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ABSTRACT

Context. Cygnus X-3 is the only known Galactic high-mass X-ray binary with a Wolf-Rayet companion. Recent X-ray polarimetry
results with the Imaging X-ray Polarimetry Explorer have revealed it is a concealed ultraluminous X-ray source. It is also the first
source for which pronounced orbital variability of X-ray polarization has been detected, notably with only one polarization maximum
per orbit.

Aims. Polarization caused by scattering of the source X-rays can only be orbitally variable if the scattering angles change throughout
the orbit. Since this requires an asymmetrically distributed medium around the compact object, the observed variability traces the
intrabinary structures. The single-peaked profile further imposes constraints on the possible geometry of the surrounding medium.
Therefore, the X-ray polarization of Cygnus X-3 offers an opportunity to study the wind structures of high-mass X-ray binaries in
detail. We aim to uncover the underlying geometry through analytical modeling of the variable polarization. Knowledge of these
structures could be extended to other sources with similar wind-binary interactions.

Methods. We studied the variability caused by single scattering in the intrabinary bow shock, exploring both the optically thin and
optically thick limits. We considered two geometries for the reflecting medium: the axisymmetric parabolic bow shock and the
parabolic cylinder shock. Finally, we determined which geometry offers the best match to the X-ray polarimetric data.

Results. Qualitatively, we find that the peculiar properties of the data can only be replicated with a cylindrical bow shock with
asymmetry across the shock centerline and significant optical depth. This geometry is comparable to shocks formed by the jet-wind
or outflow-wind interactions. In addition, the orbital axis is slightly misaligned from the observed orientation of the radio jet in all our

model fits.
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1. Introduction

Cygnus X-3 (Cyg X-3) is a peculiar high mass X-
ray binary (HMXB) with a Wolf-Rayet (WR) companion
(van Kerkwijk et al. 1992). The compact object orbits through
the dense WR wind, displaying infrared (IR) and X-ray
orbital variability with a period of 4.8 hours (Becklin et al.
1973; Fender et al. 1999; Bonnet-Bidaud & van der Klis 1981).
The system has a low inclination of about 30°, as mea-
sured through its orbital light curve (Antokhin et al. 2022) and
spectrum (Vilhu et al. 2009) as well as its X-ray polarization
(Veledina et al. 2024a,b). The inclination of its radio outflow was
measured in Miller-Jones et al. (2004) at a lower value of ~10°.
The source features distinct X-ray spectral states that are cor-
related with its radio flux (Szostek et al. 2008). It is most fre-
quently found in a hard X-ray, quiescent radio spectral state.
It often transitions to an intermediate X-ray state, sometimes
followed by an ultrasoft state and a soft nonthermal state, dur-
ing which major radio ejections are observed. Although the
spectrum of Cyg X-3 is close to typical hard and soft states
in black hole X-ray binaries, it has strong Compton reflection-
like features (Hjalmarsdotter et al. 2008, 2009; Koljonen et al.
2018). X-ray polarimetric observations with the Imaging X-
ray Polarimetry Explorer IXPE) (Weisskopf et al. 2022) found
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evidence of obscuring material close to the compact object
(Veledina et al. 2024a). The average polarization degree (PD)
of about 20% in the hard state and 10% in the intermediate
and ultrasoft states (Veledina et al. 2024a,b) indicate the cen-
tral source is concealed from view. This suggests that the com-
pact object is surrounded by an optically thick toroidal outflow
with a funnel-like cavity, which would be expected to form an
ultraluminous X-ray source (King etal. 2001; Poutanen et al.
2007).

One unusual aspect of the X-ray polarization of Cyg X-3 is
its significant orbital variability that remains consistent across
spectral states. The PD varies by about 5% in all states, while the
polarization angle (PA) varies by about 10° in the hard and inter-
mediate states (Veledina et al. 2024a) and by 20° in the ultrasoft
state (Veledina et al. 2024b). An orbital variability of the X-ray
polarization has only been detected in two other sources: low-
mass X-ray binary GS 1826-238 (Rankin et al. 2024) and the
widely studied HMXB Cygnus X-1 (Cyg X-1, Kravtsov et al.
2025), both of which feature a much smaller amplitude com-
pared to Cyg X-3. Interestingly, the PD and PA variations of
both Cyg X-1 and Cyg X-3 exhibit only one peak per orbit. In
Cyg X-3 in particular, the PD and PA peak at roughly the same
orbital phase. Polarization caused by optically thin electron scat-
tering from a corotating medium typically produces two peaks
per orbit, unless significant asymmetry is present (Brown et al.
1978).
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Fig. 1. Illustration of the coordinate system used in this work (left) and sketches of the parabolic (center) and parabolic cylinder (right) shock

geometries.

The orbital light curve of Cyg X-3 has one pronounced min-
imum, attributed to wind absorption at the superior conjunc-
tion (van der Klis & Bonnet-Bidaud 1981; van Kerkwijk 1993),
along with smaller minima indicating the presence of one
or more substructures in the WR wind (Vilhu et al. 2009;
Antokhin et al. 2022). A secondary flux minimum preceding the
inferior conjunction was explained by the presence of a “clumpy
trail”’, namely, a region of clumped gas caused by a jet bow shock
colliding with the wind (Vilhu & Hannikainen 2013). The X-ray
and infrared light curves were successfully modeled with three
absorbing components: the wind, the clumpy trail, and the bow
shock (Antokhin et al. 2022). All three components might poten-
tially contribute to the polarization light curve as well. Scattering
in the stellar wind will only have a minor effect on the polariza-
tion since it features an underlying spherical symmetry and mul-
tiple scatterings. The clumpy trail receives less flux than the bow
shock and probably lacks the asymmetry required for producing
single-peaked variability. This leaves the bow shock as the most
likely primary cause of the orbital variability. An optically thick
cylindrical bow shock was shown to be capable of producing the
single-peaked variability at a qualitative level, although a quan-
titative fit was not found (Veledina et al. 2024a).

In this paper, we describe our development of the first model
that is able to fit the orbital variability of X-ray polarization in
Cyg X-3. We also discuss how we extracted useful parameters
from the fit, including the shape of the bow shock. In Sect. 2,
we introduce the equations for polarized single scattering and
our model geometries. In Sect. 3, we present the model fits we
carried out to compare the different geometries. In Sect. 4, we
discuss the implications of our results and in Sect. 5, we provide
a brief summary.

2. Model setup and data
2.1. Geometry

We represent linear polarization with the Stokes flux parameters
F;, Fp, and Fy. Using these parameters, the PD and PA can be

obtained by P =

tively. Stokes Fp and Fy can also be expressed in their normal-
ized form: g = Fo/F;and u = Fy /F;. We assume that the com-
pact object is in a counterclockwise circular orbit characterized
by the orbital phase angle, ¢, with ¢ = 0 corresponding to the
superior conjunction. We used a corotating coordinate system

JFo + F2/F? and tan2y = Fy/F, respec-
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fixed on the compact object, with the orbital axis, Q= 0,0,1),
aligned with the z-axis and the direction to the companion star
aligned with the y-axis (see Fig. 1). In these coordinates, the
direction toward the observer is

ey

where i is the observer inclination. The radial vector of a scatter-
ing point is

0 = (sinisin ¢, sini cos ¢, cos i),

2

where 6 is the angle from the z-axis and ¢ is the azimuth mea-
sured from the x-axis. The cosine scattering angle is

7 = (sin 8 cos ¢, sin O sin ¢, cos 6),

~

3

The normal of the scattering plane is the polarization pseudo-
vector,

U =1F-0=cosicosf+sinisinfsin(¢ + ¢).

OXTF
5= . 4
P =X “)

The polarization angle depends on the choice of polarization
basis; for this, we selected the projection of the orbital axis on
the plane of the sky,

Q —cosio . ..
e = ——— = (—cosising, — cosicos g, sini), 5)
sin i
oxQ
e = = (cos g, —sin g, 0). (6)

sini
The PA of light scattered from point # (assuming the incident
light is unpolarized) is

in 6 +
cosy = - p= _sinfcos(¢ ¢)’ 7
V1 —u?
nicosd — i sin @ sin(o +
Siny =& = sinicos @ — cos i sin 6 sin(yp ¢)‘ ®)

V1 =2

In reality, the projection of the orbital axis is misaligned from the
north-south direction by its position angle, 2 (measured counter-
clockwise from the north). The observed ¢ and u are related to
the model via the rotation,

&)
(10)

Gobs = q €08 2Q — usin2Q),
Ugbs = g SIn 2Q + ucos 2Q).
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2.2. Polarized scattering

We define Fro(r, 0, 9), Foo(r, 0, ¢), and Fyo(r, 6, ¢) as the Stokes
fluxes of radiation incident to an electron scattering envelope as
a function of radial distance from the source, r, and the angles,
0 and ¢. Then, the Stokes vector of light scattered once by an
optically thin envelope (Brown et al. 1978; Fox 1993) is

B or FI,O(r’ 9’ ¢)
F, = — fn(r)P(i,ﬂ/Z—go,G,qﬁ) Foo(r,6,¢)] dV, (1)
4xD v Fuo(r,6,¢)

where P(8y, ¢1,0,,¢,) is the scattering matrix (Chandrasekhar
1960, pp. 40—42), o1 is the Thomson cross-section, D is the dis-
tance to the observer, and n(r) is the electron number density
of the envelope as a function of the radius vector, r. The first
azimuthal angle of the scattering matrix is set to 7/2—¢ so that
its definition matches that of Chandrasekhar (1960). If the inci-
dent emission from the source is unpolarized and isotropic, the
integral can be simplified to

. L 3ot n(r) L+u
¢ = — | =2 =P cos2y|adV, (12)
4nD? 167 r? 2\ o
Vv (1 —p~)sin2y

where L is the source luminosity. The integrand of Eq. (12) can
be separated into components varying at the orbital frequency
and its second harmonic,

Frg oc —cos(2p + 2¢) sin® @sin” i + sin(y + ¢) sin 26 sin 2§
+2cos?icos? @+ sin®isin® @ + 2,

Fo g o« cos2p + 2¢) sin? O(1 + cos? i) + sin(y + ¢) sin 20 sin 2i
+ sin? i(3 sin® 6 — 2),

Fyge o 25in(2p + 2¢) sin® @ cos i — 2 cos(g + ¢) sin 20 sin i.
(13)

The orbital frequency components of two scattering points
located at 6 and 7—6 have the same amplitude with opposite
signs. Thus, scattering from any optically thin envelope that is
symmetric relative to the x—y plane will only produce the sec-
ond harmonic of the orbital frequency. This behavior is present
even if the incident radiation is polarized or anisotropic as long
as its angular distribution shares this symmetry.

For an optically thick surface with uniform scattering albedo
A, the single-scattered flux is

B 1 FI,O(F’ 99 ¢) Mo
Fa= o [ P2 0.0 Fouroo| 1 as. 14)
e Fuo(r,0,¢)) T+ 0

where 7 = 0 - f1 is the cosine of the angle between the observer
and the surface normal and 19 = —# - 71 is the cosine of the angle
between the normal and the radial vector of the reflecting point.
We treated the optically thick surface as fully opaque; the surface
is only visible when r > 0 and 19 > 0. We note that we did not
consider any self-obscuration of the shock.

The total flux is a combination of the shock scattering and
direct radiation. This can be expressed in units of direct flux as

N 1+ FI,SC/FO

Fiot = Fo q0+FQ,sc/F0 s
FU,SC/FO

where F and g( represent a constant component. We only con-

sidered zero 1, which is expected from the constant component
that is symmetric relative to the orbital plane.
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Fig. 2. Stokes F/F, (black) and Fy/F;o (orange) of light reflected
from the optically thick surface of a truncated cone as a function of the
angle, 6. Dotted lines show the reflected light without direct radiation
from the source.

2.3. Model for the incident light

We considered the case of incident flux from the reflecting funnel
model described in Veledina et al. (2024a). In the model, unpo-
larized and isotropic incident radiation of the compact object
with a flux of F = # is reflected off an optically thick trun-
cated cone. To simplify the problem, we assumed that the point
the light is reflected toward is located at a large distance, so the
incident light is a point source for the scattering medium. The
geometry is characterized by two parameters: the grazing angle
of the cone, «, and the distance from the compact object to the
outer edge of the cone, R. The observed average polarization of
Cyg X-3 in its hard state is consistent with parameter values of
a = 10° and R = 10 (in units of the truncated cone base radius;
Veledina et al. 2024a). Thus, we used these values in our calcu-
lations to reduce the number of free parameters. We also com-
bined the normalization parameters, including the constant flux,
Fy, the albedo of the cone, Aqyne, and the albedo of the shock,
Ashock, Into one parameter: € = AconeAshock F+/ Fo-

Figure 2 shows F;o/F. and Fpo/F;o as a function of the
colatitude, 6, with the single-scattering albedo set to unity. At
angles 6 < «, the direct radiation from the central source is
visible, and the total flux is about 20 times greater than the
reflected alone. With a more realistic single-scattering albedo
of 4 ~ 0.1 for neutral matter, the ratio between the reflected
flux and the direct flux at § ~ 45° is only about 107*. A
highly ionized cone with multiple scatterings provides a similar
ratio between the beamed flux and the reflection (Dauser et al.
2017). Due to the significant obscuration, we only considered
cases where the region of the bow shock that reaches above
the funnel is sufficiently rarefied that it gives only a minor con-
tribution to the total scattered flux. Otherwise, scattering from
gas directly above the funnel would dominate over all other
regions, resulting in nearly constant (orbital phase-independent)
polarization.

2.4. Scattering from a point-like cloud

We first considered the simple case where the shock is repre-
sented by a point scattering the incident radiation, located at a
fixed colatitude, 8y, and azimuth, ¢y. For unpolarized incident
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radiation, the reflected Stokes flux is

3 1+ 2
Fo = €Fo=|(1 = 1®) cos 2y

g ) (16)
(1 = p®)sin2y

where € = f F4/Fy is the flux normalization factor that
includes the scattering fraction, f;.. This equation follows from
Eq. (12) when the size of the scattering region is sufficiently
small. This approach is similar to the phase-dependent polariza-
tion in the rotating vector model (used to explain the variable
polarization of pulsars, Poutanen 2020; Meszaros et al. 1988;
Radhakrishnan & Cooke 1969).

2.5. Parabolic bow shock

In an idealized case, a spherical object traveling through a
medium will produce a parabolic bow shock. The geometry is
illustrated in Fig. 1. Density at the shock boundary for an ideal
strong bow shock is (DuPont et al. 2024)

+1
Nsh = y__lnwra (17
where ny, is the density of the Wolf-Rayet wind and vy is the
adiabatic index. For the classical result of y = 5/3, the shock is
therefore four times as dense as the wind.

We set both the direction of orbital motion and the shock
apex along the x-axis. To model a misaligned shock, the orbital
phase angle can be shifted by the angle between the directions of
the shock apex and the orbital motion. The shape of the parabolic
bow shock is defined by the relation
x=1-y*/a* - 2]d, (18)
where a is the radius of the shock cross-section at x = 0 in
units of distance to the shock apex. Due to the axial symmetry
of the shock around x, it is easier to perform the calculations in
rotated spherical coordinates measuring the colatitude angle with
respect to the x-axis, cos = sin 6 cos ¢, and the azimuthal angle
from the y-axis toward the z-axis, tanyy = cos/(sin6sin ).
We parameterized the extent of the shock by the maximal angle
from the apex, ¥max. The distance from the central source to the
parabolic surface is

3 \/0052 &+ 4a2sin® 9 — cos ¥

ry = , (19)
’ 2a~2sin® ¥
and the normal to the surface of the paraboloid is
2 . . .
—a*~, =2r, sin cos ¥, —2r, sin ¢ sin
o b v, =2 v 0

NJat + 41% sin® ¢

To model an optically thin shock using the volume integral
in Eq. (11), we treated the shock as a geometrically thin shell
with constant column number density along r,

n(r) = Ngwo(r — 1p). 21

This reduces Eq. (11) into a two-dimensional integral over ¢ and
Y at r = rp(13). Using the same notation, we can write the sur-
face element of the paraboloid for the optically thick integral in
Eq. (14) as

1 0r,\
ds = 12 sin 1+(—ﬁ)dﬁd¢/.

rp 09 (22)
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2.6. Cylindrical bow shock

To account for the potential modification of the shock shape
caused by the jet-wind or funnel-wind interaction, we considered
an alternative geometry for the shock as a sector of a parabolic
cylinder as depicted in Fig. 1 (blue surface, Yoon & Heinz 2015;
Yoon et al. 2016). With the apex along the x-axis, the cylinder is
defined by the equation

x=1-y/d%, (23)

where a is the radius of the cylinder at x = 0 in units of distance
to the shock apex. In the same units, we limit the height of the
shock to |z] < h. A misaligned shock can again be modeled by
shifting the orbital phase angle. The maximal extent of the shock
is defined by the azimuthal angle ¢nax. The cylindrical radius

o = /x2 + y? of the shock surface is
\/cos2 é +4a2sin’* ¢ — cos ¢
c = , 24
Pe 2a~2 sin? ¢
while the surface normal is
—a2, =20, sing, 0
P ( LPpc ) ) 25)

\Ja* +4p2. sin® ¢

The integral in Eq. (14) is most conveniently performed in cylin-
drical coordinates, where the surface element is

1 dppe \
ds =ppc,f1+(a(%) d dz.

2.7. Data analysis

We reanalyzed phase-resolved X-ray polarimetric data
from IXPE (observation ID 02001899, first presented in
Veledina et al. 2024a). The data were downloaded from the
HEASARC public archive! and processed with the IXPEOBSSIM
package version 31.0.1 (Baldini et al. 2022) using the detector
responses from CalDB version 13. The source photons were
extracted from a circular region centered on the source, with a
radius of 60”. The observation was folded with the quadratic
ephemeris of Antokhin & Cherepashchuk (2019) using the
xpphase method. The data were then grouped into ten phase
bins and the pcube method was applied to each of the phase
bins in the energy range of 3.5—-6keV. This energy range has
little contribution from multiple scatterings or fluorescence,
which would reduce the PD as compared to single scattering
(Veledina et al. 2024a).

We employed the statistical modeling package Turing.jl,
implementing the No-U-Turn sampler (Fjeldeetal. 2025;
Hoffman & Gelman 2014) to perform a Bayesian Markov chain
Monte Carlo fitting of the data. This approach aims to find the
posterior probability distributions of the model parameters with
random sampling. We calculated the posterior likelihood of each
sampled parameter set by comparing the model to the observed
Stokes g and u, with the assumption that the data are distributed
normally with a standard deviation equal to their error. To speed
up calculation of our models that involve numeric integration,
we precalculated them as parameter lookup tables and performed
linear interpolation to find the results. We note that the statisti-
cally significant inference of all geometric parameters is unre-
alistic due to the low number of data points. Consequently,

(26)

! https://heasarc.gsfc.nasa.gov/docs/archive.html
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we fixed the inclination to i = 30° in all models, and fixed
the parameters a and h whenever necessary. This introduces
a systematic uncertainty to the inferred parameters, although
the fitting procedure would indicate whether a particular shock
geometry can replicate the observations. The specific inclination
was chosen given its consistency with previously measured val-
ues (Antokhin et al. 2022; Vilhu et al. 2009; Miller-Jones et al.
2004) and we also found that varying it by +£10° did not signifi-
cantly alter the parameters of the fit.

3. Results
3.1. Point-like scattering

We first applied the point-like single scattering model to the
data. Scattering from a point-like cloud can only produce
single-peaked orbital variability if it is elevated high above the
orbital plane. This is shown in Eq. (13), where the orbital fre-
quency component is o« sin 26y, whereas the second harmonic is
oc sin® By; therefore, the single-peaked variability can only dom-
inate at small 6, values. We assumed that the scattering point
is above the funnel and receives the direct unpolarized emission
from the central source. Since the phase of the superior conjunc-
tion is not necessarily the observed zero phase, we summed the
phase shift and ¢ to create a new parameter, ¢g. Thus, the model
has five parameters in total: 6y, ¢y, €, Q, and go.

Figure 3 shows the best fit of the model, and the posterior dis-
tributions are shown in Fig. A.1. To quantify the quality of the fit,
we calculated the Akaike information criterion (AIC) value and
performed an Anderson-Darling (AD) test comparing the dis-
tribution of the normalized residuals to a standard normal dis-
tribution. The best fit has AIC=104, with and AD p-value of
0.015. The point-like cloud fits the data only roughly given its
mostly sinusoidal variability. This simple model cannot repli-
cate the data in which the peaks of Stokes g and u appear near
the same phase. The parameters gy and € are strongly degener-
ate in this case and neither can be constrained. The colatitude of
the cloud, 6y = 3.6*)7 ° (10), places it almost directly above the
funnel. With the combined phase shift and azimuthal angle of
¢o = —106° £ 11°, the cloud is located away from the compan-
ion star. The orbital axis is very closely aligned with the north-
south direction, with a position angle of Q = 1°4 + 0%4. We con-
clude that the point-like single scattering cloud cannot explain
the observed variability, as the PD and PA maxima cannot appear
near the same phase.

3.2. Parabolic bow shock

The parabolic bow shock model suffers from the same shortcom-
ings as the point-like cloud. Constant polarization dominates if
the shock covers the funnel opening, and in the optically thin
scenario, the axial symmetry would lead to the second harmonic
dominating (two peaks per orbital period). Asymmetry can nev-
ertheless be introduced by excluding the lower half of the shock,
which can be interpreted as an accretion disk obscuring it from
view. Figure 4 shows the reflected Stokes ¢ and u for an optically
thick shock and the upper half of an optically thin shock, with
incident light from the funnel as described in Sect. 2.3. Even with
the added vertical asymmetry, the variability in the optically thin
case is dominated by the second harmonic. Hence, fully optically
thin shock models are not capable of reproducing the data. This
is a consequence of the narrow shock lying close to the orbital
plane. Thus, the obscuration of the scattering surface would be

0.0 0.25 0.5
orbital phase

Fig. 3. Observed Stokes ¢ and u of Cyg X-3 compared to the best fit of
the point-like cloud model (dark red) and the 1- and 3-0- quantiles of
the fit posterior (dark and light regions, respectively).
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Fig. 4. Stokes g and u of a theoretical parabolic bow shock of width
PImax = 30° (black) and J,,,x = 80° (orange) with @ = 1 (solid) and a =
3 (dashed), for both the optically thick (left) and optically thin (right)
cases. The flux was normalized so that the maximum of the scattered
flux is one tenth of the direct flux.

necessary for the shock to produce only one polarization peak
per orbit.

We proceeded to fit the optically thick parabolic shock to
the data. The angle between the shock apex and the direction of
motion is not separable from the phase shift of the observation,
so we combined them into a single parameter, ¢g. This leaves us
with six parameters to fit: ¥max, @, €, Q, g, and go. The results
of the fit are shown in Figs. 5 and A.2. With an AIC of 117 and
an AD p-value of 0.0093, the fit is poor. The geometrical param-
eters a and Uy.x are degenerate with the flux normalization, e,
leading to a wide posterior distribution. The three remaining
parameters are better constrained, with Q = 1°0 + 0°4 match-
ing the value of the point-like scattering model. The constant
polarization gy = —23.5:’812% is well within the error bars of the
phase-average polarization in the 3.5-6keV band, 22.8 + 0.4%
(Veledina et al. 2024a). The orientation of the shock ¢ = 48f:? °
is similar to the expected angle of about 35° (Antokhin et al.
2022).
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Fig. 5. Same as Fig. 3, but for the parabolic shock model.

3.3. Symmetric cylindrical bow shock

Next, we considered the cylindrical bow shock (Fig. 1, right).
We assumed an optically thick shock with incident light coming
from the cone reflection. We note that an optically thin cylindri-
cal shock is similar to the parabolic bow shock with its mostly
double-peaked variability. Since this model has too many param-
eters to infer from the data, we fixed the inclination to i = 30°
and first performed a fit with a and 4 as free parameters. We then
performed a second fit with the two parameters fixed to their best
fitting values. Combining the phase shifts and fixing a and £, the
model has five parameters to fit: ¢max, €, Q, @o, and go.

The prior for & is limited by the elevation at which the direct
radiation becomes visible to the shock (in units of distance to the
shock apex), expressed as

cota a> 2
Nmax = : - ’ 27
{a—wcota, a< V3. @7

As this depends on a, we replaced 2 with the ratio i/hpx in
the fit. Using uniform priors of 0.3-3.0 and 0.1-0.99 for a
and h/hpa, respectively, the fit posterior was a = 1.670% and
h/hnax = 0.6 £ 0.3 with best-fit values of a = 1.35 and h = 5.57.

Figure 6 shows the best fit of the model with fixed a and
h, and the posterior distributions of its parameters are given in
Fig. A.3. The best fit has an AIC value of 101 and an AD p-value
of 0.037. Qualitatively, the model follows the observed Stokes u
reasonably well but fits g poorly. This is a consequence of the
symmetry of the shock relative to the x—z plane. When the apex
of the shock is facing the observer and obscuring the reflecting
inner surface, the observer only sees the constant component.
The maxima of Stokes g occur before and after this plateau,
while the symmetry of the shock leads to those peaks being iden-
tical. The observed Stokes g only has one clear maximum, which
cannot be reproduced by this model.

The angle ¢y = 43° + 6° is again close to the expected value
of ~35°. With ¢pnax = 66° +7°, the shock is narrow. The constant
component is highly constrained at gy = —23.6 + 0.4%, which
is also consistent with the phase-averaged polarization. The flux
normalization factor of € = 503*119 is large, corresponding to a
peak reflected flux of about 0.3F. The analytical model for cone
scattering at i = 30° predicts a value of Acone F's/Fo = 3% 102, but
this value for € can be larger by nearly an order of magnitude if
Ashock 18 small. This can be explained by wind absorption toward
the observer or the optically thick single-scattering model under-
estimating the reflected flux. The alignment angle of the orbital
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Fig. 6. Same as Fig. 3, but for the parabolic cylinder shock model.

axis, Q = 1°2 + 0%4, is consistent with that inferred from the
point-like cloud model.

3.4. Asymmetric cylindrical bow shock

We further tested the parabolic cylinder geometry by adding
asymmetry across the shock centerline. In a more accurate
model, the shock curves into a spiral shape as it collides with
the wind. However, this is a difficult geometry to model analyt-
ically. Thus, to explore the impact of this asymmetry, we sepa-
rated widths of the shock on either side of the shock apex into
free parameters. Firstly, ¢nax; is the width of the shock away
from the companion (negative y-direction), and, secondly, ¢max>
is the width toward the companion (positive y-direction). As with
the symmetric shock, we fixed the inclination to i = 30° and per-
formed an initial fit including a and h/hy,y as free parameters.
The fit results were a = 1.8*0% and h/hmax = 0.5770:9, with the
best-fit values of @ = 1.63 and & = 3.35. The results of the sec-
ond fit with fixed a and & can be seen in Figs. 7 and A.4. The
best fit gives AIC =78 and an AD p-value of 0.61.

We find that the model replicates the single peaks of ¢ and u
that occur roughly at the same phase. The model fit has by far the
best AIC value and is the only one where the AD test does not
reject the null hypothesis of Gaussian residuals. The qualitative
difference is easier to visualize in the g—u plane shown in Fig. 8,
where the data trace a narrow, skewed shape. Out of the three
model fits, the asymmetric cylinder shock is the only one capable
of reproducing the data topology. However, this model exhibits
constant polarization over a relatively large portion of the orbit
and, thus, it does not aptly fit the polarization near phase zero.

Interestingly, the two widths of the shock are starkly differ-
ent, with the fit preferring a larger angle @ = 156715 ° for

one side and a much smaller angle ¢yx0 = 14ﬁ§ ° for the other.

The angle ¢y = 93j§ ° places the apex of the shock facing the
companion star. With these parameters, the shock is practically a
curved wall facing toward the direction of orbital motion with a
small “hook” on the other side of the apex (see magenta shape in
Fig. 9). This makes the reflection only visible around phase 0.5.

The constant polarization is again strongly constrained at
qo = —24.2 £ 0.4%, which is about 20" higher than the average
polarization. The flux normalization of € = 177133421 is larger
than the symmetric model, although the reflected flux is similar

due to the reduced shock height, peaking at 0.4F,. The position
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Fig. 7. Same as Fig. 3, but for the asymmetric parabolic cylinder shock
model.
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Fig. 8. Observed variability in the g—u plane compared to the best fits
of the point-like cloud (top left), parabolic shock (top right), symmetric
cylinder shock (bottom left), and the asymmetric cylinder shock (bot-
tom right).

angle Q = 2°1 £0°5 is again consistent with the constraints from
the other three models.

4. Discussion
4.1. Properties of the shock

The geometry of the intrabinary bow shock in Cyg X-3 is
strongly constrained by the X-ray polarimetric data. If the shock
is the primary cause of the orbitally variable polarization and
sufficiently represented by our model, it must be both cylindrical
and asymmetric with regard to the shock apex. This is consistent
with theoretical predictions of the bow shock shape in simula-
tions, as the tail of the shock is expected to curve under orbital
motion (Eichler & Usov 1993). Figure 9 shows how this shape

Fig. 9. Illustration of how the best fit of the asymmetric cylinder shock
(magenta) compares to a shock curved by the wind (cyan).

compares to the best fit of our model. The simplified asymmet-
ric shock is roughly analogous to the curving shock, with the
Narrow Pmaxz = l4f§ ° corresponding to the convex part of the
shock. The surface of this convex side would not be exposed to
the central source far from the shock apex, so the extent of the
shock surface would appear narrower on that side. However, the
much wider ¢ = 156f}g ° does not match the concave half
of the curving shock far away from the apex. A more physical
model would include the geometric thickness of the shock, its
density distribution, its curvature further away from the shock
apex, and multiple scatterings; however, this is beyond the scope
of this work. Nevertheless, models with many scatterings may
face problems explaining the prominent variability as the ampli-
tude would be reduced.

The polarized variability having one peak per orbit can only
be recreated if the shock scattering is obscured during certain
orbital periods. Therefore, the shock must be at least moderately
optically thick. Our simplified model uses an infinite optical
depth and thus cannot constrain the optical depth of the shock.
A model fit of an axisymmetric bow shock in Antokhin et al.
(2022) determined the shock optical depth through the apex as
~1.1, with the maximum optical depth through the line of sight
being ~0.6. Our conclusion that the shock is opaque enough to
obscure its inner surface could be consistent with this model if
the shock is denser at lower elevations.

We examined the orbital variability only in the hard state,
yet it is present in all observations. The ultrasoft and interme-
diate states have a smaller constant PD that can be explained
with scattering from an optically thin medium above the funnel
(Veledina et al. 2024b). In this scenario, the primary source of
X-rays incident on the shock would be the scattered flux, rather
than the cone reflection. Furthermore, the radio jet is quenched in
the ultrasoft state, which can impact the shock geometry. These
differences likely explain the changes in the orbital variability of
polarization. Even so, the persistent single-peaked profile makes
a semi-stable source for the variability a necessity. Therefore,
the vertically extended shock has to be sustained by the outflow-
wind interaction if the jet is absent.

4.2. Alignment of the orbital axis and the jet

The only parameter that remained consistent throughout all our
model fits was the small positive value of the position angle,
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Q. Although the small rotation has little impact on g, it shifts u
toward negative values. If the average value of u is slightly nega-
tive, it is reasonable to expect fits of different models to find simi-
lar values for the position angle. The near north-south alignment
of the orbital axis is consistent with radio observations of the
jet (Marti et al. 2000; Miller-Jones et al. 2004; Yang et al. 2023).
Yang et al. (2023) measured the position angle of the innermost
radio jet as —3°1 + 094, which differs from our inferred value of
2°1 + 0°5 by at least 50-. While the result is model-dependent, it
hints at a small misalignment of the jet with the orbital axis at
the scale of the radio observations.

We did not account for a possibly inclined jet and outflow.
However, the orbital gamma-ray variability and certain radio
observations can be explained with an inclined and precessing
jet (Dubus et al. 2010). The variability can also be explained by
a jet bent by the wind, so the inclined jet cannot be confirmed
nor rejected (Dmytriiev et al. 2024). The misalignment found by
our analysis is significantly smaller than the ~40° jet inclination
or bending angle indicated by the gamma ray model fits. It is
more in line with the predicted small bending angle that, how-
ever, depends on poorly defined jet parameters (Dmytriiev et al.
2024). The effects of an inclined jet on the orbital variability
would be very complicated, as it introduces an orbital phase
dependency on the jet-wind interaction (Yoon & Heinz 2015).
Therefore, this analysis is beyond the scope of this work.

4.3. Impact of other wind structures

Scattering in the Wolf-Rayet wind contributes to the total
observed polarization. With a spherically symmetric wind, the
polarized flux would be nearly constant, yet the wind is warped
by the gravity and the jet-wind interaction. However, the opti-
cally thin wind would primarily produce two PD and PA peaks
per orbit and thus cannot be a dominant component in the
observed variability (Veledina et al. 2024a). It might still con-
tribute to the constant Stokes g, which would be difficult to sep-
arate from the constant component caused by the funnel reflec-
tion. Inferring the geometrical parameters of the funnel could be
more complicated if the constant polarization is indeed a sum of
multiple components. It is difficult to estimate the contribution
from the wind, but simulations of single-scattering in the HMXB
wind at lower wind mass loss rates than Cyg X-3 show negligi-
ble polarized flux outside of eclipses (Kallman et al. 2015). The
higher wind density of Cyg X-3 would lead to more pronounced
wind scattering component contribution to the total flux, but the
presence of multiple scatterings would decrease the PD.

Previous works analyzing the X-ray light curves of Cyg X-
3 have assumed a constant initial flux that is modulated at the
orbital period by absorption at multiple wind structures (e.g.,
Vilhu & Hannikainen 2013; Antokhin et al. 2022). This analysis
has neglected the contribution of a variable flux caused by scat-
tering. Since strong orbital variability of polarization requires
that a sizable fraction of the flux is scattered, the light curve
should be revisited within this new context.

The variable flux from scattering cannot explain the light
curve without absorption and, thus, a combination of scattering
and absorption models is needed. The amount of reflected flux in
the parabolic cylinder model is strongly dependent on both 4 and
a, whereas neither parameter is well constrained. Nevertheless,
we matched the IXPE light curve by combining the best fit of
the asymmetric cylindrical bow shock and the absorption mod-
els of Antokhin et al. (2022). The large parameter space makes
it impractical to obtain a statistically meaningful fit, so we only
tested the model heuristically. We fixed the inclination to i = 30°
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Fig. 10. Normalized IXPE orbital light curve of Cyg X-3 in the

3.5-6keV range (black line) with the raw reflected flux from the best-

fit asymmetric cylinder shock model (magenta dashed line) and a hand-

fitted model light curve, with wind and clump absorption applied to the
reflected flux (magenta solid line).

and the radius of the WR star to one-third of the orbital sepa-
ration. The results of our manual fitting are shown in Fig. 10.
Using the parameter definitions of the aforementioned paper, we
used wind absorption with 79 = 0.33 and ¢y = —0.005, and two
clump absorbers with 71 = 0.41, T2 = 0.31, ¢r1 = 0.475,
b2 = 070, Age; = 0.274, and Ader» = 0.20. The two
absorbers occur before and after the peak of the reflected flux
and, in the context of this manual fit, they can be interpreted as
absorption in the curving tails of the bow shock (see Fig. 9).
Absorption in the bow shock itself is not needed in the fit, per-
haps because our model already has reduced normalized flux
when the shock apex is facing the observer. Hence, the dim-
ming due to absorption is degenerate with the enhancement of
flux due to scattering from the inner surface of the shock. While
this model gives the essence of the observed flux variability, a
detailed study of the parameter space would be meaningful for
the combined set of X-ray and IR light curves, similarly to the
analysis presented in Antokhin et al. (2022).

Our assumption that the gas above the outflow must have
negligible optical depth is complicated by the jet-wind interac-
tion. Specifically, the wind causes the jet to curve and so, the
bow shock would eventually reach above the funnel. The jet in
Cyg X-3 is not strongly bent until a recollimation shock forms
about one orbital separation above the orbital plane (Yoon et al.
2016). This is several orders of magnitude more distant from
the source than the shock apex, so the scattered flux from the
lower shock would at least be comparable to the scattered flux
from high above. Assuming that the wind density decreases
away from the WR star with the inverse square of distance, the
wind near the recollimation shock would thus be about half as
dense as the wind near the compact object. The part of the bow
shock exposed to the direct radiation is therefore significantly
less dense than the lower parts of the shock. All things consid-
ered, it is safe to conclude that scattering from the bow shock far
above the outflow does not dominate.

4.4. Comparison with Cyg X-1

Similar bow shock structures should be present in other HMXBs,
yet Cyg X-3 remains the only one with pronounced orbital X-ray
polarization. In particular, Cyg X-1 is another wind-fed micro-
quasar that was observed with IXPE, but the initial analysis



Ahlberg, V., etal.: A&A, 704, A127 (2025)

by Krawczynski et al. (2022) found no statistically significant
orbital variability. A subsequent analysis of the large set of
observations showed that orbital variability with a single polar-
ization maximum per orbit is present in Cyg X-1, albeit with PD
amplitude of ~2% (Kravtsov et al. 2025). The lower statistics of
the orbital phase resolved polarization makes Cyg X-1 challeng-
ing for detailed study of its bow shock structure. The g and u
maxima of Cyg X-1 occur at different orbital phases, which is
expected from scattering of unpolarized radiation by an optically
thin medium as demonstrated by Eq. (13). This variability could
correspond to a bow shock that reaches above the orbital plane
with its lower half obscured by the accretion disk, but we refrain
from drawing further conclusions from the data due to their low
statistics.

Cyg X-3 may have more significant variability due to
its higher wind mass-loss rate, which was estimated by
Antokhin et al. (2022) as ~107>Mgyr~!, compared to 5 X
107" Mg yr~! in Cyg X-1 (Ramachandran et al. 2025). The mass
loss rate of Cyg X-1 was previously estimated by Gies et al.
(2003) to be an order of magnitude larger with the further
expectation that the wind is directed toward the compact object
(Gies & Bolton 1986). Recently, Ramachandran et al. (2025)
introduced a more comprehensive model with wind clumping
and found no evidence for focused wind. Clumping and wind
asymmetry were not considered in Antokhin et al. (2022), so
the mass loss rate of Cyg X-3 may also be overestimated. It is
accordingly difficult to estimate the density of the wind struc-
tures near either compact object, although the similarities in their
orbital variability suggest that they might be roughly compara-
ble. Cyg X-3 is the only known HMXB with a WR donor in
our Galaxy, so it might be the only easily observable source
with pronounced orbital variability of X-ray polarization. The
opportunity to study the shock geometry in such detail is hith-
erto unique to Cyg X-3, making it a valuable tool in furthering
our understanding of HMXB wind structures.

5. Summary

In this work, we have developed several analytical models for
single scattering in the intrabinary bow shock in Cyg X-3 and
compared their predictions with the X-ray polarization data. The
only shock model we found capable of replicating the observed
orbital variability is cylindrical, asymmetric across the shock
apex, and optically thick. The single-peaked orbital variability
strongly constrained the possible geometries. Scenarios with the
medium located directly above the obscuring funnel face diffi-
culties in terms of explaining the high amplitude of the vari-
ations, since most of the scattered flux would have a constant
polarization. At the same time, any optically thin shock lying
low on the orbital plane would lead to primarily two polarization
peaks per orbit. Thus, the observed coincidence of the maxima in
q and u Stokes parameters could only be achieved, in the frame-
work of these models, if the shock has asymmetry relative to its
centerline.

The inferred shape of the bow shock confirms the shock
geometry predicted by simulations of the HMXB jet-wind inter-
action. The position angle of the orbital axis in our model fits
deviates from the alignment of the innermost radio jet by a few
degrees, which is consistent with an otherwise aligned jet with
wind-induced bending. As the nature of the variability does not
change even when the jet is quenched, the funnel outflow must
be key in forming the shock geometry. Determining the exact
properties of the shock and the impact of an inclined or curved
jet would require more complex numerical modeling.

The high amplitude of the observed variability implies that
the bow shock scattering is a significant fraction of the observed
flux. Previous models for the orbital light curve should there-
fore be revised with the addition of a variable component to the
unabsorbed flux. We have made a manual fit to the light curves
and found that they can be explained by adding wind and clump
absorption to the variable flux of our best-fit model. Therefore,
we expect that estimates of the system’s basic parameters, such
as its inclination, might change once the additional scattered flux
is taken into account in the light curve modeling.
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Appendix A: Plots of posterior distributions
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Fig. A.3. Posterior distribution of the symmetric parabolic cylinder
6, (deg) € P, (deg) o (%) Q (deg) shock model fit.

Fig. A.1. Posterior distribution of the point-like cloud model fit.
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Fig. A.2. Posterior distribution of the parabolic shock model fit.
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