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"Deceased

A black hole x-ray binary (XRB) system forms when gas is stripped from a
normal star and accretes onto a black hole, which heats the gas sufficiently
to emit x-rays. We report a polarimetric observation of the XRB Cygnus X-1
using the Imaging x-ray Polarimetry Explorer. The electric field position an-
gle aligns with the outflowing jet, indicating that the jet is launched from the
inner x-ray emitting region. The polarization degree is 4.01 + 0.20% at2to 8
kiloelectronvolts, implying that the accretion disk is viewed closer to edge-on
than the binary orbit. The observations reveal that hot x-ray emitting plasma
is spatially extended in a plane perpendicular to the jet axis, not parallel to the

jet.

Cygnus X-1 (Cyg X-1, also catalogued as HD 226868) is a bright and persistent x-ray source.
It is a binary system containing a 21.24+2.2 solar-mass black hole in a 5.6 day orbit with a
40.6"77 solar-mass star and is located at a distance of 2.2210-12 kiloparsecs (kpc) (/). Gas is
stripped from the companion star; as it falls in the strong gravitational field of the black hole
it forms an accretion disk that is heated to millions of kelvin. The hot incandescent gas emits
x-rays. Previous analyses of the thermal x-ray flux, its energy spectrum, and the shape of

the x-ray emission lines have indicated that the black hole in Cyg X-1 spins rapidly, with a



dimensionless spin parameter a > 0.92 (close to the maximum possible value of 1) (2). Cyg
X-1 also produces two pencil-shaped outflows of magnetized plasma, called jets, that have been
imaged in the radio band (3). It is thus classified as a microquasar, being analogous to much
larger radio-loud quasars, supermassive black holes with jets.

Black hole x-ray binaries are observed in states of x-ray emission thought to correspond to
different configurations of the accreting matter (4). In the soft state, the x-rays are dominated
by thermal emission from the accretion disk. The thermal emission is expected to be polarized
because x-rays scatter off electrons in the accretion disk (5—7). In the hard state, the x-ray emis-
sion is produced by single and multiple scatterings of photons (coming from the accretion disk
or generated by electrons in the magnetic field) off electrons of hot coronal gas. Observations
constrain the corona to be much hotter (£ 7, ~100keV, with k£ being the Boltzmann constant
and 7, the electron temperature) than the accretion disk (k7. ~ 0.1 keV). The shape of the
corona, and its location with respect to the accretion disk, are a matter of debate (4, &), but
can be constrained by x-ray polarimetry (9). Reflection of x-rays emitted by the corona off the
accretion disk produces an emission component that includes the iron Ko fluorescence line at
~ 6.4 keV, which can constrain the velocity of the accretion disk gas orbiting the black hole
and the time dilation close to the black hole. The reflection component is also expected to be
polarized (10, 11).

We report here on x-ray polarimetric observations of Cyg X-1 with the Imaging X-ray Po-
larimetry Explorer (IXPE) space telescope (12). Theoretical predictions of the Cyg X-1 polar-
ization degree (in the 2—8 keV IXPE band) are around 1% or lower, depending on the emission
state (6, 7, 9, 13). These expectations used an inclination angle (the angle between the black
hole spin axis and the line of sight) of ¢« = 2775 £ 0°8 inferred from optical observations of
the binary system (/). Earlier polarization observations with the OSO-8 gave polarization de-
gree 2.44+1.07% and polarization angle (measured on the plane of the sky from north to east)
—18° 4+ 13° at 2.6 keV (/4, 15) and a non-detection at higher energies (/6). IXPE observed
Cyg X-1 from 2022 May 15 to 21 with an exposure time of ~242 ksec. The IXPE 2-8 keV ob-
servations were coordinated with simultaneous x-ray and gamma-ray observations covering the
energy range 0.2-250 keV, including the Neutron Star Interior Composition Explorer Mission
(NICER, 0.2-12 keV), the Nuclear Spectroscopic Telescope Array (NuSTAR, 3-79 keV), the



Swift X-ray Telescope (XRT, 0.2-10 keV), the Astronomical Roentgen Telescope — X-ray Con-
centrator (ART-XC, 4-30 keV) of the Spectrum-Rontgen-Gamma observatory (SRG), and the
INTEGRAL Soft Gamma-Ray Imager (ISGRI, 30-80 keV) on the International Gamma-Ray
Astrophysics Laboratory (INTEGRAL) space telescopes (/7). Simultaneous optical observa-
tions were performed with the Double Image Polarimeter 2 (DIPol-2) polarimeter mounted
on the Tohoku 60cm telescope at the Haleakala Observatory and the Robotic Polarimeter
(RoboPol) at the 1.3 m telescope of the Skinakas observatory, Greece (17).

During the observation campaign Cyg X-1 was highly variable over the entire 0.2-250 keV
energy range (Figure S1). The source was in the hard x-ray state with a photon index of 1.6
(Table S§) and a 0.2-250 ke V luminosity of 1.1% of the Eddington luminosity (the luminosity at
which the radiation pressure on electrons equals the gravitational pull on the ions of the accreted
material). We detected linear polarization in the IXPE data with a > 200 statistical confidence
(Figures 1,S3). The 2-8 keV polarization degree is 4.01 £ 0.20% at an electric field position
angle of —20°7 £ 1°4. The polarization degree and angle are consistent with the previous
results of OSO-8 at 2.6 keV (/5). The evidence for an increase of the polarization degree with
energy (Figures 1, S5) is significant on the 3.4 o level (/7). We find a 2.40 indication that the
polarization degree increases with the source flux (Figure S6).

We find no evidence that the polarization properties depend on orbital phase of the binary
system (Figure S7). This excludes the possibility that the observed x-ray polarization originates
from the scattering of x-ray photons off the companion star or its wind, and shows that these
effects do not measurably impact the polarization properties.

We calculated a suite of emission models and compared them to the observations (/7). We
estimate that > 90% of the x-rays come from the inner ~2,000 km diameter region surrounding
the ~60 km diameter black hole. We compare the orientation of the x-ray bright region (which
we assume is determined by the x-ray polarization angle; Figure 3) to the orientation of the
billion-km-scale radio jet. We find that the x-ray polarization aligns with the radio jet to within
~5° (Figure 2).

We decomposed the broadband energy spectra observed simultaneously with IXPE, NICER,
NuSTAR, and INTEGRAL into 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 sta-
tionary plasma (/7) (Figure S8). We find that the coronal emission strongly dominates 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, respectively. Therefore our
polarization measurements are likely to be dominated by the coronal emission.

We analyzed the optical data in various wavelengths (/7), finding an intrinsic optical po-
larization degree of ~1% and polarization angle of —24°. The uncertainties on these results
are dominated by systematic effects related to the choice of polarization reference stars and are
40.1% on the polarization degree and £13° on the polarization direction (Figures S11-S12, and
Table S4). The optical polarization direction is thought to indicate the orientation of the orbital
axis projected onto the sky (/8). We find it aligns with the x-ray polarization direction and the
radio jet.

The alignment of the x-ray polarization with the radio jet indicates that the inner x-ray
emitting region is directly related to the radio jet. If the x-ray polarization is perpendicular to
the inner accretion disk plane, as favored in our models (/7), this implies that the inner accretion
disk is perpendicular to the radio jet, at least on the plane of the sky. This is consistent with the
hypothesis that jets of microquasars (and, by extension, of quasars) are launched perpendicular
to the inner accretion flow (/9).

Figure 3 compares our observed polarization with theoretical predictions made using models
of the corona (/7). We find that the only models that are consistent with the observations are
those in which the coronal plasma is extended perpendicular to the jet axis, so probably parallel
to the accretion disk. In these models, repeated scatterings in the plane of the corona polarize
the x-rays perpendicular to that plane. Two models are consistent with our observations: 1)
a hot corona sandwiching the accretion disk (20), as predicted by numerical accretion disk
simulations (27) or ii) a composite accretion flow with a truncated cold, geometrically thin
optically thick disk and an inner, geometrically thick but optically thin, laterally extended region
of hot plasma, possibly produced by evaporation of the cold disk (22). If the jet is launched from
the inner, magnetized region of the disk, the jet carrying away disk angular momentum could
leave behind a radially extended hot and optically thin corona (23).

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



cone along the jet axis, or consists of two compact regions above and below the black hole.
Our modeling of these scenarios accounts for the effect of the coronal emission reflecting off
the accretion disk (/7). These models predict polarization degree well below the observed
values. Models that produce high polarization degree predict polarization directions close to
perpendicular to the jet axis, a decreasing polarization degree with energy, or both, and therefore
disagree with the observations.

In our favored corona models, the high polarization degree we observe requires that the x-
ray bright region is seen at a higher inclination than the ~27° inclination of the binary orbit.
Sandwich corona models involving the Compton scattering of disk photons with initial energies
of ~ 0.1keV require inclinations exceeding 65°. Truncated disk models invoking Compton
scattering of disk or internally generated lower-energy (~1-10 eV) synchrotron photons (24)
can reproduce the observed polarization degree for inclinations >45°. Compared to the mod-
els with disk photons, the larger number of scatterings required to energize lower-energy syn-
chrotron photons to keV energies results in higher polarization degree in the IXPE energy band
(Figure S9) (17).

Although the x-ray polarization, optical polarization, and radio jet approximately align in
the plane of the sky, the inclination of the x-ray bright region exceeds that of the binary orbit,
implying that the inner accretion flow is seen more edge on than the binary orbit. Because the
bodies of a stellar system typically orbit and spin around the same axis (as most planets in our
solar system), we consider potential explanations for the mismatch between the inner accretion
disk inclination and the orbital inclination.

Stellar mass black holes are formed during supernovae. The supernova that occurred in Cyg
X-1 might have left the black hole with a misaligned spin. Gravitational effects could align
the inner accretion flow angular momentum vector with the black hole spin vector (25). In this
scenario, aligning the inner accretion disk angular momentum vector with the black hole spin
vector would also align the radio jet produced by the inner accretion disk with the black hole
spin vector. Several, but not all, analyses of Cyg X-1 reflected emission spectra give inclinations
consistent with our ¢ > 45° constraint (26, 27).

An alternative explanation for the large inclination of the x-ray emitting region invokes the

precession of the inner accretion flow with a period of much longer than the orbital period (28).



From our analysis of a 2—4 keV long-term x-ray light-curve we infer that the IXPE observations
were performed close to the maximum inner disk inclination (Figure S2) (/7). We tested the
hypothesis that the inner flow precesses with an amplitude of ~17°5 by performing an additional
86 ksec IXPE target of opportunity observation of Cyg X-1 from 2022 June 18 to 20, 33 days
after the May observations, which corresponds to half of the current superorbital period (/7).
If this hypothesis is correct, we expected the polarization degree to drop from 4.014+0.20% to
< 1% due to the inclination changing from ¢ > 45° in May to ¢ < 10° in June. The observations
showed the source in the same hard state with a 2-8 keV polarization degree and angle of
3.84 + 0.31% and —25°7 £ 223, respectively (Figure S4) (/7). The polarization degree thus
stayed constant between the May and June observations within the statistical uncertainties of
the observations. We therefore disfavor the hypothesis that precession of the inner accretion
flow leads to the high polarization degree of the May observation. The combined May and June
polarization degree and angle are 3.95 £ 0.17% and —22°2 + 1°2, respectively (Figure S4) (7).

Several authors noted that optically thin synchrotron emission from the base of the jet could
contribute up to 5% to the Cyg X-1 x-ray emission in the hard state (29, 30). Synchrotron emis-
sion from electrons gyrating around magnetic field lines is polarized perpendicular to those field
lines. Our observation of the x-rays being polarized parallel to the jet axis would require syn-
chrotron emission from a toroidal magnetic field wound around the jet axis. For this magnetic
field geometry seen at an inclination of 2775 the theoretical upper limit on the polarization de-
gree of the synchrotron emission is 8% (31). The jet thus contributes < 0.4% of the observed
polarization degree. Furthermore, if the almost constant jet emission was the main source of the
observed polarization, we would expect that a rise in the x-ray flux from the inner accretion flow
would lead to an overall smaller polarization degree — contrary to the observed trend (Figure
S6).

To summarize: the polarized x-rays from the immediate surrounding of the black hole carry
the imprint of the geometry of the emitting gas. We find that the x-ray bright plasma is extended
perpendicular to the radio jet. The high observed polarization degree either implies a more edge-
on viewing geometry than given by the optical data, or yet unknown physical effects responsible

for production of the x-rays in accreting black hole systems.
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6.0-8.0 keV

4.0-6.0 keV

Figure 1: Energy-dependent x-ray polarization of Cyg X-1. Polarization degree and polar-
ization angle, derived from the IXPE observations, in four energy bands (labeled in different
colours). The ellipses denote the 68.3% confidence regions.
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Figure 2: Comparison of the x-ray polarization direction with the radio jet (). The 2-8
keV electric vector position angle is shown with the yellow line, and the one, two and three
sigma confidence intervals are given by the orange to red regions. We infer (see text) that most
x-rays are emitted by a ~2,000 km diameter region surrounding the ~60 km diameter black
hole, far smaller than the resolution of the radio image (indicated by the red ellipse). The
coordinate offsets in right ascension (RA) and declination (Dec) are in the J2000 equinox in
units of milli-arcseconds (mas) with 1 arcsecond being 1/3600*" of a degree. The color scale
shows the radio flux in milli-Jansky with 1 Jansky being 1072 Wm~2 Hz ~ L.

12



Truncated
with disc Compt

& IXPE obs 2-8 keV
(68%, 95%, 99.7%)

Cone extended
along spin axis

LS
_Z/.‘\Z Spherical lamppost,

a=0

Figure 3: Comparison of the observed 2-8 keV polarization degree and angle with model
predictions. (A) The blue dot shows the polarization degree and angle, with the blue ellipses
indicating the the 68%, 95% and 99.7% confidence levels (equivalent to 1o, 20 and 30). Model
predictions assume that the inner disk spin axis has position angle of —22° (consistent with the
radio jet), and that the inner disk angular momentum vector points away from the observer (as
does the orbital angular momentum vector) (/). The grey band shows the uncertainty of the
radio jet orientation; we adopt this as the uncertainty of the disk spin axis in all models. Each
colored line shows the results of each chosen one corona geometry, with symbols indicating
different values as a function of the inner disk inclination . Inset diagrams depict the assumed
black hole (black), corona (blue), and accretion disk (orange-red) configurations. Black arrows
indicate photon paths. Models with coronae extending parallel to the inner accretion disk can
match the IXPE observations, but coronae located or extending along the spin axis of the inner
accretion disk cannot. The position angles are shown from —80° to +100° (instead of —90° to
+90°) to show more clearly the models straddling the £90° borders. (B) A zoom into the region
around the measured value, marked with the grey box in panel A.
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Materials and Methods
Data Sets and Analysis Methods

IXPE observed Cyg X-1 from 2022 May 15 to 21 for 242ksec. Following the results from
the May IXPE observation campaign, we performed an additional 86 ksec target of opportunity
observation of Cyg X-1 from 2022 June 18 to 20.

The spectral fitting of the IXPE data uses the level 2 IXPE data and the software tools
XSPEC (34) and Sherpa (35-38). The model-independent Stokes parameter analysis (39)
of the IXPE polarization data was performed with the ixpeobssim software (40). The
ixpeobssim\xpbin command (39, 40) is used to extract Stokes parameters and the po-
larization degree and angle from the Level 2 data. The confidence regions for the polarization
measurements were calculated using standard methods (47,42). The results were cross-checked
by fitting the Stokes I, () and U data with XSPEC using the response matrices from the High
Energy Astrophysics Science Archive Research Center (HEASARC) data archive (43). Source
and background data were selected based on the reconstructed arrival direction in celestial co-
ordinates. The source events were selected with a circular region of ~80 arcsec radius; back-
ground events were selected with a concentric annulus of inner and outer radii of ~150 and
~310 arcsec, respectively. We use the additive property of the Stokes parameters to subtract the
background. The signal exceeds the background by >70 times over the entire energy range of
the polarization measurements.

The NuSTAR spacecraft (44) acquired a total of 42 ksec of data between 2022 May 18 and
May 21. The NuSTAR data were processed with the NuSTARDAS software (version v1.9.7) of
the HEAsoft package (version v6.30.1) (45).

NICER (46) 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) (45).

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 (45). The initial event cleaning was performed us-

ing XRTPIPELINE, the spectra and light curves were extracted using XSELECT, and ancillary
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response files (ARF) were generated using XRTMKAREF'.

The Mikhail Pavlinsky ART-XC telescope (47) on board the SRG observatory (48) carried
out two observations of Cyg X-1 on 2022 May 15 to 16 and 18 to 19, simultaneous with IXPE,
with 86 and 85 ks exposures, respectively. ART-XC data were processed with the analysis
software ARTPRODUCTS v0.9 with CALDB version 20200401.

INTEGRAL observed Cyg X-1 between 2022 May 15 and May 20 with a total exposure
time of ~196 ksec. INTEGRAL/ISGRI light curves and energy spectra were extracted using
version 11.2 of the OFF-LINE SCIENTIFIC ANALYSIS (OSA) software (49).

We used the Cyg X-1 observations with the Monitor of All-sky X-ray Image (MAXI) (50)
to extract a long-term 2—4 keV light curve (Figure S2). Figure S1 shows the IXPE, NICER,
NuSTAR, Swift/XRT, SRG/ART-XC, and INTEGRAL light curves.

As mentioned in the main article, we used IXPE to test the hypothesis that the high polar-
ization fraction of the May 15-21 IXPE observations was caused by the superorbital (i.e. with
a period exceeding the orbital period) precession of the inner accretion flow (57, 52). Cyg X-1
exhibits superorbital flux modulations that are stable over periods of years (28, 53).

Figure S2 shows the Cyg X-1 2—4 keV flux between December 17, 2020 and August 9,
2022. The blue dashed lines show the dates of the fitted superorbital flux minima. The green
solid lines indicate the time of the first (May 15-21) and second (June 18-20) IXPE observation
campaigns, close to the time of a superorbital flux minimum (first observation) and maximum
(second observation). If the inner accretion flow indeed precesses, the superorbital flux min-
imum should correspond to inclination and polarization degree maxima, and the superorbital
flux maximum should correspond to inclination and polarization degree minima. As described
in the main text, the IXPE observations did not show the drastic change of the polarization

degree predicted by the precession hypothesis.

IXPE Polarization Results

Figure S3 shows the IXPE polarization signal from the May 15 to May 21, 2022 observations in
terms of the normalized Stokes parameters )/ and U/I, giving the polarized beam intensity
along the north-south (/I > 0) and east-west ()/I < 0) directions as well as along the
northeast—southwest (U/I > 0) and northwest-southeast (U/I < 0) directions. Tables S1
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and S2 give the results of both analyses in terms of the Stokes parameters, and polarization
degree and angle, respectively. The consistency of the radio-jet — x-ray polarization alignment
is limited by the precision of the radio results. Different studies have found —26° (1), or —21°
to —24° in 3 epochs, but —17° for the inner jet in another epoch (3). The variability of the
results could be explained by the phase dependent absorption of the radio emission by the
stellar wind (/).

The target of opportunity observations of Cyg X-1 from June 18 to 20, 2022 showed the
source still in the hard state. We measure a polarization degree and angle of 3.84+0.31% and
—25%7 + 223, respectively, for this data set. We present the results from the May and June
observations as well as the results from the cumulative data set in Figure S4. The results are
consistent with time independent polarization degree and polarization angle. The polarization
degree and direction of the cumulative data set are 3.95+£0.17% and —22°2 £ 1°2, respectively.

In the following we limit the analysis to the data acquired in May to avoid merging data taken
a month apart. The polarization degree increases with energy from 3.540.2% in the energy band
2-5 keV to 5.3+0.5% in the energy band 5-8 keV (/7). Fitting a model of constant polarization
is rejected at the 99.93% confidence level. The polarization degree (PD) increase with energy
is better matched by a linear model PD = A+ B x (E/keV — 1) with A = (2.9 £ 0.4)%
and B = (0.58 + 0.15)% (Figure S5 A). On theoretical grounds, we expect that the x-ray
emission around the Fe Ko line energy of 6.4 keV exhibits a reduced polarization degree. We
find however, that the dips of the polarization degree at 4.5-5 and 6-6.5 keV are not statistically
significant. The fit of a linear function has a x? of 4.04 for 9 degrees of freedom and a chance
probability of larger x2-values of 90.9%. Moreover, based on the constraints on the equivalent
width of the fluorescent Fe Ka-line from the spectral analysis of the NICER and NuSTAR data,
we find that the maximum possible Fe Ka depolarization is much smaller than the observed
dips. A fit of the polarization angle as a function of energy with a constant function gives a
statistically acceptable fit with a chance probability for larger x?-values of 57.5% (Figure S5
B).

The light curves in Figure S1 show that the Cyg X-1 IXPE count rates varied between 20 and
60 count s~*. We investigated the flux dependence of the polarization properties by analyzing

three count-rate selected data sets. The average fluxes of those data sets are 3.5, 3.9, and 4.5
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2 571, The polarization degree increase with the flux from 3.63 4 0.30% to

3.87 £ 0.34% to 5.03 4= 0.41% (Figure S6). The overall trend is statistically significant at the
98.3% confidence level.

times 107 erg cm™

Figure S7 shows that the polarization properties (Stokes )/ and U/I) do not depend on
the orbital phase of the binary. Fitting the polarization along the orbit with a constant provides
an acceptable null hypothesis probability. Data are summed between 2 and 8 keV. The assumed

period is 5.599829 days, with Tj at MJD 52872.288 (54).

IXPE, NICER, NuSTAR, and INTEGRAL energy spectra

We used the XSPEC package for fitting a simple model to the broadband Stokes / spectrum pro-
vided by NICER, IXPE, NuSTAR, and INTEGRAL and the Stokes () and U spectra provided
only by IXPE. We use the data from the first NuSTAR observation and the simultaneously ac-
quired NICER data, to eliminate differences due to spectral variability. We use the entire IXPE
and INTEGRAL observations to maximize the signal-to-noise ratio. We fit the two NuSTAR
Focal Plane Modules (FPMs) and the three IXPE detector inits separately in the fit. For the
Stokes I spectrum, we employ the XSPEC fitting models

MBPO * TBABS * (DISKBB + XILLVERCP + RELXILLCP + NTHCOMP). ShH

Here DISKBB represents thermal disk emission and NTHCOMP represents Compton scattered
emission observed directly from the corona. The RELXILLCP component represents coronal
x-rays that are reflected from the inner accretion disk and distorted by relativistic effects. We
assume that the flux irradiating the disk decreases with increasing radial distance proportional
to r—3. The XILLVERCP 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 encoun-
tered between the four observatories. It multiplies the model spectrum by a broken power law,
MBPO(E) = N(E/E, )", where F is the energy of the photon and N is a normalization con-
stant giving the ratio of the detection areas of the satellites at the energy Ey, at which the power

law index of the model changes from the value AT’y to Al's. For NICER, we fix the power-law
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indices to zero and the normalization to unity. For each NuSTAR FPM and INTEGRAL, we tie
AT’y = AT (i.e. employing only a single power law) but leave AI'; and NV as free parameters
of the fit. For the IXPE detector units, we leave all MBPO parameters free. We also include
a 0.5% systematic uncertainty 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
detector unit #3 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 model fitting.

We first jointly fit the model to the NICER, NuSTAR and INTEGRAL data, then add IXPE
Stokes I to fit the model before finally adding IXPE Stokes () and U. At each stage, the best-fit
parameters change by less than their uncertainties. We tie the seed photon temperature of the
NTHCOMP component (parameter k7},,) to the temperature of the inner edge of the accretion
disk (parameter k T3, of the DISKBB model). We tie the RELXILLCP photon index to that of the
NTHCOMP component, but are unable to do this for the seed photon temperature as this hard-
wired to 0.05keV in the RELXILLCP grid. We initially forced the RELXILLCP and NTHCOMP
components to have the same coronal electron temperature & 7;, but found that the fit improved
dramatically (> 5 ¢ according to an F-test) after relaxing this assumption. The discrepancy
between the corona temperature seen by the observer (NTHCOMP temperature of 94 keV) and
by the disc (RELXILLCP temperature of 140keV) may be due to general relativistic effects
(redshifting the emission seen by the observer), and due to the different viewing angles of the
corona. We calculate 90% confidence level uncertainties on the fitting results with a Markov
Chain Monte Carlo simulation that uses the Goodman-Were algorithm with a total length of
307,200 steps spread over 256 walkers following an initial burn-in period of 19,968 steps. The
best-fit spectral parameters are listed in Table S5.

Figure S8a shows the best-fit Stokes / model and the data unfolded around that model, as
well as the contributions from the different model components. The DISKBB, XILLVERCP and
RELXILLCP components contribute respectively 0.6%, 0.5% and 10.0% of the flux. The frac-
tional contribution of each model component is consistent whether we consider only NICER,
NuSTAR and INTEGRAL or also include IXPE. Because 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
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of ~ 4%. However, the reflected emission exhibits most likely much smaller polarization de-
gree (10, 11,55, 56) (see also Figures S9 and S10).

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. Fig.S8c shows the resulting fit to IXPE Stokes Q and U.
We find a reduced x? of x?/(degrees of freedom) = 2575.72/2466. Panel Fig S8d shows the
contributions from each energy channel to y, we find that there are no structured residuals. The
best-fit 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 proper-
ties with the raytracing codes KERRC (/3), MONK (57), and with an iterative radiation transport
solver (58). We present simulation results that match the IXPE, NICER, and NuSTAR energy
spectra qualitatively, and the predicted polarization properties.

The Cyg X-1 binary system spins clockwise (/); we therefore plot position angles assuming
that the inner disk and the black hole also spin clockwise. This assumption impacts the sign
of the predicted polarization angles. We assume furthermore that the inner disk and black hole
spin axes are aligned and are at 0° position angle. The position angles shown in Figure 3 were
obtained by subtracting 22° from the position angles in the models.

We used the general relativistic ray tracing codes KERRC to evaluate the polarization that
cone-shaped coronae centered on the black hole spin axes and wedge-shaped coronae sandwich-
ing 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
ry = G M/c* with G being the gravitational constant, M the black hole mass, and ¢ the speed
of light. The code uses Monte Carlo methods to simulate the polarized emission of the accre-
tion disk photons assuming Novikov-Thorne temperature profiles, the geodesic propagation of
the x-rays including the general relativistic polarization direction evolution, the polarization-
changing Compton scattering 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 (59-61),
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and an analytical solution for the reflected polarization (62). In both cases, we chose corona
parameters which maximize the predicted polarization degree, i.e., cone-shaped coronae close
to the accretion disk, and thin wedge-shaped coronae with a half opening angle of 10°. The
model parameters are given in Table S3. For all models, we assume that the black hole spin
vector and the inner disk spin vector are aligned. Note that the sandwich and cone corona mod-
els presented here (as well as the extended lamppost corona model discussed below) are purely
phenomenological in the sense that the coronal temperatures are not derived self-consistently.
Various authors have pointed out that the coronae may cool radiatively to the point that the
predicted energy spectra are softer than the observed ones (see: (63, 64) and references therein).
Note however that the processes that heat and cool the coronal plasma as well as their relative
importance are the subject of ongoing current research (27, 65, 66). Furthermore, the simulta-
neous modeling of the detailed energy spectra (in particular the relativistically broadened Fe
Ka line complex apparent in the NICER and NuSTAR energy spectra) and the polarization
properties are outside of the scope of the modeling presented in this paper.

We also used the ray tracing code MONK, which is similar to KERRC but implements the
simulation of an extended lamppost corona. The lamppost corona is centered on the spin axis
of the accretion disk at a radial coordinate of r =107, and has a radius of 8 r,, an electron
temperature of 100 keV, and Thomson optical depth of 1 (defined as n.or R., where n. is the
electron density of the corona, or is the Thomson cross section, and R, is the radius of the
corona). Simulations were performed for both Schwarzschild (¢ = 0) and Kerr (a = 0.998)
black holes, with mass accretion rate of 4.71 x 107 and 2.64 x 10*® g s™!, respectively. For
the MONK simulations, we first calculated the Stokes parameters generated by the direct emis-
sion and then added those of the reflected emission. The reflected emission was normalized to
reproduce the reflected emission fraction from the analysis of the NICER, IXPE, NuSTAR, and
INTEGRAL energy spectra. We compared the MONK results before and after accounting for
the reflected emission. The reflected emission lowers the total polarization degree by ~20%
(e.g. apolarization degree of 3% before accounting for reflection becomes 2.5% after account-
ing for the impact of reflection) as the different polarization directions of the direct and reflected
emission components lead to the partial cancellation of the different polarizations.

We studied the polarization of the truncated disk/inner hot flow scenario with the iterative
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radiation transport solver mentioned above. The code treats Compton scattering of polarized
radiation in a plane-parallel geometry in flat space. It uses exact Compton scattering redistribu-
tion matrices for isotropic electrons (67) 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 (/7) to avoid uncertainties related to the properties of the reflecting plasma. The code
simulates a plane parallel slab, using a prescription to inject seed photons that mimics the trun-
cated disk scenario with the hot flow height-to-radius ratio of 1. The electron temperature is
assumed to be k7T, = 100 keV, the seed blackbody temperature k71, = 0.1 keV and the Thom-
son optical depth 7 = 1.0 (68, 69). Analytical prescriptions are used to account for the impact
of special and general relativistic effects on the observed polarization degree and angle (70) in
the Schwarzschild metrics.

Figures S9 and S10 summarize the polarization predictions. Figure S9 shows the simulation
results for models with coronae extending parallel to the accretion disk. The sandwich corona
simulated with KERRC generates sufficiently large polarization degree for i = 60°. The polar-
ization direction aligns within a few degrees with the inner disk spin axis. The hot inner flow
inside a truncated disk exhibits higher polarization degree at lower energies than the sandwich
corona. We interpret this difference as follows: for the sandwich corona, the first scatterings
of photons coming from the accretion disk and scattering towards the observer create a net po-
larization parallel to the accretion disk that competes with the perpendicular polarization of the
emission scattering multiple times in the plane of the corona. In contrast, the first scatterings
of truncated disk photons entering the hot inner flow from the sides create a net perpendicular
polarization similar to the perpendicular polarization of the photons scattering multiple times
in the plane of the hot flow. In principle, high-precision polarization measurements can distin-
guish between the two models. However, the uncertainties about the shape and properties of the
corona and the disk preclude us from drawing firm conclusions.

The polarization degree of the observed keV photons are higher if the corona Compton scat-
ters synchrotron photons (rather than accretion disk photons). In this case, ~4% polarization
degrees can already be observed for ¢ > 45° (Figure S9). As the synchrotron photons initially
have lower energies (~1-10 eV) than the accretion disk photons (~0.1 keV), more scatterings

are required to scatter them into the keV energy range, leading to high but rather constant 2-8
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keV polarization degrees.

Figure S10 shows the simulation results for models with coronae located on the spin axis
of the accretion disk. The cone shaped corona simulated with KERRC includes the effects of
the reflected emission and exhibits small (< 2%) 2-8 keV polarization degree for i = 30° and
¢ = 45° inclinations. For ¢ = 60°, the polarization of the emission from the corona reaching
the observer directly, and the emission from the corona reflecting off the disk cancel to give
< 1% polarization degree at all energies. For ¢ = 75°, the polarization parallel to the disk is
higher, giving a net polarization was calculated reaching ~3%. Although even larger inclination
can produce polarization degree meeting or exceeding the observed 4% polarization degree, the
direction stays parallel to the disk, contradicting the observed alignment of the polarization di-
rection and the radio jet. The polarization of the MONK extended lamppost model (including
the effect of the reflected emission) was calculated for ¢ = 0 and a = 0.998, respectively. The
high-spin models exhibit polarization degree meeting or exceeding the observed 4% polariza-

tion degree but again, the polarization direction is parallel to the accretion disk.

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 polariza-
tion in three (B, V, and R) optical filters simultaneously (71, 72). The design of this instrument
optically eliminates the sky polarization (even if it is variable) to a polarization level of < 1075,
The instrumental polarization is < 10~* and measured by observing twenty unpolarized nearby
stars. The zero point of the polarization angle was determined by observing two highly polar-
ized standard stars (HD 20 4827 and HD 25 443). We observed Cyg X-1 for five nights during
the week 2022 May 15 to 21, for about 4 hours each night. Each measurement of Stokes parame-
ters took about 20 s and we obtained 2298 simultaneous measurements of the normalized Stokes
parameters Gobs = Qobs/ Lobs and Uohs = Uops/ Iobs in the three filters (B, V, and R). These in-
dividual measurements were used to compute average intranight values of Stokes parameters
using the 20 weighting algorithm (72, 73). The uncertainty of the final average corresponds to

the standard deviation of individual measurements resulting from the orbital variability of the
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source. The polarization produced by the interstellar (IS) medium was estimated by observing a
sample of field stars (Figure S11), which are close in distance to the target as indicated by their
Gaia parallaxes (Figure S12) (74, 75). Taking into account angular separation on the image,
closeness in distance, and the wavelength dependence of the polarization, we choose two stars
(designating them Ref 1 and Ref 2) from our sample as the IS polarization standards (see Fig-
ure S11). We considered two cases: the Stokes parameters of the IS polarization were set to be
equal to those of Ref 2, and, alternatively, to the weighted average of those of Ref 1 and Ref 2.
For both cases, the normalized Stokes parameters (g;s, uis) were subtracted from the measured
values of Stokes parameters of the target (gons, Uobs) t0 Obtain the intrinsic polarization (g,

Uiy ) estimates. From this we determine the intrinsic polarization degree (PD) and polarization

angle (PA) as X
PD = /¢, +u2,, PA= §atan2(umt, Gint)- (S2)

The uncertainty on the polarization degree A(PD) was estimated as the uncertainty of the indi-
vidual Stokes parameters, and includes both the source and IS polarization uncertainties. The
uncertainty on the polarization angle (in radians) was estimated as A(PA) = A(PD)/(2PD)
(76). The observed normalized Stokes parameters, the IS polarization and the intrinsic Stokes
parameters as well as the polarization degree and polarization angle are reported in Table S4.
We used the RoboPol polarimeter in the focal plane of the 1.3 m telescope of the Skinakas
observatory (Greece) to obtain additional [R-band polarimetry. The observations were per-
formed between 2022 May 13 and June 2 with multiple pointings in 10 nights. In total, 21
exposures series were acquired, each series consisting of 10 to 20 exposures, each of 1 to 2
seconds duration. The instrumental polarization was found with a set of unpolarized standards
stars (BD+284211, BD +332642, BD +32 3739, BD +402704, HD 154 892). The zero polar-
ization angle was determined based on three highly polarized standard stars (VI Cyg 12, Hiltner
960 and CygOB2 14). The Cyg X-1 measurements do not reveal any polarization variability
exceeding that of the standard stars (for which the standard deviation from the mean values,
o, = 0.12%, 0, = 0.08%, were obtained). We determined the average polarization parame-
ters of Cyg X-1 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
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IS polarization using the same Ref 2 star as used in the DIPol-2 analysis (Table S4).

We find optical polarization angles of Cyg X-1 between —37° to —11°, close to the position
angle of the jet from radio interferometry (from —26° to —9°) (3, 77). The blue supergiant
companion star dominates the optical emission from Cyg X-1 (30). 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 (/8).
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Figure S1: X-ray light curves of Cyg X-1 from the 2022 May 15 to 21 observation cam-

paign. From top to bottom: the IXPE, NICER, NuSTAR, Swift/XRT, SRG/ART-XC, and IN-
TEGRAL light curves.
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Figure S2: Long-term Cyg X-1 x-ray light curve. The figure shows the daily 2—4 keV count
rate obtained from the MAXI monitor from May 31, 2020 (MJD 59000) to August 9, 2022
(MJD 59800). Phases of high 2—4 keV fluxes during the soft state and low 2—4 keV fluxes
during the hard state can be recognized. The vertical dotted lines (blue) show the dates of
the superorbital flux minima, appearing at MJD = 59040.0 + 73.5n, with n being an integer
number. The two vertical solid lines (green) show the mid-times of two IXPE campaigns, 2022
May 15 to 21 and June 18 to 20, respectively. The first observation was close to the superorbital
flux minimum, and the second was shifted by about half-period. The second observation was
taken right before the short incursion into the soft state.
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Figure S3: X-ray linear polarization of Cyg X-1 from the 2022 May 15 to 21 observa-
tions. The linear polarization of the x-rays from Cyg X-1 is shown in the plane of the normal-
ized Stokes (/I and U/I parameters measured with each of the three IXPE x-ray telescopes
(coloured data points), and for the combined signal from all three telescopes (black). The grey
data point shows the results from the analysis of the data using the XSPEC tool, instead of
IXPEOBSSIM . The two approaches give a result which is compatible within the statistical un-
certainties. The circles give the contours of constant polarization degree (PD) while the radial
lines correspond to constant polarization angle (PA). The error bars are 1 o.
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Combined

Figure S4: Linear x-ray polarization of Cyg X-1 measured in two occasions, as well as the
combined result. The figure shows the polarization degree and angle of the 2022 May 15 to 21
observations (blue), the 2022 June 18 to 20 observations (orange), and for the combined data set
(green). For each result the most likely values (circles) and 68.3% confidence regions (ellipses)
are shown.

S16



>

10 T T T T T
— 8r ]
2 -
o ]
g o -
© —
s el
§ T -
©
5
2 - -
constant model
— linear model
0 | | | |
2 3 4 5 6 7 8
E [keV]
B -10 T T T T T
_15 — -
'g" —
S ok el == -
© I
= l l RN
c 251 i T .
g ™
= -30 + -
©
a
35 |+ -
constant model
— linear model
-40 | | | | |
2 3 4 5 6 7 8
E [keV]

Figure S5: Energy dependence of the observed polarization degree (A) and polarization
angle (B). The data (black crosses with 1o error bars) are produced using the PCUBE algorithm
of the xpbin tool and summed over all detector units. The constant (violet) and linear (green)
models fitted to the data are also depicted (see the text for details).
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Figure S7: Orbital phase dependence of the Cyg X-1 x-ray polarization properties. The
observed x-ray normalized Stokes parameters )/ and U/l (summed from 2 to 8 keV) are
statistically consistent with being constant as a function of the orbital phase. Note that the
results are shown for two orbital periods. The orbital phase of 0 corresponds to the superior
conjunction maximizing the stellar wind absorption of the x-rays.
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Figure S8: Results of spectropolarimetric fitting. (A) NICER (red), NuSTAR (cyan), [XPE
(grey) and INTEGRAL/ISGRI (orange) Stokes I spectrum unfolded around the best-fit model
(black solid line). For each bin of the energy spectrum, the unfolded data point is the number
of observed counts times the best-fit model value divided by the counts expected in the bin for
the best-fit model. For plotting purposes only, data and model are both divided by the relevant
MBPO model to remove calibration discrepancies. The specific photon flux dN/dFE has units of
photons cm™2 s~ keV~!. (B) Individual components of the best-fit model: thermal disk emis-
sion (dotted line), Compton scattered emission from the corona (dashed dotted line), relativistic
reflection (dashed line), non-relativistic reflection (solid line). (C) Stokes () (blue circles) and
U (magenta squares), also unfolded around the best-fit model. (D) Residuals (contributions to
x). 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.
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Figure S9: Polarization degree (A) and polarization angle (B) for models with coronae
extending parallel to the accretion disk. The solid lines show the predictions of the sandwich
corona, the dashed and dotted lines show the predictions of the hot inner flow inside a truncated
disk, with accretion disk photons (dashed lines) and synchrotron photons (dotted lines) acting
as seed photons for the inverse Compton scattering. The colors encode the inclination angle at
which the coronae are observed: red (75°), orange (60°), black (45°) and blue (30°). The vertical
lines delineate the IXPE band from 2—8 keV. For very low polarization degrees the polarization
angle in the sandwich corona model fluctuates by a few degrees owing to the finite number of
simulated events. Positive polarization angles correspond to counterclockwise rotations of the
polarization vector relative to the projected disk spin axis on the plane of the sky in Figure 3.
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Figure S10: Same as Figure S9, but for models with coronae located on the spin axis of
the accretion disk. The solid lines show the predictions for a cone-shaped corona extended
along the disk spin axis, the dashed and dotted lines shows the results for an extended lamppost
corona for a non-spinning black hole (a = 0, dashed line) and a spinning black hole (a = 0.998,

dotted line).
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Figure S11: 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 the B-filter, with field stars image
as a background. The length of the solid lines is proportional to the polarization degree. The
deviations in declination (ADec) and right ascension (ARA) are relative to the Cyg X-1 position
(grey dotted lines). (B) The observed normalized Stokes parameters ¢ and u for the field stars
(circles) and Cyg X-1 (stars). Blue, green and magenta colors correspond to B, V', and R filters,
respectively. For clarity, the grey solid lines connect the B, V', and R results for each source.
Uncertainties are 1o0. The vertical grey dashed line indicates the ¢ = 0 axis. Stars Ref 1 and
Ref 2 are chosen as the IS polarization standards.
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Figure S12: Polarization of nearby field stars around Cyg X-1 as a function of parallax.
(A) Polarization degree (PD) and (B) polarization angle (PA) for a set of field stars (black) and
Cyg X-1 (red) as measured with DIPol-2 (filled circles) and RoboPol (open circles) in the R-
band. Error bars show uncertainties at the 1o confidence level.
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Table S1: IXPE polarization results given in terms of the Stokes parameters. Values are
derived for the data collected independently by each individual IXPE telescopes and for their
sum with the IXPEOBSSIM and (only for the sum) with XSPEC analysis. The two methods and
the independent analysis of single IXPE telescopes provide consistent results. The uncertainties
are 68.3% confidence interval, assuming that the Stokes parameters are independent.

20-3.0keV 3.04.0keV 4.0-6.0keV 6.0-8.0keV 2.0-8.0 keV
Q/I - detl [%] 29+£0.5 25+£0.5 3.4+£06 3.0£14 29+£0.3
Q/I - det2 [%] 3.3+£0.5 25%£0.5 3.9+0.6 4.7+£14 3.4+0.3
Q/I - det3 [%] 2.1=x0.5 2.7+0.5 3.1£0.6 34+1.6 26+04
Q/I - sum [%] 28+£0.3 25+£0.3 3.5£0.3 3.7+£0.8 3.0£0.2
Q/I - sum (XSPEC) [%] 29+£0.3 27+£0.3 3.4+£0.3 3.7+0.8 29+£0.2
U/I - detl [%] —-21+05 -19£05 —-28+£06 —-42+£14 —-244+03
U/I - det2 [%] —-1.3+£05 -23+£05 -27+£06 —-60£14 -24+£03
U/I - det3 [%] —-29+£05 -29+£05 —-404+£06 -29£16 -32+04
U/I - sum [%] —-21+03 -23£03 -31+£03 —-45£08 —=27£02
U/I - sum (XSPEC) [%] —23+03 —-24+03 -324+03 —-424+08 —-2.6+0.3

Table S2: IXPE polarization results given in terms of the polarization degree and angle.
Uncertainties are given on 68.3% confidence level, and were calculated from the Stokes pa-
rameters reported in Table S1 assuming that the polarization degree and polarization angle are
independent. The significance was calculated as the measured polarization degree divided by

the uncertainty, for the sum of the three IXPE telescopes.

2.0-3.0keV 3.0-4.0keV 4.0-6.0keV 6.0-8.0keV 2.0-8.0keV

PD - detl [%] 3.54+0.5 3.14+0.5 4.44+0.6 51+14 3.8+0.3
PD - det2 [%] 3.6+0.5 34405 4.74+0.6 76+14 4.24+0.3
PD - det3 [%] 3.6+0.5 39+£0.5 5.1£0.6 45+1.6 414+04
PD - sum [%] 3.5+0.3 3.5+0.3 4.74+0.3 5.8£0.8 4.0+£0.2
PD - sum (XSPEC) [%] 3.7+0.3 3.6+0.3 4.74+0.3 5.6 £0.8 3.9+£0.2
PD significance 130 120 140 To 200

PA - detl [deg] —18+4 —-19+4 —20+4 —27+8 —20+3
PA - det2 [deg] —114+4 —224+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
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Table S3: Parameters of the KERRC models shown in Figures S9 and S10.

Parameter Symbol  Unit wedge cone
Black hole spin a none 0.9 0.9
Black hole mass M solar masses 21.2 21.2
Corona temperature Tc keV 100 150
Optical depth TC none 0.35 0.79
Opening angle Oc deg 10 25
Corona inner/outer edge r1,T9 Tg 2.32/100 2.5/20
Inclination 1 deg 65 85
Accretion rate M 1018 g st 0.0505 0.1
Cyg X-1 distance d kpc 2.22 2.22
Axis position angle Y deg 0 0
XILLVER metal abundance relative to solar Are none 1 1
XILLVER electron temperature T keV 100 150
XILLVER e~ -density in cm~3 log,y(ne) none 17.5 17.7
Equivalent hydrogen column density Nu 102 cm™2 0.2 4
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Table S4: Optical polarization of Cyg X-1. Normalized Stokes parameters ¢ and u are pre-
sented for the observed polarization of the source (qops, Uobs), the IS polarization (g;s, u;s), and
the intrinsic polarization obtained by subtracting the IS polarization from the observed values
(qint» Uint)- The polarization degree (PD) and polarization angle (PA) of the intrinsic polarization
are computed using formulae (S2). Uncertainties are 1o.

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

Observed polarization of Cyg X-1
DIPol-2 0.46 +£0.06 —4.89 +0.04 0.39+0.04 —4.574+0.04 0.26 +0.03 —4.4440.03
RoboPol - - - - 0.61+0.13 —4.74+0.12

Interstellar polarization

Ref 2/DIPol-2 —-0.094+0.17 —-431+£0.17 | —0.124+0.14 -391+£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
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 —0.654+0.10 0.93+0.07 —0.39 £0.07
Ref 2/RoboPol - - - - 0.22+0.21 —-0.744+0.14

Intrinsic polarization of Cyg X-1

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
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Table SS: Best-fit parameters of the spectro-polarimetric model fitted to the data (Equa-
tion S1) Other XILLVERCP parameters were tied to the corresponding RELXILLCP parameters.
The RELXILLCP reflection fraction has been multiplied by 15.043 to account for NTHCOMP and
RELXILLCP being normalized differently. The uncertainties are given on the 90% confidence
level.

Component Parameter (unit) Description Value
TBABS Ny (1022cm™2) Hydrogen column density 0.437190%°
DISKBE kT, (keV) Peak disk temperature 0.3197001%
norm (10%) Normalization 3.7910-90
T Photon index 1.6270 007
kT, (keV) Electron temperature 94.2+24
NTHCOMP norm Normalization 0.945f8:822
PD (%) polarization degree 3.6310 50
PA (deg) polarization angle —20.573]
Tin (Tg) Disk inner radius 3.3570%
i (deg) Disk inclination angle 37.83:3
log;o(&/[erg cm s71) Ionization parameter 31510620
RELXILLCP kT, (keV) Electron temperature 14073
Ap, (solar) Iron abundance 3.7070:57
f (%) Reflection fraction 20.173:2
log,o(&/lerg cm ™) Ionization parameter 2.2510-099
XILLVERCP norm (1073) Normalization 3.4615%)
MBPO ATy (1072) Power-law index —6.2270%
NuSTAR FPMA N Normalization 1.1345 005
MBPO AT (1072) Power-law index —7.11152¢
NuSTAR FPMB N Normalization L1700l
MBPO AT (1072%) Power-law index —13.8772
INTEGRAL N Normalization 1 .44f8j8%§
AT (1072) Low energy power-law index 1.3471%
MBPO ATy (1072) High energy power-law index ~ —22.2%73
IXPE DU1 By, (keV) Break energy 3.281018
N Normalization 1.5110:007
AT, (1072) Low energy power-law index ~ —5.61717
MBPO AT, (1072) High energy power-law index ~ —27.9729
IXPE DU2 By, (keV) Break energy 3.54i8;1§
N Normalization 1 .45f8j8%1
AT (1072) Low energy power-law index ~ —8.827 5
MBPO AT, (1072) High energy power-law index —29.51%%
IXPE DU3 FEy, (keV) Break energy 3337015
N Normalization 1.4475:012
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Outstanding comments by the referees

p7, ’'the source was found in the hard state.’

I think it would help to be more specific here,
and add ’"with 2-8 keV spectral index Gamma=1.6’
and L/LEdd=?7?’

We followed the advice of the referee and changed the sentence to:

The source was found in the hard state with a photon index of 1.6
(see Table\, \ref{t:Spectrafitparams}) and a 0.2-250\,keV luminosity
of 1.1\% of the Eddington luminosity (the luminosity at which

the radiation pressure on electrons equals the gravitational

pull on the ions).

P9, the sandwich corona is ruled out by reprocessing -

a hard spectrum with isotropic illumination of dense material
produces reflection, but the photons which are not reflected will
thermalise. in a sandwich corona the thermal photons are
re—intercepted by the corona and cool it, so even in the limit
where the disc does not emit any flux, this reprocessed emission
means the corona cools to give Gamma>1.9 (Haard & Marashi 1991,
1993, stern et al 1995, malzac et al 2005). Thus this model is not
self consistent, though I agree that it may be useful to include
the limits on its polarization. This also has implications for the
reflection models in the SM. the reflected emission is
relativistically smeared with an inner disc at 3Rg. Yet all the
polarization models (except the non-selfconsistent sandwich

corona) do not have a disc down at 3Rg. There should be some note
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in the SM that this indicates that are likely issues with our

current reflection models.

We followed the advice of the referee and added a paragraph

describing the limitations of our modeling:

Note that the sandwich and cone corona models presented

here (as well as the extended lamppost corona model discussed below)
are purely phenomenological in the sense that the coronal temperatures
are not derived self-consistently. Various authors have pointed out
that the coronae may cool radiatively to the point that the predicted
energy spectra are softer than the observed ones (see: (62, 63) and
references therein). Note however that the processes that heat and cool
the coronal plasma as well as their relative importance are the subject
of ongoing current research (64-66).

Furthermore, the simultaneous modeling of the detailed energy spectra
(in particular the relativistically broadened Fe K-alphad line

complex apparent in the NICER and NuSTAR energy spectra) and the
polarization properties are outside of the scope

0of the modeling presented in this paper.

SM fig S5. plot the data in E"2N(E) so they are standard, and
directly comparable to the second panel, rather than tailor

it to the spectral index at E"1.6 N(E)

Done.
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