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Abstract

The upcoming Imaging X-ray Polarimetry Explorer (IXPE; 2-8 keV) and XL-Calibur (15-75 keV) missions will
make it possible to measure the linear polarization of X-rays from mass-accreting stellar mass black holes with
unprecedented sensitivity, enabling the accurate measurement of percent-level and in some cases even sub-percent-
level polarization fractions. The measurements are expected to constrain the spins, inclinations, and the structure of
the accretion flows of the observed black holes. The effects of Faraday rotation and birefringence of the quantum
electrodynamics vacuum may impact the observable polarization fractions and angles, complicating the
interpretation of the results. We estimate the importance of both effects for X-rays from stellar mass and
supermassive black holes and discuss the implications of the results for the upcoming IXPE and XL-Calibur

observations.

Unified Astronomy Thesaurus concepts: Stellar mass black holes (1611); Supermassive black holes (1663); Black
hole physics (159); High energy astrophysics (739); Particle astrophysics (96)

1. Introduction

The X-ray polarimetry missions Imaging X-ray Polarimetry
Explorer (IXPE; 2-8 keV, launches in 2021; Soffitta et al.
2020) and XL-Calibur (15-75 keV, launches in 2022 and 2023;
Abarr et al. 2021) are expected to deliver the first high-accuracy
measurements of the linear polarization fractions and angles of
the intermediate and hard X-rays from stellar mass black holes.
For the brightest extragalactic sources, IXPE may also deliver
some first polarization detections. The X-ray polarimetry
observations will give us two new observables (polarization
fraction and angle, or Stokes Q/I and U/I, giving the fractional
intensities of the polarization along the vertical /horizontal and
diagonal directions, respectively) that can be used to test and
refine models that were developed based on spectral (Stokes 1)
and timing information alone. Note that the measurement of the
circular polarization (Stokes V) of the X-rays from astro-
physical sources is not feasible with the currently available
technologies.

The X-rays from stellar mass black holes in the thermal state
are believed to come from a geometrically thin, optically thick
multitemperature accretion disk. Detailed general relativistic
magnetohydrodynamic (GRMHD) simulations of such systems
largely validate the results from the early analytical solutions of
Shakura & Sunyaev (1973), Novikov & Thorne (1973), and
Page & Thorne (1974) in terms of the radial temperature and
luminosity profiles (Kulkarni et al. 2011; Noble et al. 2011;
Zhu et al. 2012). If geometrically thin, optically thick accretion
disks are indeed rather simple, then the 2-8keV IXPE
observations of the linear polarization fraction and angle of
the thermal emission, plus the 15-75keV XL-Calibur con-
straints on the polarization properties of the power-law
component, will enable a new way of measuring the inclination
(angle between the angular momentum vector of the inner
accretion disk and the observer; Li et al. 2009), and the spin of
the black hole (Schnittman & Krolik 2009; Dovciak et al. 2012;

Krawczynski 2012). The observations of the intermediate and
hard states with IXPE and XL-Calibur will make it possible to
constrain the disk and corona geometry and location (Schnittman
& Krolik 2010; Schnittman et al. 2013a; Beheshtipour et al. 2017;
Zhang et al. 2019). The observations will test the thin disk and
corona paradigms, and are important for validating or refining
black hole spin-measurement methods (e.g., Brenneman 2013;
Krawczynski 2018; Tomsick 2019).

Most polarization predictions in the literature assume that the
effects of Faraday rotation and conversion (Rybicki & Lightman
1986; Huang 2011) and quantum electrodynamics (QED) vacuum
birefringence (Euler & Kockel 1935; Heisenberg & Euler 1936;
Weisskopf 1936; Schwinger 1951; Toll 1952; Adler 1971; Tsai &
Erber 1975; Heyl & Hernquist 1997; Dittrich & Gies 1998;
Schubert 2000; Hattori & Itakura 2013; Pétri 2015; Denisov et al.
2017; Heyl & Caiazzo 2018) on the linear polarization properties
of the X-rays can be neglected. This would put X-ray polarimetrzy
in a privileged position as Faraday rotation (proportional to \“)
and Faraday conversion (proportional to A\*) are known to play an
important role at longer wavelengths, and QED vacuum
birefringence (proportional to 1/)\) may impact the linear
polarization properties at shorter wavelengths (Caiazzo & Heyl
2018).

Davis et al. (2009) use detailed shearing-box simulations of
small segments of stellar mass black hole accretion disks
to estimate the impact of Faraday rotation on the linear
polarization of the thermal X-rays, and found that its
effect tapers out around 2keV. Caiazzo & Heyl (2018)
raise the possibility that QED birefringence affects the
observed polarization properties. Their calculation assumes
mid-disk magnetic field strengths, which may exceed those of
the regions outside of the accretion disk photosphere that
the X-rays traverse on their way from their emission to the
observer.

In this paper, we present the first estimates of the relative
importance of Faraday rotation and QED birefringence for the
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polarization of X-rays from mass-accreting stellar mass and
supermassive black holes. Our main focus is on these two
effects after the emission leaves the photosphere of the
accretion disk and traverses the inner region of the accretion
flow where magnetic fields may be appreciable. We start the
discussion focused on mass-accreting stellar mass black holes.
We use constraints on the Thomson optical depth and the
assumption of pressure equipartition between the magnetic
field and the electrons to derive estimates of the electron
density n. and the magnetic field B above and below the
accretion disk (Section 2). Based on these estimates, we assess
the relative importance of Faraday rotation and QED
birefringence (Section 3). The local equipartition between
the magnetic field and electron pressures may not hold in
the central regions of the accretion flows, and we evaluate
the impact of much stronger magnetic fields in Section 4. We
conclude with a discussion of how the situation changes for
active galactic nuclei (AGNs), and the consequences of our
findings for the upcoming IXPE and XL-Calibur observations.
We use cgs units throughout the paper.

2. Faraday Rotation and QED Birefringence

Throughout this section and the next, we assume that the plasma
above and below the inner accretion disk, as well as in the inner
accretion disk photosphere, is fully ionized. For stellar mass black
holes and light elements (which make up most of the plasma) this
is a good approximation. Radiation propagating through a
magnetized plasma with electron density 7, and magnetic field B
rotates the polarization direction by the angle Afg:

3 d
A&F:%f n,B - ds (1
mg ccw* Jo

where e is the electron charge, m, is the mass of the electron, ¢
is the speed of light, w is the radiation’s angular frequency, and
d is the traversed distance. The result is positive for a right-
handed circular polarization with the thumb pointing parallel to
the wavevector (Rybicki & Lightman 1986; Huang 2011). We
can compare the relative impacts of Faraday rotation and
electron scattering on the X-ray photons by noting that the
Thomson optical depth is given by:

d
r= fo ne oy ds )

where ot denotes the Thomson cross section. Even though the
Faraday rotation measure and optical depth are very different
quantities, both of them have a negligible impact on the
emerging radiation as long as fr < 1 and 7 < 1. The relative
importance of both effects depends on the magnetic field
and the photon frequency w (or wavelength \). Assuming
B - ds ~ B ds, and inserting constants, we get:

dop/ds 3 /\—28
dr/ds 1672 ¢

3)

Faraday rotation thus becomes significant relative to Thomson
scattering if the ratio exceeds unity which is satisfied for:

2 E. \?
16m° ¢ 16 x 106(—') G )

B >
22 keV

with E, denoting the photon energy.
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The effect of vacuum birefringence depends on the strength
of the magnetic field in units of the critical magnetic field:

m? c3

Me € ~ 4413 x 108 G. 5)

B:
¢ eh

For weak magnetic fields with B < B,, the difference of the
refractive indices for the radiation polarized parallel and
perpendicular to the plane of the ambient magnetic field B
and the radiation’s wavevector k is given by Toll (1952) and
Chanan et al. (1979):

2
« BL
n—n=—7,/=—|1, 6
= 307r(Bc) ©

where a & 1/137 is the fine-structure constant (Zyla et al.
2020) and B, is the strength of the magnetic field B
perpendicular to k.

Chanan et al. (1979) discuss the implication of Equation (6)
on the polarization of polarized beams for a constant magnetic
field, and for magnetic fields with varying magnitudes and
fixed or variable directions. The magnitude of the birefringence
can be characterized by the phase difference incurred by the
beams with parallel and perpendicular polarizations. From
Equation (6) we get with k=wn/c:

Af —fd(k—k)ds— aw (B, %
Qen = Jo T 30m Jo \B. )<

QED birefringence is of order unity or larger for:

— —-1/2
B > 16 x 10*{*) 1/2( E, ) ' G (¥
2 x 10’ cm 1 keV

Here d =2 x 10’ cm is approximately 10 times the gravita-
tional radius of a 15 M, black hole. The result shows already
that very strong magnetic fields are needed to render QED
birefringence relevant.

Referencing the Stokes parameters such that Q= +1
corresponds to the linear polarization direction in the B—k
plane, the effect of vacuum birefringence causes a rotation of s
around the Q-axis, so that U rotates into V and vice versa.
When the beam is not entirely monochromatic, and the effect of
vacuum Dbirefringence is strong (Afggp > 1), the energy
dependence of the rotation angle leads to a cancellation of
the net U and V components. If the magnetic field direction
changes slowly, the adiabatic theorem in quantum mechanics
implies that Q referenced to the slowly rotating B—k plane stays
constant, while U and V average to zero (see Chanan et al. 1979
and also Gnedin et al. 1978; Pavlov & Shibanov 1979; Pavlov
et al. 1979; Heyl & Shaviv 2000).

In the following we calculate 6 assuming that B||k holds,
and fqgp for the case of B_Lk. In actual astrophysical sources,
the direction of B is expected to vary along the photon
trajectories, and the values that we calculate thus overestimate
the expected effects. We will see that 0 < 1 and fgpp < 1 for
good portions of the relevant parameter space. If one of the
values is comparable or much larger than 1, the combined
effects of the difference in path lengths of the X-rays reaching
the observer, the integration over a finite range of energies, and
the expected variation of the magnetic field direction in
different portions of the flow are likely to lead to a stochastic
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Figure 1. Equipartition magnetic field strength as function of the electron-
scattering optical depth 7 for photon propagation over 10 gravitational radii of a
15 M., black hole, assuming an electron temperature of 100 keV.

distribution of the rotation angles of different photons leading
to a strong suppression of the net polarization.

3. Estimates of the Impact of Faraday and QED
Birefringence on Linearly Polarized X-rays

Using the assumption that the scattering is dominated by a
rather high density n.(x) &~ const over the distance d, we can
derive a constraint on n. from the measured electron-scattering
depth 7:

T

ne(t, d) = ©)

ar
Assuming that the magnetic field pressure PB:Bz/ 87 is in
equipartition with the electron pressure P, = n.kgT., we get a
magnetic field of

B(ne, Te) = 87 ne T (10)

For a given 7, d, and T,, we can thus estimate B and n., and use
these values to estimate Afr and Afggp.

In the following, we present the results for a black hole of
mass M =15M; and a gravitational radius r,= GM/c2:
2.2 % 10° cm (22 km). This mass is close to that of the black
holes Cyg X-1 (14.8 £ 1.0 M, Orosz et al. 2011) and GRS
19154105 (12.477 ¢ M., Reid et al. 2014).

We consider the propagation of X-rays for different optical
depths that the photons traverse before escaping from the inner
accretion-flow region. The photons may come from the
accretion disk or the corona. Most X-ray photons originate in
the central portion of the accretion flow, and we start with the
assumption that the 0 and Oggp values build up over a distance
d=10r,, and that the electron temperature is 7= 100keV.

For 7-values between 0.001 and 10, Equations (2)—(10) lead
to magnetic fields between 2 x 10* and 2 x 10° G (Figure 1).
In the remainder of this section, we evaluate the consequences
of such magnetic fields. We will discuss the impact of stronger
magnetic fields in Section 4.

Figure 2 shows the implied ¢ and Oggp as a function of
the photon energy. Note that our assumption of a constant
orientation of B along the path of the photons breaks down for
7~ 1 as the photons change their directions when scattering.
The results are still interesting, as they constrain the relative
typical strength of Faraday rotation and vacuum birefringence
effects.
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Figure 2. Faraday rotation measure g (solid lines) and QED birefringence
phase difference fgopp between the modes parallel and perpendicular to the
magnetic field (dotted lines) as a function of the photon energy. The results are
shown here for the photon propagation over 10 gravitational radii of a 15 M,
black hole, assuming an electron temperature of 100 keV, and a magnetic field
in pressure equilibrium with the electrons. The optical depths decrease from top
to bottom.

The figure shows that either the electron density is so low
and the magnetic field is so weak that Faraday rotation and
QED birefringence are both negligible, or, Faraday rotation is
much stronger than QED birefringence for all energies below at
least 20 keV.

Varying one parameter at a time, we get the following
scaling relations: 0g(d) d~'/? and fqep(d) is independent of
d, and Og(T.) x \/Te and Oopp(Te) x T.. If the X-rays run
through a 100 (10,000) times smaller region of appreciable 7,
and B with a similar net 7 (e.g., within the photosphere of the
accretion disk or in a compact wedge corona above and below
the accretion disk), 0 would be 10 (100) times larger, and Ogrp
would not change. Faraday rotation would thus dominate even
more over QED birefringence. For larger d, Faraday rotation
becomes less important, and QED birefringence remains
unimportant. Similarly, varying 7, from temperatures of a
few keV all the way to mec” hardly changes the result.

The results above depend on the assumption of equal
magnetic field and electron pressures in the tenuous plasma
above and below the accretion disk. Dropping this hypothesis,
we can derive the limiting magnetic field for which the QED
birefringence phase difference increases more rapidly than the
Faraday rotation measure, i.e., for which dfqgp/ds > dfg/ds.
Combining Equations (1), (7), and (9) we get:

-1 E. -3
B>15x 109(i)( d ) ( i ) G, (1)
0.1)\2 x 107 cm 1 keV

where we used the rough estimates that B-ds ~Bds and
B, ~ B. This result shows that very strong magnetic fields or
photon energies >10keV are needed to render QED birefrin-
gence similarly or more important than Faraday rotation.

4. Discussion

Any estimates of the magnetic field strength and electron
density in the tenuous plasma above and below the accretion
disk need to be taken with a grain of salt. The observed
energy spectra constrain the electron-scattering optical depths
and densities. For stellar mass black holes, detailed GRMHD
and shearing-box calculations have been carried out. In the
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following, we compare our magnetic field estimate of 2 x 10°
G derived from the equipartition hypothesis for 7=0.1
(Figure 2) with various theoretical and observational
constraints.

The GRMHD simulations of Schnittman et al. (2013b) of a
10 M, black hole accreting at 10% of the Eddington luminosity
indicate magnetic field values of between 5 x 10° and 5 x 10°
G in the central radiation-pressure-dominated region of the
accretion flow along the 7=0.1 contour (see their Figure 3).
That is somewhat higher than the equipartition value derived
above, but does not significantly change the conclusions of our
previous discussion. Hirose et al. (2009) use 3D shearing-box
simulations to study the vertical structure of the accretion disk
of a 6.62 M, black hole accreting at 10% of the Eddington
luminosity. In the inner portion of the accretion flow, the
radiation pressure and magnetic field pressure are in rough
equilibrium and exceed the gas pressure by roughly one order
of magnitude. At a radial distance of » =30 r, from the black
hole, they infer a magnetic field strength of 3 x 10° G in the
scattering photosphere (see their Figures 16 and 18). Extra-
polating their results from 30 to 10 r, according to B o< ro34
(Shakura & Sunyaev 1973, Equation (2.11)) gives a magnetic
field of 8 x 10° G.

For a maximally spinning black hole, the accretion disk
extends closer to the black hole, where the magnetic fields are
stronger.

It should be noted that none of the existing MHD studies
produce the corona self-consistently, including the Compton
scattering and the low Coulomb collisionality of the coronal
plasma, and therefore the vertical temperature and magnetic
field structure of the corona is uncertain. It is likely that
magnetic reconnection will convert some of the magnetic
energy of the tenuous plasma into thermal or nonthermal
particle energy (see, e.g., Kadowaki et al. 2018, and references
therein).

We get similar results based on the a-disk model of Shakura
and Sunyaev. Based on their Equation (2.11), the mid-disk
magnetic field of a 15 M., black hole is ~6 x 10’ G at 10 re
(Shakura & Sunyaev 1973). The result from Hirose et al.
(2009) that the magnetic field outside of the accretion disk
photosphere is one order of magnitude weaker than in the disk
midplane leads again to a magnetic field in the mid 10°G
range.

Another magnetic field estimate can be derived from the
observations of an accretion disk wind of the stellar mass black
hole GRS 1915+105 (Miller et al. 2016). Assuming magneto-
hydrodynamic or magnetocentrifugal launching of the wind,
the authors infer magnetic fields of between 10*and 10°G at
the wind-launching radius of ~850 r,. In the inner radiation-
dominated zone of the Shakura & Sunyaev model, the
magnetic field scales proportional to r P with p=0.75
(Shakura & Sunyaev 1973). Further outwards, the field drops
faster reaching an index of p=1.31 in the third zone. For
p =0.75, the magnetic field at 10 r, would be about 30 times
stronger than at 850 r,. This route thus gives magnetic field
values between 10° G and several times 10’ G. Larger p values
would lead to even stronger magnetic fields. Such strong
magnetic fields may result from the accretion-flow advecting
magnetic fields from the stellar companion and may play an
important role in launching collimated outflows (jets), see, e.g.,
Tchekhovskoy et al. (2011), and references therein.
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Figure 3. Faraday rotation measure g (solid lines) and QED birefringence
phase difference fggp for photons traversing a 10 r, large region with an
electron-scattering optical depth 7= 0.1 as a function of the magnetic field
strength B for a 15 M, black hole. Note that the magnetic fields decrease from
top to bottom.

The discussion above indicates that the X-rays may
experience much stronger magnetic fields than those discussed
in Section 3. Figure 3 demonstrates how 0 and 6ogp computed
for 7=0.1 change when we increase the magnetic field
strength from 2 x 10° G to values as high as 2 x 10® G. For
B=2x 10" G, Faraday rotation dominates up to approxi-
mately 4 keV, at which QED birefringence becomes dominant.
Note that both effects are still rather weak at this energy
with 0~ 0gpp ~4°. For even stronger magnetic fields of
B=2x10% G, both effects become important, with QED
birefringence starting to dominate over Faraday rotation at
approximately 2 keV where 0 ~ 0qgp ~ 180°.

Our discussion focused simplistically on the Faraday rotation
and QED birefringence incurred over a ~10 r, distance close
to the black hole. We assumed that n. drops quickly as
the photons propagate away from the black hole, rendering the
contribution of large distances to 6 unimportant. Although
QED birefringence is independent of ., it depends quad-
ratically on B, so that the net contribution of large distances to
forp may also be negligible. For regions far away from the
central flow, it becomes increasingly unlikely that the angles
between B and k do not change along the photons’ trajectories,
reducing the maximum possible values of 6 and Hqgp.

We can summarize the discussion by noting that Faraday
rotation and QED birefringence are rather weak for large
regions of the likely parameter space of mass-accreting stellar
mass black holes. Extremely strong magnetic fields on the
order of 108 G—which may be required to launch jets or winds
—can lead to strong Faraday rotation and QED birefringence
effects. For such magnetic fields, both effects could compete
for dominance right in IXPE’s 2-8keV energy range. The
likely net effect of both effects would be a reduction of the
observed linear polarization fractions. Depolarization owing to
QED birefringence might be responsible for the <8.6% upper
limit on the polarization fraction of the 18—-181keV emission
from the stellar mass black hole CygX-1 reported by the
POGO+ team (Chauvin et al. 2018).

How does the situation change for supermassive black
holes? For a 10° M. black hole, 10 gravitational radii
correspond to a distance of 1.48 x 101 cm. From

10° M,
Equation (8) we infer that QED birefringence can play a role
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for:

172
B > 18 x 104( ) G. (12)

d —1/2 E.
1.5 x 101 cm) (1 keV

Equation (11) implies that QED birefringence can dominate
over Faraday rotation for:

15 E -3
B~ 201 7% 1.5 x 10" cm ( . ) G (13)
d 1 keV

Equation (12) sets the more stringent requirement.

The accretion disks of AGNs are able to produce ~10* G
midplane magnetic fields (Thorme et al. 1986). Again, as for
stellar mass black holes, the strength of the QED birefringence
effect will depend on how the disk magnetic fields extend into
the region outside of the disk, the presence of advected magnetic
fields, and the orientation and uniformity of the magnetic field.

If Faraday rotation or QED birefringence strongly modify
the X-ray polarization from stellar mass and supermassive
black holes, it will be challenging to disentangle the effects of
the emission and reflection processes from the effects of the
propagation of the X-rays through the magnetized plasma and
QED vacuum. For observationally well-constrained black
holes, simultaneous broadband spectroscopic observations with
missions like NICER and NuSTAR and broadband spectro-
polarimetric observations with missions like IXPE and XL-
Calibur can be used to constrain the geometry of the accretion
flow based on the spectral information, and the properties of the
plasma and vacuum through which the X-rays propagate based
on the polarization information (see also Krawczynski et al.
2019; Jahoda et al. 2019).
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