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Einstein-dilaton-Gauss-Bonnet gravity is a theoretically well-motivated alternative theory of gravity
emerging as a low-energy four-dimensional model from heterotic string theory. Its rotating black hole
solutions are known numerically and can have macroscopic deviations from the Kerr black holes of
Einstein’s gravity. Einstein-dilaton-Gauss-Bonnet gravity can thus be tested with observations of
astrophysical black holes. In the present paper, we simulate observations of the reflection spectrum
of thin accretion disks with present and future x-ray facilities to understand whether x-ray reflection
spectroscopy can distinguish the black holes in Einstein-dilaton-Gauss-Bonnet gravity from those in
Einstein’s gravity. We find that this is definitively out of reach for present x-ray missions, but it may be
achieved with the next generation of facilities.
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I. INTRODUCTION

Einstein’s gravity is our current framework for the
description of the gravitational field and the chronogeo-
metrical structure of the spacetime and has passed a large
number of observational tests. However, it has been mainly
tested in weak gravitational fields, with experiments in the
Solar System and radio observations of binary pulsars [1].
A number of alternative theories of gravity have the same
behavior as Einstein’s gravity in the weak field regime and
present observable deviations only when gravity becomes
strong [2]. In this context, astrophysical black holes are the
best laboratory to test strong gravity.
There are two main lines of research to test the nature of

astrophysical black holes: the study of the properties of the
electromagnetic radiation emitted by gas or stars orbiting
these objects [3,4] or the analysis of the gravitational wave
signal emitted by a system with a black hole [5,6]. Tests
with electromagnetic radiation include, but are not limited
to, the study of the thermal spectrum of thin accretion disks
[7–10], the analysis of the reflection spectrum of thin disks
[11–14], the measurements of the frequencies of quasi-
periodic oscillations [15–18], and the possible future
detection of black hole shadows [19–25]. Among these
techniques, x-ray reflection spectroscopy is the only one
that can be already used to test astrophysical black holes
and promise to be able to provide stringent constraints with
the next generation of x-ray facilities [26–28].

The approaches to test astrophysical black holes include
on the one hand model-independent tests. These employ a
parametrized metric in which possible deviations from the
Kerr solution are described by a number of deformation
parameters; see, for instance, Refs. [29–32]. This strategy is
reminiscent of the Parametrized Post-Newtonian formalism
to test the Schwarzschild solution in the weak field limit
with Solar System experiments. However, in the case of
tests in the strong gravity regime, it is not possible to write
the most general expression for the metric with a well-
defined hierarchical structure.
On the other hand, an alternative approach is to test a

specific theory and check whether observational data prefer
the Kerr black holes of Einstein’s gravity or the non-Kerr
black holes of the alternative theory of gravity under
consideration. Unfortunately, this approach can be rarely
adopted because rotating black hole solutions are very
difficult to obtain. In alternative theories of gravity, we
often know the nonrotating solutions, and sometimes we
know the rotating solutions in the slow-rotation approxi-
mation, but only in quite exceptional cases do we know
the complete solutions valid even for fast-rotating black
holes. This is a problem because astrophysical objects have
naturally a nonvanishing angular momentum and fast-
rotating black holes are the most suitable sources for
testing strong gravity, as the inner edge of the disk gets
closer to the compact object, maximizing the relativistic
effects in the electromagnetic spectrum of the source.
The aim of this paper is to present a preliminary

study on the possibility of distinguishing the Kerr
black holes in Einstein’s gravity from the black holes in
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Einstein-dilaton-Gauss-Bonnet (EdGB) gravity with
present and future x-ray missions from the analysis of
the disk’s reflection spectrum. Black holes in EdGB gravity
are quite a special case, however, since besides the static
[33] and slowly rotating black holes [34,35] also the rapidly
rotating solutions are known numerically [36,37]. We can
thus expect to test this theory and constrain its fundamental
parameters from astrophysical observations of black holes.
Previous attempts along this line include the analysis of
quasinormal modes [38] and the investigation of the
shadow of EdGB black holes [39,40].
Here, we consider the reflection spectrum of accreting

black holes. We do not analyze real data, but we simply
study the constraining power of possible observations with
simulations. We simulate observations with NuSTAR
(current x-ray mission) and eXTP [41] (next generation
of x-ray facilities) of a bright black hole binary. We find that
NuSTAR cannot distinguish a Kerr black hole from a black
hole in EdGB gravity. On the contrary, eXTP seems to be
able to do it if we have the correct astrophysical model.
The content of the present paper is as follows. In Sec. II,

we briefly review the rotating black hole solutions in EdGB
gravity, and we choose a set of numerical metrics to be
studied in the sections after. In Sec. III, we describe our
astrophysical model and the main properties of the reflec-
tion spectrum of thin accretion disks. In Sec. IV, we present
our simulations with NuSTAR and LAD/eXTP. Section V
is devoted to the discussion of our results. A summary
and conclusions are in Sec. VI. Throughout the paper,
we employ natural units in which c ¼ GN ¼ ℏ ¼ 1 and a
metric with signature ð−þþþÞ.

II. BLACK HOLES IN EdGB GRAVITY

EdGB gravity is one of the simplest string-inspired four-
dimensional models with higher curvature terms and also
can be seen as a particular case of Horndeski gravity [2].

The field equations are still of second order, and the theory
is ghost free. The action reads

S ¼ 1

16π

Z
d4x

ffiffiffiffiffiffi
−g

p �
R −

1

2
ð∂μϕÞ2 þ αe−γϕR2

GB

�
; ð1Þ

where ϕ is the dilaton, α and γ are coupling constants, and
R2
GB is the Gauss-Bonnet term

R2
GB ¼ RμνρσRμνρσ − 4RμνRμν þ R2: ð2Þ

Rotating black hole solutions can be obtained employing
a metric ansatz in quasi-isotropic coordinates

ds2 ¼ −fdt2 þm
f
ðdr2 þ r2dθ2Þ þ l

f
r2sin2θ

�
dϕ−

ω

r
dt

�
2

;

ð3Þ

where the metric functions f, m, l, and ω as well as the
dilaton function ϕ depend on the coordinates r and θ only.
The boundary conditions at the event horizon r ¼ rH are

fjr¼rH ¼ mjr¼rH ¼ ljr¼rH ¼ 0;

ωjr¼rH ¼ ΩHrH; ∂rϕjr¼rH ¼ 0; ð4Þ

where ΩH is the angular velocity of the horizon. The
boundary conditions at infinity are

fjr¼∞ ¼ mjr¼∞ ¼ ljr¼∞ ¼ 1;

ωjr¼∞ ¼ 0; ϕjr¼∞ ¼ 0; ð5Þ

in order to have an asymptotically flat spacetime with a
vanishing dilaton at infinity. Furthermore, axial symmetry,
reflection symmetry, and regularity require the following
boundary conditions:

TABLE I. The 12 numerical metrics studied in our analysis. For every metric, the values of its parameters α, J=M2,
and aH are shown in the second, third, and fourth columns, respectively. The fifth column shows the reduced χ2 of
the best fit in the NuSTAR simulations. The sixth column is for the reduced χ2 of the best fit in the LAD/eXTP
simulations. See the text for more details.

Solution α J=M2 aH χ2min;red (NuSTAR) χ2min;red (LAD/eXTP)

1 0.05 0.289791 0.845924 1.1 1.9
2 0.05 0.714817 0.848867 1.1 1.8
3 0.05 0.916513 0.699935 0.9 2.5
4 0.05 1.00005 0.501936 0.9 2.6
5 0.3 0.470232 0.828229 1.0 1.8
6 0.3 0.602776 0.879576 0.9 1.9
7 0.3 0.788243 0.804400 1.1 2.7
8 0.3 0.916448 0.699469 1.0 2.4
9 0.3 1.00038 0.502024 1.0 2.2
10 0.4 0.986010 0.578885 1.0 2.4
11 0.4 1.00399 0.536395 1.0 2.2
12 0.4 1.00858 0.495732 1.1 2.4
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∂θfjθ¼0;π=2 ¼ ∂θljθ¼0;π=2 ¼ ∂θmjθ¼0;π=2 ¼ 0;

∂θωjθ¼0;π=2 ¼ 0; ∂θϕjθ¼0;π=2 ¼ 0: ð6Þ

The absence of conical singularities implies

mjθ¼0 ¼ ljθ¼0: ð7Þ

Rotating black hole solutions are obtained numerically
solving a set of five second-order, coupled, nonlinear,
partial differential equations for the functions f, m, l, ω,
and ϕ imposing the above boundary conditions [36,37].
Besides the coupling constants α and γ, the input param-
eters are the horizon angular velocity ΩH and the horizon
radius rH. At the end of the integration, the horizon area AH
is obtained from the metric at the horizon, while the mass
M, the spin angular momentum J, and the dilaton charge of
the black hole are inferred from the asymptotic behavior of
the metric and the dilaton at spatial infinity.
In the present paper, we study 12 numerical metrics

for the dilaton coupling γ ¼ 1, of which the values of the
coupling α, the scaled angular momentum J=M2, and the
scaled horizon area aH are reported in Table I. The locations
of these 12 configurations in the domain of existence of the
black hole solutions in EdGB gravity are shown in Fig. 1.

III. X-RAY REFLECTION SPECTRUM

Within the disk-corona model [42,43], an accreting black
hole is surrounded by a geometrically thin and optically
thick disk. The disk is in the equatorial plane, perpendicular
to the black hole spin. In the Novikov-Thorne model [44],
the disk emits like a blackbody locally and as a multicolor

blackbody when integrated radially. The inner edge of the
disk is at the innermost stable circular orbit (ISCO). The
particles in the disk follow nearly geodesic circular orbits
in the equatorial plane. When they reach the ISCO radius,
they quickly plunge onto the central object, so that the
emission inside the ISCO can be usually ignored. The
corona is a hotter (∼100 keV), usually optically thin, cloud
around the black hole, but its exact geometry is currently
unknown. For instance, it may be the base of the jet, an
atmosphere just above the accretion disk, or the accretion
flow between the inner edge of the disk and the black hole.
Because of inverse Compton scattering of the thermal

photons from the accretion disk off the free electrons in the
corona, the latter becomes a source of a hard x-ray with a
power-law spectrum E−Γ. The photons of the corona can
also illuminate the disk, producing a reflection component
with some fluorescent emission lines [45]. The most
prominent feature in the reflection spectrum is usually
the iron Kα line, which is at 6.4 keV in the case of neutral or
weakly ionized iron and shifts up to 6.97 keV in the case of
H-like iron ions.
The iron Kα line is a very narrow feature in the rest frame

of the emitter. On the contrary, the line observed in the
reflection spectrum of astrophysical black holes is broad and
skewed, as a result of special and general relativistic effects
(gravitational redshift, Doppler boosting, and light bending)
occurring in the strong gravity region of the black hole. In the
presence of high-quality data and with the correct astro-
physicalmodel, the analysis of the iron line can be a powerful
tool to probe the near horizon region. This technique was
proposed anddeveloped to estimate the black hole spin under
the assumption of the Kerr background [46,47], and only
more recently has it been extended to test alternative theories
of gravity [11–14]. The technique is often called the iron line
method, because the iron Kα line is the most prominent
feature, but anymeasurement of the spacetimemetric around
black holes should be done by fitting the whole reflection
spectrum, not only the iron line.
The shape of the iron line as detected in the flat faraway

region is determined by the spacetime metric, the inclina-
tion angle of the disk with respect to the line of sight of
the distant observer, and the geometry and the intensity
profile of the emitting region. The disk is usually assumed
completely axisymmetric and emitting from the ISCO
radius to some large radius. The intensity profile is actually
a crucial ingredient and depends on the exact geometry of
the corona, which, unfortunately, is currently unknown.
The intensity profile for a corona with arbitrary geometry is
often approximated by a power law (∝ 1=rq, where q is the
emissivity index) or by a broken power law (∝ 1=rq1 for
r < rbr and ∝ 1=rq2 for r > rbr, where q1 and q2 are,
respectively, the inner and the outer emissivity indices and
rbr is the breaking radius).
Figure 2 shows the iron line shapes calculated in black

hole solutions 1–12, assuming that the intensity profile
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FIG. 1. The scaled horizon area aH ¼ AH=16πM2 is shown vs
the scaled angular momentum J=M2 for solutions with coupling
constant γ ¼ 1. The domain of existence is bounded by Kerr
black holes (black line) and static (left boundary), critical (lower
boundary to the left of Kerr), and extremal (lower boundary to the
right of Kerr; see inset) EdGB black holes. The locations of the 12
configurations studied in this paper are marked by the numbered
black dots. The colored lines refer to families of configurations
with fixed product ΩHα
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scales as 1=r3 (Newtonian limit at large radii for a lamppost
corona), that the inclination angle of the disk with respect to
the line of sight of the distant observer is i ¼ 45°, and that
the rest frame energy of the line is 6.4 keV. The calculations
are done with the code described in Refs. [8,13] and
extended to treat numerical metrics in Ref. [48].

IV. SIMULATIONS

As a preliminary analysis to figure out whether present
and future x-ray missions can distinguish the Kerr black
holes of Einstein’s gravity from the black holes in EdGB
gravity, we follow the approach already employed in
Refs. [48–53] to study the possibility of testing a number
of non-Kerr metrics. We simulate an observation with a
specific instrument employing the iron line calculated in
the non-Kerr metric, and we fit the simulated data with the
iron line of a Kerr model. If the latter can provide a good fit,
we can conclude that x-ray reflection spectroscopy cannot
distinguish that black hole from those in Einstein’s gravity.
If it is not possible to get a good fit, the model can be tested.
Note that current observations can be fitted with a Kerr
model. This means that we could rule out some spacetimes
if we find that simulations with current x-ray missions
cannot be fitted with a Kerr model.
We simulate observations with NuSTAR1 and LAD/

eXTP2 [41]. The former is used to study the detection
possibilities with current x-ray missions, the latter to
explore the opportunities offered by the next generation
of facilities. We do not consider a specific source, but
we employ reasonable parameters for a bright black hole
binary, which should be the kind of source most suitable for
these tests. We model the spectrum of our source with a
power law (representing the primary component from the
corona) and a single iron line (describing the reflection

component). The energy flux of the source in the 1–10 keV
range is 10−9 erg=s=cm2, and the exposure time of the
observation is 100 ks. We assume that the photon index of
the power-law component is Γ ¼ 1.6 and that the equiv-
alent width of the iron line is 200 eV. We employ the iron
lines shown in Fig. 2, where the viewing angle is i ¼ 45°
and the intensity profile scales as 1=r3.
The simulated observations are then treated as real data.

After rebinning to ensure a minimum photon count per bin
of 20 in order to use the χ2 statistics, we fit the data with a
power law and an iron line for Kerr spacetimes. For the iron
line, we use RELLINE [54]. There are six free parameters
in the fit for the simulations with NuSTAR: the photon
index of the power law Γ, the normalization of the power
law, the emissivity index q for the intensity profile, the spin
parameter a�, the inclination angle of the disk i, and the
normalization of the iron line. In the case of the simulations
with LAD/eXTP, we have one more free parameter, the
outer edge of the accretion disk, because the quality of the
data is so good that it has its signature in the iron line and
cannot be ignored. Note that the inner edge of the disk is set
at the ISCO radius, so it only depends on the spacetime
metric.
The results of our simulations are shown in Figs. 3 and 4

for NuSTAR and in Figs. 5 and 6 for LAD/eXTP. The
values of the reduced χ2 for the best fit of any observation
are reported in the fifth and sixth columns of Table I,
respectively, for NuSTAR and LAD/eXTP.

V. DISCUSSION

The results of the simulations with NuSTAR are easy to
interpret. The 12 spacetimes of our sample are definitively
too similar to the Kerr background to see any difference. In
all the simulations, the reduced χ2 of the best fit is always
close to 1 (fifth column in Table I). If we look at the bottom
quadrant in the panels in Figs. 3 and 4, we do not see any
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FIG. 2. Iron line shapes for solutions 1–6 (left panel) and 7–12 (right panel). The intensity profile is 1=r3, the viewing angle is i ¼ 45°,
and the energy of the line in the rest frame of the emitting gas is at 6.4 keV.

1http://www.nustar.caltech.edu.
2http://www.isdc.unige.ch/extp/.
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unresolved feature; that is, the Kerr model can fit well the
simulated data. Note also that we are considering a
particularly bright source, with a relatively long exposure
time, and the simulated spectrum is quite simple, with a

power law and an iron line. Moreover, the emissivity profile
is a simple power law. All these ingredients should help to
test the metric in the strong gravity region. Despite that, we
do not see any appreciable difference.

FIG. 3. Results of our simulations with NuSTAR for 100 ks observations of a bright black hole binary. In each panel, the top quadrant
shows the simulated data and the best fit, while the bottom quadrant shows the ratio between the simulated data and the best fit.
The metric of the spacetime is described by solution 1 (top left panel), solution 2 (top right panel), solution 3 (central left panel), solution
4 (central right panel), solution 5 (bottom left panel), and solution 6 (bottom right panel). The inclination angle of the disk is i ¼ 45°, and
the intensity profile is modeled with a power law with emissivity index 3. See the text for more details.
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The simulations with LAD/eXTP show that, potentially,
we can distinguish the black holes in EdGB gravity from
those in Einstein’s gravity. However, within our prelimi-
nary study with a simplified model, it would be dangerous
to claim that this is indeed the case. As we have already

stressed for the simulations of NuSTAR, the simulated
observations should be quite favorable to identify
differences with respect to Kerr spacetime. For real data,
it may be more difficult. The whole reflection spectrum
has additional parameters to be fitted by the data, and the

FIG. 4. As in Fig. 3 for solution 7 (top left panel), solution 8 (top right panel), solution 9 (central left panel), solution 10 (central right
panel), solution 11 (bottom left panel), and solution 12 (bottom right panel).
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spectrum of the source is more complex. Parameter
degeneracy is the main problem in this kind of tests.
It is remarkable that in the simulations with LAD/eXTP

we see the same (or very similar) unresolved feature for all
the simulations, with the exception of solutions 1 and 9 in
which the unresolved feature is present but quite weak. The
Kerr model seems to provide a shortage of counts between

5 and 6 keVand an excess of counts around 7 keV. It seems
to be a characteristic of these black holes with respect to the
iron line calculated in the Kerr metric, at least when the
intensity profile is modeled with a power law 1=rq. If a
similar property remains even with more sophisticated
models, it may be the signature to look for in order to
test EdGB gravity.

FIG. 5. As in Fig. 3 for the simulations with LAD/eXTP.
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VI. CONCLUDING REMARKS

EdGB gravity is one of the simplest string-inspired four-
dimensional models with higher curvature terms. In addi-
tion to having a number of appealing theoretical features,
its rotating black hole solutions are known numerically,
making this theory quite an exceptional case in the

panorama of alternative theories of gravity. In the present
paper, we have studied the possibilities of distinguishing
the Kerr black holes of Einstein’s gravity from the black
holes in EdGB gravity with present and future x-ray
missions from the observation of the reflection spectrum,
the so-called iron line method.

FIG. 6. As in Fig. 4 for the simulations with LAD/eXTP.
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As a preliminary analysis, our study is based on a set of
simulations of the spectrum of accreting black holes in
EdGB gravity. The simulations are then fitted with a Kerr
model. If we obtain a good fit, the observation cannot
distinguish a Kerr black hole of Einstein’s gravity from a
black hole in EdGB gravity. If it is not possible to find a
good fit, the two classes of objects can be distinguished,
and we can constrain the fundamental constants in EdGB
gravity.
As an example of a current x-ray mission, we have

considered NuSTAR. All the simulations with NuSTAR
can be fitted well with a Kerr model. Our conclusion is that
current x-ray mission cannot test EdGB gravity from the
observations of black holes. Since all the fits are good, it
seems we cannot put on any constraint with this technique
at the moment. Note also that we are considering a bright
source and a simple spectrum, which should help somewhat
to distinguish these metrics from the Kerr spacetime, so we
expect that our conclusion is quite robust.
In order to study the opportunities offered by the next

generation of x-ray missions, we have simulated observa-
tions of the same set of numerical metrics with LAD/eXTP.
Now, the reduced χ2 of the best fit with the Kerr model is
not so close to 1, and, more importantly, from the ratio
between the simulated data and the best fit, we see a more
or less prominent unresolved feature (but in some simu-
lations, it is not so clear), which is a hint that the fitting

model is wrong; that is, the iron line of a black hole in
EdGB gravity cannot be fitted with that calculated in the
Kerr metric. It is also remarkable that we find the same
behavior in all the simulations: a shortage of counts
between 5 and 6 keVand an excess of count around 7 keV.
As a final issue, we would like to connect the results here

with those in Ref. [40], where the shadow of EdGB black
holes was investigated and only small deviations from the
shadow of Kerr black holes were found. The results in this
work seem to support the message in Ref. [40], leading to
the conclusion that EdGB BHs appear to be rather difficult
to constrain with tests based on electromagnetic radiation.
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