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Abstract

To understand physical processes such as mass transfer and binary evolution in X-ray binaries, the orbital parameters of the system are funda-
mental and crucial information. Cygnus X-3 is a high-mass X-ray binary composed of a compact object of unknown nature and a Wolf-Rayet
star, which is of great interest in the context of wind-fed mass accretion and binary evolution. Here we present XRISM/Resolve high-resolution
spectroscopy focusing on the Fe Ly« lines in its hypersoft state. We perform an orbital phase-resolved spectral analysis of the lines to study the
orbital modulation of the emission and absorption lines. It is found that the emission lines reflect the orbital motion of the compact object whose
estimated velocity amplitude is 4301?4518 kms~!, while the absorption lines show a variation that can be interpreted as originating from the stellar
wind. We discuss possible mass ranges for the binary components using the mass function with the estimated value of the velocity amplitude
in this work, combined with the relation between the mass loss rate and the orbital period derivative and the empirical mass and mass loss rate
relation for Galactic Wolf-Rayet stars. They are constrained to be (1.3—5.1) M and (9.3—-12) M, for the assumed inclination angle of ¢ = 25°,
which becomes more relaxed to (1.3—24) M and (9.3-16) M, for ¢ = 35°, respectively. Thus, it remains unclear whether the system harbors a
black hole or a neutron star.

Keywords: stars: individual (Cygnus X-3) — accretion, accretion disks — stars: Wolf—-Rayet — stars: winds, outflows — X-rays: binaries

1 Introduction 2017), located 9.7 + 0.5 kpc from Earth (Reid & Miller-Jones
2023). WR stars have strong stellar winds, making them suitable
Cygnus X-3 (hereafter Cyg X-3) is a unique Galactic high-mass targets for studying wind accretion. Since there are only two ob-

X-ray binary consisting of a compact object and a WN4-6 type served Galactic WR X—rz.iy binarie§ —Cyg X-3 and OAO 1657-415
Wolf-Rayet (WR) companion star (Van Kerkwijk et al. 1992; van (Mason et al. 2009) — this system is a valuable target for observa-
Kerkwijk 1993; van Kerkwijk et al. 1996; Koljonen & Maccarone tional studies of such a system. Indeed, many of the characteristics
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observed in the X-ray spectra of Cyg X-3 are thought to originate
from the strong stellar wind of the WR star (e.g., Kallman et al.
2019). The X-ray spectra display distinct signatures of the pho-
toionized plasma, including emission lines, absorption lines, and
narrow radiative recombination continua (RRCs) from highly ion-
ized species of elements such as Si, S, and Fe (e.g., Kawashima
& Kitamoto 1996; Paerels et al. 2000). The observation with
XRISM, equipped with the microcalorimeter Resolve, has signifi-
cantly enhanced the amount of information imprinted on the X-ray
spectra regarding the photoionized plasma (XRISM Collaboration
2024).

WR X-ray binaries are expected to evolve into double com-
pact binaries, which are gravitational wave sources, making their
binary interactions a subject of great interest (e.g., Marchant &
Bodensteiner 2024). The fate of Cyg X-3 was discussed in
Belczynski et al. (2013), arguing that the system is a very likely
double black hole or black-hole-neutron-star progenitor. In the
study of binary evolution and the fundamental understanding of
the system itself, orbital parameters represent the most basic and
essential information. The orbital period of Cyg X-3 is well known
to be ~ 4.8 h. The orbital inclination of the system has been es-
timated using several different methods, which consistently yield
a value of ~ 30° (Vilhu et al. 2009, photoionized wind model-
ing; Antokhin et al. 2022, X-ray & IR photometry; Veledina et al.
2024a,Veledina et al. 2024b, X-ray polarimetry). Miller-Jones
et al. (2004) also derived an orbital inclination of ~ 30° from
the proper motion analysis of the radio jets, whereas the preces-
sion modeling suggests a smaller inclination of < 14°. On the
other hand, the masses of the compact object and WR star are not
well determined, leaving it unclear whether the compact object is
a black hole or a neutron star.

A commonly used method for estimating the masses of stars
in a binary system is to measure the orbital velocity from the
Doppler modulation of emission lines and derive the mass func-
tion. There have been several studies measuring the orbital veloc-
ity of the compact object in Cyg X-3. Vilhu et al. (2009) analyzed
Chandra/HETG observational data and investigated the Doppler
modulation of Fe Lya emission lines. The Lya emission in the
photoionized plasma predominantly originates from cascade pro-
cesses after the recombination between bare Fe nuclei and free
electrons, which takes place in the regions closest to the com-
pact object. Therefore, these lines serve as a probe of the motion
of the compact object (although the degree of ionization also de-
pends on the electron density). Based on this idea, Vilhu et al.
(2009) measured the velocity amplitude of its circular motion to
be 418 + 123kms~!. However, this measurement is based on a
modeling that does not account for the absorption lines detected
by the Resolve (XRISM Collaboration 2024), as they could not be
resolved with the spectral resolution of HETG. On the other hand,
XRISM Collaboration (2024) conducted an orbital phase-resolved
spectral analysis of the Fe K band using photoionized plasma mod-
eling and estimated the orbital velocity of the compact object to
be 194 +29kms™~! based on the Doppler shift of the emission
line components. It is worth noting that the velocity amplitude of
~200kms ™! strongly supports the presence of a black hole in this
system, as a lower velocity is expected for a more massive compact
object. In that analysis, however, an assumption was made that all
emission line components with different ionization states share a
common velocity, and thus the velocity primarily determined by
Fe Hea, not Fe Ly, because of the higher photon statistics in
the former. Since a more highly ionized plasma is expected to be
formed closer to and probably confined by the compact object, it
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is ideal to use the energy shift of the Fe Ly« lines for the velocity
measurement.

In this paper, we focus exclusively on the Fe Ly« spectra ob-
served with XRISM/Resolve and perform the measurement of the
radial velocity of the compact object in Cyg X-3 by using a model
that accounts for the presence of absorption lines. Details of the
observation and data reduction are described in Section 2. The
analysis and results are presented in Section 3, followed by a dis-
cussion of their implications in Section 4. Finally, we conclude
this study in Section 5.

2 Observation and Data Reduction

The XRISM observation of Cyg X-3 was conducted as one of the
Performance Verification (PV) observations, starting at 06:53:50
UT on 2024 March 24 until 15:37:46 UT on 2024 March 25 when
the source was in a "hypersoft" state (ObsID: 300065010). To re-
duce the data, we followed the procedures described in the XRISM
Quick-Start Guide ver. 2.3 using tools in HEAsoft ver. 6.34 and the
calibration database (CALDB) ver. 8 (v20240815). The effective
exposure after the screening was ~ 67ks. The spectrum was ex-
tracted from High primary (Hp) grade events from all pixels except
pixel 27 due to known calibration uncertainties. Large (L-type)
Redistribution Matrix Files (RMFs) are created with the rs1lmkrmf
task using the cleaned event file. Auxiliary Response Files (ARFs)
are generated with the xaarfgen task.

3 Analysis and Results

To perform phase-resolved spectroscopy, we divide the orbital
period into eight phase bins with equal width (i.e., 0.125 for
each bin) by adopting the quadratic ephemeris of Antokhin &
Cherepashchuk (2019) with an orbital period of 17252s and ex-
tract spectra from each bin. Certain phases are always subject to
visibility constraints due to the orbital period of Cyg X-3 being
a multiple of the period over which XRISM orbits the Earth, and
therefore phase ¢ =0.250-0.375 is severely underexposed and un-
suitable for spectral analysis.

The Fe Lya spectra from the seven different phases are shown
in Figure 1. These spectra show that the Fe Ly« profile is formed
by the emission and absorption lines overlapping with each other.
This overlap leads to parameter distributions with some local ex-
trema, making it difficult to find the optimal solution using con-
ventional optimization methods such as maximum likelihood es-
timation with C-statistics. Therefore, due to its flexibility, we
adopt Bayesian inference based on the Markov Chain Monte Carlo
(MCMC) method in the subsequent analysis.

3.1 Analyzing each phase independently

As a first step, we analyze the 6.8-7.1keV spectrum extracted
from each phase independently. The continuum component is
modeled with a power law whose free parameters are the nor-
malization K (photonss™cm ™ ?keV ™! at 1keV) and the pho-
ton index a.. The emission and absorption lines are modeled with
four Gaussian functions. Two of them correspond to the Lya,
and Lyas emission, and the other two correspond to the Ly« and
Lyas absorption. We fix the Ly« and Lyas line energies to their
rest-frame values (6.973keV and 6.952keV, respectively) and set
redshift z as free parameters. We also fix the Ly« /Lyas flux ra-
tios of both emission and absorption lines to 2. Removing this
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Fig. 1: Orbital phase-resolved spectra of Fe Ly« lines (6.8-7.1keV).
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removed because of severe underexposure due to the visibility constraint. The spectra are rebinned into 4eV bins for clarity, although the

unbinned spectra are used for the analysis.

assumption does not significantly affect the subsequent results or
discussion. The redshift and width of the Lya; and Lyas lines are
assumed to be identical within the emission or absorption com-
ponent, but are treated independently between the emission and
absorption. In summary, the free parameters of emission and ab-
sorption components are the redshift of emission and absorption
lines (ze and z,), line width (0. and o,) and the normalization of
the Lyas line (Ne and NV,).

To optimize prior distributions for the parameters given above,
we conduct an ad hoc spectral fitting based on C-statistic (Cash
1979) in XSPEC (Arnaud 1996). Only in this step, we fit the seven
spectra simultaneously, assuming the common power-law normal-
ization K and photon index « across the phases (i.e., in the subse-
quent MCMC analysis, these parameters are independent among
the phases). The prior distributions optimized with this approach
are summarized in Table 1. The parameters of the continuum com-
ponent are sampled from a normal distribution with the mean val-
ues from this optimization and a standard deviation of 1. The line
parameters are sampled from a uniform distribution over a range
such that all values obtained by the optimization for each phase are
included.

We then perform a Hamiltonian Monte Carlo (HMC; e.g., Neal
2011) No-U-Turn Sampler (NUTS; Hoffman & Gelman 2014) im-
plemented in NumPyro (Phan et al. 2019), with 1000 warm-up
steps for the adoption phase of HMC and 2000 samples. We set the
maximum number of leapfrog steps at each iteration to be 1023.
We use the Gelman-Rubin diagnostic (Gelman & Rubin 1992) to
check convergence, and the condition R < 1.05 for all parameters
indicates that the MCMC chains have sufficiently converged.

The prediction (median) with the 90% highest probability den-
sity interval (HPDI) from the fitting for ¢ = 0.375-0.500 overlaid
on the observed spectrum is shown in Figure 2. In Figure 9 in
appendix 1, we also show those for all seven phases. The corner
plot of posterior samples for ¢ = 0.375-0.500 is shown in Figure
3. There are some clear positive and negative correlations between
the parameters. For example, as can be easily expected, the nor-
malizations of emission and absorption lines (V. and N,) are an-

Table 1: Prior distributions of the model parameters.

Parameter Prior distribution
Continuum
Norm (K) N(10.3,1)"
Photon index (cv) N(2.75,1)
Emission lines

Norm (Ne) U(0,5x 107%™

Width (oe) [keV] UGB x1073,3 x 1072)

Redshift () U(—2x107%,3x 1073)
Absorption lines

Norm (N,) U(-2x1073,0)

Width (0,) [keV] U(1x1073,3x107%)

Redshift (za) U(—2 x 1073,0)

* N(u,0) represents a normal distribution with a mean of 4 and
a standard deviation of o.

- U(x1,xp) represents a uniform distribution in the range from
x; to Th.

ticorrelated. The redshift of the emission lines z., which is of the
most interest in this study, correlates with N, and o, but anticor-
relates with N, and o,.

Table 2 in appendix 1 provides the medians of the marginal
posteriors and their 90% HPDIs. This table also presents the C-
statistics with corresponding degrees of freedom (dof), calculated
using the medians of the model predictions obtained through the
HMC method, for the purpose of evaluating the model quality. We
heve obtained acceptable C-statistic/dof values. Figure 4 shows
the resulting velocity, flux, width, and equivalent width (EW) as
a function of orbital phase for each of the emission and absorp-
tion lines, where v = cz (c is the speed of light) is used to convert
redshift to velocity. The velocity of the emission line component
shows a significant orbital modulation, with the largest blueshift at
around phase 0.25 and the largest redshift at around 0.75, indicat-
ing that the Fe Ly« emission lines originate from the vicinity of
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Fig. 2: Top: The prediction (median) with the 90% HPDI from
the fitting for ¢ = 0.375-0.500 overlaid on the observed
spectrum. The red solid line represents the predicted median
spectrum and red-shaded region represents 90% HPDI. The blue
and green solid lines show the emission and absorption lines with
the medians of posterior samples of the parameters described in
Table 2 in appendix 1. The blue- and green-shaded region
correspond to the 90% HPDIs for redshifts (ze and z,). Bottom:
The residual from the median.

the compact star, and the velocity shifts track the orbital motion of
the compact star as expected.

3.2 Analyzing all the phases simultaneously assuming
a circular orbit

As demonstrated in the previous section, the velocity shift of the
emission lines indicates the orbital motion of the compact star. We
therefore introduce more sophisticated approach, where the spec-
tra of all the phases are analyzed simultaneously, assuming a cir-
cular motion for the velocity shift of the emission line component.
Specifically, the redshift of the Gaussian is represented by the fol-
lowing equation:

Ze = %—%sin{%r(gp—i—goo)} (1)
where v, v, ¢ and ¢g are the velocity offset, the velocity ampli-
tude, the orbital phase, and the phase offset, respectively. Antokhin
& Cherepashchuk (2019) investigated the orbital period and its
variation using observational data from multiple X-ray telescopes
and detected a sinusoidal perturbation in the period. If this pertur-
bation is interpreted as apsidal motion, the eccentricity of the orbit
is estimated to be ~ 0.03. Therefore, assuming a circular orbit
should be reasonable.

Based on the assumption outlined above, the analysis is per-
formed in the same manner as in the previous section. The pri-
ors for the velocity offset, the velocity amplitude, and the phase
offset are sampled from a uniform distribution with the range of
[—100, 300] kms™*, [200, 700] kms™', [—0.15, 0.15], respec-
tively. For the other parameters, the priors are sampled using the
same method as in the previous section. The orbital phase ¢ is
fixed at the median of the phase range from which each spec-
trum is extracted for each bin. We perform an HMC-NUTS with
1000 warm-up steps and 2000 samples. All parameters satisfy the
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condition R < 1.05, which indicates sufficient convergence of the
MCMC chains.

The predictions (median) with the 90% HPDIs from the fit-
ting for all phases overlaid on the observed spectra are shown in
Figure 10 in appendix 1. The corner plot of the posterior sam-
ples is also shown in Figure 5. Figure 6 shows the resulting pa-
rameters as a function of the orbital phase, while Table 3 in ap-
pendix 1 provides the medians of the marginal posteriors and their
90% HPDIs with the C-statistic and dof. We have obtained an
acceptable value of C-statistic/dof value. The velocity amplitude,
the velocity offset, and the phase offset are v = 4307130 kms™*,
vo = 100793, kms™', and o = —0.0270 53, respectively. The
flux of the emission line seems to be minimum in orbital phase
0.5 and maximum in 0.0. The width of the emission line remains
roughly constant, though it is slightly larger in ¢ = 0.385-0.500.
The absorption lines are overall blueshifted by > 250kms™" and
appear to show a small-amplitude modulation, with the blueshift
being minimal around ¢ = 0.0 and maximal around ¢ = 0.5. The
flux variation is not clear.

4 Discussion

4.1 Summary of the Results and Comparison with
Previous Work

We have performed an orbital phase-resolved analysis of the X-ray
spectra of Cyg X-3 in its hypersoft state obtained by XRISM. To
measure the radial velocity of the compact star, we have conducted
the analysis focusing on the Fe Lya emission and absorption lines.
By analyzing the spectra extracted from each phase independently,
we have confirmed that, as expected, the velocity shift of the emis-
sion lines reflects the orbital motion of the compact object. We
have proceeded with the analysis by assuming the velocity shift of
the emission lines follows a sine curve, as described in Equation
1. As a result, the orbital velocity amplitude of the compact ob-
ject is determined to be v = 4307150 kms™'. The velocity offset
includes 0kms™" within the 90% HPDI. These estimated values
are consistent with those reported in Vilhu et al. (2009), though the
absorption lines were not taken into account in their analysis due
to the insufficient spectral resolution of Chandra/HETG.

XRISM Collaboration (2024) analyzed the same dataset as this
study. As mentioned earlier, their analysis of the Fe K band spectra
employed the model with three photoionized plasma components
of different ionization degrees for both emission and absorption
lines. The three emission components and the three absorption
components were each constrained to share a common Doppler
shift. As a result, the orbital velocity amplitude of the emission
components was found to be 194429kms ™!, significantly smaller
than the values obtained in this study and by Vilhu et al. (2009).
This was likely because the velocity was primarily determined by
the less ionized component, which represents the complex spectral
structure of the Fe Hea emission. Our result suggests that the most
highly ionized plasma emitting Fe Ly« lines is spatially separated
from the less ionized plasma responsible for the Fe Hea emission
and exhibits distinct motion.

The same applies to the absorption lines, whose Doppler shift is
primarily determined by the low-ionization component in XRISM
Collaboration (2024). In the previous study, the velocity amplitude
and offset of the absorption lines are reported as 55+ 7kms~* and
—53446kms ™!, respectively. The phase at which the blueshift is
maximum is ¢ ~ 0.1. In this study, however, the systemic velocity
of the absorption line is found to be ~ —300kms™!, whose abso-
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lute value is smaller than the result from XRISM Collaboration
(2024). The modulation pattern also differs, with the phase at
which the maximum blueshift occurs being ¢ ~ 0.5 (Figure 6).
The absorption line width shows a slight orbital modulation
with the maximum and minimum at ¢ ~ 0.0 and ¢ ~ 0.5, re-
spectively, while the absorption line flux does not show a clear
modulation (Figure 6). Based on the orbital variations of the ab-
sorption line parameters described above, it can be interpreted that
the absorption lines are formed in the stellar wind of the donor
WR star (Figure 7). At the inferior conjunction (¢ = 0.5), the ab-
solute value of the stellar wind line-of-sight velocity is maximized.
At the superior conjunction (¢ = 0.0), the observed line width is
maximum because of the velocity gradient along the line of sight.

The smaller blueshift derived from the Ly« absorption lines in this
work can also be naturally explained by the configuration illus-
trated in Figure 7; the higher the ionization (i.e., the closer to the
compact object), the smaller the projected component along the
line of sight. A careful investigation of various other absorption
lines is an important future task for revealing the detailed velocity
structure of the stellar wind.

4.2 Constraints on the System Masses
The orbital velocity amplitude of the compact object is related to
the mass of the compact object M¢ and the mass of the WR star
Myyr through the mass function

M sin®i

Porng _ (2)
2rG M2,

where P, = 172525 is the orbital period, K¢ is the velocity am-
plitude of the compact object, G is the gravitational constant, ¢ is
the inclination angle of the system, and Mot = Mc + Mwnr is the
total mass of the system. In the following discussion, we assume
1=25°-35°(Vilhu et al. 2009; Antokhin et al. 2022; Veledina et al.
2024a; Veledina et al. 2024b). In general, measurement of the
velocity amplitude of the WR star Kwg with optical or infrared
spectroscopy determines the masses of both compact object and
WR star using another mass function
PowKyr  Mésin®i 3
2rG M2, ®
along with Equation 2. However, this method cannot be applied
to this system. The position of Cyg X-3 in the Galactic plane
leads to strong interstellar extinction, making it impossible to de-
tect its optical/UV counterpart. Therefore, we cannot measure
the velocity amplitude of the WR star with optical or UV spec-
troscopy. Infrared spectroscopy is available. Hanson et al. (2000)
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Fig. 6: The same figure as Figure 4 except for the velocity of the
emission component (top-left panel), but obtained by the analysis
assuming a circular orbit. The blue solid line represents the
velocity curve of the emission component with the median of the
posterior samples of the velocity amplitude, the velocity offset,
and the phase offset. The blue-shaded region corresponds to the
90% HPDI of the velocity amplitude. The gray dashed line and
the gray-shaded region represent the median and the 90% HPDI
of the posterior samples of the velocity offset, respectively.

indeed detected the Hel 2p-2s 2.058 um absorption line using
the FSpec infrared spectrometer at Steward Observatory, which
was then used to measure the velocity amplitude of the WR star.
However, with Gemini/GNIRS infrared spectroscopy, Koljonen &
Maccarone (2017) concluded that the absorption line is not due
to the WR star but is formed by the stellar wind. This calls into
question the reliability of the published mass function of Cyg X-
3 (e.g., Zdziarski et al. 2013). Furthermore, they argued that the
infrared emission lines are from a region larger than the binary or-
bit, making it difficult to determine the orbital parameters using

- Stellar wind
= Line-of-sight
projection

(a) inferior conjunction (p = 0.5) (b) superior conjunction (¢ = 0.0)

Fig. 7: Schematic illustration of the possible stellar wind structure
of the WR star in Cyg X-3. (a) corresponds to the inferior
conjunction (p = 0.5), and (b) to the superior conjunction

(¢ = 0.0) configuration. The blue arrows represent the stellar
wind velocity vectors, and the red arrows represent their
line-of-sight projections.

infrared spectroscopy. Note that the difference between the results
of the two preceding studies is discussed in detail in Koljonen &
Maccarone (2017).

Figure 8 shows planes where the horizontal and vertical axes
represent the masses of the WR star and the compact object, re-
spectively. By substituting the orbital velocity amplitude of the
compact object obtained in this study K¢ = 430f128 kms~! into
Equation 2, the masses of this system are constrained to the regions
shown in red on these planes. The panel (a) shows the case with
the assumed inclination angle ¢ = 25°, while the panel (b) shows
the case with ¢ = 35°. The region shown in blue is obtained from
the relation

2M P
Mtot N P (4)
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Fig. 8: The allowed masses of the compact object and the WR star. The red regions are obtained from Equation 2 with the orbital
velocity amplitude of the compact object obtained in this study, where panel (a) assumes an inclination angle of 7 = 25° and panel (b)
assumes ¢ = 35°. The blue and green regions are obtained from Equations 4 and 6, respectively. The horizontal dashed lines represent

3 M, theoretically predicted as the upper mass limit of neutron stars.

where M is the mass loss rate of the system by the stellar wind
of the WR star and P is the orbital period derivative. This re-
lation is derived from the slowing down of the binary orbit due
to the angular momentum loss, with the assumptions that the bi-
nary is detached, that any effects from tidal interaction can be
ignored (e.g., Bagot 1996), and that the stellar wind removes al-
most all the specific angular momentum with only a small fraction
being accreted onto the compact object. The value of P /P has
been reported as 1.02 x 10~ %yr~! (Antokhin & Cherepashchuk
2019). The mass loss rate is estimated in Koljonen & Maccarone
(2017) to be M = (0.6 — 2.0) x 107° My yr~! by WR atmo-
spheric modeling of infrared spectra, assuming a wind clumping
factor of D = 3.3-14.3 (Szostek & Zdziarski 2008) and a distance
of d =10.2kpc. An additional constraint on the masses can be ob-
tained from the empirical relation between the mass loss rates and
the masses of Galactic WR stars of the WN type, which is given
by Zdziarski et al. (2013) as

. 1/n
M
Mwr = (M) | — 5
wr = (M) (M0> &)
Mo=(1.940.2)x10"° Mg yr ™', n=29340.38
where (M) = 14.7 Mg is the geometric average of the masses of
WR star samples and Mo is the mass loss rate at Mwr = (M).
This relation is valid only for Mwr < 22 M. By eliminating M
from Equation 4 and 5, we obtain

2MoP
— Mvg — M- 6
AN P WR WR (6)

c =

which is shown in green in Figure 8. The masses of the compact
object and the WR star are constrained to be M¢ = (1.3-5.1) Mg
and Mwg = (9.3-12) Mg, for i = 25°, and M¢ = (1.3-24) M,
and Mwr = (9.3-16) Mg for ¢ = 35°, respectively. These WR
star masses are consistent with that estimated in Koljonen &
Maccarone (2017) from the theoretical mass-luminosity relation
of WR stars (Griafener et al. 2011). The estimated masses of the
compact object here do not allow us to determine whether it is a
neutron star or a black hole.

5 Conclusions

We have presented a high-resolution spectral analysis of the
Fe Lya emission and absorption lines of Cyg X-3 obtained by
XRISM/Resolve when the system is in its hypersoft state. The
spectra extracted from seven different orbital phase bins are well
reproduced by a Doppler shift model of emission lines due to
the circular motion of the compact object. Gaussian functions
are used to represent the emission and absorption lines with a
flexible MCMC method, enabling successful parameter estima-
tion even in spectra where the emission and absorption lines over-
lap. The compact object is found to have a velocity amplitude
of Kc = 430715 kms™'. This value is significantly larger than
that obtained by XRISM Collaboration (2024) which is primarily
determined by the Fe Hea lines rather than the Fe Ly« lines, sug-
gesting that the emitting regions of the two lines are spatially and
kinematically separated. The absorption lines are naturally inter-
preted as reflecting the velocity structure of the stellar wind from
the WR star. A systematic investigation of various other absorp-
tion lines is an important direction for future work, as it may shed
light on the detailed velocity structure of the stellar wind.

Based on the result of the velocity amplitude of the compact ob-
ject, we have discussed the mass of the compact object and the WR
star. The mass function obtained by substituting the velocity am-
plitude derived in this study, combined with the relation between
the mass loss rate and the orbital period derivative and the em-
pirical relation of the mass loss rate and the mass of the Galactic
WN type WR stars, allows us to constrain the mass of the com-
pact object to be M¢c = (1.3-5.1) Mg and Mwr = (9.3-12) Mg,
for the assumed orbital inclination angle of ¢ = 25°, and M¢ =
(1.3-24) M and Mwr = (9.3-16) Mg for i = 35°, respectively.
This means the identity of the compact object is still uncertain.
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Appendix 1 Additional Spectral Fits and
Parameters

Figure 9 shows the predictions (median) with the 90% HPDIs from
the fitting for all seven phases overlaid on the observed spectra for
the analysis of each phase independently. Table 2 provides the
medians of the marginal posteriors and their 90% HPDIs with the
C-statistic/dofs.

Figure 10 shows the predictions (median) with the 90% HPDIs
from the fitting for all seven phases overlaid on the observed spec-
tra for the analysis assuming a circular orbit. Table 3 provides the
medians of the marginal posteriors and their 90% HPDIs with the
C-statistic/dof.

References

Antokhin, L. I., & Cherepashchuk, A. M. 2019, The Astrophysical Journal,
871, 244,

Antokhin, I. I., Cherepashchuk, A. M., Antokhina, E. A., & Tatarnikov, A. M.
2022, The Astrophysical Journal, 926, 123,

Arnaud, K. A. 1996, in Astronomical Data Analysis Software and Systems
V, Vol. 101, 17

Bagot, P. 1996, Astronomy and Astrophysics, 314, 576

Belczynski, K., Bulik, T., Mandel, 1., et al. 2013, The Astrophysical Journal,
764, 96,

Cash, W. 1979, The Astrophysical Journal, 228, 939,

Gelman, A., & Rubin, D. B. 1992, Statistical Science, 7,

Grifener, G., Vink, J. S., De Koter, A., & Langer, N. 2011, Astronomy &
Astrophysics, 535, A56,

Hanson, M. M., Still, M. D., & Fender, R. P. 2000, The Astrophysical
Journal, 541, 308,

Hoffman, M. D., & Gelman, A. 2014, Journal of Machine Learning
Research, 15, 1593

Kallman, T., McCollough, M., Koljonen, K., et al. 2019, The Astrophysical
Journal, 874, 51,

Kawashima, K., & Kitamoto, S. 1996, Publications of the Astronomical
Society of Japan, 48, L113,

Koljonen, K. I. I., & Maccarone, T. J. 2017, Monthly Notices of the Royal
Astronomical Society, 472, 2181,

Marchant, P., & Bodensteiner, J. 2024, Annual Review of Astronomy and
Astrophysics, 62, 21,

Mason, A. B., Clark, J. S., Norton, A. J., Negueruela, I., & Roche, P. 2009,
Astronomy & Astrophysics, 505, 281,

Miller-Jones, J. C. A., Blundell, K. M., Rupen, M. P, et al. 2004, The
Astrophysical Journal, 600, 368,

Neal, R. M. 2011, in Handbook of Markov Chain Monte Carlo, 1st edn., ed.
S. Brooks, A. Gelman, G. Jones, & X.-L. Meng (New York: Chapman
and Hall/CRC),

Paerels, F., Cottam, J., Sako, M., et al. 2000, The Astrophysical Journal, 533,
L135,

Phan, D., Pradhan, N., & Jankowiak, M. 2019, arXiv:1912.11554,

Reid, M. J., & Miller-Jones, J. C. A. 2023, The Astrophysical Journal, 959,

Publications of the Astronomical Society of Japan (0000), Vol. 00, No. 0

85,

Szostek, A., & Zdziarski, A. A. 2008, Monthly Notices of the Royal
Astronomical Society, 386, 593,

van Kerkwijk, M. H. 1993, Astronomy and Astrophysics, 276, L9

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

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

Veledina, A., Muleri, F., Poutanen, J., et al. 2024a, Nature Astronomy, 8,
1031,

Veledina, A., Poutanen, J., Bocharova, A., et al. 2024b, Astronomy &
Astrophysics, 688, L27,

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

XRISM Collaboration. 2024, The Astrophysical Journal Letters, 977, L34,

Zdziarski, A. A., Mikotajewska, J., & Belczynski, K. 2013, Monthly Notices
of the Royal Astronomical Society: Letters, 429, L104,



Publications of the Astronomical Society of Japan (0000), Vol. 00, No. 0

Counts 57! keV !

Residual
Residual

7.00 7.05

6.95
Energy [keV]

(a) ¢ = 0.000-0.125

7.00 7.05 6.5 6.90

6.

Energy [keV]

(d) ¢ = 0.500-0.625

]
Energy [keV)

(c) ¢ =0.375-0.500

Counts s

6.85 6.90 6.95
Energy [keV]

7.00 7.05 6.85 6.90 6.95

(e) ¢ = 0.625-0.750

Energy [keV]

(f) ¢ =0.750-0.875

6.90

6.95

Energy [keV]

() ¢ = 0.875-1.000

7.00 7.05

Fig. 9: The predictions (median) with the 90% HPDIs from the fitting for seven different phase bins overlaid on the observed spectra for
the analysis of each phase independently(subsection 3.1). For each phase bin, the top panel shows the predicted median spectrum (red
solid line) and the 90% HPDI (red-shaded region). The blue and green solid lines show the emission and absorption lines with the

medians of posterior samples of the parameters described in Table 1. The blue- and green-shaded regions correspond to the 90% HPDIs
for redshifts (z. and z,). The bottom panel shows the residual from the median.
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Table 2: Median and 90% interval of inferred parameters when analyzing each phase independently(subsection 3.1).
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Parameter \ Phase” @ =0.0625 ¢©=0.1875 ¢=04375 p=0.5625 (=0.6875 =0.8125 ©=0.9375
Continuum
Flux (10 %ergem ™25~ 117709 1.1940.02 1.1740.02  1.207593  1.1240.04 1.07+0.02 0.94+0.03
Photon index () 2.7340.08 2737907 2.73+£0.08  2.727008 276705 2771002 2.831008
Emission lines
Norm (No) x1073 12750 12108 0.8£0.2 11793 1.1+0.2 14106 13107
Width (oe) [keV] x1072 1.94+0.3 18703 2.210-4 1.7+02 15193 17402 14703
Redshift (z¢) x10~ —0.0£0.7 —1.0t0%  _00t0¢ 0.0+0:¢ 26700 1.6+0.8 2070
Absorption lines
Norm (N,) x10~% —05%93 06106 02402 04793  —02t02  _—04%0%  _0.2192
Width () [keV] x10 14793 11793 06104 0.740.3 16731 0.9%9%3 1670
Redshift (z,) x 1073 09709 11705 14403 -—12403 —08708 11705  _gt0s
C-statistic / dof" 620/592 622 /592 641/592 598 /592 635/592 586 /592 628 /592
* Each orbital phase ¢ is shown as the median of the phase range from which each spectrum is extracted.
" The flux in 6.0 — 8.0keV.
T These values were calculated from the medians of the model predictions.
Table 3: Median and 90% interval of inferred parameters obtained by the analysis assuming a circular orbit(subsection 3.2).
Parameter \ Phase” ¢»=0.0625 ¢=0.1875 ¢ =0.4375 ¢=0.5625 ¢ =0.6875 ¢ =0.8125 =0.9375
Continuum
Flux (10~ ergem 25~ )™ L17500%  1.1940.02  1.174£0.02  1.207505  1.124£0.04 1.07£0.02 0.94+0.03

Photon index () 2731095 92734008 2.73+0.08 272700 275+008 277+0.08 2.837908
Emission lines

Norm (Ne) x1072 1.2458 1248 0.8705 0.9+0.2 L7108 14105 21758
Width (o) [keV] x1072 1.9+0.4 184075 21104 1.7+£0.2 1.8+0.3 1.7+£0.3 1.6%03
Velocity amp. (v) [kms™! ]1 430%23
Velocity offset (vo) [kms™'] 100733,
Phase offset (o) —0.0275:95

Absorption lines
Norm (N,) x10~3 —04%54  —07t97T  —03%92  —03%r  —07t0%  —0370F  —1.0798
Width (0a) [keV] x1072 14750 1.2+0.4 0.705 0.640.2 1.4+04 0.970% 1.4+0.3
Redshift (z,) x10~° -1.077  -1.0+05 -14+403 -1.2402 —0670%  —1.170% 06708
C-statistic / dof’ 4318 /4148

" Each orbital phase ¢ is shown as the median of the phase range from which each spectrum is extracted.
" The flux in 6.0 — 8.0keV.
" This value was calculated from the median of the model predictions.
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