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One sentence summary: For the first time, X-ray polarization reveals the
configuration of matter as it is drawn into a stellar mass black hole.
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Abstract: In a black hole X-ray binary (XRB) system, gas accreted from a

normal star onto a black hole glows brightly in X-rays. We report on an ob-

servation of the XRB Cygnus X-1 (Cyg X-1) by the Imaging X-ray Polarimetry

Explorer (IXPE) yielding the first highly significant detection of X-ray polar-

ization from an accreting black hole. The electric vector polarization angle

aligns with the outflowing radio jet, supporting the hypothesis that the jet is

launched from the inner X-ray emitting region. The higher than expected 2–8

keV polarization degree of 4.0± 0.2% implies that the accretion disk is viewed

more edge-on than inferred from the orbital parameters. The spectropolari-

metric data reveal that the hot X-ray emitting plasma is extended in the plane

of the accretion disk rather than along the jet axis.

1 Introduction

Cyg X-1 is one of the brightest and most persistent X-ray sources in the sky. The system harbors

a 21.2±2.2 solar-mass black hole (BH) in a 5.6 day orbit with a 40.6+7.7
−7.1 solar-mass star. The

high-mass X-ray binary (HMXB) is at a distance of 2.22+0.18
−0.17 kpc from us (1). Matter from the

companion star is drawn into the BH and is heated to millions of degrees. The hot incandescent

gas makes the binary system an exceptionally bright source of X-rays. X-rays are thus ideally

suited to reveal how BHs accrete matter, and to constrain the curved spacetimes in their vicinity.

The analysis of the thermal X-ray flux and energy spectrum and the shape of the X-ray emission

lines both indicate that the BH in Cyg X-1 spins rapidly with a dimensionless spin parameter

a > 0.92 close to the maximum possible value of 1 (2,3). Cyg X-1 exhibits furthermore a radio

jet (4), making it a microquasar, i.e., a miniature sibling of radio-loud quasars, supermassive

BHs with jets.

BHs are observed in different states which are thought to correspond to different configura-

tions of the matter plunging into the BH (5–7). In the soft state, the X-rays are dominated by the

thermal accretion disk emission, which is likely polarized because of electron scattering, and

polarization information can constrain the BH spin parameter a and the BH inclination i (angle

between the spin axis and the line of sight) (8–10). In the hard state, the emission is produced by
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Compton scattering in ‘coronal’ plasma. The plasma of the corona has a temperature of ∼100

keV, much hotter than the ∼ 0.1 keV temperature of the accretion disk photosphere. The polar-

ization of the Comptonized emission can be used to constrain the location and properties of the

corona as well as the inner accretion disk (11–14). The reflection of coronal emission off the

accretion disk gives rise to an emission component that includes the iron Kα fluorescence line

at ∼ 6.4 keV. The line contains information about velocity of the emitting plasma and the clock

speed in the plasma’s reference frame. The reflection component is expected to be polarized as

well (15, 16). X-ray polarimetry is thus a unique tool to study the geometry and orientation of

the X-ray emitting plasma in the direct vicinity of the BH and provide an independent measure

of the BH spin.

The theoretical expectation of the Cyg X-1 polarization degree in the 2–8 keV IXPE band

was around ∼1% or lower depending on the state of the source (9, 10, 12, 14). These expec-

tations are motivated by the low inclination of the system i = 27.◦1 ± 0.◦8 (1σ errors) inferred

from optical observations (1). Earlier polarization observations of Cyg X-1 with the OSO-8

polarimeter at 2.6 and 5.2 keV fell short of a firm detection (17). The POGO+ experiment set

upper limits on the 19–181 keV polarization degree of < 8.6% (90% confidence) (18). Ob-

servational evidence for polarization at > 400 keV energies has been reported (19, 20), with

the responsible physical mechanism still a matter of debate (21, 22). The IXPE mission (23),

launched on 2021 December 9, is the first dedicated X-ray polarimetry mission since OSO-8

(1975–1978) (17) and achieves the OSO-8 sensitivity in 1/100th of the observation time. Com-

bining the IXPE 2–8 keV observations with concurrent broadband X-ray observations of the

X-ray space instruments NICER (24) and NuSTAR (25) covering together the 0.2–79 keV en-

ergy band allows us to decompose the signal into the thermal disk emission, the coronal X-ray

emission, and hard X-ray emission reflected off the accretion disk. The IXPE results give new

insights into the location and geometry of the emitting plasmas, and its relation to the radio jet.

2 Observational Results

IXPE observed Cyg X-1 between 2022 May 15 and May 21 for a total net exposure of

∼242 ksec. The source was highly variable (see the lightcurves from different instruments

7



on Fig. S1), with the mean flux detected by IXPE of ≈ 5.2 × 10−9 ergs cm−2 s−1. Combining

the IXPE energy spectrum with simultaneous NICER and NuSTAR observations shows that the

source was in the hard state with the coronal and reflected emission (power-law index Γ ≈ 1.6

where the specific photon flux is dN/dE ∝ E−Γ) dominating in the IXPE band. The Sup-

plementary Material (SM) gives the full details of the analyses presented here, including the

derivation of the statistical confidence intervals.

IXPE detects the linear polarization with a > 20σ statistical confidence. The signal ex-

hibits an unexpectedly high 2–8 keV polarization degree of 4.0 ± 0.2% at an electric vector

polarization angle (PA) of −20.◦7 ± 1.◦4 east of north (all error bars are 1σ). Figure 1 shows

the polarization results in four energy bands. The polarization degree seems to increase with

energy from 3.5±0.3% at 2–3 keV to 5.8±0.8% at 6–8 keV at a statistical confidence of 68.3%

(SM, Table S2).

The X-ray polarization is determined by the properties of the inner accretion flow. For

the rapidly spinning 21.2 solar mass BH Cyg X-1, most of the X-ray emission comes from a

∼600 km diameter region surrounding the BH with an event horizon of a diameter of ∼60 km.

This region subtends an angle in the sky of ∼ 2 × 10−9 arcseconds, too small to be imaged

with even the best telescopes at any wavelength available today or in the foreseeable future.

The orientation of the inner accretion flow can be compared to that of the radio jet imaged on

much larger, billion-km spatial scales. Figure 2 shows that the X-ray polarization is parallel to

the jet. The polarization degree and angle are consistent with the results of the 2.6 keV OSO-

8 observations, even though the approximate agreement of the polarization angle has to be

regarded as coincidental given the low 1.8σ significance of the OSO-8 polarization signal (26).

We fitted the IXPE, NICER, and NuSTAR energy spectra with a composite model including a

multi-temperature black body component (thermal emission from the accretion disk), a power-

law component (from multiple Compton scattering events in the corona), emission reflected

off the accretion disk, and emission from more distant stationary plasma (see SM, Fig. S5 for

details). For each of the emission components we allow for a constant (in energy and time)

polarization degree and angle. The results indicate that the coronal emission strongly dominates

the overall emission in the IXPE energy band, contributing ∼ 90% of the observed flux. The

accretion disk, and reflected emission components contribute <1% and ∼10% of the emission,
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respectively. The results indicate that IXPE largely measures the polarization of the coronal

emission.

We accompanied the IXPE observations with optical polarization observations with the

DIPol-2 polarimeter mounted on the Tohoku 60 cm telescope at the Haleakala Observatory and

the RoboPol polarimeter at the 1.3 m telescope of the Skinakas observatory, Greece (see SM).

We measured the polarization degrees and angles in the three optical bands B and V (DIPoL-2)

and R (DIPoL-2 and RoboPol) for different choices of nearby field stars used for the determi-

nation of the interstellar polarization. We find intrinsic optical polarization degrees between

0.8% and 1% and intrinsic optical polarization angles between −37◦ and −11◦. The statistical

and systematic errors on the polarization degree and angle are about 0.1%, and <∼ 15◦, re-

spectively. The detailed analysis methods and results are reported in the SM (Figs. S8-S9, and

Table S4). The optical polarization directions is believed to give the orientation of the orbital

axis onto the sky (27).

Discussion

The IXPE observations reveal that the X-rays are highly polarized parallel to the radio jet. We do

not find evidence for an orbital phase dependence of the polarization properties which excludes

the possibility that the observed polarization originates from the scattering of X-ray photons off

the companion star or its wind. We find, furthermore, that the polarization degrees and angles do

not depend on the source flux (SM, Fig. S4). This finding indicates that the inner accretion flow

emitting the bulk of the observed X-rays, rather than a distant emission component that does

not vary in concert with the bulk of the emission, generates the observed 2-8 keV polarization,

since the superposition of emission components with different time evolutions and polarization

properties would give rise to a variable net polarization.

For symmetry reasons, any model of X-ray polarization from the inner accretion flow pre-

dicts a polarization angle predominantly parallel or perpendicular to the accretion flow. As a jet

cannot be launched parallel to the accretion disk plane, the observed alignment between images

of the radio jet and the X-ray polarization angle indicates that the projections on the sky of the

inner accretion disk spin axis and the jet are roughly aligned. This finding validates the long-
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standing hypothesis that the jets of microquasars (and, by extension, of quasars) are launched

perpendicular to the inner accretion flow (at least on the plane of the sky). The approximate

alignment with the optical polarization angle furthermore indicates alignment on the plane of

the sky also with the binary orbital axis.

Assuming that the detected X-ray polarization stems from the Comptonization of photons

in a hot plasma in the inner accretion flow, we can use the polarization results to constrain the

geometry of the hot plasma, and the angle at which the observer views the plasma. The shape

and location of the hot plasma, or corona, are so far poorly constrained through observations

and theory (7, 28). The main result of the IXPE observations is that the combination of high

polarization degree and polarization direction parallel to the jet imply that the coronal plasma is

laterally extended in the plane of the accretion disk (see SM, Figs. S6-S7, and the accompanying

discussion). In such models, the X-ray polarization is parallel to the spin axis of the inner disk.

Such corona plasma configuration can be realized by coronal plasma sandwiching the accretion

disk (e.g., as predicted by numerical accretion disk simulations (29)). An alternative configu-

ration is a composite accretion flow with an inner geometrically thick, optically thin laterally

extended region of hot plasma replacing the inner region of a geometrically thin, optically thick

accretion disk, possibly owing to evaporation of the inner disk (30). If the jet is forming in the

inner, magnetized region of the disk, the extraction of the disk angular momentum by the jet

torque may leave a radially extended hot and optically thin corona behind (31).

The polarization data rule out models in which the corona is a narrow plasma column cen-

tered on the BH spin axis, or an extremely compact region centered on the spin axis of the

BH as assumed in the idealized lamppost models commonly invoked by X-ray astronomers to

interpret observations (Figs. S6, right panel, and the related discussion). For such models, the

predicted polarization degrees tend to be smaller than the observed ones and decrease with en-

ergy in the IXPE band. The models that do predict polarization degrees as large as the observed

ones require inclinations i>∼85◦ or coronae moving away from the black hole with velocities

close to the speed of light. However, in these cases the polarization direction is perpendicular to

the spin axis of the accretion disk. We disfavor these scenarios as the jet would be in the plane

of the disk rather than perpendicular to it – a very unlikely configuration.

Even for the favored laterally extended coronae, the observed polarization degrees are higher
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than the ∼1% polarization degrees expected for inclinations of ∼27◦. While coronae powered

by the Comptonization of internally generated synchrotron photons can produce the observed

polarization degrees for inner disk inclinations exceeding 45◦, the Comptonization of disk pho-

tons requires inclinations exceeding 65◦. Synchrotron seed photons are expected to have lower

energies (∼1–10 eV) than accretion disk seed photons (a fraction of a keV) (32). The larger

number of scatterings required to energize the former to keV energies results in higher polariza-

tion degrees. This is particularly important at the lowest IXPE energies, where the Comptoniza-

tion of accretion disk photons tends to underpredict the observed polarization degree (Figs. S6-

S7).

Our results therefore indicate that the entire system approximately aligns on the plane of

the sky but that the inner disk is misaligned with the binary orbital axis in the dimension of our

sight line. As the bodies of a stellar system tend to all orbit and spin around the same axis, we

offer here two explanations for the mismatch between the inner accretion disk and the orbital

inclinations. The supernova explosion forming the BH may have left the BH with a misaligned

spin. Bardeen and Petterson conjectured that the combination of the corkscrew orbits of matter

orbiting spinning BHs and the viscosity of the disk will warp the inner accretion disk into the

equatorial plane of the Kerr spacetime (33). Some analyses of reflected Cyg X-1 energy spectra

give high Cyg X-1 inner disk inclinations comparable to the ones inferred from our polarization

measurements (3, 34, 35).

Alternatively, the higher inclination may be a consequence of superorbital precession of

the inner accretion disk. Observations of Cyg X-1 performed with different X-ray, optical and

radio instruments indicate the presence of a superorbital periodicity that can be explained as

a precession of the accretion disk (36). Our analysis of X-ray light-curves suggests that the

IXPE observations were performed close to the superorbital phase maximizing the inner disk

inclination. A counterargument to this scenario, with a precession amplitude of ±15◦, is the

small (� 15◦) opening angle of the radio jet. Additional observations at different superorbital

phases can be used to validate or refute this scenario. The larger inner disk inclination found

here will lower the spin value inferred from the analysis of the flux and energy spectrum of the

thermal emission (1, 37).

We disfavor the possibility that optically thin synchrotron emission from the base of the jet
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strongly contributes to the observed polarization signal (38). The jet is unlikely to produce more

than 5% of the 2–8 keV emission (21, 39) and the toroidal magnetic field structure required by

the observed polarization direction produces a polarization degree well below the theoretical

maximum of 75% for synchrotron emission from a region with unidirectional magnetic field

(40). The overall contribution to the 2–8 keV polarization from the jet base will therefore be

well below the observed level.

The results presented in this paper demonstrate that X-ray polarization opens up a new

chapter in our studies of BH accretion.
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Figure 1: Energy-dependent X-ray polarization of Cyg X-1. IXPE detects the linear polar-
ization of the 2–8 keV X-ray emission from the XRB Cyg X-1 with high statistical significance.
The figure shows the polarization degree (PD) and polarization angle (PA) in four energy bands.
The ellipses denote the statistical significance of 68.3%.
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Figure 2: The X-ray polarization direction agrees well with the orientation of the radio
jet imaged with the Very Large Baseline Array from (1). The 2−8 keV electric vector
polarization direction is shown by the yellow line, and the one, two and three sigma confidence
intervals are given by the orange to red cone segments. Note that most X-rays come from a
∼600 km diameter region surrounding the ∼60 km diameter BH. The 600 km large region is
approximately one million times smaller than the resolution of the radio image. The width of
the image corresponds to a spatial extent of 10 billion km. The coordinate offsets are in Right
Ascension (RA) and Declination (Dec), J2000 equinox. The color scale shows the radio flux.
The red ellipse shows the size and orientation of the synthesized radio beam.
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Materials and Methods
Data Sets and Analysis Methods

The IXPE analysis is based on the level 2 IXPE data now publicly available in NASA’s

HEASARC data archive1. IXPE acquired 242 ksec of data between May 15, 2022 and May 21,

2022. The spectral fitting on IXPE data is equivalent to other X-ray observatories, and therefore

it was carried out with standard software of the field, in particular, with the XSPEC (41) and

Sherpa (42–45) packages. The model-independent Stokes parameter analysis (46) of the IXPE

polarization data was performed with custom-software developed for IXPE (47). Confidence re-

gion for the polarization measurements were calculated following standard practices (48, 49).

The results were cross-checked by fitting the Stokes I , Q and U data with XSPEC using the

response matrices from NASA’s HEASARC data archive (50). The analysis selects source

and background data based on the reconstructed arrival direction in celestial coordinates. The

former is picked out in a circular region of ∼80 arcsec radius, and the latter as a concentric

annulus of inner and outer radius equal to ∼150 and ∼310 arcsec, respectively. We use the

additive property of the Stokes parameters to subtract the background, which is at least a factor

70 smaller than the signal in any of the energy intervals that we considered for polarization

measurement.

NuSTAR acquired a total of 42 ksec of data between May 18 and May 21, 2022. The

NuSTAR data were processed with the NuSTARDAS software (version v1.9.7) of the HEAsoft

package (version v6.30.1).

NICER acquired a total of 87 ksec of data between May 15 and May 21, 2022. The NICER

data were processed with the NICERDAS software (version v9.0) of the HEAsoft package

(version v6.30.1).

Swift observed Cyg X-1 daily between May 15 and May 20, 2022 for a total of ∼54 ksec,

with the XRT instrument operating in Windowed Timing (WT) mode. The observations were

processed using the tools in HEASOFT v6.30. The initial event cleaning was performed us-

ing XRTPIPELINE, the spectra and lightcurves were extracted using XSELECT, and ancillary

response files (ARF) were generated using XRTMKARF.

1https://heasarc.gsfc.nasa.gov/docs/heasarc/missions/ixpe.html
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The Mikhail Pavlinsky ART-XC telescope (51) on board the SRG observatory (52) carried

out two simultaneous with IXPE observations of Cyg X-1 on 2022 May 15-16 and 18-19 with

86 and 85 ks exposures, respectively. ART-XC data were processed with the analysis software

ARTPRODUCTS v0.9 with CALDB version 20200401.

INTEGRAL collected data on Cyg X-1 between May 15 and May 20, 2022 with a total

exposure time of ∼196 ksec. INTEGRAL/ISGRI lightcurves were generated using version 11.2

of the Off-line Scientific Analysis (OSA) software.

Overall lightcurves

Figure S1 shows the IXPE, SRG/ART-XC, NICER, NuSTAR and INTEGRAL lightcurves. The

spectropolarimetric analysis uses the intersection of the observation time intervals (good time

intervals, or GTIs) of the three missions (IXPE, NICER, and NuSTAR). A detailed analysis of

the IXPE Stokes Q and U lightcurves will be presented in a forthcoming paper.

Detailed IXPE Polarization Results

Figure S2 shows the IXPE polarization signal in terms of the normalized Stokes parametersQ/I

and U/I , giving the polarized beam intensity along the north-south (Q/I > 0) and east-west

(Q/I < 0) directions as well as along the northeast–southwest (U/I > 0) and northwest–

southeast (U/I < 0) directions. Tables S1 and S2 give the results of both analyses in terms of

the Stokes parameters, and polarization degrees and angles, respectively.

We studied the energy dependence of the polarization degree by fitting constant and linear

polarization degree models to the data, see Figure S3. The constant dependence fit gives a

polarization degree=(4.29± 0.18)% with χ2/d.o.f = 18.61/10 and null hypothesis probability

of 0.0455 with 10 degrees of freedom. The best linear dependence fit gives a polarization

degree=A+B×(E/keV−1) withA = (2.9±0.4)% andB = (0.58±0.15)% with χ2/d.o.f =

3.96/9 and null hypothesis probability of 0.914 with 9 degrees of freedom. Thus there is an

indication that the polarization degree grows with energy. This is also supported by the fact that

the first four low energy bins are all below constant energy dependence fit while for all larger

energy bins they are above. If we perform the same analysis for the polarization angle, we get

polarization angle=−20.◦7 ± 1.◦2 with χ2/d.o.f = 8.55/10 and null hypothesis probability of
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0.575 with 10 degrees of freedom for a constant dependence, and polarization angle=A + B ×
(E/keV − 1) with A = −15.◦8± 2.◦6 and B = −1.◦80± 0.◦86 with χ2/d.o.f = 4.19/9 and null

hypothesis probability of 0.898 with 9 degrees of freedom for a linear dependence.

Figure S3 shows apparent drops of the 4.5 − 5 keV and 6 − 6.5 keV polarization degrees.

We find however, that these drops are not statistically significant. Moreover, based on the

constraints on the equivalent width of the fluorescent Fe Kα-line from the spectral analysis of

the NICER and NuSTAR data, we find that the maximum possible Fe Kα depolarization is much

smaller than the observed fluctuation.

The lightcurves in Figure S1 show that the Cyg X-1 IXPE count rates varied between 20

and 80 cts/s. We studied the flux dependence of the polarization properties by analyzing a low-

count rate data set (<45 cts/sec) and a high-flux data set when the flux consistently exceeded

45 cts/sec (2022-05-18 02:47:49.684 – 2022-05-21 07:31:05.743). The energy-resolved polar-

ization degrees and polarization angles are shown in Fig. S4. There is no clear evidence for a

change of the polarization degrees or angles. If the flux changes are entirely due to absorption,

the absorber has to cover all emitting regions simultaneously. This finding rules out scenarios

in which the polarized signal stems from a much larger emission region, e.g., the jet outside of

the region covered by the absorber.

IXPE, NICER and NuSTAR energy spectra

As a demonstration of a spectropolarimetric analysis, we present here the results from fitting a

simple model to the broadband Stokes I spectrum provided by NICER, NuSTAR and IXPE and

the Stokes Q and U spectra provided only by IXPE. We use the data from the first NuSTAR ob-

servation and the simultaneously acquired NICER data, to eliminate differences due to spectral

variability. We use the entire IXPE observation to maximize the signal-to-noise ratio. We fit the

two NuSTAR Focal Plane Modules (FPMs) and the three IXPE DUs separately in the fit. For

the Stokes I spectrum, we employ the model

MBPO ∗ TBABS ∗ (DISKBB + XILLVERCP + RELXILLCP + NTHCOMP). (S1)

Here DISKBB represents thermal disk emission and NTHCOMP represents Comptonized emis-

sion observed directly from the corona. The RELXILLCP component represents coronal X-rays
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that are reflected from the inner accretion disk and distorted by relativistic effects. The XIL-

LVERCP component represents coronal X-rays that are reflected from the outer disk and the

companion star and not subject to strong relativistic effects. TBABS accounts for line-of-sight

absorption by the interstellar medium.

The model MBPO is included to account for cross-calibration discrepancies we encountered

between the three observatories. It multiplies the model spectrum by a broken power law,

MBPO(E) = N(E/Ebr)
∆Γ, where ∆Γ = ∆Γ1 for E < Ebr and ∆Γ = ∆Γ2 for E ≥ Ebr. For

NICER, we fix the power-law indices to zero and the normalization to unity. For NuSTAR, we

tie ∆Γ2 = ∆Γ1 (i.e. employing only a single power law) but leave ∆Γ1 and N as free param-

eters for each FPM. For the IXPE DUs, we must leave all MBPO parameters free to achieve an

acceptable fit. We also include a 0.5% systematic error to further account for cross-calibration

discrepancies. Finally, the NuSTAR FPM A disagrees with the FPM B and NICER in the 3-4

keV band, and IXPE DU3 disagrees with all other instruments (even with the use of MBPO) in

the > 5 keV energy range, and so we ignore these ranges in our fit.

We first fit jointly to the NICER and NuSTAR data, then add IXPE Stokes I to the fit be-

fore finally adding IXPE Stokes Q and U . At each stage, the best-fitting parameters do not

change significantly. The top panel of Fig S5 shows the best-fitting model and the data ‘un-

folded’ around that model. The separate spectral components are shown in the top plot: DISKBB

(dashed), XILLVERCP (dotted), RELXILLCP (dash-dotted) and NTHCOMP (dash-triple-dotted).

The direct coronal emission (NTHCOMP) dominates the 2–8 keV flux (88.9%). The DISKBB,

XILLVERCP and RELXILLCP components contribute respectively 0.57%. 0.50% and 10.05%

of the flux. The fractional contribution of each model component is consistent whether we con-

sider only NICER and NuSTAR or also include IXPE. Since the direct coronal flux dominates

the 2–8 keV flux, it must also dominate the polarization. For instance, the relativistic reflection

component would need to be ∼ 40% polarized to achieve the observed overall polarization of

∼ 4%. However, the reflected emission exhibits most likely much smaller polarization degrees.

In the case of the reflection of unpolarized X-rays off neutral accretion disks this was shown

in (53). We have extended these studies for the case of the reflection of unpolarized X-rays

off ionized accretion disks making use of the polarized reflection tables from (54) (publication

in preparation). Our studies over a broad range of different parameters show that the 2-8 keV
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emission exhibits overall polarization degrees well below those required here, as the polariza-

tion of the emission from different parts of the accretion disk cancel. We find similar results for

the reflection of unpolarized X-rays off truncated disks.

As a simple ‘toy’ model, we therefore assign a constant (independent of energy) polarization

degree and angle to the NTHCOMP component (the model POLCONST) and assume that the other

components are unpolarized. The middle panel of Fig S5 shows the resulting fit to IXPE Stokes

Q (blue circles) and Stokes U (magenta squares). We achieve a good overall fit with a reduced

χ2 of χ2/dof = 2380.4/2415. The bottom panel shows the contributions from each energy

channel to χ, demonstrating that there are no structured residuals. The best-fitting polarization

degree and angle of the corona from this simple model are respectively 3.63 ± 0.26% and

−20.◦5± 2.◦1 (90% confidence).

Model constraints on the inclination of the inner accretion disk

We studied the energy spectra and polarization properties of different corona shapes and prop-

erties with ray tracing codes. We show here exemplary simulation results that match the IXPE,

NICER, and NuSTAR energy spectra qualitatively, and present the predicted polarization prop-

erties.

We used the general relativistic ray tracing code kerrC (14) to evaluate the polarization that

cone-shaped coronae centered on the BH spin axes and wedge-shaped coronae sandwiching

the accretion disk can produce. The code assumes a standard geometrically thin, optically

thick accretion disk extending from the innermost stable circular orbit to 100 gravitational radii

rg = GM/c2 with G being the gravitational constant, M the BH mass, and c the speed of light.

The code uses Monte Carlo methods to simulate the emission of the accretion disk photons,

the polarization-changing Comptonization of the photons in the corona, and the reflection of

the photons off the accretion disk adopting the XILLVER reflection model for the reflected

intensity (55–57), and Chandrasekar’s analytical solution for the reflected polarization (58).

In both cases, we chose corona parameters which maximize the predicted polarization de-

grees, i.e., cone-shaped coronae very close to the accretion disk, and rather thin wedge-shaped

coronae with a half opening angle of 10◦. The model parameters are given in Table S3.

For both models, the statistical errors on the Stokes U parameter (due to photon counting
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noise in the Monte Carlo simulation) are appreciable, because most positive and negative U

contributions cancel, leaving a highly fluctuating residual. The statistical errors also increase for

energies� 10 keV where the number of simulated photons contributing to the results becomes

small. The left panel of Figure S6 presents results for a flat wedge-shaped sandwich corona.

The polarization degree rises from 4% at 2 keV to 6% at 8 keV, and the polarization direction is

perpendicular to the accretion disk plane at all energies. The right panel of Figure S6 shows the

results for a cone-shaped corona close to the spin axis. The predicted polarization degrees are

4–6% over the IXPE energy band but the polarization direction is parallel to the accretion disk

plane. For smaller inclinations (e.g. 75◦, not shown here) the polarization degrees drop well

below 4% and the polarization exhibits a swing in the IXPE energy band. We used the general

relativistic ray tracing code MONK (13) to study if coronae moving radially away from the black

hole with relativistic speeds, coronae at different heights above the BH, or the reflection off

truncated accretion disks can produce higher polarization degrees, but without success. For

coronae very close to the black hole, the polarization direction becomes perpendicular to the

disk plane, but the polarization degrees are smaller than observed and tend to decrease with

energy from 2 keV to 8 keV. Although some coronae moving relativistically away from the BH

along the spin axis (e.g., (59)) produce >4% polarization degrees for i ≈ 30◦, they do not

present viable configurations as the predicted polarization is parallel to the accretion disk plane.

We studied the polarization of the truncated disk/inner hot flow scenario using the formalism

described in (11). The code treats Compton scattering of polarized radiation in a plane-parallel

geometry in flat space. It uses exact Compton scattering redistribution matrices for isotropic

electrons (60) and solves the polarized radiation transfer equations using an expansion of the

intensities in scattering orders. We do not include reflection off the cold disk (16) in the results

presented here to avoid uncertainties related to the properties of the reflecting plasma.

Fig. S7 shows the resulting spectra (panels A and C) and polarization (panels B and D)

of a truncated disk/inner hot flow model. The code simulates a plane parallel slab corona,

using a prescription to inject seed photons that mimics the truncated disk scenario. Panels A

and B correspond to the case of seed photons coming from the disk, seen at an inclination of

30◦ and 47◦. The electron temperature is assumed to be kTe = 100 keV, the seed blackbody

temperature kTbb = 0.1 keV and the Thomson optical depth τT = 1.0 (61, 62). The predicted
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polarization degrees are between 1.5% and 4.2%, for i = 30◦ and 47◦, respectively, and the

polarization direction is orthogonal to the accretion disk plane. Panels C and D of Fig. S7

illustrate the results for the case of synchrotron seed photons; other parameters are the same

as in the previous case. The synchrotron emission has a peak at energies ∼ 1 − 10 eV, much

lower than corresponding peak of the disk photons, hence we see only high scattering orders

in the IXPE band. This implies that the dependence of polarization degree on energy is mostly

washed out, and the polarization degree is nearly constant: ∼ 2.5% and 5% for i = 30◦ and

47◦, respectively.

Optical polarimetry

The optical polarimetric observations were performed using DIPol-2 polarimeter, installed on

the remotely operated Tohoku 60 cm (T60) telescope at the Haleakala Observatory, Hawaii.

DIPol-2 is a double-image CCD polarimeter, capable of measuring linear and circular polar-

ization in three (BV R) optical filters simultaneously (63, 64). The design of this instrument

optically eliminates the sky polarization (even if it is variable), which results in a high (up to

10−5 polarimetric precision. The instrumental polarization is below the 10−4 level and mea-

sured by observing twenty unpolarized nearby stars. The zero point of the PA was determined

by observing two highly polarized standard stars (HD204827 and HD25443).

We observed Cyg X-1/HDE 226868 for five nights during the week 2022 May 15–21 for

about 4 hours each night. One measurement of Stokes parameters took about 20 s and we

obtained 2298 individual measurements of the normalized Stokes qobs and uobs parameters si-

multaneously in three filters (BV R). These individual measurements were used to compute

average intranight values of Stokes parameters using the 2σ weighting algorithm (64, 65). The

error on the final average corresponds to the standard deviation of individual measurements

resulting from the orbital variability of the source.

The polarization produced by the interstellar (IS) medium has been estimated by observing

a sample of field stars (see Fig. S8), which are close in distance to the target as indicated by

their Gaia parallaxes (see Fig. S9) (66,67). Taking into account angular separation on the image,

closeness in distance, and the wavelength dependence of the polarization, we choose two stars

(Ref 1 and Ref 2) from our sample as the IS polarization standards. We have considered two
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cases: when the Stokes parameters of the IS polarization were set to be equal to those of Ref

2 and to the weighted average of those of Ref 1 and Ref 2. For both cases, the normalized

Stokes parameters (qis, uis) were subtracted from the measured values of Stokes parameters of

the target to obtain the intrinsic polarization (qint, uint) estimates. From this we get the intrinsic

polarization degree (PD)and polarization angle (PA) as

PD =
√
q2

int + u2
int, PA =

1

2
atan2(uint/qint). (S2)

The uncertainty on the polarization degree ∆(PD) was estimated as the uncertainty of the indi-

vidual Stokes parameters, and includes both the source and IS polarization errors. The uncer-

tainty on the polarization angle (in radians) was estimated as ∆(PA) = ∆(PD)/(2 PD) (68). The

observed normalized Stokes parameters, the IS polarization and the intrinsic Stokes parameters

as well as the polarization degrees and angles are reported in Table S4.

We used the RoboPol polarimeter in the focal plane of the 1.3 m telescope of the Ski-

nakas observatory (Greece) to obtain additional R-band polarimetry. The observations were

performed between 5/13/2022 and 6/2/2022 with multiple pointings in 10 nights. In total, 21

exposures series were acquired, each series consisting of 10 to 20 1-2 sec shots. The instrumen-

tal polarization was found with a set of unpolarized standards stars (BD+28.4211, BD+33.2642,

BD+32.3739, BD+40.2704, HD154892). The zero position angle was determined based on

three highly polarized standard stars (VI Cyg 12, Hiltner 960 and CygOB2 14). The Cyg X-

1/HDE 226868 measurements do not reveal any polarization variability exceeding that of the

standard stars (σq = 0.12%, σu = 0.08%). We determined the average polarization parame-

ters of Cyg X-1/HDE 226868 from calculating the sigma-clipped median of the relative Stokes

parameters. The uncertainties were determined by error propagation adding the instrumental

polarization uncertainties in quadrature. We determined the intrinsic source polarization by

subtracting the IS polarization using the Ref 2 star mentioned above (see Table S4).

We find polarization angles of Cyg X-1/HDE 226868 between −37◦ to −11◦, close to the

position angle of the jet from radio interferometry (from −26◦ to −9◦) (4,69). We note that the

blue supergiant HDE 226868 companion star dominates the optical emission (21). The optical

polarization is likely produced by the scattering of the stellar radiation off the bulge formed by

the accretion stream interacting with the accretion disk (27).
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Figure S1: X-ray lightcurves of Cyg X-1. From top to bottom: IXPE (2–8 keV), NICER
(0.2–12 keV), NuSTAR (3–78 keV), Swift-XRT (0.2–10 keV), SRG/ART-XC (4–30 keV), and
INTEGRAL (30–80 keV) lightcurves. MJD 59715 is May 16, 2022.
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Figure S2: X-ray linear polarization of Cyg X-1. The linear polarization of the X-rays from
the BH X-ray binary Cyg X-1 is shown at the plane of the normalized Stokes Q/I and U/I
parameters measured with each of the three IXPE X-ray telescopes, and for the combined signal
from all three telescopes. The circles give the contour of constant polarization degree (PD)
while the radial lines correspond to constant polarization angle (PA). The error bars are 1σ.
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Figure S3: The energy dependence of the observed polarization degree (top) and polar-
ization angle (bottom). The data (black crosses with 1σ errorbars) are produced by PCUBE
algorithm of xpbin and summed for all detector units. The constant (violet) and linear (green)
fits are also depicted (see the text for more details).
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Figure S4: Polarization of Cyg X-1 at different flux levels. Comparison of the polarization
degree (top) and polarization angle (bottom) in high-flux (black) and low-flux period (red) of
Cyg X-1 selected from the IXPE lightcurve in Fig. S1. Top: polarization degree measurement.
Bottom: polarization angle measurement.
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Figure S5: Results of spectropolarimetric fitting. The top panel is the X-ray spectrum (Stokes
I). The solid lines represent the total model and the points are the data unfolded around the
best-fitting model in units of keV cm−2 s−1. Black, red and green colours represent NICER,
NuSTAR and IXPE respectively. The middle panel shows Stokes Q (blue circles) and U (ma-
genta squares), again unfolded around the best-fitting model and in units of keV cm−2 s−1.
The bottom panel shows residuals (contributions to χ). For plotting purposes only, data from
different detectors of the same observatory have been grouped together, and a maximum of
10 energy channels have been grouped together to achieve a signal-to-noise ratio of 150 (the
XSPEC command setplot rebin 150.0 10).
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Figure S6: Polarimetric properties of the wedge- and cone-shaped corona models. From
top to bottom: Predicted spectral energy distribution (SED), polarization degree and angle for
the wedge-shaped (left) and cone-shaped (right) corona model (see text for details). The top
panel shows from top to bottom Stokes I , and the absolute values of Stokes Q and U . For
clarity, the figures show the results assuming the projection of the black hole spin onto the
plane of the sky axis points due north (Q/I=1).
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Figure S7: Spectra and polarization degree for the truncated disk and the inner hot flow
geometry. (A) Spectrum and (B) polarization degree for the case where seed photons come
from the outer cool accretion disk. (C) Spectrum and (D) polarization degree for the case for
synchrotron seed photons. The polarization is parallel to the axis normal to the flattened hot
medium (disk plane). Blue dot-dashed and green dashed lines correspond to the inclinations of
the hot flow i = 30◦ and 47◦, respectively.
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Figure S8: Polarization of nearby field stars around Cyg X-1. (A) Polarization vectors of the
field stars (open circles) and Cyg X-1 (filled circle) in theB-filter. (B) The observed normalized
Stokes parameters q and u for the field stars and Cyg X-1 (stars). Blue, green and red colors
correspond to BV R filters, respectively. Errors are 1σ.
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Figure S9: Polarization of nearby field stars around Cyg X-1 as a function of parallax. (A)
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2.0–3.0 keV 3.0–4.0 keV 4.0–6.0 keV 6.0–8.0 keV 2.0–8.0 keV
Q/I - det1 [%] 2.9± 0.5 2.5± 0.5 3.4± 0.6 3.0± 1.4 2.9± 0.3
Q/I - det2 [%] 3.3± 0.5 2.5± 0.5 3.9± 0.6 4.7± 1.4 3.4± 0.3
Q/I - det3 [%] 2.1± 0.5 2.7± 0.5 3.1± 0.6 3.4± 1.6 2.6± 0.4
Q/I - sum [%] 2.8± 0.3 2.5± 0.3 3.5± 0.3 3.7± 0.8 3.0± 0.2
Q/I - sum (XSPEC) [%] 2.9± 0.3 2.7± 0.3 3.4± 0.3 3.7± 0.8 2.9± 0.2
U/I - det1 [%] −2.1± 0.5 −1.9± 0.5 −2.8± 0.6 −4.2± 1.4 −2.4± 0.3
U/I - det2 [%] −1.3± 0.5 −2.3± 0.5 −2.7± 0.6 −6.0± 1.4 −2.4± 0.3
U/I - det3 [%] −2.9± 0.5 −2.9± 0.5 −4.0± 0.6 −2.9± 1.6 −3.2± 0.4
U/I - sum [%] −2.1± 0.3 −2.3± 0.3 −3.1± 0.3 −4.5± 0.8 −2.7± 0.2
U/I - sum (XSPEC) [%] −2.3± 0.3 −2.4± 0.3 −3.2± 0.3 −4.2± 0.8 −2.6± 0.3

Table S1: IXPE polarization results in terms of the Stokes parameters from the ixpeobssim
(top) and XSPEC(bottom) analysis. The two methods and the independent analysis of single
IXPE telescopes provides statistically consistent results. The uncertainties are quoted for a
68.3% confidence interval, assuming that the Stokes parameters are independent.

2.0–3.0 keV 3.0–4.0 keV 4.0–6.0 keV 6.0–8.0 keV 2.0–8.0 keV
PD - det1 [%] 3.5± 0.5 3.1± 0.5 4.4± 0.6 5.1± 1.4 3.8± 0.3
PD - det2 [%] 3.6± 0.5 3.4± 0.5 4.7± 0.6 7.6± 1.4 4.2± 0.3
PD - det3 [%] 3.6± 0.5 3.9± 0.5 5.1± 0.6 4.5± 1.6 4.1± 0.4
PD - sum [%] 3.5± 0.3 3.5± 0.3 4.7± 0.3 5.8± 0.8 4.0± 0.2
PD - sum (XSPEC) [%] 3.7± 0.3 3.6± 0.3 4.7± 0.3 5.6± 0.8 3.9± 0.2
PD S/N 13σ 12σ 14σ 7σ 20σ
PA - det1 [deg] −18± 4 −19± 4 −20± 4 −27± 8 −20± 3
PA - det2 [deg] −11± 4 −22± 4 −17± 4 −26± 5 −18± 2
PA - det3 [deg] −27± 4 −23± 4 −26± 4 −20± 10 −25± 2
PA - sum [deg] −18± 2 −21± 2 −21± 2 −25± 4 −21± 1
PA - sum (XSPEC) [deg] −19± 2 −21± 2 −21± 2 −25± 4 −21± 1

Table S2: Same as Table S1, but for the polarization degrees and angles. Also in this case,
quoted uncertainties are at 68.3% confidence level and they are calculated assuming that the
polarization degree and polarization angle are independent. The significance of the measure-
ment is approximately the measured polarization degree divided by the uncertainty shown in
the table, for the sum of the three IXPE telescopes.
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Parameter Symbol Unit wedge cone
Black hole spin a none 0.9 0.9
Black hole mass M M� 21.2 same
Corona temperature TC keV 250 150
Optical depth τC none 0.122 0.79
Opening angle θC deg 10 25
Corona inner/outer edge r1, r2 rg 2.32–100 2.5–20
Inclination i deg 65 85
Accretion rate Ṁ 1018 g s−1 0.075 0.1
Cyg X-1 distance d kpc 2.22 same
Assumed pol. direction ψ deg 0 0
XILLVER metal abundance AFe solar 1 1
XILLVER electron temperature kB Te keV same as TC same as TC

XILLVER e−-density in cm−3 log10(ne) none 17.5 17.7
Equivalent hydrogen column NH 1022 cm−2 0.8 4

Table S3: kerrC model parameters used for Figure S6.

Band B V R
q (%) u (%) q (%) u (%) q (%) u (%)

Observed polarization of Cyg X-1/HDE 226868
DIPol-2 0.46± 0.06 −4.89± 0.04 0.39± 0.04 −4.57± 0.04 0.26± 0.03 −4.44± 0.03
RoboPol – – – – 0.61± 0.13 −4.74± 0.12

Interstellar polarization
Ref 2/DIPol-2 −0.09± 0.17 −4.31± 0.17 −0.12± 0.14 −3.91± 0.14 −0.19± 0.15 −3.82± 0.15
Ref 1+2/DIPol-2 −0.41± 0.11 −4.39± 0.11 −0.33± 0.10 −3.92± 0.10 −0.67± 0.07 −4.05± 0.07
Ref 2/RoboPol – – – – 0.39± 0.16 −4.00± 0.08

Intrinsic polarization of Cyg X-1/HDE 226868
Ref 2/DIPol-2 0.55± 0.17 −0.58± 0.17 0.51± 0.14 −0.66± 0.14 0.45± 0.15 −0.62± 0.15
Ref 1+2/DIPol-2 0.87± 0.11 −0.50± 0.11 0.72± 0.10 −0.65± 0.10 0.93± 0.07 −0.39± 0.07
Ref 2/RoboPol – – – – 0.22± 0.21 −0.74± 0.14

Intrinsic polarization of Cyg X-1/HDE 226868
PD (%) PA (deg) PD (%) PA (deg) PD (%) PA (deg)

Ref 2/DIPol-2 0.79± 0.17 −23± 6 0.83± 0.14 −26± 5 0.77± 0.15 −27± 6
Ref 1+2/DIPol-2 1.00± 0.11 −15± 3 0.97± 0.10 −21± 3 1.01± 0.07 −11± 2
Ref 2/RoboPol – – – – 0.77± 0.15 −37± 6

Table S4: Optical polarization of Cyg X-1/HDE 226868. Normalized Stokes parameters q
and u are presented for the observed polarization of the source, the IS polarization, and the
intrinsic polarization obtained by subtracting the IS polarization from the observed values. The
polarization degree and polarization angle of the intrinsic polarization are computed using for-
mulae (S2). Errors are 1σ.
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