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Abstract

We report on the average and orbital phase-resolved polarization of Cyg X-3 in the hard state (HS) during the
2023 Imaging X-ray Polarimetry Explorer (IXPE) observational campaign. We find the polarization degree of
21.4% =+ 0.4% and polarization angle of 9272 4+ 0?5, compatible within 30 with the first HS IXPE observation in
2022. As the observed polarization depends on both the accretion geometry and the X-ray emission mechanism,
and assuming it arises from reflection from the optically thick envelope surrounding the central source, our result
indicates that both are similar in the two HS epochs on year-long timescales despite the source transitioning
through an intermediate state in between. We discuss time- and energy-dependent polarization properties and their
implications for the geometry and stability of the accretion funnel, finding significant orbital modulation of the

polarization properties.

Unified Astronomy Thesaurus concepts: Accretion (14); Polarimetry (1278); X-ray astronomy (1810); X-ray

binary stars (1811); Stellar mass black holes (1611)

1. Introduction

Cygnus X-3 (hereafter Cyg X-3) is a persistent radio, X-ray,
and ~-ray source and a high-mass X-ray binary system
composed of a compact object, likely being a neutron star or
a low-mass black hole (BH; A. A. Zdziarski et al. 2013), and a
Wolf-Rayet star (M. H. van Kerkwijk et al. 1996). The
findings of A. A. Zdziarski et al. (2013) of a low-mass BH are
different from those of I. I. Antokhin et al. (2022), who
favored ~7 M.. However, new research based on XRISM
results (D. Miura et al. 2025) finds results very similar to the
earlier findings. The orbital period of Cyg X-3 is P ~ 4.8 hr
(D. R. Parsignault et al. 1972), which is among the shortest
known for X-ray binaries. Interestingly, since its discovery
(R. Giacconi et al. 1967), the source has been known to exhibit
peculiar multiwavelength properties. In fact, Cyg X-3 has
attracted particular interest since the first observation of its
radio flares (P. C. Gregory et al. 1972), when it became the
brightest X-ray binary in radio with flux density reaching 20 Jy
(e.g., M. L. McCollough et al. 1999; S. Corbel et al. 2012;
R. E. Spencer et al. 2022).

62
Deceased.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

The source is also atypically bright in the ~-rays
(W. B. Atwood et al. 2009; M. Tavani et al. 2009), suggesting
that a peculiar accretion geometry might be favoring the
conditions for launching truly powerful outflows. Cyg X-3
exhibits transient ~-ray emission above 100MeV, firmly
detected by AGILE and Fermi-LAT (A. A. Abdo et al.
2009; M. Tavani et al. 2009). These ~v-ray episodes occur when
the system is in the soft X-ray spectral state and just before
major radio flares, with the peak isotropic luminosity reaching
~10%¢ erg s, assuming a distance of 7—10 kpc. More recent
findings by M. J. Reid & J. C. A. Miller-Jones (2023) constrain
the distance to 9-10 kpc. The ray spectrum is well described
by a power law dN/dE o E ' with a photon index T ~ 2
(G. Piano et al. 2012), and the emission is modulated on the
4.8 hr orbital period, suggesting an origin in the relativistic jet
at distances of ~10'°-~3 x 10'* cm from the compact object
(G. Dubus et al. 2010; B. Cerutti et al. 2011).

X-ray polarimetric studies, enabled by the Imaging X-ray
Polarimetry Explorer (IXPE; P. Soffitta et al. 2021;
M. C. Weisskopf et al. 2022), offer a novel diagnostic that
can resolve longstanding uncertainties about the geometry of
the emission region. IXPE can measure the linear polarization
in the 2-8 keV energy range, providing space-resolved (with
~30" half-power diameter) and energy-resolved (resolution
better than 20% at 6 keV) observations. Several X-ray binary
systems (M. Dovciak et al. 2024) were found to have a high
(between about 3% and 12%) polarization degree (PD) in the
hard spectral state: Cyg X-1 (H. Krawczynski et al. 2022;
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V. Kravtsov et al. 2025), Swift J1727.8—1613 (A. Veledina
et al. 2023; A. Ingram et al. 2024; J. Podgorny et al. 2024), and
IGR J17091-3624 (M. Ewing et al. 2025), with the
polarization angle (PA) coinciding with the position angle of
the jet (which is also aligned with the optical polarization).
These results have been interpreted in terms of the hot, X-ray-
emitting medium being elongated in the disk plane. The hard-
state (HS) geometry remains stable despite X-ray flux
variations spanning up to 2 orders of magnitude (J. Podgorny
et al. 2024; V. Kravtsov et al. 2025). The results for Cyg X-1
and IGR J1709—3624 may require the Comptonizing medium
to move at half the speed of light to explain the high PD values
(A. M. Beloborodov 1998; J. Poutanen et al. 2023; H. Kraw-
czynski & K. Hu 2025).

The spectral states of Cyg X-3 are similar to other X-ray
binary systems harboring BHs (A. Szostek et al. 2008). The
source switches spectral states in a known, repeating manner,
with the X-ray spectral states being tightly related to the radio
properties. It is most often found in the hard X-ray, quiescent
radio state, in which the X-ray spectrum is dominated by a
power-law-like continuum with a prominent reflection com-
plex (e.g., L. Hjalmarsdotter et al. 2008), and the flux density
in radio bands is ~100 mlJy (e.g., M. L. McCollough et al.
1999; S. Trushkin et al. 2017). Incursions into the X-ray
intermediate state (IMS) are accompanied by an increase of
radio flux densities up to ~0.3 Jy and softening of the X-ray
spectrum. The IMS is sometimes followed by a transition to
the ultrasoft X-ray (SS), quenched radio state, with a
blackbody-like spectrum and low levels of radio flux density
<10 mly. After that, the source shows major radio ejections
and closes the activity loop by returning to the HS. Each
spectral state typically lasts from several weeks to a few
months, as observed in long-term monitoring with the Swift
Burst Alert Telescope observatory.

The physical mechanism of the repeating spectral state
changes observed over long timescales in X-ray and radio
properties of Cyg X-3 is not known. Potential scenarios
include changes of the local absorption (L. Hjalmarsdotter
et al. 2009), the transformation of the funnel-like accretion
geometry into disk-dominated accretion, akin to typical low-
mass BH X-ray binaries in the soft spectral state, or the
repeating filling of an inner funnel with matter and its
subsequent clearing (A. Veledina et al. 2024b). Recent IXPE
polarimetric observations have indeed revealed evidence for an
atypical geometry in Cyg X-3 (A. Veledina et al.
2024a, 2024b). The distinct HS spectra of the source, closely
resembling reflected emission, and the exceptionally high PD
~20% orthogonal to the direction of radio ejections are
reminiscent of those detected in obscured Seyfert 2 galaxies
(e.g., F. Ursini et al. 2023). These properties favor a geometry
where the source of the incident X-ray emission is covered by
a thick conical structure located high above the orbital plane.
At an inclination of 30° (A. Veledina et al. 2024a, 2024b), this
structure blocks direct radiation from the line of sight, and the
observer sees only reflected emission from its inner walls. The
inferred luminosity, both intrinsic and apparent for the
observer looking down the funnel, appeared to exceed
3 x 10* erg s7', rendering Cyg X-3 in the class of
ultraluminous X-ray sources (ULXs) and then the first source
of this kind studied through X-ray polarimetric analysis.

A clue to this puzzle is an important constraint of accretion
geometry: if a substantial fraction of the funnel material is
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blown away together with the major radio ejection, one may
expect the gradual accumulation of matter during episodes of
quiescent radio emission until the subsequent ejection.
Parameters of the funnel, such as the size, optical thickness,
and opening angle, determine the beaming factor and hence the
brightness of this off-axis ULX. Variations in the opening
angle would manifest themselves in changes of the apparent
luminosity, while the size of the funnel proportionally affects
the amount of observed radiation. Previous findings by
A. Veledina et al. (2024a) constrained the opening angle in
the HS <15°.

In this paper, we explore the long-term evolution of the
accretion geometry of Cyg X-3 in the hard X-ray spectral
state. IXPE observed Cyg X-3 in 2023 November, about 1 yr
after the first HS observation of the source. In this paper, we
report on the observed average and orbital phase-resolved
polarimetric properties of the source. We describe the data
reduction in Section 2. The results of data analysis and their
implications for the properties of the system are presented in
Section 3. We summarize our findings in Section 4. In line
with the current consensus, in this work, we assume that Cyg
X-3 harbors a BH.

2. Observation and Methods

Cyg X-3 was observed by IXPE during four epochs in total
so far. All of the observations are reported in Table 1. Over
these epochs, the source was caught in three spectral states
showing different polarization properties. The HS shows a
prominent PD of ~20%, higher than the SS and IMS. The
latter two differ by only APD ~ 1.5%. On the other hand, PA
stays constant within 30 between all of the observations.

Here we focus on the third observation of Cyg X-3
(Observation ID 02009101, hereafter referred to as HS
2023), which took place between 2023 November 17 (start
time 20:16:16 UTC) and 2023 November 23 (end time
23:08:15 UTC) for approximately 291 ks, and compare it with
the other three IXPE observations of the source. We down-
loaded the Level 2 data from the public HEASARC data
archive and proceeded with the data reduction. The bar-
ycorr tool, from the FTOOLS package (HEASOFT software
version 6.35.1), was applied to the data in order to adjust the
timing of the events’ arrival relative to the solar system’s
barycenter. We used the IXPEOBSSIM software (v. 31.0.1;
L. Baldini et al. 2022) and its xpselect feature to select the
source region. The extraction regions were circular with a
radius of 90”. Since the source is very bright (>2 counts s ),
no background rejection or subtraction was necessary (A. Di
Marco et al. 2023). The xpbin tool of IXPEOBSSIM was used
to create the polarization cubes (pcube) as well as to generate
the 7, O, and U Stokes spectra. In the end, the ftgrouppha
(FTOOLS) was used to rebin the Stokes spectra to contain eight
counts per bin for Stokes I, Q, and U. Version 20230101_v013
of the response matrices was used to create these products,
applying unweighted (pcube) and weighted (Stokes 7, Q, U)
analysis (A. Di Marco et al. 2022).

It is well established that the source undergoes pronounced
flux modulation with the orbital phase of the binary system
(I. I. Antokhin et al. 2022). Also, the source showed orbital
variations of the X-ray polarization during the first two
observations carried out by IXPE (A. Veledina et al. 2024a).

Data from HS 2023 are therefore phase-folded based on the
quadratic ephemeris model presented in Table 2 of
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Figure 1. Normalized Stokes parameters U/I versus Q/I for the IXPE observations of Cyg X-3. HS 2022 in blue, IMS 2022 in yellow, HS 2023 in green, and SS
2024 in red. The error bars are plotted at 1o CL. In the case of HS 2023, we also plot the change of the polarization properties with the orbital phase in fainter green,
numbered 1-12, with bin 1 centered on phase 0. The light-green points are shown without error bars, which are on average A(Q/I) ~ A(U/I) =~ 2% (1 o). The gray

grid represents the PD (in percent) and PA (in degrees).

Table 1
Observations of Cyg X-3 Performed by IXPE and Its Measured Polarimetric Properties in Their Respective Spectral States
Obs ID Start Date End Date Exposure Spectral State PD PA ID
(ks) (%) (deg)
02001899 2022-10-14 2022-11-06 538 HS 20.6 £ 0.3 90.1 £ 0.4 HS 2022
02250301 2022-12-25 2022-12-29 199 IMS 104 £ 0.3 92.6 £ 0.7 IMS 2022
02009101 2023-11-17 2023-11-23 291 HS 214 + 04 922 £ 0.5 HS 2023
03250301 2024-06-02 2024-06-03 50 SS 119+ 04 94.0 £ 1.0 SS 2024

Note. Uncertainties at 1o CL. Observation HS 2023 is the main focus of this paper. HS 2022 and IMS 2022 are discussed in A. Veledina et al. (2024a), SS 2024 in
A. Veledina et al. (2024b), and N. Rodriguez-Cavero et al. 2026 (in preparation). We define the reference ID for each observation in the last column and adopt this

notation throughout the paper.

I. I. Antokhin & A. M. Cherepashchuk (2019), where phase 0
corresponds to the superior conjunction of the system.

We then calculated the phase of each detected event and
added this information to the data file. We split the observation
into 12 phase bins, with phase 0 defined as the center of the
first bin.

3. Results
3.1. Energy-dependent Polarimetry

Using the pcube algorithm of IXPEOBSSIM to determine
the presence of model-independent polarization, we obtain the
values of energy-averaged PD and PA, which are depicted in
Figure 1. During HS 2023, the source shows high
PD=21.4% 4 0.4% at PA=92°2 + 0°5 (hereafter errors are
quoted at the 68.3% confidence level; CL). Over the IXPE
observations of Cyg X-3 conducted so far, the PA has shown
almost no variation, whereas the PD has exhibited substantial
changes (see Table 1). There is a difference of APD ~ 10%

between the PD in the HS (HS 2022 and HS 2023) versus IMS
(IMS 2022) and SS (SS 2024). Interestingly, the IMS and SS
differ by only APD=1.5% =+ 0.5%. The PD values in HS 2022
and HS 2023 differ by APD=0.8% =+ 0.5% (1 o).

In Figure 2, we show the energy dependence of the
polarization properties for the four observations. Over the
entire 2-8 keV wave band, both PD and PA do not exhibit
large variations, although some minor changes are observed,
especially in the case of PD. In particular, there is a slight
increase in PD in the energy range 2-5keV followed by a
moderate decrease as we reach 8 keV (HS 2022 and HS 2023),
which is due to the presence of prominent iron lines. In a
recent paper using high-resolution XRISM spectroscopy,
M. Audard et al. (2024) have confirmed this to be a group
of fluorescence lines caused by different ionization states of
the element, which are expected to be unpolarized. The initial
PD growth with energy does not seem to be present in the IMS
and SS. The PA shows a more constant trend across the IXPE
energy band in all four of the observations.
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The energy dependence of the Stokes parameters /, Q, and U
in the two HS observations, HS 2022 and HS 2023, is shown in
Figure 3. The main difference between the two observations is
seen from the spectral shape of the Stokes I datasets,
particularly at lower energies, where we notice a softer spectra
in the case of HS 2023.

3.2. Polarization in the Hard Spectral State

Although the polarization of the source in HS 2023 is
comparable to that of HS 2022, they are not identical. The
difference can be noticed in the spectral dependence of the PD
(Figure 2) found by fitting the PD data obtained from the
pcube using models with a linear energy-dependent PD and a
nonpolarized Gaussian versus constant polarization with a
nonpolarized Gaussian (Figure 4). The peak of the Gaussian
was fixed at 6.7 keV, as that is the energy of Fe XXV—the iron
type with the highest equivalent width found in the Cyg X-3
spectra (extended data Figure 6 of A. Veledina et al. 2024a).
The fit with linear energy-dependent PD is significantly favored,
with a x*/d.o.f. = 10.2/8 (HS 2022) and a x*/d.o.f. = 14.8/8
(HS 2023), compared to Xz/d.o.f. = 47.0/9 (HS 2022) and
x?/d.o.f. = 44.3/9 (HS 2023) for the constant PD model. These
results correspond to improvements of ~4c (p-value of
6 x 10~* and ~3.50 (p = 4 x 10°), respectively. This could
indicate a suppression of polarization at low energies in HS
2023, which may come from a possible joint contribution of
abundant emission lines (seen in Chandra; T. Kallman et al.
2019), although their relative contribution within the IXPE
energy band is not directly constrained here, the unpolarized
contribution of the reprocessed emission from the funnel walls,
or from the scattered light from the central source within the
funnel (polarized at ~10%; A. Veledina et al. 2024b).
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3.3. Orbital Phase-resolved Polarimetry

A more intriguing view is offered when we examine the
variation of polarization characteristics with the orbital phase
of the source. Figure 5 demonstrates the connection between
variation of polarimetric properties and count rate. The figure
shows a strong orbital modulation of the PD and PA, similar to
the previous result of A. Veledina et al. (2024a). The flux of
the source varies systematically across its 4.8 hr orbital period.
We also find notable changes in the polarimetric properties
that are present in all four of the observations of Cyg X-3
performed by IXPE, having a cosine-like behavior. The flux
modulation is consistent with the findings of I. I. Antokhin
et al. (2022), while the corresponding modulation of the
polarization properties suggests that the same orbital geometry
also affects the observed polarization signal. This interpreta-
tion is supported by recent modeling of the orbitally modulated
polarization, which demonstrates that the observed single-
peaked variability can only be reproduced by an asymmetric,
opaque scattering structure, likely associated with an intra-
binary bow shock (V. Ahlberg et al. 2025). Specifically,
L. I. Antokhin et al. (2022) showed that the X-ray light curves
displayed a deep primary minimum at the superior conjunction
of the compact object, followed by an asymmetric recovery
and a secondary dip near phase ~0.4.

The PD of HS 2023 varied between ~17% and ~25%,
while PA underwent a modulation between ~87° and ~95°,
coinciding with the variations observed during HS 2022 within
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the margin of error. These findings are further reinforced by a
goodness-of-fit comparison between the constant versus cosine
fits. The cosine function only has two free parameters
(amplitude and offset), while the angular frequency is defined
by the orbital period of the source, and the initial phase is fixed
to 0. Seven out of eight datasets (one dataset of PD and one of
PA, per each observation) show strong evidence (=30) that the
cosine model significantly outperforms the constant model.
The PD during HS 2023 and the PA during IMS 2022 both
show orbital variations at 4.1¢ significance. The only case
showing a moderate improvement in the fit at 2.3¢ significance
is the PA during SS 2024. The cosine-like modulation is
consistent across all datasets, suggesting a genuine physical
effect rather than statistical fluctuation.

3.4. Radio—X-Ray Correlation

In order to better understand the spectral properties of the
source, and to place the new HS 2023 observation in the
broader spectral state context, we looked at the X-ray versus
radio flux density diagram (Figure 6; using radio data from the
Arcminute Microkelvin Imager, presented in A. A. Zdziarski
et al. 2016) during the time of the IXPE observations. The
source is typically found in the hard spectral state, as was the
case for two out of the four IXPE observations (HS 2022 and
HS 2023). It is not surprising, although somewhat rare, to see
the source in an SS. Such a transition is typically accompanied
by a rise in the soft X-ray flux and a decrease of radio emission
(IMS 2022 and SS 2024). The inclusion of the HS 2023 point
in this diagram shows that it follows the expected radio—X-ray
correlation for the HS. Unlike the case of the polarimetric
properties, where we have seen HS 2022 and HS 2023 to be
almost identical, the spectral properties of these two observa-
tions are more diverse (e.g., A countrate < 30%, or the
spectral shape becomes notably different below ~ 5SkeV, as
shown in the top panel of Figure 3), highlighting that similar
polarization properties can arise despite noticeable spectral
differences.
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2-8 keV energy band was considered with data binned in intervals of 500 s. For HS 2022, only the first observational epoch is shown here, as the second epoch does
not provide additional information beyond previous studies (A. Veledina et al. 2024a).

3.5. Time-dependent Orbit-average Analysis

We also study the temporal variations in the polarimetric
and spectral properties, shown in Figure 7. The HS 2022
(blue), IMS 2022 (yellow), HS 2023 (green), and SS 2024
(red) observations were plotted so that their first superior
conjunctions are aligned. For all four of these observations, we
see orbital phase variations of the polarization properties, with
the PD of IMS 2022 consistently below the PD of HS 2022 and
HS 2023 during the entirety of the observation, while the PA
stays stable between all four observations (the first and second
panels from the top of Figure 7, respectively). The light curve
(third panel from the top) clearly shows orbital variability over
the observational period for all four observations. The orbit-
average values show flux in the IMS and SS higher than in the
two HSs by approximately 1 order of magnitude.

4. Summary

We find that both the time-average and orbital phase-
resolved polarimetric properties of HS 2023 are remarkably

similar to those of HS 2022, despite the fact that the
observations were taken 11 months apart (considered from
the end of HS 2022 to the start of HS 2023) with a flux
difference of A countrate <30% and after the source had
made an incursion into the IMS (Figures 1 and 5). Based on
this finding, we can conclude that the geometry of the system
is stable for these two IXPE observations, and, by extension,
generally in the hard X-ray spectral state of the system: the
primary X-ray source is covered by an optically thick
envelope, and the emission escapes through the narrow funnel
with the opening angle <15° as was found for HS 2022
(A. Veledina et al. 2024a).

X-ray polarimetry observations of Cyg X-3 reveal that while
the polarization properties in the HS 2022 and HS 2023 states
are comparable, they show different spectral dependencies,
with linear energy-dependent polarization models favored over
constant polarization (improvements of ~4c and ~3.50,
respectively). The data suggest a possible suppression of
polarization at low energies observed in HS 2023, which could
potentially result from a combination of effects, including a
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possible contribution from emission lines, unpolarized repro-
cessed emission from funnel walls, or scattered light from the
central source.

We find the HS 2023 orbit-average time-dependent
polarization is constant, similar to HS 2022 (Figure 7). This
contrasts with the higher spread of orbit-average values of PD
in the IMS and SS, where we find marginal significance for
time-dependent variations. This finding suggests that the
polarization production mechanism remains stable in the HS
and the geometry is not too sensitive to parameter variations.
However, we note that only a single observation for each of the
IMS and SS has been carried out with IXPE. Additional
polarimetric observations in these states are needed to assess
whether their geometries are similarly stable over time.
Furthermore, observations of the source in the flaring state—
the only spectral state not yet observed with IXPE—would
provide valuable insights into the polarization behavior across
the complete range of accretion states. This bolsters the earlier
finding by A. Veledina et al. (2024a) that a small <15° funnel
opening angle is preferred over a larger ~30° funnel opening
angle. This is because, although both opening angles give the
same polarization, in the latter case, the PD is highly sensitive
to variations in the opening angle on the scale of less than 1°
(Figure 4(b) of A. Veledina et al. 2024a). While the influence
of the funnel size and opening angle on the observed emission
is now established, the role of other physical parameters of the
funnel remains uncertain and requires further observational
constraints.
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