in Cyg X-3.

6. Conclusions

The XRISM/Resolve spectrum of CygX-3 shows excep-
tionally strong emission and absorption in lines from iron and
other abundant elements. These lines come from partially
ionized species, though there is evidence for emission from
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near-neutral iron. The iron Ka lines show a complex
interlocking structure in which resonance absorption partially
suppresses emission and shifts the apparent peaks of the
emission lines. We fit photoionization models for the emission
and absorption components and derive Doppler shifts, line
broadening, and plasma conditions. We show that the lines
come from a range of ionic species broader than is typical for
single-zone photoionization models. The absorption line shifts
are generally consistent with a single blueshift, corresponding
to a speed of —534 + 6km s~ '. The average velocity shift of
the emission lines is significantly smaller. We use the orbital
phase variability to infer possible locations and kinematics for
the various absorption and emission components. We show that
the absorption line Doppler shift varies with a semiamplitude of
55+ 7kms”! around the orbit, while the emission line
Doppler shift varies by 194 +£29kms ', This suggests that
the absorption comes from the wind or associated structures on
a size scale comparable to the binary orbit. The strengths of the
absorption lines are crudely consistent with what is known
about the primary wind. The orbital phase dependence of the
emission is consistent with being fixed relative to the compact
object in its orbit. The luminosity of the emission lines is
consistent with emission from gas that is photoionized by the
observed X-ray continuum.

Acknowledgments

We thank the anonymous referee for an insightful and
constructive review that improved this work. Part of this
work was performed under the auspices of the U.S. Department
of Energy by Lawrence Livermore National Laboratory under
contract DE-AC52-07NA27344. The material is based upon
work supported by NASA under award No. 80GSFC21M0002.
This work was supported by JSPS KAKENHI grant Nos.

JP22H00158, JP22HO01268, JP22K03624, JP23H04899,
JP21K13963, JP24K00638, JP24K17105, JP21K13958,
JP21HO01095, JP23K20850, JP24HO00253, JP21K03615,
JP24K00677, JP20K14491, JP23HO00151, JP19K21884,
JP20HO01947, JP20KKO0071, JP23K20239, JP24K00672,
JP24K17104, JP24K17093, JP20K04009, JP21H(04493,
JP20H01946, JP23K13154, JP19K14762, JP20HO05857, and

JP23K03459. This work was supported by NASA grant Nos.
80NSSC20K0733,  80ONSSC18K0978,  80ONSSC20K0883,
80ONSSC20K0737, 80NSSC24K0678, 80ONSSC18K1684, and
8ONNSC22K1922. L.C. acknowledges support from NSF award
2205918. C.D. acknowledges support from STFC through grant
ST/T000244/1. L.G. acknowledges financial support from
Canadian Space Agency grant I8XARMSTMA. M.M. acknowl-
edges support from Yamada Science Foundation. M.S. acknowl-
edges the support by the RIKEN Pioneering Project Evolution of
Matter in the Universe (r-EMU) and Rikkyo University Special
Fund for Research (Rikkyo SFR). A.T. and the present research
are in part supported by the Kagoshima University postdoctoral
research program (KU-DREAM). S.Y. acknowledges support by
the RIKEN SPDR Program. 1.Z. acknowledges partial support
from the Alfred P. Sloan Foundation through the Sloan Research
Fellowship. K.LLK. has received funding from the European
Research Council (ERC) under the European Union’s Horizon
2020 research and innovation program (grant agreement No.
101002352; PI: M. Linares). This work was supported by the
JSPS Core-to-Core Program, JPJSCCA20220002. The material
is based on work supported by the Strategic Research Center of
Saitama University.

12

Audard et al.

ORCID iDs

Marc Audard @ https: //orcid.org/0000-0003-4721-034X
Hisamitsu Awaki © https: //orcid.org/0000-0001-7204-4350
Ralf Ballhausen @ https: //orcid.org/0000-0002-1118-8470
Aya Bamba © https: //orcid.org /0000-0003-0890-4920

Ehud Behar © https: //orcid.org /0000-0001-9735-4873
Rozenn Boissay-Malaquin ® https: //orcid.org/0000-0003-
2704-599X

Laura Brenneman ® https: //orcid.org/0000-0003-2663-1954
Gregory V. Brown @ https: //orcid.org/0000-0001-6338-9445
Lia Corrales @ https: //orcid.org/0000-0002-5466-3817

Elisa Costantini @ https: //orcid.org/0000-0001-8470-749X
Renata Cumbee © https: //orcid.org,/0000-0001-9894-295X
Marfa Diaz Trigo @ https: //orcid.org/0000-0001-7796-4279
Chris Done @ https: //orcid.org /0000-0002-1065-7239

Ken Ebisawa © https: //orcid.org/0000-0002-5352-7178
Megan E. Eckart © https: //orcid.org/0000-0003-3894-5889
Dominique Eckert © https: //orcid.org/0000-0001-7917-3892
Satoshi Eguchi @ https: //orcid.org/0000-0003-2814-9336
Teruaki Enoto ® https: //orcid.org /0000-0003-1244-3100
Adam Foster @ https: //orcid.org/0000-0003-3462-8886
Ryuichi Fujimoto © https: //orcid.org/0000-0002-2374-7073
Yutaka Fujita ® https: //orcid.org /0000-0003-0058-9719
Yasushi Fukazawa @ hittps: //orcid.org /0000-0002-0921-8837
Kotaro Fukushima ® https: //orcid.org/0000-0001-8055-7113
Luigi Gallo @ hittps: //orcid.org /0009-0006-4968-7108

Javier A. Garcia © https: //orcid.org/0000-0003-3828-2448
Liyi Gu @ https: //orcid.org/0000-0001-9911-7038

Matteo Guainazzi ® https: //orcid.org /0000-0002-1094-3147
Kouichi Hagino @ https: //orcid.org /0000-0003-4235-5304
Kenji Hamaguchi ® https: //orcid.org/0000-0001-7515-2779
Isamu Hatsukade ® https: //orcid.org/0000-0003-3518-3049
Katsuhiro Hayashi © https: //orcid.org/0000-0001-6922-6583
Takayuki Hayashi @ https: //orcid.org/0000-0001-6665-2499
Natalie Hell @ https: //orcid.org/0000-0003-3057-1536
Edmund Hodges-Kluck @ https: //orcid.org/0000-0002-2397-206X
Ann Hornschemeier @ https: //orcid.org,/0000-0001-8667-268 1
Yuto Ichinohe © https: //orcid.org/0000-0002-6102-1441

Jelle Kaastra @ https: //orcid.org/0000-0001-5540-2822

Erin Kara © https: //orcid.org/0000-0003-0172-0854

Satoru Katsuda © https: //orcid.org/0000-0002-1104-7205
Yoshiaki Kanemaru @ hittps: //orcid.org/0000-0002-4541-1044
Richard Kelley ® https: //orcid.org/0009-0007-2283-3336
Caroline Kilbourne ® https: //orcid.org/0000-0001-9464-4103
Shunji Kitamoto © https: //orcid.org/0000-0001-8948-7983
Shogo Kobayashi @ https: //orcid.org/0000-0001-7773-9266
Maurice Leutenegger © https: //orcid.org/0000-0002-3331-7595
Michael Loewenstein © https: //orcid.org/0000-0002-1661-4029
Yoshitomo Maeda ® https: //orcid.org/0000-0002-9099-5755
Maxim Markevitch ® https: //orcid.org/0000-0003-0144-4052
Kyoko Matsushita © https: //orcid.org/0000-0003-2907-0902
Dan McCammon @ https: //orcid.org/0000-0001-5170-4567
Brian McNamara © https: //orcid.org/0000-0002-2622-2627
Frangois Mernier © https: //orcid.org/0000-0002-7031-4772
Eric D. Miller ® https: //orcid.org/0000-0002-3031-2326

Jon M. Miller ® https: //orcid.org/0000-0003-2869-7682
Ikuyuki Mitsuishi @ https: //orcid.org/0000-0002-9901-233X
Misaki Mizumoto ® https: //orcid.org/0000-0003-2161-0361
Tsunefumi Mizuno @ https: //orcid.org/0000-0001-7263-0296
Koji Mori @ https: //orcid.org/0000-0002-0018-0369

Koji Mukai @ https: //orcid.org/0000-0002-8286-8094
Richard Mushotzky @ hittps: //orcid.org/0000-0002-7962-5446


https://orcid.org/0000-0003-4721-034X
https://orcid.org/0000-0003-4721-034X
https://orcid.org/0000-0003-4721-034X
https://orcid.org/0000-0003-4721-034X
https://orcid.org/0000-0001-7204-4350
https://orcid.org/0000-0001-7204-4350
https://orcid.org/0000-0001-7204-4350
https://orcid.org/0000-0001-7204-4350
https://orcid.org/0000-0002-1118-8470
https://orcid.org/0000-0002-1118-8470
https://orcid.org/0000-0002-1118-8470
https://orcid.org/0000-0002-1118-8470
https://orcid.org/0000-0003-0890-4920
https://orcid.org/0000-0003-0890-4920
https://orcid.org/0000-0003-0890-4920
https://orcid.org/0000-0003-0890-4920
https://orcid.org/0000-0001-9735-4873
https://orcid.org/0000-0001-9735-4873
https://orcid.org/0000-0001-9735-4873
https://orcid.org/0000-0001-9735-4873
https://orcid.org/0000-0003-2704-599X
https://orcid.org/0000-0003-2704-599X
https://orcid.org/0000-0003-2704-599X
https://orcid.org/0000-0003-2704-599X
https://orcid.org/0000-0003-2704-599X
https://orcid.org/0000-0003-2663-1954
https://orcid.org/0000-0003-2663-1954
https://orcid.org/0000-0003-2663-1954
https://orcid.org/0000-0003-2663-1954
https://orcid.org/0000-0001-6338-9445
https://orcid.org/0000-0001-6338-9445
https://orcid.org/0000-0001-6338-9445
https://orcid.org/0000-0001-6338-9445
https://orcid.org/0000-0002-5466-3817
https://orcid.org/0000-0002-5466-3817
https://orcid.org/0000-0002-5466-3817
https://orcid.org/0000-0002-5466-3817
https://orcid.org/0000-0001-8470-749X
https://orcid.org/0000-0001-8470-749X
https://orcid.org/0000-0001-8470-749X
https://orcid.org/0000-0001-8470-749X
https://orcid.org/0000-0001-9894-295X
https://orcid.org/0000-0001-9894-295X
https://orcid.org/0000-0001-9894-295X
https://orcid.org/0000-0001-9894-295X
https://orcid.org/0000-0001-7796-4279
https://orcid.org/0000-0001-7796-4279
https://orcid.org/0000-0001-7796-4279
https://orcid.org/0000-0001-7796-4279
https://orcid.org/0000-0002-1065-7239
https://orcid.org/0000-0002-1065-7239
https://orcid.org/0000-0002-1065-7239
https://orcid.org/0000-0002-1065-7239
https://orcid.org/0000-0002-5352-7178
https://orcid.org/0000-0002-5352-7178
https://orcid.org/0000-0002-5352-7178
https://orcid.org/0000-0002-5352-7178
https://orcid.org/0000-0003-3894-5889
https://orcid.org/0000-0003-3894-5889
https://orcid.org/0000-0003-3894-5889
https://orcid.org/0000-0003-3894-5889
https://orcid.org/0000-0001-7917-3892
https://orcid.org/0000-0001-7917-3892
https://orcid.org/0000-0001-7917-3892
https://orcid.org/0000-0001-7917-3892
https://orcid.org/0000-0003-2814-9336
https://orcid.org/0000-0003-2814-9336
https://orcid.org/0000-0003-2814-9336
https://orcid.org/0000-0003-2814-9336
https://orcid.org/0000-0003-1244-3100
https://orcid.org/0000-0003-1244-3100
https://orcid.org/0000-0003-1244-3100
https://orcid.org/0000-0003-1244-3100
https://orcid.org/0000-0003-3462-8886
https://orcid.org/0000-0003-3462-8886
https://orcid.org/0000-0003-3462-8886
https://orcid.org/0000-0003-3462-8886
https://orcid.org/0000-0002-2374-7073
https://orcid.org/0000-0002-2374-7073
https://orcid.org/0000-0002-2374-7073
https://orcid.org/0000-0002-2374-7073
https://orcid.org/0000-0003-0058-9719
https://orcid.org/0000-0003-0058-9719
https://orcid.org/0000-0003-0058-9719
https://orcid.org/0000-0003-0058-9719
https://orcid.org/0000-0002-0921-8837
https://orcid.org/0000-0002-0921-8837
https://orcid.org/0000-0002-0921-8837
https://orcid.org/0000-0002-0921-8837
https://orcid.org/0000-0001-8055-7113
https://orcid.org/0000-0001-8055-7113
https://orcid.org/0000-0001-8055-7113
https://orcid.org/0000-0001-8055-7113
https://orcid.org/0009-0006-4968-7108
https://orcid.org/0009-0006-4968-7108
https://orcid.org/0009-0006-4968-7108
https://orcid.org/0009-0006-4968-7108
https://orcid.org/0000-0003-3828-2448
https://orcid.org/0000-0003-3828-2448
https://orcid.org/0000-0003-3828-2448
https://orcid.org/0000-0003-3828-2448
https://orcid.org/0000-0001-9911-7038
https://orcid.org/0000-0001-9911-7038
https://orcid.org/0000-0001-9911-7038
https://orcid.org/0000-0001-9911-7038
https://orcid.org/0000-0002-1094-3147
https://orcid.org/0000-0002-1094-3147
https://orcid.org/0000-0002-1094-3147
https://orcid.org/0000-0002-1094-3147
https://orcid.org/0000-0003-4235-5304
https://orcid.org/0000-0003-4235-5304
https://orcid.org/0000-0003-4235-5304
https://orcid.org/0000-0003-4235-5304
https://orcid.org/0000-0001-7515-2779
https://orcid.org/0000-0001-7515-2779
https://orcid.org/0000-0001-7515-2779
https://orcid.org/0000-0001-7515-2779
https://orcid.org/0000-0003-3518-3049
https://orcid.org/0000-0003-3518-3049
https://orcid.org/0000-0003-3518-3049
https://orcid.org/0000-0003-3518-3049
https://orcid.org/0000-0001-6922-6583
https://orcid.org/0000-0001-6922-6583
https://orcid.org/0000-0001-6922-6583
https://orcid.org/0000-0001-6922-6583
https://orcid.org/0000-0001-6665-2499
https://orcid.org/0000-0001-6665-2499
https://orcid.org/0000-0001-6665-2499
https://orcid.org/0000-0001-6665-2499
https://orcid.org/0000-0003-3057-1536
https://orcid.org/0000-0003-3057-1536
https://orcid.org/0000-0003-3057-1536
https://orcid.org/0000-0003-3057-1536
https://orcid.org/0000-0002-2397-206X
https://orcid.org/0000-0002-2397-206X
https://orcid.org/0000-0002-2397-206X
https://orcid.org/0000-0002-2397-206X
https://orcid.org/0000-0001-8667-2681
https://orcid.org/0000-0001-8667-2681
https://orcid.org/0000-0001-8667-2681
https://orcid.org/0000-0001-8667-2681
https://orcid.org/0000-0002-6102-1441
https://orcid.org/0000-0002-6102-1441
https://orcid.org/0000-0002-6102-1441
https://orcid.org/0000-0002-6102-1441
https://orcid.org/0000-0001-5540-2822
https://orcid.org/0000-0001-5540-2822
https://orcid.org/0000-0001-5540-2822
https://orcid.org/0000-0001-5540-2822
https://orcid.org/0000-0003-0172-0854
https://orcid.org/0000-0003-0172-0854
https://orcid.org/0000-0003-0172-0854
https://orcid.org/0000-0003-0172-0854
https://orcid.org/0000-0002-1104-7205
https://orcid.org/0000-0002-1104-7205
https://orcid.org/0000-0002-1104-7205
https://orcid.org/0000-0002-1104-7205
https://orcid.org/0000-0002-4541-1044
https://orcid.org/0000-0002-4541-1044
https://orcid.org/0000-0002-4541-1044
https://orcid.org/0000-0002-4541-1044
https://orcid.org/0009-0007-2283-3336
https://orcid.org/0009-0007-2283-3336
https://orcid.org/0009-0007-2283-3336
https://orcid.org/0009-0007-2283-3336
https://orcid.org/0000-0001-9464-4103
https://orcid.org/0000-0001-9464-4103
https://orcid.org/0000-0001-9464-4103
https://orcid.org/0000-0001-9464-4103
https://orcid.org/0000-0001-8948-7983
https://orcid.org/0000-0001-8948-7983
https://orcid.org/0000-0001-8948-7983
https://orcid.org/0000-0001-8948-7983
https://orcid.org/0000-0001-7773-9266
https://orcid.org/0000-0001-7773-9266
https://orcid.org/0000-0001-7773-9266
https://orcid.org/0000-0001-7773-9266
https://orcid.org/0000-0002-3331-7595
https://orcid.org/0000-0002-3331-7595
https://orcid.org/0000-0002-3331-7595
https://orcid.org/0000-0002-3331-7595
https://orcid.org/0000-0002-1661-4029
https://orcid.org/0000-0002-1661-4029
https://orcid.org/0000-0002-1661-4029
https://orcid.org/0000-0002-1661-4029
https://orcid.org/0000-0002-9099-5755
https://orcid.org/0000-0002-9099-5755
https://orcid.org/0000-0002-9099-5755
https://orcid.org/0000-0002-9099-5755
https://orcid.org/0000-0003-0144-4052
https://orcid.org/0000-0003-0144-4052
https://orcid.org/0000-0003-0144-4052
https://orcid.org/0000-0003-0144-4052
https://orcid.org/0000-0003-2907-0902
https://orcid.org/0000-0003-2907-0902
https://orcid.org/0000-0003-2907-0902
https://orcid.org/0000-0003-2907-0902
https://orcid.org/0000-0001-5170-4567
https://orcid.org/0000-0001-5170-4567
https://orcid.org/0000-0001-5170-4567
https://orcid.org/0000-0001-5170-4567
https://orcid.org/0000-0002-2622-2627
https://orcid.org/0000-0002-2622-2627
https://orcid.org/0000-0002-2622-2627
https://orcid.org/0000-0002-2622-2627
https://orcid.org/0000-0002-7031-4772
https://orcid.org/0000-0002-7031-4772
https://orcid.org/0000-0002-7031-4772
https://orcid.org/0000-0002-7031-4772
https://orcid.org/0000-0002-3031-2326
https://orcid.org/0000-0002-3031-2326
https://orcid.org/0000-0002-3031-2326
https://orcid.org/0000-0002-3031-2326
https://orcid.org/0000-0003-2869-7682
https://orcid.org/0000-0003-2869-7682
https://orcid.org/0000-0003-2869-7682
https://orcid.org/0000-0003-2869-7682
https://orcid.org/0000-0002-9901-233X
https://orcid.org/0000-0002-9901-233X
https://orcid.org/0000-0002-9901-233X
https://orcid.org/0000-0002-9901-233X
https://orcid.org/0000-0003-2161-0361
https://orcid.org/0000-0003-2161-0361
https://orcid.org/0000-0003-2161-0361
https://orcid.org/0000-0003-2161-0361
https://orcid.org/0000-0001-7263-0296
https://orcid.org/0000-0001-7263-0296
https://orcid.org/0000-0001-7263-0296
https://orcid.org/0000-0001-7263-0296
https://orcid.org/0000-0002-0018-0369
https://orcid.org/0000-0002-0018-0369
https://orcid.org/0000-0002-0018-0369
https://orcid.org/0000-0002-0018-0369
https://orcid.org/0000-0002-8286-8094
https://orcid.org/0000-0002-8286-8094
https://orcid.org/0000-0002-8286-8094
https://orcid.org/0000-0002-8286-8094
https://orcid.org/0000-0002-7962-5446
https://orcid.org/0000-0002-7962-5446
https://orcid.org/0000-0002-7962-5446
https://orcid.org/0000-0002-7962-5446

THE ASTROPHYSICAL JOURNAL LETTERS, 977:L.34 (13pp), 2024 December 20

Hiroshi Nakajima ® https: //orcid.org/0000-0001-6988-3938
Kazuhiro Nakazawa ©® https: //orcid.org/0000-0003-2930-350X
Jan-Uwe Ness @ https: //orcid.org/0000-0003-0440-7193
Kumiko Nobukawa @ https: //orcid.org/0000-0002-0726-7862
Masayoshi Nobukawa © https: /orcid.org/0000-0003-1130-5363
Hirofumi Noda ® https: //orcid.org/0000-0001-6020-517X
Shoji Ogawa ® https: //orcid.org/0000-0002-5701-0811

Anna Ogorzalek ® https: //orcid.org/0000-0003-4504-2557
Takashi Okajima ® https: //orcid.org/0000-0002-6054-3432
Naomi Ota @ https: //orcid.org/0000-0002-2784-3652
Stephane Paltani ® https: //orcid.org/0000-0002-8108-9179
Robert Petre @ https: //orcid.org/0000-0003-3850-2041

Paul Plucinsky ® https: //orcid.org/0000-0003-1415-5823
Frederick S. Porter © https: //orcid.org/0000-0002-6374-1119
Katja Pottschmidt ® https: //orcid.org/0000-0002-4656-6881
Makoto Sawada ©® https: //orcid.org /0000-0003-2008-6387
Megumi Shidatsu @ https: //orcid.org/0000-0001-8195-6546
Aurora Simionescu © https: //orcid.org/0000-0002-9714-3862
Randall Smith © https: //orcid.org/0000-0003-4284-4167
Hiromasa Suzuki © https: /orcid.org/0000-0002-8152-6172
Andrew Szymkowiak © https: /orcid.org/0000-0002-4974-687X
Hiromitsu Takahashi @ https: //orcid.org/0000-0001-6314-5897
Toru Tamagawa @ https: //orcid.org/0000-0002-8801-6263
Takaaki Tanaka @ https: //orcid.org/0000-0002-4383-0368
Atsushi Tanimoto ® https: //orcid.org/0000-0002-0114-5581
Makoto Tashiro @ https: //orcid.org/0000-0002-5097-1257
Yukikatsu Terada @ hittps: //orcid.org/0000-0002-2359-1857
Yuichi Terashima @ https: //orcid.org/0000-0003-1780-5481
Yohko Tsuboi @ https: //orcid.org/0000-0001-9943-0024
Masahiro Tsujimoto ® https: //orcid.org/0000-0002-9184-5556
Takeshi Tsuru @ https: //orcid.org/0000-0002-5504-4903
Hiroyuki Uchida ® https: //orcid.org /0000-0003-1518-2188
Nagomi Uchida ® https: //orcid.org/0000-0002-5641-745X
Yuusuke Uchida @ https: //orcid.org/0000-0002-7962-4136
Hideki Uchiyama ©® https: //orcid.org/0000-0003-4580-4021
Yoshihiro Ueda @ https: //orcid.org/0000-0001-7821-6715
Jacco Vink @ https: //orcid.org/0000-0002-4708-4219

Shin Watanabe ® https: //orcid.org/0000-0003-0441-7404
Brian J. Williams @ https: //orcid.org/0000-0003-2063-381X
Satoshi Yamada ® https: //orcid.org,/0000-0002-9754-3081
Shinya Yamada @ https: //orcid.org/0000-0003-4808-893X
Hiroya Yamaguchi ® https: //orcid.org/0000-0002-5092-6085
Kazutaka Yamaoka © https: //orcid.org/0000-0003-3841-0980
Noriko Yamasaki © https: //orcid.org/0000-0003-4885-5537
Makoto Yamauchi @ https: //orcid.org/0000-0003-1100-1423
Mihoko Yukita @ https: //orcid.org /0000-0001-6366-3459
Irina Zhuravleva ® https: //orcid.org,/0000-0001-7630-8085
Ryota Tomaru ® https: //orcid.org/0000-0002-6797-2539

13

Audard et al.

Daiki Miura © https: //orcid.org/0009-0009-0439-1866
Karri Koljonen ® https: //orcid.org/0000-0002-9677-1533
Mike McCollough © https: //orcid.org/0000-0002-8384-3374

References

Anders, E., & Grevesse, N. 1989, GeCoA, 53, 197

Antokhin, L. L., & Cherepashchuk, A. M. 2019, ApJ, 871, 244

Arnaud, K. A. 1996, in ASP Conf. Ser. 101, Astronomical Data Analysis
Software and Systems V, ed. G. H. Jacoby & J. Barnes (San Francisco, CA:
ASP), 17

Beals, C. S. 1929, MNRAS, 90, 202

Blondin, J. M., Stevens, I. R., & Kallman, T. R. 1991, ApJ, 371, 684

Crowther, P. A. 2007, ARA&A, 45, 177

El Mellah, I., Sundqvist, J. O., & Keppens, R. 2019, A&A, 622, L3

Gabriel, A. H., & Jordan, C. 1969, MNRAS, 145, 241

Hjalmarsdotter, L., Zdziarski, A. A., Larsson, S., et al. 2008, MNRAS,
384, 278

Holczer, T., Behar, E., & Kaspi, S. 2007, ApJ, 663, 799

Houck, J. C., & Denicola, L. A. 2000, in ASP Conf. Ser. 216, Astronomical
Data Analysis Software and Systems IX, ed. N. Manset, C. Veillet, &
D. Crabtree (San Francisco, CA: ASP), 591

Kalberla, P. M. W., Burton, W. B., Hartmann, D., et al. 2005, A&A, 440, 775

Kallman, T., McCollough, M., Koljonen, K., et al. 2019, ApJ, 874, 51

Kinkhabwala, A., Sako, M., Behar, E., et al. 2002, ApJ, 575, 732

Koljonen, K. I. I., Hannikainen, D. C., McCollough, M. L., Pooley, G. G., &
Trushkin, S. A. 2010, MNRAS, 406, 307

Koljonen, K. I. I., Maccarone, T., McCollough, M. L., et al. 2018, A&A,
612, A27

Koljonen, K. I. I., & Maccarone, T. J. 2017, MNRAS, 472, 2181

Liedahl, D. A., & Paerels, F. 1996, ApJL, 468, L33

Paerels, F., Cottam, J., Sako, M., et al. 2000, ApJL, 533, L135

Parsignault, D. R., Gursky, H., Kellogg, E. M., et al. 1972, NPhS, 239, 123

Reid, M. J., & Miller-Jones, J. C. A. 2023, ApJ, 959, 85

Serlemitsos, P. J., Boldt, E. A., Holt, S. S., Rothschild, R. E., & Saba, J. L. R.
1975, ApJL, 201, L9

Stark, M. J., & Saia, M. 2003, ApJL, 587, L101

Suryanarayanan, A., Paerels, F., & Leutenegger, M. 2024, ApJ, 969, 110

Szostek, A., & Zdziarski, A. A. 2008, MNRAS, 386, 593

Tarter, C. B., Tucker, W. H., & Salpeter, E. E. 1969, ApJ, 156, 943

Tashiro, M., Maejima, H., Toda, K., et al. 2020, Proc. SPIE, 11444, 1144422

van Kerkwijk, M. H., Charles, P. A., Geballe, T. R., et al. 1992, Natur,
355, 703

van Kerkwijk, M. H., Geballe, T. R., King, D. L., van der Klis, M., &
van Paradijs, J. 1996, A&A, 314, 521

Verner, D. A., & Yakovlev, D. G. 1995, A&AS, 109, 125

Vilhu, O., Hakala, P., Hannikainen, D. C., McCollough, M., & Koljonen, K.
2009, A&A, 501, 679

Waltman, E. B., Ghigo, F. D., Johnston, K. J., et al. 1995, AJ, 110, 290

Willingale, R., King, A. R., & Pounds, K. A. 1985, MNRAS, 215, 295

Willis, A. J., van der Hucht, K. A., Conti, P. S., & Garmany, D. 1986, A&AS,
63, 417

Wilms, J., Allen, A., & McCray, R. 2000, ApJ, 542, 914

Zdziarski, A. A., Maitra, C., Frankowski, A., Skinner, G. K., & Misra, R. 2012,
MNRAS, 426, 1031

Zdziarski, A. A., Misra, R., & Gierlinski, M. 2010, MNRAS, 402, 767


https://orcid.org/0000-0001-6988-3938
https://orcid.org/0000-0001-6988-3938
https://orcid.org/0000-0001-6988-3938
https://orcid.org/0000-0001-6988-3938
https://orcid.org/0000-0003-2930-350X
https://orcid.org/0000-0003-2930-350X
https://orcid.org/0000-0003-2930-350X
https://orcid.org/0000-0003-2930-350X
https://orcid.org/0000-0003-0440-7193
https://orcid.org/0000-0003-0440-7193
https://orcid.org/0000-0003-0440-7193
https://orcid.org/0000-0003-0440-7193
https://orcid.org/0000-0002-0726-7862
https://orcid.org/0000-0002-0726-7862
https://orcid.org/0000-0002-0726-7862
https://orcid.org/0000-0002-0726-7862
https://orcid.org/0000-0003-1130-5363
https://orcid.org/0000-0003-1130-5363
https://orcid.org/0000-0003-1130-5363
https://orcid.org/0000-0003-1130-5363
https://orcid.org/0000-0001-6020-517X
https://orcid.org/0000-0001-6020-517X
https://orcid.org/0000-0001-6020-517X
https://orcid.org/0000-0001-6020-517X
https://orcid.org/0000-0002-5701-0811
https://orcid.org/0000-0002-5701-0811
https://orcid.org/0000-0002-5701-0811
https://orcid.org/0000-0002-5701-0811
https://orcid.org/0000-0003-4504-2557
https://orcid.org/0000-0003-4504-2557
https://orcid.org/0000-0003-4504-2557
https://orcid.org/0000-0003-4504-2557
https://orcid.org/0000-0002-6054-3432
https://orcid.org/0000-0002-6054-3432
https://orcid.org/0000-0002-6054-3432
https://orcid.org/0000-0002-6054-3432
https://orcid.org/0000-0002-2784-3652
https://orcid.org/0000-0002-2784-3652
https://orcid.org/0000-0002-2784-3652
https://orcid.org/0000-0002-2784-3652
https://orcid.org/0000-0002-8108-9179
https://orcid.org/0000-0002-8108-9179
https://orcid.org/0000-0002-8108-9179
https://orcid.org/0000-0002-8108-9179
https://orcid.org/0000-0003-3850-2041
https://orcid.org/0000-0003-3850-2041
https://orcid.org/0000-0003-3850-2041
https://orcid.org/0000-0003-3850-2041
https://orcid.org/0000-0003-1415-5823
https://orcid.org/0000-0003-1415-5823
https://orcid.org/0000-0003-1415-5823
https://orcid.org/0000-0003-1415-5823
https://orcid.org/0000-0002-6374-1119
https://orcid.org/0000-0002-6374-1119
https://orcid.org/0000-0002-6374-1119
https://orcid.org/0000-0002-6374-1119
https://orcid.org/0000-0002-4656-6881
https://orcid.org/0000-0002-4656-6881
https://orcid.org/0000-0002-4656-6881
https://orcid.org/0000-0002-4656-6881
https://orcid.org/0000-0003-2008-6887
https://orcid.org/0000-0003-2008-6887
https://orcid.org/0000-0003-2008-6887
https://orcid.org/0000-0003-2008-6887
https://orcid.org/0000-0001-8195-6546
https://orcid.org/0000-0001-8195-6546
https://orcid.org/0000-0001-8195-6546
https://orcid.org/0000-0001-8195-6546
https://orcid.org/0000-0002-9714-3862
https://orcid.org/0000-0002-9714-3862
https://orcid.org/0000-0002-9714-3862
https://orcid.org/0000-0002-9714-3862
https://orcid.org/0000-0003-4284-4167
https://orcid.org/0000-0003-4284-4167
https://orcid.org/0000-0003-4284-4167
https://orcid.org/0000-0003-4284-4167
https://orcid.org/0000-0002-8152-6172
https://orcid.org/0000-0002-8152-6172
https://orcid.org/0000-0002-8152-6172
https://orcid.org/0000-0002-8152-6172
https://orcid.org/0000-0002-4974-687X
https://orcid.org/0000-0002-4974-687X
https://orcid.org/0000-0002-4974-687X
https://orcid.org/0000-0002-4974-687X
https://orcid.org/0000-0001-6314-5897
https://orcid.org/0000-0001-6314-5897
https://orcid.org/0000-0001-6314-5897
https://orcid.org/0000-0001-6314-5897
https://orcid.org/0000-0002-8801-6263
https://orcid.org/0000-0002-8801-6263
https://orcid.org/0000-0002-8801-6263
https://orcid.org/0000-0002-8801-6263
https://orcid.org/0000-0002-4383-0368
https://orcid.org/0000-0002-4383-0368
https://orcid.org/0000-0002-4383-0368
https://orcid.org/0000-0002-4383-0368
https://orcid.org/0000-0002-0114-5581
https://orcid.org/0000-0002-0114-5581
https://orcid.org/0000-0002-0114-5581
https://orcid.org/0000-0002-0114-5581
https://orcid.org/0000-0002-5097-1257
https://orcid.org/0000-0002-5097-1257
https://orcid.org/0000-0002-5097-1257
https://orcid.org/0000-0002-5097-1257
https://orcid.org/0000-0002-2359-1857
https://orcid.org/0000-0002-2359-1857
https://orcid.org/0000-0002-2359-1857
https://orcid.org/0000-0002-2359-1857
https://orcid.org/0000-0003-1780-5481
https://orcid.org/0000-0003-1780-5481
https://orcid.org/0000-0003-1780-5481
https://orcid.org/0000-0003-1780-5481
https://orcid.org/0000-0001-9943-0024
https://orcid.org/0000-0001-9943-0024
https://orcid.org/0000-0001-9943-0024
https://orcid.org/0000-0001-9943-0024
https://orcid.org/0000-0002-9184-5556
https://orcid.org/0000-0002-9184-5556
https://orcid.org/0000-0002-9184-5556
https://orcid.org/0000-0002-9184-5556
https://orcid.org/0000-0002-5504-4903
https://orcid.org/0000-0002-5504-4903
https://orcid.org/0000-0002-5504-4903
https://orcid.org/0000-0002-5504-4903
https://orcid.org/0000-0003-1518-2188
https://orcid.org/0000-0003-1518-2188
https://orcid.org/0000-0003-1518-2188
https://orcid.org/0000-0003-1518-2188
https://orcid.org/0000-0002-5641-745X
https://orcid.org/0000-0002-5641-745X
https://orcid.org/0000-0002-5641-745X
https://orcid.org/0000-0002-5641-745X
https://orcid.org/0000-0002-7962-4136
https://orcid.org/0000-0002-7962-4136
https://orcid.org/0000-0002-7962-4136
https://orcid.org/0000-0002-7962-4136
https://orcid.org/0000-0003-4580-4021
https://orcid.org/0000-0003-4580-4021
https://orcid.org/0000-0003-4580-4021
https://orcid.org/0000-0003-4580-4021
https://orcid.org/0000-0001-7821-6715
https://orcid.org/0000-0001-7821-6715
https://orcid.org/0000-0001-7821-6715
https://orcid.org/0000-0001-7821-6715
https://orcid.org/0000-0002-4708-4219
https://orcid.org/0000-0002-4708-4219
https://orcid.org/0000-0002-4708-4219
https://orcid.org/0000-0002-4708-4219
https://orcid.org/0000-0003-0441-7404
https://orcid.org/0000-0003-0441-7404
https://orcid.org/0000-0003-0441-7404
https://orcid.org/0000-0003-0441-7404
https://orcid.org/0000-0003-2063-381X
https://orcid.org/0000-0003-2063-381X
https://orcid.org/0000-0003-2063-381X
https://orcid.org/0000-0003-2063-381X
https://orcid.org/0000-0002-9754-3081
https://orcid.org/0000-0002-9754-3081
https://orcid.org/0000-0002-9754-3081
https://orcid.org/0000-0002-9754-3081
https://orcid.org/0000-0003-4808-893X
https://orcid.org/0000-0003-4808-893X
https://orcid.org/0000-0003-4808-893X
https://orcid.org/0000-0003-4808-893X
https://orcid.org/0000-0002-5092-6085
https://orcid.org/0000-0002-5092-6085
https://orcid.org/0000-0002-5092-6085
https://orcid.org/0000-0002-5092-6085
https://orcid.org/0000-0003-3841-0980
https://orcid.org/0000-0003-3841-0980
https://orcid.org/0000-0003-3841-0980
https://orcid.org/0000-0003-3841-0980
https://orcid.org/0000-0003-4885-5537
https://orcid.org/0000-0003-4885-5537
https://orcid.org/0000-0003-4885-5537
https://orcid.org/0000-0003-4885-5537
https://orcid.org/0000-0003-1100-1423
https://orcid.org/0000-0003-1100-1423
https://orcid.org/0000-0003-1100-1423
https://orcid.org/0000-0003-1100-1423
https://orcid.org/0000-0001-6366-3459
https://orcid.org/0000-0001-6366-3459
https://orcid.org/0000-0001-6366-3459
https://orcid.org/0000-0001-6366-3459
https://orcid.org/0000-0001-7630-8085
https://orcid.org/0000-0001-7630-8085
https://orcid.org/0000-0001-7630-8085
https://orcid.org/0000-0001-7630-8085
https://orcid.org/0000-0002-6797-2539
https://orcid.org/0000-0002-6797-2539
https://orcid.org/0000-0002-6797-2539
https://orcid.org/0000-0002-6797-2539
https://orcid.org/0009-0009-0439-1866
https://orcid.org/0009-0009-0439-1866
https://orcid.org/0009-0009-0439-1866
https://orcid.org/0009-0009-0439-1866
https://orcid.org/0000-0002-9677-1533
https://orcid.org/0000-0002-9677-1533
https://orcid.org/0000-0002-9677-1533
https://orcid.org/0000-0002-9677-1533
https://orcid.org/0000-0002-8384-3374
https://orcid.org/0000-0002-8384-3374
https://orcid.org/0000-0002-8384-3374
https://orcid.org/0000-0002-8384-3374
https://doi.org/10.1016/0016-7037(89)90286-X
https://ui.adsabs.harvard.edu/abs/1989GeCoA..53..197A/abstract
https://doi.org/10.3847/1538-4357/aafb38
https://ui.adsabs.harvard.edu/abs/2019ApJ...871..244A/abstract
https://ui.adsabs.harvard.edu/abs/1996ASPC..101...17A/abstract
https://doi.org/10.1093/mnras/90.2.202
https://ui.adsabs.harvard.edu/abs/1929MNRAS..90..202B/abstract
https://doi.org/10.1086/169934
https://ui.adsabs.harvard.edu/abs/1991ApJ...371..684B/abstract
https://doi.org/10.1146/annurev.astro.45.051806.110615
https://ui.adsabs.harvard.edu/abs/2007ARA&A..45..177C/abstract
https://doi.org/10.1051/0004-6361/201834543
https://ui.adsabs.harvard.edu/abs/2019A&A...622L...3E/abstract
https://doi.org/10.1093/mnras/145.2.241
https://ui.adsabs.harvard.edu/abs/1969MNRAS.145..241G/abstract
https://doi.org/10.1111/j.1365-2966.2007.12688.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.384..278H/abstract
https://ui.adsabs.harvard.edu/abs/2008MNRAS.384..278H/abstract
https://doi.org/10.1086/518416
https://ui.adsabs.harvard.edu/abs/2007ApJ...663..799H/abstract
https://ui.adsabs.harvard.edu/abs/2000ASPC..216..591H/abstract
https://doi.org/10.1051/0004-6361:20041864
https://ui.adsabs.harvard.edu/abs/2005A&A...440..775K/abstract
https://doi.org/10.3847/1538-4357/ab09f8
https://ui.adsabs.harvard.edu/abs/2019ApJ...874...51K/abstract
https://doi.org/10.1086/341482
https://ui.adsabs.harvard.edu/abs/2002ApJ...575..732K/abstract
https://doi.org/10.1111/j.1365-2966.2010.16722.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.406..307K/abstract
https://doi.org/10.1051/0004-6361/201732284
https://ui.adsabs.harvard.edu/abs/2018A&A...612A..27K/abstract
https://ui.adsabs.harvard.edu/abs/2018A&A...612A..27K/abstract
https://doi.org/10.1093/mnras/stx2106
https://ui.adsabs.harvard.edu/abs/2017MNRAS.472.2181K/abstract
https://doi.org/10.1086/310217
https://ui.adsabs.harvard.edu/abs/1996ApJ...468L..33L/abstract
https://doi.org/10.1086/312608
https://ui.adsabs.harvard.edu/abs/2000ApJ...533L.135P/abstract
https://doi.org/10.1038/physci239123a0
https://ui.adsabs.harvard.edu/abs/1972NPhS..239..123P/abstract
https://doi.org/10.3847/1538-4357/acfe0c
https://ui.adsabs.harvard.edu/abs/2023ApJ...959...85R/abstract
https://doi.org/10.1086/181929
https://ui.adsabs.harvard.edu/abs/1975ApJ...201L...9S/abstract
https://doi.org/10.1086/375287
https://ui.adsabs.harvard.edu/abs/2003ApJ...587L.101S/abstract
https://doi.org/10.3847/1538-4357/ad4638
https://ui.adsabs.harvard.edu/abs/2024ApJ...969..110S/abstract
https://doi.org/10.1111/j.1365-2966.2008.13073.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.386..593S/abstract
https://doi.org/10.1086/150026
https://ui.adsabs.harvard.edu/abs/1969ApJ...156..943T/abstract
https://doi.org/10.1117/12.2565812
https://ui.adsabs.harvard.edu/abs/2020SPIE11444E..22T/abstract
https://doi.org/10.1038/355703a0
https://ui.adsabs.harvard.edu/abs/1992Natur.355..703V/abstract
https://ui.adsabs.harvard.edu/abs/1992Natur.355..703V/abstract
https://doi.org/10.48550/arXiv.astro-ph/9604100
https://ui.adsabs.harvard.edu/abs/1996A&A...314..521V/abstract
https://ui.adsabs.harvard.edu/abs/1995A&AS..109..125V/abstract
https://doi.org/10.1051/0004-6361/200811293
https://ui.adsabs.harvard.edu/abs/2009A&A...501..679V/abstract
https://doi.org/10.1086/117518
https://ui.adsabs.harvard.edu/abs/1995AJ....110..290W/abstract
https://doi.org/10.1093/mnras/215.3.295
https://ui.adsabs.harvard.edu/abs/1985MNRAS.215..295W/abstract
https://ui.adsabs.harvard.edu/abs/1986A&AS...63..417W/abstract
https://ui.adsabs.harvard.edu/abs/1986A&AS...63..417W/abstract
https://doi.org/10.1086/317016
https://ui.adsabs.harvard.edu/abs/2000ApJ...542..914W/abstract
https://doi.org/10.1111/j.1365-2966.2012.21635.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.426.1031Z/abstract
https://doi.org/10.1111/j.1365-2966.2009.15942.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.402..767Z/abstract

	1. Introduction
	2. Data Acquisition and Reduction
	3. Orbital-phase-averaged Spectroscopy
	3.1. Empirical Modeling and Line Identification
	3.2. Photoionization Modeling

	4. Orbital-phase-resolved Spectroscopy
	5. Discussion
	5.1. Velocities
	5.2. Emission Line Luminosities
	5.3. Absorption Lines

	6. Conclusions
	References

