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Abstract Einstein’s theory of General Relativity is one of the pillars of modern physics. For decades, the
theory has been mainly tested in the weak field regime with experiments in the Solar System and observations
of binary pulsars. Thanks to a new generation of observational facilities, the past 5 years have seen remarkable
changes in this field and there are now numerous efforts for testing General Relativity in the strong field regime
with black holes and neutron stars using different techniques. Here I will review the work of my group at Fudan
University devoted to test General Relativity with black hole X-ray data.

Mathematics Subject Classification 83B05 · 83C57 · 85A99

1 Introduction

Einstein’s theory of General Relativity was proposed at the end of 1915 [26]. After more than 100 years
and without any modification, General Relativity is still one of the pillars of modern physics. For decades,
the theory has been mainly tested in the so-called weak field regime with experiments in the Solar System
and observations of binary pulsars [71]. In the past 20 years, there have been important efforts to verify the
predictions of General Relativity on large scales with cosmological tests, mainly motivated by the problems of
dark matter and dark energy [28,37,43]. More recently, the interest has shifted to test General Relativity in the
strong field regime with black holes and neutron stars [11,73]. The past 5 years have indeed seen significant
changes in the field. Thanks to a new generation of observational facilities, we can now test General Relativity
in the strong field regime with gravitational waves (see, e.g., [1,2,74]), mm VLBI data (see, e.g., [16,24,52]),
and X-ray observations (see, e.g., [18,66,68]).

In General Relativity, black holes are simple objects and are completely characterized by three parameters,
which are associated, respectively, to the mass, the spin angular momentum, and the electric charge of the
object. This is the result of the no-hair theorem, which is actually a family of theorems, and holds under specific
assumptions [20,22,56]. The spacetime around an astrophysical black hole is thought to be described well by
the Kerr solution [40], where the compact object is specified by its mass M and spin angular momentum J while
its electric charge vanishes. Indeed, the spacetime around a black hole formed from the gravitational collapse
of some progenitor body is thought to quickly approach the Kerr solution by emitting gravitational waves.
Deviations from the Kerr metric induced by a possible accretion disk or nearby stars are normally completely
negligible for the spacetime geometry near the black hole event horizon. The equilibrium electric charge is
normally negligible for a macroscopic object in a highly ionized host environment. Simple estimates of the
deviations from the Kerr geometry around a black hole induced by these effects can be found, for instance, in
Refs. [10,13,14]. On the other hand, macroscopic deviations from the Kerr metric are predicted by a number
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Fig. 1 Astrophysical system for our tests. The black hole is accreting from a geometrically thin and optically thick cold accretion
disk. A hot corona is near the black hole and the inner edge of the disk. The electromagnetic spectrum of the source is characterized
by a thermal component from the disk, Comptonized photons from the corona, and a reflection spectrum from the disk. See the
text for more details

of scenarios involving new physics, from models with macroscopic quantum gravity effects at the black hole
event horizon (see, e.g., [25,32,33]) or exotic matter fields (see, e.g., [36]) to scenarios of modified theories
of gravity (see, e.g., [6,41]).

Here I will review the work of my group at Fudan University to use black hole X-ray data for testing
General Relativity in the strong field regime. Our astrophysical systems are stellar-mass black holes in X-ray
binaries or supermassive black holes in active galactic nuclei (AGN) accreting from geometrically thin and
optically thick accretion disks.

2 Testing black holes with X-ray data

Figure 1 shows the astrophysical system for our tests (for more details, see [7] and references therein). We
have a black hole accreting from 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 emits a blackbody-like spectrum.
The whole disk has a multi-temperature blackbody-like spectrum, which is peaked in the soft X-ray band
(0.1–1 keV) for stellar-mass black holes and in the UV band (1–100 eV) for supermassive black holes. The
“corona” is some hotter (∼ 100 keV) plasma near the black hole. For example, it may be the atmosphere above
the accretion disk, some gas in the plunging region between the black hole and the inner edge of the disk,
the base of the jet, etc. A fraction of the thermal photons of the accretion disk inverse Compton scatter off
free electron in the corona. The Comptonized photons illuminate the disk: Compton scattering and absorption
followed by fluorescent emission generates the reflection spectrum of the disk.

The thermal and the reflection spectra of the accretion disk can be calculated within a theoretical model.
Some calculations depend on the gravity theory and some assumptions valid in General Relativity may not
hold in other theories of gravity. If we assume General Relativity, we have that:

1. the spacetime metric is described by the Kerr solution (Kerr black hole hypothesis);
2. particles follow the geodesics of the spacetime (Weak Equivalence Principle);
3. atomic physics in the strong gravitational field of the black hole is the same as that in our laboratories on

Earth (Local Lorentz Invariance and Local Position Invariance).

In the presence of new physics, one (or more) of these assumptions may be violated. We can thus think of
constructing our theoretical model without relying on one (or more) of these assumptions. We can then compare
the theoretical predictions of our new model with observational data and check whether the observations can
confirm the assumptions valid in General Relativity. We can thus potentially test if the spacetime around an
astrophysical black hole is described by the Kerr solution, if the particles of the gas in the accretion disk and
the photons emitted by the accretion disk follow the geodesics of the Kerr spacetime, and if atomic physics
near the black hole event horizon is the same as that we know from our laboratories on Earth.

There are two different approaches to test new physics with black holes and they are normally called,
respectively, top-down and bottom-up methods. The top-down strategy is the most natural one: we want to
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compare the predictions of General Relativity with those from some specific alternative theory in which at least
one of the assumptions above does not hold. We can then construct a theoretical model for General Relativity
and another theoretical model for the alternative theory. We fit some observational data with the two models and
we see if observations prefer one of the two scenarios and can rule out the other one. The bottom-up strategy
follows an agnostic and more phenomenological approach. We do not want to test any specific scenario and we
construct a model in which possible deviations from the predictions of General Relativity are parametrized.
We can then fit the data with this model and estimate the values of these new parameters to verify whether our
measurements are consistent with General Relativity or require new physics.

The top-down and bottom-up strategies have their advantages and disadvantages. The main problem with
the top-down method is that even if we know the alternative theory we may not know well its predictions.
For example, for most gravity theories we do not know their rotating black hole solutions. Often we know
their non-rotating solution or some approximate solution valid in the slow-rotating limit, but they are not
very useful for our astrophysical tests because astrophysical black holes have normally a non-vanishing spin
angular momentum and, actually, we need to study very fast-rotating objects to get convincing results. When the
black hole is rotating very fast, the innermost stable circular orbit (ISCO), which under certain circumstances
determines the inner edge of the accretion disk, can be close to the black hole event horizon, and this can
maximize the impact of the strong gravitational field on the spectrum of the source. In the case of slow-rotating
objects, the impact of the relativistic effects on the spectrum is simply too weak for our tests.

In the past years, we have mainly worked on tests of the Kerr metric following the bottom-up approach,
so employing some parametric black hole spacetime to measure its deformation parameters. The main reason
is that so far we have focused our attention to the development of the models to have the astrophysical part
under control, in order to limit the systematic uncertainties, devoting less attention to the exact scenario of new
physics. However, once we have a robust model it is relativity straightforward to consider alternative theories,
and in our near future plans we expect to follow even the top-down approach to constrain specific theories of
gravity.

2.1 Continuum-fitting method

The analysis of the thermal spectrum of geometrically thin and optically thick accretion disks around black
holes within a relativistic model is normally refereed to as the continuum-fitting method. The technique was
first proposed by Shuang-Nan Zhang and collaborators to measure the spin of stellar-mass black holes in X-ray
binaries assuming General Relativity [75] and was then developed by the CfA group of Jeff McClintock and
Ramesh Narayan [45,48–50,61]. The calculations of the thermal spectrum of a disk depend on the background
metric and on the motion of massive particles in the accretion disk and of photons from the emission point in
the disk to the detection point, while they are independent of the atomic physics. We can thus test assumptions
1 (Kerr black hole hypothesis) and 2 (Weak Equivalence Principle).

Diego Torres was the first to try to use the continuum-fitting method for testing fundamental physics in
[62]. He calculated thermal spectra of accretion disks around static boson stars and compared the theoretical
predictions with that of a Schwarzschild black hole. Thermal spectra of accretion disks around wormholes, brane
world black holes, gravastars, etc. were later calculated by other authors [34,35,53,54]. The first observational
constraints on the Kerr metric with the continuum-fitting method were reported by my group at Fudan University
in Ref. [42] using the model described in [8,12], where light bending was taken into account.

More recently, we have developed the XSPEC model nkbb [81]. The first version of the model calcu-
lated thermal spectra of accretion disks in the Johannsen metric with the possible non-vanishing deformation
parameter α13 [38] (α13 = 0 corresponds to the Kerr metric and we have deviations from the Kerr solution for
α13 �= 0). Figure 2 shows the impact of the deformation parameter α13 on the thermal spectrum of an accretion
disk when the other parameters of the models are fixed. As we can see, the value of α13 affects the spectrum
of the disk and therefore, modulo degeneracy with other parameters of the model, we can expect to be able to
constrain the deformation parameter α13 or other deformations from the Kerr spacetime from the analysis of
real data. Even if the version described in [81] employs he Johannsen metric with the deformation parameter
α13, nkbb can be easily modified to test any stationary, axisymmetric, and asymptotical black hole metric
with a known analytic expression.
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Fig. 2 Synthetic thermal spectra of thin disks in the Johannsen spacetime for different values of the deformation parameter
α13. These spectra are generated with nkbb assuming that the black hole mass is M = 10 M�, the mass accretion rate is
Ṁ = 2 × 1018 g s−1, the black hole distance is D = 10 kpc, the inclination angle of the disk is i = 45◦, and the black hole spin
parameter is a∗ = 0.7. Figure from Ref. [81]

2.2 X-ray reflection spectroscopy

X-ray reflection spectroscopy refers to the analysis of the reflection features in the X-ray spectrum of the
accretion disk around a black hole. Assuming standard atomic physics, in the rest-frame of the gas in the
disk, the reflection spectrum is characterized by narrow fluorescent emission lines below 10 keV (the most
prominent feature is often the iron Kα complex at 6.4 keV in the case of neutral or weakly ionized iron and
up to 6.97 keV in the case of H-like iron ions) and a Compton hump peaked at 20–30 keV [29,57]. However,
relativistic effects in the strong gravitational field of the black hole (Doppler boosting, gravitational redshift,
and light-bending) make these lines broadened and skewed in the spectrum detected by a distant observer
[27,44].

As in the case of the continuum-fitting method, X-ray reflection spectroscopy was proposed and developed
in the framework of General Relativity to study the accretion flow around black holes and measure black hole
spins [17]; for a review, see [8] and references therein. Youjun Lu and Diego Torres were the first to study
the shape of the iron Kα line as a tool to test the spacetime metric around a compact object. In Ref. [47],
they calculated the iron line profile emitted from the accretion disk of a static boson star and compared their
predictions with the iron line profile expected from the accretion disk of a Schwarzschild black hole. After
the work in Ref. [47], other authors calculated the profile of emission lines expected in different black hole
spacetimes [9,39,59,60].

In Refs. [3,15], we presented the first version of the relativistic reflection modelrelxill_nk, which is an
extension of the relxill package developed by Thomas Dauser and Javier Garcia [23,30,31]. As nkbb, the
default version of relxill_nk employs the Johannsen metric with the possible non-vanishing deformation
parameter α13 [38], but modified versions of relxill_nk have been used to test black hole solutions in
conformal gravity [80,82], in Kaluza–Klein models [84], in asymptotically safe quantum gravity [83], and in
Einstein–Maxwell dilaton-axion gravity [69], as in all these theories we know the analytic expression of the
metric of rotating black holes. relxill_nk has also been used for testing the Weak Equivalence Principle
[58], while we have not used our model for testing the atomic physics in the strong gravitational fields of black
holes.

Therelxill_nk package is under development. It has already the possibility of calculating the reflection
spectrum for a disk of finite thickness [4] and including a simple ionization parameter radial profile over the
disk [5]. The version with a non-trivial electron density profile and a self-consistent ionization profile should be
released soon, while we are already working to include in the calculations the effect of the returning radiation,
namely the radiation emitted by the disk and returning to the disk because of the strong light bending.

Figure 3 shows synthetic reflection spectra for different values of the Johannsen deformation parameter
α13. As in the case of Fig. 2, we clearly see that the value of α13 has an impact on the shape of the spectrum
of the disk and therefore, modulo degeneracy with other parameters of the model, we can expect that the
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Table 1 Summary of the 3-σ constraints on the Johannsen deformation parameter α13 from stellar-mass black holes

Source Data α13 (3-σ ) Method Main References

4U 1630-472 NuSTAR −0.03+0.63
−0.18 Reflection [70]

Cygnus X-1 Suzaku −0.2+0.5
−0.8 Reflection [79]

EXO 1846-031 NuSTAR −0.03+0.17
−0.18 Reflection [70]

GRS 1716-249 NuSTAR+Swift 0.09+0.02
−0.26 CFM + reflection [76]

GRS 1739-278 NuSTAR −0.3+0.6
−0.5 Reflection [70]

GRS 1915+105 Suzaku 0.00+0.17
−0.26 Reflection [78]

RXTE+Suzaku 0.12+0.02
−0.27 CFM + reflection [64]

GS 1354-645 NuSTAR 0.0+0.6
−0.9 Reflection [72]

GW150914 GWTC-1 −0.9 ± 1.3 GW [19]
GW151226 GWTC-1 0.0 ± 1.2 GW [19]
GW170104 GWTC-1 1.7 ± 3.1 GW [19]
GW170608 GWTC-1 −0.1 ± 0.8 GW [19]
GW170814 GWTC-1 −0.2 ± 1.4 GW [19]
GX 339-4 NuSTAR+Swift −0.02+0.03

−0.14 CFM + reflection [68]
LMC X-1 RXTE < 0.4 CFM [67]
Swift J1658-4242 NuSTAR+Swift 0.0+1.2

−1.0 Reflection [70]

CFM = continuum-fitting method (nkbb), reflection = X-ray reflection spectroscopy (relxill_nk), GW = gravitational waves
(inspiral phase)

Table 2 Summary of the 3-σ constraints on the Johannsen deformation parameter α13 from supermassive black holes

Source Data α13 (3-σ ) Method Main References

1H0419-577 Suzaku 0.00+0.12
−0.35 Reflection [63]

1H0707-495 NuSTAR+Swift −2.0 ∼ 0.6 Reflection [18]
Ark 120 Suzaku 0.00+0.08

−0.37 Reflection [63]
Ark 564 Suzaku −0.2+0.4

−0.8 Reflection [65]
Fairall 9 NuSTAR+XMM −1.4 ∼ 0.4 Reflection [46]
M87� EHT −3.6 ∼ 5.9a VLBI [52]
MCG-6-30-15 NuSTAR+XMM 0.00+0.15

−0.44 Reflection [66]
Mrk 335 Suzaku −3.0 ∼ 0.5 Reflection [21]
PKS 0558-504 Suzaku −0.7+1.4

−1.5 Reflection [63]
Swift J0501.9-3239 Suzaku 0.00+0.11

−0.66 Reflection [63]
Ton S180 Suzaku 0.01+0.07

−0.50 Reflection [63]

reflection = X-ray reflection spectroscopy (relxill_nk), VLBI = very long baseline interferometry
a1-σ constraint

analysis of the reflection features in the X-ray spectrum of a black hole can lead to constrain the value of the
deformation parameter α13.

3 Results

In the past few years, we have used nkbb and relxill_nk to test stellar-mass black holes in X-ray binary
systems and supermassive black holes in AGN using data from NuSTAR, RXTE, Suzaku, Swift, and XMM-
Newton. Our constraints on the Johannsen deformation parameter α13 are summarized in Table 1 (stellar-mass
black holes) and Table 2 (supermassive black holes). We note that some of the constraints on α13 in Tables 1
and 2 do not perfectly match with the measurements on α13 reported in the original papers (even if they are
always consistent with them). This is because we have re-analyzed some observations with a more recent
version of our models, and the constraints reported in Tables 1 and 2 should be regarded as more accurate than
those in the original papers. Table 1 also shows the constraints on α13 inferred from gravitational wave data
in GWTC-1 and Table 2 reports the constraint on α13 from the observation of the shadow of the black hole in
the galaxy M87.

All current measurements of α13 are consistent with α13 = 0, as it is requested by General Relativity.
However, the precision and the accuracy of different measurements can be quite different. For stellar-mass
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black holes, the most robust and precise constraints are those obtained from EXO 1846-031, GRS 1716-249,
GRS 1915+105, and GX 339-4. These are all very bright sources and, for three of them, the constraint is obtained
by a combined analysis of the thermal spectrum and the reflection features. In the case of supermassive black
hole, the best constraint on α13 is obtained from MCG-6-30-15, where we have simultaneous observations of
NuSTAR and XMM-Newton. The measurements of α13 in Table 2 with Suzaku data have to be taken with
more caution as they were obtained only analyzing the 1–10 keV band of the spectrum, which includes the
iron line and does not include the Compton hump.

4 Concluding remarks

In the past years, we have developed two XSPEC models to test General Relativity with black hole X-ray
data: the multi-temperature blackbody model nkbb and the relativistic reflection model relxill_nk. They
currently represent the state-of-the-art in this research field. We have already used these models to analyze a
number of X-ray data of stellar-mass black holes in X-ray binary systems and of supermassive black holes in
AGN, mainly to test the Kerr metric around these compact objects.

Our near future plans (next 2–3 years) can be summarized as follows.

1. Development of the models. We are going to further improve nkbb and relxill_nk, which we expect
to be strictly necessary in view of very high-quality data that will be available with the next generation of
X-ray missions; e.g., Athena [51] and eXTP [77]. Our current priority is to include the returning radiation
in the spectra calculated by relxill_nk. This is the radiation emitted by the disk and returning to the
disk because of the strong light bending near the black hole; see, e.g., [55] and references therein.

2. As of now, we have mainly focused our efforts on the development of the astrophysical part of the codes,
devoting less attention to testing specific gravity models. For the future, we plan to extend our studies to test
specific theories of gravity. This will require to develop nkbb and relxill_nk to work with numerical
metrics, as rotating black hole solutions beyond General Relativity are rarely known in analytic form and
often only numerical metrics are available.

3. Up to now we have mainly considered tests of the Kerr metric. Once again, the main reason is that we
have devoted most of our efforts to develop the astrophysical parts of nkbb and relxill_nk in order to
have the systematics under control, while we have somewhat neglected the rich phenomenology of theories
beyond General Relativity. Our plan is thus to use black hole X-ray data even to test the geodesic motions
of massive and massless particles and atomic physics in the strong gravitational field near the black hole
event horizon.
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