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A standard paradigm: 
hot accretion flow and cold disc

hard state

soft state

Hard state - standard cold  outer 
disc + hot inner flow
Soft state - standard accretion 
disc plus nonthermal corona Poutanen et al. 1997, Esin et al. 1997, 

Zdziarski & Gierlinski 2004, Done et al. 2007

kT=100 keV



Soft state
§ Polarization angle was predicted (Connors et al. 1980, Dovciak et al. 2008) to 

show strong energy dependence. 
§ The amplitude depends on the black-hole spin  
• Scattering polarizes the thermal disk emission
• Polarization rotation is greatest for emission from inner disk

– Inner disk is hotter, producing higher energy X-rays
• Priors on disk orientation constrain the black hole spin

– a = 0.50±0.04; 0.900±0.008; 0.99800±0.00003 (200-ks observation)

Polarization angle along the disk surface! 



Hard - soft state comparison: Cyg X-1

§ In the soft state polarization degree drops. 
§ It is not surprising: the PD is the electron-

scattering dominated atmosphere is very low 
at small inclinations ----------->>>>>>>>>>>>>>

§ However, polarization angle is the same as in 
the hard state, i.e. parallel to the jet. 

§ And no energy dependence is observed. 

Kravtsov et al. (2025)
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Fig. 3. Energy dependence of polarization properties of Cyg X-1 in the
hard and soft states.

Fig. 4. Dependence of PD and PA of Cyg X-1 on spectral hardness.
The dashed and dash-dotted horizontal lines show average values in the
hard- and soft-states, respectively. The dotted line with 1, 2, and 3�
confidence intervals shows a linear fit to the PD.

tional epoch. The pcube-average polarization, along with IXPE
hardness and assigned states are reported in Table 1. We adopt
a hardness value of 0.4 as the threshold between the hard and
soft spectral states; this simplified classification does not treat
the intermediate state as a separate spectral state.

In Fig. 1 we show the spectra of individual epochs and
their polarization in the (q, u)-plane and in the PD–PA plot,
color-coded according to spectral hardness. The PA deviates
from the jet position angle (of ⇠�25�; Stirling et al. 2001;
Miller-Jones et al. 2021) by no more than 10�. The PD is rela-
tively stable within each state, yet clearly depends on the hard-
ness, taking values between ⇡1.5% in the soft state to ⇡4.5% in
the hard state.

The energy dependence of polarization, averaged separately
over the hard and soft states, is shown in Fig. 3. The PD grows
with energy in both states, as indicated by the highly statistically
significant improvement of the fit with linearly increasing PD
with energy comparing to the constant PD model: the �2/d.o.f.
value drops from 27.5/5 to 6.3/4 in the hard state and from 78/5
to 7/4 in the soft state. We further investigate the dependence
of PD and PA on hardness in Fig. 4. We find that the X-ray
PD shows strong positive correlation (Pearson correlation coef-
ficient r = 0.92) with spectral hardness, while PA is not sensi-
tive to spectral changes – fit of the linear model to the PA gives
�2/d.o.f.= 13.6/11.

The X-ray PA shows small but significant variations around
the average value; the fit with a constant to the observed PA val-
ues gives unacceptable fit with �2/d.o.f.= 33/12, suggesting that
the spread of PA is higher than statistical noise. On the other
hand, when considering the sample as a whole, there is no sys-
tematic trend of PA with hardness – soft- and hard-sate aver-
age PAs are consistent within the uncertainties (�25� ± 1� and
�24� ± 1�, respectively). The variations of PA might be related
to one of the periods of the system: either orbital (Porb = 5.6 d)
or super-orbital (Pso⇠300 d). Below we investigate variations of
PA at these timescales in more detail.

3.2. Orbital variability

The orbital motion of an X-ray source in the presence of a com-
panion star and circumstellar (intrabinary) matter can induce
variations of the observed polarization on the orbital timescale
(Brown et al. 1978; Kravtsov et al. 2020; Rankin et al. 2024;
Ahlberg et al. 2024). To verify the presence of variability at the
orbital period in IXPE observations of Cyg X-1, we performed a
phase-resolved polarimetric analysis. The dependence of PD on
the spectral hardness prevents us from combining the data in all
spectral states. To minimize the influence of spectral hardness on
polarization, we treated soft- and hard-state data separately.

We primarily focus on the hard-state data owing to repeating
coverage of the same orbital phases over years and one complete
orbital cycle (Epoch 1). We split the Epoch 1 data into 10 phase
bins as described in Sect. 2.1, while the other, shorter observa-
tions were not subdivided. The results are shown in Figs. 5 and 6,
where variations of the Stokes q and u are presented as function
of the orbital phase and on the (q, u)-plane, and also through vari-
ation in PD and PA. The X-ray polarization of Cyg X-1 shows
hints of orbital variability: the PD varies sinusoidally, gradually
increasing from ⇡3% at orbital phase 0.1 to the maximum of
⇡5% at phase 0.5. The observed PA displays a swing with an
amplitude of .10�, roughly half-cycle out of phase with the PD.
This behavior can be interpreted as the tip of the polarization
vector tracing a closed loop in the (q, u)-plane (see Fig. 5, left
panel).

3.2.1. Constant versus sine-wave

To assess the statistical significance of the orbital variations, we
used the F-test to compare two nested models. The null hypothe-
sis, H0, assumes that the Stokes parameters q and u remain con-
stant across all orbital phases. It has two free parameters: qc and
uc. We find the �2

0/d.o.f.= 30.5/28 for the fit with this model (see
dashed black line in Fig. 6).

This was tested against the alternative hypothesis, HA, in
which the Stokes parameters follow simple sinusoidal functions
of the orbital phase. We notice that q and u have nearly the
same amplitude and are out of phase. To keep the number of
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Soft state: Cygnus X-1

§ PD grows with energy. 
§ Steiner et al. 2024 modeled the SED and 

polarization using kerrC model assuming spin 
a=0.998, disk albedo =1. 

§ Returning radiation was found to dominate the 
polarization signal.

§ Or rather reflection of Comptonized radiation 
(kTe=250 keV) from a fully ionized disc.

§ A reasonable fit was obtained for an inclination 
i=40o.



Non-thermal tails in soft states

GRS 1915+105

Zdziarski et al. 2001

McConnell et al. 2002

Cygnus X-1



Electron distribution

§ Around accreting bright black holes, accelerated (by 
shocks, turbulence, magnetic reconnection) electrons 
should cool down rapidly. 

§ What would be their steady-state distribution?

§ Power-law with index larger by 1 than the injection 
index? Yes, at high-energies…

§ But what happens when electrons cool down to 𝜸~𝟏. 
Will the power-law continue there? 

§ Other processes start to interfere: Coulomb collisions, 
synchrotron self-absorption.



§Escape time is larger than light-crossing time

§Cooling is determined by synchrotron and 
Compton:  

Electron cooling

Electrons cool before escaping
• Escape time is certainly larger than light-crossing time

• What determines cooling? In compact astrophysical sources

mostly synchrotron radiation and Compton scattering
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§Cooling

§Rate of energy exchange with low-energy 
   thermal pool of electrons 

§Thermalization happens at low energies

§Anything else? We forgot about magnetic fields…   

Thermalization by Coulomb collisions

Thermalization by Coulomb collisions
• Cooling

• Rate of energy exchange with a
low energy thermal pool of
electrons by Coulomb collisions

• Thermalization happens only at
rather low energies:

• Anything else? Yes, we forgot
about magnetic fields…
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§ Assume power-law distribution 

§ Electron heating in self-absorption 
 regime at 𝜸 ≫ 𝟏

§ Electron cooling 

§ Ratio of heating to cooling  

§ In non-relativistic regime 

§ Thus, at low energies heating always dominates 

Thermalization by synchrotron self-absorption
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 Synchrotron self-absorption
• Assume power-law e–

distribution:

• Electron heating in self-

absorption (SA) regime for
γ>>1:

• Electron cooling

• Ratio of heating and

cooling in SA relativistic

regime:

• Nonrelativistic limit
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"#3 is a solution? 

"Turbulent plasma reactor"- Kaplan, Tsytovich

It is not a solution! Rees 1967, McCray 1969, 

Ghisellini et al. 1988
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Ghisellini et al. 1988, 1998, Poutanen & Vurm 2009, Malzac & Belmont 2009 



Photon and electron distributions at state transitions
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Soft state electron distribution is hybrid

E, keV

Cygnus X-1
Cygnus X-1

GRS 1915+105



Polarization from a Comptonizing slab 
(application to the hard state)

Poutanen, Veledina, Beloborodov 2023

scattering that the PD strongly depends on the angular
distribution of incident photons (Beloborodov 1998; Belobor-
odov & Poutanen 1999). This effect is more important at the
energies where the first scattering dominates. For the slab
corona, the static model results in a rapidly growing PD in the
IXPE range, but it stays below 2% for i= 30°. Increasing the
velocity of the outflow gives a higher PD, which can reach the
observed 4% at i= 30° only when β0> 0.6. Such a high
terminal velocity is required to produce the necessary photon
anisotropy in the flow rest frame due to relativistic aberration.
We note that the average velocity of the outflow in that case is a
factor of 2 smaller and therefore is consistent with the estimate
β= 0.3 by Beloborodov (1999) that is required to achieve the
photon spectral slope and the reflection fraction observed in
Cyg X-1. The terminal velocity is somewhat larger than the
equilibrium velocity of the electron–positron pairs, which may
indicate the presence of a significant amount of protons and
ions in the outflow and the role of magnetic processes (rather
than radiation pressure) in the flow acceleration.

The model with the internal synchrotron seed photons can
reproduce an energy-independent 4% PD at i≈ 30° for a more
modest velocity of β0= 0.4–0.5 because in the IXPE range,

multiple scatterings are important, and the angular distribution
of seed photons does not play any role. Once we combine the
mildly relativistic velocity with the anisotropy of the seed
photons coming from the outer truncated disk, even higher PDs
can be achieved. We conclude that in order to get 4% parallel
polarization throughout the IXPE range assuming inclination of
30°, a mildly relativistic outflow velocity β0≈ 0.4 is needed
together with either anisotropic distribution of seed soft
photons coming from the outer cool disk or dominance of
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scattering that the PD strongly depends on the angular
distribution of incident photons (Beloborodov 1998; Belobor-
odov & Poutanen 1999). This effect is more important at the
energies where the first scattering dominates. For the slab
corona, the static model results in a rapidly growing PD in the
IXPE range, but it stays below 2% for i= 30°. Increasing the
velocity of the outflow gives a higher PD, which can reach the
observed 4% at i= 30° only when β0> 0.6. Such a high
terminal velocity is required to produce the necessary photon
anisotropy in the flow rest frame due to relativistic aberration.
We note that the average velocity of the outflow in that case is a
factor of 2 smaller and therefore is consistent with the estimate
β= 0.3 by Beloborodov (1999) that is required to achieve the
photon spectral slope and the reflection fraction observed in
Cyg X-1. The terminal velocity is somewhat larger than the
equilibrium velocity of the electron–positron pairs, which may
indicate the presence of a significant amount of protons and
ions in the outflow and the role of magnetic processes (rather
than radiation pressure) in the flow acceleration.

The model with the internal synchrotron seed photons can
reproduce an energy-independent 4% PD at i≈ 30° for a more
modest velocity of β0= 0.4–0.5 because in the IXPE range,

multiple scatterings are important, and the angular distribution
of seed photons does not play any role. Once we combine the
mildly relativistic velocity with the anisotropy of the seed
photons coming from the outer truncated disk, even higher PDs
can be achieved. We conclude that in order to get 4% parallel
polarization throughout the IXPE range assuming inclination of
30°, a mildly relativistic outflow velocity β0≈ 0.4 is needed
together with either anisotropic distribution of seed soft
photons coming from the outer cool disk or dominance of
multiple scattering, which is a natural outcome of synchrotron
photon injection at very low energies.
We also note that our model predicts PDs exceeding 10% at

high inclinations i> 60°, which potentially could be observed
in other BH X-ray binaries. Similarly high polarization is also
expected from highly inclined accretion flows in Seyfert
galaxies of intermediate types (see, e.g., Gianolli et al. 2023 for
the case of NGC 4151).

We thank P. Abolmasov and the referee A. A. Zdziarski for
valuable suggestions. J.P. and A.V. acknowledge support from
the Academy of Finland grant 333112. A.M.B. is supported by
NSF grant AST2009453, NASA grant 21-ATP21-0056, and

Figure 4. Spectro-polarimetric properties of model (A) of a slab corona of Te = 100 keV and Tbb = 0.1 keV with the outflow of terminal velocity β0 = 0.4. (a)
Spectral energy distribution of the escaping radiation at inclination i = 30° scaled to produce the angle-integrated bolometric luminosity of L = 1037 erg s−1. Blue
solid, dotted, dashed, dotted–dashed, triple-dotted–dashed, and long-dashed lines show the contribution of different scattering orders n = 0, 1, 2, 4, 7, and 10,
respectively. The black solid line gives the total spectrum. (b) The PD as a function of energy at the same inclination for the total radiation (black solid) and for
different scattering orders is shown. (c) Angular distribution of the intensity at optical depth τ = (3/4)τ0 (where β = 0.3) for the same scattering orders as above at the
corresponding peaks of EIE. The black and red curves correspond to the lab and comoving frame intensities, respectively. The lab-frame intensities are normalized to
unity at the maximum. (d) Angular dependence of PD for the same scattering orders at the same energies as the intensity. The IXPE energy range is marked by a beige
vertical stripe in panels (a) and (b).

5

The Astrophysical Journal Letters, 949:L10 (9pp), 2023 May 20 Poutanen, Veledina, & Beloborodov

scattering that the PD strongly depends on the angular
distribution of incident photons (Beloborodov 1998; Belobor-
odov & Poutanen 1999). This effect is more important at the
energies where the first scattering dominates. For the slab
corona, the static model results in a rapidly growing PD in the
IXPE range, but it stays below 2% for i= 30°. Increasing the
velocity of the outflow gives a higher PD, which can reach the
observed 4% at i= 30° only when β0> 0.6. Such a high
terminal velocity is required to produce the necessary photon
anisotropy in the flow rest frame due to relativistic aberration.
We note that the average velocity of the outflow in that case is a
factor of 2 smaller and therefore is consistent with the estimate
β= 0.3 by Beloborodov (1999) that is required to achieve the
photon spectral slope and the reflection fraction observed in
Cyg X-1. The terminal velocity is somewhat larger than the
equilibrium velocity of the electron–positron pairs, which may
indicate the presence of a significant amount of protons and
ions in the outflow and the role of magnetic processes (rather
than radiation pressure) in the flow acceleration.

The model with the internal synchrotron seed photons can
reproduce an energy-independent 4% PD at i≈ 30° for a more
modest velocity of β0= 0.4–0.5 because in the IXPE range,

multiple scatterings are important, and the angular distribution
of seed photons does not play any role. Once we combine the
mildly relativistic velocity with the anisotropy of the seed
photons coming from the outer truncated disk, even higher PDs
can be achieved. We conclude that in order to get 4% parallel
polarization throughout the IXPE range assuming inclination of
30°, a mildly relativistic outflow velocity β0≈ 0.4 is needed
together with either anisotropic distribution of seed soft
photons coming from the outer cool disk or dominance of
multiple scattering, which is a natural outcome of synchrotron
photon injection at very low energies.
We also note that our model predicts PDs exceeding 10% at

high inclinations i> 60°, which potentially could be observed
in other BH X-ray binaries. Similarly high polarization is also
expected from highly inclined accretion flows in Seyfert
galaxies of intermediate types (see, e.g., Gianolli et al. 2023 for
the case of NGC 4151).

We thank P. Abolmasov and the referee A. A. Zdziarski for
valuable suggestions. J.P. and A.V. acknowledge support from
the Academy of Finland grant 333112. A.M.B. is supported by
NSF grant AST2009453, NASA grant 21-ATP21-0056, and

Figure 4. Spectro-polarimetric properties of model (A) of a slab corona of Te = 100 keV and Tbb = 0.1 keV with the outflow of terminal velocity β0 = 0.4. (a)
Spectral energy distribution of the escaping radiation at inclination i = 30° scaled to produce the angle-integrated bolometric luminosity of L = 1037 erg s−1. Blue
solid, dotted, dashed, dotted–dashed, triple-dotted–dashed, and long-dashed lines show the contribution of different scattering orders n = 0, 1, 2, 4, 7, and 10,
respectively. The black solid line gives the total spectrum. (b) The PD as a function of energy at the same inclination for the total radiation (black solid) and for
different scattering orders is shown. (c) Angular distribution of the intensity at optical depth τ = (3/4)τ0 (where β = 0.3) for the same scattering orders as above at the
corresponding peaks of EIE. The black and red curves correspond to the lab and comoving frame intensities, respectively. The lab-frame intensities are normalized to
unity at the maximum. (d) Angular dependence of PD for the same scattering orders at the same energies as the intensity. The IXPE energy range is marked by a beige
vertical stripe in panels (a) and (b).

5

The Astrophysical Journal Letters, 949:L10 (9pp), 2023 May 20 Poutanen, Veledina, & Beloborodov

Thermal Comptonization in an outflowing corona
       kTe=100 keV, kTbb=0.1 keV, b0=v/c=0.4



Varying electron temperature   
(hard-soft state transition)

Thermal Comptonization in a static corona
       kTe=100 keV, kTbb=0.1 keV, t=1, b0=v/c=0
 kTe=25 keV, kTbb=0.3 keV, t=1, b0=v/c=0
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Conclusion

• It is rather natural to expect hybrid= 
thermal+nonthermal electron distribution. 

 
•  Variations in the role of the disc soft photons may 

nearly completely explain the difference in the 
X/gamma-ray spectra of hard vs soft states. 

• In the soft state, Compton scattering in a hybrid (static) 
slab-corona is consistent with the observed X-ray 
spectrum of Cyg X-1 and thermal Comptonization at low 
kTe produces X-ray polarization. 

• No high spin, returning radiation or reflection is needed. 


