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Abstract The past 10 years have seen remarkable progress
in our capability of analyzing reflection features in the X-
ray spectra of accreting black holes. Today X-ray reflection
spectroscopy is a mature technique and a powerful tool for
studying the accretion process around black holes, measuring
black hole spins, and testing Einstein’s theory of General Rel-
ativity in the strong field regime. However, current reflection
models still rely on a number of simplifications and caution
is necessary when we derive very precise measurements. In
this paper, we study the impact of the returning radiation
on our capability of measuring the properties of black holes
using X-ray reflection spectroscopy, and in particular on our
capability of testing the Kerr black hole hypothesis. While
the returning radiation alters the reflection spectrum of the
disk, from the analysis of our simulations we find that mod-
els without returning radiation can normally recover well the
correct black hole spin parameters and can test the Kerr met-
ric.

1 Introduction

Blurred reflection features are common in the X-ray spectra
of accreting black holes and are produced by illumination
of a “cold” accretion disk by a “hot” corona [1-3] (for a
recent review, see Ref. [4]). The prototype of the astrophys-
ical system is shown in Fig. 1. A black hole is surrounded
by a geometrically thin and optically thick accretion disk.
The gas in the disk is in local thermal equilibrium and every
point on the surface of the disk has a blackbody spectrum.
The whole accretion disk has a multi-temperature blackbody
spectrum because the temperature of the gas increases as it
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falls into the gravitational well of the black hole. The disk is
cold because the gas can efficiently cool down by emitting
radiation. The spectrum of the disk is normally peaked in
the soft X-ray band in the case of stellar-mass black holes in
X-ray binary systems and in the UV band in the case of super-
massive black holes in active galactic nuclei. The corona is
some hotter plasma (~ 100 keV) near the black hole and
the central part of the accretion disk, even if its exact mor-
phology is not yet well understood. The corona may be the
base of the jet, the hot atmosphere above the accretion disk,
the gas in the plunging region between the inner edge of the
disk and the black hole, etc. Thermal photons from the disk
can inverse Compton scatter off free electrons in the corona.
The Comptonized photons can illuminate the disk: Compton
scattering and absorption followed by fluorescent emission
generate the reflection spectrum.

The reflection spectrum in the rest-frame of the material
in the disk is characterized by narrow fluorescent emission
lines in the soft X-ray band and a Compton hump with a
peak around 20-30 keV [6,7]. The most prominent emis-
sion line is normally the iron Ko complex, which is a narrow
feature at 6.4 keV for neutral or weakly ionized iron atoms
and shifts up to 6.97 keV for H-like iron ions. The reflection
spectrum of the whole disk as seen by a distant observer is
blurred because it results from the sum of photons emitted
from different parts of the accretion disk and affected by dif-
ferent gravitational redshift and Doppler boosting [1,8,9].
X-ray reflection spectroscopy is the analysis of these rela-
tivistically blurred reflection features and, in the presence of
high-quality data and a sophisticated theoretical model, it is
a powerful tool to study the accretion process in the strong
gravity region of black holes, measure black hole spins (and
it is currently the only robust technique to measure the spins

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-023-12031-7&domain=pdf
mailto:bambi@fudan.edu.cn

838 Page2of 10

Eur. Phys. J. C (2023) 83:838

Comptonized
Photons

Thermal Photons Corona Reflection
— . — ]

Accretion Disk Black Hole

Fig. 1 Disk-corona system. Figure from Ref. [5] under the terms of
the Creative Commons Attribution 4.0 International License

of supermassive black holes), and test General Relativity in
the strong field regime [4].

In the past 10 years, there have been significant advance-
ments in our capability of analyzing these relativistically
blurred reflection features in the X-ray spectra of black
holes, thanks to a new generation of theoretical models
(e.g..kyn[10],reflkerr[I11,12],relxill [13,14], and
reltrans [15]) and new X-ray observatories (e.g. NuS-
TAR [16]). However, all the available reflection models are
based on a number of simplifications and, in the presence of
high-quality data, such modeling simplifications may lead to
systematic uncertainties in the estimate of the model param-
eters that could exceed their statistical uncertainties. It is thus
crucial to understand the impact of these modeling simplifi-
cations in the measurements of the properties of black holes.
If these modeling uncertainties were not under control, we
could have very precise but not very accurate measurements,
which could easily lead to incorrect physical interpretations.

In the past few years, our group has developed the
model relxill_nk [17,18], which is an extension of the
relxill package [13,14] specifically designed to test the
Kerrblack hole hypothesis (i.e., whether the spacetime geom-
etry around black holes is described by the Kerr solution
as expected from General Relativity and in the absence of
exotic fields) [19]. relxill_nk has been used to analyze
a number of X-ray spectra of both stellar-mass and super-
massive black holes (see, for instance, Refs. [20-24]). Such
X-ray tests currently provide among the most stringent con-
straints on possible deviations from the Kerr solution (see,
e.g., Fig. 13 in Ref. [25]). Here we want to extend exist-
ing studies to understand modeling uncertainties in tests of
the Kerr black hole hypothesis using X-ray reflection spec-
troscopy.

The impact of some simplifications in current reflection
models to test the Kerr hypothesis has already been discussed
in the literature. For example, all the available reflection mod-
els assume that the accretion disk is geometrically thin and
the motion of the gas in the disk is Keplerian. If we use our
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reflection models to fit the data of sources with thick disks,
we can easily obtain incorrect estimates of some parameters
of the system even if the quality of the fit is good [26,27],
which means that current measurements of black holes with
high mass accretion rates are not reliable. On the other hand,
reflection models seem to be suitable to analyze current data
of sources with thin disks, as it has been tested with obser-
vations in Refs. [28-31] and with simulations of accretion
disks generated by GRMHD codes in Ref. [32]. The impact
of the radiation from the plunging region has been inves-
tigated in Refs. [33,34]. If the plunging region is optically
thin, we can observer higher order disk images, which can
also contributed to the total observed reflection spectrum of
the source [33]. On the contrary, if the plunging region is
optically thick, it should also generate a reflection spectrum,
even if such a spectrum would not have reflection features
because of the high value of the ionization parameter in the
low density plunging region [34] (see also Refs. [32,35]).
In both cases, the impact of the radiation from the plung-
ing region seems to be negligible in current X-ray reflection
spectroscopy measurements, especially in the case of fast-
rotating black holes with a small plunging region.

In the present work, we want to study the impact of the
returning radiation, namely of the radiation emitted by the
disk and returning to the disk because of the strong light bend-
ing near black holes. The impact of the returning radiation
on the estimate of the model parameters in Kerr spacetime
was already investigated by two of us in Ref. [36], where
we concluded that the estimate of most parameters is not
significantly affected if the theoretical model to fit the data
does not include the calculation of the returning radiation
(see also the results in Ref. [37]). Here we study the impact
of the returning radiation on our tests of the Kerr black hole
hypothesis. In our study, we employ the latest version of
relxill in which the emissivity profile generated by a
lamppost corona is calculated including the returning radi-
ation [38] and we simulate some observations of a bright
Galactic black hole with NuSTAR [39] (as an example of
a current X-ray mission) and eXTP [40] (as an example of
future X-ray mission). As shown in the next sections, we
find that our model relxil1l_nk without returning radia-
tion can recover well the parameters of the spacetime even
in the case of future observations with eXTP. We conclude
that current constraints on the Kerr metric reported in the lit-
erature with relxill_nk are not appreciably affected by
the returning radiation.

The paper is organized as follows. In Sect.2, we briefly
review the lamppost coronal model, which is the coronal
model assumed in this paper and for which the latest ver-
sion of relxill includes the calculation of the returning
radiation. In Sect. 3, we present our simulations and fits. Our
results are discussed in Sect. 4.
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2 Returning radiation in the lamppost corona model

Aspreviously stated, the returning radiation refers to the radi-
ation emitted by the disk that returns back to the accretion
disk due to strong light bending. There could be a significant
fraction of photons returning back to the disk. We employed
our raytracing code to compute the single photon trajectory
in the Kerr spacetime to determine the fraction of returning
photons. In our raytracing algorithm, we fired photons from
a grid of radii, called emission radii r., spanning over the
whole accretion disk. The emission of photons in the gas
frame is assumed to be isotropic. The fraction of the return-
ing radiation per radial bin r, is then obtained by adding the
contribution from all emission points. We incorporate special
and general relativistic effects in our calculations. Figure 2
shows the fraction of radiation returning to the disk, falling
into the black hole or the plunging region (i.e. the region
between the innermost stable circular orbit, or ISCO, and
the event horizon), and escaping to infinity. It is important to
note that the computation of these fractions does not incor-
porate the corona’s emissivity profile. The results of Fig. 2
are well in agreement with those of Figure 2 in Ref. [38]. For
a maximally rotating black hole, a, = 0.998, near the inner
edge of the disk approximately 50% of the emitted photons
return back to the disk, up to 40% of photons either enter the
black hole or fall in the plunging region, and only a small
fraction of photons escape to infinity. For a given spin, the
fraction of the former two radiation components decreases
with increasing the emission radius, 7., while the fraction
of the latter component increases. This is because the effect
of gravitational light bending is weaker at larger radii. For a
given emission radius and decreasing the black hole spin, the
fraction of returning photons decreases, the fraction of pho-
tons captured by the black hole increases, and the fraction of
photons escaping to infinity remains almost the same.

10%

The geometry of the corona determines the emissivity pro-
file of the reflection spectrum of the accretion disk.! Assum-
ing energy conservation in the reprocessing of radiation in the
disk material, the fluxes of reflected and incident radiation
are equal [38]. The geometry of the corona in the vicinity
of accreting black holes remains unknown. However, sev-
eral configurations have been proposed in the literature [41—
43]. When the coronal geometry is unknown, the emissivity
profile can be modeled using an empirical radius-dependent
power-law or a broken power-law. In the case of a certain
coronal geometry, we can calculate the emissivity profile in
terms of a few parameters describing the corona. The lamp-
post model is currently the most popular coronal geometry,
in which the corona is supposed to be a point-like source at
a specific height i along the black hole spin axis [13,41,44].
This setup naturally produces highly focused irradiation of
the inner accretion disk for a source positioned at a low
height above the black hole, as it has been found in many
observations [13,41,44]. As a consequence, a notable frac-
tion of the radiation returns back to the accretion disk. Fig-
ure 3 shows the total fraction — over the entire accretion disk
of size 1000 M — of photons that return to the accretion
disk as a function of the corona’s height for different val-
ues of the black hole spin. For a maximally spinning black
hole, at the corona’s lowest height, the total returning frac-
tion exceeds 30%, which decreases to an almost insignificant
fraction beyond 2 = 10 M. This phenomenon is attributed to
the fact that, at an increased height of the corona, the illumi-
nation level on the inner portion of the disk is comparatively
reduced. Likewise, the returning fraction decreases at a lower
spin of the black hole. The reason for this is that when the
spinis decreased, the ISCO radius, which designates the loca-
tion of the disk’s inner edge, shifts towards a larger radius.
Furthermore, it is noteworthy that the total returning fraction

! The emissivity profile is the variation of the reflected bolometric flux
with disk radius [38,41].
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Fig. 3 Total fraction of radiation returning back to the accretion disk
for different values of the coronal height in the lamppost scenario. The
colors red, green, blue, and magenta correspond to black hole spins

Table 1 Input parameters and X-ray missions used to generate the sim-
ulated observations are listed in the first and second columns, respec-
tively. The models used to fit the simulated data are in the final column

as h [M] i [deg] X-ray mission(s) Fit

0.98 2 25,75 eXTP, NuSTAR Ip, Ip_nk
0.98 3 25,75 - NuSTAR Ip, Ip_nk
0.98 4 25,75 eXTP, NuSTAR Ip, Ip_nk
0.98 5 25,75 - NuSTAR Ip, Ip_nk
0.98 6 25,75 eXTP, NuSTAR Ip, Ip_nk
0.98 7 25,75 - NuSTAR Ip, Ip_nk
0.98 8 25,75 eXTP, NuSTAR Ip, Ip_nk
0.98 9 25,75 - NuSTAR Ip, Ip_nk
0.98 10 25,75 eXTP, NuSTAR Ip, Ip_nk

exhibits an increasing trend as the photon index (I') of the
corona’s continuum increases because the emissivity profile
from the corona follows &(r) o gr [38,41].

Due to intense gravitational light bending at the inner
disk, a fraction of reflected photons returns to the other
part of the disk, illuminating the disk and producing the so-
called secondary reflection [36,38]. This secondary reflec-
tion inevitably produces a distortion in the total reflection
spectrum, which, if ignored in the model computation, may
lead to a systematic bias in the final parameter estima-
tions [36], and may also affect tests of General Relativity
and of the Kerr metric. Recently, the model relxilllp,
the version of relxill with a lamppost corona, has been
updated to include the effect of returning radiation [38].
Within some simplifications to include the returning radia-
tion in the model, the authors of Ref. [38] find that the effect
of returning radiation is greater for a fast-rotating black holes
and a lower lamppost height, as it could have been expected.
They also find that the main impact of returning radiation is
to flatten the emissivity profile.

@ Springer

a, = 0.998,0.98, 0.90, and 0, respectively. The illumination profile of
the lamppost corona is calculated using a photon index of I' = 1.7 (left
panel), 2.0 (middle panel), and 2.3 (right panel)

3 Simulations and parameter estimates

As demonstrated in the preceding section, the returned radi-
ation may constitute a non-negligible fraction in certain sce-
narios. However, current publicly available relativistic reflec-
tion models, with the exception of relxilllp from the
relxill v2.0 package [38], ignore the influence of return-
ing radiation in the calculation of the reflection spectrum.
When such models are used to analyze reflection-dominated
spectra, they may introduce systematic bias into the system’s
final parameter estimates [36]. This can have an impact even
in current tests of the Kerr spacetime.

Here we analyze the possible systematic bias in the
model’s output parameters and tests of General Relativity by
simulating observations using theoretical reflection spectra
with returning radiation and then fitting them with a model
that does not include the returning radiation. To generate the
theoretical spectra of accreting black hole-disk system, we
employ the following model:

tbabs X (powerlaw+ relxilllp),

where tbabs [45] takes into account the effect of Galactic
absorption along the line of sight, powerlaw models the
continuum from the corona, and relxil1l1lp is the disk’s
relativistic reflection spectrum, including the effect of return-
ing radiation, detected by the distant observer in a Kerr space-
time.

As anextstep, we need to set up the system’s configuration
by choosing the simulating model’s input parameters. For the
Galactic absorption, tbabs requires a single parameter, the
hydrogen column density, Ny, which is set to 6.74 x 102
cm~2. The power law component needs two parameters: the
photon index I', which we set to 1.7, and the high-energy cut-
off Ecy, which we set to 300 keV. The reflection component
is generated using the relxil11p model with the returning
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radiation parameter enabled. The spin parameter (d4 input) in
relxilllp is setto 0.98, which is close to the maximum
value that amplifies the influence of returning radiation on
the total spectrum. The height of the corona (hinpy) is taken
from 2 to 10 M with a step-size of 1 M, and the observer’s
inclination angle (i) is set to 25° or 75° (see Table 1). The
reflection fraction (Rfracinput) 18 fixed at —1, so the output is
only a reflection spectrum. For the accretion disk’s parame-
ters, the inner (Rj,) and outer Ry ) edges are set to ISCO and
400 M, respectively, the ionization parameter (log&) is set to
3.1 (¢ in the units of erg cm s_l), and the iron abundance
(Are) is set to 1 (Solar abundance).

We assume the observation of a bright Galactic X-ray
binary system, and we set the energy flux around 1 x 10~%
erg cm~2 s~! in the 1-10 keV energy range. We impose
that about half of the photons are from the continuum of
the corona and half from the reflection spectrum of the disk.
The fakeit command in xspec [46] is utilized to simu-
late observations. Regarding X-ray instruments, we consider
independent observations with the current mission NuSTAR
and the future mission eXTP. The exposure time is set to 40 ks
for both missions. This results in about 16 million counts per
Focal Plane Module (FPMA and FPMB) for NuSTAR in the

energy range of 3—79 keV and approximately 140 million
counts for eXTP in the energy range of 2-30 ke V.

The simulated observations are analyzed in xspec with
the models:

tbabs X relxillp,
tbabs x relxilllp_nk.

relxilllpisstillthelamppostcoronamodelofrelxill,
but now the returning radiation is switched off. relxil11lp
_nk is the lamppost corona model of relxill_nk [18],
where the spacetime is allowed to have deformations from
the Kerr solution and the returning radiation is not included.
Here we use the version of relxilllp_nk in which the
spacetime geometry is described by the Johannsen metric
with only one possible non-vanishing deformation parame-
ter, 13 [47]. In the fitting procedure, Ny, Rin, Rout, and Ecy
are fixed at their input values, while all other parameters are
permitted to vary freely.

The ratios between data and the best-fit models are shown
in Fig. 6 for the NuSTAR simulations and in Figs. 9 and 10
for the eXTP ones. The best-fit values of the parameters are
shown in Figs. 4 and 5 for the case of NuSTAR and in Figs. 7

@ Springer
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Fig. 6 Ratio between data and best-fit model for simulated observa-
tions with NuSTAR with viewing angle i = 25°

@ Springer

the simulations, indicating that we recover the Kerr metric
(which is the metric assumed in the simulations). We should
also note that these simulated observations are intended to be
more optimistic than actual observations of accreting black
holes and that a small deviation from the Kerr metric may be
caused by the response of the instrument or a statistical fluc-
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tuation. The impact of returning radiation on the reflection
fraction parameter is more obvious. For the lowest corona
height, it is overestimated (underestimated) at a high (low)
inclination angle. This is because, at a low height, the contri-
bution of the reflection spectrum due to returning radiation is
higher, producing a distortion in the spectrum, which is com-
pensated by adjusting the reflection fraction parameter. How-
ever, as the lamppost height increases, the reflection fraction
approaches its input value. This is because the inner part
of the accretion disk is relatively less illuminated at higher
heights, which results in lesser primary reflection photons
in the strong gravity region and lesser being returned to the
accretion disk.

For the eXTP simulations, we discuss separately the fits
withrelxilllp (Kerrmetric)andthosewithrelxilllp
_nk (when we allow for deviations from the Kerr metric).
When the model of the fit assumes the Kerr metric, the qual-
ity of the fitis good, szed is close to 1 (see the bottom panel in
Figs. 7 and 8), and there are no unresolved features in the ratio
plots (see Figs. 9 and 10). The simulations with 7 = 2 M are
an exception and we will discuss them later. In general, the
fit successfully recovers the input parameters. However, the
reflection fraction exhibits a similar trend to that of the NuS-
TAR simulations. At the lowest height, it is underestimated

for the low inclination angle and overestimated for the high
inclination angle. In contrast to the NuSTAR case, the lowest
coronal height simulations now show some unresolved fea-
tures in ratio plots. This is due to the combined effect of the
greatest influence of returning radiation at the lowest coro-
nal height and improved data quality, which can no longer be
compensated by adjusting the reflection fraction parameter.

Considering the relxilllp_nk fits, the quality of the
fit is poor; the ratio plot shows unresolved features, and Xid
is greater than 1. We recover the Kerr metric for simulations
with a high inclination angle. At a low inclination, the Kerr
metric is not recovered in the majority of cases. However,
such a low quality of the fits and the incapability of recov-
ering the Kerr metric for low viewing angles seem to be due
to a small discrepancy between the lamppost emissivity pro-
files of relxil111lp and relxillp_nk, which shows up
only for high-quality data. Otherwise, x> of relxillp_nk
could not be higher than the x? of relxillp because we
have the same model and one more free parameter. The lamp-
postemissivity profilesof relxilllpandrelxillp_nk
were indeed compared in [18] for the quality of current X-
ray missions, finding consistent predictions. However, we see
that some disagreement shows up when we consider higher
quality data.

@ Springer
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Fig. 9 Ratio between data and best-fit model for simulated observa-
tions with the future X-ray mission eXTP for a disk’s inclination angle
i =25°
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of the final measurements of the parameters of the system.
However, we leave the study of the systematic uncertainties
induced by the assumptions on the coronal geometry to future
studies.
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