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ABSTRACT

Cygnus X-3 is an enigmatic X-ray binary that is both an exceptional accreting system and a cornerstone for population synthesis
studies. Prominent X-ray and radio properties follow a well-defined pattern, and yet the physical reasons for the state changes observed
in this system are not known. Recently, the presence of an optically thick envelope around the central source in the hard state was
revealed using the X-ray polarization data obtained with the Imaging X-ray Polarimetry Explorer (IXPE). In this work we analyse
IXPE data obtained in the ultrasoft (radio quenched) state of the source. The average polarization degree (PD) of 11.9 ± 0.5% at a
polarization angle (PA) of 94◦±1◦ is inconsistent with the simple geometry of the accretion disc viewed at an intermediate inclination.
The high PD, the blackbody-like spectrum, and the weakness of fluorescent iron line imply that the central source is hidden behind the
optically thick outflow, similar to the hard-state geometry, and its beamed radiation is scattered, by the matter located along the funnel
axis, towards our line of sight. In this picture the observed PD is directly related to the source inclination, which we conservatively
determine to lie in the range 26◦ < i < 28◦. Using the new polarimetric properties, we propose a scenario that can be responsible for
the cyclic behaviour of the state changes in the binary.
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1. Introduction

Accreting binary system Cygnus X-3 (hereafter Cyg X-3) is
one of the first detected X-ray sources (Giacconi et al. 1967).
This persistent source shows several exceptional observational
properties. It is the brightest X-ray binary in radio wave-
lengths, with fluxes that can reach 20 Jy (McCollough et al.
1999; Corbel et al. 2012), and is one of a few Galactic binaries
with detectable γ-ray emission (Tavani et al. 2009; Atwood et al.
2009). It is one of the shortest-period X-ray binaries, Porb =
4.8 h, that is also rapidly changing owing to the high mass-
loss rate from the system (van der Klis & Bonnet-Bidaud 1981;
Antokhin & Cherepashchuk 2019). The short period implies that
the luminous companion star is very compact, suggesting that
the donor is a Wolf-Rayet (WR) star, which is further supported
? Corresponding author; alexandra.veledina@gmail.com

by the hydrogen-depleted infrared spectrum (van Kerkwijk et al.
1992, 1996; Fender et al. 1999). This unique binary plays an
important role in population synthesis studies: a successful
model is obliged to reproduce the presence of Cyg X-3 in the
Milky Way, the compact object in a tight binary orbit with the
WR companion; at the same time, current estimates suggest the
presence of only one such system in our Galaxy (Lommen et al.
2005).

There is no detected optical counterpart due to the con-
siderable distance to the source (D = 9.7 ± 0.5 kpc;
Reid & Miller-Jones 2023) and its location close to the Galac-
tic plane resulting in high absorption along to the line of sight.
However, the orbital phase dependence of radio, infrared, X-ray,
and γ-ray properties of the system have been studied extensively
(e.g. McCollough et al. 1999; Fender et al. 1999; Zdziarski et al.
2018). The source was found to regularly switch between several
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Fig. 1. Spectral states of Cyg X-3. Panel a: Radio–X-ray track made by Cyg X-3 as it swings between different spectral states (data from
Zdziarski et al. 2016). Panel b: Set of average broadband spectra corresponding to the hard/radio quiescent (blue), intermediate/minor flaring
(orange), ultrasoft/radio quenched (black), and soft non-thermal/flaring (magenta) states, as introduced in Szostek et al. (2008). IXPE data are
shown with red symbols and the 2σ upper limit at 30 keV (in red) is from Swift/BAT.

spectral states characterised by distinct X-ray and radio proper-
ties (Fig. 1 and Szostek et al. 2008; Koljonen et al. 2010). Tran-
sitions between the spectral states are generally thought to be
related to the changes in accretion geometry in the system, but
the exact picture of plasma configuration and understanding of
the physical reasons for these changes are still missing. This
makes the source an ideal target for X-ray polarimetric studies.

The source is most often found in the hard X-ray quiescent
radio state (Waltman et al. 1996; Hjalmarsdotter et al. 2009),
when the X-ray continuum can be roughly described as a cutoff
power law with a peak at around 20 keV (Fig. 1b), and prominent
iron lines can be clearly identified. Spectral decomposition in
this state is complicated by the unknown absorption, in particular
its component that is intrinsic to the source (Hjalmarsdotter et al.
2008; Zdziarski et al. 2010).

Cyg X-3 is found to make regular transitions towards the
(ultra-)soft state, when the hard X-ray flux drops dramatically
and the spectrum resembles a blackbody with kTbb ≈ 1.5 keV.
Radio fluxes are likewise suppressed, motivating the name of the
radio quenched state. This transition is often followed by a major
radio flare, when the highest radio fluxes are detected, while the
X-ray continuum is moderately soft and exhibits a high-energy
tail (Szostek et al. 2008; Koljonen et al. 2010).

Exceptional multiwavelength properties of the source and
a fast, repeating swing between different states prompted
Hjellming (1973) to call it ‘an astronomical puzzle’. Interest
in solving this puzzle has persisted for more than 50 years. A
new chapter in the study of the source has been opened with
the launch of the Imaging X-ray Polarimetry Explorer (IXPE),
which enabled the first X-ray polarization studies in the 2−8 keV
band.

The source was previously observed by IXPE in the X-ray
hard (radio quiescent) and intermediate (minor flaring) states
(Veledina et al. 2024). The first X-ray polarimetric observations
in October–November 2022 revealed a high average polariza-
tion degree (PD) of 20.6 ± 0.3% (which changed to 23% after
accounting for the unpolarized contribution of the iron line). The

polarization angle, PA = 90◦.1 ± 0◦.4, suggests that it is nearly
orthogonal to the extended jet emission and relativistic ejections
observed in the system. The spectropolarimetric properties sug-
gest that the X-ray emission is produced solely by reflection,
indicating the presence of obscuring material hiding the cen-
tral engine from the observer’s line of sight. The apparent high
luminosity of 1038 erg s−1 and a much higher luminosity emitted
along the funnel in the obscuring outflow (>5.5 × 1039 erg s−1)
imply that Cyg X-3 belongs to the class of ultraluminous X-ray
sources. The dramatic drop in polarization in the minor flaring
state, PD = 10.0 ± 0.5%, was interpreted in terms of the dilution
of the outflow.

In this picture, the outflow could disappear completely in the
ultrasoft and soft non-thermal states (radio quenched and major
flaring states, respectively). Here we present the X-ray polari-
metric properties of Cyg X-3 in the ultrasoft state, with the aim
of verifying the source accretion geometry and of understanding
the physical reasons of state transitions.

2. Data

IXPE observed the source in the ultrasoft state on 2024 June
2−3. We followed the standard data analysis procedures that are
described in detail in Appendix A. Further analysis will be pre-
sented in an upcoming work (Rodriguez Cavero et al., in prep.).
We used simultaneous Swift/BAT data1 (Gehrels et al. 2004) to
estimate the flux in the hard X-ray band. We also monitored the
source in radio with the AMI telescope at 15 GHz. The results of
the radio monitoring of Cyg X-3 are presented in Appendix B.

3. Results

The source was observed in the ultrasoft X-ray spectral state
(Fig. 1b), with highly suppressed hard X-ray flux, as indicated
by Swift/BAT. We note the lower flux, with respect to its typ-
ical value (Szostek et al. 2008), around the iron line complex
1 https://swift.gsfc.nasa.gov/results/transients/
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Fig. 2. Average PD and PA as a function of energy. The horizontal
dashed lines correspond to the energy-average values.
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Fig. 3. Time variations of the IXPE count rate in the 2−8 keV band
and the orbit-average PD and PA. Time is measured from the begin-
ning of the observation at MJD 60463.8124. Boundaries of the time
bins (except the beginning and end of the observation) correspond to
the orbital phase 0.

(compare the black and red spectra). Radio fluxes were likewise
historically low, 4.5 ± 0.3 mJy (Fig. 1a and Appendix B). The
average polarimetric properties are shown in Fig. 2. We find
average PD = 11.9 ± 0.5% and PA = 94◦ ± 1◦ and no significant
energy dependence, in particular, around the iron line range. The
PA is shifted by ∼4◦ with respect to the values detected in the
hard and intermediate states.

Spectropolarimetric data suggest an absence of the promi-
nent iron line, in contrast to the hard and intermediate states
(see Appendix A). The spectrum in this state was previously
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Fig. 4. Orbital phase dependence of the PD and PA from the hard state
(blue triangles), the intermediate state (orange open squares), and ultra-
soft state (red circles). The green lines show the best-fit rotating vector
model (Appendix C) to the ultrasoft-state data.

well fit by a single blackbody component, a multicolour disc,
or a low-temperature Comptonization component (Szostek et al.
2008; Hjalmarsdotter et al. 2009; Koljonen et al. 2018). How-
ever, high PD and its independence of energy is not consistent
with either of the aforementioned components.

Next we consider variations of polarimetric properties.
Prominent orbital flux variations are detected, with the typical
profile shape of a brief dip and a more extended peak (Fig. 3a).
In Figs. 3b, c we show the PD and PA averaged over different
orbital cycles. In contrast to the hard state, we find pronounced
changes of PD in the ultrasoft state. The PA remains constant
within the errors, yet systematically shifted with respect to the
hard- and intermediate-state data in all bins. We compared the
spectropolarimetric properties of time bins 2 and 3 (in Fig. 3b, c)
to those of time bin 5 (see Figs. A.3 and A.4). The iron line is
detected in time bin 5, albeit at a low significance; for the com-
bined bin 2+3 its contribution is compatible with zero.

Previous IXPE observations in the hard and intermediate
states revealed significant variations of polarization at the orbital
period. In Fig. 4 we show the orbital phase-resolved polarimet-
ric properties of the source in the three observed states. The
PD variations in the ultrasoft state are nearly identical to those
found in the intermediate state, but the PA shows a pronounced
peak around phase 0 (corresponding to the lowest X-ray fluxes).
Using the pcube analysis of the 2−5 keV and 5−8 keV energy
bins, we also checked whether the energy dependence of PD
is different for these two orbital phases. We find no difference
between the two energy bins for the high X-ray flux spectra,
associated with phase 0.5, but for the low-flux bin (phase 0)
the PD decreases with energy at the 90% confidence level. We
also performed orbital phase-resolved spectropolarimetry (see
Figs. A.1 and A.2). The iron line is detected in the spectra around
phase 0; for phase 0.5 only an upper limit can be determined (see
Appendix A).
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Fig. 5. Accretion geometry and parameters of Cyg X-3. Left: Sketch of the geometry associated with the hard, intermediate, and ultrasoft states.
The red arrows indicate the direction of the incident and reflected or scattered photons by the optically thick outflow (blue). In the hard state, the
only photons reflected at the back surface of the funnel are visible to the observer, while in the intermediate state the reflected and scattered emission
is coming from different sides of the funnel (the funnel upper parts become semi-transparent or clumpy). In the soft state, radiation scattered off
the matter lying along the funnel axis dominates over the contribution of reflected emission. Right: Polarization of radiation undergoing single
scattering above a funnel of half-opening angle α for different observer inclinations i (red lines). The filled red band depicts the conservative
PD range 10.8−12.4% of Cyg X-3 in the ultrasoft state, which translates to the inclination of i = 26◦−28◦; this is very close to the values of
i = 29◦.5 ± 1◦.2 determined by Antokhin et al. (2022). The blue line depicts the contour of the constant PD = 23% observed in the hard state for the
model of the reflection from the inner wall of the conical surface (from Fig. 4b in Veledina et al. 2024).

4. Discussion

Previous IXPE studies clearly showed that the states of Cyg
X-3 do not simply match the hard or intermediate states of
other X-ray binaries, and the standard scenarios that have been
confirmed, for example Swift J1727.8−1613 (Veledina et al.
2023; Ingram et al. 2024; Podgorný et al. 2024) and Cyg
X-1 (Krawczynski et al. 2022) cannot be applied to this source.
If the soft state of Cyg X-3 is analogous to the other soft-
state sources, the PD∼ 1−2% can be expected (comparable to
the measurements of Cyg X-1 and Swift J1727.8−1613 that are
thought to have similar orbital inclinations; Svoboda et al. 2024;
Steiner et al. 2024). On the contrary, we observe the average
PD≈ 12%, that appears somewhat higher than that observed in
the intermediate state. This puts tight constraints on radiative
mechanisms relevant to this state of the system, as well as the
accretion geometry.

A high PD that is independent of energy is in line with
the single reflection or scattering scenario. The presence of an
obscuring medium covering the central source along the line
of sight is inevitable for the production of the high polariza-
tion. The absence of a clear contribution of the iron line, both
in spectral and polarimetric properties, indicates the spectrum is
not dominated by the reflection off the cold and dense matter,
suggested for the hard state (Veledina et al. 2024). This conclu-
sion is supported by the previous spectroscopic analysis of the
Chandra data (Kallman et al. 2019), that found an absence of the
fluorescent line from neutral iron; however, lines of the highly
ionised species of Fexxv and Fexxvi, whose motion is associ-
ated with the compact object (Vilhu et al. 2009) remain promi-
nent throughout the ultrasoft state.

We have tested various scenarios where the observed polar-
ization arises from the reflection at the inner walls of the fun-
nel (using the same setup described in Podgorný et al. 2022,
2023; Veledina et al. 2024). We considered the orbital inclina-

tion in the range 20◦ < i < 40◦, in line with previous estimates
(Vilhu et al. 2009; Antokhin et al. 2022), and varied the density
and ionisation of the medium. When decreasing the density of
the funnel walls (with respect to the hard state NH = 1024 cm−2),
the PD becomes a decreasing function of energy in the IXPE
range because the matter becomes effectively transparent to
high-energy radiation. Hence, the overall smaller funnel density
cannot be responsible for the observed changes of polarization.

We also considered cases of higher ionisation. With increas-
ing ionisation, we generally observe the decrease in the over-
all PD owing to the enhanced role of multiple scatterings. We
find that in order to reproduce the lack of neutral and/or mod-
erately ionized iron lines, the ionisation parameter (giving the
ratio of ionising flux to the number density of matter) ξ & 5000
is required. This value is somewhat high, yet still within the
boundaries of the allowed range 2 . log ξ . 4 coming from
the line spectroscopy (Kallman et al. 2019). However, at these
high values the multiple scatterings occur within a large fraction
of the envelope, similar to a spherical shell, hence the PD drops
to 1%, becoming inconsistent with the observed levels. We con-
clude that the increased ionization of the entire funnel cannot
produce the observed high and energy-independent PD. On the
other hand, transmission of the polarized light (reflected from
the funnel surface) through the ionized medium may lead to the
observed ultrasoft-state polarization properties.

The observed blackbody-like spectrum and PD = 10−15%
naturally appear in the scenario where the intrinsic radiation
undergoes single Thomson scattering in the medium along the
axis of the optically thick funnel and the observer sees only this
scattered component (see Fig. 5). In this case, the observed aver-
age PD gives the direct estimate on the inclination. For the single
Thomson scattering regime we have

P =
1 − µ2

1 + µ2 , (1)
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where µ is the cosine of the scattering angle. Thus PD = 11.9 ±
0.5% translates to inclination i = arccos[(1 − P)/(1 + P)]1/2 =
27◦.5 ± 0◦.5. This constraint is relevant to the geometry of an
infinitely narrow funnel. Calculations that include averaging
over the non-zero opening angle α of a conical funnel, for an
isotropic central source and equal scattering probability within
the funnel, show that PD dependence on α is weak (see nearly
vertical contours of constant PD in Fig. 5).

Orbital variability can be used as an independent tracer
of accretion geometry. Orbital profiles of gamma-ray fluxes
were previously explained by a jet-orbital axis misalignment
(Dubus et al. 2010; Zdziarski et al. 2018) or bending of the jet
or funnel (Dmytriiev et al. 2024). Radio fluxes were likewise
varying due to changing wind absorption (Zdziarski et al. 2018).
Interestingly though, we find an absence of the orbital mod-
ulation of radio fluxes during IXPE observations (Fig. B.2 in
Appendix B). Polarization properties of the precessing funnel
can be tested using the rotating vector model (see Appendix C;
Radhakrishnan & Cooke 1969; Poutanen 2020). We note that
this model does not necessarily assume that the radiation beam
collimated by the funnel is precessing, but there could be an
asymmetry in the distribution of scattering material, for example,
formed by the bow shock (Antokhin et al. 2022) with the geome-
try fixed in the corotating frame of the binary. In Fig. 4 we show
the best-fit model (green line). The fit gives χ2/d.o.f. = 25.7/8.
The model fails to reproduce the data because the amplitude of
PA variations in excess of 20◦ translates to the changes in PD,
predicted by this model for i = 27◦, by about 9%, much larger
than the observed PD amplitude. While the model can reproduce
orbital variations of PA, the precessing funnel scenario cannot be
responsible for the orbital changes of PD. This may be related to
a more complex dependence of PD on the angle between the
funnel axis and the line of sight.

We note that the orbital-average ultrasoft-state PD shows
pronounced variations from one orbital cycle to another (Fig. 3).
The changes could indicate secular variations of funnel param-
eters, but might as well be related to the switching between the
dominating mechanisms responsible for the polarization produc-
tion: reflection at the funnel walls and scattering within and/or
on top of the funnel itself. The latter possibility can be verified
by comparing the spectra corresponding to different polarization
levels: those coming from the scattering are expected to have no
pronounced neutral iron line. In our case, however, the normal-
isation of the line in time bin 5 and an upper limit in combined
time bin 2+3 are comparable. Thus, we cannot conclusively con-
firm or rule out this possibility.

Time variations of PD may potentially be linked to the
changes in the optical depth of the scattering material: higher
Thomson optical depth τ leads to higher scattered fluxes. Higher
τ also leads to the reduction of PD, as per the increased role
of the (unpolarized) contribution of higher-order scatterings.
Changes of τ may be the reason for the visible anti-correlation
between the orbital fluence and measured PD (see Fig. 3). The
PD drop by a factor of 1.5 between the time bins 2+3 and 5 corre-
sponds to the transition from an optically thin medium (τ << 1)
to the medium of Thomson optical depth τ ≈ 0.35. We can then
obtain the average bolometric luminosity of the system using
the ultrasoft-state flux estimate from Hjalmarsdotter et al. (2009)
(with updated distance estimate and when accounting for the
scattered fraction corresponding to τ = 0.35). We obtain the
intrinsic luminosity estimate Lint ≈ 1.4 × 1039 erg s−1. This esti-
mate is close to the Eddington limit for He-rich material if the
compact object has mass .5 solar masses, in line with previous
results (Zdziarski et al. 2013; Koljonen & Maccarone 2017).

At the same time, the spectra corresponding to the high flux
phases (orbital phase 0.5) show strong suppression of the iron
line compared to the low flux phases (phase 0, see Appendix A).
This may indicate systematic changes between scattering (phase
0.5) and reflection (phase 0) mechanisms at different orbital
phases, attributed to the changing viewing angle of precessing
funnel. The observed high-flux PD = 11.2±0.4% corresponds to
the scattering angle (inclination) in this phase i = 26◦.7 ± 0◦.5.

The polarimetric properties discussed above imply that dur-
ing the ultrasoft state, when the jet is quenched, the funnel inte-
rior and the channel above it become filled with matter com-
ing from the WR wind and perhaps from the inner walls of
the outflow (this picture is similar to the jet cocoon scenario,
Koljonen et al. 2018). The amount of material along the fun-
nel axis in this state is much larger than in the hard state when
the powerful jet cleared the material within the funnel beam
(and further away above it) and the observer saw only the light
reflected from the inner walls. The drop in polarization during
the intermediate (minor flaring) state might then be explained
by the accumulation of matter close at the inner boundaries of
the funnel and replacement of the reflection at the sharp inner
boundary by the reflection within the volume close to this bound-
ary (see Fig. 5). The effects of matter ionisation may also play
a role in the PD reduction; in this case the funnel becomes par-
tially transparent to the reflected radiation (but not the incident
radiation).

We suggest the physical reason for the spectral changes Cyg
X-3 and correlated radio activity of the source is solely related
to the amount of material within the optically thick envelope
of the source. In the hard state the amount of matter along the
funnel axis is low and the spectrum is produced by the reflec-
tion off nearly neutral material of the funnel walls. A radio jet
operates effectively within the funnel and produces a stable level
of radio emission. The transition towards the soft state may be
related to the accumulation of matter in the interior of the fun-
nel, causing a reduction of the characteristic reflection (scatter-
ing) angle. It may also cause the intermittent character of radio
emission (minor flaring). In the ultrasoft state, the observed radi-
ation is caused by the Thomson scattering of the incident spec-
trum by the optically thin medium located along the funnel axis.
Radio quenching is likewise related to the presence of a sub-
stantial amount of matter within the funnel, which is then wiped
away during the transition to the soft non-thermal state, caus-
ing major radio flares. Once the matter along the funnel axis is
cleared away by the jet, the source is observed again in the hard
X-ray, quiescent radio state.

5. Summary

We have studied the X-ray polarimetric properties of the X-ray
binary Cyg X-3 during the ultrasoft state. The high PD = 11.9 ±
0.5% and PA = 94◦±1◦ indicate that the central source is covered
by a thick envelope, similar to the previously observed hard and
intermediate states. The polarization of the continuum radiation
can arise from a single scattering off the optically thin medium
located along the funnel axis. This is different from the scenario
for the other states, where the X-ray continuum is dominated by
the reflection from funnel walls.

We showed that the PD in this case can serve as a direct
probe of the orbital inclination, i = 27◦.5± 0◦.5. We discussed the
changes in the orbit-average and phase-dependent PDs and find
that this scenario can be realised in the phases with highest flux,
with PD = 11.2 ± 0.4%, leading to the conservative inclination
estimate 26◦ < i < 28◦.
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Changes of the orbital-average PD may be related to the opti-
cal depth variations of scattering matter. The transition between
the hard and ultrasoft states may in turn be caused by the filling
of the funnel by the matter (coming either from the funnel walls
or from the enhanced WR wind) linked to the jet quenching. The
major flaring state can then be related to the ejection of matter
from the funnel, its eventual emptying, and the transition of the
source to the hard state. This closes the loop of the correlated
radio and X-ray activity in Cyg X-3.
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Appendix A: IXPE data

Table A.1. Model parameters for the spectropolarimetric fit for the high
and low fluxes.

Component Parameter Low flux High flux

tbabs NH (1022 cm−2) 7.5 ± 0.2 7.0 ± 0.1
diskbb kTin (keV) 1.8 ± 0.4 1.64 ± 0.01

norm 32±3 117 ± 4
polconst PD (%) 15.2 ± 0.9 11.2 ± 0.4

PA (deg) 104.8 ± 1.6 91.7 ± 0.9
gauss1 E (keV) [2.4] [2.4]

σ (keV) [0.15] [0.15]
norm (×10−2) 2.6 ± 0.6 4.2 ± 0.5

gauss2 E (keV) [6.6] [6.6]
σ (keV) [0.25] [0.25]

norm (×10−3) 6.0 ± 1.6 < 2.5
const DU1 [1] [1]

DU2 1.020 ± 0.006 1.016 ± 0.002
DU3 1.006 ± 0.006 0.998 ± 0.002
χ2/dof 475/432 521/432

Table A.2. Model parameters for the spectropolarimetric fit for the time
bins 2+3 and 5 of Fig. 3.

Component Parameter Time bins 2+3 Time bin 5

tbabs NH (1022 cm−2) 6.40 ± 0.12 7.02 ± 0.16
diskbb kTin (keV) 1.74 ± 0.19 1.64 ± 0.02

norm 76 ± 4 103 ± 6
polconst PD (%) 13.9 ± 0.5 8.5 ± 0.7

PA (deg) 97.0 ± 1.1 95 ± 2
gauss1 E (keV) [2.4] [2.4]

σ (keV) [0.15] [0.15]
norm (×10−2) 3.1 ± 0.6 4.9 ± 0.9

gauss2 E (keV) [6.6] [6.6]
σ (keV) [0.25] [0.25]

norm (×10−3) <3.7 3 ± 2
const DU1 [1] [1]

DU2 1.007 ± 0.004 1.024 ± 0.005
DU3 0.991 ± 0.003 1.003 ± 0.005
χ2/dof 479/432 491/432

IXPE is the imaging polarimetry NASA/ASI mission launched
in December 2021 (Weisskopf et al. 2022). It contains three
grazing-incidence telescopes, each consisting of a mirror module
assembly, which focuses X-rays onto a focal-plane polarization-
sensitive gas pixel detector unit (DU; Soffitta et al. 2021;
Baldini et al. 2021). IXPE observed Cyg X-3 on 2024 June 2−3
(ObsID 03250301) with the net exposure time of 60 ks.

The data were processed with the ixpeobssim package
(Baldini et al. 2022) version 31.0.1 using the CalDB released on
2024 February 28. Source photons were extracted from a cir-
cular region centred on the source, with the radius of 80′′. Due
to the brightness of the source, background subtraction was not
applied and the unweighted approach was used (Di Marco et al.
2022, 2023).

We first perform a model-independent analysis of the orbital-
averaged IXPE polarimetric data using the pcube algorithm
included in the ixpeobssim package, based on the formalism
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Fig. A.1. Spectropolarimetric properties of Cyg X-3 corresponding to
the high fluxes with the IXPE count rate above 32 cnt s−1 (see Fig. 3)
around orbital phase 0.5.
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Fig. A.2. Same as Fig. A.1, but for the low fluxes with the IXPE count
rate below 32 cnt s−1 (around orbital phase 0.0).
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Fig. A.3. Same as Fig. A.1, but averaged over the orbital phases during
time bins 2 and 3 (see Fig. 3).

by Kislat et al. (2015). We compute the PD =
√

q2 + u2 and the
PA = 1

2 arctan(u/q), using the normalised Stokes parameters q =
Q/I and u = U/I.

To investigate the orbital dependence of the polarimetric
data, we folded the observation with the quadratic ephemeris
(model 2 from Table 2) of Antokhin & Cherepashchuk (2019)
using the xpphase method from the ixpeobssim package. The
data were grouped in 9 bins and then the pcube algorithm was
applied for each phase bin in the energy range 2−8 keV.

Next, we utilised spectral information. The energy spec-
tra were fitted simultaneously using the xspec package ver-
sion 12.14.0 (Arnaud 1996) using χ2 statistics and the ver-
sion 20240101_v013 of the instrument response functions. The
reported uncertainties are at the 68.3% confidence level (1σ)
unless stated otherwise. The spectropolarimetric analysis was
performed using the weighted approach (Di Marco et al. 2022).
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Fig. A.4. Same as Fig. A.1, but averaged over the orbital phases during
time bin 5 (see Fig. 3).

We performed spectropolarimetric analysis of Cyg X-3 at
high and low flux levels corresponding to the time intervals
when the IXPE count rate was higher or lower than 32 cnt s−1

(see the light curve in top panel of Fig. 3). These levels
roughly give the fluxes around orbital phase 0.5 and 0, respec-
tively. The spectral model we used as the basis of the spec-
tropolarimetric analysis, given the soft state of the source, was
tbabs*(polconst*diskbb+gauss+gauss), where the two
unpolarised Gaussian lines are fixed at energies 2.4 and 6.6 keV
with the width σ of 0.15 and 0.25 keV, respectively. The Gaus-
sians are responsible for the contribution of the unpolarized lines
of Si , S , Fe and other species identified by high-resolution
spectroscopy (Kallman et al. 2019). We also used a constant fac-
tor const to account for uncertainties in the effective area of
different DUs. The best-fit results for the high and low fluxes
are reported in Table A.1. The deconvolved spectrum of Stokes
parameters I, Q, and U in EFE representation are shown in
Figs. A.1 and A.2.

Then, we performed the same spectropolarimetric analysis
checking variation of the orbital-average polarization with time.
In particular, we performed the analysis putting together the data
in the time bins 2 and 3 and in the time bin 5 (see Fig. 3), cor-
responding to the highest and lowest PD. The best-fit results are
given in Table A.2. The deconvolved spectrum of Stokes param-
eters I, Q, and U in EFE representation are shown in Figs. A.3
and A.4.

Appendix B: Radio behaviour at 15 GHz

Cygnus X-3 is monitored at 15 GHz, usually daily, with
the Large Array of Arcminute MicroKelvin Imager (AMI;
Zwart et al. 2008; Hickish et al. 2018). AMI consists of eight
12.8-m antennas sited at the Mullard Radio Astronomy Obser-
vatory near Cambridge, UK. The AMI receivers cover the band
from 13 to 18 GHz, and are of a single linear polarisation,
Stokes I + Q. Observations are usually made daily, although
some are missed due to adverse weather conditions (high winds
or heavy rain), or technical issues. Also the number of anten-
nas available varies due to technical issues. Analysis is done
using custom software, reduce_dc (Perrott et al. 2013). Each
observation consists of multiple 10-min scans of Cyg X-3, inter-
leaved with short (∼2-min) observations of a nearby compact
source, which were used for phase calibration. The flux den-
sity scale is set using nearby observations of 3C 286, which are
usually made daily. The day-to-day flux density uncertainty is
estimated at ≈5%. Usually short observations, with two 10 min
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Fig. B.1. AMI observations of Cyg X-3 at 15 GHz from early March
to mid-June 2024. Each point is the average flux density in a 10 min
bin, with an error bar giving the statistical error. The dashed blue line
indicates the IXPE observation date.
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Fig. B.2. Same as Fig. B.1, but for the ≈4 h observation (i.e. approxi-
mately one orbital period) on 2024 June 3, simultaneous with IXPE.

scans are made daily, but sometimes longer observations are
made. Figure B.1 shows the AMI observations of Cyg X-3 for
several months before and weeks after the IXPE observations.
These show that at 15 GHz, Cyg X-3 was in a faint state after a
larger outburst in early April. These AMI observations include a
longer, ≈4 hour, observation of Cyg X-3 made on 2024 June 3,
during the IXPE observations, which is shown in Fig. B.2. The
source does not show any pronounced orbital variability in flux
density.

Appendix C: Orbital variability

To describe the orbital variability using the rotating vector
model, we consider a funnel inclined at angle θ relative to the
orbital axis and having azimuthal angle φ0 measured in the
orbital plane from the line connecting the black hole to the WR
star. The orbital axis make angle i to the line of sight. The PA
of the scattered radiation can be written as χ = χ0 + χa + π/2,
where χa is the position angle on the sky of the orbital angular
momentum (measured from north to east) and χ0 is given by the
rotating vector model (equation (30) in Poutanen 2020):

tan χ0 =
− sin θ sin(φ + φ0)

sin i cos θ − cos i sin θ cos(φ + φ0)
. (C.1)

The PD is determined by Eq. (1) where the cosine of the scatter-
ing angle varies with the orbital phase as

µ = cos i cos θ + sin i sin θ cos(φ + φ0). (C.2)

The model thus has four parameters: i, θ, χa, and φ0. We
fitted the ultrasoft-state polarization data with this model obtain-
ing χ2 = 25.7 for 8 dof. The best-fit parameters are i = 27◦.7,
θ = 3◦, χa = 6◦.5, and φ0 = −120◦ (i.e. nearly in the direc-
tion of motion). This direction is not far from the position of the
bow shock (Antokhin et al. 2022) where an excess of the optical
depth is expected. We did not try to get the confidence level on
the parameters, because the fit is not acceptable.
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