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Abstract

This thesis investigates the late-time X-ray behavior of tidal disruption events

(TDEs), which are extragalactic nuclear transients that provide a unique window

into the properties of dormant supermassive black holes (SMBHs) in galactic cen-

ters. Although the initial flares of TDEs have been intensively studied, a growing

body of evidence reveals that some TDEs exhibit delayed rebrightening in X-ray and

radio bands months or even years after their initial outburst. This points toward

drastic changes in accretion and complex emission mechanisms. However, system-

atic studies targeting this late-time phase remain largely unexplored.

In this work, the first systematic analysis of late-time X-ray emission from a

sample of recent nearby TDEs is presented. Using newly acquired pointed obser-

vations from the Follow-up X-ray Telescope (FXT) onboard the Einstein Probe,

four sources with significant late-time X-ray emission were identified and analyzed.

Spectral modeling was performed by comparing the contributions from blackbody

and power-law components. Most cases indicated a slight preference for power-law

emission, suggesting the presence of a newly formed warm corona. For two of these

sources, NICER follow-up observations confirmed these results and, together with

archival Swift and XMM-Newton data, enabled tracing of the long-term evolution

of the X-ray emission compared to optical light curves.

The results of this analysis revealed a diversity in the long-term behavior of

TDEs. Some targets continue to emit persistent X-ray emission long after the op-

tical peak, while others, despite previous high-energy or radio activity, are now

undetected in X-rays. This diversity points to differing accretion states, geomet-

ric effects, or intrinsic faintness, and highlights the need for coordinated, multi-

wavelength monitoring to fully understand the underlying physical mechanisms.

Systematic follow-up with an expanded sample will shed new light on the evolution

of TDEs and SMBHs, and on the roles of accretion, outflows, and reprocessing.

iv
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1 Introduction

1.1 Tidal Disruption Events

One of the central questions in extragalactic astrophysics is whether all galaxies host
a massive black hole at their center. Early studies revealed that a subset of galax-
ies exhibit extremely luminous central regions called active galactic nuclei (AGNs),
powered by accretion of gas onto a supermassive black hole (SMBH). However, the
AGN population represents only about 10% of galaxies, leaving the majority of
SMBHs in a quiescent or dormant state. A promising pathway was proposed with
the theoretical development of tidal disruption events (TDE) by Hills (1975) and
was further theoretically developed by Rees (1988) and Phinney (1989).

When a star orbits too close to the central SMBH, the intense tidal gravitational
forces across the star can exceed its self-gravity, leading to a complete or partial dis-
ruption. Roughly half of the debris is expected to escape, while the remainder falls
back toward the black hole. As this fallback material collides, it produces shocks
and dissipates energy, which leads to the gradual circularization of the debris into a
young accretion disk surrounding the black hole (Cannizzo et al., 1990; Lu, 2023).
This process emits a luminous, transient 
are that peaks in the optical, ultraviolet
(UV) and X-ray bands. The associated light curve is expected to last for several
weeks to months, followed by a characteristic decline that approximately traces a
power-law decay (Lodato et al., 2009). The fallback rate thus regulates both the
energetics and temporal evolution of the 
are, with peak luminosities reaching a
substantial fraction of the Eddington limit for the central SMBH (Ulmer, 1999).

TDEs are therefore powerful diagnostic tools. They provide evidence of otherwise
hidden black holes and inform us about the demographics of both the SMBH and
the unlucky stars orbiting close to the center of galaxies. The properties of TDEs
are sensitive to the mass and spin of the central black hole as well as the chemical
composition, and thus the stage of evolution of the star (Evans and Kochanek, 1989;
Lodato and Rossi, 2011). Since the masses of SMBHs and correlated with that of its
host galaxies, a study of SMBH population leads to a better understanding of their
role in galactic evolution. They also provide a cosmic laboratory to probe the strong
gravitational �eld regime (Rees, 1990). For example, the black hole spin is expected
to slightly modify the fallback dynamics, while the maximum SMBH mass capable
of producing an observable TDE depends on whether the black hole is non-spinning
(Schwarzschild) or spinning (Kerr). For a Schwarzschild black hole, the tidal radius
lies outside the event horizon only ifMBH . 108M� , while for rapidly spinning
Kerr black holes the limit increases up to 7� 108M� due to the shrinked size of the
event horizon (Kesden, 2012).

Distinguishing TDEs from other luminous extragalactic transients such as su-
pernovae, ultraluminous X-ray sources (ULXs) or variable AGN 
ares are di�cult
because they cannot be resolved within the host galaxies (e.g., Arcavi et al., 2014;
Chan et al., 2019; Merloni et al., 2015; Ricci et al., 2020; Veres et al., 2025). In

1



practice, the classi�cation of TDEs generally relies on a combination of indirect
indicators such as their multi-wavelength light curves, peak luminosities, spectral
features, and characteristic fallback patterns. These unique observational signatures
of TDEs and the methods by which we identify them will be discussed in detail in
the following sections.

1.2 Theoretical Overview of TDEs

Figure 1: Schematic illustration of the tidal disruption radius (rT ) for a star of mass
2m� and radius R� = 2r approaching a supermassive black hole of massMBH and
Schwarzschild radiusRS.

If gas from disrupted stars were to plunge directly into the black hole, it would
be swallowed without emitting any electromagnetic radiation. Hence, for a TDE
to occur the star must encounter the black hole at a distance closer than the tidal
radius, where gravitational tidal forces overwhelm the self-gravity of the star, outside
the event horizon. To derive the tidal radius, let us consider the scenario in which
the tidal gravitational force exerted by the SMBH of massMBH and Schwarzschild
radius RS across two equal massesm� is equal to their mutual attraction. These
equal masses, as shown in Figure 1, is a simpli�ed representation of the interior of
a single star of radiusR� = 2r .

�
2GMBH m�

r3
T

� 2r = �
Gm2

�
(2r )2

(1)

Here, the left side includes the gradient of the gravitational force of the SMBH
across the star evaluated asddr

GMBH

r 2 = � 2GMBH

r 3 .

Solving for the tidal radius,

2



rT ' 2:5r
� MBH

m�

� 1=3
� R�

� MBH

m�

� 1=3
�

� 3MBH

4�� �

� 1=3
(2)

where � � is the mean stellar density. This highlights that the tidal radius in-
creases with the mass of the SMBH and decreases for denser stars (see Figure 2(b)).
Imposing the requirement that this tidal radius must be outside the event horizon
(Schwarzschild radius) yields an upper limit on the SMBH mass capable of disrupt-
ing a star.

rT > R S =
2GMBH

c2 (3)

MBH . 2 � 108 � M� �
� 1=2
� (4)

Thus, for a main-sequence star of average density� � � 1 g cm� 3, only SMBHs
with a mass less than 2� 108M� can tidally disrupt it outside the event horizon,
making the event observable.

Next, to describe the temporal evolution of a TDE, let us �rst consider the simple
case where the stellar debris follows a circular orbit, as discussed by Evans and
Kochanek (1989). When a star is disrupted, the debris is distributed over a range of
speci�c binding energies centered around zero, spanning an interval� � � � � � � � .
This di�erential mass distribution with respect to the speci�c energy is expressed
as m(� ) = dM (� )=d�. The fraction of mass that is bound to the black hole (� < 0)
eventually returns to the pericenter and begins the accretion process. The rate at
which this returns after one disruption is termed the mass fallback rate:

dM
dt

=
dM (� )

d�
�
�
�
�
d�
dt

�
�
� (5)

Using Kepler's third law, we have the relation between the orbital period (t) and
the speci�c energy for bound orbits in Newtonian gravity:

t =
�

p
2

GMBH

� 3=2
; (6)

Assuming that the mass distributiondM=d� is approximately uniform, we �nd
that the fallback rate decays with time with a power-law pro�le,

dM
dt

=
1
3

(2�GM BH )2=3dM (� )
d�

� t� 5=3 (7)

The tidal disruption rate, which is the frequency at which stars are destroyed
by SMBHs, is estimated through theoretical modeling and numerical simulations
of stellar dynamics in galactic nuclei. These studies simulate random gravitational
orbits to track the stellar distribution around the SMBH. The region in angular
momentum space that contains orbits that bring stars close enough to the black hole
to be tidally disrupted in a single passage is termed the "loss cone" (Frank and Rees,
1976; Lightman and Shapiro, 1977; Cohn and Kulsrud, 1978; Merritt, 2013). The
amount of these low angular momentum stars di�using into the loss cone is used to
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(a) (b)

(c) (d)

Figure 2: (a) A star that enters the tidal radius is torn apart by the tidal gravi-
tational forces. Roughly half of the debris is gravitationally bound in a range of
elliptical orbits; (b) Top panel shows the di�erence in the dependence ofrT and RS

with respect to MBH , while the bottom panel shows the dependence ofrT on the
stellar density for a givenMBH ; (c) The accretion rate onto a SMBH is plotted as

a function of time for di�erent MBH . At late times, it follows a t� 5=3 decay as
expected from the fallback rate; (d) The optical light curves of a candidate TDE
through a range of optical �lters in the Pan-STARRS telescope. The light curves
fade similar to a t� 5=3 decay. These images are taken from Gezari (2014).

calculate the TDE rate. The results of such investigations (Magorrian and Tremaine,
1999; Syer and Ulmer, 1999; Donley et al., 2002; Wang and Merritt, 2004; Esquej
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et al., 2008; Merritt, 2009; Brockamp et al., 2011; Stone and Metzger, 2016; P�ster
et al., 2020; Broggi et al., 2022) are compared with the growing observational samples
of candidate TDEs (Velzen, 2018; Lin et al., 2022; Yao et al., 2023). Together, these
approaches suggest a typical TDE rate per galaxy in the range 10� 5 � 10� 4 yr� 1

(Polkas et al., 2024). However, it is important to recognize the uncertainities of both
sides. Observational studies are limited by the incompleteness of the samples, while
the theoretical models are constrained by our poor understanding of the dynamical
environment near the galactic center. As surveys expand and models are re�ned,
we expect improved constraints on the demographics and triggers of TDEs.

1.3 Observational Signatures of TDEs

The �rst candidates for TDEs were discovered in the 1990s by theROSAT satel-
lite's all-sky soft X-ray survey (Bade et al., 1996; Komossa and Bade, 1999; Ko-
mossa and Greiner, 1999; Grupe et al., 1999; Greiner et al., 2000).These detections
established TDEs as a distinct class of transient phenomena. However, the lack of
multi-wavelength coverage at the time limited the ability to accurately constrain the
physical parameters. Later, the onset of the search for TDEs in the optical and UV
bands enabled the observation of their early rising phase (Gezari et al., 2006, 2012).
Measuring 
ares across multiple bands has allowed us to constrain the bolometric
luminosities and temperatures of the unlucky stars and estimate the SMBH masses.

These properties vary across a broad range depending on the system and over-
lap with observational signatures expected from AGNs, supernovae (SNe) and other
transients (Zabludo� et al., 2021). For example, AGN 
ares can mimic TDEs while
their variability is stochastic unlike TDEs (Zabludo� et al., 2021). Similarly, su-
perluminous SNe (SLSNe) occurring near galactic centers can produce blue, hot
continua with broad emission lines resembling those attributed to disrupted stel-
lar debris (Leloudas et al., 2015). Hence, rapid multi-wavelength observations are
required to e�ciently distinguish TDEs from other potential imposters. The up-
coming telescopes such as Vera Rubin LSST and NewAthena will play an important
role in expanding the TDE sample and e�ectively minimizing contamination.

1.3.1 Light curve

The iconict� 5=3 relation derived in Equation 7 describes the declining rate at which
the debris return to the black hole and consequently the expected evolution of ac-
cretion and luminosity, provided the radiative e�ciency (� ) is roughly constant (see
Figures 2(c) & (d)). Although the subsequent decay of observed luminosity after
the peak typically follows this form, there are slight deviations in the optical light
curves (see Figure 3) in
uenced by the internal structure and orbit of the disrupted
star and the wavelength band of observation (Hayasaki et al., 2013). Furthermore,
Lodato and Rossi (2011) found that this power-law index holds better for X-ray ra-
diation at late times, making them a better direct tracer of the accretion mechanics
near the SMBH. Instead, the authors modeled the optical emission from a geomet-
rically thin and optically thick accretion disk, and it follows a shallower power-law
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of the form �L � / T / _M 1=4 / t� 5=12. Overall, the shape and amplitude of these
light curves show correlations with the SMBH mass, stellar mass, disk inclination
and obscuration.

Figure 3: A compilation of optical light curves of con�rmed TDEs. Each curve
represent individual TDEs observed by various surveys. Adapted from van Velzen
et al. (2020).

1.3.2 Peak Luminosity

TDEs exhibit peak optical luminosities typically in the rangeL � 1043 � 1044 erg
s� 1, which is close to the Eddington limits for black holes with masses between
106 � 107M� . X-ray-selected and optically-selected TDEs generally show similar
peak luminosities (Mummery and van Velzen, 2025). This peak is followed by a
UV plateau phase that is considered to be associated with the transition of the op-
tical 
are to an accretion disk. Empirical scaling relationships between luminosity
and black hole mass allow these observations to constrain black hole demograph-
ics (Mummery et al., 2024). TDEs can often exceed the integrated luminosity of
their host galaxy during the peak phase, making them some of the brightest known
transients in the extragalactic universe.

1.3.3 Spectral properties

The optical spectra of TDEs typically reveal a blue continuum, which indicates
high blackbody temperatures that gradually cool during its evolution. The promi-
nent emission lines include hydrogen Balmer lines, Bowen 
uorescence lines (Bowen,
1934) and helium features, with line widths narrowing as the event fades (Gezari
et al., 2012; Charalampopoulos et al., 2022). van Velzen et al. (2021) classi�ed
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Figure 4: Peak luminosities of 20 TDEs candidates discovered up to 2015, compared
against the Eddington luminosity (LEdd ) for black holes with masses 106 � 107M� .
Upper limits are indicated by arrows. The two outliers with peak luminosities well
aboveLEdd are attributed to relativistic beaming from jets aligned along our line of
sight (Gezari, 2014).

TDEs based on the presence of hydrogen (TDE-H), helium (TDE-He) and both
(TDE-H+He), likely re
ecting the disrupted star's nature and viewing geometry.
They also sometimes include metal lines such as nitrogen and oxygen (Blagorod-
nova et al., 2019; Leloudas et al., 2019), low ionization iron lines (Wevers et al.,
2019; Cannizzaro et al., 2021) that suggested emission from the inner regions of a
compact accretion disk. These studies also noticed that time lags of days to weeks
are seen between the light curve peak and peak line luminosity, interpreted as rever-
berated signals that would allow us to measure the distances between the respective
emitting regions.

The X-ray spectra of TDEs are primarily characterized by soft thermal emission,
often modeled as arising from an accretion disk formed by stellar debris around the
black hole (Mummery et al., 2023). The X-ray 
ux usually decays following at� 5=3

power law, as predicted for fallback accretion. But some events show a transition
from thermal to non-thermal X-ray spectra as the accretion state changes, and late-
time hardening or additional 
ares may occur due to jet activity, disk instabilities or
the formation of an X-ray corona (Mummery and Balbus, 2021; Mummery, 2025).
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Figure 5: Continuum-subtracted optical spectra of TDEs from multiple surveys,
showing normalized 
ux as a function of rest-frame wavelength. Marked vertical
bands highlight key emission lines, including He II, H� , and H� . The spectra are
ordered vertically to showcase the diversity in line features: TDE-He spectra appear
at the top in blue, transitioning through TDE-H+He (violet) to TDE-H at the
bottom in red, re
ecting an increase in hydrogen line strength. Source references
are provided for each spectrum. Adapted from Arcavi et al. (2014); van Velzen et al.
(2020)

1.3.4 Coronal Lines

Some TDEs were found to produce coronal lines (CLs) such as [Fe VII], [Fe X],
[Fe XI], and [Fe XIV], which are high-ionization forbidden transitions observed in
their late-time optical spectra (Onori et al., 2022; Short et al., 2023). Such emission
trace photoionization caused by intense radiation �elds and out
ows and is very
commonly found in AGN spectra. The full width at half-maximum (FWHM) of these
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lines spans roughly between 150� 300 km s� 1, indicating that they were emitted
between the narrow and broad line emitting regions. With only two spectroscopically
con�rmed TDEs displaying delayed coronal lines (AT2017gge & AT2019qiz), these
are speculated to be caused by material left over after a previous TDE or AGN
activity.

Figure 6: Comparison of coronal lines from the late-time spectra of AT2019qiz. The
green spectra corresponds to MUSE observations, while the orange and blue spectra
are from X-Shooter (Short et al., 2023). This highlights the variations in the coronal
lines over time, providing insights into the evolution of the ionized circumnuclear
medium.

1.3.5 Jets and Out
ows

A subset of TDEs launch relativistic jets, most easily identi�ed through their syn-
chrotron radio emission or hard X-ray 
ares (Bloom et al., 2011; Giannios and
Metzger, 2011; Zauderer et al., 2011; van Velzen et al., 2016). Jetted TDEs are
rare but their multiwavelength light curves and spectral properties reveal transi-
tions between thermal and nonthermal emission states (Hammerstein et al., 2025).
They feature super-Eddington X-ray luminosity, power-law X-ray spectra and de-
layed radio emission. TDEs can produce non-relativistic out
ows observable as
delayed radio emission, and the radio luminosities of optically- and X-ray- selected
samples are similar (Goodwin et al., 2025). The measured out
ow velocities range
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from � 0:07c to mildly relativistic speeds, and the kinetic energy can be comparable
to that of supernovae (Cendes et al., 2021). Further, Yao et al. (2025) suggested
that optically overluminous TDEs could launch powerful out
ows or be linked to
o�-axis jets. Such investigations into the radio properties of TDEs could reveal im-
portant clues to understanding the formation of jets in AGNs (Metzger et al., 2012).

Recent X-ray spectroscopic studies of TDEs (Kara et al., 2018; Wevers et al.,
2024; Yao et al., 2024; Ajay et al., 2025) have revealed transient highly blue-shifted
broad absorption line features that signify ultra-fast out
ows (UFOs) observed both
at early times and following X-ray rebrightenings. These ionized out
ows possess
subrelativistic velocities in the range of 0:1 � 0:3c and are thought to be driven by
instabilities in the inner disk regions. In addition to this, the discovery of slower, less
ionized winds known as warm absorbers was reported by Kosec et al. (2023). The de-
tection of both fast and slow out
ows in TDEs provides clues about the mechanisms
of wind launching and accretion feedback in these extreme environments.

1.3.6 Quasi-periodic Eruptions

Figure 7: X-ray light curves showing QPEs from the nucleus of the Seyfert 2 galaxy
GSN 069, observed at three di�erent epochs. The two top panels present observa-
tions from XMM-Newton, while the bottom panel shows that from Chandra (Mini-
utti et al., 2019). Error bars represent 1� uncertainties. These light curves exhibit
repeated, sharp 
aring events, highlighting the strong periodic and dramatic vari-
ability that is characteristic of QPEs.

Quasi-periodic eruptions (QPEs) are recurring, large-amplitude X-ray 
ares emerg-
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ing from galactic nuclei on timescales of hours to days (Miniutti et al., 2019). The
origin of QPEs have been attributed to various possibilities, such as the repeated
interaction of a secondary compact object with the accretion disk while orbiting
the SMBH (Arcodia et al., 2021) and accretion 
ow instabilities post-TDE (Quintin
et al., 2023; Nicholl et al., 2024; Bykov et al., 2025; Chakraborty et al., 2025). Sev-
eral TDEs have exhibited QPEs characterized by soft X-ray 
ares with typical peak
luminosities in the order of 1043 erg s� 1. These erratic outbursts indicate persis-
tent or episodic accretion onto the black hole following the initial disruption. Some
QPE-hosting TDEs also show extreme coronal line emission, supporting a physical
link between QPE activity and strong ionizing 
ares in the nuclear environment
(Chakraborty et al., 2025). Overall, QPEs represent an emerging class with distinct
observational properties, expanding the diversity of tidal interactions in galactic nu-
clei.

Repeating nuclear transients represent a recently identi�ed class that has longer
recurrence times than QPEs. These include repeating partial tidal disruption events
(rpTDEs) such as ASASSN-14ko and AT2020vdq, characterized by recurrence times
on the scale of months to years (Bandopadhyay et al., 2024). Some repeating nu-
clear transients also exhibit QPE-like emission, which manifest as regular soft X-ray

ares recurring on timescales from hours to days (Guolo et al., 2024b). The coex-
istence of these variability modes suggests a scenario involving extreme mass ratio
inspirals (EMRIs), where a compact object in a close orbit around a SMBH repeat-
edly perturbs the accretion 
ow. EMRIs are also prime targets for detection by
the upcoming LISA gravitational wave observatory (Kejriwal et al., 2024). Another
related subclass comprises quasi-periodic out
ows (QPOuts), likely arising after a
TDE by EMRIs. Another such important class of multi-messenger transient ob-
jects are quasi-periodic out
ows (QPOuts) with mildly relativistic speeds, which
are likely caused following the tidal disruption of a star by such compact binary sys-
tems (Pasham et al., 2024). Collectively, these emerging classes of repeating nuclear
transients opens discussions into our understanding of SMBH growth and evolution.

1.3.7 Possible multi-messenger implications: Neutrinos

TDEs have recently emerged as promising sources of high-energy astrophysical neu-
trinos due to their ability to accelerate cosmic rays in the intense environments
created when a star is shredded and accreted by the SMBH. In particular, TDEs
such as AT2019dsg (Hayasaki, 2021; Stein et al., 2021) and AT2019fdr (Reusch
et al., 2022), AT2019aalc (Velzen et al., 2024), AT2021lwx (Yuan et al., 2024), and
AT2022sxl (Ji et al., 2025) have been found to possibly coincide spatially and tem-
porally with neutrinos detected by the IceCube observatory.

This suggests a connection between relativistic out
ows or jets from these 
ares
and neutrino production. Theoretical models indicate that jetted TDEs can produce
neutrinos through weak interactions in dense circumnuclear environments, with ob-
servable time delays (� 150� 300 days) between optical/UV peak and neutrino
signals corresponding to cascading and reprocessing processes (Yuan et al., 2025a).
Such multi-messenger detections are rare and o�er unique probes of particle acceler-
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Figure 8: Schematic diagram from Hayasaki (2021) of multi-messenger emission
processes in TDEs. The �gure shows how the dominant waveband of observed
emission, ranging from soft X-rays to optical/UV, depend on the viewing angle.
High-energy neutrinos (� ) are proposed to originate from relativistic jets (i), the
accretion disk (ii), the corona (iii), or winds and out
ows launched from the disk
(iv).

ation and matter interaction near black holes. As detection capabilities of neutrinos
improve, TDEs could become one of the prime targets for neutrino astronomy, link-
ing observed electromagnetic transients to the origins of cosmic neutrino 
ux.

1.4 Tensions between Theory and Observations

Observationally, X-ray-selected TDEs had inferred radii smaller thanRS, while for
optically selected ones they were larger than those predicted for simple disk ac-
cretion. Assuming a blackbody nature for the thermal continuum, the radius is
calculated using the relationL = 4��R BB T4. One proposed explanation involves
reprocessing of the emitted radiation in an optically thick envelope or out
ow that
surrounds the disk.

Another intriguing observation is the X-ray faintness of optically-selected TDEs.
The optical-to-X-ray luminosity ratio in the TDEs was found to vary dramatically
between di�erent events and within the same event over time. This is inconsistent
with a basic model in which both emission components arise from the same region,
i.e. the accretion disk. This is expected to be due to either obscuration or delayed
accretion (Hinkle et al., 2020; van Velzen et al., 2021). Monitoring their late-time
emission will reveal which is responsible based on the nature of emission and its
correlation in variability between wavelength bands.
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Although theory predicts that key timescales should correlate with black hole
mass, observations �nd that only the post-peak decay shows this relation strongly,
whereas the rising times are often independent of black hole mass (van Velzen et al.,
2021). This suggests that accretion disk formation and circularization are more
complex than those modeled.

As discussed previously in Section 1.3.1, the theoretical TDE rates per galaxy
span 10� 5 � 10� 4 yr� 1 based on loss cone dynamics (Stone and Metzger, 2016).
However, the observationally measured rates can be higher or lower depending on the
selection e�ects of the survey, dust obscruation, and host galaxy type (Guillochon
and Ramirez-Ruiz, 2013). For example, post-starburst galaxies have enhanced TDE
rates because of their increased central stellar densities, possibly following galaxy
mergers (Arcavi et al., 2014). Each of these discrepancies marks a gap where current
models of accretion physics, emission mechanisms, and black hole demographics
require revision and have been explained in detail in the review Gezari (2021).

1.5 Late-time behaviour in TDEs

TDEs continue to evolve long after their initial optical and/or X-ray 
ares, displaying
various late-time emission features across multiple wavelengths linked to out
ows,
jets, obscuration, delayed accretion and the formation of an X-ray corona. Despite
recent progress, several open questions remain regarding the physics of this late-time
phase, which has only begun to be systematically explored in the recent years. This
rebrightening was mostly observed in the radio and X-ray bands and demonstrated
the complex, episodic character of black hole feeding long after the original TDE

are (Liu et al., 2022a; Goodwin et al., 2022b).

1.5.1 Radio rebrightening

Late-time radio rebrightening has emerged as a striking phenomenon in several op-
tically and X-ray-selected TDEs. Recent monitoring campaigns have revealed that
roughly 40% of optically-selected TDEs exhibit a rapid rise in the radio luminosities
months to years after their disruption, often after early non-detections (Bower et al.,
2013; Anumarlapudi et al., 2024; Cendes et al., 2024). Events such as AT2018hyz
and ASASSN-15oi have radio emission steeply increasing beyond 700 days post-

are, consistent with either delayed launching of a mildly relativistic out
ow (Cen-
des et al., 2022, 2025) or with emission from an o�-axis relativistic jet (Sato et al.,
2024). Similar behavior in other TDEs, such as ASASSN-14ae and AT2019dsg,
is also interpreted with two-component jet models with varying out
ow energies.
These delayed radio signals are often modeled as synchrotron radiation produced by
the interaction between the out
ow and the circumnuclear medium (Metzger et al.,
2012). More importantly, radio rebrightenings o�er an opportunity to understand
the physics of jet formation and collimated out
ows in AGNs.
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1.5.2 X-ray rebrightening

Late-time X-ray rebrightening is less commonly observed but provides strong ev-
idence for prolonged, variable accretion dynamics in TDEs. X-ray 
ux in events
like OGLE16aaa (Shu et al., 2020) exhibited a dramatic increase around 140 days
after the initial optical outburst, followed by multiple dips and further late-time
variability.Another example is AT2018fyk, where X-ray 
ux dimmed for hundreds
of days before rebrightening over 1,200 days post-disruption. Such rebrightening is
interpreted as the result of changes in line-of-sight obscuration (Huang et al., 2024),
Comptonization of thermal accretion disk photons by a newly formed warm corona
(Yao et al., 2022), or even the in
uence of a secondary compact object (Arcodia
et al., 2021) that modify accretion 
ows. In jetted TDEs (Sei�na et al., 2017; Ham-
merstein et al., 2025), late-time X-ray monitoring has also revealed sharp drops and
breaks in the light curve, re
ecting changes in jet or disk structure and the formation
of an ultra-fast out
ow (UFO; for example, Wevers et al. (2024)).

Figure 9: Schematic illustration from Guo et al. (2025) of the evolutionary stages
of a TDE along with the corresponding multiwavelength light curves shown in the
bottom panel. The top panels depict key phases: (I) stellar capture and disruption,
(II) debris stream collision, (III) disk formation and accretion, (IV) a quiescent
state where the emission dims, and (V) the possible re-ignition through rpTDEs.
The UV/optical and X-ray light curves illustrate predicted luminosity evolution dur-
ing these phases, with X-ray rebrightening features indicating disk and/or coronal
formation and signs of repeated partial disruptions. It addresses observed phenom-
ena such as delayed UV/optical rises, late-time X-ray emission and recurrent 
ares
with a uni�ed framework where early emission originates from stream collisions and
late-time emission from accretion-driven processes.
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1.6 Uni�ed Model of TDE evolution

A uni�ed model for TDEs attempts to explain the broad variety in observed proper-
ties, ranging from optical/UV-bright to X-ray-dominated and jetted TDEs, through
geometric e�ects, structure of out
ows, reprocessing of emission and making re�ne-
ments to standard accretion disk models. General relativistic magnetohydrodynamic
(MHD) simulations show that after a star is disrupted, the fallback material forms
a geometrically thick super-Eddington accretion disk around the black hole (Dai
et al., 2018). This disk could launch wide-angle, optically thick out
ows, and in
some cases, relativistic jets.

Figure 10: Schematic from Dai et al. (2018) of the angle-dependent emission and
reprocessing in a TDE. Intrinsic X-ray emission from the inner disk and/or corona es-
capes directly through the funnel when viewed face-on, while optically-thick out
ows
at higher inclinations reprocess high-energy radiation, producing strong optical/UV
and reprocessed X-ray emission. This geometry-dependent radiative transfer ex-
plains the observed dichotomy between optically and X-ray selected TDEs.

The model argues that the observed TDE spectra depend on the observer's
viewing angle relative to the disk (Dai et al., 2018; Charalampopoulos et al., 2022;
Parkinson et al., 2024). When viewed face-on, the inner disk and its X-ray emis-
sion are visible, resulting in an X-ray-dominated TDE (low optical-to-X-ray ratio
(OXR)). At higher inclinations, the optically thick out
ows reprocess the inner disk
radiation into optical/UV emission, making those bands dominant (high OXR) and
suppressing X-ray detection (see Figure 10).

15



During circularization of the disk, collisions between debris streams form a pho-
tosphere. Such collisions and shocks produce could launch some of the material
outwards, and if it aligns with our line-of-sight, we observe blueshifted emission
lines and strong optical/UV emission. Some TDEs exhibit delayed out
ows or jet
activity leading to late radio emission (Bloom et al., 2011; Brown et al., 2015; Cen-
des et al., 2024; Alexander et al., 2025).

The reprocessing envelope model further suggests that inner-disk X-ray emission
is converted by surrounding out
ows into optical/UV light. The geometry of this
envelope determines the emission line pro�les and variability (Guo et al., 2025).
Observations of early-time TDEs with large optical/UV photosphere generally show
weak helium line emission and are associated with delayed radio 
ares, supporting
this framework.

TDEs are now grouped into classes based on their line features (helium-dominant,
Bowen 
uorescence or hydrogen-rich) and their multiwavelength light curves. These
di�erences stem from out
ow composition, disk and envelope geometry, and the
nature of the disrupted star (Nicholl et al., 2020). This uni�ed model motivates
multiwavelength monitoring of TDEs, emphasizing that orientation, out
ow physics
and disk formation time critically shape observed properties.

1.7 From TDEs to AGNs

TDEs serve as laboratories for studying the physics of black hole accretion, bridging
the gap between transient 
ares and long-term AGN activity. The X-ray spectra of
AGNs show complex components including thermal emission from an accretion disk,
hard power-law emission from a hot corona, and excess emission from reprocessing
(Peterson, 1997). Unlike this, early X-ray spectra of TDEs typically exhibit pure
blackbody emission consistent with disk accretion (Auchettl et al., 2017; Saxton
et al., 2021; Lu, 2023).

In luminous AGNs, the accretion disk is thought to be geometrically thin and
optically thick with a hot corona, whose location is still disputed, which Comp-
tonizes the disk photons producing a characteristic hard X-ray spectral component
and observed spectral hardening (Haardt and Maraschi, 1991; Brandt and Alexan-
der, 2015). In contrast, many TDEs initially lack such a corona and show di�erent
accretion modes, suggesting the formation of an disk structure, possibly geometri-
cally thick or in a super-Eddington regime with optically thick out
ows (Metzger
and Stone, 2016; Dai et al., 2018). This di�erence leads to predominantly soft,
thermal blackbody X-ray spectra at early times, with some TDEs later developing
harder emission components that may indicate corona formation or disk evolution
toward AGN-like accretion states (Ricci et al., 2020; Yao et al., 2022; Mummery and
Balbus, 2021; Wevers et al., 2024).

Studying the late-time X-ray emission in TDEs is therefore motivated by its
potential to reveal how transient accretion 
ows evolve into long-lived AGN accre-
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tion disks and coronae, illustrating the pathways for black hole growth and AGN
feedback. Monitoring spectral hardening, appearance of re
ection features, and vari-
ability provides insights into disk-corona interactions and the timescales over which
stable coronae are built.
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2 Einstein Probe

2.1 Mission Overview

Figure 11: The Einstein Probe spacecraft (Credit: Chinese Academy of Sciences)

The Einstein Probe (EP; Yuan et al. (2022)) is a next-generation X-ray obser-
vatory launched in January 2024, designed for time-domain astronomy. Its primary
scienti�c goal is to discover and monitor high-energy transients across the X-ray sky,
including TDEs, gamma-ray bursts (GRBs), supernova shock breakouts, and other
rapidly evolving or variable phenomena. The mission was developed through an
international collaboration led by the Chinese Academy of Sciences (CAS), with the
European Space Agency (ESA) and the Max Planck Institute for Extraterrestrial
Physics (MPE).

EP is placed in a low Earth orbit and is equipped with two primary instruments:
the Wide-�eld X-ray Telescope (WXT; Yuan et al. (2018)) which enables large-
scale monitoring of the soft X-ray sky, and the Follow-up X-ray Telescope (FXT;
Chen et al. (2020)) which provides rapid high-resolution characterization of newly
discovered sources. This combined capability makes EP uniquely suited to capture
the dynamic X-ray universe with a detailed evolution of transient X-ray events across
di�erent timescales.

2.2 Wide-�eld X-ray Telescope

The WXT is the all-sky monitoring instrument onboard EP. It uses innovative
lobster-eye optics technology that allows an exceptionally wide instantaneous �eld
of view (> 3; 600 deg2) with 12 modules, in the 0.5{4.0 keV band (Cheng et al.,
2024). Similar to the eyes of lobsters, the optics of WXT is divided into thousands
of square tubes that guide the X-ray photons to a CMOS light detector (see Fig-
ure 13). This design yields a spatial resolution of� 1� and enables near-continuous
coverage, maximizing the probability of detecting rare and unpredictable transients.
Its high sensitivity in the soft X-ray band ensures that even faint transient events
are identi�ed quickly, triggering rapid follow-up observations with FXT.
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