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Abstract. Astrophysical black hole candidates are thought to be the Kerr black holes of
general relativity. However, macroscopic deviations from the Kerr background are predicted
by a number of scenarios beyond Einstein’s gravity. X-ray reflection spectroscopy can be a
powerful tool to probe the strong gravity region of these objects and test the Kerr black hole
hypothesis. Here I briefly review the state of the art of this line of research and I present some
constraints on possible deviations from the Kerr metric obtained with the new X-ray reflection
model RELXILL_NK and XMM-Newton, NuSTAR, and Swift data of the supermassive black hole
in 1H0707-495.

1. Introduction

The theory of general relativity was proposed by Einstein in 1915. In the past sixty years, the
theory has been extensively tested in weak gravitational fields, mainly with experiments in the
Solar System and observations of binary pulsars, and current data well agree with the theoretical
predictions [1]. However, there are a number of scenarios beyond Einstein’s gravity that have the
same predictions for weak fields and differ when gravity becomes strong. The ideal laboratory
to test strong gravity is the spacetime around astrophysical black holes [2].

In 4-dimensional Einstein’s gravity, the only stationary, asymptotically flat, regular on and
outside the event horizon (i.e. without singularities and closed time-like curves), vacuum solution
is the Kerr metric [3], which is completely characterized by two parameters, namely the black
hole mass M and the black hole spin angular momentum J. In Boyer-Lindquist coordinates,
the line element reads (Gny = ¢ =1)

oM >
ds? = —(1— ;) dt2+Zdr2+Ed92
2a2Mr sin? 4aMr sin?
+ <r2+a2+a ;Sln 9) dg? — ZATE Y ;Sm O dtds, (1)

where a = J/M, ¥ = r?2 4+ a%cos? 0, and A = 2> —2Mr +a?. M and J cannot be arbitrary and
must satisfy the condition for the existence of the even horizon |a.| < 1, where a, = J/M 2 is
the dimensionless spin parameter.

The spacetime metric around astrophysical black holes formed from the gravitational collapse
of massive bodies is expected to be well approximated by the Kerr solution [2]. Initial deviations
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from the Kerr metric are quickly radiated away with emission of gravitational waves after the
formation of the horizon. The equilibrium electric charge is extremely small and completely
negligible for the spacetime geometry. The presence of accretion disks can be usually ignored.
In the end, macroscopic deviations from the Kerr metric are only possible in the presence of
new physics.

2. How can we test the Kerr black hole hypothesis?

There are two main approaches to test the Kerr nature of astrophysical black holes: with
electromagnetic radiation [4, 5] and with gravitational waves [6]. Each method has its own
advantages and disadvantages, and the two techniques are actually complementary, because
deviations from standard predictions may lead to observational effects in one of the two
approaches and not in the other and vice versa.

The electromagnetic approach is sensitive to the motion of the gas particles in the accretion
disk and to the propagation of the photons from the point of emission in the strong gravity
region to the point of detection in the flat faraway region. There are two natural strategies
to test the Kerr black hole hypothesis with electromagnetic radiation [2]. In the so-called top-
down approach, we consider some alternative theory of gravity in which black holes are not
described by the Kerr metric and we check whether astrophysical data prefer the Kerr metric
of Einstein’s gravity or the non-Kerr metric of that specific alternative theory of gravity. This
strategy has two main problems. First, there are a large number of alternative theories of gravity,
and none seems to be more motivated than others, so we should repeat the analysis for every
theory. Second, rotating black hole solutions in alternative theories of gravity are known only
in quite exceptional cases, while the non-rotating or slow-rotating solutions are not very useful
to test astrophysical black holes because the spin plays an important role in the properties of
the electromagnetic radiation.

In the bottom-up approach, we employ a phenomenological test-metric in which possible
deviations from the Kerr solution are quantified by one or more “deformation parameters”.
We measure the values of these deformation parameters with astrophysical data and we check
whether they vanish, as it is required to recover the Kerr metric of Einstein’s gravity.

3. X-ray reflection spectroscopy

X-ray reflection spectroscopy refers to the study of the reflection spectrum of accretion disks
around black holes (see, e.g., [2] and references therein). Within the disk-corona model, a black
hole is surrounded by a geometrically thin and optically thick accretion disk. The disk radiates
like a blackbody locally and as a multi-color blackbody when integrated radially. The “corona”
is a hotter, usually optically thin, electron cloud enshrouding the disk. Its exact geometry is
currently unknown: it may be the base of the jet, the atmosphere above the disk, some kind of
accretion flow between the disk and the central black holes, etc. Because of inverse Compton
scattering of thermal photons from the disk off free electrons in the corona, the latter becomes an
X-ray source with a power-law spectrum. Some X-ray photons from the corona hit the accretion
disk, producing a reflection component with some fluorescent emission line.

The most prominent feature of the reflection spectrum is usually the iron Ko line, which is
at 6.4 keV in the case of neutral and weakly ionized iron and shifts up to 6.97 keV for H-like
iron ions. While this line is very narrow in the rest-frame of the emitter, the one observed in
the spectrum of black holes is broad and skewed due to special and general relativistic effects
(gravitational redshift, Doppler boosting, light bending) occurring in the strong gravity region.
In the presence of the correct astrophysical model, the analysis of the iron Ka line and of the
whole reflection spectrum can be a powerful tool to probe the spacetime around the black hole.
The technique was originally developed assuming the Kerr metric to measure the black hole spin
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parameter a, [7, 8, 9]. More recently, it was extended to generic metrics to test the Kerr black
hole hypothesis [10, 11, 12, 13, 14, 15, 16].

4. RELXILL_NK

RELXILL is currently the most advanced model to describe the X-ray reflection spectrum of
accretion disks in the Kerr spacetime [17, 18, 19]. Its extension to non-Kerr spacetimes is
RELXILL_NK and was presented in [20]. RELXILL_NK currently employ the Johannsen metric with
the deformation parameter a3 [21], but can easily be extended to any stationary, axisymmetric,
and asymptotically flat black hole spacetime. In Boyer-Lindquist coordinates, the line element
reads

(X — 2Mr) [(r2+a2)2 (14 6)* — a®Asin? 9] Y sin? 0

)y
ds? = Pl dt® + N dr? + 2 do* + yE dep?
2a [2M7’—|—<5(7'2—i-(12)]Esin20dtd(257 @)
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where A =X +6 (r* + a?) and 6 = aq3 (M/r)3. For a3 = 0, we exactly recover the Kerr metric
in (1). ay3 cannot be arbitrary; it must satisfy the condition

a132—<1+\/1—a§)3, (3)

in order to have a regular exterior region (no singularities or closed time-like curves).

5. Observational constraints from 1H0707-495

The study reported in Ref. [22] is the first attempt to test the Kerr nature of astrophysical black
holes with real X-ray data. As source, we considered the supermassive black hole in the galaxy
1HO0707-495: its spectrum is characterized by significant edge features, which are commonly
interpreted as an extremely strong reflection component. This suggests that such a source can
be a good candidate for testing the Kerr black hole hypothesis with RELXILL_NK.

There are several observations of 1H0707-495 with XMM-Newton, NuSTAR, and Swift. For
XMM-Newton, we considered the 98 ks observation of 2011, which corresponds to the lowest
flux state of 1H0707-495 and has been investigated by several authors. We fitted the data with
two models

Model 1: TBabs * (relxill.nk + diskbb),
Model 2 : TBabs * (relxill nk + relxill nk). (4)

TBABS takes the galactic dust absorption into account. RELXILL_NK is the disk’s reflection
spectrum. DISKBB is the thermal component of a Newtonian disk. See [22] and reference therein
for more details. Fig. 1 shows the constraints on the spin parameter a, and the deformation
parameter a3 from Model 1 (left panel) and Model 2 (right panel). The red, green, and blue
lines indicate, respectively, the 68%, 90%, and 99% confidence level curves.

Concerning NuSTAR and Swift data, there are three separated observations of 1H0707-495
with NuSTAR in 2014 and each observation has a simultaneous snapshot of Swift. In our study
we excluded the second Swift observation because it was taken during an anomaly period of this
mission. We employed the following model (for more details, see Ref. [22])

Model 3: TBabs x relxill_ nk. (5)

Fig. 2 shows the constraints on a, and a;3 obtained from the NuSTAR+Swift data. The green
and blue lines indicate, respectively, the 90% and 99% confidence level curves, while we do not
report the 68% confidence level curve because it is too thin to be plotted.
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Figure 1. Constraints on the spin parameter a, and the Johannsen deformation parameter a3
from the XMM-Newton data of 2011: Model 1 (left panel) and Model 2 (right panel). The red,
green, and blue lines indicate, respectively, the 68%, 90%, and 99% confidence level curves for
two relevant parameters. The grayed region is outside the range prescribed for ay3 in Eq. (3)
and therefore is ignored in our study. From Ref. [22].
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Figure 2. As in Fig. 1 for Model 3 and the data NuSTAR+Swift. The 68% confidence level
curve is too thin to be plotted. From Ref. [22].

6. Opportunities with future X-ray missions
In Ref. [20], simulations were performed to test the capabilities of RELXILL_NK in analyzing
observations from NuSTAR (as an example of a present instrument) and LAD/eXTP [23] (as
an example of the next generation of X-ray missions). The resulting constraints are shown in
Figs. 3, 4, and 5. In every figure, the left panel is for NuSTAR, the right panel for LAD/eXTP.
In Fig. 3, the reference model is a Kerr black hole with the spin parameter a, = 0.8 and the
inclination angle ¢ = 30°. In Fig. 4, we considered a non-Kerr black hole with the deformation
parameter a1y = —2, the spin parameter a, = 0.8, and the inclination angle ¢ = 30°. Fig. 5
shows the constraints obtained from a simulated observation of a Kerr black hole with the spin
parameter a, = 0.8 and the inclination angle 7 = 80°.

The constrains obtained simulating data with NuSTAR in Ref. [20] are comparable with those
obtained in the analysis of 1H0707-495 in Ref. [22]. We can thus expect that the constraining
power of the next generation of X-ray mission is significantly better, as we find in our simulations.
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Figure 3. 68%, 90%, and 99% confidence level curves for the spin parameter a, and the
deformation parameter a3 from a simulated observation of a bright stellar-mass black hole with
NuSTAR (left panel) and LAD/eXTP (right panel). The spacetime metric of the simulation
has a3 = 0 (Kerr) and a, = 0.8; the viewing angle is i = 30°. From Ref. [20].

4 4
2 I
B e —
0 \ T~ \ 0
- \ \\_<\ m
S 2 ~_ = 5 2
~——
NNy —
4 = 4
6 6
-8 -8
05 055 0.6 065 0.7 075 0.8 0.85 0.9 0.95 05 055 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
ax ax

Figure 4. As in Fig. 3 for aj3 = —2, a, = 0.8, and 7 = 30°. From Ref. [20].
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Figure 5. As in Fig. 3 for a3 = 0 (Kerr), a, = 0.8, and ¢ = 80°. From Ref. [20].

7. Concluding remarks
RELXILL_NK is the extension of the X-ray reflection model RELXILL to probe the metric
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around astrophysical black holes and test the Kerr black hole hypothesis using X-ray reflection
spectroscopy [20]. In Ref. [22], we employed for the first time the new model to analyze XMM-
Newton, NuSTAR, and Swift data of the supermassive black hole in 1H0707-495. Our results
are shown in Figs. 1 and 2, and are consistent with the assumption that the metric around
the supermassive black hole in 1H0707-495 is described by the Kerr solution, as expected in
Einstein’s gravity. We are currently working to test the Kerr metric with other sources (both
stellar-mass and supermassive black hole candidates) as well as different kinds of deformations
from the Kerr solution. Simulations show that significantly better constraints can be obtained
with the next generation of X-ray missions [20].
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