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A B S T R A C T 

We report the first detection of the X-ray polarization of the transient black hole X-ray binary IGR J17091 −3624 taken with the 
Imaging X-ray polarimetry Explorer ( IXPE ) in 2025 March, and present the results of an X-ray spectropolarimetric analysis. 
The polarization was measured in the 2–8 keV band with 5 . 2 σ statistical confidence. We report a polarization degree (PD) of 
9 . 1 ± 1 . 6 per cent and a polarization angle of 83 

◦ ± 5 

◦ (errors are 1 σ confidence). There is a hint of a positive correlation of 
PD with energy that is not statistically significant. We report that the source is in the corona-dominated hard state, which is 
confirmed by a hard power-law-dominated spectrum with weak reflection features and the presence of a Type-C quasi-periodic 
oscillation at ∼ 0 . 2 Hz. The orientation of the emitted radio jet is not known, and so we are unable to compare it with the 
direction of X-ray polarization, but we predict the two to be parallel if the geometry is similar to that in Cygnus X-1 and Swift 
J1727.8 −1613, the two hard state black hole binaries previously observed by IXPE . In the Comptonization scenario, the high 

observed PD requires a very fa v ourable geometry of the corona, a high inclination angle (supported by the presence of a dip in 

the light curve) and possibly a mildly relativistic outflow and/or scattering in an optically thick wind. 

Key words: accretion, accretion discs – polarization – stars: black holes – X-rays: binaries. 
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 I N T RO D U C T I O N  

 black hole (BH) X-ray binary (XRB) is a system, whereby a
tellar-mass BH accretes matter from a companion star, producing an
xtremely high X-ray flux. They are categorized into transient or per-
istent systems, where transient systems exhibit outbursts followed
y quiescence and persistent systems maintain a steady flux abo v e a
uiescent level. In both cases, we observe spectral state transitions
Fender, Belloni & Gallo 2004 ; Done, Gierlinski & Kubota 2007 ;
elloni 2010 ). In transient systems, the outburst begins in the hard

tate, which is dominated by the Comptonization of photons from a
uasi-thermal accretion disc (No viko v & Thorne 1973 ; Shakura &
unyaev 1973 ) or internal synchrotron photons (Malzac & Belmont
009 ; Poutanen & Vurm 2009 ; Veledina, Poutanen & Vurm 2011 ) in
 hot cloud of electrons known as the ‘corona’ (Sunyaev & Titarchuk
985 ). A steady compact jet is launched from the system during
he hard state. The system then transitions through the intermediate
tate, where both the disc and corona are prominently observed in
 E-mail: m.e wing2@ne wcastle.ac.uk 
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he spectrum, to the soft state, where now the spectrum is dominated
y the disc and the compact jet is quenched. Again transitioning
hrough intermediate states, the source mo v es back to the hard state
nd then quiescence. In the case of persistent sources, we observe
hese spectral transitions without the flux dropping to quiescence. 

Because XRBs cannot be spatially resolved, the geometry and
osition with respect to the disc of the hard X-ray corona is still
 matter of debate (Poutanen, Veledina & Zdziarski 2018 ). Several
odels have been proposed such as the ‘sandwich’ model, whereby

he corona is thought to result from energy dissipation occurring
bo v e and below the disc (Haardt & Maraschi 1993 ; Svensson
 Zdziarski 1994 ), the ‘magnetic flare’ model (Galeev, Rosner
 Vaiana 1979 ; Beloborodov 1999 ) with the localized energy

issipation regions above the disc, the ‘jet-base’ model (Markoff,
owak & Wilms 2005 ) in which the corona is vertically extended

t the base of the jet, the ‘lamppost’ model (Matt 1993 ) where a
ompact corona lies abo v e the BH on its spin axis, and the ‘truncated
isc’ model (Eardley, Lightman & Shapiro 1975 ; Esin, McClintock
 Narayan 1997 ; Poutanen, Krolik & Ryde 1997 ), whereby the disc
 v aporates beyond a truncation radius into a large scale-height hot
© 2025 The Author(s). 
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ow. Each of these models can produce the same spectra, and so it
s vital that we collect more information on these systems in order to
reak this de generac y. 
With the launch of the Imaging X-ray Polarimetry Explorer 

 IXPE ; Weisskopf et al. 2022 ), we now have access to linear X-
ay polarization information in the 2–8 keV energy range. We can 
easure the polarization degree (PD) – the extent to which the 

ource X-ray photons have aligned electromagnetic fields – and the 
olarization angle (PA) – the angle at which the electromagnetic 
elds align. The PD increases with asymmetry of the emission region; 

.e. with larger (more edge-on) inclination and smaller aspect ratio 
Schnittman & Krolik 2010 ; Ursini et al. 2021 ; Poutanen, Veledina
 Beloborodo v 2023 ). F or Comptonized radiation, the PA aligns

erpendicular to the major axis of the scattering region (i.e. the 
orona). This happens because photons scatter preferentially in the 
lane perpendicular to their polarization v ector, and the y e xperience
ore scatterings along the major axis due to its higher scattering 

ptical depth (Sunyaev & Titarchuk 1985 ; Ursini et al. 2021 ; Ingram
t al. 2023 ). 

The first BH XRB observed by IXPE during a hard state was
ygnus X-1 (hereafter Cyg X-1), the brightest persistent BH XRB 

bserved in the sky. Linear polarization was detected with a > 20 σ
tatistical confidence, with PD = 4 . 0 ± 0 . 2 per cent and PA =
20 . ◦7 ± 1 . ◦4 (Krawczynski et al. 2022 ). The PA was found to align
ith the direction of the radio jet, suggesting that the corona is
erpendicular to the jet and elongated in the disc plane. This fa v ours
orizontally extended models such as the truncated disc model over 
hose vertically extended, such as the lamppost or jet-base model. 

ith a relatively low inclination angle of i = 27 . ◦5 ± 0 . ◦8 inferred
rom optical observations of the binary (Miller-Jones et al. 2021 ), a
ow PD of ≈ 1 per cent was expected (Krawczynski & Beheshtipour 
022 ). One explanation of this high observed PD is that the corona
s more inclined than the binary system. This could be due to a
isalignment between the BH and binary spin axes giving rise to a
arped disc. Another potential explanation is an outflowing corona; 
outanen et al. ( 2023 ) showed that a mildly relativistic bulk coronal
lectron velocity of v ∼ 0 . 4 c can boost the PD to the observed value
or an aligned system (see also Dexter & Begelman 2024 ). If the
ormer model is true, then this suggests that a significant subset of
bserved systems will exhibit a low PD. If the latter is true, then this
mplies that a high PD is common in XRB systems observed in the
ard state. 
The second BH XRB observed by IXPE in the hard state was Swift

1727.8 −1613, a transient source that was disco v ered after going into 
 bright outburst in 2023 (Veledina et al. 2023 ). Again it was found
hat the PD was ≈ 4 per cent and that the PA was aligned with the
rientation of the radio jet (Wood et al. 2024 ). This outburst was the
rst time that X-ray polarization had been tracked across a hard to soft
tate transition, where the PD was found to slowly decrease across
he transition and the PA stayed constant (Ingram et al. 2024 ). The
D was later seen to reduce dramatically in the soft state (Svoboda
t al. 2024 ), before reco v ering to the same level as before in the
everse soft to hard state transition (Podgorn ́y et al. 2024 ). 

IXPE observations of Type-1 active galactic nuclei (AGNs) may 
lso help constrain the properties of the X-ray corona, since current 
nderstanding suggests that the hard X-rays produced by AGNs 
riginate from a corona similar to that found in X-ray binaries. The
A measurements of NGC 4151 (Gianolli et al. 2023 , 2024 ), IC
329A (Ingram et al. 2023 ), and MCG-05-23-16 (Marinucci et al. 
022 ) have been found to align with the radio jet or ionization cone,
uggesting again that the corona is extended in the disc plane. The
bserved PD values are also rather high ( ∼ 3 per cent for IC 4329A
nd ∼ 5 per cent for NGC 4151), given that Type-1 AGNs are
hought to be viewed from a fairly low inclination according to the
nification scheme. 
IGR J17091 −3624 is a transient BH XRB first disco v ered in 2003

y INTEGRAL (Kuulkers et al. 2003 ), and is of particular interest due
o its extraordinary variability behaviour. While IGR J17091 −3624 
xhibits all the spectral states of a typical XRB (Capitanio et al. 2012 ),
t also displays 10 different exotic variability states (Altamirano et al.
011 ; Capitanio et al. 2012 ; Court et al. 2017 ; Wang et al. 2024 ).
his makes it one of two systems known to exhibit this behaviour,

he other source being GRS 1915 + 105, which has exhibited 14
if ferent v ariability states (Belloni et al. 2000 ), 7 of which in common
ith IGR J17091 −3624, including a heartbeat-like pattern (Wang 

t al. 2024 ). These variability states were first hypothesized from
bservations of GRS 1915 + 105 as radiation pressure instabilities 
eriving from its high-Eddington accretion rates, but because IGR 

17091 −3624 has demonstrated the same variability states at a 
ux estimated to be ∼20–30 times lower, this model is now being
uestioned. F or e xample, the presence of substantial wind outflows
rom the accretion disc might significantly influence these instability 
atterns, potentially stabilizing or suppressing the observed heartbeat 
scillations (Janiuk et al. 2015 ). 
Here we report the results of the IXPE observation of IGR

17091 −3624 in the hard state, taken in March 2025. We also discuss
wo shorter simultaneous observations by the Nuclear Spectroscopic 
elescope ARray ( NuSTAR ). In Section 2 , we detail the data reduction
rocedure. In Section 3 , we present the polarimetric analysis as well
s spectropolarimetric fits. In Section 4 , we discuss our results and
n Section 5 we summarize our conclusions. 

 OBSERVATI ON  A N D  DATA  R E D U C T I O N  

.1 IXPE data 

GR J17091 −3624 was observed by IXPE on 2025 March 7–10 for
 total elapsed time of ∼ 300 ks (obsID: 0450201). We measured
 mean count rate of ∼ 1 count s −1 with a useful exposure time of

160 ks. 
IXPE is a joint NASA/Italian Space Agency mission launched on 

021 December 9 from the Kennedy Space Center. It consists of
hree identical gas pixel detector units (DUs) that record the spatial,
nergy, timing, and polarimetric information from each event within 
 2–8 keV energy band. Specifications and observatory details can 
e found in Weisskopf et al. ( 2022 ). 
We downloaded the cleaned Level 2 event files for each DU (Costa

t al. 2001 ) from the High Energy Astrophysics Science Archive
esearch Center (HEASARC 

1 ). We used ds9 to define a circular
ource region centred on the source with a radius of 60 ′′ , and a
ackground region of an annulus centred on the source with an
nner radius of 150 ′′ and an outer radius of 300 ′′ . Using the latest
ersion of IXPEOBSSIM (v31.0.3; Baldini et al. 2022 ), we used the
pselect tool to create source and background fits files filtered 

or these re gions. F or our model-independent analysis, we used
he pcube algorithm to calculate the Stokes parameters for the 
ource and background regions, and subtract the background Stokes 
arameters from the source. For the spectropolarimetric analysis, we 
sed the PHA algorithm to extract Stokes I , Q , and U as a function
f energy channel for the source and background region of each
etector unit, employing the most recent calibration data base files 
MNRAS 541, 1774–1781 (2025) 
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Figure 1. Polarimetric properties of IGR J17091 −3624. (a) Constraints 
on the PD and PA (measured east of north) in the 2–8 keV band. The 
contours represent the confidence levels at 68, 90, and 99 per cent. The 
filled colour contours are the results of the unweighted, model-independent 
pcube algorithm. The blue contours are the results of an unweighted 
spectropolarimetric analysis within XSPEC . (b) Energy dependence of the 
observed PD (top) and PA (bottom) with 1 σ error bars as measured by the 
pcube algorithm. The red dashed lines represent the best-fitting energy 
dependent spectropolarimetric model (row 4 of Table 1 ), where the PD 

increases with energy while the PA remains constant. The blue dashed lines 
represent the best-fitting constant polarization model. 
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ssociated with the latest version of IXPEOBSSIM , using an energy
in width of 0.016 keV. Throughout our analysis, we do not employ
rack weightings, and the PA is defined as East of North. 

.2 NuSTAR data 

uSTAR (Harrison et al. 2013 ) observed the source twice during
he IXPE exposure (obsID 81 002 342 008 and 81002342010). The
bservations started on 2025 March 7 at 14:00 UTC and on March
 at 23:30 UTC, respectively, and each had a 20 ks exposure time.
e used the nupipeline and nuproducts routines distributed

rom the NuSTARDAS v2.1.4 release with the calibration files
0250310 to produce the event files and the energy spectra for
oth Focal Plane Modules (FPMs). We chose an extraction region
f 100 arcsec centred on the peak of the source photon counts. The
ame size region positioned as close as possible to the source was
hosen for the background extraction. After preliminary analysis
uggested that the spectra were broadly consistent between the two
bservations, we combined the FPMA and FPMB spectra from the
wo observations, as well as their backgrounds and response files,
sing addascaspec from the FTOOLS package. This step was
aken solely to impro v e signal-to-noise in the visualizations. For
 detailed analysis, it is best to treat the different observations and
PMs separately. 

 RESU LTS  

.1 Model-independent analysis 

e first measured the 2–8 keV polarization using the IXPEOBSSIM

lgorithm pcube . We found PD = 9 . 1 ± 1 . 6 per cent and PA =
3 ◦ ± 5 ◦ (1 σ uncertainties), and we plot the statistical confidence
ontours in Fig. 1 (a) (colour filled contours). 

To check if there is a dependence of polarization properties with
nergy, we used the same algorithm to calculate the PD and PA o v er a
pan of energy bins. The results can be seen in Fig. 1 (b), with the PA
howing no apparent energy dependence. The PD shows a possible
ncrease with energy, which we test in the following subsection. 

During the IXPE observation, IGR J17091 −3624 experienced a
ip in the X-ray flux reaching as low as ∼0.2 count s −1 o v erall
Us, starting ∼150 ks into the observation, and lasting for ∼50 ks.
e plot the light curve of the total observation in Fig. 2 , where

he dip can clearly be observed. To test any effects that this may
ave on the observed polarization, we calculated the polarization
roperties excluding the events within the dip, again utilizing the
cube algorithm. We found PD = 8 . 4 ± 1 . 8 per cent and PA =
6 ◦ ± 6 ◦, which is consistent with the results calculated for the entire
bservation. We therefore conclude that due to the low number of
ounts contributed from the dip to the total observation, it does not
ave a significant effect on the observed polarization. 

.2 Spectropolarimetric analysis 

sing XSPEC v12.14.1 (Arnaud 1996 ), we simultaneously fitted
tokes I , Q , and U with se veral basic models representing dif ferent
olarization properties. The polarization results and fit statistics for
ach model can be found in T able 1 . W e include a multiplicative
onstant component in each fit to account for cross-calibration
etween the DUs. We first fit the data with a model consisting
f diskbb (Mitsuda et al. 1984 ) and powerlaw components,
epresenting a multi-temperature black-body accretion disc and
 power law with specific photon flux ∝ E 

−� . The interstellar
NRAS 541, 1774–1781 (2025) 
bsorption was accounted for using the model tbabs with the
elative abundances from Wilms, Allen & McCray ( 2000 ). 

We first tested models with a constant, energy independent
olarization using model polconst (rows 2–3 in Table 1 ). For
he model including both disc and power-law components, i.e.
babs ∗polconst ∗(diskbb + powerlaw) , we measure PD =
 . 6 ± 1 . 8 per cent and PA = 84 ◦ ± 7 ◦ with a fit statistic χ2 /dof =
320/1332. This inferred polarization is consistent with that mea-
ured using pcube , and we plot the resulting confidence contours
n Fig. 1 (a) (blue hollow contours). 

We then fit the model without the diskbb component, i.e.
babs ∗polconst ∗(powerlaw) , which returned a fit statistic
f χ2 /dof = 1326/1334. We find that the polarization properties
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Figure 2. Light curve in counts per second of IGR J17091 −3624 as observed 
by IXPE (black bars). The counts from each DU have been summed. The 
dip begins at the horizontal dashed red line, and ends at the horizontal blue 
dashed line. The shaded grey regions represent the two simultaneous NuSTAR 

observations. The error bars are derived from Poisson statistics. 
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Figure 3. Spectral energy distribution of the constant polarization model 
(row 3 of Table 1 ). For plotting purposes only, we group the three DUs and 
employ energy rebinning to achieve a target signal to noise of 6 by binning no 
more than 9 channels (i.e. the xspec command setplot rebin 6 9 ). 
(a) Best-fitting spectral model for Stokes I (black line) with unfolded data 
(black crosses). (b) Best-fitting spectral model (red line) with unfolded Stokes 
Q (red crosses). (c) Best-fitting spectral model (blue line) with unfolded 
Stokes U (blue crosses). (d) Contributions to fit statistic χ . d N / d E is in units 
of photons cm 

−2 s −1 keV 

−1 . 
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etween the two constant polarization models are consistent, and 
hat the disc is only detected in the flux spectrum with a statistical
onfidence of 1 . 8 σ according to an F -test. We plot the unfolded
tokes I , Q , and U and the contributions to the fit statistic of the
onstant polarization model excluding the disc component in Fig. 3 . 

We then fit models to check for an energy dependence of the po-
arization properties by replacing polconst with pollin , which 
ssumes a linear dependence of PD and PA with photon energy (rows
–7 of Table 1 ). The linear relationship is described as P ( E) = P 1 +
 E/ keV − 1) × P slope where P ( E) is the energy dependent polariza-
ion property (i.e. either PD or PA), P 1 is the polarization property
easured at 1 keV and P slope is the gradient. We perform the fit under

wo different assumptions. The first assumption is that only the PD is
ariable with energy where the PA remains constant. This is achieved 
y freezing the slope parameter of PA to 0. In the second case, we
ssume that both PD and PA are energy dependent. We test these as-
umptions with ( tbabs ∗pollin ∗(diskbb + powerlaw) ) and 
ithout ( tbabs ∗pollin ∗(powerlaw) ) a disc component. We 

gain find that the polarization results are consistent between models 
ith and without the diskbb component, and so from here we 

ontinue our analysis considering the simpler models containing 
nly the powerlaw component. 
Table 1. Model fitting results showing PD, PA, hydrogen column density ( N H ), po
per degree of freedom ( χ2 /dof). 

Model PD (per cent) PA (deg)

pcube 9 . 1 ± 1 . 6 83 ± 5 
polconst ∗tbabs ∗(diskbb + po) 7 . 6 ± 1 . 8 84 ± 7 

polconst ∗tbabs ∗po 7 . 6 ± 1 . 8 84 ± 7 

pollin ∗tbabs ∗(diskbb + po) 
PD 1 3 + 5 −3 PA 1 8

PD slope 1 . 6 + 1 . 5 −1 . 6 PA slope 

pollin ∗tbabs ∗po PD 1 3 + 5 −3 PA 1 8

PD slope 1 . 7 + 1 . 5 −1 . 6 PA slope 

pollin ∗tbabs ∗(diskbb + po) 
PD 1 3 + 5 −3 PA 1 

PD slope 1 . 8 + 1 . 4 −1 . 7 PA slope 

pollin ∗tbabs ∗po PD 1 3 + 5 −3 PA 1 

PD slope 1 . 8 + 1 . 4 −1 . 7 PA slope −
To test if a polarization linearly dependent on energy is preferred
o a constant polarization, we perform F -tests between the pol-
onst model and the pollin model under the two aformentioned 
ssumptions. The first test assuming only PD varies yields F = 2 . 93,
eaning the variable PD is only preferred by 1 . 7 σ . Similarly for an
 -test where PD and PA are free to vary, this model is only preferred

o the constant polarization model by 1 . 3 σ . Although there is a
int of positive trending of PD with energy, no significant energy
ependence of polarization properties has been detected. 
We note that, although the pcube and polconst measurements 

f PD are consistent within 1 σ confidence, the polconst estimate 
s systematically lower (see e.g. Fig. 1 a). This is likely because the
MNRAS 541, 1774–1781 (2025) 

wer-law index ( �), peak disc blackbody temperature ( kT bb ), and chi-square 

 N H (10 22 cm 

−2 ) � kT bb (keV) χ2 /dof 

– – – –
2 . 3 + 0 . 9 −0 . 8 1 . 56 + 0 . 15 

−0 . 28 0 . 48 + 0 . 51 
−0 . 11 1320/1332 

1 . 39 + 0 . 15 
−0 . 15 1 . 58 + 0 . 04 

−0 . 04 – 1326/1334 

4 ± 7 2 . 0 + 1 . 8 −0 . 7 1 . 52 + 0 . 18 
−0 . 17 0 . 54 + 0 . 47 

−0 . 16 1318/1331 

0.0 

4 ± 7 1 . 39 + 0 . 15 
−0 . 15 1 . 59 + 0 . 02 

−0 . 04 – 1323/1333 

0.0 

90 + 10 
−16 2 . 0 + 1 . 8 −0 . 7 1 . 52 + 0 . 16 

−0 . 17 0 . 54 + 0 . 47 
−0 . 16 1317/1330 

−2 + 4 −3 

90 + 17 
−18 1 . 39 + 0 . 15 

−0 . 15 1 . 59 + 0 . 04 
−0 . 04 – 1323/1332 

1 . 6 + 5 . 2 −1 . 6 

y user on 11 August 2025
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M

Figure 4. Power spectrum of the IXPE observation in the 2–8 keV band, 
calculated in fractional rms normalization, where Poisson noise has not been 
subtracted. The input light curve was binned in 1/256 s time bins and the power 
spectrum was averaged over a segment size of 64 s. Logarithmic rebinning 
was applied (with the geometric rebinning parameter set to f = 0 . 2). 
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Figur e 5. Unfolded NuSTAR ener gy spectrum fitted with the model 
tbabs ∗nthComp (top panel) and the corresponding residuals (bottom 

panel). FPMA and FPMB data are grouped for plotting purposes. 
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D is increasing with energy, as has been observed for other higher
ignal to noise data sets (e.g. Ingram et al. 2024 ), and is hinted at
ere but with low statistical confidence. The polconst model has,
y design, constant PD and so the best-fitting PD value is weighted
owards the lower energies, for which there are more counts. The
cube algorithm, in contrast, calculates the polarization properties
v eraged o v er the 2–8 keV bandpass (weighted by flux). To illustrate
his, we plot in Fig. 1 (b) the best-fitting PD and PA as a function
f energy for our polconst (blue) and pollin (red) models.
e see that, as expected, pollin agrees with the pcube points,
hereas the polconst PD is slightly lower (whilst still within
 σ uncertainties). We therefore adopt the pcube values as the best
stimate of the 2–8 keV PD and PA. 

.3 State classification 

or all models, we find that the hydrogen column density is in
he range N H ≈ (1 . 4 − 2 . 3) × 10 22 cm 

−2 (consistent with previous
easurements; Wang et al. 2024 ) and the power-la w inde x is � ≈ 1 . 6

see Table 1 ). These values are consistent with that seen in Wang et al.
 2024 ). This photon index indicates that IGR J17091 −3624 was in
he hard state during the IXPE observation. To further consolidate
he hard-state classification, we also studied the timing properties.

e created a light curve from all DUs with time bins of 1/256 s
uration, and filtered the events such that they coincided with when
ll the DUs were in a good time interval (GTI). We then created
 power spectrum averaged over a segment length of T seg = 64 s
sing the STINGRAY python package (Huppenkothen et al. 2019 ). It
s clear from Fig. 4 that a Type-C quasi-periodic oscillation (QPO)
s present at ∼ 0 . 2 Hz. Based on this combination of spectral and
iming evidence, we conclude that the source is in a hard state and
hat the X-ray flux is dominated by the corona. 

We also considered the NuSTAR observations taken during the
XPE exposure (see the grey shaded regions in Fig. 2 ). We find
hat the energy spectrum in the 3–79 keV NuSTAR energy range is
ominated by the Comptonized emission, such that a disc component
s not required to fit the spectrum. Fig. 5 shows the results of
tting the combined spectrum of the two NuSTAR observations
ith the model tbabs ∗nthComp , where nthcomp is a thermal
NRAS 541, 1774–1781 (2025) 
omptonization model (Zdziarski, Johnson & Magdziarz 1996 ). We
x the hydrogen column density to N H = 1 . 1 × 10 22 cm 

−2 , the seed
lackbody photon temperature to kT bb = 0 . 1 keV, and the coronal
lectron temperature to kT e = 40 keV. This electron temperature is
oti v ated by preliminary fits, but we note that a reliable constraint on
T e requires a very detailed analysis beyond the scope of this paper.
he measured photon index of � = 1 . 607 ± 0 . 002 is consistent with
hat we measure with IXPE (see Table 1 ). The residuals to this fit

learly reveal an iron line and Compton hump indicative of reflection.
he presence of a clear Compton hump contributes to our hard state
lassification, since the Compton hump is much weaker than the iron
ine for a soft illuminating spectrum (Garc ́ıa et al. 2022 ). 

Although we leave a rigorous fit with a reflection model to future
ork, the residuals being below 5 per cent from our preliminary
ts (Fig. 5 ) suggests that reflection contributes ∼10–20 per cent
f the flux in the IXPE band, with the rest dominated by the
omptonized emission. We leave a detailed spectropolarimetric
nalysis jointly considering the IXPE and NuSTAR observations and
tilizing polarized reflection models for a follow-up paper. 

 DI SCUSSI ON  

e have presented an IXPE observation of IGR J17091 −3624 in the
ard state and find that the 2–8 keV polarization is PD = 9 . 1 ± 1 . 6
er cent and PA = 83 ◦ ± 5 ◦. To-date no sufficiently high spatial
esolution radio observations (i.e. with spatial resolutions �1 arcsec)
ave been performed on IGR J17091 −3624, and no large-scale
xtended jet emission has been detected. As such, we are not
ble to compare the PA with the orientation of the jet in IGR
17091 −3624. Additionally, simultaneous MeerKAT observations
o not significantly detect radio polarization (Russell et al., in
reparation), although, we note that a radio PA does not necessarily
ndicate the orientation of the jet (the magnetic field within the jet
ay be aligned in a variety of directions by different processes;
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.g. Curran et al. 2014 , 2015 ). As such, we are unable to make
ny inference on the relative orientation of the corona, but for the
urposes of this discussion, we will assume that it is extended in the
isc plane as is indicated by the polarization aligning with the jet for
ll X-ray polarization detections of hard state BH XRBs and Seyfert- 
 galaxies with resolved jets (Krawczynski et al. 2022 ; Gianolli et al.
023 ; Ingram et al. 2023 ; Veledina et al. 2023 ). 
Simultaneous Very Large Telescope (VLT) optical polarimetric 

bserv ations sho w an increasing PD with frequency (2 . 9 ± 0 . 5 and
 . 0 ± 0 . 3 per cent in the R and I bands, respectively; Baglio et al., in
reparation), with a PA of 100 ◦ ± 5 ◦ and 102 ◦ ± 8 ◦, consistent with
he IXPE PA within 2 σ . This behaviour aligns with recent findings on
H XRBs in their hard state, where the optical PA has been observed

o be similar to the PA in the X-rays, for example, in Cyg X-1
Krawczynski et al. 2022 ; Kravtsov et al. 2023 ), Swift J1727.8 −0127
Veledina et al. 2023 ) and GX 339 −4 (Mastroserio et al. 2025 ), and
he position angle of the radio jet in V404 Cyg (Kosenkov et al.
017 ) and MAXI J1820 + 070 (Veledina et al. 2019 ). Similarly, also
or IGR J17091 −3624, we fa v our a scenario in which the optical
adiation originates in the outer regions of the disc and is polarized
hrough Thomson scattering in the disc atmosphere or wind. 

The observed 2–8 keV PD of ≈9 per cent is significantly 
igher than what has been measured thus far for other sources
n corona-dominated states (e.g. ∼4 per cent for both Cyg X-1 
nd Swift J1727 −1613; Krawczynski et al. 2022 ; Veledina et al.
023 ). Because the PD strongly depends on inclination, it is likely
hat IGR J17091 −3624 is more highly inclined than the other 
ources. Ho we ver, the inclination of IGR J17091 −3624 is not well
onstrained. Reflection spectroscopy modelling yields estimates of 
airly low inclination ( i ∼ 30 ◦ − 40 ◦; Xu et al. 2017 ), whereas the
resence of dipping in the light curve (e.g. our fig. 2 and Pahari et al.
013 ) and wind signatures in the spectrum (Ponti et al. 2012 ; Parra
t al. 2024 ; Wang et al. 2024 ), coupled with the absence of eclipses
nstead indicates that the inclination is in the range 60 ◦ � i � 80 ◦.
he high amplitude of the Type-C QPO also points towards high 

nclination (Motta et al. 2015 ), consistent with the high inclination 
ndicated by the high X-ray PD we observe here. 

A PD of 9 per cent is high even for a high inclination source. To
emonstrate this, we show in Fig. 6 the predicted PD as a function
f inclination angle for a slab corona with seed photons provided 
rom the side by a truncated disc (see fig. 1c of Poutanen et al. 2023 ).
his geometry is consistent with our assumption that the corona is
xtended in the disc plane, and the parameters are chosen to maximise 
he predicted PD (see fig. 2 of Poutanen et al. 2023 ). We therefore note
hat these predictions should be seen as an upper limit of the expected
D from Comptonization, since any change to the assumed geometry 
e.g. large coronal opening angles, significant inhomogeneities of 
he photosphere shape, etc.) would reduce the predicted PD – even 
f we were to drop our assumption of the PA aligning with the jet
Ursini et al. 2021 ). We use the radiative transfer code compps
Poutanen & Svensson 1996 ; see also Veledina & Poutanen 2022 )
nd fix the photon index to � = 1 . 6 by adjusting the optical depth
ith inclination and electron temperature to maintain this value. 
Additionally, we use a disc seed photon temperature of kT bb = 0 . 1

eV (typical for the hard-state sources and optimal to maximize the 
D). The grey shaded area represents the 1 σ confidence interval 
f the observed PD. The black lines represent the case where the
lectrons in the corona have no bulk velocity ( β = v/c = 0), only
andom thermal v elocities. F or the dashed line, we assume an electron
emperature of kT e = 40 keV, which is consistent with the fairly low
alue of kT e yielded by our initial fits to the NuSTAR data. We see that
he observed PD is above this line for all viewing angles. However,
ithout a very detailed spectral analysis, kT e is highly uncertain. 
e therefore also plot calculations assuming kT e = 80 keV as solid

ines, which maximizes the predicted PD. We see that under this
ssumption, the β = 0 model is consistent with the measured PD
ithin uncertainties as highlighted by the green shaded region. 
A non-zero bulk outflow velocity, β > 0, of coronal electrons 

ould increase the predicted PD due to relativistic aberration 
Poutanen et al. 2023 ). We therefore plot examples of β = 0 . 2 and
.4 in Fig. 6 . We see that such values of the outflow velocity can
eproduce the observed PD for much lower inclination angles. If the
nclination of IGR J17091 −3624 is i � 60 ◦ and the high PD results
rom bulk motion, this implies that other, higher inclination sources 
ill be observed in future to have even higher PD. 
Scattering in a disc wind adds another mechanism capable of 

ffecting the polarization properties (Tomaru, Done & Odaka 2024 ; 
itindala, Veledina & Poutanen 2025 ), and IGR J17091 −3624 is
ell known for strong wind signatures, albeit only in its exotic
ariability classes (Wang et al. 2024 ). The resulting PD depends on
he optical depth of the wind, its characteristic opening angle, angular
istribution and polarization of the incident X-ray emission. In Fig. 6 ,
e show as the orange dot–dashed line an example for the PD boosted
y scattering in the wind for the case of incident radiation correspond-
ng to Comptonization in a slab corona of kT e = 80 keV producing
 power-law spectrum with � = 1 . 6. We assumed a wind density
rofile following a Gaussian with opening angle αw = 20 ◦ (Nitindala 
t al. 2025 ) and a mid-plane Thomson optical depth of τT = 1. 

The assumed value of opening angle maximizes the predicted PD 

or i � 80 ◦, whereas the PD increases weakly with increasing optical
epth (see figs 9c and 10c in Nitindala et al. 2025 ). Our assumed
pening angle is also consistent with the existing observational 
vidence, since detections of highly ionized ‘hot’ absorption features 
n the X-ray spectrum have only been made for highly inclined
ources, indicating that the wind is equatorial (Ponti et al. 2012 ;
arra et al. 2024 ). Such detections are typically only made in the
oft state, because the highly ionized wind component becomes 
hermally unstable in the hard state, preventing the formation of lines.
MNRAS 541, 1774–1781 (2025) 
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n parallel, the last decade has seen a growing number of optical and
nfrared wind detections in the hard state, indicating that, at the very
east, a ‘cold’ outflowing component remains active during the entire
utburst in high-inclined sources (see e.g. Mu ̃ noz-Darias et al. 2016 ;
anchez-Sierras & Munoz-Darias 2020 ; Panizo-Espinar et al. 2022 ,
nd references therein). 

In IGR J17091-3624, the faintness of the optical counterpart is
ikely to prevent similar detections, but recent studies of this source
n soft X-rays have shown the existence of an intermediate, ‘warm’
omponent that remains detectable even during canonical hard states
Gatuzz et al. 2020 ). While its column density ( N H 

< 10 22 cm 

−2 ) alone
s likely too low to significantly affect the PD, the majority of the
olumn density lies in the ‘hot’ wind seen only in softer and exotic
tates (Wang et al. 2024 ). Leveraging the spectral resolution and
ensiti vity of ne wer instruments such as XRISM will allow future
tudies to precisely constrain the evolution of these components
etween the soft and the hard state, and with it, of the entire wind
tructure, allowing to draw more quantitative estimates of the impact
f the wind on the PD. 
The same process could affect the optical polarization as well. Our

LT polarimetric observations show an optical PD that increases
lightly with frequency and a PA parallel to the X-ray PA measured
ith IXPE , suggesting that the polarization originates from scattering
ithin the plane of the accretion disc. This scattering could occur

ither in the atmosphere of the viscously heated optically thick
ccretion disc itself or in a disc wind, and distinguishing between
hese two scenarios is not possible. A more detailed analysis will be
resented in a forthcoming paper focused on the optical polarization
roperties of the source (Baglio et al., in preparation). 
Reflection can also influence the observed PD, since the reflected

mission can be more polarized than the directly observed coronal
mission. The reflected emission is expected to be polarized perpen-
icular to the disc plane, thus aligning with the polarization of the
irect coronal emission (which we are assuming to align with the
et). In this case, the o v erall 2–8 keV PD is given by 

D = [(1 − R) × PD cor ] + R × PD ref , (1) 

here R is the fraction of the 2–8 keV flux that is contributed by
eflection, PD cor is the PD of the corona and PD ref is the PD of the
eflection component. The maximum expected PD of the reflection
omponent is ∼ 20 per cent (Matt 1993 ; Poutanen, Nagendra &
vensson 1996 ; Podgorn ́y et al. 2023 ), and our preliminary fits to

he NuSTAR spectrum (Section 3.3 ) suggest R ∼0.1–0.2, which is
ypical for the hard state (e.g. Krawczynski et al. 2022 ). Therefore,
ur observation of PD ≈ 9 per cent gives a lower limit for the PD of
he directly observed emission of PD cor � 6 per cent, which is still
easonably high compared with the expectations of thermal Compton
cattering with no bulk velocity. More rigorous exploration of the
hysics of the corona will be provided by detailed spectropolarimetric
ts that jointly consider the IXPE and NuSTAR data, which we leave

o future work. Furthermore, future missions such as eXTP (Zhang
t al. 2016 ) are capable of increasing the signal to noise of a similar
bservation. This would provide an enhanced view of the relationship
etween PD and energy, helping to distinguish between wind and
ulk motion contributions. 

 C O N C L U S I O N S  

e have obtained the first X-ray polarization measurement for the
H XRB IGR J17091 −3624. The time- and energy-averaged PD =
 . 1 ± 1 . 6 per cent and PA = 83 ◦ ± 5 ◦ (1 σ errors) was measured with
tatistical confidence 5 . 2 σ using the model-independent pcube
NRAS 541, 1774–1781 (2025) 
lgorithm. We find no statistically significant dependence of the PD
r PA on energy. From the shape of the energy spectrum, and the
resence of a ∼0.2 Hz Type-C QPO in the power spectrum, we
onfirm that the source was observed in the hard state where the
-ray flux is dominated by the corona. Without the orientation of

he radio jet we cannot confirm the orientation of the corona with
espect to the disc, but we do find that the X-ray PA is consistent
ith the I and R band polarization within 2 σ confidence, as has
reviously been found for other BH XRBs (Krawczynski et al. 2022 ;
astroserio et al. 2025 ). The very high observed PD requires IGR

17091 −3624 to have a fa v ourable coronal geometry and to be
iewed from a fa v ourable angle for it to be explained by standard
hermal Comptonization models. If we are instead viewing from
 lower inclination angle, the PD could have been boosted by the
lectrons in the corona having a mildly relativistic bulk outflow
elocity, and/or by scattering in an optically thick disc wind. If this is
rue, we expect in future to observe other hard state BH XRBs with
igher inclination angles that exhibit even higher PD. 
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