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Abstrakt

Nedávno objevené kvaziperiodické erupce (QPE – quasi-periodic eruptions) před-
stavují kategorii opakujících se nukleárních tranzientů (RNT – repeating nuclear
transients), které se projevují jako krátké, rychlé záblesky v měkké části rentge-
nové spektra, bez přidružené proměnnosti v ultrafialové, optické a rádiové oblasti,
a jejichž původ se nachází v galaktických jádrech. Dosud bylo objeveno jen velmi
málo těchto zdrojů a jejich klasifikace i základní fyzikální mechanismus zůstávají
nejasné, přestože bylo navrženo mnoho různých modelů. V této práci se nejprve
stručně zabýváme charakteristikami QPE, přičemž hlavní pozornost věnujeme jed-
nomu příkladnému zdroji RNT a kandidátovi na QPE, objektu Swift J0230. Tento
zdroj se od ostatních QPE odlišuje dlouhou periodou, která jej řadí do přechodné
oblasti mezi QPE a událostmi slapového trhání hvězd. V rámci analýzy je kladen
důraz na tvar záblesků, jejich amplitudu a délku trvání. Spektrum bylo využito k
odhadu hmotnosti centrální černé díry. Na zdroj Swift J0230 jsou aplikovány různé
navrhované modely, včetně nestabilit v akrečním disku, jeho trhání a přítomnost
obíhajících těles.

Abstract

The recently discovered quasi-periodic eruptions (QPEs) are a category of re-
peating nuclear transients (RNTs) appearing as short, rapid bursts in the soft X-ray
part of the spectrum, with no associated variability in the UV, optical or radio
wavelengths and originating in galactic nuclei. Very few sources have so far been
discovered, and the classification as well as the underlying physical mechanism re-
mains unclear, though many various models have been proposed. In this thesis, while
first briefly discussing the QPE characteristics, we focus primarily on one exemplary
RNT source and a QPE candidate, Swift J0230. What sets this source apart from
other QPEs is its long recurrence time, which puts it somewhere between QPEs and
tidal disruption events. During the analysis, attention is paid to the shape of the
bursts, their amplitude, and duration. Spectral energy distribution is used to es-
timate the central black hole mass. Various proposed models are tested on Swift
J0230, including accretion disk instabilities, disk tearing, and orbiting bodies.
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1. Introduction

In recent years, thanks to high-cadence wide-field surveys such as the Monitor of All-
sky X-ray Image (MAXI), eROSITA or Neil Gehrels Swift Observatory (Swift), an
assortment of transient sources in the X-ray domain has been discovered. Some of
these sources originate in the nuclei of nearby galaxies, and the high energy (soft
X-ray) band associates them further with the innermost parts of the galactic nucleus
– namely the immediate vicinity of the central supermassive black hole (SMBH).
Other than one-time transients like supernovae and tidal disruption events (TDEs),
sources repeating on timescales from hours to of hundreds of days have been dis-
covered. Quasi-periodic eruptions (QPEs) (Arcodia et al., 2024, 2021; Giustini
et al., 2020; Miniutti et al., 2019) have periods of a few hours and are only vari-
able in the soft X-rays; repeating partial tidal disruption events (rpTDEs) (Payne
et al., 2021; Liu et al., 2023; Wevers et al., 2023; Somalwar et al., 2023; Lin et al.,
2024) on timescales of hundreds of days have counterparts in the UV and visible
domain. Other transient sources (Nicholl et al., 2024; Pasham et al., 2024d; Guolo
et al., 2024; Hernández-García et al., 2025) with intermediate timescales have some
properties similar to either of the two.

Galactic nuclei are the central regions of galaxies and the origin of the repeating
nuclear transients (RNTs). The nucleus is believed to be gravitationally dominated
by one or multiple supermassive black holes, sometimes surrounded by some type
of an accretion disk, the characteristics are directly related to the accretion mode.
Based on the activity, we usually differentiate between active galactic nuclei (AGNs)
and quiescent galaxies. AGN accrete a significant amount of matter, forming an ac-
cretion disk which then produces an enormous amount of radiation across the entire
electromagnetic spectrum. This interaction can often result in the launching of rel-
ativistic jets or outflows, the presence of a broad line region, or a dusty, torus-like
formation. On the other hand, normal galaxies have the central engine inactive and
typically do not have a formed accretion disk, and the spectral energy distribution
(SED) is dominated by the stellar radiation in the visible and IR domains. This
distinction is important when talking about RNTs, because while in AGNs the vari-
ability in the X-rays can arise from accretion disk instabilities, in normal galaxies
these are mostly isolated events (such as supernova or a tidal disruption event) which
cause the variability.

Quasi-periodic eruptions are a recently observed phenomenon found in both AGN
and normal galaxies. They are characterized by their high-amplitude bursts, par-
ticularly in the soft X-ray part of the spectrum, with no associated UV or radio
flares. The variability is quasi-periodic and typically occurs on a timescale of hours,
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2.

with the flares themselves, in some cases, having an asymmetric profile. QPEs po-
tentially represent the electromagnetic counterpart of extreme/intermediate mass
ratio inspirals (EMRI/IMRI), which could make them interesting targets for upcom-
ing space-based gravitational wave observatories such as LISA (Amaro-Seoane et al.,
2012). Other explanations typically invoke accretion disk instabilities or a perturbing
body interacting with an accretion disk.
This thesis will focus on the source SwJ023017.0+283603 (Swift J0230), which

was found to have strong outbursts in soft X-rays roughly every 22 days (Guolo et al.,
2024). Other than this long period (almost 25 times longer than other QPE sources),
the lifetime of this source has been constrained to around 500 days (Pasham et al.,
2024a), putting significant limitations on the models trying to explain these out-
bursts. Additionally, while it shares some properties with QPEs, namely the quasi-
periodic behaviour in only soft X-rays and similar duty cycle, the temperature evo-
lution and the recurrence time set it apart from other QPEs. Falling into the in-
termittent RNTs category in terms of period, successfully explaining the underlying
mechanism of this and similar sources might help bridge the gap between different
RNTs.
Repeating nuclear transients are useful in understanding the central regions

of galaxies. Quasi-periodic eruptions, in particular, are tied to the innermost re-
gions of the accretion flow, which makes them excellent candidates for studying
relativistic effects in strong gravitational fields or probing the accretion flows. Given
that they seem to have a connection with tidal disruption events, and some mod-
els invoke star-disk collisions, we may also learn more about stellar dynamics and
interactions of stars with the surrounding medium. For future missions like LISA,
they present opportunities for multi-messenger astronomy as potential extreme-mass
ratio inspiral systems.
The thesis is structured as follows. Chapter 2 will summarize the relevant ideas;

the focus will be on explaining the basic characteristics of galactic nuclei, AGN,
and repeating nuclear transients. In Chapter 3, the source’s (Swift J0230) charac-
teristics and host galaxy will be discussed, and the individual flares will be analysed.
Chapter 4 will put the source in the context of various models, with particular atten-
tion given to the interacting extreme mass ratio inspiral (EMRI) model, and Chapter
5 will provide the Conclusions.



2. Short Review

This chapter will provide a summary of the relevant ideas for further analysis of re-
peating nuclear transients and the specific source Swift J0230; the morphology,
physics, and formation channels of galactic nuclei, as well as different accretion
modes, AGNs, and characteristic timescales. Further attention will be paid to
the types of repeating nuclear transients, their underlying physical mechanisms,
and an overview of the known quasi-periodic eruption sources and candidates.

2.1 Galactic Nuclei
Galactic nuclei are the most central regions of galaxies containing a supermassive
black hole (SMBH). The presence of one or more SMBHs in galactic centers and their
accretion disks has been successful in explaining many questions surrounding quasars,
such as the presence of relativistic jets, high bolometric luminosities, or large velocity
dispersion of objects near the central region (Lynden-Bell, 1969; Kormendy and
Richstone, 1995). Recently, collaborations such as the Event Horizon Telescope
captured images of SMBHs in the centers of M87 and the Milky Way, thus giving us
direct observational proof of their presence.
The origin of these SMBHs remains unclear. While it is agreed upon that black

holes can grow by accretion of material or by merging with other black holes, this is
not enough to explain the masses of the first SMBH and their progenitors (or “seeds”)
appearing in the first stages of the Universe. The discussion seems to revolve just as
intensively around the mass of these seed black holes as the actual formation chan-
nels. Currently, vastly different formation channels are being discussed, including:

1. The first scenario starts with a gaseous disk made up mainly of H2, which
eventually cools and fragments into a cluster of Population III stars. They
live briefly and then produce seed black holes with masses of tens to hundreds
of M⊙, which accrete matter from the environment and grow into SMBHs.

2. A different scenario discusses the direct collapse of a gaseous cloud (made up
of mainly atomic hydrogen) into a black hole under the influence of external
irradiation.

There are other, more speculative scenarios involving strong self-interacting dark
matter (Pollack et al., 2015), super-Eddington accretion mode (Suh et al., 2024),
or primordial black holes (Liu and Bromm, 2022), the latter in particular supported
by recent discoveries of high-redshift quasars (Labbé et al., 2023; Yang et al., 2023).
Volonteri (2010) and Inayoshi et al. (2020) provide a review of the various formation
channels.

– 3 –



2.1. GALACTIC NUCLEI 4.

The SMBH is often surrounded by an accretion disk, formed from the accreting
matter as it loses its angular momentum outwards. The accretion disk can be com-
pared to a structure made up of individual clumps of plasma orbiting the SMBH
on Keplerian orbits and slowly losing their angular momentum and gravitational po-
tential energy due to the disk viscosity. The virial theorem tells us that half of this
potential energy is converted into kinetic energy, while the other half heats the gas
and is radiated away. Based on this, we can derive the accretion luminosity:

Lacc =
1

2

GMBHṀ

R0

, (2.1)

where Ṁ is the accretion rate and R0 is the radius from which matter falls onto
the SMBH.We can substitute the latter for the innermost stable circular orbit (ISCO)
radius, beyond which no stable orbits exist. For a non-rotating SMBH (RISCO =
6GMBH

c2
) the previous expression simplifies to:

Lacc = ηṀaccc
2 , (2.2)

where η is the accretion efficiency, typically ranging from ∼1/12 for non-rotating to
∼1/2 for maximally rotating black holes (though relativistic corrections give lower
values).
We can derive the upper limit for the accretion luminosity for a stationary spheri-

cal accretion. Assuming the gas is made up of mainly ionised hydrogen, we calculate
the total force acting on the electron-photon pair as the difference between outward-
acting radiation pressure force and inward-acting gravitational force:

Ftot ≃
1

r2

(
GMBHmp −

σTL

4πc

)
, (2.3)

where mp is the proton mass, σT is the Thomson cross-section (for electrons σT =
6.65246 × 10−25 cm2), L is the total bolometric luminosity and c is the speed of light.
The total force is zero when the term in the parenthesis equals zero, therefore, the
maximal accretion luminosity is

LEdd =
4πGMBHmpc

σT

= 1038
(
MBH

M⊙

)
erg/s . (2.4)

Though an unrealistic assumption when considering real accretion disks, it is still
a useful quantity for comparing our observed bolometric luminosity. We can then
introduce the Eddington ratio

λEdd =
Lbol

LEdd

, (2.5)

which can, for example, tell us something about the accretion mode of the disk.
Because of our assumptions about the accretion, the actual observed bolomet-

ric luminosity can often be higher than the Eddington limit. Generally, depending
on the Eddington ratio, we differentiate between sub-Eddington (λEdd < 1), Edding-
ton (λEdd ≈ 1) and super-Eddington (λEdd > 1) accretion rates (or luminosities).
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Galaxies with low (λEdd < 0.3) Eddington ratios have optically thick and geometri-
cally thin disks, whilst galaxies with higher ratios have a geometrically thick (or slim
at super-Eddington rates) disk.
The optically thick, geometrically thin (H/R ≪ 1) disk is present in galaxies

with high accretion rates. According to a very successful model by Shakura and
Sunyaev (1973), the SED is well described by a multi-colour blackbody peaking
in the UV for AGN. The radial structure is divided into three regions, which are
dominated by different mechanisms: gas pressure, radiation pressure, and relativistic
effects for the outer, middle and inner parts, respectively. These regions radiate on
different wavelengths, from optical to hard X-rays, moving radially inwards.
For super-Eddington accretion rates, the slim disk model first described by Abra-

mowicz et al. (1988) as an extension of the thin disk model is needed. At super-
Eddington flows, effects such as photon trapping and advection cause the accretion
disk to puff up slightly (H/R ∼ 0.1 - 0.3), and the accretion efficiency is lower.
An advection-dominated accretion disk (ADAF) is an accretion mode relevant

to the source discussed in Section 3, Swift J0230. In galaxies with very low accretion
rates, the low density of the accreting gas prevents it from effectively radiating away
its thermal energy, which is instead stored and advected inwards into the black hole
(Narayan et al., 1998). The disk is optically thin and geometrically thick (H/R
∼ 1) and has a two-temperature configuration – ions heated by viscosity retain
most of their energy, making them significantly hotter than electrons. While mass
conservation is generally assumed, some solutions predict that ADAFs may be drivers
of powerful outflows. The energy equation per volume as given by Narayan and
McClintock (2008) is in the compact form:

ρT
dS

dt
≡ ρT

(
∂S

∂t
+ v∇S

)
= q+ − q− , (2.6)

where ρ is the density, T is the temperature, S is the entropy per unit mass, t is
the time, v is the flow velocity and q+ and q− are the heating and cooling rates
per unit volume, respectively. We can rewrite the right-hand side, qadv denoting
the advective cooling rate:

q+ = qadv + q− , (2.7)

which can be interpreted as the energy released by viscous dissipation (q+) being
lost partially to radiative cooling (q−) and partially to advective cooling (qadv).
For ADAF, qadv ≫ q− and L ≪ 0.1Ṁc2, defining the radiatively inefficient accretion
flow.

2.1.1 Active Galactic Nuclei
Active galactic nuclei are the compact cores of a small group of galaxies in the local
Universe. They are typical by their high luminosity of non-stellar origin concentrated
in the central region and make up about 10% of all observed galaxies. Spectral
energy distribution (SED) is one way to differentiate between an AGN and a non-
active galaxy. The majority of the luminosity of non-active galaxies is concentrated
in UV, optical and IR wavelengths; the SED can be reproduced by a superposition
of thermal spectra of stars, whose effective temperature ranges from ∼ 3 000K to ∼
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40 000K. AGNs, on the other hand, are more complicated and reach over the entire
electromagnetic spectrum; different mechanisms and components make up a rather
broken power-law spectrum. To name a few of these mechanisms and where they
may contribute in the SED:

• the presence of strong relativistic jets produced by the central SMBH, spanning
a wide radio range,

• the reprocessed emission by the dusty molecular torus in the infrared band,

• the strong (broad and/or narrow) emission lines caused by the motion of gas
around the SMBH in the UV/optical,

• inverse Compton scattering and hot corona making up the largest part of the X-
ray spectrum,

• excess in the soft X-rays caused by ionized reflection.

We can often use a power-law function to describe a limited energy range of the SED:

Lν ∝ ν−α , (2.8)

where ν is the frequency and α is the spectral index.
There are multiple categories of AGN. The first distinction can be made for

radio-loud and radio-quiet AGNs, with and without a strong relativistic jet, respec-
tively. According to a classification by Fanaroff and Riley (1974), depending on
where the majority of the radio emission is coming from, the sources are split into
Fanaroff-Riley (FR) Type 1 (majority of the emission originating in the core), FR
Type 2 (in the lobes) or later added FR Type 0 (radio point sources). Based on
the ionising potential – the ratio of narrow emission lines [OIII] and Hβ – there
are low-ionisation narrow emission regions (LINERs) with low ionisation potential
and Seyfert sources with large ionization potential. The Baldwin-Phillips-Terlevich
(BPT) plot presents a useful tool for categorising LINERs, Seyfert and star-forming
galaxies. We further distinguish Seyfert 1 and Seyfert 2 sources; Seyfert 1 sources
are characterized by the presence of broad emission lines in their optical spectra asso-
ciated with broad line regions (BLR). The absence of these lines in Seyfert 2 galaxies
can be explained by the presence of an obscurer somewhere along the line-of-sight
(dusty torus); the broad line wings are still visible in polarised light even in Seyfert
2 galaxies.
Efforts have been made for some unification model, currently suggesting that the

appearance of the AGN strongly depends on the line-of-sight angle of the observer,
see Figure 2.1.

2.1.2 Characteristic Timescales
Several timescales are relevant for the processes happening in the accretion disk.
The dynamical (free-fall) timescale determines the minimal time it takes for matter
with no angular momentum to fall from a distance R into the black hole

tdyn ∼

√
R3

GMBH

, (2.9)
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SMBH

Relativistic jet

Accretion disk

Torus

Relativistic jet

radio-loud

radio-quiet

Broad line region

Radio-loud quasar

Radio galaxy

Blazar

Seyfert 1

Seyfert 2

Narrow line region

Figure 2.1: The AGN unification model. Figure adapted from Fermi Gamma-ray
Space Telescope, see also Urry and Padovani (1995).

which scales linearly with the black hole mass at the Schwarzschild radius RS =
2GMBH/c

2:

tdyn ∼ 2
√
2GMBH

c3
, (2.10)

Similar to the dynamical timescale is the orbital timescale, which at the innermost
stable circular orbit (RISCO):

torb = 2π

√
R3

GM
= 2π

√
216GMBH

c3
. (2.11)

Thermal timescale determines how long it takes for the accretion disk to adjust
its temperature due to radiative processes:

tth ∼ 1

αΩ
=

GMBH

αc3
, (2.12)

where α is the viscosity parameter (Shakura and Sunyaev, 1973), Ω =
√
GM/R3

is the Keplerian angular velocity and R was substituted for RISCO in the last part.
Lastly, the viscous timescale dictates how long it will take for material to accrete

from radius R under the influence of the disk viscosity:

tvis ∼
R2

ν
=

1

αΩ

(
R

H

)2

,

= α−1

(
H

R

)−2

tdyn , (2.13)
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where ν is the kinematic viscosity and for the α disk ν = αcsH ∼ αH2Ω, which was
substituted in the second part.
Another thing to consider for orbiting bodies around the SMBH is the Schwarz-

schild precession. It is present when the mass of the central object curves the static
spacetime, causing the perihelion of the orbit to advance. It can be derived from
the Schwarzschild metric, which describes spacetime around a spherical mass, as-
suming the electrical charge and angular momentum of the mass, and universal
cosmological constant are zero:

ds2 =

(
1− RS

r

)
c2dt2 −

(
1− RS

r

)−1

dr2 − r2dΩ2 , (2.14)

where (t, r, θ, ϕ) are the Schwarzschild coordinates, dΩ2 = dθ2 + sin2 θdϕ2 and RS

is the Schwarzschild radius. The precession rate per orbit is

∆ϕ ≈ 6πGMBH

c2a(1− e2)
, (2.15)

where a is the semimajor axis of the orbit and e is the orbit’s eccentricity.
Bodies in orbit around a rotating SMBH will additionally be influenced by Lense-

Thirring precession. As predicted by general relativity, the spacetime around a mas-
sive rotating body is dragged along with it, referred to as frame-dragging. Lense-
Thirring precession is a direct consequence of this, where, due to frame-dragging,
an object drifts in the orbital plane in the direction of the rotation of the more
massive body.
The angular momentum of the spacetime can be derived from the Kerr met-

ric, which describes the spacetime near a rotating body with mass M and angular
momentum J using (typically) the Boyer-Lindquist coordinates:

ds2 = −
(
1− RSr

Σ
c

)
c2dt2 +

Σ

∆
dr2 + Σdθ2+

+

(
r2 + a2 +

RSra
2

Σ
sin2 θ

)
sin2 θdϕ2 − 2RSra sin

2 θ

Σ
cdtdϕ . (2.16)

The general expression is valid for strong gravity near the SMBH:

ΩLT =
dϕ

dt
=

RSarc

Σ(r2 + a2) +RSa2r sin
2 θ

, (2.17)

where (r, θ, ϕ) are the Boyer-Lindquist coordinates; a = J
Mc
, ∆ = r2 − RSr + a2

and Σ = r2 + a2 cos2 θ. This equation can be simplified with the weak-field approx-
imation at r ≥ 10RS (distance at which the dimensionless gravitational potential
GMBH/rc

2 ≪ 1):

ΩLT =
2GJ

c2r3
. (2.18)

Closely related is the nodal precession, which is the precession of the ascending
node of the orbit around the SMBH’s spin axis. Nodal precession is one consequence
of the Lense-Thirring effect.
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2.2 Repeating Nuclear Transients
The last several years saw the discovery of a new category of sources – the X-ray
repeating nuclear transients. These are sources that have been determined to orig-
inate from the nuclei of external galaxies and show variability in the X-ray part
of the electromagnetic spectrum. So far, broadly three different behaviours have
been observed and named: quasi-periodic eruptions (QPEs) with sudden and quasi-
periodic flares in the soft X-rays, quasi-periodic oscillations (QPOs), which show
more steady X-ray variations and quasi-periodic outflows (QPOuts) with outflows
moving at mildly-relativistic velocities (0.1 – 0.3c) (Suková et al., 2024).
The range of all the different RNT sources’ recurrence time is in Figure 2.2.

The following part will briefly talk about QPOs, QPOuts, and partial TDEs, while
QPEs will be covered in more detail separately.

Quasi-periodic oscillations

Quasi-periodic oscillations are smooth, near-periodic changes in the X-ray flux level.
They are commonly observed in X-ray binaries (XRBs; black holes or neutron stars
accreting mass from a companion star), as a result of the fallback from a tidal
disruption event, in ultraluminous X-ray sources and others. Thus, there are different
mechanisms thought to trigger QPOs, including Lense-Thirring precession in low-
mass XRBs (Stella and Vietri, 1998), disk tearing and warping (Musoke et al., 2023),
instability in the relativistic jets (Ferreira et al., 2022), unstable accretion (Kulkarni
and Romanova, 2009) and more.
We typically classify QPOs based on their frequency: low-frequency QPOs with

frequencies < few Hz, high-frequency QPOs in the range from tens to hundreds Hz,
and kHz QPOs mostly associated with neutron star systems.

Quasi-periodic outflows

Quasi-periodic ultrafast outflows (QPOuts) are variations in the outflow properties
(Suková et al., 2024). They are particularly important for shedding light on the feed-
back process between the AGN and its host galaxy, and are thought to be relevant
for the SMBH’s accretion physics and the presence of a possible binary. The phys-
ical mechanism behind them seems to be either radiation pressure, magnetic fields,
an orbiting perturber or a combination of these.
An example of a recently discovered QPOut is the ASASSN-20qc system (Pasham

et al., 2024d; Zajaček et al., 2024). ASASSN-20qc has been previously identified
as a TDE in 2020, when the optical flare was detected. The outflows are observed
in the form of a repeatedly enhanced absorption feature in the 0.75-1.00keV band (ev-
ery ∼ 8.3 days) and are proposed to be caused by a massive perturbing body crashing
into the accretion disk. This model gives a promising opportunity for discovering
and studying intermediate mass black holes, of which only very few candidates have
been so far observed (e.g. Farrell et al., 2009; Paynter et al., 2021).

Tidal disruption events

Tidal disruption events (TDEs) are important to the QPE discussion. Several galax-
ies (GSN 069, AT2019qiz, eRO-QPE 3, J0249, AT2022upj; Sheng et al., 2021; Short
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et al., 2023; Arcodia et al., 2024; Chakraborty et al., 2021, 2025a) were either first
observed through optical TDEs and later gave rise to QPEs, show signs of decaying
flux level reminiscent of post-TDE behaviour or are suggested to host partial TDEs,
raising the question whether these two are correlated.
A star with the mass M⋆ and radius R⋆ on an orbit around a massive black hole

with the mass MBH will eventually reach a point where the tidal forces of the black
hole exceed its own gravity and tidally disrupt it. The tidal radius is typically
estimated as:

rt ≈ R⋆

(
MBH

M⋆

) 1
3

=
c2

G
R⋆M

−1/3
⋆ M

−2/3
BH ,

= 47

(
R⋆

R⊙

)(
M⋆

M⊙

)−1/3(
MBH

106M⊙

)−2/3

Rg, (2.19)

where Rg = GMBH/c
2 is the gravitational radius. TDEs have an expected theoretical

long-term decay t−5/3 in flux (for example Evans and Kochanek, 1989), with optical
TDE observations varying between -3.82 and -0.78 (Hernández-García et al., 2025).
If the star only grazes the tidal radius of the SMBH, only a fraction of its mass

may be stripped while the rest of the star survives. We call these events partial TDEs
(pTDEs). The remains of the star may be again disrupted at the next pericentre
passage, giving rise to repeated pTDEs (rpTDEs; Payne et al., 2021; Liu et al.,
2023; Wevers et al., 2023; Somalwar et al., 2023; Lin et al., 2024). Partial TDEs
are therefore optical RNTs with periods of several to tens of years.
A useful measure is the impact parameter β ≡ rt/rp, where rp is the pericentre

radius of the star’s orbit. Above a critical value of the impact parameter (typically
for main sequence stars βcrit ≈ 2 − 3; Suková et al., 2024) the star is completely
destroyed, below this value the star is only partially perturbed.
If the tidal radius rt is smaller than the Schwarzschild radius RS, the star is

disrupted only after crossing the event horizon, in which case we are unable to observe
TDEs. This happens for systems with the black hole mass above a certain value:

rt < RS ,

MBH ≳
R

3/2
⋆

M
1/2
⋆

(
c2

2G

)3/2

, (2.20)

which for solar type stars gives a limiting black hole mass MBH ≈ 108M⊙.
There are a few ways in which we should theoretically be able to determine

whether an observed TDE is complete or partial (Suková et al., 2024), however,
the most reliable one is to observe repeating flares at each disruption. Typical
orbital periods are in the thousands of years, but if the star originally belonged to
a binary system, the disruption of the binary by the SMBH can cause the orbital
period to shorten significantly. Additionally, it seems that partial TDEs might be
more prevalent than complete ones.
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Figure 2.2: Comparison of the recurrence time of different repeating nuclear tran-
sients (RNTs). QPEs are blue, rpTDEs are green, intermediate sources and QPE
candidates are orange. Shaded areas represent the range of recurrence times
of the classes. Based on Figure 1 in Suková et al. (2024).

2.3 Quasi-periodic eruptions
Quasi-periodic eruptions (QPEs) are a group of repeating nuclear transients orig-
inating from the nuclei of external galaxies hosting low-mass supermassive black
holes (MBH < 107M⊙) and lacking the broad emission lines typically associated with
unobscured active galaxies. They take the form of sudden, sharp flares in the soft
X-rays (with most of the emission in the 0.5-2 keV band), associating them with
the innermost regions of the galactic nucleus. The flares can be either symmetric
or asymmetric in shape. The bursts last for up to a few hours and occur every few
hours up to a day. All have similar peak luminosities (1042−43 erg/s) and thermal-
like spectra with temperature kT ≃ 50 – 80 eV in quiescence and ≃ 100 – 250 eV
at peak burst. No confirmed associated IR, visible, UV or radio variability has been
observed. So far, six secure sources (GSN 069, RX J1301, eRO-QPE 1, eRO-QPE 2,
eRO-QPE 3, eRO-QPE 4; Miniutti et al., 2019; Giustini et al., 2020; Arcodia et al.,
2021, 2024) and several candidates (Chakraborty et al., 2021; Webbe and Young,
2023; Quintin et al., 2023, and more) have been discovered.
In an article by Wevers et al. (2024), the authors find that three out of five (at

that time discovered) QPE galaxies host an extended emission line region (EELR).
The properties of this region – low velocity and velocity dispersion, kinematic decou-
pling from the stars, photo-ionised by a non-stellar continuum, while the nuclear lu-
minosity is not enough – all point to a recently faded nuclear activity. This, in turn,
implies that TDEs and QPEs may share the same formation channel. The lack
of broad-line detections, as well as no significant obscuration found in the host galax-
ies (within the limited resolution), means no broad-line region is present, though the
presence of a weak one cannot be confidently dismissed. This is another point in con-
necting TDEs and QPEs, as this lack of broad emission lines may have been caused
by a too-compact disk that is incapable of supporting a BLR – such as the post-
TDE accretion disk. A study of the morphological properties of QPE host galaxies
(Gilbert et al., 2024) also finds that they share similar morphology to TDE-preferred
galaxies.
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Arcodia et al. (2024) present the first estimates of QPE volumetric abundance
rate based on the four eROSITA sources (Arcodia et al., 2021, 2024). Though with
large uncertainties, they get the following values: Rvol = 0.60

+4.73
−0.43 × 10−6 Mpc−3

for logLpeak
0.5−2.0keV > 41.7, which they convert to Rvol/τlife ≈ 0.6 × 10−7(τlife/10y)

−1

Mpc−3/year (where τlife is the QPE lifetime). If it is confirmed that QPEs are related
to EMRIs, this could provide the first constraint on not only QPE rates, but also
EMRI rates.
Figure 2.3 provides a visual comparison of their relevant properties, showing that

outside of the recurrence time and duration time, and duration time and amplitude,
there do not seem to be any other strong correlations. A closer look at those two
plots is provided in Figure 2.4, with best-fit power-law models and 1σ confidence
intervals. We used both Pearson and Spearman correlation coefficients to assess
the strength and direction of the relationship between the properties.
The Pearson correlation coefficient measures the linear relationship of a dataset

with assumed normal distribution. The correlation coefficient r is defined as

r =

∑
(Xi − X̄)(Yi − Ȳ )√∑

(Xi − X̄)2
√∑

(Yi − Ȳ )2
, (2.21)

where Xi, Yi are the variables and X̄, Ȳ are the mean values. Due to the nature
of the definition, the r coefficient is very sensitive to outliers. r can be in the range
from -1 to 1, where -1 means a perfect negative linear correlation, 1 a perfect positive
linear correlation, and 0 means no correlation. To determine whether the observed
relationship is statistically significant or caused by random chance, we use the p-
value. The correlation is statistically significant if the p-value is low (< 0.05); higher
values point to a weak relationship. The Pearson p-value, too, assumes a normal
distribution and tests for linearity.
Spearman rank correlation coefficient is a more robust method that does not

assume any specific distribution and is more resistant to outliers. Unlike the Pearson
method, it can work with ranks instead of specific numerical values and is used
to determine how monotonic the relationship is. The Spearman rank coefficient ρ
is defined as

ρ = 1− 6
∑

d2i
n(n2 − 1)

, (2.22)

where di is the difference between the ranks of the two variables (xi – yi) and n
is the number of data points. It also varies between -1 and 1, with 0 implying no
correlation. The p-value in this case does not assume a normal distribution and tests
for a monotonic relationship.
We use the functions scipy.pearsonr and scipy.spearmanr (Virtanen et al.,

2020) to calculate the coefficients for the relationship between the recurrence and
flare duration time, and duration time and amplitude in Figure 2.4. For the first
plot, the Pearson correlation coefficient rpear = 0.979 with corresponding p-value
ppear = 8.7× 10−7, the Spearman rank ρspear = 0.88 and p-value pspear = 6.9× 10−4.
At the same time, we model the data using a power-law function, which returns
the best parameters tdur = (0.10± 0.08)× t

(1.18±0.13)
rec . This result is consistent within

uncertainties with the one in Figure 4 in Hernández-García et al. (2025).
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Figure 2.3: Comparison of the RNT sources properties: amplitude, SMBH mass,
duration and recurrence time and temperature during flare peak. We used the
Spearman rank as a measure of correlation – plots with absolute values above 0.7
are highlighted in green, and plots with absolute values below 0.7 but above 0.4
are highlighted in orange. The green plots are more closely analysed in Figure 2.4
and in the text.

For the second plot, the Pearson correlation coefficient rpear = 0.44 with cor-
responding p-value ppear = 0.17, and the Spearman rank ρspear = 0.71 and p-value
pspear = 0.02. In this case, the Pearson coefficient value is low, however, it is also very
sensitive to outliers (source AT2022upj). The power-law returns the best parameters
Cpeak/Cquies = (29± 33)× t

(0.39±0.23)
dur .

2.3.1 Sources of quasi-periodic eruptions
There are several secure sources and candidates that have been classified as QPEs so
far. The next section of the text will provide a brief overview of each, highlighting
their properties and unique circumstances.

GSN 069

GSN 069 (Seyfert 2 galaxy 2MASX J01190869-3411305 at redshift z = 0.018,
hosting a low-mass black hole of MBH ∼ 4 × 105M⊙ ) first showed X-ray emission
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in July 2010 during an XMM-Newton observation. According to Shu et al. (2018)
and Sheng et al. (2021), the subsequent smooth decay of the X-ray flux could be
described by a partial tidal disruption event (pTDE) of a red giant star. The first
quasi-periodic eruptions were then observed in December 2018, with no eruptions
detected up to 4 years prior in December 2014 (Miniutti et al., 2019). During this
first observation, the count rate of the flares rose by up to two orders of magnitude
compared to the quiescent level, lasting on average ∼ 1 hour and repeating every
∼ 9 hours. The X-ray spectrum in quiescence, which is consistent with thermal-like
emission with blackbody temperature ∼ 50 eV (cold phase) transitions into ∼ 120 eV
during peak eruption (warm phase), which is similar to the AGN soft X-ray excess.
Further observations and analysis by Miniutti et al. (2023b) revealed the long-

term evolution to be consistent with a second partial tidal disruption event, possibly
putting the star in question on a 9 year long orbit around the central black hole.
The previously mentioned QPEs were observed towards the end of the first pTDE,
exhibiting alternating long-short pattern, with stronger (weaker) QPEs being fol-
lowed by longer (shorter) recurrence times. However, during the rise of the second
pTDE with the quiescence flux significantly brighter, this pattern was broken by
weaker QPEs until the QPEs went undetected in the next observation. On top
of the detected QPEs, the previously stable quiescent level started exhibiting quasi-
periodic oscillations (QPOs) with periods matching those of the average recurrence
time of given QPEs.
Then, after nearly two years of absence, Miniutti et al. (2023a) reported the reap-

pearance of QPEs with vastly different properties; the two observed QPEs are sepa-
rated by∼ 20 ks, with the beginning∼ 27 ks of the observation showing no outbursts;
the intensity ratio is much lower than in the first phase (during first observations
reported by Miniutti et al. (2019)) and that the observed QPOs, though question-
able if related to the QPEs, have a period of ∼ 54 ks. Additionally, a luminosity
threshold, above which no QPEs were observed, has been set to ∼ 3 × 1043 erg/s
(or the Eddington ratio λthres = 0.4 ± 0.2 for MBH ≈ 106M⊙).

RX J1301

The QPEs in RX J1301 have been present for at least ∼ 18.5 years (Giustini
et al., 2020; Sun et al., 2013), although a rise in count rate by a factor of ∼ 2.5
was also detected by ROSAT on 18th July 1991, as reported by Dewangan et al.
(2000). They are spatially coincident with the nucleus of a Seyfert post-starburst
galaxy at redshift z = 0.2358, hosting a low-mass black hole of MBH ∼ 0.8 – 2.8
× 105M⊙ (Giustini et al., 2020). According to the spectral analysis done by Sun
et al. (2013), the X-ray spectrum in quiescence is well described by a thermal disk
component with temperature kT ∼ 30 – 50 eV, evolving into kT ∼ 100 – 300 eV
during flares with an additional hard power law emission.
Two studies by Giustini et al. (2020) and Giustini et al. (2024) reveal an alter-

nating long-short recurrence pattern of a significant difference, with the recurrence
times ranging from 4.6 ks to 21.9 ks. Stronger flares always follow after longer re-
currence times, all lasting ∼ 2-3 ks . The luminosity at peak is at the order of ∼
1042 erg/s. Similar to GSN069, there have been hints of QPOs at the beginning of
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the observation, however, they were decoupled with the recurrence time of the QPEs
and have disappeared completely later into the observation, likely triggered by a
different mechanism. No related UV, optical, and radio variability has so far been
detected.

eRO-QPE1 & eRO-QPE2

eRO-QPE1 and eRO-QPE2 were discovered in a blind systematic survey of the X-
ray sky by the eROSITA instrument, followed up by pointed XMM-Newton obser-
vations (Arcodia et al., 2021). eRO-QPE1 (eRO-QPE2) has a visual counterpart
in the nucleus of 2MASS02314715-1020112 (2MASX J02344872-4419325) at a red-
shift of z = 0.0505 (z = 0.0175). In agreement with other sources, they do not exhibit
any UV/optical variability, though their spectra do not show any signs of AGN ac-
tivity or pre-existing accretion disk. It is worth noting that since they have been
discovered in a blind search, eRO-QPE 1 and 2 may be more representative of the typ-
ical QPE hosting galaxy – that is, an inactive one – than the previous two sources,
which host (or in the recent past, hosted) an active galactic nucleus (AGN).
The flares in eRO-QPE1 have asymmetric profiles with a sharper rise and a slower

decay and are possibly overlapping, with luminosity at peak reaching up to ∼ 2 ×
1043 erg/s in the 0.5-2 keV band, though the actual peak luminosity differs between
bursts, with the fainter one reaching only ∼ 8 × 1041 erg/s. The mean recurrence
and duration times of the bursts are 18.5 hours and 7.6 hours, respectively, which
makes the duty cycle ∼ 41%.
Analysis by Arcodia et al. (2022) points out that while some eruptions do appear

isolated, there are instances of overlapping bursts with very different amplitudes.
Additionally, while they confirm that QPEs peak later and have longer duration
at lower energies, they also find flares where the behavior is inverse and QPEs start
earlier at lower energies.
Long-term observation (Pasham et al., 2024c) of the source from over 3 years finds

that the flux at peak has been steadily decreasing, similarly to what was observed
with GSN 069. Unfortunately, the quiescence level was below the detection limit
of Swift, so it remains unclear if this behavior is correlated with the background
luminosity decreasing as well.
On the other hand, the mean recurrence and duration times of eRO-QPE2 are sig-

nificantly shorter at 2.4 hours and 27 minutes, respectively (duty cycle 19%; Arcodia
et al., 2021). The peak luminosity oscillates between ∼ 1041 and 1042 erg/s. Pasham
et al. (2024b) and Arcodia et al. (2024) present observations from > 3 years, during
which the source remained remarkably stable, except possibly for a slight reduction
(not uniform) of the recurrence time by ∼ 0.1 hours. Additionally, the alternating
long-short pattern of recurrence times present in the initial observation (Arcodia
et al., 2021) seems completely absent from all later observations.

eRO-QPE3 & eRO-QPE4

Another two sources were discovered in a study by Arcodia et al. (2024). Both
sources come from low-mass inactive galaxies without a present AGN, with eRO-
QPE4 hosting the so-far most massive central black hole with mass (inferred from
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stellar velocity dispersion) ∼ 2.7 × 107M⊙. They show the expected energy depen-
dence during eruptions, with harder rise and softer decay.
eRO-QPE3 (eRASSt J140053-284557 at z = 0.024) has QPEs on top of decaying

quiescence flux, providing further evidence for the connection with a preceding TDE.
Recurrence time alternates from 17 to 20 hours, with the bursts lasting ∼ 2.2 hours.
The peak luminosity detected at peak burst was ∼ few 1041 erg/s.
eRO-QPE4 (eRASSt J044534-101201 at z=0.044) shows a harder, though much

fainter, component on top of the expected soft X-ray of the QPE, the origin of which
still remains unclear. The recurrence times range from 9.8 hours to 15.5 hours with
the duration ∼ 30 minutes. The peak luminosity is ∼ 2 × 1043 erg/s.

Ansky

The galaxy SDSS J133519.91+072807.4 (hereafter ‘Ansky’, as the authors pro-
posed) had first been detected to show variability by Zwicky Transient Facility
(ZTF) in December 2019 and exhibited AGN-like variability for the following 5 years
(Sánchez-Sáez et al., 2024), much like an activating AGN. The optical transient had
a much flatter decay than expected of TDEs (theoretical t−5/3; observed ∼ t−0.17).
The nearby galaxy (z = 0.024) hosting a low-mass SMBH (MBH ∼ 106M⊙) shows

no signs of broad emission lines, consistent with other QPE sources. Since February
2024, ‘Ansky’ has shown X-ray emission and variability reminiscent of QPEs, namely;
time between flares ∼ 4.5 days and flare duration ∼ 1.5 days, soft X-ray spectrum
with blackbody temperature ∼ 81 keV and peak luminosity ∼ 1043 erg/s (Hernández-
García et al., 2025, and references therein). However, every ≈ 25 days this pattern is
broken by longer times between bursts; ≈ 6.5 days instead of 4.5 days. The amplitude
(ratio of peak to quiescence luminosity) of approximately 500 makes it the most
extreme in the sample so far, with the longer timescales making the energy budget
much larger at approximately 1048 erg per burst.
The presence of a tentatively correlated UV variability is not observed in any

other QPE source. Moreover, the spectrum requires an additional absorption com-
ponent at 0.7-1.2 keV, which, while not unusual for TDEs, has not been observed in
a QPE source. It is unclear whether this absorption feature is related to the QPEs.
The source, in terms of recurrence time, amplitude and energy budget, is the

most extreme from the sample so far. Additionally, it may suggest that instead of
QPEs being related to specific TDEs, they may be more generally associated with
new emerging accretion flows.

AT2022upj

Chakraborty et al. (2025a) report the discovery of QPEs in the galaxy AT2022upj
(z = 0.054) a few years after an optically confirmed TDE. Eight QPEs were observed,
showing a high dispersion in recurrence time (0.5 – 3.5 days) and duration (0.3 – 1
day), with temperature at peak burst reaching ∼ 200 eV and luminosity up to ∼
1043 erg/s. Similarly to eRO-QPE1, some bursts show signs of overlap. The SMBH
mass is estimated to be ∼ 5.6 × 106 M⊙.
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J0249

QPEs have been first detected in the star-forming galaxy XMMSL1 J024916.6-
041244 (J0249) during a XMM-Newton pointed observation in 2006, during which
1.5 QPE-like flares were detected, peaking at ∼ 3 × 1041 erg/s (in the 0.5 – 2.0 keV
band; Chakraborty et al., 2021). The one complete flare lasted for ∼ 2 ks, the two
observed bursts were separated by ∼ 9 ks, and have the characteristics of other QPE
sources; namely the expected energy dependence of flare properties and soft X-ray
spectrum. However, unlike in other sources, a slight related (tentative) dip in UV
before and after the flares has been detected. Follow up Swift observation in 2021
revealed that the source has become significantly dimmer, similar to a post-TDE
behavior, and no other QPEs have been observed, so it is difficult to classify J0249
as a QPE source.

RX J1231

Another candidate is the low-mass AGN galaxy 2XMM J123103.2+110648 (RX
J1231) with a low-mass central black hole MBH ≤ 105M⊙. Webbe and Young (2023)
used autocorrelation function to find whether the previously thought quasi-periodic
oscillations (QPO) source could be more accurately described using the QPE model.
The soft spectrum is in agreement with the confirmed QPE sources, though whether
it is a QPO or QPE remains unclear.

AT 2019vcb

Nicknamed Tormund, the source was first detected as an optical TDE (AT
2019vcb) in 2019 (Hammerstein et al., 2023). During a Swift observation, it showed
the expected decaying thermal emission up until the end of the observation, where
a sudden rise in temperature and soft x-ray flux, strongly reminiscent of eRO-QPE
1, was detected, with luminosity at peak reaching 1044 erg/s (Quintin et al., 2023).
Only one half of a flare was detected, so it is difficult to categorize it as a QPE source;
however, other properties, such as the temperature evolution and soft X-ray spec-
trum is similar to other sources. If proven to be a QPE source, it could strengthen
the connection between QPEs and preceding TDEs.

AT 2019qiz

AT 2019qiz is one of the sources that could be important in explaining the con-
nection between the different types of RNTs and the physical mechanisms behind
them. The nearby (z = 0.0151) galaxy likely hosting a weak AGN was first observed
during a TDE event (Hung et al., 2021), which surprisingly resembled a superlumi-
nous supernova, and the subsequent analysis strengthened the connection between
TDEs and engine-powered supernovae. About 800 days later, the X-ray spectrum
was found to significantly soften – the soft X-ray flux increased by a factor of ∼50
while the hard X-rays dimmed – at the same time coronal lines appeared in the spec-
trum (Short et al., 2023). Recently, nine QPEs repeating approximately every two
days have been discovered (Nicholl et al., 2024). The peak luminosity reaches 1.8 ×
1043 erg/s with a temperature of ∼ 110 eV.
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2.3.2 Physical mechanisms of quasi-periodic eruptions
In general, there are two broad categories of models trying to explain the origin
of QPEs: models including disk instabilities (Sniegowska et al., 2020; Pan et al.,
2021; Śniegowska et al., 2023; Pan et al., 2022, 2023; Kaur et al., 2023) and models
with one or multiple orbiting bodies captured by the SMBH and interacting with
the accretion disk (e.g. Krolik and Linial, 2022; Linial and Sari, 2023; Linial and
Metzger, 2023; Suková et al., 2021; Metzger et al., 2022).

Radiation-pressure driven accretion disk instabilities

Sniegowska et al. (2020) first proposed a model invoking radiation-pressure driven
instability in the narrow ring between an outer standard thin disk and an inner
advection-dominated accretion flow (ADAF). This instability zone would act as a reg-
ulator of the accretion flow in the innermost ADAF, and the corresponding limit-cycle
would be responsible for the periodic outbursts. While applicable to some changing-
look AGNs, this simplistic toy model failed at properly describing the flares observed
in GSN 069.
Expanding upon this idea, Pan et al. (2021) include large-scale magnetic fields,

which would directly affect the limit-cycle behaviour; the winds driven by these
magnetic fields can take away angular momentum and energy from the disk, thus
decreasing the disk temperature, and can either decrease the period of the bursts
by several orders of magnitude, or for the same period increase the intensity.
Further attempts at modelling periodic flares are made by Śniegowska et al.

(2023), which prove capable of explaining the so-called heartbeat states (variabil-
ity) in microquasars. However, on timescales as short as QPEs, the model has to
work under the following assumptions; to limit the outer disk radius, the brightening
of the source must be caused by a TDE, and magnetic field must play a large role.
Even in this case, the model does not prove whether is would be capable of repro-
ducing the desired behaviour.
Pan et al. (2022) fit their model to GSN 069 and find that it can qualitatively

fit the 0.4-2.0 keV light curves. Difficulties of this model lie in explaining the asym-
metry of some flares, the alternating long-short recurrence behaviour or the energy
dependence of the flare peak, and further work is required. Similarly, Pan et al.
(2023) apply the same but improved disk instability model to QPEs known at that
time and reach similar results. Assuming a magnetically dominated accretion disk,
the model described in Kaur et al. (2023) seems capable of reproducing the observed
QPE recurrence times.

Perturbing orbiting body

Extreme mass ratio inspiral (EMRI) including the SMBH and a companion –
either a low-mass black hole or a star – has so far been the most successful in repro-
ducing the various characteristics of QPE sources; e.g. Wevers et al. (2025) analyse
the source eRO-QPE2 and come to the conclusion that the star-disk collisions model
with a compact TDE disk fits the observed data, and disk instability models are in-
consistent. However, see also Guolo et al. (2025), where authors show that both
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accretion disk instability and star-disk interaction models struggle to describe the
behaviour observed in GSN 069.
Several models invoke mass-transfer at pericentre passage as the mechanism re-

sponsible for the X-ray flares. A low-mass main-sequence star on a moderately ec-
centric orbit around the SMBH would periodically transfer mass through the Roche
Lobe, and interacting material would produce shocks as the source of the radiation
(Krolik and Linial, 2022). Linial and Sari (2023) argue that the mass transfer may
become unstable and trigger a runaway effect, and Lu and Quataert (2023) propose
that the mass-loss is regulated by ram-pressure and tidal stripping of the star moving
inside the accretion disk.
King (2020) proposed that a white dwarf on a highly eccentric orbit around

the SMBH getting periodically disturbed at each pericentre passage could explain
the repeating flares in GSN 069. As was argued in Cufari et al. (2023), a white
dwarf cannot be bound through tidal dissipation and reproduce the observed orbital
periods typical for QPEs. However, the Hills mechanism, as discussed in Cufari et al.
(2022), may just be capable of capturing the star into such an orbit. Despite this,
it remains unclear if the SMBH mass (for example in GSN 069, for which the system
with the white dwarf was proposed) is small enough not to swallow the white dwarf
at such close orbits.
Metzger et al. (2022) propose a model that includes two stars as an EMRI

around the central SMBH. During fly-bys, the mass loss via the Roche lobe overflow
gets enhanced (from one or both stars), leading to repeating flares. They predict
stochastic or systematic changes in the QPE period as well as long-term modula-
tion due to nodal precession and subsequent misalignment of the orbital planes.
Along with being able to describe the short periods of QPEs in the case where
the stars are counter-orbiting, this model predicts longer period repeating transients
if the stars are co-orbiting, which may be particularly promising for sources like Swift
J0230.
A single object as an EMRI provides a simpler mechanism, intersecting along

its orbit a rigidly precessing accretion disk (Franchini et al., 2023). In this semi-
analytical model, a preceding TDE creates an accretion disk that viscously spreads
for some time until it reaches the EMRI companion, at which point the start of QPEs
is observed – this would naturally explain the delay between a TDE and QPEs
in some galaxies. Franchini et al. (2023) considered a BH as a potential companion,
while Linial and Metzger (2023) propose a model operating on a similar principle
but with solar-like stars as perturbers. They predict that systems with long-short
alternating recurrence times, caused in this case by the eccentricity of the star’s
orbit, might eventually find themselves with a much more regular recurrence time.
In an article by Suková et al. (2021), the authors simulate repeating transits

of a star through a radiatively inefficient accretion flow (ADAF) close to a rotating
black hole by performing General-Relativistic Magnetohydrodynamic simulations.
For QPEs, they reach a qualitative consistency with the observed flares, with the per-
turbing body being an intermediate to supermassive black hole, or for the cases
of eRO-QPE1 and 2 the flares could also be explained with a massive OB-type star
with powerful winds. In comparison with other models, Suková et al. (2021) also
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analyzed the perturbation of the mass-outflow rate due to an orbiting body, which
turned out to be relevant for a few sources with quasiperiodic absorption features
in soft X-ray spectra (Pasham et al., 2024d; Nicholl et al., 2024; Hernández-García
et al., 2025; Chakraborty et al., 2025b).
For the star-disk collision models, Linial and Metzger (2024b) predict that QPEs

peaking in the UV are naturally expected. These “UV QPEs” should occur with
either longer periods (with larger orbital radii) or for lower mass SMBH, depending on
the circumstances. Difficulty in observing these potential transients arises from the
uncertainty whether their luminosity will be enough to outshine, or at least be on-par,
with the accretion disk quiescent UV emission. Authors of the study further propose
that, should the QPEs be connected with preceding TDEs, a singular source may at
first produce X-ray QPEs and later start exhibiting UV QPEs, once the accretion
rate drops sufficiently. Future missions such as ULTRASAT (Shvartzvald et al.,
2024), UVEX (Kulkarni et al., 2021) or QUVIK (Werner et al., 2022) might be able
to observe such sources.

Other mechanisms

Other than these two general categories, various other mechanisms have been pro-
posed to explain the quasi-periodic flares. Raj and Nixon (2021) consider disk tearing
as the cause for AGN variability. In their model, the accretion disk can start warping
due to its misalignment with respect to the black hole spin, become unstable and
eventually break into discrete rings. Further evolution sees the collisions of neigh-
bouring rings, invoking shocks and subsequently accreting gas or causing more col-
lisions. If the disk tearing occurs at the inner edges of the accretion disk (under
certain parameters), those cases resemble flares observed in QPEs. Another simple
model (Middleton et al., 2025) requires a spinning black hole misaligned with the ac-
cretion flow and a super-Eddington accretion rate. The Lense-Thirring precession
would then lead to increased X-ray flux in certain cases.

2.3.3 Relation to QPOs and TDEs
The line between QPOs and QPEs seems particularly blurry for the source RX J1231,
as Webbe and Young (2023) pointed out in their analysis, suggesting that there
may be a continuum of quasi-periodic variability, on which both QPOs and QPEs
reside. At the same time, there are at least two sources which have been observed
to produce both QPEs and QPOs, though their connection remains questionable;
J1301 for a short time exhibited hints of QPOs which were decoupled from the actual
QPEs (Giustini et al., 2024) and likely not caused by the same phenomenon, and
GSN 069 showed QPOs in the quiescence emission which seemed to have the same
period as the QPEs (Miniutti et al., 2023b). Similar mechanisms have been discussed
as the underlying mechanisms for both of these repeating transients, namely accretion
disk instabilities and the Lense-Thirring precession of a misaligned disk (e.g. Stella
and Vietri, 1998; Ingram and Motta, 2019).
The connection between QPEs and TDEs seems a bit more straightforward. Some

sources exhibited TDEs some time before their detection as QPEs (Sheng et al., 2021;
Miniutti et al., 2023a; Chakraborty et al., 2025a; Quintin et al., 2023; Nicholl et al.,
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2024), others shows signs of decaying quiescent flux levels reminiscent of a post-TDE
evolution (Hernández-García et al., 2025; Chakraborty et al., 2021; Arcodia et al.,
2024). In a less direct way, several models invoking star-disk interactions require
a pre-existing accretion disk, such as those formed from a TDE (Franchini et al.,
2023; Linial and Metzger, 2023). Others argue that partial disruptions of a star may
themselves be behind QPEs (e.g. King, 2020; Krolik and Linial, 2022).



3. Analysis of a Specific Repeating
Nuclear Transient

Swift J0230 is a candidate QPE source, sharing some of the QPE properties, namely
the quasi-periodicity and soft X-ray flares. However, there are some qualities which
set it apart from QPEs as well as other RNTs. This next chapter will provide a review
of the source and include an analysis of the flares, aiming to inspect properties such
as the flare asymmetry.

3.1 Properties of Swift J0230
In response to the discovery of supernova SN2021afkk, the field of Swift J023017.0
+283603 (Swift J0230) has been observed with the Swift X-ray Telescope (XRT) from
December 2021 to January 2022. During this time, no X-ray emission was detected.
The next closest observation on 22 June 2022 (Evans et al., 2023) detected an X-ray
enhancement of more than 35 (Swift XRT upper limit of 0.3-2.0 keV flux was 2 ×
10−14 erg s−1cm−2; detected flux was 7 × 10−13 erg s−1cm−2). This provides a rather
useful, even if not exact, constraint on the starting time of the flares in this source.
Swift J0230 exhibits quasi-periodic flares in the soft X-rays (Guolo et al., 2024)

with the period of ∼ 22 days (see also Figure 3.2), putting it somewhere between
QPE sources (recurrence time ≲ 1 day) and partial TDEs (up to thousands of days).
The average flare duration is 4.5 days; however, several flares with duration < 1 day
and significantly lower amplitudes have been detected (see Figure 3.1), with a duty
cycle ∼ 0.24 ± 0.13. Figure 3.1 shows light curves from Swift X-ray Telescope (XRT),
Nicer X-ray Timing Instrument (XTI), Swift UVOT UV W1 band and three Very
Large Array (VLA) radio observations.
A newer article by Pasham et al. (2024a) reports several findings from a pro-

longed monitoring; the eruptions have recently turned off (no detections over a pe-
riod of > 160 days), leading to a lifetime of less than 540 days, a quiescence level has
been detected for the first time in this source, and the authors also analysed the rapid
eruptions lasting < 5 hours in-between the regular eruptions. The quiescent level
points to an Eddington ratio of the disk < 0.1% of the Eddington value. The rapid
flares have the same temperature as the regular flares.
To explain this new development, the authors propose a Jupiter-like planet which

is perturbed by the SMBH at each pericentre passage of its highly eccentric orbit,
losing up to 10% of its mass per flare. This would naturally explain the short lifetime
of the source. The remnant core perturbing its own fallback disk would then produce
the observed short period flares.

– 23 –
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While Swift J0230 shares several characteristics with the known QPE sources,
namely the quasi-periodic nature of the flares in soft X-ray, no related UV/optical
variability, similar duty cycle and origin near a low-mass SMBH, there are also points
that differ between the two:

1. The recurrence period of Swift J0230 is approximately 25 times longer than
QPEs.

2. QPEs exhibit a cool→ warm→ cool temperature evolution going from rise→
peak→ decay, while Swift J0230 continues increasing temperature even during
decay until the source fades below detection.

3. A radio signal was detected during one of Swift J0230 X-ray flares, while QPEs
so far have no associated radio variability.

The second point might have a simple explanation. The host galaxy of Swift J0230
seems to be a low-luminosity AGN with a very low accretion rate (even during peak
Ṁ ≈ 0.02ṀEdd), so instead of a standard thin disk, an advection-dominated accretion
flow (ADAF) is expected, with a geometrically thick and optically thin disk. This
type of disk is very radiatively inefficient, and most of the energy is advected into
the black hole. Therefore, when the source starts flaring and the temperature rises,
where it would be able to cool after the peak in a standard disk, the ADAF instead
is not able to radiate the energy away, which we observe as the temperature rising
until the source dims under the detection limit.
At the same time, Swift J0230 differs significantly from (partial) TDE sources:

1. TDEs have strong counterparts in the UV/optical part of the spectrum, while
Swift J0230 has no associated UV/optical variability detected.

2. Swift J0230 has much shorter recurrence time than other confirmed partial
TDE sources (22 days vs ∼ hundreds of days; Payne et al., 2021; Wevers et al.,
2023; Liu et al., 2023; Somalwar et al., 2023; Lin et al., 2024).

3. The lightcurves of pTDEs show a much longer decay time than rise, while
the same level of asymmetry is not observed in Swift J0230 (see Section 3.3).

4. Swift J0230 and QPEs usually have purely soft/thermal X-ray spectrum, while
TDEs also show a hard coronal component.

Table 3.1 provides a comparison between QPEs, partial TDEs and Swift J0230.
For a periodicity analysis, we use the Lomb-Scargle Periodogram (LSP) us-

ing the function astropy.timeseries.LombScargle (Astropy Collaboration et al.,
2013, 2018, 2022) and the Weighted Wavelet Z-transform (WWZ) using the function
pyleoclim.utils.wwz (Khider et al., 2022). In both cases, the Swift XRT light
curve is analysed. Figure 3.2 shows the period analysis of the source. The left panel
shows the LSP, which gives the highest peak at ∼ 21.5 days. Similarly, the right
panel with WWZ returns the period ∼ 22 days.
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Property QPEs pTDEs Swift J0230

Mean recurrence time ≲ 1 day ∼ few years ∼ 22 days
Mean duration hours months to years days
Duty cycle ∼ 0.05-0.2 0.24 ± 0.13
log (MBH/M⊙) ∼5-7 ∼5-7 † 6.6 ± 0.4

UV/Optical variability No Yes No
Radio variability No Yes Yes∗

Table 3.1: Comparison of properties between QPEs, partial TDEs and Swift J0230.
Notes: † According to Wevers et al. (2017).
∗ Tentative, see Guolo et al. (2024) or Figure 3.1.
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Figure 3.1: Swift J0230 lightcurves. Upper: Nicer XTI luminosity for 0.3-0.8 keV
flux and Swift XRT luminosity for 0.3-2.0 keV. Highlighted areas show flares chosen
for analysis in Section 3.3. Lower: Swift UVOT W1 filter lightcurve and VLA
(non-)detections. All panels show circles for detections and upside down triangles
for non-detections upper limit (data from Guolo et al. (2024)).
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Figure 3.2: Periodicity analysis of Swift J0230. Left: Lomb-Scargle periodogram,
data from Swift XRT. The plot shows the Lomb-Scargle power on the y axis and
frequency on the x axis. The highest peak is for ∼ 21.5 days. Right: Weighted
Wavelet Z-transform analysis of the Swift XRT lightcurve showing a peak at ∼ 22
days. The plot shows the period on the y axis and time on the x axis. The colour
represents the strength of the wavelet amplitude at a given time and period, from
purple (lowest) to yellow (highest).

3.2 Case of the Host galaxy
The host galaxy is not found in any AGN catalogue and Guolo et al. (2024) classify
it as a weak AGN (or a low luminosity AGN) based on the optical emission line
diagnostic diagrams. The optical image of the galaxy at z = 0.036 observed with the
Pan-STARRS telescope can be seen in Figure 3.3 on the left. The image is a com-
posite of g, r and i filters scaled arbitrarily for a clearer view. The host galaxy looks
to be a spiral galaxy with some clumps visible in the lower right corner. The clumps
appear bluer than the rest of the galaxy, possibly pointing to a star forming region.
These perturbations may have been caused by an interaction with another galaxy
in the past.

3.2.1 Spectral energy distribution fitting

Similarly to Guolo et al. (2024), we first gathered archival photometric data: from
the WISE survey (bands W1, W2, W3 and W4 ) in the mid-IR, the 2MASS survey
(bands J, H andK ) in the near-IR, and the GALEX satellite (bands NUV and FUV )
in the near and far UV. The right side of Figure 3.3 shows the host galaxy’s spectral
energy distribution (SED) and fit using the Code Investigating GALaxy Emission
(CIGALE; Boquien et al., 2019), which is capable of modelling far-UV to radio spec-
trum of galaxies and estimating their physical parameters. It does so by successively
calling a series of independent modules representing different physical components
and processes and computing the final model in a sequence; star formation history
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(SFH), stellar spectrum and single stellar population models, nebular emission, at-
tenuation of the stellar and nebular emission, dust emission in mid- and far-IR, emis-
sion of the AGN, and lastly redshifting the model and absorption of the intergalactic
medium (IGM).
Among the available modules, the following ones described the gathered pho-

tometric data most accurately (i.e., gave the smallest χ2 reduced). In all cases,
the basic parameters of the modules were kept unchanged. It is important to note,
as the authors state, that constraining different physical parameters is non-trivial:
for example the SFH is such a complex process that vastly varying histories may
produce very similar SEDs.
sfhdelayed: “delayed” SFH, a nearly linear increase in star formation rate (SFR)

since the onset of star formation, and smooth decrease after the peak.
bc03: a library of single-stellar populations used for computing the stellar spec-

trum.
dustatt_modified_CF00: this module assumed two different attenuation curves

– one for stars still embedded in their “birth cloud” and one for the interstellar
medium (ISM).
casey2012: models the dust emission using a single temperature modified black-

body in the far-IR and a power law in the mid-IR.
radio: radio continuum emission.
restframe_parameters: computes different properties before the spectrum is red-

shifted – UV slope, relation between IR and far-UV luminosities (IRX), rest-frame
equivalent widths and more.
redshifting: redshifts and dims the spectrum. Accounts for the IGM absorp-

tion.
Detailed description of the process as well as the original articles used for some

of the modules are described in the original CIGALE article (Boquien et al., 2019).
As mentioned earlier, CIGALE can estimate physical parameters of the galaxy

from the SED. The one we are most interested in is the stellar mass. Using the re-
lation outlined in Reines and Volonteri (2015), we can estimate the central SMBH
mass:

log

(
MBH

M⊙

)
= α + β log

(
Mstellar

1011M⊙

)
, (3.1)

for α = (7.45± 0.08) and β = (1.05± 0.11). We use the Bayesian values and errors
from the CIGALE models Mstellar = (2.33± 0.12)× 1010M⊙ and calculate the uncer-
tainty using the uncertainty propagation:

σlog(MBH) =

√
σ2
α + (σβ logM⋆)2 +

(
β

ln(10)

σM⋆

M⋆

)2

, (3.2)

and switching to linear scale:

σMBH
= ln(10)× 10log(MBH)σlog(MBH). (3.3)

The end result gives log (MBH/M⊙) = (6.79± 0.11) or MBH = (6.1± 1.5)× 106M⊙,
which is consistent with the findings in Guolo et al. (2024).
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Figure 3.3: Studying the Swift J0230 host galaxy properties. Left: Pan-STARRS
view of (ra = 37.571080, dec = 28.601060), zoomed in on Swift J0230 host galaxy
(center, spiral galaxy). Combined filters g, r and i, colours scaled arbitrarily. Red
cross is the origin of the XRT emission and red circle shows the 2.7σ uncertainty
(based on Guolo et al., 2024). Right: Spectral energy distribution (SED) of Swift
J0230. Model from analysis using CIGALE with some relevant parameters summed
up in Table 3.2.

Mstellar (M⊙) MBH (M⊙) χ2
red

unchanged parameters (2.33±0.12) ×1010 (6.1± 1.5)× 106 5.4
parameters from Guolo et al. (2024) (1.71±0.09)×1010 (4.4±1.2)×106 7.7

Table 3.2: Parameters of the CIGALE model of the Swift J0230 SED. First row
is for default model parameters, the second row has modified stellar population age,
e-folding time of the SFH and metallicity in accordance with the article.

However, this was calculated for the default values of the modules (e.g. stellar
population age tage = 5 Gyr, e-folding time of the SFH τsfh = 0.5 Gyr and metallicity
Z/Z⊙ = 0.02), whereas Guolo et al. (2024) fit additional parameters in their model.
In the next fitting, we use their parameters (stellar population age tage = 4.18 Gyr
and e-folding time of the SFH τsfh = 0.71 Gyr). They also provide the value for
metallicity log(Z/Z⊙) = −0.49 or Z/Z⊙ ≈ 0.3, however the CIGALE software allows
the highest value 0.05, which is the one we used. Even though the model returns
higher value of χ2

red, the estimated values of black hole mass log(MBH/M⊙) = (6.64±
0.12) or MBH = (4.4± 1.2)× 106M⊙ are slightly more in agreement with the original
article. Parameters from both fitting sessions are in Table 3.2.

3.3 Modelling Flares in Swift J0230
One of the main objectives for fitting the individual Swift J0230 flares was to de-
termine whether there was any significant statistical preference towards asymmetry,
as is observed for some QPEs. For this purpose, we used two different models –
a normal distribution and a skewed Gaussian distribution and compared how well
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they fit. The summary of the model parameters is presented in Table 3.3. For both
models, we calculate the reduced χ2 as a measure of the goodness of fit. The statisti-
cal comparison may be found in Table 3.4. Given that some of the flares were better
sampled with Nicer XTI and others with Swift XRT, we chose the ones with more
data points to model. All of the modelled flares are highlighted in Figure 3.1. For
all further calculations we assume standard ΛCDM cosmology with H0 = 67.4 km
s−1 Mpc−1, Ωm = 0.315 and ΩΛ = 0.685 (Planck Collaboration et al., 2020), which
at redshift z = 0.036 give luminosity distance ∼ 164.6 Mpc (calculated using Wright,
2006).
For the first model, we used curve_fit from the package scipy.optimize (Vir-

tanen et al., 2020) to fit a normal distribution to the data.

f = Ae−0.5(
t−t0
σ

)2 +B . (3.4)

The model returns the time of the flare peak (t0), the flare duration (2× full width
at half maximum (FWHM)), amplitude (A) and standard deviation (σ).
For the second model, we fit the skewed Gaussian distribution defined as

f = Ae−0.5(
t−t0
σ

)2 +B , (3.5)

σ = σ1 + σ2(t− t0) ,

σ1 =
2σ+σ−

σ+ + σ−
,

σ2 =
σ+ − σ−

σ+ + σ−
,

where σ+ and σ− are the respective positive and negative σs: σ+ (σ−) as the stan-
dard deviation for t > t0 (t < t0). We use the sum of FWHM from both σs to deter-
mine the event duration. To constrain the parameters, the script performs Bayesian
fitting of the data using the Markov Chain Monte Carlo (MCMC) via the emcee
package (Foreman-Mackey et al., 2013). We run the emcee.EmsembleSampler with
nwalkers = 30 and 5000 steps. All flares and their model fits are shown in Figure
3.4, and the ratio σ+/σ− is plotted in Figure 3.5.
Comparison of the reduced χ2 reveals that most of the time, neither model re-

turns significantly lower values. To account for the different number of degrees of
freedom (d.o.f.) of the models, at the end, we perform the F-test and calculate the
p-value using the f.cdf method from scipy.stats, the results of which are in Table
3.4. To conclude that the skewed Gaussian is preferred, we expect the p-value to
be ≤0.05 (≥0.95 to prefer the normal distribution). Except for Flare 3, which shows
a preference towards the asymmetric Gaussian distribution, it is difficult to judge
whether the asymmetry is prevalent. The best-fit parameters for σ+ and σ− show
that two of the flares tend towards asymmetry (one inclined to the other side),
and the rest are undetermined due to uncertainties. The flare symmetry is similar
to several other QPE sources which show symmetric flares, for example GSN 069
(Miniutti et al., 2019), eRO-QPE2 (Arcodia et al., 2021), RX J1301 (Giustini et al.,
2020) or eRO-QPE4 (Arcodia et al., 2024).
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Figure 3.4: Flare fits of the flares highlighted in Figure 3.1. The measured data
is in black points, the skewed Gaussian fit in red, normal distribution in orange
and the peak (black dashed line) is from the skewed model. Each plot includes
the reduced χ2 for both models. The lower panel shows residuals of both models
in their respective colours.
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Normal distribution Skewed Gaussian distribution

Flare
Peak
(MJD)

Duration
(days)

A∗ σ
Peak
(MJD)

Duration
(days)

A∗ σ+/σ−

1
59796.1 ±
0.3

10.3 ±
2.1

18.9 ±
2.9

2.2 ±
0.4

59796.4 ±
0.4

9.6 ±
1.2

16.63 ±
1.6

1.24 ±
0.29

2
59820.70 ±
0.14

13.9 ±
1.8

13.7 ±
1.9

2.9 ±
0.4

59820.3 ±
0.2

13.4 ±
0.9

12.0 ±
1.0

0.81 ±
0.11

3
59845.01 ±
0.06

4.6 ±
0.5

8.97 ±
0.55

0.98 ±
0.10

59845.28 ±
0.03

5.17 ±
0.15

10.78 ±
0.29

1.49 ±
0.09

4
59858.2 ±
0.6

17.2 ±
4.1

10.07 ±
1.53

3.7 ±
0.9

59857.7 ±
2.2

17.6 ±
6.9

7.4 ±
2.2

0.7 ±
0.5

5
59951.17 ±
0.24

10.9 ±
2.0

18.8 ±
2.8

2.3 ±
0.4

59951.7 ±
2.3

9.2 ±
3.0

15.8 ±
3.7

1.5 ±
0.9

6
59968.52 ±
0.14

10.4 ±
1.2

13.8 ±
1.1

2.2 ±
0.2

59968.5 ±
0.5

9.6 ±
1.5

11.9 ±
1.6

0.9 ±
0.3

Table 3.3: Overview of the best parameters for normal distribution and skewed
Gaussian model fits for Swift J0230 flares.
Notes: ∗ 10−13 erg s−1 cm−2.

Normal distribution Skewed Gaussian distribution F-test
Flare χ2/d.o.f. χ2/d.o.f. F p-value

1 1.52 1.82 0.84 0.59
2 2.36 2.87 0.82 0.74
3 6.91 3.09 2.24 0.005
4 0.61 0.71 0.86 0.59
5 1.69 1.68 1.00 0.51
6 0.37 0.30 1.25 0.43

Table 3.4: Comparison of the statistical significance of the two models for Swift
flares. The F-test is calculated for the normal distribution over skewed Gaussian
distribution. Except for Flare 3, no other flare shows any significant preference
towards either model.

Using the relations for accretion luminosity and mass loss over time, we calculate
the mass loss per flare (summed in Table 3.5)

∆M =
flossLpeak∆t

ηc2
≈ 3.8× 10−6

(
Lpeak

6× 1042erg/s

)(
∆t

6.6 days

)
M⊙ , (3.6)

where η ≈ 0.05 is the radiative efficiency, ∆t = D × P is the average flare duration
(D is the duty-cycle – flare duration over period P ) and floss is the fraction of mass
lost due to outflows:

floss =

(
Rdiss

RS

)−p

, (3.7)

where Rdiss ≈ 10RS is the dissipation radius and p ≈ 0.5− 1 (for ADAF) is a param-
eter which depends on the outflow mechanism.
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The averaged mass loss per year (7.8±2.5)×10−5M⊙/year is consistent with
the interacting EMRIs model discussed later in Section 4.4 and leads to an approxi-
mate lifetime of 13 000 years for a sun-like star under constant mass-loss. However,
as was reported in Pasham et al. (2024a), the source was undetected for some time,
signalling that the flares have likely turned off after ∼ 540 days of activity. The
authors also propose that a Jupiter-sized planet might be the orbiting body, which
with its approximate mass of 10−3M⊙ would bring the lifetime down to ≈ 13 years.

Flare Light curve Lpeak (erg/s) ∆t (days) ∆M (M⊙) Ṁ⋆ (M⊙/year)

1 Swift XRT 5.7 × 1042 10 5.5 × 10−6

2 Nicer XTI 4.7 × 1042 13 5.9 × 10−6

3 Nicer XTI 3.6 × 1042 5 1.7 × 10−6

4 Swift XRT 3.4 × 1042 18 5.9 × 10−6

5 Swift XRT 5.7 × 1042 9 4.9 × 10−6

6 Swift XRT 4.4 × 1042 10 4.2 × 10−6

Average (4.6±0.9)×1042 11 (4.7±1.5)×10−6 (7.8±2.5)×10−5

Table 3.5: Peak luminosity, flare duration, mass loss and yearly mass loss for each
analysed flare. Luminosity is calculated for redshift z = 0.036 from the best-fit
skewed Gaussian model peak and flare duration is taken from the skewed Gaussian
model. Considering that these are only order of magnitude approximations, we do
not consider the duration uncertainties.

1 2 3 4 5 6
Flare

0.5

1.0

1.5

2.0

2.5

/
+

Figure 3.5: The ratio σ+/σ− for all six analysed flares. Second and third flare show
an asymmetry, but the rest are undetermined due to uncertainties.



4. Flaring Mechanisms

Several different models have been proposed as triggers of the QPEs, the most
favoured right now falling into two groups: accretion disk instabilities and a per-
turbing body interacting with the accretion disk. This next chapter discusses how
these models apply to the case of Swift J0230, which ones are preferred and which
in turn rejected. Table 4.2 at the end provides a summary of all models. Unless oth-
erwise specified, we will be calculating with the following values: MBH = 106.6M⊙,
P = 22 days, α = 0.1, ṁ = 0.02 (at peak), LQPE = 6× 1042 erg/s.

4.1 Disk tearing
Accretion disks may in some cases become misaligned with the spin of the SMBH.
Lense-Thirring precession then causes the thin disk to warp, becoming unstable
and finally tearing into discrete rings, which make a more variable accretion flow.
Raj and Nixon (2021) discuss this model in terms of AGN, presenting it as a possible
explanation for both QPEs and changing-look AGNs, as they find that the variation
timescale depends on the radii where the instability manifests. However, as Swift
J0230 likely hosts an ADAF, a geometrically thick and optically thin accretion flow,
it makes disk tearing unlikely to be the triggering mechanism. ADAFs tend to pre-
cess as whole, and are therefore less susceptible to disk tearing (Liska et al., 2018).
Similarly, Middleton et al. (2025) requires the accretion rate to be a few times that
of the Eddington rate, which is definitely not the case for Swift J0230.

4.2 Accretion disk instabilities
One of the discussed models in the earlier sections was proposed by Sniegowska et al.
(2020). There are two different radii that are of interest. The first one is the radius
at which the inner ADAF transitions into an outer standard disk:

RADAF = 2α4
0.1ṁ

−2 RS ,

≥ 5000RS , (4.1)

where α is the viscosity parameter scaled to 0.1 (typical values for ADAF are 0.1-0.3)
and ṁ is the accretion rate scaled to the Eddington accretion rate. Using the earlier
definition of Eddington luminosity and bolometric luminosity, we can derive that
ṁ = Ṁ

ṀEdd
= L

LEdd
≈ 0.02 assuming the same radiative efficiency. The second ra-

dius describes where the inner standard disk, which is unstable (radiation-pressure

– 33 –
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dominated), gives way to an outer stable disk:

Rtr = 1522

(
α0.1

MBH

107M⊙

)2/21

ṁ16/21 RS ,

≈ 77RS . (4.2)

These two radii meet for an accretion rate:

ṁst = 0.0905α
41/29
0.1

(
MBH

107M⊙

)−1/29

,

≈ 0.1 . (4.3)

This value of ṁst is calculated for α0.1 = 1, although for ADAF, values close to α0.1 =
3 can be expected, which would give ṁst ≈ 0.4. For accretion rates above this value,
an unstable region can form, leading to limit-cycle instabilities. This unstable region
forms at the radius:

Rst = 244α
43/29
0.1 m

2/29
7 RS , (4.4)

The timescale of these instabilities is usually determined from the viscous timescale
of the standard α disk (Shakura and Sunyaev, 1973):

τvisc =
1

α

(
H

Rst

)−2
√

R3
st

GMBH

, (4.5)

The authors note that this timescale is typically too long to describe the QPEs,
however, they propose that if the instability region is sufficiently narrow (∆R ≪ Rst,
which requires ṁ ≥ ṁst), the viscous timescale would be shortened to:

τ = τvisc
∆R

R
, (4.6)

For Swift J0230, its accretion rate at peak flares ṁ ≈ 0.02 does not reach the limiting
value, making this model unlikely to be the triggering mechanism.
To make the scenario more likely, we can set the black hole mass to the lower

uncertainty given by Guolo et al. (2024), which is ≈ 106M⊙. In this case, the accre-
tion rate is ṁ ≈ 0.06. Given that the limiting accretion rate is a very weak function
of the black hole mass, only modulating α to ≈ 0.08 lowers it to the required 0.06.
For these values, the instability region forms at Rst ≈ 150RS. To satisfy the

flare duration of approximately 7 days, the width of the instability region ∆R has
to be at least 70 RS (best case scenario for (H/R) = 0.5; higher values lead to more
than 200 RS), which does not satisfy the expectation of ∆R ≪ R. In other words,
the expected timescales are much shorter than is observed in Swift J0230.
In a further study, Śniegowska et al. (2023) model the disk and corona for various

black hole masses and explore how magnetic fields, hot coronal flows or outer disk
radius may affect the evolution of the system. They find that the outburst character
strongly depends on the magnetic field and well as the outer disk radius. For QPEs,
their model requires a preceding TDE to form the accretion disk with sufficiently
small outer disk radius, and the magnetic field effect needs to be strong.
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4.3 Extreme Mass Ratio Inspiral
Multiple models describe a situation where an object (a star or a compact ob-
ject) around the central SMBH perturbs the accretion disk twice per orbit, leading
to the observed flares (Linial and Metzger, 2023, 2024a; Zhou et al., 2024). By adding
slight eccentricity to the orbit, the alternating long-short pattern observed in some
QPEs can be naturally explained, and the requirement of a pre-existing accretion
disk can be satisfied by a previously occurring TDE, as was observed in several
sources.
Linial and Metzger (2023) discuss a star which twice per its orbit passes through

an accretion disk and ejects optically thick material. The QPE period

P ≈ 4.3
MBH

106M⊙

(
r0

50RS

)3/2

hours , (4.7)

leads to a semimajor axis of r0 ≈ 500RS (215RS for MBH = 107M⊙).
Assuming that radiation pressure dominates over gas pressure, they also derive

the QPE luminosity:

LQPE ≈ 3.5× 1041
R⋆

R⊙

MBH

106M⊙

(
ṁ

0.1

)1/3(
P

4 h

)−2/3

erg/s , (4.8)

which requires a star with radius R⋆ ≈ 2500R⊙ to satisfy the Swift J0230 period.
The best case scenario would be for the upper uncertainty of the black hole mass
MBH = 107M⊙, which requires R⋆ ≈ 1000R⊙. This could theoretically be satisfied
by a massive supergiant star.
However, the model runs into some problems. The estimated minimal QPE

period has to satisfy the condition that the semimajor axis r0 ≥ rt is greater than
the tidal radius, therefore:

Pmin ≈ 1.4R3/2
⋆ m−1/2

⋆ h ≈ 1800m−1/2
⋆ days , (4.9)

which requires the star to have a mass M⋆ ≈ 7000M⊙ (m⋆ = M⋆/M⊙). Additionally,
the authors introduce the ratio of the temperature of the flare emission and the qui-
escent disk as an approximation of whether the flares would be detectable:

TQPE

TQ

≈ 1.3
α
5/2
0.1 ṁ

11/4
0.1

r
1/3
⋆

(
MBH

106M⊙

)14/3(
P

4 h

)−13/3

≈ 10−9 , (4.10)

which for Swift J0230 would make the flares undetectable.
In a different article, Zhou et al. (2024) apply their model of star-disk collisions

to the QPE sources, including Swift J0230. Their parameters reveal a low eccentricity
orbit and a very large orbital radius, which in turn implies that an accretion disk
must be present at very large radii (as does the previous discussed model). Rather
than an accretion disk formed after a TDE, the authors favor a low-luminosity AGN
disk. However, the gap in the flares between MJD ∼59870 and ∼59940 are difficult
to explain in the framework of this model.
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4.4 Interacting extreme mass ratio inspirals

As mentioned in Section 2.3.2, Metzger et al. (2022) propose a model with two inter-
acting EMRIs enhancing the mass-transfer rate from Roche Lobe overflow at the clos-
est approach. They allow for both counter-orbiting and co-orbiting case, where the
former is to describe the typically short-period QPEs, and the latter may be more ac-
curate for longer period systems, such as the studied source Swift J0230. The period
for both cases when the outer star is undergoing Roche Lobe overflow is calculated
in the original article in Equations 7 and 8:

TQPE ≈ 4.4ρ̃−1/2 hours (counter− orbiting stars) ,

TQPE ≈ 10.8

(
MBH

106M⊙

)1/3
1

m
1/3
2 ρ̃1/2

(
d

5R2

)−1

days (co− orbiting stars) , (4.11)

where ρ̃ is the mean density scaled to solar density for both stars, m2 is the mass
of the secondary (outer) star scaled to solar mass, R2 is the outer star’s radius
and d is the separation of the two stars (i.e. the difference of their semimajor axis’
d = a2 − a1).

We will now attempt to apply this model to Swift J0230. We can imagine that
two co-orbiting solar mass stars orbit the SMBH at distances a1 (inner star) and a2
(outer star). Every P ∼ 22 days they come close enough to breach one of the star’s
Roche radius, therefore overflowing its Roche lobe.

The first step is to calculate the semimajor axis a1 of the inner orbiting body:

a1 = RRL ≃ 2.17R1

(
MBH

M1

)
≃ 20

1

ρ̃
1/3
1

(
MBH

106.6M⊙

)
RS , (4.12)

where RRL is the Roche radius, R1 and M1 are the inner star’s radius and radius
and ρ̃1 is the star’s mean density scaled to the solar value. Using the synodic period
(for co-orbiting stars) and third Kepler’s law, we can calculate the separation d =
a2 − a1:

1

P
=

√
MBHG

2π

(
1

a
3/2
1

− 1

(a1 + d)3/2

)
,

d =

(
1

a
3/2
1

− 1

βP

)−2/3

− a1 ≈ 4 R⊙ , (4.13)

where P is the QPE recurrence time (22 days) and β =
√
MBHG
c2
. This value is for

the SMBH mass MBH = 106.6M⊙ and assuming solar density. For MBH = 107M⊙,
which is the upper uncertainty from Guolo et al. (2024), we get a1 ≈ 50RS and d ≈
6R⊙. We can now use equation 4.11 for co-orbiting stars to estimate the parameters
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of the stars:

TQPE ≈ 10.8

(
MBH

106M⊙

)1/3
1

m
1/3
2 ρ̃1/2

(
d

5R2

)−1

days ,

≈ 21.4
1

m
1/3
2 ρ̃1/2

r2 days ,

= 21.4ρ̃5/6 days. (4.14)

Figure 4.1 is a recreation of Figure 2 from the original article while also adding
new QPE sources. It shows different stellar types in a density-mass plot, including
main sequence (MS), red giant branch (RGB), brown dwarfs (BD) and white dwarfs
(WD). All main sequence tracks – zero-age (ZAMS), half-age (HAMS) and terminal-
age (TAMS) – as well as the red giant branch were calculated based on the data
in MIST (MESA Isochrones & Stellar Tracks; Dotter, 2016; Choi et al., 2016; Pax-
ton et al., 2011, 2013, 2015) using the EEP tracks for non-rotating (v/vcrit = 0.0),
solar-metallicity stars ([Fe/H] = 0.00). The brown dwarf (BD) tracks were plot-
ted using data from Baraffe et al. (2015) and white dwarf (WD) tracks introduced
by the EVOL group (Althaus et al., 2010).

For QPE sources, equation 4.11 for counter-orbiting stars is used to plot their esti-
mated densities, for Swift J0230 we use the co-orbiting case (equation 4.14). In most
cases, a main sequence star fits the observed period, with eRO-QPE2 and J0249 evok-
ing the lowest-mass star of approximately 0.3 M⊙ or a brown dwarf, and eRO-QPE1
and eRO-QPE3 a ZAMS star with ≈ 10M⊙ or a ∼few M⊙ evolved MS star. Swift
J0230 seems to fit an approximately solar type star.

As the authors point out, these tracks assume thermal equilibrium, which is not
accurate if the stars are losing mass due to Roche Lobe overflow. In reality, their
density would be lower, and so the values from Figure 4.1 represent the upper limits
on the star density for the given stellar mass (or lower limits on the period).

Metzger et al. (2022) also estimate mass loss per flare (Equation 11):

∆M ∼ 5× 10−8κ̃−1m
4.5
1

r3.52

m
1/3
2

(
MBH

106M⊙

)−1
TQPE

10 hours

(
Teff

104K

)−4(
d

5R2

)−8

M⊙ ,

≈ 10−5κ̃−1m
4.5
1

r3.52

m
1/3
2

(
Teff

104K

)−4

M⊙ , (4.15)

where κ̃ is the photosphere opacity normalized to electron scattering opacity and Teff

is the effective temperature of the star. This mass loss is a strong function of the sep-
aration d, which can easily modulate the mass loss by an order of magnitude; for ex-
ample, if we calculate with MBH = 107M⊙, which is the upper uncertainty from
Guolo et al. (2024), the mass loss per flare is smaller by a factor of ∼ 25 (d = 6R⊙
leads to ∆M ≈ 1.5 × 10−7M⊙). The calculated value is approximately consistent
with the ones in Table 3.5.
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Figure 4.1: Based on Figure 2 in Metzger et al. (2022). The graph shows the rela-
tionship between star density and mass, both scaled to their respective solar values,
for different evolutionary groups. Main sequence tracks (ZAMS, HAMS and TAMS)
and the red giant branch (RGB) were plotted from data available in MIST using
the EEP tracks for non-rotating solar-metallicity stars (Dotter, 2016; Choi et al.,
2016; Paxton et al., 2011, 2013, 2015). White dwarf (WD) tracks from the EVOL
group were used (Althaus et al., 2010) and the brown dwarf tracks were taken from
Baraffe et al. (2015). In black dashed lines are the periods of different QPE sources,
their relationship to stellar density given in equation 4.11 for the counter-orbiting
case from Metzger et al. (2022). Swift J0230 was calculated using the co-orbiting
case, therefore the right side y axis does not apply to it and instead the period of 22
days was taken.

To calculate the flare duration we use Equation 16:

τQPE ≈ 0.054

α0.1

TQPE

(
H

R

)−2(
d

5R⊙

)
m

1/3
1

(
MBH

106M⊙

)−1/3(
rcirc
RRL

)3/2

,

≈ 2.4 m
1/3
1

(
rcirc
RRL

)3/2

days , (4.16)

where α0.1 = α
0.1
(the viscosity parameter),

(
H
R

)
is the scale height, rcirl ≈ RRL

is the circularization radius and RRL is the Roche radius. Usually for ADAF α ≈ 0.1
and H

R
≈ 0.5− 1. The calculated flare duration (≈ 2.4 days for

(
H
R

)
= 0.5) is lower

than the observed values.
This discrepancy may be resolved by the following reasoning. It is important

to note that for SMBH mass MBH = 106.6M⊙, the Eddington ratio reaches ≳ 0.02
at peak flares, and < 0.002 in quiescence. This means that, if there existed an accre-
tion disk before the flares began, it would have most likely been an ADAF – hence
also our use of ADAF parameters. Once the flares turned on, however, the increased
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a⋆ a1 = 340 R⊙ a2 = 344 R⊙

Ω1
LT(rad/s) Ω1

LT (deg/year) Ω2
LT(rad/s) Ω2

LT (deg/year) Ω1
LT − Ω2

LT (deg/year)
0.1 1.6 ×10−7 285 1.5 ×10−7 275 10
0.5 7.9 ×10−7 1423 7.6 ×10−7 1374 49
0.9 1.4 ×10−6 2561 1.4 ×10−6 2473 88

Table 4.1: Lense-Thirring precession rates for both stars, assuming inner radius
a1 ≈ 20RS ≈ 340R⊙ and separation d ≈ 4R⊙.

accretion rate may have caused the disk to instead transition into a more thin-disk
state, for which a more flattened structure

(
H
R
≈ 0.3

)
is expected. This scale height

leads to a flare duration τQPE ≈ 7 days, which is more consistent with the observed
values.
As a last step, we want to estimate whether the Lense-Thirring precession can

explain the source disappearing after ∼ 530 days of activity. We can use the weak-
field approximation for the distance of ∼ 20 RS (see equation 2.18):

ΩLT =
2GJ

c2r3
=

2G2M2
BHa⋆

c3r3
(4.17)

where a⋆ = cJ/GM2
BH is the dimensionless spin parameter of the black hole.

From Table 4.1 we can see that even for a slowly rotating black hole, the difference
in the stars’ precession rate is 10 degrees per year. This precession could therefore
explain how the source disappeared from detections after ≤ 536 days of activity.
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Model Description Swift J0230

Disk tearing (Raj
and Nixon, 2021;
Middleton et al.,
2025)

Misaligned precessing thin disk can
warp and tear into multiple discrete
rings under the influence of Lense-
Thirring precession, leading to a vari-
able accretion flow.

Disfavoured because of present
disk type (ADAF, not suscepti-
ble to tearing) and low accre-
tion rate (required for the super-
Eddington mode in Middleton
et al. (2025)).

Accretion disk
instabilities
(Sniegowska
et al., 2020)

Above a certain value of accretion rate,
a narrow unstable region forms between
the inner ADAF and outer standard
disk, leading to disk instabilities.

Disfavoured because of low ac-
cretion rate.

Mass transfer

At a pericentre passage, the Roche
Lobe of a star shrinks enough that a
small fraction of it is stripped and ac-
creted.

The model invokes an evolved
red giant star on a nearly cir-
cular orbit (see the analysis in
Guolo et al., 2024).

Partial TDEs
(Pasham et al.,
2024a)

Authors propose the partial disruption
of a Jupiter-sized object at each peri-
centre passage of its highly eccentric or-
bit, stripping a significant fraction of its
mass.

The model can describe both the
regular and short flares, and also
accounts for the source disap-
pearing after ∼ 530 days of ac-
tivity.

EMRI (Linial and
Metzger, 2023)

A star passes through an accretion
disk twice per orbit and ejects material
which reproduces the observed flares.

Disfavoured, in the frame of the
model the flares would likely be
undetectable.

Interacting EMRI
(Metzger et al.,
2022)

Two co-orbiting stars periodically ap-
proach and increase the rate of mass
overflow from the outer star, leading to
periodic enhancement of accretion and
subsequent flares.

Assuming sun-like stars, the
model can describe the period,
mass loss per flare and flare du-
ration of the source.

Table 4.2: Summary of the models in the context of Swift J0230.



5. Conclusions

In this thesis, we analysed the source Swift J0230. We retrieved the flare period with
Lomb-Scargle periodogram and Weighted Wavelet Z-transform, both of which gave
similar results found in other literature. Using spectral energy distribution fitting
with CIGALE, we estimated the black hole mass MBH ≈ (6.1± 1.5)× 106M⊙ using
the relation between the host galaxy mass and black hole mass, the result of which
is consistent with findings in Guolo et al. (2024).
In Section 3, we analysed individual flares chosen from the best sampled light

curve, with emphasis on figuring out whether the proposed asymmetrical shape was
significant. Based on comparison of the normal distribution and skewed Gaussian
distribution, it seems that neither model is preferred, and the simpler normal distri-
bution is capable of describing the flares well, except for one instance where the asym-
metric model is preferred. We further inferred the mass loss per each flare assuming
a fraction of the mass is lost due to outflows, as may be expected in ADAF flows.
In Section 4, we tested the source properties on various models, including disk

tearing due to Lense-Thirring precession, accretion disk instabilities, single EMRIs
and interacting EMRIs (the summary can be seen in Table 4.2). Models including
disk instabilities are hard to satisfy, as they require high accretion rates which are
not present in this source and disk tearing models runs into similar difficulties. Single
EMRI models require a very large orbital radius, which would likely make the flares
too faint to observe. A Jupiter-sized planet periodically undergoing partial TDEs,
as was discussed in Pasham et al. (2024a), could in principle explain the observed
behaviour. Interacting stellar EMRIs model proposed by Metzger et al. (2022) de-
scribes the observed behaviour well. For sun-like stars, it can reproduce the observed
period, mass loss per flare and flare duration.
With the underlying mechanism of QPEs still unknown, whether Swift J0230

could be considered a QPE source remains unclear. However, the source fits the
correlations in Figure 2.4 well, making the argument more compelling. The sample
size is still very limited and even the classification criteria of a QPE are not yet well
defined. The preferred models so far seem to be the ones invoking stellar EMRIs.
Future missions aimed at detection of gravitational waves might help us settle this
discussion once and for all.
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