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Abstract: Accreting stellar-mass black holes represent unique laboratories for studying matter and
radiation under the influence of extreme gravity. They are highly variable sources going through
different accretion states, showing various components in their X-ray spectra from the thermal
emission of the accretion disc dominating in the soft state to the up-scattered Comptonisation
component from an X-ray corona in the hard state. X-ray polarisation measurements are particularly
sensitive to the geometry of the X-ray scatterings and can thus constrain the orientation and relative
positions of the innermost components of these systems. The IXPE mission has observed about a
dozen stellar-mass black holes with masses up to 20 solar masses in X-ray binaries with different
orientations and in various accretion states. The low-inclination sources in soft states have shown
a low fraction of polarisation. On the other hand, several sources in soft and hard states have
revealed X-ray polarisation higher than expected, which poses significant challenges for theoretical
interpretation, with 4U 1630–47 being one of the most puzzling sources. IXPE has measured the spin
of three black holes via the measurement of their polarisation properties in the soft emission state.
In each of the three cases, the new results agree with the constraints from the spectral observations.
The polarisation observations of the black hole X-ray transient Swift J1727.8–1613 across its entire
outburst has revealed that the soft-state polarisation is much weaker than the hard-state polarisation.
Remarkably, the observations furthermore show that the polarisation of the bright hard state and that
of the 100 times less luminous dim hard state are identical within the accuracy of the measurement.
For sources with a radio jet, the electric field polarisation tends to align with the radio jet, indicating
the equatorial geometry of the X-ray corona, e.g., in the case of Cyg X–1. In the unique case of
Cyg X–3, where the polarisation is perpendicular to the radio jet, the IXPE observations reveal the
presence and geometry of obscuring material hiding this object from our direct view. The polarisation
measurements acquired by the IXPE mission during its first 2.5 years have provided unprecedented
insights into the geometry and physical processes of accreting stellar-mass black holes, challenging
existing theoretical models and offering new avenues for understanding these extreme systems.
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1. Introduction

Currently, there are ten known persistent black hole X-ray binaries (BH XRBs) and
more than 70 transient ones, see, e.g., [1,2] or their updated catalogue of known BH XRBs
at https://www.astro.puc.cl/BlackCAT1 accessed on 24 September 2024. The latter are in
quiescence most of the time but undergo outbursts—periods of increased activity that can
last days, weeks, or months. Among these, only slightly more than a dozen transient BH
XRBs have experienced at least two outbursts since the birth of X-ray astronomy. Most of
the BH XRBs evolve through a well-defined sequence of spectral-timing properties over
the course of an outburst see, e.g., [3].

The outburst of a BH XRB outlines a typical q-shaped (turtle head) silhouette in the
hardness-intensity diagram (HID), as described by [4,5]. These outbursts usually start in the
hard state (HS), where the source abruptly increases in intensity, followed by a transition to
the soft state (SS), along the way passing through hard and soft intermediate states (HIMS
and SIMS). The HS is characterised by power-law-like Comptonised emission from a corona
of hot electrons and the presence of a radio jet [4]. In contrast, the SS is dominated by the
thermal multicolour black-body emission of the accretion disc [6,7]. The cycle concludes
with a reverse transition from the SS to the HS, which typically occurs at a much lower
intensity [8]—sometimes by more than two orders of magnitude—before the source returns
to quiescence. During their stay in the SS, many sources also make an excursion to a steep
power-law (SPL) state [9].

This general behaviour is thought to be governed by the rate at which the BH is
fed material from its donor companion star. If the material is abundant, it may create an
envelope made of winds from the accretion disc, behind which the BH may hide itself,
see, e.g., [6,10–12]. For instance, the persistent BH XRB GRS 1915+105 obscured itself with
accreting material in 2018 [13], and has been hardly visible in X-rays since then.

While the X-ray spectral and timing properties of BH XRBs have been studied exten-
sively in the past, the X-ray polarisation properties of these sources have been, until recently,
unknown, with the exception of Cyg X–1 and Cyg X–3 sources, where the first X-ray po-
larimetric observations were accomplished in the late 1970s by the OSO–8 satellite, see,
e.g., [14]. These early observations, however, performed at 2.6 and 5.2 keV, did not lead to
highly significant polarisation detections. More recently, at very high X-ray energies above
130 keV, the INTEGRAL mission began to be used to measure polarisation [15], although the
mission was not originally constructed or calibrated for this purpose. Even more recently,
the AstroSat mission was launched, which was designed to offer polarisation capabilities
above 100 keV [16].

To study BH XRBs, their journey across the HID, and their polarimetric properties in
different accretion states, the medium X-ray energy band (around 1 to 10 keV) is more suit-
able. At these energies, both the polarisation of SS thermal emission and HS Comptonised
coronal emission can be studied, providing further insights into these systems and the
physical processes occurring within them. On the one hand, the polarisation observations
of the SS in the medium X-ray energy band can help estimate the BH spin [17–20]. On the
other hand, in the HS, they can reveal the geometry of the corona [21–23].

The Imaging X-ray Polarimetry Explorer (IXPE) mission [24], launched by NASA and
ASI in December 2021, is an X-ray mission with polarimetric capabilities. It is sensitive
in the 2–8 keV energy band, with an energy resolution of <1 keV at 6 keV. Its field of
view (FoV) is square with 12.9 arcmin sides, while its angular resolution is <30 arcseconds.
Thus, for a source at a distance of 10 kpc, IXPE sees emission from approximately 40 pc
away from the central point of the FoV with a resolution of about 1 pc. The imaging
capabilities of IXPE were used, for example, in the observation of the Eastern lobe of SS
433 [25]. The limited angular resolution of IXPE means that, for a 10 solar-mass (M⊙) BH
at a distance of 10 kpc, anything closer than approximately 1 pc, or approximately 1012 rg,
will be confused with the emission coming from the inner parts of these systems. Here,
the gravitational radius rg = GM/c2, which is 14.8 km for a 10 M⊙ BH. Thus, to correctly
identify the origin of polarisation in these sources, spectral decomposition into different

https://www.astro.puc.cl/BlackCAT
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physical components is vital, for example, to estimate the possible contribution from a jet
in the HS of these sources.

According to [26], the orbital time of the material in Keplerian orbit around a BH may
be expressed in physical units of kiloseconds (ks) as:

Torb = 31 × (r2/3 + a)
M

M⊙

ks
109 , (1)

where r denotes the orbital radius in units of rg, a denotes a dimensionless BH spin
parameter (a ≡ cJ/GM2), and M denotes the BH mass. Thus, one Keplerian orbit of
the inner accretion disc around a 10 M⊙ BH at 10 rg corresponds to approximately 10 ms.
This means that a 10 ks observation of these sources registers photons emitted during
one million orbits of the matter at this radius. Given the high photon demand of X-ray
polarisation measurements2, typical exposure times of IXPE observations of BH XRBs
last for a few tens to a few hundreds of ks to achieve statistically significant detection of
polarisation properties3. Therefore, almost any variations of polarisation on inner-accretion-
disc orbital timescales is lost, even if IXPE observations are divided into several time bins.
The only exception is the case of (quasi)periodic variability when one may add up photons
corresponding to the same phases.

In this paper, we summarise all the observations of BH XRBs performed by IXPE
during the first 2.5 years of its mission (see Figure 1). The paper is arranged as follows:
we describe the data and methods used in Section 2, summarise all IXPE BH XRB obser-
vations in Section 3, discuss the IXPE contribution to the understanding of BH XRBs in
Section 4, and finally accentuate the importance of future spectropolarimetric observations
in Section 5.

Figure 1. All BH XRBs observed by IXPE during the first 2.5 years of its mission. Background image
credit: [27], inverted.

2. IXPE Data Reduction

While the main advantage of the IXPE mission lies in its polarisation capabilities,
including imaging4, the energy resolution is not as good (≈1 keV at 6 keV) as that of other
X-ray missions. It also operates over a restricted energy band (2–8 keV). Thus, coordinated
parallel observations with other X-ray missions or instruments, such as NICER [28], Nus-
tar [29], XRISM [30], Integral [31], Swift [32], etc., are important for determining the source
state and spectral properties in more detail. These properties include the amount of ab-
sorption, the temperature of the accretion disc, the iron line properties, and the power-law
index of the Comptonised component. Such observations are also crucial for estimating the
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flux contribution of each spectral component in the IXPE energy band, and thus also their
possible contribution to the measured polarisation properties. Additionally, MAXI [33]
has proved to be a very helpful tool for planning and scheduling IXPE observations in
particular spectral states.

In various articles on IXPE observations, different data reduction and analysis ap-
proaches have been used, either with the ixpeobssim software [34] or the heasoft pack-
age [35], in various software versions. Furthermore, the IXPE response matrices have been
updated several times since the start of the mission. The reduction process also slightly
depends on the choices made by the data analyser, such as the selection of source and
background regions. Although all these reduction processes yield consistent results if
properly done, we have decided to re-analyse for this paper all the available IXPE data
sets in a uniform manner for better comparison. In some cases, the polarisation degree
(PD) has not been published for all data sets (e.g., Cyg X–1, which has an ongoing 2024
campaign), or the results have not been published yet (e.g., Swift J151857.0–572147, where
the publication is in preparation).

All data from IXPE observations are publicly available at the High Energy Astrophysics
Science Archive Research Center (HEASARC)5. We have used Level 2 data sets with the
source region defined in SAOimageDS9 v8.3 as a circle around the source centroid with a
100 arcsec radius. Where needed, i.e., where the background could significantly contribute
to the spectra, especially at high energies, we have also subtracted the background. In these
cases, the background was extracted from an annulus centred on the source, with inner
and outer radii of 240 arcsec and 300 arcsec. This was done for LMC X–1, LMC X–3, 4U
1957+11, and for dim states of Swift J1727.8–1613. Regarding IXPE background subtraction,
see also [36]. Further, in the case of the main HS observation of Cyg X–1 in 2022 and the SS
observations in 2023, we have used additional procedures (post-reconstruction calibration
of the energy scale and rejection of excess of events at high energies), as described in [37],
https://heasarc.gsfc.nasa.gov/FTP/ixpe/data/obs/01/01002901/README accessed on
24 September 2024,and [38], respectively.

The extraction of all three Stokes parameters for both the source and the background
was performed using the xselect tool from heasoft v6.33.2 with simple weighting (i.e.,
extract "SPECT" stokes=SIMPLE was used). The most up-to-date v13 IXPE responses
from 28 February 2024 were used (see https://heasarc.gsfc.nasa.gov/docs/ixpe/caldb/
accessed on 24 September 2024). The correct IXPE arf and mrf response files were
computed with the ixpecalcarf tool. Responses for the grey filter were used for the
bright HIMS of Swift J1727.8–1613, where the observations were performed with this filter.
The computation of responses in this way failed for LMC X–16. Therefore, we adopted
an alternate approach for analysing LMC X–1. For this source, we used ixpeobssim
v31.0.1 with PHA1, PHA1Q, and PHA1U algorithms with the default (NEFF) weighting using
the ixpeobssim v13 responses corresponding to the date of the LMC X–1 observation,
i.e., obssim20220702_alpha075.

In this way, the energy-dependent Stokes parameters in the original 150 energy
channels were created. To compute the polarisation degree and angle in specific energy
ranges—either the full IXPE 2–8 keV band or for several energy bins—we produced un-
folded energy Stokes parameters I, Q, and U, together with their respective errors, using
a constant unit model7 in XSPEC v12.14.0h. For each energy range, the Stokes parameters
were summed, and the PD and polarisation angle (PA) were computed according to the
approach used by [40–42].

To contextualise the IXPE observations within their position in the HID, thereby
showing their state during the observation8, we used the MAXI on-demand service [33].
To show the position in the HID, we used MAXI data from the first to the last date of
each IXPE observation, or else interpolated from the nearest available MAXI data point
if no MAXI data were available for the entire duration of an IXPE observation. These are
denoted by stars in Figures 2 and 3. In these figures, we also show historical positions in
the HID for the period between 15/8/2009 and 1/6/2024 (for Cyg X–3 until 17/6/2024),

https://heasarc.gsfc.nasa.gov/FTP/ixpe/data/obs/01/01002901/README
https://heasarc.gsfc.nasa.gov/docs/ixpe/caldb/
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with three-day time bins shown in the background and coloured grey, except for LMC X–1,
LMC X–3, and 4U 1957+11, which are shown in red, blue, and brown, respectively.
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Figure 2. Summary of IXPE observations of persistent sources: (a) unfolded spectra, (b) polarisation
degree, and (c) position in the MAXI q-diagram for a sum of multiple SS observations (red) and two
sets of multiple HS observations (blue and light blue) of Cyg X–1; (d) unfolded spectra, (e) polarisation
degree, and (f) position in the MAXI q-diagram for SS (orange), IMS (red), and two HS observations
(blue and light blue) of Cyg X–3; and (g) unfolded spectra, (h) polarisation degree, and (i) position in
the MAXI q-diagram for SS of 4U1957+11 (red), LMC X–3 (blue), and LMC X–1 (brown). Note that,
in the PD energy dependence for 4U 1957+11 and LMC X–3, the observation yielded only an upper
limit in the highest energy bin (6–8 keV), while, for LMC X–1, upper limits were obtained in all but
the second energy bin.
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Figure 3. Summary of IXPE observations of transient sources: (a) unfolded spectra, (b) polarisation
degree, and (c) position in the MAXI q-diagram for SPL state (red) and SS (blue) of 4U1630–47;
(d) unfolded spectra, (e) polarisation degree, and (f) position in the MAXI q-diagram for bright
HIMS (red), dim HIMS (blue), and dim SS (brown) of Swift J1727.8–1613; (g) unfolded spectra of
Swift J151857.0–572147 SS (red); (h) unfolded spectra of GX 339–4 SIMS (red) and SS (blue), and
(i) position in MAXI q-diagram for IXPE observations of GX 339–4. Note that the energy dependence
of the polarisation degree of Swift J1727.8–1613 in dim SS, Swift J151857.0–572147, and GX 339–4
are not shown here since the IXPE observations gave only upper limits. The MAXI q-diagram for
Swift J151857.0–572147 could not be created (even with on-demand service) due to contamination
of the MAXI observation by nearby X-ray source Cir X–1. Since MAXI data are unavailable during
and around the IXPE observation of SIMS of GX 339–4, we show a point re-scaled from NICER
observations, as presented in [43], on the MAXI q-diagram for this source.

3. Summary of IXPE Observations of BH XRBs

In this section, we summarise all IXPE observations of BH XRBs performed from
the beginning of the IXPE mission until the end of June 2024; see also the review for the
first year of IXPE observations [44]. These mainly comprise observations from the prime
phase of the mission, but also include observations from Cycle 1 of the IXPE General
Observer (GO) programme. These GO observations include the dim SS and dim HIMS
observations of Swift J1727.8–1613, the SIMS and SS observations of GX 339–4, part of the
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observational campaign of Cyg X–1, a Director’s Discretionary Time (DDT) observation
of Swift J151857.0–572147, and a DDT observation of Cyg X–3 SS. Up to now, IXPE has
observed five persistent and four transient BH XRBs as point sources, and one extended
source—the eastern lobe of SS 433. These sources have been observed over a total of
32 separate observations, with an overall cleaned exposure time (referred to as livetime in
the IXPE mission) of 5.7 Ms.

The results, reduced as described in the previous section, for persistent sources are
summarised in Table 1 and visualised in Figure 2, while the results for transient sources are
in Table 2 and Figure 3. We briefly describe the basic results for each source in the following
subsections. Note that the source properties are taken from the original IXPE collaboration
papers, where the references are given for each basic system property (distance, inclination,
BH mass and spin, etc.) unless directly referred to in this paper.

Table 1. Basic information for all IXPE observations of persistent BH XRBs performed until June 2024.
The energy flux, polarisation degree, and angle for the full length of observation, given by livetime
in the full IXPE energy band of 2–8 keV, are provided except where stated otherwise. All errors are
presented at 1σ significance level. See the text for details on the data reduction process.

Object
(Object
Type)

Observation
Date

LIVETIME
[ks] State

Energy
Flux a

[mCrab]

Polarisation
Degree a [%]

Polarisation
Angle a [deg] Ref. b

Cyg X–1 c

persistent
HMXB

15–21 May
2022 242

HS 1 d 238 4.1 ± 0.2 −22 ± 2 [37]

18–20 June
2022 86 273 3.6 ± 0.4 −24 ± 3 [37]

2–3 May 2023 21

SS e

515 2.6 ± 0.4 −13 ± 5 [38]
9–10 May

2023 31 632 2.8 ± 0.3 −23 ± 3 [38]

24–25 May
2023 25 689 2.3 ± 0.3 −18 ± 4 [38]

13–14 June
2023 29 677 1.6 ± 0.3 −15 ± 6 [38]

20 June 2023 35 895 1.9 ± 0.3 −31 ± 4 [38]

12–13 April
2024 56

HS 2 f
203 4.2 ± 0.6 −30 ± 4

6–7 May 2024 54 220 3.0 ± 0.6 −15 ± 5
26–27 May

2024 58 207 4.0 ± 0.5 −25 ± 4

14–15 June
2024 56 166 4.3 ± 0.6 −30 ± 4

Cyg X–3 g

persistent
HMXB

14 October–6
November

2022
538 HS 1 72 19.5 ± 0.4 89.9 ± 0.5

[45]17–23
November

2023
291 HS 2 76 20.0 ± 0.5 91.8 ± 0.7

25–29
December

2022
198 IMS 192 9.3 ± 0.3 92 ± 1 [45]

2–3 June 2024 50 SS 268 11.3 ± 0.5 93 ± 1 [46]
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Table 1. Cont.

Object
(Object
Type)

Observation
Date

LIVETIME
[ks] State

Energy
Flux a

[mCrab]

Polarisation
Degree a [%]

Polarisation
Angle a [deg] Ref. b

LMC X–1
persistent

HMXB

19–28
October 2022 562 SS 14 < 2.5 h — [47]

LMC X–3
persistent

LMXB/HMXB

7–20 July
2023 562 SS 16 3.0 ± 0.4 −41 ± 4 [48]

4U 1957+11
persistent

LMXB

12–24 May
2023 572 SS 22 1.8 ± 0.4 −52 ± 7 [49]

a The source energy flux, PD, and PA are computed from the unfolded Stokes parameters (using “eufs” in
XSPEC) in the original energy binning, which were summed in the 2–8 keV band across all three detectors. b The
references in this table refer to the papers by the IXPE collaboration; references to other works published on these
sources are cited in the text. c The PA in all states observed by IXPE is consistent with the radio jet direction.
d The sum of these observations gives PD = (3.9 ± 0.2)% and PA = −23◦ ± 2◦. e The sum of these observations
gives PD = (2.2 ± 0.1)% and PA = −21◦ ± 2◦. f The sum of these observations gives PD = (3.8 ± 0.3)% and
PA = −25◦ ± 2◦. g The polarisation direction in all states observed by IXPE is consistent with being perpendicular
to the direction of radio ejections. h The upper limit is given at the 99% confidence level and is computed from the
result of PD=(1.3 ± 0.5)% and PA = 62◦ ± 10◦.

Table 2. Basic information for all IXPE observations of transient BH XRBs performed until June 2024.
The energy flux, polarisation degree, and angle for the full length of observation, given by livetime
in the full IXPE energy band of 2–8 keV, are provided except where stated otherwise. All errors are
presented at 1σ significance level. See the text for details on the data reduction process.

Object
(Object
Type)

Observation
Date

LIVETIME
[ks] State

Energy
Flux a

[mCrab]

Polarisation
Degree a [%]

Polarisation
Angle a [deg] Ref. b

4U 1630–47
transient

LMXB

23 August
2022 –

2 September
2022

458 SS 181 8.6 ± 0.2 17.6 ± 0.6 [50]

10–13 March 2023 36 SPL c 389 8.3 ± 0.5 22 ± 2 [51]102 539 6.7 ± 0.3 21 ± 1

Swift
J1727.8–1613 d

transient
LMXB

7–8
September

2023
19

bright HIMS e

3920 4.1 ± 0.2 3 ± 2 [52]

16–17
September

2023
37 3574 3.9 ± 0.2 3 ± 1 [39]

27–28
September

2023
21 3050 3.7 ± 0.2 3 ± 2 [39]

4 October
2023 18 3284 3.2 ± 0.2 0 ± 2 [39]

10 October
2023 18 2676 2.8 ± 0.3 −1 ± 3 [39]
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Table 2. Cont.

Object
(Object
Type)

Observation
Date

LIVETIME
[ks] State

Energy
Flux a

[mCrab]

Polarisation
Degree a [%]

Polarisation
Angle a [deg] Ref. b

Swift
J1727.8–1613 d

transient
LMXB

11–12
February

2023
67

dim SS f 86 <1.1 — [53]

20–23
February

2023
151 58

3–8 April
2023 202 dim HIMS 32 4.0 ± 0.7 6 ± 5 [54]

GX 339–4 g

transient
LMXB

14–16
February

2024
95 SIMS 291 1.3 ± 0.4 h −69 ± 8 h [43]

8–10
March 2024 98 SS 94 <1.4 i — [43]

Swift
J151857.0–

572147
transient

BHC

18–20
March 2024 96 SS 300 <1.3 j —

García et al.,
in prepara-

tion

a The source energy flux, PD, and PA are computed from the unfolded Stokes parameters (using "eufs" in XSPEC)
in the original energy binning, which were summed in the 2–8 keV band across all three detectors. b The references
in this table mostly refer to papers by the IXPE collaboration; references to other works published on these
sources are cited in the text. c The observation was split into two with different average flux levels. The full
observation gives PD = (7.0 ± 0.2)% and PA = 21◦ ± 1◦. d The polarisation direction in the HIMS is consistent with
the radio jet direction. e The observations were performed with the grey filter. The sum of these observations gives
PD = (3.6 ± 0.1)% and PA = 1.9◦ ± 0.8◦. f The two dim SS observations were combined to provide a stronger upper
limit. The upper limit is given at the 99% confidence level and is computed from the result of PD = (0.42 ± 0.27)%
and PA = 1◦ ± 22◦. g The polarisation direction in the SIMS is consistent with the direction of the ballistic radio jet.
h The result is for 3–8 keV energy band. The 2–8 keV band gave only an upper limit of 1.3% (at the 99% confidence
level) computed from the result of PD = (0.67 ± 0.24)% and PA = −68◦ ± 11◦. i The upper limit is given at the 99%
confidence level and is computed from the result of PD = (0.50 ± 0.34)% and PA = −37◦ ± 23◦. j The upper limit is
given at the 99% confidence level and is computed from the result of PD = (0.51 ± 0.28)% and PA = −32◦ ± 18◦.

3.1. Cyg X–1

Cyg X–1 is the first identified and brightest persistent BH XRB in our Galaxy, with
the X-ray flux varying between 0.2 and 2 Crab (≈0.5 to 5 ×10−8 erg/s/cm2). The system
is located at a distance of 2.2 kpc and consists of a 20M⊙ BH and 40M⊙ O-supergiant
companion [55]. The binary inclination is constrained to be 27◦ [56]. Previous analyses of
the thermal continuum and the shape of the X-ray emission lines have indicated that the
BH in Cyg X–1 spins rapidly, see, e.g., [57,58]. The first X-ray polarisation measurements of
Cyg X–1 by the OSO–8 mission were reported in [14]. Cyg X–1 thus became the first BH
target for IXPE in May 2022, and since then it has been the most frequently observed BH
XRB, with multiple exposures in different accretion states (see Table 1).

Already, the first observations in the HS have provided spectacular results. The PA
was found to be perfectly aligned with the radio jet. Because the resulting polarisation
should have the direction perpendicular to the scattering plane, this measurement showed
a clear preference for an equatorially extended X-ray corona rather than a lamp-post
geometry [37]. The measured PD ≈ 4% was higher than expected from the low inclination
angle (but consistent with the archival OSO–8 measurements). To explain this relatively
high polarisation fraction, a higher inclination of the innermost accretion disc [37] or an
outflowing corona [59,60] were proposed. The PD was also found to increase with the
energy, which was later observed in several other sources as well.



Galaxies 2024, 12, 54 10 of 22

The Cyg X–1 observations in SS9 revealed a significant decrease in the PD, which
dropped to 2% [62,63], while the polarisation direction and the energy dependence re-
mained preserved [38]. The polarisation signal is best explained by models with extremely
high spin (a > 0.96) and albedo (reflectivity of the disc surface), for which the reflection of
the returning radiation prevails in the polarisation signal and shapes the resulting PD and
PA [38].

3.2. Cyg X–3

Cyg X–3 is a persistent HMXB located at a distance of approximately 9 kpc [64].
The mass of the compact object in this system is estimated to be low [65], and thus a
neutron star cannot be ruled out. Its radio, infrared, and X-ray properties, however, classify
it as a BHC [66]. Its companion on a very close orbit (orbital period approximately 4.8 h) is
a massive Wolf–Rayet star producing strong winds [67]. Spatially resolved discrete radio
ejections are observed in this system in the north–south direction [68]. The system has
≈30◦ inclination [69]. X-ray polarisation observations of this object were performed for the
first time by the OSO–8 satellite [14] with a PD ≈ 10% at 2.6 keV and with a polarisation
direction in a roughly east–west direction on the sky. However, the measurement had a
low statistical significance.

IXPE has observed this source several times—twice in the HS (observations in autumn
2022 and 2023), once in the IMS (observation in late 2022), and once in the SS (spring
2024). The 2022 observations are reported in the IXPE collaboration paper [45], and the SS
observations in 2024 are presented in [46] and in Rodriguez Cavero et al., in preparation.
In all of these observations, very high levels of polarisation were measured, with the
direction perpendicular to the motion of the radio ejections. While the PD in the HS was
≈20%, it was about half of that value in the IMS and the SS. Such high PDs can be explained
if the direct emission, which has a much lower polarisation level, is obscured by dense
material, likely an optically thick wind emanating from the accretion disc. This material
forms a narrow cone around the BH, allowing the observer to see only the reflection from
the walls of this cone. The reflected X-rays are highly polarised perpendicularly to the cone
axis, which therefore must coincide with the direction of radio ejections. The lower level of
polarisation in the IMS and the SS is then explained if the cone is filled with lower-density
and more highly ionised material [46] or if the reflecting material of the cone itself is more
highly ionised (Rodriguez Cavero et al., in preparation).

3.3. LMC X–1

LMC X–1 is a persistent HMXB located in the Large Magellanic Cloud at a distance
of 50 kpc [70], with a BH mass of ≈11 M⊙ and an orbital inclination of 36◦ [71]. In the
past, a high BH spin parameter, 0.85 ≲ a ≲ 0.95 [72], and 0.93 ≲ a ≲ 0.97 [73], has been
estimated for this source using the thermal continuum and inner accretion flow line fitting
methods, respectively.

IXPE observed this source from 19 to 28 October 2022, in coordination with NICER
and NuSTAR. The source was found in its typical SS. The observation provided an upper
limit on the PD of 2.2% at a 3σ confidence level [47], which was relatively high due to
the system’s low flux. This result is consistent with the polarisation level expected for a
standard thermal disc with a low inclination.

3.4. LMC X–3

The IXPE observation of this source is described in detail in an IXPE collaboration
paper [48], as well as in [74,75]. This system is located at a distance of 50 kpc in the Large
Magellanic Cloud, has an inclination of 69◦, and harbours a BH with a mass of 7 M⊙ [76].
The BH spin has been measured with the thermal X-ray continuum to be a ≈ 0.2 [48,77] or
a ≈ 0.1 [78].

IXPE observed the source in the SS with a very small contribution from the Comp-
tonised component. The observed PD is consistent with that of a standard accretion disc.
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Its rather high value (2 to 3%) at low energies (2–4 keV) and no significant rotation of the
PA with energy constrains the BH spin to be low, a ≈ 0.2. The orientation of the system on
the sky is not known since no radio jets, ionisation cones, or similar structures that could
indicate the direction of the system axis have been observed. Assuming the direction of
polarisation to be parallel with the disc (as is expected for a low-spinning BH system),
the system position angle is ≈47◦ to the east from the north.

3.5. 4U 1957+11

Despite being one of the few historically persistently active BHCs, there is limited
information available about the system’s mass, distance, and inclination. The observed
orbital variability in optical emission suggests that the total mass of the binary system is
relatively low (≲6 M⊙). This is consistent with the compact object being either a neutron
star or a low-mass BH. However, the absence of Type I bursts, pulsations, surface emission
components, or boundary layer emission signatures in the X-ray spectra disfavours the
neutron star hypothesis. Modelling of interstellar medium absorption indicates that the
source is located outside the galactic plane, at a distance of at least 5 kpc. The lack of
eclipses and orbital modulations in the X-ray light curve combined with optical variability
modelling provide an upper limit for the system’s inclination of 75◦. Various estimates
of 4U 1957+11’s spin, derived from analysing the reflection component and fitting the
continuum of the disc component, consistently describe the source as rapidly rotating.

The IXPE observations of 4U 1957+11 have been described in detail in [49]. The
spectropolarimetric fit of the combined IXPE, NICER, and NuSTAR observations prefers
a rather high inclination of ≳ 50◦ and very high BH spin of a ≳ 0.96. The high spin
is favoured due to the increase in the PD with energy in combination with a low PD
of ≈1.2% at low energies below ≈3.3 keV and due to the rotation of the PA by ≈20◦

moving from lower to higher energies (compared with LMC X–3 where a higher PD and
no significant rotation of the PA with energy were observed). This behaviour is expected if
a large fraction of disc self-irradiation is reflected towards the observer [19,79]; therefore,
a strong disc albedo is predicted in this source. The IXPE observations showed that the
PD slightly increased during the observation, probably due to the relative decrease of the
Comptonised contribution to the emission that reduced the polarisation of the thermal
component. Similarly to LMC X–3, the orientation of this source on the sky is unknown.
The IXPE measurements imply a system axis orientation at ≈70◦ to the west from north.

3.6. 4U 1630–47

4U 1630–47 is a transient low-mass XRB (LMXB) system exhibiting recurrent outbursts
every 2–3 years. The BH mass, distance to the system, and its inclination are poorly
constrained. The mass is estimated to be 10 M⊙, the distance is estimated to be 4.7 to 11.5
kpc, while the inclination is believed to be ≈65◦ (explaining the observations of X-ray dips
and the absence of eclipses). The source shows evidence for an equatorial wind. The thermal
component usually dominates the spectrum during the outbursts of 4U 1630–47, and thus
it is an ideal object to study polarisation properties of the SS in BH XRBs.

IXPE has observed this source in two different states—the SS and the SPL state. The de-
tailed analysis of these observations has been reported in IXPE collaboration papers [50,51]
as well as in other articles [80–82]. In both states, a very high level of polarisation was
measured that increases with energy. The polarisation in the SS (≈8.6%) was higher than in
the SPL state (≈6.7%). Such a high PD is incompatible with a standard accretion disc. Since
the orientation on the sky is not known for this object, it cannot be determined how the
polarisation direction, which was observed to be the same in both states, is aligned relative
to the accretion disc. Several scenarios have been suggested to explain the polarisation
behaviour in this source, neither of them explaining all the details in a satisfactory manner.
An edge-on view of the inner accretion disc misaligned with the orbital plane seems to be
the simplest solution [50], while the toy model of outflowing upper layers of the disc (base
of magnetohydrodynamic disc winds?) seems too far-fetched due to very high vertical
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velocities of high-density disc material required [50]. The similarity of the polarisation
properties in the SS and SPL state including the PD decrease could be explained if the same
system geometry is preserved, but the scattering mechanism changes from Thomson to
inverse Compton (due to more efficient heating of electrons) that naturally produces the
observed power-law component and the decrease in the PD in the SPL state. Other pro-
posed explanations, reflection of disc self-irradiation for a geometrically thick disc [50,83]
and scattering in the thermal wind [84,85], do not seem to be able to explain the observed
polarisation properties.

3.7. Swift J1727.8–1613

The newly discovered black-hole X-ray transient, Swift J1727.8–1613, went through
a bright X-ray outburst, reaching an X-ray flux of 7 Crabs (≈1.7 ×10−7 erg/s/cm2) in the
2–20 keV range [86,87]. The distance of the source was measured as D = 2.7± 0.3 kpc using
optical spectroscopy [88]. Although the BH mass in this source has not been measured
yet, its BH nature was confirmed by X-ray spectroscopy and timing analysis. Using X-ray
reflection spectra, it was suggested that the BH is rapidly rotating [89].

IXPE observed the source a couple of weeks after its appearance in the X-ray sky and
detected a high level of polarisation with a measured PD ≈ 4 % [52] and a polarisation
direction aligned with the radio jet [90]. The presence of QPO allowed for the first time
a polarimetric analysis of QPOs in BH XRBs [91] but no modulation of the PD or the
PA was detected in relation to the QPO phase. The following monitoring of the source
in the HIMS [39] revealed a slight decrease in the PD (from 4 to 3%), with the source
transiting toward the SS. Due to the Sun-angle constraints, IXPE observations in the SS
were possible only after four months in February 2024 when the source was about two
orders of magnitude fainter than during the peak of the outburst. A dramatic reduction
in the PD was found with an upper limit on the PD of 1.2% [53]. A remarkable recovery
of polarisation properties was detected in the latest IXPE observation after the soft-to-
hard transition [54]. The PD ≈ 3.3% in the dim HIMS is identical to the bright HIMS
measurements with the similar X-ray spectral hardness. Similar to the HS of Cyg X–1,
the polarisation aligned with the jet indicates that the corona in both the bright and dim
HIMS in this source may have a flat geometry in the plane perpendicular to the radio jet.
The low PD in the SS is consistent with the standard accretion disc.

3.8. GX 339–4

GX 339–4 is a LMXB with an estimated BH mass of ≈4–11 M⊙ and inclination of
≈40◦–60◦. The system is located at a distance of ≈8–12 kpc, see, e.g., [92]. In some works,
the BH spin for this source has been estimated to be rather high, with a ≳ 0.8 [93–95], while
other studies suggest a low spin of a ∼ 0 [96,97].

The IXPE observed this source twice during Cycle 1 of the IXPE GO programme
(see Table 2, and (h) and (i) panels in Figure 3). Initially, the source was in the SIMS,
while later it was observed in the SS. In 2–8 keV, only an upper limit on the PD could
be determined for both observations. However, in the first observation, a PD of ∼1.3%
in the 3–8 keV range was detected with more than 3σ significance, with the polarisation
direction consistent with the motion of the radio ejecta observed with ATCA in May
2024 [43], as well as with the radio ejecta motion observed in 2002 [98]. This suggests that:
(i) similar to the IXPE observations of different states of Swift J1727.8–1613, this source
is less polarised in the SS than during the transition from the HS to the SS, and (ii) the
polarisation direction in the SIMS of GX 339–4 aligns with the radio jet, as seen in Cyg X–1
and Swift J1727.8–1613. Furthermore, the first observation hints that the lower energy bin
(2–3 keV) may be depolarised due either to the contribution of the soft thermal component
or to the contribution of once-scattered photons in the sandwich corona scenario. In both
cases, a polarisation direction perpendicular to that of multiple-scattered photons in the
sandwich corona, dominant at higher energy bins (above 3 keV), is expected [21]. For the
full spectropolarimetric analysis of these observations, see [43].
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3.9. Swift J151857.0–572147

This source was first discovered by Swift in early March 2024 [99]. Soon, many other
instruments observed this source in various wavelengths, including an X-ray campaign
when IXPE performed coordinated observations with NICER and NuSTAR. At the time
of writing of this review, the nature of this Galactic transient has not yet been established
and we thus refer to it as a BHC, see [100]. While most of the system properties, like BH
mass and system inclination, are yet to be measured, the observation with MeerKAT [101]
estimated the distance to this source to be in the range of 4.5–15.6 kpc.

When IXPE observed this source from 18 to 20 March 2024, it was already in its SS,
since the transition from HS to SS happened around 9–10 March 2024, according to [100,102].
The IXPE observation gave a rather low upper limit of 1.3% for the PD, see Table 2. This
could also indicate that the source was caught in its SS. The whole IXPE, NICER, and
NuSTAR campaign is analysed in García et al., in preparation.

3.10. Eastern lobe of SS 433

SS 433 is a BHC located at a distance of 5.5 kpc with bipolar jets, with a position angle
of 100◦ and inclination of 80◦. These interact with the surrounding supernova remnant,
creating two lobes east and west from SS 433. The “Head” region of the eastern lobe,
which is the closest to the BH, is characterised by nonthermal hard X-ray emission and thus
probably is an acceleration site for high-energy particles, where the kinetic energy of the
bulk motion of the flow is transformed into the acceleration of particles. IXPE has measured
the PD to be in the range of 38% to 77% at the 68% confidence level. The high value of
the PD indicates that the magnetic field near the acceleration region has a well-ordered
component if the X-ray emission is due to synchrotron radiation. The PA is in the range
of −12◦ to +10◦ (east of north), which indicates that this component is parallel to the
jet. This result places constraints on models of the acceleration process and origin of the
magnetic fields in these regions. All the details of this IXPE observation are described in
the collaboration paper [25].

4. IXPE Achievements in Observations of BH XRBs

During the first 2.5 years of its mission, IXPE has observed a large variety of BH
XRBs—systems have been observed in different states, HS (Cyg X–1), HIMS (Swift J1727.8–
1613), SIMS (GX 339–4), SS (Cyg X–1, LMC X–1, LMC X–3, 4U 1957+11, 4U 1630–47, Swift
J1727.8–1613, GX 339–4, Swift J151857.0–572147), and SPL state (4U 1630–47). It captured
one obscured object (Cyg X–3) in different states (HS, IMS, and SS), and it performed
a unique campaign of multiple observations across the HID (Swift J1727.8–1613—five
observations during the transition from HS to SS, two observations in the dim SS, and one
observation in the reverse transition back to the HS). Finally, imaging capabilities of the
IXPE have been utilised in observation of the eastern lobe of SS 433. Here, we would like to
highlight the most interesting results from these observations.

4.1. Geometry of Corona

One science objective of the IXPE mission is to constrain the geometry of the corona
in the HS of BH XRBs. During the first 2.5 years, IXPE managed to observe three objects
in their HS or during their transition to the SS—Cyg X–1 (HS), Swift J1727.8–1613 (HIMS),
and GX 339–4 (SIMS). In the first two sources, remarkably similar polarisation properties
were observed: the PD was around ≈4% while the polarisation direction was parallel with
the radio jet. The latter was also true for GX 339–4.

In Cyg X–1’s HS, the orbital inclination of 27◦ is too low to explain such a large
polarisation level with the usually considered coronal geometries. As discussed in [37],
possible interpretations of these results include a misalignment of the inner accretion disc
relative to the binary orbit [103], or a corona outflowing from the disc with relativistic
velocities [59]. In both of these solutions, a flat corona extended in the plane perpendicular
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to the radio jet is preferred. The hot inner accretion flow first proposed for Cyg X–1 in [104]
could in principle act as such a corona.

The inclination of Swift J1727.8–1613 is not known yet; however, a very low PD
observed in its SS may indicate that the inclination of this system is rather low. Thus,
it is possible that the corona properties in this source are similar to those observed in
Cyg X–1. A very remarkable result of the IXPE observation of this source is, however,
the gradual decrease of the PD as the source transits from the HS to the SS, a very low PD
in its SS, and the re-acquisition of the PD on its reverse transit back to the HS. This indicates
that the corona, responsible for the observed Comptonised emission, should have similar
geometries in both the bright HIMS at the beginning of the outburst and in the dim HIMS
towards the end of the transient outburst.

While the orbital inclination in GX 339–4, estimated to be between 40◦ and 60◦, is
higher than that of Cyg X–1, the observed PD was much smaller, at approximately 1.3% in
the 3–8 keV range. This could be due to the fact that the source was observed in the SIMS,
very close to the SS, as suggested by the decreasing PD trend in the hard-to-soft transition
in Swift J1727.8–1613. Additionally, the alignment of the polarisation direction with the
ballistic radio jet may suggest the presence of a corona extended perpendicularly to the jet
in this source as well.

Polarisation aligned with the jet has also been observed with IXPE in two active
galactic nuclei (AGN), NGC 4151 [105,106] and IC 4329A [107]; see also the review of IXPE
observations of radio-quiet AGN in [108]. On one hand, this is not surprising, as BH XRBs
are considered to be scaled-down versions of AGN, often referred to as microquasars [109].
On the other hand, while this polarisation alignment has been observed in the HS or IMS of
XRBs, in AGN it has been observed in radio-quiet AGN, which are thought to correspond
to the SS of XRBs. This could suggest that the corona may have a similar geometry in both
the SS and HS.

4.2. BH Spin Measurements

Another prime objectives of the IXPE mission is to constrain BH spins via spectral
polarimetry of BH XRBs. This is best done by observing in the SS because then the X-ray
emission is dominated by the inner regions of the accretion disc, where the gravity of the
BH has the strongest effect. This objective has now been accomplished for the first time for
LMC X–3, 4U 1957+11, and Cyg X–1. While LMC X–3 and 4U 1957+11 are persistently in
the SS, Cyg X–1 is a persistent source that often changes between the HS and SS. All three
IXPE spin measurements are consistent with those obtained by other methods. IXPE has
demonstrated a new method to measure BH spin.

For LMC X–3, the PD increases with energy while the PA is consistent with being
constant with energy, and a low spin, a ≈ 0.2, is inferred from spectropolarimetric analysis.

For 4U 1957+11, there is a marginal increase in the PD with energy while the PA
rotates by ≈20◦, moving from the 2–3 keV bin to higher energies, and a high spin, a > 0.96,
is preferred.

For Cyg X–1, the PD in the SS increases with energy while the polarisation direction
is parallel with the system axis (i.e., consistent with the radio jet present during the HS).
This is due to the reflection of returning radiation that is polarised perpendicularly to the
accretion disc. The rotation of the PA with energy is not observed in this source. This is due
to the accretion rate being rather low10. In this case, the polarisation of returning radiation
already dominates the one due to the direct thermal emission in the IXPE energy band,
and the swing in the PA by 90◦ is expected to happen at lower energies. The polarimetric
model prefers high spin, a > 0.96.

All the other SS observations gave only an upper limit on the PDs. Given the uncer-
tainty of their inclinations, the polarimetric results did not give hard limits on the BH spins.
This was the case for LMC X–1, Swift J1727.8–1613, GX 339–4, and Swift J151857.0–572147,
for which IXPE merely gave upper limits on the PDs. The PD upper limits can be used to
place upper limits on the source inclinations. While the inclination of the newly discovered
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transients Swift J1727.8–1613 and Swift J151857.0–572147 has not been constrained by other
measurements, LMC X–1 is known to have a rather low orbital inclination of 36◦, and GX
339–4 is estimated to have moderate orbital inclinations of 40◦ to 60◦.

4.3. Geometry of the Obscuring Funnel

The IXPE observations of Cyg X–3 have confirmed its nature of a source enshrouded by
an optically thick material. This material, probably a dense thermal wind from the accretion
disc, obscures the inner accretion flow. X-rays can escape the accretion flow through a
funnel—presumably along the magnetic axis or spin axis of the compact object—through
reflection from the funnel walls or by scattering in the less dense material inside the
funnel. As a consequence, a high level of polarisation perpendicular to the cone is observed.
The polarisation properties thus mainly depend on the geometry and state of the reflector
rather than on the state of the source itself. For this reason, the IXPE observations do not
constrain the spin of the compact object nor the corona of the inner accretion flow. On the
other hand, the IXPE observations reveal the nature of this source as a heavily obscured
object and constrain the geometry of the obscuring material.

Similarly, a high PD with direction perpendicular to the radio jet or radio structure
axis was observed in the case of two Seyfert 2 galaxies observed with IXPE: Circinus
Galaxy [110] and NGC 1068 [111]; see also the review of IXPE observations of radio-quiet
AGN in [108]. In both cases, the origin of polarisation is attributed to cold reflection from
a distant, optically thick torus with a half-opening angle of ≈ 50◦, which resembles the
scenario in Cyg X–3.

4.4. Exceptional Case of 4U 1630–47

As usual with opening a new observational window, some unanticipated results may
be acquired. In the case of BH XRBs, the observation of 4U 1630–47 may be considered
to be such a case. Specifically, its unexpectedly high polarisation level increasing with
energy measured in its SS is hard to explain with the standard model of accretion disc.
Thus, further theoretical investigations are needed to satisfactorily explain the processes in
this source.

Further interesting findings obtained by the IXPE mission worth mentioning are
according to us that (i) Cyg X–1 and Cyg X–3, as the only sources that were revisited in
the same state (both in the HS) after a year, were found to have very similar polarisation
properties, although in between the observations these sources transited to a different state;
and (ii) Cyg X–1, the most frequently observed BH XRB by IXPE, exhibits some polarisation
properties variability in its HS. The former suggests that the spectral and timing properties
defining the HS (and obscured HS) of the object are closely connected to the geometry of
the corona (and obscuring funnel) in this state, producing the same polarimetric signatures.
The latter, on the other hand, suggests that, although the corona keeps a similar general
shape in the HS, it still is a dynamical physical component. The reason for this variability
should be studied in the future.

5. Future Spectropolarimetric Observations of BH XRBs

Looking forward, it is important for IXPE to perform additional observations of BH
XRBs in both the SS and HS. One of the brightest BH XRBs in the sky, GRS 1915+105, has
been in a heavily absorbed state since IXPE was launched [13]. The source would be a
prime target for spectropolarimetric studies with IXPE should it resume its usual activity.
Transients tend to transition from the HS through the SS and back to the HS, and such ToO
observations should be prioritised. A large number of statistics will be needed to provide
robust constraints on the dependence of the PD and PA on energy. An exciting result would
be to measure the rotation of the PA predicted for rapidly-rotating BHs in the SS arising
from the rotation of spacetime in strong gravity [17], which would enable the measurement
of BH spin in more sources with this new method. It would also be exciting to confirm
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that the coronal geometry in the HS is similar in most of the BH XRBs. Such confirmation
would provide an important insight into the accretion physics.

The IMS of BH XRBs is marked by increased jet activity and changes in their timing
properties [112]. In the past, it was suggested that part of the X-ray emission in XRBs may
originate from the jet [113]. While jet-induced polarisation is not favoured for Cyg X–1, it
may not be true for all BH XRBs. Some studies have reported changes in coronal geometry
during state transitions [114]. In such scenarios, a rotation of the polarisation direction
could be expected as the source transits from the HS to the SS. Polarisation observations in
the IMS could thus provide valuable insights into changes in the geometrical configuration
of corona. Therefore, IXPE observations of additional sources as they move through the
HID to track their polarisation properties are crucial. There are also unobserved states of
BH XRBs, such as the flaring state of Cyg X–3 or the SPL state, which have so far been
observed only in the exceptional case of 4U 1630–47. As with any new observations, we
can always hope for more surprises along the way, such as the case of 4U 1630–47.

Additional insights will be provided by extending the spectropolarimetric observations
of IXPE to lower and higher energies. The XL-Calibur mission [115], operating at 15–80 keV,
observed Cyg X–1 in June 2024, and spectropolarimetric constraints are forthcoming. The
XPoSat11 mission was launched on 1 January 2024, carrying the POLIX instrument onboard,
which will measure polarisation in the 8–30 keV energy band. The COSI mission, set to
launch in 2028, promises spectropolarimetric capabilities at energies of a few hundred
keV [116]. At the other end, the REDSoX sounding rocket mission will demonstrate the
feasibility of X-ray polarimetry in the 0.2–0.4 keV energy range [117]. Extending the
bandpass will allow for better disentanglement of the polarisation contributions from
different emission components.
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Abbreviations
The following abbreviations are used in this manuscript:

NASA The National Aeronautics and Space Administration
ASI Agenzia Spaziale Italiana
HEASARC High Energy Astrophysics Science Archive Research Center
IXPE Imaging X-ray Polarimetry Explorer
OSO Orbiting Solar Observatory
NICER Neutron star Interior Composition Explorer
NuSTAR Nuclear Spectroscopic Telescope Array
XRISM X-ray Imaging and Spectroscopy Mission
INTEGRAL INTErnational Gamma-Ray Astrophysics Laboratory
MAXI Monitor of All-sky X-ray Image
ATCA Australia Telescope Compact Array
XPoSat X-ray Polarimeter Satellite
POLIX Polarimeter Instrument in X-rays
COSI Compton Spectrometer and Imager
REDSoX Rocket Experiment Demonstration of a Soft X-ray Polarimeter
FoV Field of view
PD Polarisation degree
PA Polarisation angle
GO General Observer
ToO Target of Opportunity
DDT Director’s Discretionary Time
AGN Active galactic nuclei
BH Black hole
XRB X-ray binary
LMXB Low-mass X-ray binary
HMXB High-mass X-ray binary
BHC Black hole candidate
SS Soft state
HS Hard state
SPL Steep power-law
IMS Intermediate state
HIMS Hard intermediate state
SIMS Soft intermediate state
HID Hardness-intensity diagram
TWG Topical working group

Notes
1 Many of these still lack a proper mass measurement and thus are considered to be black hole candidates (BHC). Their nature is

then derived from their spectral and timing characteristics.
2 Note that for polarisation degree of the order of 1%, the polarised flux is 100 times smaller than the total flux. Furthermore,

the polarised flux needs to be measured in the presence of the statistical fluctuations of the unpolarised flux. Polarisation
measurements thus need to be several orders of magnitude longer than flux measurements, assuming similar detector efficiencies.
Additionally, the Gas Pixel Detector used in IXPE has lower efficiency than a typical CCD chip used in instruments for X-ray
spectral observations.

3 See also the Note on IXPE Statistics prepared by the IXPE team at https://heasarc.gsfc.nasa.gov/docs/ixpe/analysis/IXPE_Stats-
Advice.pdf accessed on 24 September 2024.

4 Since the BH XRBs are usually point source objects, the IXPE imaging capabilities have been used only once for these types
of targets – for the eastern lobe of SS 433. Note that imaging has been used to its full potential in other extended objects like

https://heasarc.gsfc.nasa.gov/docs/ixpe/analysis/IXPE_Stats-Advice.pdf
https://heasarc.gsfc.nasa.gov/docs/ixpe/analysis/IXPE_Stats-Advice.pdf
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supernova remnants, pulsar wind nebulae, clouds in Sgr A∗, and others. Notwithstanding, imaging capabilities provide a strong
background reduction for some of the observed targets that were relatively faint.

5 See https://heasarc.gsfc.nasa.gov/docs/ixpe/archive/ accessed on 24 September 2024.
6 The ixpecalcarf exits with an error message “The attitude file contains 100.0% of off-axis angle(s) larger than the maximum

value in the vignetting CALDB file.”
7 The best approach would be to use the forward folding method, i.e., fitting a model to all three Stokes parameters. However,

this would be too demanding and is beyond the scope of this review, where we seek a simple, uniform approach. When our
results are compared with those obtained using the forward folding method, e.g., for Swift J1727.8–1613 in [39], we find excellent
agreement well within statistical errors.

8 To check all the details on the source state, we refer the reader to the original IXPE team papers on these observations.
9 Note that the SS in Cyg X–1 is not quite like the SS in other BH XRB sources because the Compton component tends to be much

stronger, see, e.g., [61].
10 Taking the mass accretion rate of 0.22 × 1018 g/s and spin a = 0.96, as in [38], gives the accretion rate to be 0.015 in Eddington

units. This is an order of magnitude smaller than an accretion rate in a typical SS of other BH XRBs. Note also that, according
to [38], the spectrum above 4 keV is dominated by coronal Comptonised radiation and its reflection from the accretion disc,
contrary to the typical SS, where the dominance of the thermal emission is much more prominent.

11 See https://www.isro.gov.in/XPoSat.html accessed on 24 September 2024.
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Suchomska, K.; et al. An eclipsing-binary distance to the Large Magellanic Cloud accurate to two per cent. Nature 2013, 495, 76–79.
[CrossRef] [PubMed]

71. Orosz, J.A.; Steeghs, D.; McClintock, J.E.; Torres, M.A.P.; Bochkov, I.; Gou, L.; Narayan, R.; Blaschak, M.; Levine, A.M.; Remillard,
R.A.; et al. A New Dynamical Model for the Black Hole Binary LMC X–1. Astrophys. J. 2009, 697, 573–591. [CrossRef]

72. Gou, L.; McClintock, J.E.; Liu, J.; Narayan, R.; Steiner, J.F.; Remillard, R.A.; Orosz, J.A.; Davis, S.W.; Ebisawa, K.; Schlegel, E.M. A
DETERMINATION OF THE SPIN OF THE BLACK HOLE PRIMARY IN LMC X–1. Astrophys. J. 2009, 701, 1076. [CrossRef]

73. Steiner, J.F.; Reis, R.C.; Fabian, A.C.; Remillard, R.A.; McClintock, J.E.; Gou, L.; Cooke, R.; Brenneman, L.W.; Sanders, J.S. A broad
iron line in LMC X–1. Mon. Not. R. Astron. Soc. 2012, 427, 2552–2561. [CrossRef]

74. Majumder, S.; Kushwaha, A.; Das, S.; Nandi, A. First detection of X-ray polarization in thermal state of LMC X–3: Spectro-
polarimetric study with IXPE. Mon. Not. R. Astron. Soc. 2024, 527, L76–L81. [CrossRef]

75. Garg, A.; Rawat, D.; Méndez, M. Unveiling the X-ray polarimetric properties of LMC X–3 with IXPE, NICER, and Swift/XRT.
Mon. Not. R. Astron. Soc. 2024, 531, 585–591. [CrossRef]

76. Orosz, J.A.; Steiner, J.F.; McClintock, J.E.; Buxton, M.M.; Bailyn, C.D.; Steeghs, D.; Guberman, A.; Torres, M.A.P. The Mass of the
Black Hole in LMC X–3. Astrophys. J. 2014, 794, 154. [CrossRef]

77. Steiner, J.F.; McClintock, J.E.; Orosz, J.A.; Remillard, R.A.; Bailyn, C.D.; Kolehmainen, M.; Straub, O. The Low-spin Black Hole in
LMC X–3. Astrophys. J. Lett. 2014, 793, L29. [CrossRef]

78. Yilmaz, A.; Svoboda, J.; Grinberg, V.; Boorman, P.G.; Bursa, M.; Dovčiak, M. Accretion disc evolution in GRO J1655–40 and LMC
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