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Hengxiao Guo18, Adam Ingram19, Jiachen Jiang20, Vladimı́r Karas17, Dongyue Li4, Honghui Liu8,
Guglielmo Masteroserio21, Giorgio Matt11, Sara Motta22, Guobin Mou23, Abdurakhmon Nosirov2,
Zhen Pan24,25, Erlin Qiao4, Rongfeng Shen26,27, Qingcang Shui5,28, Yujia Song4,28, Jiřı́ Svoboda17,
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We present the novel capabilities of the enhanced X-ray Timing and Polarimetry (eXTP) mission to study the strong gravity re-
gion around stellar-mass black holes in X-ray binary systems and supermassive black holes in active galactic nuclei. eXTP can
combine X-ray spectral, timing, and polarimetric techniques to study the accretion process near black holes, measure black hole
masses and spins, and test Einstein’s theory of General Relativity in the strong field regime. We show how eXTP can improve
the current measurements of black holes of existing X-ray missions and we discuss the scientific questions that can be addressed.
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1 Introduction

Black holes are one of the most intriguing predictions of
General Relativity. The first black hole solution was dis-
covered by Karl Schwarzschild in 1916 [1], less than a few
months after the announcement by Albert Einstein of his the-
ory. However, the actual properties of these solutions were
not immediately understood. David Finkelstein [2] was the
first, in 1958, to realize that these solutions had an event hori-
zon acting as a one-way membrane: if something crosses the
horizon, it cannot influence the exterior region any longer.
For a long time, the astronomy community was very skep-
tical of the possibility of the existence of black holes in the
Universe. The situation changed in the early 1970s, when
Thomas Bolton and, independently, Louise Webster and Paul
Murdin [3, 4] identified the X-ray source Cygnus X-1 as the
first stellar-mass black hole candidate. Since then, an increas-
ing number of astronomical observations have pointed out
the existence of stellar-mass and supermassive black holes.
Thanks to technological progress and new observational fa-
cilities, in the past 10-20 years there have been tremendous
advancements in the understanding of these objects and of
their environments.

The analysis of the X-ray radiation emitted from the strong
gravity region around black holes is a powerful tool to study
the accretion process of the innermost region of the accre-
tion disk, measure black hole masses and spins, and test Ein-
stein’s theory of General Relativity (GR) in the strong field
regime. The prototype of astrophysical system for X-ray ob-
servations is shown in the left panel in Figure 1 [5] and is
normally referred to as the disk-corona model [6, 7]. The
central black hole can be either a stellar-mass black hole in

an X-ray binary (BHXRB) system or a supermassive black
hole in an active galactic nucleus (AGN). The crucial ingre-
dient is that the accretion disk is Keplerian, geometrically
thin or “slim”, and optically thick. Such an accretion disk is
cold because it can efficiently emit radiation1). The thermal
spectrum of the accretion disk turns out to be peaked in the
soft X-ray band for stellar-mass black holes in X-ray binary
systems and in the UV band for supermassive black holes
in active galactic nuclei [9, 10]. The “corona” is some hot
plasma (∼ 100 keV) near the black hole and the inner part of
the accretion disk, but its exact morphology is not yet com-
pletely understood [11-17]. The corona may be the base of
the jet, the hot atmosphere above the accretion disk, an inner,
advection-dominated accretion flow when the inner edge of
the disk is truncated at large radii, etc. (see the right panel in
Figure 1).

Since the accretion disk is cold and the corona is hot,
thermal photons from the disk can inverse Compton scatter
off free electrons in the corona. The X-ray spectrum of the
Comptonized photons can be normally approximated by a
power law with a high-energy cutoff of the order of the elec-
tron temperature of the corona [12]. A fraction of the Comp-
tonized photons can illuminate the accretion disk: Compton
scattering and absorption followed by fluorescent emission
generate the reflection spectrum (green arrows in Figure 1).
The non-relativistic reflection spectrum, namely the reflec-
tion spectrum in the rest-frame of the material of the disk, is
characterized by narrow emission lines in the soft X-ray band
and a Compton hump with a peak around 20-40 keV [18,19].
The most prominent emission line is often the iron Kα com-
plex, which is a narrow feature around 6.4 keV in the case
of neutral or weakly ionized iron atoms and shifts up to

1) Thin accretion disks are cold with respect to other accretion disk models (e.g., advection-dominated accretion flow or ADAF [8]), as well as with respect
to the corona.

https://doi.org/10.1007/s11433-025-2789-2
https://doi.org/10.1007/s11433-025-2789-2


Q. Bu, et al. Sci. China-Phys. Mech. Astron. November (2025) Vol. 68 No. 11 119504-3

Figure 1 Left panel: disk-corona model. Right panel: examples of possible coronal geometries. Figure from ref. [5].

6.97 keV in the case of H-like iron ions. The relativistic
reflection spectrum, namely the reflection spectrum of the
whole disk as observed far from the source, is blurred be-
cause of relativistic effects in the strong gravity region around
the black hole: Doppler boosting because of the relativis-
tic motion of the material in the accretion disk and gravita-
tional redshift because of the gravitational well of the black
hole [20, 21]. Such relativistically blurred reflection features
are commonly observed in the X-ray spectra of both stellar-
mass black holes in X-ray binaries and supermassive black
holes in active galactic nuclei [20, 22, 23].

The variability of the X-ray spectrum of an accreting
black hole also brings useful information about the source.
Quasi-periodic oscillations (QPOs) are narrow features at
characteristic frequencies in the X-ray power density spec-
tra of accreting black holes and neutron stars [24]. In the
case of stellar-mass black holes in X-ray binary systems,
QPOs can be grouped into two classes: low-frequency QPOs
(0.1-30 Hz) and high-frequency QPOs (40-450 Hz). There
are three different types of low-frequency QPOs, which are
called, respectively, type A, type B, and type C QPOs. QPOs
are observed even in the X-ray power density spectra of
intermediate-mass and supermassive black holes [25, 26],
where we see that the QPO frequency scales as the inverse
of the black hole mass [27]. However, the detection of QPO
in intermediate-mass and supermassive black holes is more
difficult due to insufficient observation lengths and modeling
problems.

Despite the remarkable advancements in the past 10-
20 years in the understanding of astrophysical black holes
and of their environment, there are still many open questions
in the physics and astrophysics of these objects.

(1) Are astrophysical black holes the Kerr black holes pre-
dicted by GR? Do astrophysical black holes have an event
horizon or are they instead compact horizonless objects as
predicted by a number of scenarios beyond GR [28]?

(2) What is the spin distribution of stellar-mass black holes
in X-ray binary systems? Is such a spin distribution consis-

tent with that observed in binary black holes with gravita-
tional waves by the LIGO-Virgo-KAGRA Collaboration or
are they two different object classes?

(3) What is the spin distribution of supermassive black
holes in active galactic nuclei? How do the spins of these
objects evolve with time and what is the main mechanism
responsible for such an evolution?

(4) What exactly is the corona? How does it form and
evolve with time? How is the corona connected to the accre-
tion disk and outflows?

(5) What is the mechanism responsible for QPOs? Are
they generated in the accretion disk or in the corona? Can we
use QPO observations for measuring black hole masses and
spins and for testing Einstein’s theory of GR?

(6) What is the exact mechanism responsible for the for-
mation of powerful jets, which are commonly observed both
in stellar-mass and supermassive black hole systems? Are
jets powered by the rotational energy of the black hole or by
that of the disk?

The eXTP mission has been proposed by a consortium
led by the Institute of High-Energy Physics of the Chinese
Academy of Sciences to address these questions. Its launch
is currently scheduled in 2030. The primary goals of eXTP
are: (i) the study of matter at very high density [29], (ii) the
study of strong gravity with black holes (this paper), (iii) the
study of matter in strong magnetic fields [30], (iv) the study
of violent high-energy astrophysical phenomena with X-ray
in the era of multi-messanger astrophysics [31] and v the ob-
servatory science [32].

In the new baseline design, the scientific payload of eXTP
consists of three main instruments: the Spectroscopic Focus-
ing Array (SFA), the Polarimetry Focusing Array (PFA), and
the Wide-band and Wide-field Camera (W2C). Here, we pro-
vide a brief introduction to the scientific payloads and refer
to ref. [33] for a detailed description.

The SFA consists of five SFA-T (where T denotes Tim-
ing) X-ray focusing telescopes covering the energy range
0.5-10 keV, featuring a total effective area of 2750 cm2 at
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1.5 keV and 1670 cm2 at 6 keV. The designed angular res-
olution of the SFA is 6 1′ (HPD) with an 18′ field of view
(FoV). The SFA-T are equipped with silicon-drift detectors
(SDDs), which combine good spectral resolution (∼ 180 eV
at 1.5 keV) with very short dead time and a high time resolu-
tion of 10µs. They are therefore well-suited for studies of X-
ray emitting compact objects at the shortest time scales. The
SFA array also includes one unit of the SFA-I (where I sig-
nifies Imaging) telescope equipped with pn-CCD detectors
(p-n junction charged coupled device), to enhance imaging
capabilities, which would supply strong upper limits to de-
tect weak and extended sources. The expected FoV of SFA-I
is 18′ × 18′. Therefore, the overall sensitivity of SFA could
reach around 3.3 × 10−15 erg cm−2 s−1 for an exposure time
of 1 Ms. Since it is not excluded that the SFA might in the
end include six SFA-T units, simulations presented here have
taken this possibility into consideration.

The PFA features three identical telescopes, with an angu-
lar resolution better than 30′′ (HPD) in a 9.8′ × 9.8′ FoV, and
a total effective area of 250 cm2 at 3 keV (considering the
detector efficiency). Polarization measurements are carried
out by gas pixel detectors (GPDs) working at 2-8 keV with
an expected energy resolution of 20% at 6 keV and a time
resolution better than 10µs [34-38]. The instrument reaches

an expected minimum detectable polarization (MDP) at 99%
confidence level (MDP99) of about 2% in 1 Ms for a milli-
Crab (mCrab)-like source.

The W2C is a secondary instrument of the science pay-
load, featuring a coded mask camera with a FoV of ap-
proximately 1500 square degrees (Full-Width Zero Re-
sponse, FWZR). The instrument achieves a sensitivity of
4 × 10−7 erg cm−2 s−1 (1 s exposure) across the 10-600 keV
energy range, with an angular resolution of 20′, a position
accuracy of 5′, and an energy resolution better than 30% at
60 keV.

To illustrate eXTP’s overall observing capabilities, we
present historical X-ray novae in Figure 2, where the bottom
panel displays short-lived outbursts lasting for months, while
the middle panel highlights long-duration outbursts spanning
years or persistent X-ray sources. These light curves, mea-
sured in flux units by MAXI [39] between 2017 and 2020,
demonstrate the variability observed in the X-ray sky.

Beyond all-sky monitoring, eXTP will conduct detailed
studies of X-ray novae in the future, with a particular focus
on black hole X-ray binaries in this paper. The top panels of
Figure 2 showcase a simulated SFA light curve and spectrum
of the black hole X-ray binary GRS 1915+105 [40], based on
archival observations from Insight-HXMT. eXTP will reveal

Figure 2 The top two panels show a simulated SFA light curve and spectrum of GRS 1915+105, demonstrating eXTP’s capabilities in studying strong-gravity
accretion physics. The rapid, periodic variability reveals instabilities of the inner accretion disk of this black hole; the relativistic Fe Kα emission line provides
insights into strong-gravity effects and accretion disk properties; and the absorption features from disk winds enable kinematic studies and an investigation
of potential driving mechanisms. These topics will be further explored throughout this paper. The bottom two panels illustrate the expected number of black
hole X-ray novae eXTP will observe over the first three-year period, based on historical events. These include short outbursts lasting a few months and longer
outbursts extending over several years. See text for further details.
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rapid and periodic variability on short timescales associated
with disk instability (see Section 2.2 or ref. [41]). A 20 ks
eXTP observation will also demonstrate the spectral capa-
bilities of SFA, detecting relativistic Fe K disk emission as
part of disk reflection (discussed in Section 2.2.1), which will
provide insight into the properties of the strong gravity re-
gion and the accretion disk. Additionally, eXTP will resolve
the absorption features of the disk winds, allowing measure-
ments of their velocities and helping to determine their kine-
matic properties and potential launching mechanisms (see
Section 3.1.2).

The paper is organized as follows. In Section 2, we show
how eXTP can improve current measurements of black hole
masses and spins as well as put stronger constraints on pos-
sible deviations from the predictions of GR. In Section 3,
we show how eXTP can help us to better understand the ac-
cretion process in the strong gravity region of black holes.
Summary and conclusions are reported in Section 4.

2 Measuring the basic parameters of black holes
and testing GR

Black holes are relatively simple objects, as they are com-
pletely characterized by a few parameters: their mass, their
spin angular momentum, and their electric charge. This is
the celebrated result of the No-Hair Theorem, which is actu-
ally a family of theorems, and holds under specific assump-
tions [42-44]. For astrophysical macroscopic objects, the
electric charge is normally negligible, so astrophysical black
holes should be completely characterized by their mass M
and spin angular momentum J and the spacetime geometry
around these objects should be described by the Kerr solu-
tion [45].

For a Kerr black hole, the mass M is a free parame-
ter, and therefore we may have black holes with arbitrar-
ily low as well as arbitrarily high masses. However, the
black holes in our Universe must form through some astro-
physical process and therefore it is natural to expect black
holes with masses only in specific ranges. This is exactly
what we find. Astrophysical observations have discovered
at least two classes of black holes: stellar-mass black holes
(M ≈ 3M⊙ − 100M⊙) [46] and supermassive black holes
(M ∼ 105M⊙ − 1010M⊙) [47]. There is likely a third class
of objects, the so-called intermediate mass black hole can-
didates [48], which are black hole candidates with a mass
filling the gap between the stellar-mass and the supermassive
ones.

Unlike the mass, the spin angular momentum J of a Kerr
black hole is subject to certain constraints. If we define the
dimensionless spin parameter a∗ = J/M2 (in units in which
c = GN = 1), the condition for the existence of a Kerr black
hole is |a∗| 6 1 (Kerr bound). For |a∗| > 1, there is no event
horizon and the Kerr solution describes the spacetime of a
naked singularity, which is thought to be impossible to cre-
ate in the Universe [49]. Spin measurements are crucial to
understand how black holes form, evolve, and interact with
the host environment [50]. In the case of stellar-mass black
holes in binary systems, it is often thought that the value of
the black hole spin parameter is determined by the formation
mechanism (and the natal spin is expected to be low [51-53]),
because the amount of mass that can be transferred from the
companion star to the black hole is modest and cannot appre-
ciably change the black hole mass and spin angular momen-
tum [54-56]. However, such a conclusion is not necessarily
true [57]. In the case of low-mass XRBs, the black hole may
be spun up immediately after its formation [58]. In the case
of high-mass XRBs, the black hole spin may be directly re-
lated to the angular momentum of the progenitor star, which
can transfer part of its envelope to the companion star and get
a core with high angular momentum [59]. See ref. [60] for a
recent review on this topic. In the case of supermassive black
holes in galactic nuclei, the black hole spin parameter should
be determined by the mass transferred from the host environ-
ment to the compact object and spin measurements can test
different scenarios of galaxy evolution and merger [61, 62].

A crucial ingredient in most black hole spin measurements
with X-ray observations is the assumption that the inner edge
of the accretion disk is at the innermost stable circular orbit
(ISCO) of the Kerr spacetime [63]. There is indeed a one-to-
one correspondence between the ISCO radius RISCO and the
black hole spin parameter a∗ (see Figure 3), so a precise and
accurate measurement of the location of the inner edge of the
accretion disk can be converted to a measurement of the black
hole spin parameter. The assumption that the inner edge of
the accretion disk is at the ISCO radius is well supported by
observational and theoretical studies for black holes with an
Eddington luminosity between a few percent and about 30%
and a spectrum dominated by the thermal component of the
accretion disk (soft state) [64, 65]. It is still a controversial
issue if this is also the case for sources in which the spec-
trum is dominated by the Comptonized spectrum from the
corona (hard state) [66]2): the disk is probably truncated at a
radius larger than the ISCO at low luminosities and the inner
edge of the disk moves to the ISCO radius as the luminosity
increases [67, 68] (see, however, refs. [69, 70]).

2) We note that both hard and soft states are observed at luminosities > 1% of the Eddington luminosity LEdd, implying that both corresponding physical
solutions can exist at similar accretion rates.
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Figure 3 ISCO radius RISCO in the Kerr spacetime in Boyer-Lindquist co-
ordinates as a function of the black hole spin parameter a∗. a∗ > 0 (a∗ < 0) is
for co-rotating (counter-rotating) orbits, namely for orbits with angular mo-
mentum parallel (anti-parallel) to the black hole spin. RISCO in units M = 1.

Although the predictions of GR have been extensively
tested in weak gravitational fields with Solar System exper-
iments and radio observations of binary pulsars [71], the
strong-field regime is still largely unexplored. Black holes
are ideal laboratories for testing GR in the strong field regime
as they are the sources of the strongest gravitational fields
that can be found today in the Universe [72, 73]. The past
10 years have seen significant advancements in our capabil-
ity of testing strong gravity and today we can test the na-
ture of astrophysical black holes with X-ray, gravitational
waves, and black hole imaging [74-77]. Current constraints
are still weak (especially if compared to our capability of test-
ing atomic and particle physics) but they can be improved
with the next generation of observational facilities.

2.1 Mass measurements in X-ray binaries

Mass is one of the two fundamental parameters for astro-
physical black holes. Besides dynamical methods using op-
tical spectroscopy/photometry, the black hole mass can also
be measured with X-ray observations, via spectroscopy, vari-
ability, QPOs, etc. This will fully utilize the advantages of
the eXTP mission, such as a large effective area, high spec-
tral and timing resolution.

2.1.1 Spectroscopic mass estimates

X-ray spectral modeling will provide the detailed physical
properties of the inner accretion disk, which can be used to
derive the black hole mass and spin. Both the X-ray ther-

mal continuum and the relativistic reflection spectrum can
be utilized to constrain the black hole mass and spin. The
underlying principle is that spectroscopic measurements of
relativistic broadening of reflection features (notably Fe Kα)
can yield the disk inner radius in units of gravitational ra-
dius Rg

3) (see Section 2.2.1). If the spectrum presents both a
strong thermal component and prominent reflection features,
from the analysis of the iron line, we can estimate the dimen-
sionless black hole spin parameter and the inclination angle
of the disk, and with the continuum-fitting, we can infer the
black hole mass.

In black hole X-ray binaries (BHXRBs), the physical esti-
mate of radius in length units can be obtained using thermal
continuum spectroscopy, where the accretion disk’s multi-
temperature blackbody spectrum is fitted, together with an
estimate for the inclination of the inner disk and the distance
to the source. From the Stefan-Boltzmann law and appropri-
ate modifications for the disk atmosphere, the emitting area
and hence inner radius of the disk can be determined (see e.g.,
[78, 79] and Section 2.2.3). Alternatively, the measurement
of physical radius can be carried out with X-ray polarimet-
ric measurements of the disk thermal spectrum ([80-82] and
Section 2.2.2).

To obtain a spectroscopic mass estimate, the methods used
to estimate the radius in physical dimensions and gravita-
tional radii should ideally be applied to the same data. This
likely requires a strong disk thermal component to be present
for the physical radius measurement, i.e., the source must lie
in the soft spectral state. If the observations are carried out
at different times, one must make the assumption that both
methods sample the same inner disk radius, which would be
justified if the disk is assumed to extend down to the ISCO for
both observations. eXTP will be uniquely capable of these
measurements because it has excellent spectroscopic capa-
bilities thanks to the large SFA collecting area and can make
use of both thermal continuum and polarization methods to
estimate the disk physical dimension.

2.1.2 X-ray reverberation mapping estimates of black hole
mass

X-ray reverberation mapping explores the disk-corona geom-
etry by measuring the time lags between the coronal X-ray
emission, which travels directly to the observer and the com-
ponent reflected by the accretion disk. The Fe Kα emission
line is one of the main features for conducting X-ray rever-
beration mapping. The time lag between the X-ray contin-
uum and the Fe Kα line provides the light-traveling distance
between the corona and line-emitting region on the accretion

3) Where for a black hole of mass M the gravitational radius 1 Rg = GM/c2.
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disk, which, combined with the gas velocity measurement,
will enable constraints on black hole mass.

In particular, Figure 4 shows the 2D contour plot of black
hole mass vs the coronal height obtained from the spectral-
timing fit of AGN X-ray reverberation simulations performed
with the reltrans model [83, 84]. We simulated and fit-
ted simultaneously the time-averaged energy spectrum and
the lag energy spectrum for two distinct timescales: 10−5-
10−4 Hz which is dominated by the hard lags and 2 × 10−4-
10−3 Hz where the main contribution to the signal is the re-
verberation lag (see [85] as an example). The simulation is
performed considering a lamp-post coronal geometry placed
at 6 Rg above the black hole, that illuminates through a
Comptonization-like spectrum (Γ = 2 and kTe = 60 keV)
the accretion disk, which extends down to the ISCO4). The
simulated AGN holds a 107 M⊙, maximally spinning black
hole, which is observed at 1 mCrab flux for 500 ks expo-
sure. Figure 4 shows clearly how much better eXTP-SFA
will perform in constraining the AGN mass compared to the
XMM-Newton observations. The right panel (XMM-Newton
simulations) shows that the black hole mass is unconstrained
despite the simultaneous fit of time-averaged spectrum and
lag-energy spectrum (see e.g., [83, 86]). This happens be-
cause we allowed the hard lags to contribute to the reverber-
ation lags at high Fourier frequencies. If the reverberation
features are not particularly significant in the high-frequency
lag-energy spectrum, the continuum variability, which is in-
cluded in the fitting model through a pivoting Comptoniza-

tion [87], can account for the reverberation lags, causing the
mass parameter to be unconstrained. On the other hand, in
the case of eXTP-SFA (left panel), the correct black hole
mass is recovered at 1σ confidence level, and only a second
solution is found if the 3σ contour level is considered. The
improvement is due to the much higher signal-to-noise at the
iron line energy range of eXTP-SFA which allows a more ac-
curate constraint of the mass. The small degeneracy will be
solved when we also fit for the amplitude of the correlated
variability, and not only for the variability phase-lag.

2.1.3 Mass estimates from X-ray variability and QPOs

Measurements of the X-ray variability of AGNs can provide
constraints on the central black hole mass, since the am-
plitude of short-term (< 1 day) X-ray flux variability anti-
correlates with the black hole mass. As the metric of flux
variability, the “normalized excess variance” σ2

rms is defined
as the following equation,

σ2
rms =

1
Nµ2

N∑
i=1

(
(Xi − µ)2 − σ2

i,err

)
, (1)

where N is the number of observational epochs, Xi is the in-
dividual X-ray flux measurement with σi,err as its uncertainty,
and µ is the mean flux value.

The empirical relation between σ2
rms and black hole mass

has been calibrated (e.g., [88]). With σ2
rms calculated, the

Figure 4 Comparison between eXTP-SFA (left panel) and XMM-Newton epic-PN (right panel) of the ∆χ2 2D contour plots between the black hole mass and
the height of the lamp-post corona. Both panels are the result of fitting simultaneously the time-averaged and lag energy spectra accounting for hard continuum
lags and X-ray reverberation lags. The simulations are performed considering an AGN of 107 M⊙ and an illuminating corona placed at 6 Rg above the black
hole axis, the target is observed for 500 ks at 1 mCrab.

4) The parameters of the accretion disk are standard: Fe abundance 1, ionization parameter log ξ = 3 erg cm s−1, disk number density logne = 15 cm3.
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black hole mass can be constrained. With its long (> 100 ks)
uninterrupted exposures and excellent SFA collecting area
and sensitivity, eXTP will extend the measurement of masses
using the excess variance to much fainter AGN than were
previously accessible. In particular, the method can be ap-
plied to many AGN with relatively low black hole masses
and modest accretion rates, to check the scaling of the re-
lation from higher-mass black holes observed in more lumi-
nous AGN.

The quasi-periodic oscillations in the X-ray light curves
can often be associated with the orbital motion of the accre-
tion disk. The high-frequency QPOs observed above 100 Hz
are believed to be the manifestation of the gas movement in
the accretion disk. If these high-frequency QPOs correspond
to the orbital frequency at the inner accretion flow, the black
hole mass can be constrained. The low-frequency QPOs in
the ∼Hz range are associated with the Lense-Thirring pre-
cession of the accretion disk. The disk precession frequency
depends on the black hole mass and spin. The black hole
mass can be constrained if an independent spin measurement
can break the mass-spin degeneracy.

2.2 Spin measurements

2.2.1 X-ray reflection spectroscopy

X-ray reflection spectroscopy refers to the analysis of the rel-
ativistically blurred reflection features in the X-ray spectra of
accreting black holes and is a powerful technique to probe
the strong gravity region around black holes. So far, X-ray
reflection spectroscopy has provided a spin measurement of
about 40 stellar-mass black holes in X-ray binary systems
and about 40 supermassive black holes in active galactic nu-
clei [89, 90], and is currently the only available technique to
measure the spins of supermassive black holes.

The recoverability of the black hole spin parameter us-
ing X-ray reflection spectroscopy is shown in Figure 5 for
eXTP/SFA, in comparison to NICER/XTI. We simulated
30 ks observations of bright black hole X-ray binaries (flux
2 × 10−8 erg cm−2 s−1 in the 2-10 keV energy band) with
a black hole spin parameter a∗ ranging from 0 to 0.975.
For the simulations, we used the publicly available model
relxill [91, 92], assuming that the coronal spectrum has
photon index Γ = 1.7 and high-energy cutoff Ecut = 300 keV,
the reflection fraction is Rf = 1, the inclination angle of the
disk is i = 45◦, the inner edge of the accretion disk is at
the ISCO radius of the spacetime, the emissivity profile of
the disk is described by a simple power law with emissiv-
ity index q = 3, the iron abundance of the disk is the Solar
iron abundance (AFe = 1), and the ionization parameter of
the disk is log ξ = 3 (ξ in units erg cm s−1). We fit the simu-

Figure 5 The recoverability of the black hole spin parameter for eXTP/SFA
and NICER/XTI with simulated BHXRB reflection spectra. The relxill
model is used assuming a photon index Γ = 1.7 and cutoff energy Ecut =

300 keV. The accretion disk extends to the ISCO and is viewed at an in-
clination angle of 45◦. Other parameters are the reflection fraction (R f=1),
the emissivity profile (q = 3), the iron abundance (AFe = 1), the ionization
parameter (log ξ = 3) and the flux (2 × 10−8 erg cm−2 s−1 in the 2-10 keV
band). We fit the simulated data in the range 4-10 keV. The dashed line rep-
resents the condition where the input spin for the simulation is equal to the
best-fit spin (ain = afit). The blue and red data points correspond to the best-
fit values for NICER/XTI and eXTP/SFA, respectively. The shaded areas
represent the 90% confidence intervals.

lated data in the range 4-10 keV, as current reflection models
are unsuitable to fit the data of black hole X-ray binaries be-
low 4 keV because of the high temperatures of their accretion
disks. In general, the spin is better constrained if the black
hole is rotating faster. From Figure 5, it is also clear that
eXTP/SFA can measure the black hole spin parameter with
smaller uncertainties than NICER.

For simplicity, we initially assumed a lamp-post coronal
geometry which is axisymmetric. Deviations from axisym-
metry might be expected for precessing coronae (e.g., due
to differential disk illumination in the precession cycle or
by causing a misalignment of a coronal ‘jet base’ with the
thin disk), or in case parts of the disk are obscured rela-
tive to the observer (e.g., by the corona itself). Such situ-
ations are too complex to model directly for our purposes
here, so we show the SFA sensitivity to such effects by con-
sidering non-axisymmetric illumination of the accretion disk
from an off-axis lamp-post corona. We simulated the spec-
trum provided by a corona away from the black hole spin
axis using offaxxill model [93, 94], which is an extension
of relxill and allows the corona to be located off-axis and
to move with arbitrary velocity. Figure 6 shows the recov-
erability of corona inclinations using X-ray reflection spec-
troscopy for eXTP/SFA. The black hole spin is assumed to
be a∗ = 0.998 in simulations. The radius and azimuth an-
gle of the corona are assumed to be rc = 6 Rg and ϕc = 0◦,
respectively, and the corona moves radially outward at a rel-
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ativistic speed vr = 0.5 c. The corona inclination is better
constrained if the corona has a low or high inclination. It
is constrained worse if the corona has a moderate inclination.
Figure 6 shows that eXTP/SFA provides better constraints on
corona inclinations by contrast with NICER.

The presented simulations include the statistical uncer-
tainty due to stochastic flux variability. However, larger un-
certainties can be due to imperfect modelling and/or devia-
tions of the real accretion flow from the model assumptions.
In such a case, independent ways to test the accretion physics
and measure the black hole spin are essential. The X-ray
corona geometry (often assumed in the relativistic reflection
models as a lamp post) as well as the relativistic reflection
component itself will also leave their signature in the X-ray
polarization properties [95]. eXTP black hole spin measure-
ments can thus be further improved if we combine spectro-
scopic and polarimetric techniques by analyzing simultane-
ously SFA and PFA data (see the next subsection).

2.2.2 X-ray polarimetry

X-ray polarimetry represents an independent tool for measur-
ing the geometry of the innermost accretion flow, the X-ray
corona, and the black hole spin. While for the coronal emis-
sion the X-ray polarization is expected to be sensitive to the
geometry and motion of the corona [96-101], for the purpose
of measuring the black hole spin the X-ray polarization of
emission from the thin disc is more relevant as the relativis-

Figure 6 The recoverability of corona inclinations for eXTP/SFA (red) and
NICER/XTI (blue) with simulated black hole X-ray binary reflection spec-
tra. The black hole spin is assumed to be a∗ = 0.998. The radius and azimuth
angle of the corona are assumed to be rc = 6 Rg and ϕc = 0◦, respectively,
and the corona moves radially outward at a speed vr = 0.5 c. The values of
other parameters are the same as those in Figure 5. The dashed line repre-
sents that the input inclination for the simulation is equal to its best-fit value.
The blue and red data points correspond to the best-fit values for NICER/XTI
and eXTP/SFA, respectively. The shaded areas represent the 90% confidence
intervals.

tic signatures are imprinted in the level and energy depen-
dence of the polarization degree and angle [102-104]. In the
case of strongly polarized accretion disks seen at high (al-
most edge-on) inclination, the polarization signal of return-
ing blackbody radiation from the disk is expected to be sig-
nificant [104-107].

The recently launched X-ray polarimetry explorer IXPE
[108] has measured polarization spectra for a dozen black
holes in X-ray binaries as well as in active galactic nuclei.
The first observation of an accreting black hole in Cyg X-1
revealed that the geometry of the X-ray corona is rather hor-
izontally extended than vertically [109]. Similar results were
found in other sources with a measured orientation of the
radio jet, the X-ray polarization angle always being aligned
with it.

The first black hole spin measurement based solely on
the IXPE polarization data was reported for LMC X-3 [80]
and found to be consistent with the spectral continuum fit-
ting method. The high significance of the returning radiation
was proposed for 4U 1957+115 [81] and Cyg X-1 [82] in the
soft state. These results indicate the presence of an accret-
ing material very close to the black hole, which is only pos-
sible around a highly spinning black hole. The eXTP/PFA
will have in total ∼ 5 times larger collecting area than IXPE,
which will allow to make more accurate spin measurements
for more sources.

To demonstrate the capability of eXTP in constraining
the black hole spin by X-ray polarimetry, we perform sim-
ulations of eXTP/PFA polarisation observations of a bright
black hole X-ray binary in the soft (thermal-dominated) state.
For the simulations, we assume a black hole X-ray binary
with a flux of 1 Crab in 2-8 keV and at a distance of 3 kpc.
The mass of the black hole is 7 M⊙. The observer is located
at an inclination of 60◦. The energy spectra and polarization
are computed with the kynbbrr model [102, 105-107] and a
disk albedo of 1 is assumed. The results are shown in Fig-
ure 7 (polarization degree and angle in left and right panels,
respectively). By looking at the simulated data for an ex-
tremely rotating black hole (a∗ = 0.998; green crosses) and a
non-rotating (a∗ = 0; blue crosses) black hole, as well as the
model predictions for different values of black hole spins, it
is evident that eXTP observations will be able to put stringent
constraints on black hole spin.

2.2.3 Thermal continuum fitting

The X-ray thermal continuum fitting method offers an effec-
tive way to measure black hole spin by analyzing thermal
emission in the X-ray band from a multi-temperature accre-
tion disk surrounding accreting black holes. This method
requires the source to be in the high-soft state where the thin-
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Figure 7 The simulated eXTP/PFA observations for polarization degree (PD) and polarization angle (PA) for extremely rotating (green crosses, a∗ = 0.998)
and non-rotating (blue crosses, a∗ = 0) black holes. The simulations of 500 ks observations of a generic 1 Crab black hole X-ray binary (in 2-8 keV) in the soft
state, have been prepared with the ixpeobssim v31.0.3 updated for the eXTP/PFA responses. Black hole mass of 7 M⊙, inclination of 60◦, distance of 3 kpc
and high disk albedo of 1 were assumed. The model predictions with Stokes parameters binned in 22 energy bins for different values of the black hole spin are
also shown. Both the simulated observations and the model predictions were created with plot polfrac and plot polang commands in XSPEC v12.14.1d.

disk model assumptions hold, with disk emission contribut-
ing dominantly (>75% [46]) to the total flux and weak scat-
tering/reflection components. The temperature distribution in
the accretion disk and various gravitational effects are highly
sensitive to the mass and spin of the central black hole, al-
lowing the spectral energy distribution to provide sufficient
details to constrain the black hole’s properties. This approach
requires precise measurements of the black hole mass M, the
inclination angle of the system i, and the distance D. To date,
the spins of more than 20 black holes have been successfully
measured using this method [78, 79].

The black hole spectra for three configurations:
eXTP/SFA (full array of 5 SDD modules + 1 pnCCD mod-
ule), eXTP/SFA-I (one pnCCD only), and NICER/XTI were
simulated using the relativistic continuum model kerrbb,
assuming a 300 ks exposure time. A total of 40 simulated
spectra were generated, covering the full range of black hole
spin from 0.000 to 0.998. A disk inclination of i = 57◦, a
source distance of D = 7.47 kpc, and a black hole mass
of M = 8.46 M⊙ were adopted. The inclination corre-
sponds to the expectation value (ī = 1 radian or 57◦) for
randomly oriented orbital planes, computed from the prob-
ability distribution P(i) ∝ sin i on a sphere. The mass and
distance were chosen to correspond to the median values in
the observed distribution of black hole X-ray binaries [110].
The mass accretion rate Mdd was adjusted to yield a lu-
minosity corresponding to 5% of the Eddington limit. By
default, a canonical spectral hardening factor of 1.7 was as-
sumed. To account for self-irradiation and limb-darkening

effects, both corresponding flags in kerrbb were set to 1.
The self-irradiation, i.e., due to returning blackbody radi-
ation, is assumed to be fully absorbed (i.e., albedo 0) and
thus reprocessed at the local blackbody temperature. This
is inconsistent with the assumed fully reflecting disk in the
polarization modelling of the soft state shown in the previous
section. Modelling of combined SFA and PFA data from
eXTP will require the development and application of fully
self-consistent spectro-polarimetric models, including more
realistic disk atmospheres. The power-law photon index was
set to 2.0, and the power-law normalization was set to ensure
that the disk emission contribution excceded 75% of the total
unabsorbed flux in the 2-10 keV energy band. In the actual
synthetic spectra, the disk component contributed 80%-85%
of the total unabsorbed flux. The absorbed flux ranging from
3.4 × 10−9 to 8.7 × 10−9 erg cm−2 s−1 after accouting for
the specified column density of NH = 1.0 × 1022 cm−2. No
systematic uncertainties were added to the simulated spectra
for any of the instruments.

To estimate confidence intervals for the freely fitted pa-
rameters (NH, a∗, Mdd, Γ, and NormPL), Markov Chain
Monte Carlo (MCMC) sampling was performed using the
Goodman-Weare algorithm. Each chain was sampled for 106

steps, and convergence was evaluated using the R̂ diagnostic.
All model parameters were successfully recovered from the
simulated spectra in all configurations. For each spin value
investigated, the eXTP / SFA configuration yielded the tight-
est constraints, with confidence intervals reduced by a fac-
tor of 3 to 4 compared to those obtained with NICER/XTI.
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While the SFA-I produced slightly broader intervals than
NICER/XTI, both remained within the same order of magni-
tude, indicating overall comparable performance. Represen-
tative results are shown in Figure 8 for spin values of 0.000
and 0.998, with red, green, and blue denoting the confidence
intervals for eXTP/SFA, eXTP/SFA-I, and NICER/XTI, re-
spectively.

Near the surface of the black hole, the gravitational field
is extremely intense. The final region of spacetime, known
as the plunging region, is where infalling matter cannot be
halted and inevitably descends into the black hole. It has
been found that for black holes with high spin, the com-
bined emission from the plunging region can produce a weak
power-law tail in the high-energy spectrum, which may be
the origin of corona emission [111]. Fitting synthetic spec-
tra from three-dimensional general relativistic magnetohy-
drodynamic (GRMHD) simulations with current relativistic
thermal emission models (e.g., kerrbb for thin disks and
slimbh for slim disks) could help to understand systemat-
ics in spin measurements arising from the neglected plunging
region emission and other modeling simplifications. Studies
of this kind have not converged to a consistent understanding
yet, with some simulations showing negligible systematic er-

rors [112] while others indicate a significant overestimation
of the black hole spin [113,114]. Semi-analytical models that
include plunging region emission have been developed [115],
and their application to data has shown that black hole spin
measurements can be lower than those obtained using stan-
dard models in some cases (e.g., MAXI J0637-430 [116],
MAXI J1820+070 [115] and M33 X-7 [117]).

Another aspect concerning the reliability of standard disk
models is the stability. While the standard disk models pre-
dict the disk to be viscously and thermally unstable in the
radiation pressure-dominated regime [118], observations of
BHXRBs in the corresponding soft state show very stable X-
ray emission. A possible solution to this discrepancy is the
inclusion of magnetic fields [119], which could alter the disk
structure and temperature profile [113, 120].

Observations by eXTP will help us explore the effects of
radiation from the plunging region and gain deeper insights
into the fundamental physical processes at work. Pressure
effects, magnetic fields, and turbulence affect the structure
of gaseous flows; nevertheless, the ISCO radius of particle
motion plays a crucial role in shaping the inner regions of
accretion disks, where strong gravitational effects dominate
the structure. While it is known to influence standard geo-

Figure 8 MCMC sampling results for simulated spectra with spin assumed at extreme values of 0.000 and 0.998. The simulation parameters were set as
M = 8.46 M⊙, D = 7.47 kpc, i = 57.0◦, while other parameters were adjusted to achieve a 5% Eddington luminosity and the disk component contributing
80%-85% of the unabsorbed flux. The flux of the brightest spectrum corresponds to 0.07 Crab in the 2-10 keV energy band. No systematic uncertainties were
added. Confidence contours are presented at the 68% and 95% confidence levels, with red, green and blue denoting the confidence intervals for eXTP/SFA,
eXTP/SFA-I, and NICER/XTI, respectively. The tightest constraints were obtained for eXTP/SFA.



Q. Bu, et al. Sci. China-Phys. Mech. Astron. November (2025) Vol. 68 No. 11 119504-12

metrically thin, equatorial gaseous flows, its role in verti-
cally extended and/or non-planar (e.g., twisted or warped)
accretion flows remains insufficiently explored. This raises
a long-standing question about the boundary between stable
(energetically bound), plunging, and escaping (unbound) tra-
jectories for non-equatorial motion [121].

The signal from the plunging region, albeit weak, needs
to be modelled in order to discriminate between different vi-
able explanations [122]. The study of analytical models that
include the emission from the plunging region to soft-state
data was reported in ref. [116]. The deviation from a stan-
dard ISCO stress-free disk model is very significant in the
data when observed in a certain range of mass accretion rate.
The plunging region is only optically thick when the mass
accretion rate is sufficiently high.

2.2.4 X-ray quasi periodic oscillations

X-ray Quasi Periodic Oscillations (QPOs) have been rou-
tinely observed in stellar mass black holes at low (0.1-10
Hz) and high (a few hundred Hz) frequencies, within 10%-
20% of the relativistic precession, orbital, and epicyclic fre-
quencies in the inner disk. These frequencies correspond
to the fundamental frequencies of orbital motion in strong-
field GR. The low and high-frequency QPOs have sometimes
been observed together, in combinations of frequencies con-
sistent with those expected from the multiple relativistic sig-
nals associated. These observations suggest that QPOs may
be indicative of oscillations occurring within specific radii,
thereby offering a potential means to accurately probe the
relativistic dynamics of particles in the vicinity of a black
hole event horizon. Furthermore, QPOs can provide mea-
surements of black hole spin, a crucial parameter that influ-
ences the observed frequencies.

The relativistic precession model (RPM) has been piv-
otal in linking QPOs to black hole parameters. It explains
black hole QPOs as motions of accreting matter in the strong
gravitational field of a Kerr black hole, matching observed
QPO frequencies to general-relativistic orbital time-scales.
In this model, a low-frequency QPO (typically a few Hz)
is produced by Lense-Thirring frame dragging that causes
the nodal precession of matter around the black hole, while
high-frequency QPOs (tens to hundreds of Hz) arise from
the Keplerian orbital frequency and the relativistic periastron
precession of matter. Such types of motion are assumed to
occur at the same characteristic radius, often associated with
the inner truncation radius of the geometrically thin accretion
disk. These fundamental frequencies depend on the black
hole’s mass and spin, so detecting a “triplet” of QPOs (one
low-frequency plus two high-frequency signals) allows one
to infer the black hole mass and dimensionless spin by solv-

ing the GR frequency relations [123-126].
The leading model for low-frequency QPOs assumes that

the corona corresponds to an inner hot accretion flow, with
orbital motion misaligned with the black hole spin. The
misalignment causes the corona to undergo solid-body nodal
(Lense-Thirring) precession around the black hole spin axis
due to the relativistic frame-dragging effect, whilst the disk
remains stationary due to viscous forces [127]. eXTP is ide-
ally suited to two distinctive tests of this model.

First, the model predicts that the iron line should rock
between Doppler red shifted and Doppler blue shifted as
the corona preferentially illuminates different disk azimuths
throughout its precession cycle [128]. Figure 9(a) shows an
example of two QPO phases. The disk images (top and mid-
dle) demonstrate the illumination profile at the two phases,
where the rainbow color scheme is used for disk patches illu-
minated by a flux above a threshold value. The corresponding
line profiles for the same two phases are shown in the bottom
panel. For axi-symmetric illumination, the line profile would
instead be independent of QPO phase. Since the QPO fre-
quency varies stochastically, it is very difficult to phase-fold.
Instead, a QPO phase-dependence in spectral shape is opti-
mally inferred in the Fourier domain [129], by measuring the
amplitude and phase lag with respect to a reference band as a
function of photon energy for the first and second QPO har-
monics. Figure 9(b) demonstrates that a phase-dependence
of the iron line profile creates distinctive features in the iron
line region of the amplitude and lag spectra.

This method has been used to detect an iron line cen-
troid energy modulation for the black hole X-ray binaries
H 1743-322 and GRS 1915+105 [129, 130]. These obser-
vations enabled tomographic mapping, whereby the QPO
phase-dependent illumination profile of the disk is repre-
sented by an analytic function that mimics illumination by
a precessing corona [131]. In these studies, the best fitting
model consists of an asymmetric illumination profile consis-
tent with the illuminator being a precessing corona. How-
ever, the null-hypothesis of axi-symmetric illumination (as
would result from a stationary corona) has thus far never been
ruled out with a statistical confidence greater than 2.5σ.

The high throughput and spectral resolution of the SFA
will enable the first firm detections of asymmetric disk illu-
mination. To demonstrate this, we simulate a 50 ks eXTP
observation of a 250 mCrab black hole X-ray binary with a
QPO at 0.4 Hz with a quality factor Q = 8. We assume that
the photon index Γ and the reflection fraction fR oscillate
with QPO phase around their mean values of Γ = 1.8 and
fR = 0.4, and we model asymmetric illumination with the
asymmetry parameters A1 and A2 (using the best fitting val-
ues for H 1743-322 [131]). We also set log ξ = 3, rin = 30 Rg,
i = 70◦ for the disk ionization parameter, inner radius and
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Figure 9 (a) Disk images representing asymmetric illumination by a precessing corona at two precession phases (top and middle) and the corresponding iron
line profiles (bottom). The QPO phase-dependent illumination of the disk is parameterized by an analytic function with asymmetry parameters that we set to
the best fitting values for H 1743-322 [131] of A1 = 0.93 and A2 = 3.50. (b) Simulated 50 ks eXTP observation of a 250 mCrab black hole X-ray binary with
a QPO at 0.4 Hz. We show the amplitude and phase lag of the first and second QPO harmonics as a function of energy (as labeled). The simulated data are
unfolded around the best-fitting model (red stepped lines). The gray dashed lines represent the null-hypothesis model. (c) Statistical confidence contours (red:
68.27%, green: 95.45% and blue: 99.73%) on the measurement of the asymmetry parameters from fitting the input model back to the simulated data.

inclination angle, respectively. We simulate using the cross-
spectral error formulae of ref. [132]. Figure 9(b) shows the
resulting amplitude and lag spectra for the first two QPO
harmonics. The features in the ∼5-8 keV range indicative
of a QPO phase-dependent iron line profile can be clearly
seen in the simulated data. The dashed gray lines represent
the best-fitting null hypothesis model with A1 and A2 set to
zero. We see that this model can clearly be ruled out by the
synthetic eXTP observation. Figure 9(c) shows the statis-
tical confidence with which the asymmetry parameters can
be constrained by fitting the input model back to the simu-
lated data5). The cross represents the best fitting values and
the contours represent 68.27%, 95.45% and 99.73% confi-
dence. The null hypothesis of axi-symmetric illumination
(A1 = A2 = 0) is ruled out with≫ 5σ significance.

The second test, enabled by the PFA, is to search for mod-
ulations of the polarization degree (PD) and polarization an-
gle (PA) on the QPO period. Such polarization QPOs are
expected from a precessing corona in analogy with the ro-
tating vector model for radio pulsars. eXTP holds many key
advantages over IXPE concerning this test. One is the larger
effective area, not just of the PFA, but also of the SFA, which
can be utilized by cross correlating the PFA signal with the
SFA signal [133]. Another is the superior telemetry. Teleme-
try limitations restrict each IXPE observation to a maximum
of ∼15 million counts, which will not be the case for eXTP.
eXTP will also be better able to slew quickly to outbursting

BHXRBs, enabling it to observe when the QPO properties
are optimal, and the higher orbit will enable longer uninter-
rupted observations.

Detection of a polarization QPO requires a long exposure
of a bright source; therefore, we simulate a 150 ks eXTP
observation of a 300 mCrab black hole X-ray binary in the
hard state exhibiting a QPO with centroid frequency 0.4 Hz
and quality factor Q = 8. We calculate the QPO phase de-
pendence of flux, PD and PA assuming that the corona is a
torus of outer radius 20 Rg, misaligned with the disk by an
angle β = 10◦, which is viewed from inclination i = 70◦ (i.e.,
Figure 6 of ref. [134]). We assume that the time-averaged
PD is 4%. We simulate using the Fourier detection method
of ref. [133], using an improved treatment of statistical er-
rors [132]. This method consists of extracting light curves
selected for different modulation angle bins and, for each of
these light curves, measuring the QPO amplitude and phase
lag with respect to a reference light curve. This is in direct
analogy to spectral-timing techniques, except that the differ-
ent time series considered are selected on modulation angle
rather than on energy channel. We simulate for 30 modula-
tion angle bins, and we use the SFA for the reference band.
We simulate 104 realizations of the same observation. Fig-
ure 10 shows the results of one representative realization of
the simulation. The points are the simulated eXTP data, the
gray lines represent the null hypothesis of constant PD and
PA, and the red lines represent the best-fitting model of vari-

5) We fit to the real and imaginary parts of the cross spectrum instead of directly to the amplitude and phase lag, which is statistically favorable.
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Figure 10 Simulation of a polarization QPO due to relativistic precession
of the corona. We use the Fourier detection method of ref. [133], which
measures the QPO amplitude (top) and phase lag with respect to the SFA
(bottom) as a function of the modulation angle measured by the PFA. We
simulate a 150 ks eXTP observation of a 300 mCrab BHXRB. The best
fitting sinusoidal model (red line) is preferred over the null-hypothesis of
constant PD and PA (gray line) with 5.2σ confidence.

able PD and PA. We use an F-test for each realization of the
simulation to find that the best fitting model is preferred over
the null-hypothesis with a statistical confidence of 5.2σ. We
calculate this significance from the median F-statistic of all
104 realizations.

IXPE has thus far made one observation of a strong low-
frequency QPO from a black hole X-ray binary, at a fre-
quency of ∼1.4 Hz from the bright source Swift J1727.8-
1613. Polarization QPOs are not detected in this observation,
with 1σ upper limits on the amplitude of any PD and PA os-
cillations of 0.4% and 3◦ respectively [135]. The precession
model predicts that the amplitude of PD and PA modulations
depends sensitively on source geometry and viewing angle,
and thus it is perfectly feasible that future observations will
feature much stronger polarization modulations. However,
eXTP will even be able to detect very small polarization mod-
ulations consistent with the existing Swift J1727.8-1613 ob-
servation, for a sufficiently bright source. We simulate a 350
ks eXTP observation of a 500 mCrab source. The QPO fre-
quency and quality factor are the same as before, but now we
input polarization modulations set by the best fitting model
of ref. [135] (PD amplitude of 0.2% and PA amplitude of

1.4◦) and the rms of the QPO in the flux is set to 14%. We
find that eXTP can detect even these small modulations with
a significance of 3.6σ.

2.3 Testing GR

The spacetime metric around an astrophysical black hole is
normally thought to be approximated well by the Kerr so-
lution. However, there are models beyond GR allowing for
macroscopic deviations from the Kerr geometry. Testing the
Kerr nature of astrophysical black holes is thus a crucial test
of GR in the strong field regime [72].

The Kerr nature of astrophysical black holes can be tested
with the techniques discussed in Section 2.2 for measur-
ing black hole spins: X-ray reflection spectroscopy (see,
e.g., [74, 75]), X-ray polarimetry (see, e.g., [136, 137]),
continuum-fitting method (see, e.g., [138, 139]), and QPOs
(see, e.g., refs. [140, 141]).

X-ray reflection spectroscopy is currently the technique
that can provide the most stringent test of the Kerr hypoth-
esis. We simulated a 30 ks observation of a bright black hole
X-ray binary with eXTP/SFA and NICER/XTI, assuming
that the compact object is a Kerr black hole with spin param-
eter a∗ = 0.5 and that the inclination angle of the disk is i =
70◦. We fit the data with the Johannsen metric, allowing for
a non-vanishing deformation parameter α13. For the simula-
tions and the fits, we used the model relxill nk [142,143],
which is an extension of the relxill package to non-Kerr
spacetimes. The constraints on the black hole spin param-
eter a∗ and the deformation parameter α13 (where α13 = 0
corresponds to the Kerr metric) are shown in Figure 11 (af-
ter marginalizing over all other parameters): the eXTP/SFA
measurements are in red and the NICER/XTI measurements
are in blue. eXTP can roughly halve the uncertainty of the
NICER measurement with the same exposure time. Fig-
ure 11 also shows the eXTP/SFA measurements of a putative
300 ks observation of the same source (in green). A longer
exposure time can clearly improve the constraints on possi-
ble deviations from the Kerr geometry. Unlike spin measure-
ments, where we want to measure the spin of as many black
holes as possible, in the case of tests of GR, we can properly
select the most suitable sources, where systematic uncertain-
ties are under control and subdominant with respect to the
statistical ones. It is indeed plausible to imagine that either
GR works or does not, regardless of the source.

With eXTP, the spectral analysis of the reflection spec-
trum could be combined with the polarization analysis of the
source. As of now, there are no models suitable to analyze
the X-ray polarimetric data and test the Kerr nature of a black
hole, but such models will surely be available within a couple
of years from now.
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Figure 11 Constraints on the black hole spin parameter a∗ and the Jo-
hannsen deformation parameter α13 (α13 = 0 corresponds to the Kerr solu-
tion of GR and α13 , 0 implies deviations from GR) from a simulated 30 ks
NICER observation (in blue), a simulated 30 ks eXTP observation (in red),
and a simulated 300 ks eXTP observation (in green) of a bright black hole
X-ray binary. In the simulations, we assume that the source is a Kerr black
hole with spin parameter a∗ = 0.5 and the inclination angle of the disk is
70◦. The other parameters have the values used in the simulations in Fig-
ure 5. For every measurement, we show the 68%, 90%, and 99% confidence
level curves for two parameters.

From the analysis of the thermal spectrum of the disk, it is
normally very difficult to constrain possible deviations from
the Kerr metric, because of a strong degeneracy between the
estimate of the black hole spin and the deformation parame-
ter [139]. However, the analysis of the thermal spectrum can
be combined with that of the reflection spectrum, improving
the constraints that can be obtained from the sole analysis of
the reflection spectrum [144, 145].

The measurement of the QPO frequencies can potentially
provide very stringent constraints on the spacetime geom-
etry around black holes, especially if combined with the
constraints inferred with other techniques [140, 141]. How-
ever, the constraints inferred from the QPO frequencies are
strongly model-dependent and, at the moment, we do not
know the exact mechanism responsible for the observed
QPOs, so this technique cannot currently provide reliable
tests of the Kerr nature of astrophysical black holes.

3 Exploring accretion physics in extreme gravity

Since the pioneering work by ref. [9], accretion power has
been understood to be the energy source for emission from
accreting stellar-mass black holes in X-ray binaries and su-
permassive black holes in active galactic nuclei (AGNs).

According to their spectral features and timing properties,
black hole X-ray binaries can be divided into three spec-
tral states, i.e., the hard state, intermediate state and soft

state (also known as the hard, steep power-law and thermal-
dominant states) [46, 146]. The different spectral states are
believed to be linked to the relative strengths of disk and
coronal emission components. Although the basic picture
has been established, some key questions are still needed to
be clarified, such as the formation, evolution and the radia-
tion of the hot corona, the physical mechanism of the trun-
cation of the accretion disk, the origin of QPOs, and the pro-
duction mechanism of outflows such as disk winds (observed
in the soft state) and relativistic jets (observed in the hard and
intermediate states).

A great number of efforts have been made towards estab-
lishing the intrinsic connection between black hole X-ray bi-
naries and AGN, such as the fundamental plane of black hole
activity [147, 148] and the unified scheme for black hole ac-
cretion (e.g., [149]), in which it is proposed that different
types of AGN are determined by Eddington ratio (Edding-
ton rate scaled mass accretion rate) and the viewing angle. As
for BHXRBs, the basic picture is in place but many key ques-
tions still need to be settled, such as the structure of the disk
and corona, the physical mechanism of the production and
evolution of AGN QPOs, the origin of quasi-periodic erup-
tions (QPEs) and the implications for AGN feedback. The
latter question has wide relevance because the process of ac-
cretion onto black holes plays an important role in shaping
the Universe. The energy released in a small region (e.g., a
few tens of gravitational radii) near the black holes in AGN
can cause significant feedback, which affects the evolution of
their host galaxies.

3.1 The geometry and dynamics of the accretion flow in
stellar mass black holes

In the hard state, the X-ray energy spectrum is dominated
by the emission of a power law, which is believed to orig-
inate from the inverse Comptonization of seed photons by
a hot plasma (corona) near the black hole. The advection-
dominated accretion flow (ADAF) was proposed as the mode
of accretion in the hard state [8]. It has been suggested that
the Comptonization within the ADAF is associated with the
source of X-ray power-law emission [46]. However, it is
clear that this component can be extremely luminous in the
brightest hard states during an outburst, unlike a radiatively
inefficient ADAF. Therefore, we can generalise to consider
a hot accretion flow which is not very optically thick, but is
at least geometrically thick, so that the presence of disk re-
flection can be explained. Alternatively, it has been argued
that Comptonization could also occur within the jet [16].
However, spectral models based on both the hot-flow and
jet scenarios can fit the broadband spectral-energy distribu-
tions [150], making the origin of the X-ray source uncertain.
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Moreover, it is well known that the Comptonization-
dominated energy spectrum softens as the source transitions
from the hard state to the soft state. During the transition,
the spectrum becomes dominated by the thermal blackbody
emission from the thin disk [151]. Such spectral evolution
indicates the co-evolution of the disk and corona during the
outburst. In the truncated disk model, the thin disk is trun-
cated beyond the ISCO, and the inner disk is replaced by a
hot inner flow. The hot flow contributes to hard X-ray radi-
ation, and its radial suppression and expansion lead to spec-
tral evolution [152]. However, some studies, based on X-ray
time-lag measurements, have proposed that the corona may
vertically expand and then contract as an X-ray binary un-
dergoes the state transition to the soft state [153]. Thus, there
is significant uncertainty over the inner structure during state
transition, which limits our understanding of the origin of
the hard X-ray emission and the accretion physics behind the
state transition.

To answer these questions, determining the geometry of
the X-ray emitting regions is essential. eXTP can measure
and constrain this geometry using several independent tech-
niques, which make use of its advanced instrument capabili-
ties: the excellent SFA soft X-ray response to measure delays
between disk-thermal and coronal emission; the combination
of SFA effective area and spectral resolution at iron K line en-
ergies for Fe K reverberation studies and QPO tomography of
the disk-corona system; PFA’s high sensitivity to polarisation
signals, which can constrain the coronal geometry even in the
early stages of black hole transient outbursts.

3.1.1 Disk-corona time delays

In addition to spectral analysis, timing analysis has been em-
ployed to study the accretion geometry and its evolution.
Low- and high-frequency noise in the power spectrum of the
X-ray fast variations carries information about the accretion
flow [154]. In some X-ray binaries, it has been observed that
at low frequencies, the hard X-ray variation lags behind the
soft X-ray (hard delay), and the time delay decreases with
decreasing optical variation time scale. These “hard lags”
are thought to arise from perturbations in the accretion rate at
different radii of the accretion disk propagating inward [155].
In contrast, at high variability frequencies (typically > 1 Hz),
soft X-ray variations are observed to lag behind those in hard
X-rays (soft delay or “soft lags”). This effect may originate
from the time difference corresponding to the irradiation of
the accretion disk by the thermal accretion flow, i.e., the X-
ray reverberation signal.

To demonstrate the power of eXTP observations, we con-
sider whether the combination of spectral and timing anal-
ysis could strongly constrain the accretion geometry. More

specifically, we will investigate whether the timing differ-
ences between various geometries can be disentangled from
additional observations while maintaining an identical time-
averaged energy spectrum. To achieve this, theoretical mod-
eling of the X-ray fast variability, considering the variability
mechanisms mentioned above, is required.

Phenomenological models which incorporate the disk-
corona propagation and reverberation show that complex
time-lag behaviour can result [156]. The X-ray radiative
process in the disk-corona system was simulated in refs.
[157, 158], which includes the thermal emission from the
disk, the Comptonization within the corona, and the reflec-
tion of coronal photons by the disk. Recently, ref. [159]
incorporated propagating fluctuations through the disk and
the light-traveling effect between the disk and corona into
the simulation, in order to model the fast variability of an ac-
creting black hole. Here, we utilize Zhan’s simulation code
to model the energy- and time-dependent variability, demon-
strating the capability of additional spectral and timing ob-
servations to constrain the inner accretion geometry.

We model the corona as a hyperboloid with upper and
lower surfaces (see Figure 12) and can parameterize it using
the following equation:

x2 + y2

a2 − z2

b2 = 1,

hb 6 |z| 6 ht,
(2)

where a and b are the semi-major and semi-minor axis of the
hyperboloid. ht and hb represent the heights of the top and
bottom boundaries, respectively. The reference coordinate
system is Cartesian, with the black hole at zero, where a ge-
ometrically thin and optically thick disk is situated in the xy
plane, depicted by the blue solid line in Figure 12. The disk

Figure 12 Cross-section of the hyperbolic corona in the black hole frame.
a and b are the semi-major and semi-minor axis of the hyperboloid. For disk-
like corona (black solid line): a = 10, b = 2, upper boundary height ht = 30,
lower boundary height hb = 6. For jet-like corona (red solid line): a = 120,
b = 200, ht = 180, hb = 2. The units of all numbers are Rg.
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has a truncation radius of 10Rg and an external radius of
500Rg. Two distinct geometric types (disk-like and jet-like)
correspond to varying parameters of the hyperboloid (see
Figure 12). The disk-like corona is wider than it is tall, re-
sembling a radially extended disk, while the jet-like corona
appears the opposite, resembling a jet.

In the two geometric models described above, we simu-
lated the count rates over a duration of 200 s using a 1 ms
time bin. The energy range extends from 0.1 to 12.0 keV,
divided into 0.1 keV bins. The count rates were normalized
so that the flux in the 2-10 keV band corresponds to 1 Crab.
The code is based on the Monte Carlo simulations and tracks
only one photon in a single cycle. For simplicity, the tra-
jectories of photons do not take into account relativistic ef-
fects. Photons originate from a thin disc, which is described
by the Novikov-Thorne model [160]. Their emission posi-
tions are uniformly distributed as determined by the inverse
cumulative distribution function (iCDF), which is based on
the radial emission profile of the disc. Photons will obtain
randomly assigned momentum and shoot towards infinity or
the corona, and the initial energy follows the blackbody ra-
diation function. Photons in the corona will undergo inverse-
Compton scattering and then be shot to infinity or return to
the disc; that is, reflection occurs. Reflection is a complicated
process. We have to take into account all atomic processes,
including atomic absorption and excitation, scattering, ion-
ization, and so on. To simplify the program, we adopt the
reflection model developed by Garcı́a et al. [161] and Dauser
et al. [91], which can generate normalized reflection spectra,
including continuum and line emission. We add the propaga-
tion fluctuations of accretion rate to generate variability and
obtain the signal in the time dimension by recording the num-
ber of photons received in different time bins.

Figure 13 shows the time-averaged energy spectrum in the
simulation results. The solid and dashed lines represent the
energy spectra of the disk-like and jet-like models, respec-
tively. Although the two geometric models shown in Fig-
ure 12 show significant differences, we can still ensure that
the spectral shapes are similar by adjusting the optical depth
of corona. Blue, red and purple represent disk, Compton and
reflection components, respectively, in Figure 13. Compton
component exhibits a power law with photon index ∼1.4. The
reflection component shows distinct emission lines, such as
the iron line located at 6-7 keV. The black lines represent the
total of all the components. As expected, they are dominated
by the Compton component.

For the light curve, the count rates in each energy bin
were multiplied by the mean effective area for the corre-
sponding energy bin. The count rates within the specified
energy bands (0.5-1.0 and 2.0-5.0 keV) were summed to pro-
duce the light curve. Using the Python library Stingray

v2.0.0 [162-164], the time lag-frequency between the 0.5-
1.0 keV and 2.0-5.0 keV bands was computed. Figure 14
presents the results, where a positive lag indicates a hard lag,
meaning the hard photons are delayed relative to the soft pho-
tons. The simulation results in Figures 13 and 14 clearly indi-
cate that, while the energy spectra of the disk-like and jet-like
corona are indistinguishable, the frequency-dependent lag re-
veals significant differences.

3.1.2 Reflection reverberation

X-ray reverberation mapping is a powerful technique to
probe the structures of the innermost regions of accreting
black holes systems, allowing for constraining the properties
of black hole independent of the direct spectral-fitting meth-
ods (Section 2.2.1) as well as mapping disk-corona geometry
and dynamics. In the simplest picture of X-ray reverberation
mapping, a compact corona that emits Compton-scattered X-

Figure 13 Time-averaged energy spectra of the three components and total
for both disk-like (solid line) and jet-like models (dashed line). The Y-axis
is labeled by the energy multiplied by the flux.

Figure 14 The time lag as a function of frequency between 0.5-1.0 and 2.0-
5.0 keV. The disk-like model is depicted in black, while the jet-like model is
shown in red.
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ray photons is placed above the black hole. The incident
coronal photons irradiate the cold accretion disk and are re-
processed to give rise to a reflection spectrum, with the most
prominent feature being the Fe Kα fluorescent line. Tem-
poral changes in the reflection spectrum are expected to lag
behind the coronal continuum variations because of the extra
light-travel time from the corona to the disk. More sophis-
ticated reverberation models include the effects of more ex-
tended coronae, either in the radial or vertical directions. So
far, X-ray reverberation lags have been discovered in both su-
permassive and stellar-mass black hole accreting systems, in-
cluding AGNs and X-ray binaries [165]; however Fe K rever-
beration signatures have only been systematically observed
in AGN ([166], but see also ref. [153]).

Because of its large collecting area at Fe K energies,
eXTP/SFA will open up new possibilities for the use of X-
ray reverberation to constrain corona and disk geometries
in X-ray binaries. Figure 15 (lower panel) shows the sim-
ulated lag vs. energy spectrum obtained by eXTP/SFA from
a bright (1 Crab) hard state black hole X-ray binary with a
100 ks exposure (which would also be typical to obtain ex-
cellent polarization measurements). The upper panel shows
the corresponding model spectra including disk and Comp-
tonized plus reflection components. For the simulation, we
use the reltrans model [83, 84] and assume different ge-
ometries with either a truncated disk and moderately compact
source height, or a disk extending to the ISCO of a maxi-
mally spinning black hole with a large source height, compa-
rable to what might be expected from a jet-like corona. Given
our current limited knowledge of accretion geometries in the
hard state, both models could show similar disk temperatures
due to a combination of intrinsic heating and coronal repro-
cessing. The reflection spectral shapes are also similar on
account of the degeneracy of large source height vs. disk
radius, so spectra alone are insufficient to distinguish the ge-
ometries. However, the lag-spectra are distinct and clearly
show the Fe K feature, which is currently barely detectable
with NICER, allowing the lags to be unambiguously associ-
ated with reverberation. Thus, eXTP can use reflection rever-
beration signals for the first time as an unambiguous probe
of disk-corona geometry, enabling comparison with multiple
independent techniques at the same time.

3.1.3 Polarization measurements of coronal geometry

X-ray polarimetry provides an independent tool to probe the
accretion geometry. Polarization degree provides the mea-
sure for the elongation of the hot medium—the corona—
while the polarization angle indicates its orientation. The
polarization degree depends on system inclination, with
maximum values for edge-on views and zero for a spherical

Figure 15 Spectral model and simulated eXTP-SFA lag vs. energy spectra
for a 1 Crab hard state BHXRB, showing that two distinct inner geometries
for disk inner radius (rin) and source height (h) can be easily distinguished
with the lags. The upper panel shows the assumed spectral models with
disk emission (dotted lines) set to have similar disk temperature, making
the overall spectral energy distributions nearly identical. The lower panel
shows the simulated lag data. The simulation assumes 100 ks exposures and
shows the lags obtained for the 10-20 Hz frequency range, where evidence
for soft reverberation lags has been seen by NICER and where reverberation
delays are expected to dominate over propagation delays, which are washed
out on these time-scales. The simulation uses the reltrans [83, 84] lamp-
post model for reverberation lags. The lag model curves are shown with the
smooth solid lines, and the data and model are set to zero lag at 2 keV so the
shapes can be easily compared.

corona. Previous hard-state polarization measurements find
the corona is extended in the direction orthogonal to the
jet axis [109, 167-169]. The high observed polarization de-
gree (∼4%), however, challenges standard models of a static
corona, suggesting the coronal matter might be outflowing
[101]. Key questions remain: is the dynamic, outflowing
corona always present in these systems? What is the outflow
velocity, and does it evolve over the course of the outburst?
Additionally, the link between inner coronal outflows to the
optical and infrared wind outflows ubiquitously seen at the
initial stages of the outburst is presently missing.

These questions are not expected to be solved with the
IXPE instrument, given the fast evolution of the transient
black hole X-ray binaries, their typically dim fluxes in the
initial outburst stages and the requirement of polarization
measurement with sub-per cent accuracy. To get to a pre-
cision of 0.2% on polarization degree, required to constrain
the outflow parameters, a generic 100 mCrab hard state black
hole X-ray binary source would need to be observed by IXPE
for more than a week (accounting for the ∼50% effective ex-
posure time). This time is comparable to the characteristic
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timescales of the outburst evolution, preventing precise mea-
surements of the geometry at distinct times and a clear under-
standing of geometric evolution. In contrast, as shown in Fig-
ure 16, eXTP/PFA brings the exposure time down to about a
day, hence becoming uniquely suited to track the evolution
of accretion geometry for black hole transients.

3.1.4 Low-frequency QPOs as a disk-corona probe

The geometry of the corona surrounding black holes is not
static during outbursts. Recent studies propose that the
coronal geometry undergoes dynamic evolution, particularly
during spectral state transitions from the hard to soft state
[170, 171]. High-cadence observations with the eXTP mis-
sion will be uniquely positioned to probe this evolution
through its unprecedented combination of simultaneous X-
ray spectral, timing, and polarimetric measurements. Fur-
thermore, eXTP’s capacity for prolonged exposure signifi-
cantly enhances the likelihood of capturing rapid changes of
corona during state transitions [172-174].

Low-frequency QPOs are commonly observed in X-ray
light curves of black hole X-ray binaries [24] and are widely
attributed to the relativistic (Lense-Thirring) precession of
the inner hot accretion flow [127]. Recent studies using
NICER and NuSTAR observations have revealed that the
disk-blackbody component also exhibits variations on the
QPO timescale. Notably, the disk temperature variations
were found to precede changes in both the non-thermal and
disk fluxes by approximately 0.4-0.5 QPO cycles [175]. This

Figure 16 Simulated eXTP/PFA data for a generic BHXRB source at the
initial stages of an outburst. The binary is assumed to have an inclination of
i = 30◦, with an incident spectrum characterized by a photon index Γ = 1.6
in the 2–8 keV range and an unabsorbed flux of 100 mCrab. The model
PD corresponds to a slab corona geometry with an outflow relative veloc-
ity of β = 0 (static, black solid line) and β = 0.4 (mildly relativistic, black
dashed line), based on ref. [101]. An eXTP exposure of 100 ks is sufficient
to distinguish between these alternatives.

phenomenon has been proposed to result from the precession
of the inner disk.

It is important to note that the fitted peak temperature
(Tin) may be affected by electron scattering and general
relativistic (GR) effects, and can be expressed as: Tin =

fGR (i, a∗) fcolTeff , where fGR represents the fractional change
of the fitted color temperature due to the GR effects, i is the
inclination angle, a∗ is the black hole spin, fcol denotes the
hardening factor, and Teff is the effective temperature of the
inner disk [176]. Numerical simulations suggest a canoni-
cal value of fcol ∼1.6-1.8 [177-179], whereas fGR strongly
depends on the inclination. As demonstrated in previous
studies, the GR effects cause the spectrum to be redshifted
at small inclinations, but blueshifted at large inclinations
[176,180]. This indicates that the apparent temperature could
display a positive correlation with the inclination. How-
ever, for the accretion disk flux over the precession period,
it is primarily influenced by the projected area, and is there-
fore expected to be negatively correlated with the inclination.
Consequently, a large phase difference (roughly 0.5 QPO cy-
cles) between the temperature variation and the flux variation
could be potentially observed. By employing the Hilbert-
Huang Transform method [181, 182], phase-resolved spec-
tral analysis with eXTP/SFA observations will be sufficiently
sensitive to detect variations in the disk-blackbody compo-
nent on the QPO timescale, thanks to the significantly larger
effective area of eXTP/SFA in the 0.5-10 keV range com-
pared to NICER. Consequently, the origin of these variations
can be effectively constrained.

3.2 Mapping the inner regions of supermassive black
holes

3.2.1 X-ray reverberation mapping of the inner regions

As for accreting stellar-mass black holes, the measurement
of energy-dependent time delays, i.e., lag-energy spectra, is
useful to test detailed models for the innermost emitting re-
gions of AGN, such as propagating fluctuations and rever-
beration [166]. However, the spectral-timing measurements
require observations with very high count rates, so they can
only be done for a handful of bright AGNs with current in-
struments. Furthermore, for past and current proportional-
counter instruments with large collecting area at Fe K en-
ergies (e.g., RXTE, ASTROSAT), the spectral resolution is
poor, which prevents detailed investigation of reverberation
properties in the Fe K band. With its large effective area
and CCD-quality spectral-resolution in the 0.5-10 keV band,
eXTP/SFA will provide much better signal-to-noise measure-
ments of the lag-energy spectra, at sufficient resolution to re-
solve Fe K reverberation signatures.
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The improved energy resolution provided by eXTP/SFA
allows for measuring more precisely the changes of the Fe K
line profile. With the light-travel lags, the extension of the
redshifted Fe K line emission and its location can be simulta-
neously measured, which are critical to test the effects of GR
at small radii and constrain the accretion disk dynamics.

The high count rates enable direct time-resolved spectral
studies of variable components in the Fe K complex, prob-
ing the flaring regions of the accretion disk down to spatial
scales of several to tens of gravitational radii from the central
black hole [183]. The physical connection between the local
flare activity of the accretion disk and the accretion rate can
be revealed. In some AGNs, the disk reflection component
and the broad Fe K line (if present) are found to vary with
much smaller amplitude than the continuum [184], which can
be interpreted in the context of the light-bending model. In
such a model, physical motion of the X-ray source causes
variability in the X-ray continuum but the illumination of the
disk (and therefore the Fe K line flux) can remain relatively
unaffected in some regimes [185, 186]. eXTP/SFA observa-
tions will be able to reveal characteristic properties of the
reflection continuum (including broad Fe K line) in response
to the large-amplitude continuum variability [187, 188], al-
lowing for testing the light-bending model and constraining
coronal geometry and dynamics.

X-ray reflection and reverberation can be used to probe
accretion flow and black holes in super-Eddington accre-
tion. The study of super-Eddington accretion is important
as such extreme accretion likely has played an important role
in the growth of massive black holes in the early universe,
as recently observed by JWST [189, 190]. It has been the-
oretically predicted that super-Eddington accretion around
black holes produces slim disks instead of conventional thin
disks [191]. Recent state-of-the-art numerical simulations of
super-Eddington accretion further reveal that optically thick
winds are launched from the geometrically and optically
thick disks [192, 193]. Therefore, one expects that X-ray re-
flection geometry in the super-Eddington regime should be
morphologically different from the thin disk picture. Refs.
[194-196] conducted theoretical studies on X-ray reflection
and reverberation from super-Eddington accretion flows and
demonstrated that the reflection geometry in super-Eddington
accretion flows leads to unique observable features. They
found that the Fe Kα line energy spectra, emitted by the fast-
moving wind, are broad and blueshifted with a symmetric
profile, which is distinct from the skewed line profiles pro-
duced from thin disks. Also, the Fe line lag spectra from
super-Eddington accretion flows have characteristics differ-
ent from the thin-disk lag spectra. Not only can these fea-
tures be used to distinguish super-Eddington accretion sys-
tems from sub-Eddington systems, but they are also key for

constraining the reflection geometry and extracting parame-
ters from the observed lags. By applying the model to fit the
observed lag-energy spectrum of Swift J1644+57, the first
jetted TDE [197], it is found that super-Eddington disk geom-
etry is preferred over the thin disk geometry, and key parame-
ters of black hole and corona can be constrained. eXTP/SFA
observations will allow further exploration of how X-ray re-
verberation signals can be used to probe super-Eddington ac-
cretion flow funnel geometry and wind kinematics, which
are linked to fundamental physical parameters like black hole
spin and Eddington ratio.

Given the large effective area of eXTP-SFA, we can per-
form X-ray reverberation mapping of both the continuum and
Fe K line for the brightest nearby intermediate-mass black
holes (IMBHs, 102-106 M⊙), such as NGC 4395. IMBHs
serve as a crucial population bridging stellar-mass black
holes and supermassive black holes (SMBHs). Measuring X-
ray time lags in IMBHs is essential for filling the gap between
these two mass regimes and for establishing a global scaling
relation between the continuum/emission-line lags and black
hole mass [166]. These measurements also provide key in-
sights into the corona-disk-jet connection across different ac-
cretion modes [198]. Furthermore, recent IXPE observations
[199] suggest that the corona geometry extends along the
same direction as the accretion disk, challenging the simple
lamp-post model assumption. eXTP offers a unique oppor-
tunity to test this corona illumination and disk reprocessing
scenario, providing new constraints on the physics of accre-
tion and black hole environments.

Fe K reverberation is an extremely useful tool for probing
warped disks. While several mechanisms can lead to disk
warping, one particularly interesting process is the Bardeen-
Petterson effect [200]. In this scenario, the inner region of
a misaligned disk aligns with the black hole’s rotation axis
due to the combined effects of viscous torque and general
relativistic Lense-Thirring precession. This effect may man-
ifest in tidal disruption events, where the angular momentum
of the disrupted star—and consequently the resulting debris
disk—is random [201]. Zhang et al. [202] demonstrated that
a warped disk can produce distinct emission line reverbera-
tion mapping features. Such features can be detected with
SFA, as evident in Figure 17.

3.2.2 AGN non-thermal superflare from an orbiting hotspot
at the SMBH inner radii

Recently, very large telescope interferometer (VLTI) ob-
served several near-infrared superflares which might be from
hot spots moving around Sgr A* at only 7-10 gravitational
radii from the central black hole [203]. It is believed that
these hot spots are likely due to relativistic magnetic recon-
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Figure 17 The time-lags at 1.14 × 10−4 Hz versus the 2-4 keV band as
a function of the photon energy, for a warped disc with an inner edge-on
and outer face-on components. The warped disc is around a 107 M⊙ black
hole. The results extracted from simulated eXTP/SFA data with an expo-
sure of 35 ks are shown in blue symbols. For comparison, we also plot in
orange symbols the results extracted from simulated XMM-Newton/pn data,
for which larger uncertainties are seen.

nection events and they might also be the sources of X-ray
flares which exhibit a double-peak structure in the light curve
of the total X-ray flux due to their orbital motion. Here we
simulate the X-ray light curve of these hot spots observed by
eXTP-SFA.

Figure 18 (left) shows a simulation of the light curve pro-
duced by a hot spot orbiting a black hole for one period,
as observed by eXTP-SFA in the 2-10 keV energy band.
We simulate a 4.2 ks observation with an average flux of
10−11 erg cm−2 s−1. The black hole mass is assumed to
4.14 × 106 M⊙ and black hole spin is 0.998. The orbital ra-
dius of the hot spot is rspot = 10 Rg. Its radiation is assumed

as a power law spectrum with index Γ = 2. The observing
inclination is assumed to be 75◦. There is an obvious double-
peak structure in the light curve, with a time interval of 500 s
between the two peaks. In the lower subpanel, we show the
ratio between the data and the best-fit model. We obtain a
good fit and recover the input parameters.

Figure 18 (right) shows the error contours (1σ, 2σ, and
3σ in red, green and blue, respectively) of hot spot orbital ra-
dius and observing inclination. The orbital radius of the hot
spot can be measured to a precision < 3 Rg at 3σ confidence,
while the inclination is measured to a precision of < 1◦. The
technique also provides us with a way to measure the black
hole spin, if the mass of the black hole is measured indepen-
dently (e.g., via optical reverberation mapping [204]). This
would apply to any hot spot radius and hence is indepen-
dent of whether or not the disk is assumed to extend to the
ISCO, as is the case for spin constraints from spectral fitting.
Thanks to its unprecedented throughput, eXTP will be able
to perform such measurements for any AGN with X-ray flux
above 1 mCrab.

3.2.3 Quasi periodic oscillations from SMBHs

AGN, powered by accretion onto SMBHs at the center of
galaxies, are thought to be scaled-up versions of BHXRBs
[205-208]. A compelling line of evidence for this postula-
tion is the striking similarity in the variability of the X-ray
radiation between AGN and BHXRBs [209-213]. The power
spectral densities (PSDs) of both can be well described as red
noise. However, the characteristic QPOs, which have been
observed in the X-ray light curves of dozens of BHXRBs
[46, 214], are rarely detected in AGN. More detections of

Figure 18 Left: The light curve (black) produced by a hot spot orbiting a black hole, as observed by eXTP/SFA in 2-10 keV energy band. The light curve is
binned to 50 s. The black hole mass is assumed to 4.14 × 106 M⊙ and black hole spin is 0.998. The orbital radius of the hot spot is rspot = 10 Rg. Its radiation
is assumed as a power law spectrum with the index of Γ = 2. The observing inclination is assumed to 75◦. The red dashed line represents the count rate of the
best-fit model. The ratio between the data and the best fit model is shown in lower subpanel. Right: the error contours of hot spot orbital radius and observing
inclination. The red, green and blue lines represent 1σ, 2σ, and 3σ confidence levels, respectively.



Q. Bu, et al. Sci. China-Phys. Mech. Astron. November (2025) Vol. 68 No. 11 119504-22

QPOs in SMBHs will strengthen the connection between
AGN and BHXRBs. Also, the properties of QPOs in AGN
can provide a powerful probe to diagnose the inner structure
of the X-ray emitting region around SMBHs.

A number of models have been proposed to interpret the
phenomena of QPOs, e.g., the relativistic precession model
[215], the resonance model [216], acoustic oscillation modes
in pressure-supported accretion tori [217], instability at disk-
magnetosphere interface [218], the accretion-ejection insta-
bility in magnetized disks [219], and the global corotational
instability of non-axisymmetric g-mode or p-mode trapped
in the innermost region of the accretion disk [220], etc. Nev-
ertheless, the origin of QPOs still remains unclear. A sample
of QPOs detected in SMBHs can help understand the mech-
anism of QPOs generated in accreting black hole systems.

So far, only a few possible QPOs have been found
in accreting systems with SMBHs: the Narrow-Line
Seyfert 1 (NLS1) galaxies RE J1034+396 [26], 1H 0707-495
[221], ESO 113-G010 [222], Mrk 766 [223], MCG-06-30-15
[224], MS 2254.9-3712 [225], the ultrasoft AGN candidate
2XMM J123103.2+110648, as well as the tidal disruption
events (TDE) Swift J164449.3+573451 [226], etc. But the
reliability of some cases is still under debate [227]. Consid-
ering the dependence of the timescale on the black hole mass
[27, 46], it is not hard to understand the lack of QPO detec-
tions in SMBHs. More QPOs in SMBHs will be found if
more high-quality observations with long, continuous, unin-
terrupted exposure can be taken.

Among all the QPOs detected in SMBHs, the most accept-
able and significant case is the one in RE J1034+396. The
continuum of the PSD can be fitted by a power-law model,
and the QPO signal around 2.7 × 10−4 Hz can be well de-
scribed by a Lorentzian profile, as shown in the left panel of

Figure 19. The 0.3-10 keV count rate (PN+MOS1+MOS2)
of RE J1034+396 observed with XMM-Newton is about
7.2 counts s−1, which corresponds to a flux of about1 ×
10−11 erg cm−2 s−1, by assuming amodel with photon index
of 2 and hydrogen column density of 3 × 1020 cm−2. Us-
ing the RE J1034+396 PSD model as input, and the count
rate of about 20 counts s−1, we simulate 1000 lightcurves of
RE J1034+396 observed with SFA, with duration of 140 ks.
In over 80% of the observations, significant QPO signals with
confidence level higher than 99.99% can be detected. The de-
tection probability will decrease to about 50% when the flux
of source is about 2.5 × 10−13 erg cm−2 s−1. The capability
of SFA can expand the sample of QPOs in SMBHs. Or the
observations can help answer another question: whether the
QPOs are really rarer in accreting systems with SMBHs than
those with stellar black holes.

3.2.4 The disk-corona structure of AGN from X-ray po-
larimetry

IXPE has significantly advanced our understanding of the
AGN central engine by providing the first X-ray polarization
measurements of hot coronae in unobscured Seyferts [228].
These observations have helped constrain theoretical models
of X-ray emission in such extreme environments. Indeed, the
X-ray polarization signal strongly depends on the morphol-
ogy of the corona. Radially extended configurations, such
as a slab sandwiching the disk or a wedge structure, produce
polarization parallel to the symmetry axis, with a degree in-
creasing with inclination [100]. Vertically extended coronae
instead produce polarization perpendicular to the symmetry
axis, generally with a lower degree. IXPE results on MCG-5-
23-16 [229,230], IC 4329A [231], and NGC 4151 [199,232]

Figure 19 Left panel: the PSD of RE J1034+396 observed with XMM-Newton. The blue line represents the best-fit power law, the orange line represents
the PSD model with an added Lorentzian profile, and the red dashed line represents the 99.99% confidence level. Middle and right panels: the examples of
simulated PSDs observed with SFA, with flux of 1 × 10−11 and 2.5 × 10−13 erg cm−2 s−1, respectively.
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are consistent with the X-ray corona lying along the equato-
rial plane; however, only one solid detection (> 3σ) is ob-
tained in the case of NGC 4151.

The case of MCG-5-23-16 well illustrates the issue (see
Figure 20). The IXPE upper limit, obtained with a total ex-
posure of 1.1 Ms, rules out certain configurations (such as a
conical outflowing corona [230]) but remains consistent with
a spherical lamp-post model (see the orange contour in the
figure). Thanks to the larger PFA effective area (up to five
times greater than IXPE), eXTP will provide a measurement
at the 99% confidence level with an exposure of 550 ks, and
a 4σ detection with 1.1 Ms (see the cyan and green contours
in the figure). This also means that eXTP will be able to in-
vestigate the corona-disc interplay with high signal-to-noise
ratio for a significantly larger number of sources. Assum-
ing that a total exposure of about 10 Ms is dedicated to non-
jetted, unobscured Seyferts with fluxes exceeding 2 mCrab
in the eXTP band, and extrapolating the IXPE results, we ex-
pect at least 10-12 new measurements. These observations
will provide a robust sample for investigating the corona in
supermassive black holes, which, together with stellar-mass
black holes in X-ray binaries, will offer fundamental insights
into the accretion properties in extreme regimes.

3.2.5 Probing strong gravity effects with QPEs and TDEs

X-ray quasi-periodic eruptions (QPEs) are intensive, recur-
ring soft X-ray bursts from galaxy nuclei. The first tenta-
tive QPE source RX J1301.9+2747 was reported in 2013
[233], and the first confirmed QPE source was observed in
2019 in GSN 069 with nine-hour cycles of intense flares
[234]. This discovery was then followed by more detections
in RX J1301.9+2747 (20-hour cycles), eRO-QPE1, eRO-
QPE2, and AT2019qiz (48-hour cycles post-TDE) [235-237].
QPEs are preferentially found in dwarf galaxies that host
SMBHs of 105 M⊙-107 M⊙. The sample, though small,
shows diverse recurrence patterns, from regular to erratic
[238].

Observationally, QPEs are defined by their dramatic X-
ray variability. The eruptions are soft, with spectra peak-
ing below 2 keV, often modeled as thermal emission from
a disk with temperatures around 50 eV during quiescent
phases [234]. Burst durations range from tens of minutes
to a few hours, with peak times and durations shortening at
higher energies, indicating complex energy-dependent evo-
lution [239]. Recurrence times vary widely, from GSN 069’s
nine hours to AT2019qiz’s two days, and some sources like
eRO-QPE1 display irregular intervals, challenging simple
periodicity models. Notably, some QPE hosts lack opti-
cal signatures of active galactic nuclei (AGN), suggesting
these events can occur without pre-existing accretion activ-
ity [237].

Figure 20 Polarization degree and angle contour plots, at the 99% confi-
dence level, of MCG-5-23-16 from the IXPE observation [230] (solid orange
line) and eXTP simulations with 550 ks (cyan dashed line) and 1.1 Ms (green
dash-dotted line). The black dashed line at 40◦ represents the elongation of
the narrow-line region (NLR) and indicates the symmetry axis of the disk,
while the black dashed line at –50◦ represents the perpendicular direction.

Among the diverse phenomena found in QPE observa-
tions, two illuminating discoveries reported in 2024 are par-
ticularly informative for understanding the origin of QPEs.
The first discovery is the direct detection of QPEs in light
curves of two recent TDEs AT 2019qiz and AT 2019vcb
([235, 240]), confirming that at least some of QPEs are
connected to TDEs. The second discovery is about the
alternating long-short pattern Plong & Pshort in the recur-
rence times of QPEs, which have been noticed in several
QPE sources sources including the most famous GSN 069
[234, 236, 237, 239]. In a recent work, ref. [241] further
pointed out the recurrence times of GSN 069, both Plong and
Pshort, show clear variations, while the sum of two consecu-
tive recurrence times Plong + Pshort remains nearly a constant
(see Figure 21). This second discovery indicates that the fun-
damental period of QPEs is actually Plong + Pshort instead of
either Plong or Pshort, and two bursts are produced per period.

Both the TDE-QPE connection and the pattern of con-
stant Plong + Pshort favor the EMRI (extreme mass ratio in-
spiral)+disk model, in which a stellar object orbiting around
the SMBH, colliding with the accretion disk to trigger quasi-
periodic bursts [242-244]. Though alternative models, in-
cluding disk instabilities and repeating partial TDEs, have
also been proposed as possible origins of QPEs, they are in-
compatible with either the TDE-QPE connection or the con-
stant Plong + Pshort pattern in the recurrence times. Addition-
ally, stellar transits across a magnetized accretion flow that
quasi-periodically ejects plasmoids has also been put forward
as a promising mechanism [245].

In the framework of EMRI+disk model, the variations of
Plong and Pshort are the natural consequences of EMRI apsidal
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Figure 21 Light curves from 4 observations of GSN 069 QPEs during Dec. 2018-May 2019 [234], where the alternating long-short pattern in the recurrence
times, and the clear variations in both Plong and Pshort along with the approximately constant Plong + Pshort are exhibited [241, 249].

precession in the curved spacetime. Therefore, two intrin-
sic periods of the EMRI trajectory are encoded in the QPE
timing, the EMRI orbital period Pobt ≈ (Plong + Pshort) and
the EMRI apsidal precession period Pprec in which the re-
currence times are modulated. Several previous works have
attempted to fit the QPE timing data with EMRI geodesics
([241,242,246,247]) or EMRI trajectories that are perturbed
by the accretion disk [248]. Taking GSN 069 as an example,
[248] found an orbital period Pobt ≈ 65 ks, an apsidal preces-
sion period Pprec ≈ 76 d, and an orbital eccentricity e ≈ 0.04.
The two periods are related to the EMRI orbital parameters
as

Pobt = 2π
(

A
M•

)3/2

M• ,
Pprec

Pobt
=

p
3M•

=
A

3M•
(1 − e2) , (3)

where geometric units with G = c = 1 are used, M• is
the gravitational radius of the SMBH, A is the semi-major
axis and p is the semi-latus rectum. From the two peri-
ods inferred from QPE timing data, it is straightforward to
obtain the value of the SMBH mass M•. This QPE tim-
ing method is promising in accurate measurement of SMBH
masses [248, 249].

Polarization studies for QPEs are under-explored, but the-
oretical models offer some predictions. In the stellar interac-
tion model, if eruptions arise from localized disk collisions,
the X-ray emission could be polarized due to scattering in
an asymmetric geometry, such as a hot spot or outflow. The
degree of polarization would depend on the viewing angle
and disk structure, potentially reaching a few percent in soft
X-rays, as seen in some accretion disk simulations [104].
For disk instability models, polarization might be lower or
absent unless the instability triggers anisotropic outflows or
a corona, which could scatter photons and induce polariza-
tion [229]. No direct polarization measurements exist yet for
QPEs, as current X-ray polarimeters like IXPE lack the sen-
sitivity for such short and faint events.

A tidal disruption event (TDE) occurs when a star ventures
within the tidal radius of a supermassive black hole [250,

251]. These events generate flares lasting months to years,
exhibiting extreme variability across multi-wavelengths
[252] and revealing previously dormant SMBHs. For ap-
proximately a year after the disruption, the accretion rate
remains high, resulting in a geometrically thick nascent ac-
cretion disk. Due to the typical misalignment between the
disrupted star’s orbit and the black hole spin axis, strong vis-
cous forces and frame-dragging effects cause the entire disk
to undergo rigid-body Lense-Thirring precession around the
black hole spin axis (e.g., [253, 254]). For an accretion disk
extending from the ISCO to approximately the tidal disrup-
tion radius, the precession period varies from one to tens
of days, depending on the SMBH mass and spin parameter
[255, 256]. In the case of intermediate-mass black holes, the
precession period can be significantly shorter, e.g., 85 s in
3XMM J215022.4–055108 [257].

Unlike in AGNs and BHXRBs, coronae are typically ab-
sent in TDEs, at least during the early stages post-disruption,
making disk reflection undetectable in most cases. As a
result, periodic X-ray variations provide the most viable
method for measuring the black hole spin parameter. This
approach has been applied to TDEs such as Swift J1644
[255, 258] and AT2020ocn [259], which exhibited periodic-
ities of 2.7 and 15 d, respectively, attributed to jet and disk
precession. GRMHD simulations predict that both alignment
and precession should gradually slow down over time due
to angular momentum transport and radial disk expansion
[260]. However, these predictions remain unverified, partic-
ularly at late evolutionary stages of TDEs, due to the limited
statistical constraints from current instruments. The large ef-
fective area of eXTP/SFA in the soft X-ray band makes it an
ideal instrument to thoroughly investigate the evolution of X-
ray periodicity and its associated spectral changes. More pre-
cise measurements on these quantities could further test the
Bardeen-Petterson effect [200], which dampens LT preces-
sion, thereby providing key constraints on disk dynamics as
it transitions from geometrically thick to geometrically thin.

Extremely relativistic TDEs When the stellar orbital pe-
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riastron Rp is very close to the black hole, i.e., < 6 Rg, the
strong GR effect causes the orbital dynamics of the stellar de-
bris to be dramatically different from that in ordinary TDEs,
thus rendering the term extremely relativistic TDEs (eTDEs).
Such regime dominates those TDEs with black hole mass in
the range of 107 M⊙-108 M⊙. Particularly, the strong apsi-
dal precession is so strong that the debris will wind a few
times at Rp around the black hole, before its path extends
out to large distances [261]. Internal shocks occur within the
wound debris stream, dissipating energy, and are followed by
the accretion of the compact, circularized flow, as was shown
by simulation in ref. [261].

Consequently, eTDEs are predicted to have an X-ray light
curve that rises rapidly (within hours) to about the Eddington
level, and maintains at LEdd for weeks to a year, during which
fast and significant variabilities are expected. eXTP has the
potential to detect such a new type of transient.

4 Summary

The study of accreting black holes provides insights into
some of the most fundamental objects and processes that im-
pact our Universe, while presenting great theoretical and ob-
servational challenges. Black holes themselves are a mani-
festation of gravity at its most extreme and provide a setting
which allows us to explore our best theory of gravity—GR—
and test the spacetime metric. The physics of accretion and
the outflows it produces lead us to couple our understanding
of electromagnetism and plasma physics, thermodynamics
and radiative processes to this deeper theory. This synthe-
sis allows us to use electromagnetic observations as probes
of the behaviour of matter accreting in strong gravity, and
gravity itself, but it is incredibly demanding in terms of the
quality of data required.

In this work we have shown how eXTP can revolutionize
accreting black hole studies by providing, with its large col-
lecting area and unique combination of instruments, order-
of-magnitude advances in sensitivity to polarization, spectral
and timing signatures that are out of reach to current X-ray
telescopes. To summarize the key advances:

(1) The collecting area and spectral resolution of SFA en-
able the direct estimation of black hole masses via X-ray re-
verberation mapping (Section 2.1). The high orbit of eXTP
extends this technique to supermassive black holes by sam-
pling their variability time-scales with long continuous ex-
posures. These characteristics allow more than an order of
magnitude improvement in precision of the mass estimate,
compared to current X-ray instruments.

(2) Black hole spins (Section 2.2) of stellar mass black
holes can be estimated from a variety of techniques that esti-

mate the inner disk radius and hence the spin, in soft spectral
states where the disk can be assumed to extend to the ISCO.
The eXTP-PFA can constrain spin to the percent level due to
the spin effect on both polarization angle and degree caused
by light-bending and returning radiation. Thermal contin-
uum fitting of the disk spectrum in SFA data provides a spin
estimate using a technique that is completely independent of
the polarization approach, but using the same eXTP observa-
tions.

(3) Quasi-periodic oscillations (QPOs, Section 2.2.4)
could provide a totally novel probe of black hole mass and
spin if the physical origin of the QPOs could be confirmed.
Both the SFA and PFA can enable this with independent
approaches. The SFA will carry out phase-resolved spec-
troscopy of QPOs to determine for the first time whether the
QPOs are produced by coronal precession and the resulting
disk-illumination pattern. The PFA combined with SFA will
measure polarization changes and delays on the QPO cycle
to measure the changing coronal geometry. With this pow-
erful combination, eXTP will determine the nature of QPOs
and hence enable their use as a spin estimator.

(4) The spectral sensitivity of SFA provides an additional
constraint on spin from reflection spectroscopy, while also
enabling a probe of deviations from the Kerr metric (Sec-
tion 2.3). Such deviations in the fundamental shape of space-
time could also be probed using other techniques listed here,
once the appropriate model predictions have been developed.

(5) eXTP-SFA and PFA will enable powerful constraints
on the coronal and inner disk geometry in the hard and inter-
mediate spectral states of accreting stellar mass black holes
(Section 3.1), to shed light on the nature of these states and
the origin of the relativistic jets they produce. Disk-corona
geometry can be determined via independent combinations
of reverberation time-delays from soft thermal emission and
the X-ray reflection signature, which are both sampled by
SFA. Measurements by PFA can determine the coronal ge-
ometry and outflow velocity even in the early stages of an
outburst.

(6) The techniques to constrain the disk-corona geometry
in stellar mass systems could also be extended to accreting
supermassive black holes (Section 3.2) thanks to the large
collecting area of eXTP-SFA and PFA combined with the
long uninterrupted exposures permitted by the high space-
craft orbit. These measurements will allow a detailed test of
whether and how the inner geometry depends on black hole
mass and whether different classes of AGN show the distinct
accretion-state geometries that are suggested for stellar mass
systems.

(7) The combination of collecting area, sensitivity,
spectral-response and high orbit of eXTP-SFA makes it ideal
for the detection and study of quasi-periodic signals from
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supermassive black holes which can result from a variety
of physical phenomena (Section 3.2). Dynamical-time-scale
QPOs can be easily detected from even faint AGN. Strong
constraints on orbital dynamics of hotspots orbiting the Sgr
A∗ supermassive black hole in our own galaxy can be ob-
tained by their X-ray flare profiles. The soft emission from
accretion disks produced by tidal disruption of stars can be
probed for precession signals and the QPEs now associated
with repeated disruption of the disk by the stellar orbits.

It is almost certain that for some measurements, the
true physical situation in accreting black holes will present
greater challenges than anticipated in our simulations shown
here. However, the diversity of techniques enabled by eXTP,
including spectroscopy, spectral-timing, polarimetry and ul-
timately polarimetric-spectral-timing, will provide many in-
dependent checks that can validate the methods and models
used. Critically, measurements of black hole spin and mass
can be obtained and cross-checked for the same stellar-mass
systems throughout an X-ray binary outburst and in different
states. For most supermassive black holes in AGN, we likely
cannot cross-check results in this way for a given system,
due to the long evolutionary time-scales expected. However,
rapidly evolving ‘changing-look’ AGN or transient events
driven by tidal stellar disruption provide an opportunity to
use multiple techniques as the system evolves, and an addi-
tional setting for comparison with the more numerous and
predictable AGN.

The richness and diversity of topics described in this work
reflect the rapid growth of the field over the last two decades.
This growth was largely driven by the breakthroughs in capa-
bility of the current generation of X-ray observatories, com-
bined with advances in theory and computation. eXTP rep-
resents the next step-change in capability, which should in-
crease the pace of discovery and will inevitably lead to sur-
prises and further puzzles. Fortunately, the scientific poten-
tial of the mission to solve these unanticipated puzzles is
clear, thanks to eXTP’s unique and complementary combi-
nation of instrumentation, large collecting area, powerful dy-
namic range in source flux and capability for long uninter-
rupted observations. In combination with other new missions
and advances in multiwavelength and multimessenger time-
domain astronomy, we can look forward to an exciting future
for black hole research in the 2030s.
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Egron, T. D. Russell, S. A. Trushkin, M. Negro, A. Ratheesh, et al.,
Astrophys. J. 968, 76 (2024).
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