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I explore the UV/optical properties of 27 tidal disruption events (TDEs), TDE
candidates and nuclear transients. Given their dependence on black holes, TDEs
are expected to be able to probe quantities such as black hole mass and spin, as well
as circumnuclear dust density. However, currently TDEs are not well-understood
events, and there are only tens of confirmed TDEs. Before TDEs can be confidently
implemented to probe such qualities, they must be better understood by the scientific
community.

This thesis uses the properties of UV/optical TDEs such that masses of black holes
and disrupted stars corresponding to TDEs can be inferred, and finds good agree-
ment with literature values. It analyses the properties of TDEs in the sample, such
as colour indices and post-peak decline to show that genuine tidal disruption events
can be distinguished from interlopers, and to consider whether a TDE-origin is suit-
able for ambiguous events. It is essential to distinguish TDEs from non-TDE events
such that we might have a larger sample at a time when there are few TDEs to
study, and have a more complete understanding of their properties.

It is also key to separate total tidal disruptions from partial disruptions, as partial
TDEs may often be mistaken for total TDEs. A more complete sample of partial
disruptions will enable better constraining of the TDE rate. I explore the possibility
of partial disruption for a number of events, and find that one event, AT2016fnl is
consistent with a partial disruption.
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1 Introduction

A star orbiting a black hole becomes ‘tidally disrupted’ if the tidal forces of the black

hole are strong enough to overcome the star’s own gravity. This scenario triggers

a flare from the star as it is pulled apart. Approximately half of the star’s mass is

gravitationally bound to the the black hole (a fraction of which is accreted), while

the other half escapes [1]. The defining features which set tidal disruption events

(TDEs) apart from other transients are blue colours, little colour and temperature

evolution, and a power-law post-peak luminosity decay[1]. Additionally, they are

some of the brightest transient events, possibly reaching up to M=-23[2].

TDEs have been theorised since the 1970s [3] but it wasn’t until 2002 when the

first TDE candidates were discovered [4]. Since then, there have been ∼ 100 [1]

TDE candidates discovered, with a current rate of ∼ 10 new events discovered per

year [5].

This work analyses the photometric properties of 27 such UV/optical TDEs and

TDE candidates, based on the Swift photometry detailed in Hinkle et al. (2021)[6].

It considers the objects’ lightcurves, the evolution of their blackbody temperatures,

radii and bolometric luminosities. It also explores their luminosity decline rates,

colour indices and estimates the black hole (BH) and progenitor star masses associ-

ated with the TDEs.

2 Background

2.1 Extragalactic Transients

Transients are a class of objects which flare for a limited period of time (seconds to

years), and then go quiet again. These flares may be in the form of electromagnetic

radiation, the release of neutrinos [7], or in gravitational waves[8] . These events

include supernovae, kilonovae and gamma-ray bursts among others [9]. TDEs also
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have a home in this class of object[1]. Transients are discovered by time-domain

surveys and follow-up observations [9] e.g. the Zwicky Transient Facility (ZTF)

[10], the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS)

[11] and the All-Sky Automated Survey for Supernovae (ASSAS-N) [12].

When an object suddenly appears in a skymap, or a dim object suddenly bright-

ens, it can be considered a transient. Transients are catalogued on the Transient

Name Server (TNS), where they are usually given an ’AT’ prefix to their name[1].

Transient type is usually classified by the object’s spectra, though lightcurves can

aid in classification[1].

2.2 Selection Requirements for Categorising TDEs

Some of the selection requirements for TDE candidates include being located within

a certain distance from the centre of the galaxy, making a black hole-related event a

possibility, based on the assumption that supermassive black holes (SMBHs) reside

at the galactic centre [13]. For example in van Velzen et al. (2020) a cutoff distance

of 0.3” was deployed [13]. Another requirement often implemented is that the host

galaxy is quiescent, to remove active galactic nuclei (AGNs) from the sample [13].

However, this this will also remove real TDEs from the sample as TDEs should also

exist in AGN galaxies. This selection-bias likely means that our confirmed subset

of TDEs and our understanding of them doesn’t fully capture their properties.

TDEs are intrinsically blue[1], so the sample of TDE candidates must reflect this.

Where spectroscopy is available, candidates must have a blue, featureless continuum,

and broad hydrogen or helium emission lines[13]. The temperatures must be high,

e.g. in van Velzen et al. (2020), they required blackbody temperatures around peak

light to be > 1.2 x 104 K [13]. Temperatures must remain high over a long period

of time, rather than cooling rapidly[13].



3

2.3 Kinematics of TDEs

Figure 1. Diagram of a star being tidally disrupted, showing the path of the star
around the black hole and different possible paths for disrupted material to follow.
Figure via [14].

Tidal disruption occurs when the black hole’s tidal forces outweigh the star’s

gravity:

GMBHR∗

r3
>

GM∗

R2
∗
, (1)

where G is the gravitational constant, M∗ is the mass of the star, R∗ is the radius of

the star, MBH is the mass of the black hole and r is the distance between them[1].

Rearranging this equation and solving for r gives us the maximum distance a star

can be from a black hole to experience tidal disruption, known as the tidal disruption

radius, RT [1]. If accretion efficiency η (which is usually assumed to be ∼ 1)[15] is

also accounted for, this gives

RT = R∗(η
2MBH

M∗
)
1
3 [1]. (2)
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During this process approximately half of the star’s matter (for a total TDE)

becomes gravitationally bound to the black hole [1]. This matter circularises around

the black hole, forming an accretion disk over timescales of months[1] (or contribut-

ing to it if one already exists)[14], as we can see for the inner material in Fig 1. For

efficient circularisation, the bound debris must lose orbital energy e.g. by shocks, in

order to form an accretion disk at a distance ≥ (21/2)RP , where RP is the pericentre

distance [16]. When circularisation occurs promptly, it occurs on the timescale of

the fallback time, tfb, the time taken for the most bound debris at highly eccentric

orbits to fall back to the pericentre where

tfb = 2πGMBH(2E)−3/2 =
π

M∗
(
MBHR

3
∗

2G
)1/2, (3)

and E is energy distribution of the debris stream [1].

It is this process of in-falling matter which occurs during accretion which is

thought to be the origin of the flare we observe during a TDE [14], though the

emission mechanism may be more complicated than this which we will see in section

2.4.

Eq 4 describes the rate at which material returns to the pericenter,

dM

dE

dE

dt
=

2π

3
(GMBH)

2/3dM

dE
t−5/3[1]. (4)

The theoretical basis of the t−5/3 fallback rate is the assumption that fallback rate

is the same as the rate of accretion[1]. This is to say that the accretion occurs very

promptly, or the emission observed is from a process unrelated to accretion [1] e.g.

debris stream collision [17](explored further in section 2.4). The fallback rate may

also be impacted by the density profile of the star [18] and by relativistic effects [19].

It is also affected by the star’s structure[20], the spin of both the star[21] and the

black hole[19], and the impact parameter β of the star’s orbit [22]. β is the strength
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of the tidal encounter, and is given by

β = RT/RP [1]. (5)

The spread of specific binding energy of the debris post-disruption is given by

∆ϵ = ±GM∗

R2
T

R∗ =
GM∗

R∗
(
MBH

M∗
)
1
3 , (6)

where half of the star’s mass is gravitationally bound to the black hole [1].

Of course, the flare may only be observed if the event occurs outside the black

hole’s Schwarzschild radius rS where

rs =
2GMBH

c2
, (7)

and c is the speed of light in a vacuum [1]. Therefore, in order for a TDE to be

visible, RT > rs [1].

The radius of the photosphere during a TDE is typically ∼ 1015 cm, as inferred

by the blackbody radius given the UV/optical luminosity[23]

2.4 X-Ray TDEs Vs. UV/optical TDEs

Since thermal emission from the accretion disk was expected to be the driving mech-

anism of TDEs [24], this was expected to correspond to temperature of ∼ 105K [25]

which would indicate that the peak emission lies in soft X-rays [14]. The first TDE

searches were focused on X-rays, and this criteria indeed proved effective for discov-

ering TDEs in soft X-rays[26].

However, TDE emission is not entirely consistent with the initial predictions. In

actuality we observe multiple groups of TDEs; those which exhibit X-rays, those

which exhibit UV/optical emission, those which exhibit both, and those which ex-

hibit neither[1]. TDEs are additionally observed in other wavebands (see sections

2.8 and 2.7) and neutrinos (see section 2.10), but the main contribution of the light

is usually down to X-ray and UV/optical emission. Since we have started observing
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TDEs in UV/optical, nowadays these are proving a more efficient band for detecting

TDEs, and now account for ∼ 2/3 of all TDE detections[1]. This is partly due to

optical telescopes being a much cheaper and more plentiful resource to employ since

these can be done from ground-based observations.

TDEs which emit X-ray, optical or UV light are known as ’thermal TDEs’ as

they are generally well-described by blackbody distrubutions which peak at UV or

soft X-ray wavelengths [27]. Out of the TDEs which are observed in both, there is

significant variation as to how the ratio of X-ray to UV/optical light compares[1]. X-

ray emission can be very variable, and is noted for being particularly soft[1]. Only

∼ 10% of TDEs have been detected in X-rays, all of which have showed signs of

having accretion disks[28][29]. This supports the assumption that X-ray emission is

the result of accretion, but evidently accretion is not the only emission mechanism

in TDEs. X-rays generally follow a t−5/3 decline rate, corresponding to the fallback

rate arising from accretion[30]. While the UV/optical light is often similar to the

t−5/3 mass fallback rate, there is some variation as to their luminosity decline rates,

and they do not entirely align with following the mass fallback rate[31]. Even if they

were to align exactly with t−5/3, this would still be in contention with the theory

since the optical light is expected to follow a t−5/12 decline if arising from accretion

and treated as a blackbody with a Rayleigh-Jeans distribution peaking in the X-ray

[32].

There are two main theories as to the source of the UV/optical light; one be-

ing that optically thick material surrounding the accretion disk reprocesses X-rays

as UV/optical light[33]. The other being that the source of the UV/optical light

is shock emission from debris stream-stream collisions[17]. However, this stream-

stream collision model is inefficient; with efficiencies of well below 50% [34]. If this

were the source of the UV/optical light, we would expect the lightcurves in these

bands to decline less steeply than the well-known t−5/3 rate which we have come to

expect[35]. However, since there is variation in the decline rate in UV/optical TDEs
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particularly, this may be one of the causes.

In the reprocessed X-ray scenario, the reprocessing material may be in the form

of debris from the TDE forming a hydrostatic envelope around the black hole[36],

or outflows from the TDE[37][38]. The temperatures of UV/optical TDEs are an

order of 1-2 lower than those of X-ray TDEs [39], and their temperatures remain

approximately the same over a period of months [40]. It has been suggested that this

lower temperature is due to a reprocessing layer at 10-100RT [40]It is expected that

at later epochs, if TDEs exhibit emission under this regime, observations will be more

uniform after the reprocessing layer has become transparent, allowing for observation

of the disk directly[41]. However at early times there will be more variability among

TDEs. This explanation has its problems too; if the X-ray emission arises from in-

falling matter during accretion, the accretion disk must form promptly[16], however

simulations show that rapid circularisation is not always the case, and in some cases

can be very inefficient [42]. Additionally, the UV/optical emission is not particularly

variable, unlike the X-ray emission[1]. If the UV/optical emission were a result of

reprocessed X-rays, we would expect the variability of the X-rays to be reflected

in the reprocessed lightcurve. The UV/optical emission mechanism, as well as the

variability in X-ray to UV/optical ratio remain two of the biggest questions in TDE-

astrophysics to date.

2.5 Spectroscopy

TDE spectra are dominated by broad emission lines (corresponding to speeds 3 - 13

x 104 km s−1), which may be a result of electron scattering[1]. These broad lines

become narrower over time[1]. This is the opposite to AGNs[43], and may be a

viewing angle effect[44].

The underlying continuum is hot and blue [45]. Some TDE spectra have boxy

shaped line profiles, or blue-shifted features[1]. Some exhibit double peaks e.g. of the
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H-α emission line, which suggests an elliptically-shaped accretion disk[46]. TDEs

with smaller blackbody radii, higher blackbody temperatures and lower optical lu-

minosities tend to exhibit Bowen fluorescence [47][23]. Additionally, some TDEs

exhibit Balmer lines, the broadest of which have a width of > 104 km s−1 [40].

Sometimes, TDE spectra reflect lines which are also seen in the host galaxy,

indicating that they are not only probing the bound debris from the tidal event, but

also the galaxy’s interstellar medium (ISM) and circumnuclear medium[40]. Because

of this, TDEs may be used as tools to observe these media[40], but care should be

taken not to conflate host-derived emission lines with those originating from the

TDE’s material.

2.6 Spectral Type

TDEs can be classed into three different spectral types under the most basic clas-

sification system[45]. The first is TDE-H which are dominated by broad Hα and

Hβ emission lines[45]. The next is TDE-H+He which also features these lines, as

well as other emission lines around He II λ 4686 [45]. Many of these TDE-H+He

also feature N III λ4640 N III λ4100 emission lines, and some O III λ3760 emission

lines[23]. The much rarer class TDE-He does not feature any hydrogen emission

lines, only the He II λ4686 line[23].

Depending on classification scheme, TDEs which have Bowen fluorescence fea-

tures may be categorised as TDE-Bowen[23], or one of the above spectral types

if following the more basic three-category system. TDEs which exhibit Bowen

fluorescence have longer rise times, smaller blackbody radii and higher rates of

disruption[23].The spectral type is dependent on the chemical makeup of the dis-

rupted star [48], and may also be influenced by ionised debris [49], the effects of

radiative transfer [50] or the reprocessing of x-rays [51].

There have been a handful of TDEs which have been observed to change spec-
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tral type e.g. AT2017eqx (see section 3.2.14 for more detail on this TDE) which

transitioned from TDE-H+He to TDE-H over a time period of about 100 days[52].

Transitions in spectral class may be due to a contracting atmosphere resulting in

hydrogen emission suppression[52]. In the case of AT2017eqx, this may have been

combined with wind streams emitted from the poles, which were not visible until

later times[52]. This would imply that viewing angle also plays a part in spectral

type[52].

2.7 Infrared TDEs

Infrared (IR) radiation has been observed in conjunction with TDEs in the form of

dust echos[53]. These occur when a layer of dust absorbs UV/optical light from the

TDE flare, which heats the dust to sublimation temperature at around 1500K[54],

and re-emits the light as a mid-IR (MIR) flare[55][53]. The MIR flare mirrors that of

the UV/optical flare, but less luminous, with a time delay owing to the time taken

for the UV/optical light to travel to the location of the dust. By inferring the radius

of the dust cloud from the time delay, and measuring the temperature of the echo,

the bolometric luminosity of the TDE can be measured independently[53].

These dust echos allow us to probe the environment around the TDE[53]. The

fraction of energy which has been re-radiated, fdust is only ∼ 0.01 for TDE dust

echoes, significantly smaller than those of ’changing-look’ AGN (CLAGN) dust

echoes[53], due to the presence of dust tori in the latter[56]. CLAGN are a class of

event in which broad UV/optical emission lines appear or disappear in the spectra,

resulting in a transition from either a Type I AGN to a Type II, or a Type II to a

Type I[57]. This difference in fdust may allow for classification of CLAGN vs TDEs

in cases which exhibit dust echoes[56].

Photoionisation by TDEs may cause the fading of narrow [FeVII] and [Fe X]

- [Fe XIV] emission lines, known as ’extreme coronal line emitters’ (ECLEs)[58].
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Fading MIR emission has been observed along with these fading lines[59]. ECLEs

may provide us with another way to study the effects that TDEs have on their

environment [1].

2.8 Radio TDEs

Observing TDEs in radio can reveal outflows and jets[27]. In some cases radio flares

last ∼ a year, and peak at ∼ 1038 erg/s[27]. Radio emissions in TDEs are produced

by synchrotron emission by electrons accelerated to relativistic velocities, as a result

of outflows driving shockwaves through the circumstellar medium (CSM)[27].

Most TDEs are radio-quiet with radio observations often only obtaining an upper

limit, and for some TDEs, jets can be ruled out[27]. However, mildly relativistic

jets have now been firmly observed in a handful of TDEs[27]. A few percent of

TDEs exhibit luminous radio emission and even fewer exhibit strong jets[27]. This

difference is likely a result of radio-loud TDEs launching jets on-axis, while radio-

quiet TDEs will either launch jets off-axis or not at all[27]. Factors such as disruption

geometry, magnetic field strength and circumnuclear density may all play a part in

these differences[60][27]. It also seems that TDEs at higher redshifts (z∼1) are

jetted, while TDEs at lower redshifts (z∼ 0.1) are thermal TDEs, most of which do

not have radio detections[27]. However, currently the TDE rate’s dependence on

redshift is unknown[61].

Since Very Long Baseline Interferometry radio observations have such a high reso-

lution, the structures of jets and outflows of nearby TDEs can be well-resolved[62][55][27].

This allows for the studying of the formation and evolution of such jets and outflows.

Additionally, radio TDEs can be used to probe the cicumnuclear medium via inter-

actions between it and the outflow[27]. Radio-TDEs give us the unique opportunity

to infer ambient density of the cicumnuclear medium[27]. Radio emission can also

be produced independently by other AGN activity, or star formation in the galactic
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nucleus, so this must be taken into account when observing radio-TDEs[27].

2.9 Relativistic TDEs

At early times, the Eddington accretion rate may be exceeded by the fallback rate

and accretion rate for TDEs corresponding to BHs ≲ 107 M⊙[16][63]. As a result of

the super-Eddington accretion, the debris matter cannot cool efficiently. This may

lead to the formation of jets[60] or winds[64]. The class of ’relativistic TDEs’ have

such properties, where the jet is launched along our line of sight, much like the blazar

class of AGNs[1]. Such relativistic jets only occur in ∼ 1% of TDEs[65]. These events

are radio-bright[1], and in a few cases have been observed in gamma-rays[66]. The

X-ray lightcurves of relativistic TDEs are observed to follow those of the radio[1],

consistent with the assumption that the X-ray emission in such cases mostly stems

from the jet rather than the disk[66]. It is thought that the X-ray emission from

the jet may also be reprocessed as UV/optical light, enabling relativistic TDEs to

be observed in more wavebands[65].

2.10 Neutrino-TDEs

There is only one confirmed TDE with a likely neutrino detection, AT2019dsg[67].

The neutrino was found to have a 99.8% likelihood of originating fromAT2019dsg[67].

There are also an additional two TDE candidates which are also the likely source

of a neutrino detection each (AT2019fdr [68], discussed more in section 3.2.20 and

AT2019aalc[53]). AT2019aalc and AT2019fdr both reside in AGN galaxies [69] [68],

which are considered prime candidates for producing high-energy neutrinos [70].

TDEs themselves have also been suggested as sources of neutrinos e.g. by internal

shocks in relativistic jets [71] (analogous to blazar neutrino production [7]), from a

super-Eddington magnetically arrested accretion disk, or radiatively inefficient flow

of accretion [70].
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All three of these events feature strong dust echos [69], indicating a large volume

of matter in their surroundings, and therefore a high star formation rate (SFR)[68].

This high SFR is likely linked to the production of high-energy neutrinos[68].

2.11 Gamma Ray TDEs

There have been a few TDEs observed to emit gamma rays from jets, such as

Swift J1112.2-8238 which was a variable gamma ray source, much longer-lived than

typical gamma ray bursts[66]. The production of neutrinos is expected to accompany

gamma-ray production, since they are both produced by pions[70]. So gamma-

ray observations may be useful in confirming a TDE-origin for neutrinos in the

future[69]. However, gamma-rays were not observed in any of these three events.

This is likely due to the large optical depth of the super-Eddington magnetically

arrested accretion disk or highly efficient pair production of the radiatively inefficient

accretion flows[70].

2.12 TDEs in AGNs

AGNs are galaxies where the central black hole is strongly accreting. As mentioned

in section 2.2 AGN galaxies are often ruled out when searching for TDEs. This

is because it is difficult to detect when flares occur against the bright backdrop

of the active galaxy[72]. An additional issue is that AGN exhibit variability in

brightness (usually over years), so distinguishing between a transient and AGN

variability can be problematic[72]. However, this does not mean that TDEs don’t

occur in AGNs. In fact, TDE may be more common in active galaxies since TDEs

may favour black holes with steady accretion [3]. Additionally, new stars will form

around the black hole at a faster rate due to the molecular clouds, offering up more

TDE victims to the black hole[72][55]. Blanchard et al. (2017) found that AGN-

TDEs are able to reach the Eddington luminosity associated with the accompanying
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black hole[72]. This more efficient luminosity level is likely due to the additional

interactions with the accretion disk[72]. This work’s sample includes an AGN-TDE

AT2016ezh, more detail on which can be found in section 3.2.13, as well as several

AGN-TDE candidates.

2.13 Partial TDEs

A star may be partially disrupted, as opposed to totally disrupted if the star orbits

close to the black hole, but at a pericentre distance of greater than the tidal dis-

ruption radius[73]. This causes a smaller impact parameter β, of ≲ 1 [31]. In these

cases, a portion of the star survives the encounter, while some material becomes

gravitationally bound to the black hole, though this is a lower bound fraction than

in total tidal disruption events [73] (TTDEs, also sometimes referred to in the liter-

ature as full TDEs, FTDEs [74]). The surviving stellar core post-disruption is left

hotter than other stars of the same mass [75]. Partial TDEs (PTDEs) are expected

to exhibit lower peak luminosities than TTDEs, due to less material circularising

[76]. Since β is lower, which impacts the energy distribution of the debris, and there-

fore the fallback rate [22], PTDEs have steeper decline rates of ∼ t−9/4[75] In some

cases, in the first few months after peak, the decline rate may be as steep as t−4

[31]. Interestingly, in the case of the most probable observed PTDE, ASASSN-14ko,

its slope followed a meagre t−1.33 decline rate[77]. The key here was that this was

significantly steeper than other TDEs of similar luminosities[77], since less luminous

TDEs tend to decay less steeply than their brighter counterparts[78]

PTDEs do not exhibit outflows during circularization, unlike many TTDEs [76].

This is a result of the lower mass of the debris stream allowing for more efficient

radiative diffusuion[76]. This makes them ideal candidates for studying circularisa-

tion, and the formation of an accretion disk around a black hole, since it is a cleaner

process than with TTDES[76].
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The lightcurves of PTDEs are expected to show double peaks or plateaus as two

different processes dominate at different times[76]. According to Chen et al. (2021)’s

modelling, the first dominant process is circularisation (on timescales of ∼ 102 - 103

days), and the second is accretion (on timescales of ∼ 103 - 104 days), corresponding

to the formation of the accretion disk[76].

In PTDEs, the temperature rises as the lightcurve rises, and then falls as lumi-

nosity begins to fall[76]. Temperature is expected to increases again, as the accretion

disk forms, and then continues to gradually fall[76]. The effective temperatures lie

in the rage of 104 - 106 K, and are mildly dependant of the masses of the black hole

and star, and on the UV peak luminosity[76].

Since the star escapes being completely destroyed, they may become partially

disrupted again at a later time, a concept dubbed a ’repeated PTDE’[75]. This is

possible only if conditions such as the star’s orbit, mass and radius remain similar

post-disruption [73]. There are a number of TDE candidates which have undergone

rebrightening, the cause for which is not well understood, though could be consistent

with repeated PTDEs[73], or the two-phase emission of a singular partial tidal dis-

ruption event. PTDE candidates among the known TDE population are rare; there

is only one probable repeating PTDE, ASASSN-14ko [77], though there are also a

handful of low-luminosity, rapid decline events which fit the profile of PTDEs[73].

Despite this, PTDEs are predicted to be more common than TTDEs[73]. This is in

part due to a larger cross-sectional area in which partial disruption is able to occur

[79], and in part as they may be partially disrupted multiple times [74]. The lack of

PTDE candidates is somewhat due to their lower luminosities, making detection less

likely[75][73]. It is also likely due to some PTDEs being conflated with TTDEs, as

distinguishing between the two based on their luminosity decline rate is not always

definitive[73].
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2.14 Intermediate Mass Black Holes

The existence of a TDE comes hand in hand with the presence of a black hole.

Therefore, TDEs can be indicators of nearby dormant black holes. This may be

particularly pertinent in the case of intermediate mass black holes (IMBHs), which

have only recently been observed [8]. Smaller mass stars can only be tidally disrupted

by smaller mass black holes[1]. An intermediate mass black hole (102-105 M⊙) [8]

would only be able to tidally disrupt a white dwarf star, and so white dwarf TDEs are

paramount to look out for as they could be the key to discovering the corresponding

IMBH[1]. However, there is some overlap between the lower mass SMBH which can

also tidally disrupt white dwarfs[1], so a white dwarf TDE doesn’t automatically

correspond to an IMBH. An IMBH-TDE poses detection challenges since lower mass

black holes are expected to correspond to lower luminosity flares[80].

2.15 Disruption Rate

The rate of tidal disruption is dependent on black hole mass, nuclear density of

the star [81] and the orbital distribution citation[82]. Numerical calculations put

the rate between 10−5 - 10−4 year−1 galaxy−1 [4] [83] [81]for TTDEs. Meanwhile

for PTDEs, the theoretical rate is an order of ∼ 1 - 10 greater [73]. In fact, since

it’s entirely possible that some of the PTDE populations have been misclassified as

TTDEs, this would put the PTDE rate as even greater[73].

The predicted rate is inversely proportional to black hole mass[81]. TDEs are

thought to be more common in smaller galaxies[73] and the rate greatest in nucleated

dwarf galaxies which have black holes [81]. Meanwhile observed rates are greater in

hosts with larger nuclear stellar density [84], and hosts which reside in the ’green

valley’ [23] (galaxies which have colours between red and blue).

Optical TDEs have a preference for E + A type galaxies, a subtype of post-

starbust galaxies with spectra which seem to be a composite of an old elliptical
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galaxy and a galaxy with young A-type stars [45]. More broadly speaking, they

prefer quiescent galaxies with strong Balmer lines, and in 2016 75% of the canonical

TDE population resided in one of these galaxies, despite only making up ∼ 2% of

the galactic population [85]. While this connection does impact TDE searches, and

therefore lead to new TDE discoveries, this is not purely an observational bias [84].

The preference for these galaxy types may in part be due to galaxy mergers, possibly

resulting in a binary SMBH, and therefore increasing the chances of a disruption,

or changing existing stars’ orbits, causing them to be diverted toward the black

hole[85]. However, based on galactic symmetry, TDE hosts do not show signs of

mergers [84]. The A-type stars themselves may be contributing to the increased

rates; if they are highly concentrated towards the core, this will increase the number

of tidal disruptions[85]. Or the increased probability for a TDE may occur once the

stars evolve into giants, which are more likely to be disrupted by a SMBH[85].

3 Sample

3.1 Sample Selection

The sample used in this thesis originates from the sample detailed in Hinkle et al.

(2021), which published corrected photometry for 37 nuclear transients and one non-

nuclear transient[6]. However, not all of these 38 transients have been incorporated

into the sample used in this work. One of the key components of this thesis is

comparing different objects using their peak epoch as the zero point, and therefore

finding this date was important. Of the 38 objects provided in the Hinkle et al.

(2021) publication[6], 16 of them had their peak epochs published in the literature.

Of the 22 remaining, all but two of them had last non detection dates reported in

the Transient Name Server. The midpoint between the last non detection date and

the discovery date was used as an estimate of peak time for those objects without
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a known peak date. A liberal cutoff of 14 days between discovery date and last non

detection date removed a further eight objects from the sample. AT2018lni was also

removed from the sample despite having a well constrained peak time, due to the

fact that there were only two magnitude measurements in the Hinkle et al. (2021)

data tables (both in UVM2)[6], meaning no science could be done with it. This left

a total of 27 objects in the sample, as detailed in Table I. The decision to include

events without firm TDE classifications in the sample was made, so as to analyse the

possibility of TDE-origin for ambiguous events, and have non-TDEs for comparison

purposes.

3.2 Background Information on Transients in the Sample

3.2.1 AT2017bgt

AT2017bgt was discovered on the 21st of February 2017 in an early type galaxy

[100]. The galaxy brightened by ∼ 50% over a period of two months, with most of

this increase being in the UV[101].

The object has several features which would mark it as AGN activity; its X-

ray spectral energy distribution is consistent with an unobscured AGN [101] and

its spectra contains strong single peaked Balmer emission lines, and weak, narrow

forbidden [O III] λλ4959, 5007 and [N II] λλ6548, 6584 lines[101]. However there

are some properties which are not consistent with an unobsured AGN; its UV to

optical and monochromatic UV to X-ray luminosity ratios are much larger than

expected[101][102][103], and the presence of a strong O III λ3133 emission line and

a double peaked feature at 4680Å are not observed in AGNs[101]. The double

peaked feature may be a ’Wolf-Rayet’ emission line from N III λ4640 which has been

observed in some TDE spectra [101][104] [105] [106], hence the inclusion of this event

as a possible TDE. However, its X-ray evolution is quite flat[101], meanwhile TDEs

exhibit high X-ray variability. Additionally, the high UV flux, and spectral features
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Table I. Table of transients included in sample. The symbol * indicates that the
peak time has been inferred based on the last non-detection date and the discovery
date. Detection name is provided in the first column for clarity, but going forwards,
only the TNS names will be used to refer to the transients where applicable.

Detection Name TNS Name Classification Peak Time (MJD)

ASASSN-17cv AT2017bgt AGN 57802*

ASASSN-18el AT2018zf Ambiguous 58210 [86]

ASASSN-18pg AT2018dyb TDE 58341 [87]

ASASSN-18ul AT2018fyk TDE 58364*

ASASSN-18zj AT2018hyz TDE 58429[88]

ASASSN-19bt AT2019ahk TDE 58547 [89]

ASASSN-19dj AT2019azh TDE 58562[90]

ATLAS18qqn AT2018cow FBOT 58287[91]

ATLAS18way AT2018hco TDE 58395*

ATLAS18yzs AT2018iih TDE 58427*

ATLAS19qqu AT2019mha TDE 58693*

iPTF16fnl AT2016fnl TDE 57632[26]

PS16dtm AT2016ezh TDE 57657[92]

PS17dhz AT2017eqx TDE 57922[52]

PS18kh AT2018zr TDE 58193[93]

ZTF18aajupnt AT2018dyk LINER 58268*

ZTF19aabbnzo AT2018lna TDE 58476*

ZTF19aaiqmgl AT2019avd Ambiguous 58517*

ZTF19aakswrb AT2019bhf TDE 58527*

ZTF19aatubsj AT2019fdr Ambiguous 58704[94]

ZTF19abhhjcc AT2019meg TDE 58688*

ZTF19abidbya AT2019lwu TDE 58685*

ZTF19abvgxrq AT2019pev AGN 58755[95]

ZTF19abzrhgq AT2019qiz TDE 58764[96]

iPTF15af - TDE 57077[97]

OGLE16aaa - TDE 57403[98]

OGLE17aaj - AGN 57757[99]
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undergo few changes over a 14 month period[101], a period greater than the lifespan

of most TDEs. This indicates that AT2017bgt is a more long-term high-accretion

event, and Trakhtenbrot et al. (2019) classify it as a new class of flare from an

accreting supermassive black hole[101].

3.2.2 AT2018zf

The event AT2018zf was discovered on the 23rd of December 2017 [107] and ini-

tially classified as a Type II narrow-line active galactic nucleus, one of only a

few ’true Type II’ AGNs which did not exhibit broad emission lines or line of

sight obscuration[108]. Follow-up spectroscopy showed that the object had had

a large increase in UV/optical emission, resulting in a very blue continuum with

no features, resembling that of an AGN[108]. However, further follow-up moni-

toring revealed the presence of strong Balmer lines which onset 1-3 months after

the rise in optical light[108]. This would mark the event as one of a small num-

ber of ’changing-look’ AGNs. The lag between the UV/optical brightening and the

Balmer lines suggest that the event was not caused by a change in the line of sight

obscuration[108]. Rather, the UV/optical component was a result of accretion of

material into the supermassive black hole and the delayed onset of Balmer lines a

result of the UV/optical light later being reprocessed by the broad line region (BLR)

gas[108].

This event’s accretion-driven nature is what gives it its place as a TDE candidate.

There have been a handful of cases previously where TDEs have been considered a

possibility in driving a ’changing-look’ AGN [109] AT2018zf does indeed have some

features which are consistent with a TDE; the lightcurve follows a t−5/3 power law,

which is the smoking gun of tidal disruption events[108]. The mass of the SMBH

associated with the event is ∼ 2 x 107 M⊙, which is consistent with other SMBH

masses observed in relation to TDEs, though fairly high[108]. Additionally, the

X-rays are very soft which is a sign of a TDE [110].
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However, the X-ray rebrightening is not indicative of a TDE [110]. Nor is the

absence of the strong, broad He II λ4686 emission line which has previously been

observed in TDEs within a few months of discovery[108]. Hinkle et al. (2022) note

the stochastic variability of the event, which is more pronounced at late-times[86].

They point out that while this is consistant with an AGN explanation, a TDE

explanation is unlikely as they do not tend to exhibit this kind of variability [86].

Ricci et al. (2020) believe that a TDE could be the driving mechanism of this

event[110], meanwhile Trakhtenbrot et al. (2019) and Hinkle et al. (2022) are not

convinced[108] [86].

3.2.3 AT2018dyb

On the 11th of July 2018 the All-Sky Automated Survey for Supernovae (ASAS-

SN)[12] discovered AT2018dyb [111] and it was classified as a TDE on the 18th

of July based on its spectrum [112]. Its peak luminosity was ∼ 2.4 x 1044 erg/s,

making it one of the brightest known TDEs[113]. It occurred at a distance of 78.6

Mpc, also making it one of the closest TDEs[113]. Its spectra shows strong Bowen

fluorescence of N and O, which would be a hallmark of extreme ultra violet (EUV)

emission and reprocessed X-rays, and thereby supports the X-ray reprocessing school

of thought for the origin of the UV/optical light[87]. The spectra additionally shows

the presence of Balmer lines[113]. AT2018dyb did not have any X-ray emission, nor

radio jets[113]. The UV/optical lightcurve has a luminosity decline power-law index

α of close to the expected value for a TDE of 5/3, however in later epochs this index

is a little steeper than the luminosities observed[113]. Though it should be noted

that theory predicts that the emission mechanisms in TDEs may change over time,

transitioning from fallback dominated to disk-dominated emission[32] [114], causing

the power-law luminosity index to reduce.
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3.2.4 AT2018fyk

The ASAS-SN survey discovered AT2018fyk on the 8th of September 2018, with

the last non-detection being 10 days prior[51]. Its host galaxy is LCRS B224721.6-

450748 and it resided at approximately 0.85 arcsec from the galactic nucleus[51].

Its spectrum was typical of a TDE; it had a blue continuum with no features be-

sides broad H and He lines, though it may also have featured O III λ3444 or Fe II

(λλ3449,3499) lines[51]. However, at ∼ 40 days post-peak the UV/optical lightcurve

plateaued, and did not follow the typical TDE decline rate of t−5/3 [51]. At the same

time, the X-ray lightcurve plateaued and narrow emission lines appeared, such as

high-ionization O III, low-ionization Fe II and low excitation He I[51]. After ∼ 50

days, the UV/opical lightcurve continued declining and the X-ray lightcurve contin-

ued brightnening[51]. These three occurrences coinciding would strongly imply that

they are produced by the same mechanism, and that in this case the UV/optical

light is reprocessed X-rays[51]. The presence of Fe II emission lines has also been

observed in the TDE ASASSN–15oi which indicated that there is a class of Fe rich

TDEs[51]. Fe II emission lines may be an indication of a forming compact accretion

disk, further supporting the X-ray reprocessing theory[51].

Roughly two years after this event’s peak, it experienced a rebrightening[115].

This has been suggested to be a repeating PTDE, or as a result of inner disk insta-

bilities, or a SMBH binary [115]. These possibilities are explored more in section

5.7.4

3.2.5 AT2018hyz

AT2018hyz was first discovered on the 6th of November 2018 by ASAS-SN[29].

Its host galaxy 2MASS J10065085+0141342 lies at a redshift z = 0.0457. It had

bright optical emission, and dim X-ray emission [29] The transient was classified

as a TDE on the basis of its spectrum which had a blue continuum and featured
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broad emission lines of H-α, and possibly H-β and He I λ5876 [116] . Follow-up

spectroscopy revealed that the H-α emission line evolved into a double-peaked line

profile[29].

At 50 days after the initial peak, there was a bump in the UV which is consis-

tent with the lightcurve profile of a PTDE[88]. Indeed, modelling of the lightcurve

implied a PTDE origin since the impact parameter β was found to be 0.6[88].

3.2.6 AT2019ahk

ASAS-SN discovered the TDE AT2019ahk on the 29th of January 2019[89]. It was

the first TDE to be observed by TESS[89]. Due to its location in TESS’ continuous

viewing zone, observations of the event were made at 30 minute intervals, meaning

the pre-peak observations are the most complete of all known TDEs[89]. It is also

one of the closest observed TDEs[89]. Its host galaxy 2MASX J07001137-6602251

may be a shocked post-starburst galaxy, similar to an E + A galaxy, but younger

and with more dust obscuration[89]. Its rise to peak lasted 41 days, and at 32

days pre-peak there was a luminosity and temperature bump which lasted 12-14

days[89]. Similar occurrences have not been observed in other TDEs, but no other

TDE has such thorough pre-peak data[89]. The TDE has weak X-ray emission

which is not as soft as in other TDEs, which could be caused by a jet, but which

softens post-peak[89]. It has a blue continuum, a key feature of a TDE, with narrow

emission lines and apparently no broad features[89]. Most TDEs exhibit broad H

and He emission lines, but TDE spectra without these features are not unheard of

at pre-peak epochs[117].

3.2.7 AT2019azh

The TDE AT2019azh was discovered on the 22nd of February 2019 by ASAS-SN in

the E + A galaxy KUG 0810+227[90]. It possessed a featureless, blue continuum,

marking it as a possible TDE[90]. Both UV/optical and X-ray light were observed
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from this event[90]. Like AT2019ahk, the X-rays are harder at earlier epochs but

later soften[90]. The X-ray lightcurve experiences a rebrightening at ∼ 200 days

post-peak by 30-100 times[90]. Meanwhile the UV/optical continues dimming as

expected[90]. This indicated that the X-rays and UV/optical emission are not pro-

duced by the same mechanism[90]. The X-ray rebrightening is an indication of an

increase in accretion rate, making this the second case of a TDE showing the onset

of late-time accretion[90].

3.2.8 AT2018cow

A very luminous transient AT2018cow was first detected by ATLAS on the 16th of

June 2018 in a spiral arm of the dwarf galaxy CGCG 137-068[91][118]. The last non-

detection date has been constrained to 1.3 days prior, meaning that the transient

increased brightness by a magnitude of 4.2 in this time[91][118]. It peaked at Mr ∼

-19.9 with a rise time of only ∼ 2.5 days, making the rise time faster and the peak

luminosity brighter than almost any other supernova[118]. The exceptions to this

are some Type IIn and superluminous supernovae[118]. However, these supernovae

exhibit long rise and decay times, meanwhile this transient experienced exceptionally

fast timings; it faded to half its peak luminosity in around 4 days[118]. When

supernovae exhibit early, luminous peaks, powered by shock-heating, the lightcurves

then plateau or a second peak occurs, however AT2018cow’s luminosity continued

to rapidly decay[118]. The transient was hot (with a characteristic temperature of

17,000K) and blue[91], which is seen in the early phases of supernovae, however

it was remarkably blue even for an early stage supernova[118]. It retained these

properties for a much longer period than supernovae do, though it did slowly lose

its blueness[118].

The spectrum of the event was initially featureless, with only a hot, blue continuum[118].

Then the spectra went on to show several interesting features. Four days post-

discovery, a bright radio afterglow was seen [119][120] [121], in conjunction with a
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very broad absorption line resembling an Fe II line, which can be seen in Ic-BL

supernovae[118][122][123]. However this feature disappeared within four days[124],

which is not how Type Ic-BL supernovae develop[118]. Then, weak and some-

what broad emission lines appeared, most likely H and He lines, including Balmer

lines[118]. The spectrum continued to get bluer, causing wedge-shaped line profiles[118].

At later times He I λ7065, Ca II λλ7291,7324 and what may have been O I λλ6300,

6363 lines appeared[118]. The spectral evolution of AT2018cow is not like any seen

in other transients[118].

The spectrum more closely resembles that of a TDE; it’s populated by H and

He emission lines[118]. It has several other features which are in line with those

observed in TDEs; the persistent high temperatures and blue colour are typical of

TDEs[118]. The bolometric lightcurve follows a powerlaw decline, albeit steeper

than the expected t−5/3[118]. However the rise time and decay timescales are much

faster than even the shortest observed in TDEs[118]. Its location in a spiral arm

would seem to disfavour the tidal disruption explanation for the transient as all TDEs

discovered thus far have been nuclear transients[118]. However, this doesn’t rule out

the possibility of a TDE entirely. If the black hole mass were to correspond to that

of an IMBH, it could reside outside the galactic centre, with the IMBH originat-

ing perhaps from a globular cluster[118]. Additionally, this would explain the short

timescales, as there is both observational and theoretical evidence that lower mass

black holes cause shorter TDE decay times, though there doesn’t seem to be a corre-

lation between black hole mass and rise time, despite theoretical predictions[1][118].

However, the TDE explanation does not solve all the problems with AT2018cow.

The peak bolometric luminosity was ∼ 4 × 1044 erg, an order of 2 greater than the

Eddington luminosity corresponding to an IMBH of 1042 M⊙[118]. TDEs are gen-

erally not expected to supersede the Eddington luminosity[125], however there are

two ways in which this might be possible[118]. The first is via anisotropic radiation,

which could be a result of jets, though the optical radiation is strongly thermal and
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does not support this[118]. The second is heating by other methods than accretion,

such as via circularisation[118].

AT2018cow is now considered as part of the class of fast blue optical transients

(FBOTs)[126][127]. These are transients which, like AT2018cow, have blue colours

of g-r≤0.2, and decay rapidly, reaching half the peak luminosity within 12 days[128].

There have now been ∼ 100 FBOTs identified[126], however only a handful of them

have similar properties to AT2018cow, and its thought that such transients only

make up ≤ 0.1% of the core collapse SN rate[129].

3.2.9 AT2018hco

AT2018hco was an ATLAS discovery made on the 4th October 2018 [130]. Its

constant, blue colour (g-r ∼ -0.1) indicated it as a TDE candidate[130]. It was a UV-

bright event, and was located within 0.2 arcsec of the galactic centre[130]. The TDE

classification was confirmed by spectroscopic observations which showed featureless

blue continuum[130]. Followup revealed spectroscopic evolution; a strong, broad H

α emission line had emerged, as had a strong, broad He I λ5876 emission line [130]

and a weak HeII λ4685 emission line[131]. Based on its much stronger H component,

it was classified as a TDE-H [23].

3.2.10 AT2018iih

The transient AT2018iih was discovered by ATLAS on 9th November 2018 [132] and

classified as a TDE-He [23], making it one of only a handful of TDEs to fit into this

spectral class.

3.2.11 AT2019mha

AT2019mha was discovered on 30th July 2019 by ATLAS [133] and was subsequently

classified as a TDE-H [23].
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3.2.12 AT2016fnl

The TDE AT2016fnl was discovered by the intermediate Palomar Transient Factory

(iPTF) survey [26] at the centre of a post-starburst E+A spindle galaxy[26]. The

position and galaxy type are typical of TDEs, and its blue colour (g-R =-0.28)[26]

and spectrum containing broad He II and H α emission lines[26] confirmed its nature

as a TDE. Spectroscopy also revealed a He I emission line at λ6678 and an Hβ

emission line [26]. It is one of the closest UV/optical TDEs at only 66.6 Mpc

away[26].

With a peak bolometric luminosity of (1.0 ± 0.15) x 1043 erg/s[26], it was, at

the time, the faintest known TDE[26]. Its decay timescale was also the shortest

at the time[26], and it decayed according to an exponential decay rate[26]. These

may be explained by the Blagorodnova at al. (2017)’s low black hole mass of ∼ 2 x

106 M⊙ (obtained via the M-σ relation)[26] and low disrupted star mass of ∼ 0.03

M⊙ (obtained by fitting the black hole mass to Guillochon & Ramirez-Ruiz (2013)’s

lightcurves [31])[26]. It is expected that fallback timescale scales to black hole mass

[1].

3.2.13 AT2016ezh

The Pan-STARRS Survey for Transients (PSST) first discovered AT2016ezh on the

12th of August 2016 [134]. It lay in the nucleus of a narrow-line Seyfert 1 (NLSy1)

galaxy [72] The interesting feature of AT2016ezh is its multi-peaked nature; there

are two clear peaks, accompanied by a ∼ 100 day plateau, and a third, smaller

rebrightening[72].

The event was initially classified as a Type II supernova based on Hydrogen

Balmer lines in its spectra [135]. This classification proved contentious; it was

later classified as a Type IIn superluminous supernova (SLSN) based on its bright

absolute magnitude[136], which peaked at -21.7 [72]. However, Blanchard et al.
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(2017) disagree with this classification for a number of reasons[72]. First, there is

little spectral evolution which is not expected from supernovae as they continue

to cool[72]. The spectra consists of strong broad Fe II emission lines, which can

be seen in supernovae but are more similar to the spectrum of the narrow-line

Seyfert 1 galaxy itself[72]. In fact, the event seems to be connected to the galactic

nucleus; AT2016ezh’s peak luminosity was on the order of the Eddington luminosity

of the galaxy’s black hole (with a mass of ∼ 106 M⊙)[72]. Additionally, during the

transient’s lifetime, the host galaxy’s X-ray emission decreased by an order of 1,

indicating a link between the two objects[72].

AGN variability was also considered as a potential cause of the brightening[72].

In ’changing-look’ AGNs the properties of the AGNs change dramatically over a

period of years [57] or more rarely, months [108]. Emission lines appear or disappear

and the continuum level may increase or decrease by an order of magnitude [12] [57].

CLAGNs may be explained by obscuration by dust clouds or changes in accretion

rate [137]. However, given that the rise time of AT2016ezh is only ∼ 50 days, this is

much too fast for even the most rapid known ’changing-look’ AGNs[72]. Nor does

this scenario account for the decrease in the host’s X-ray emission[72].

This, combined with the blue underlying continuum of the spectra, high constant

temperature, and little colour evolution (except reddening of the UVW2-U colour),

caused Blanchard et al. (2017) to classify the event as a TDE[72]. This could explain

the observed decrease in galactic X-ray emission as it would be obscured be the

debris stream[72]. The TDE’s debris stream interacting with the AGN’s accretion

disk could excite the AGN’s broad line region, causing the similarity between the

transient’s observed spectrum and that of the narrow-line Seyfert 1 galaxy that it

resides in[72]. A TDE-scenario would also account for the rapid rise time compared

to CLAGNs[72]. Blanchard et al. (2017) fitted AT2016ezh’s lightcurve using the

programme TDEFit[49], and found that the rise and plateau of AT2016ezh was able

to be reproduced[72]. They also found that the plateau was likely a result of viscous
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time delay, though may also be contributed to by the maximum luminosity being

the Eddington luminosity[72].

3.2.14 AT2017eqx

PanSTARRS Survey for Transients [138] discovered the TDE AT2017eqx on 7th

June 2017 [52]. It was located 0.06 ± 0.08 arcsec from the galactic centre[52].

The host galaxy was of the Balmer-strong absorption type[52], which is a typical

environment for a TDE to reside [45]. Its blackbody temperature of ∼ 25,000K

was indicative of a TDE, as was its peak blackbody luminosity of ∼ 1044 ergs/s[52].

Modelling showed that the event was consistent with total tidal disruption of a

near-solar-mass star[52].

Initial spectroscopy showed a blue continuum with broad He II and H I emission

lines, which had velocities of ∼ 0 km s−1[52]. However, within 100 days, the He I

lines had vanished from the spectra, and the He II lines had become blueshifted by ≥

5000 km s−1[52]. This is the first TDE in which both a stark HeII/Hα evolution, and

blueshifting are observed[52]. No radio or X-ray emissions were detected, which ruled

out a jetted-TDE explanation[52]. The evolution may be a result of slow atmospheric

contraction and polar wind streams only becoming visible at later times. This would

indicate that line of sight is a key factor in the spectral types of TDEs[52].

3.2.15 AT2018zr

The TDE AT2018zr was discovered by the Pan-STARRS Survey for Transients

[138] on the 2nd of March 2018 in the nucleus of the galaxy SDSS J075654.53

+341543.6[139]. It was a UV-bright event, marking it as a likely TDE, and showed

weak soft X-ray emission, though the X-ray emission was not detected at later

times[139]. There was a re-brightening which occurred in the UV bands at ∼ 50

days post-peak[139]. This corresponded to a temperature increase of ∼ 11,000K

over three weeks[139]. The UV luminosity and temperature increase is not typical
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of TDEs[139], though there are some TDEs, particularly those in AGN galaxies,

which do experience re-brightening[140]

The spectra showed a blue underlying continuum which was initially featureless[139].

However, the spectra showed considerable evolution; strong Balmer emission lines

soon appeared, and continually got stronger[139]. The Hα line, and possibly the Hβ

line became more ’boxy’ over time, and the Hα line may even have become double-

peaked[139]. This is consistent with the TDE forming an elliptical disk, making it

the third TDE with spectral features which may be described by this[139]. Mean-

while there may also be weak He I 5875 Å present, though due to its weak and

uncertain nature, this TDE is classified as spectral type TDE-H[139].

3.2.16 AT2018dyk

The dim event AT2018dyk was initially classified as a TDE; it was located 0."19+0.”28
−0.”19

from the galactic centre [56] and spectra showed potential broad Hα , Hβ and He

II emission lines[141]. However, the continuum was not blue, and there were also

narrow Hβ and He II emission lines which are not features of TDEs[141]. There

were several other features which were not consistent with a TDE classification; it

was several orders of magnitudes dimmer than the majority of TDEs, its decay was

very slow for its rise time, and the decay was not well described by a power-law

decline [56]. Additionally, the Mg II line became stronger at late times, which is not

a phenomenon which has been observed in TDEs, while it did not exhibit any broad

absorption features which would be expected in a TDE [56]. After consideration of

these properties, the event was classified as a transformation from a low-ionisation

nuclear emission line region galaxy (LINER) to a narrow-line Seyfert 1 galaxy, i.e.

a "changing-look" LINER [56].
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3.2.17 AT2018lna

ZTF discovered AT2018lna on 12th December 2018[142]. It was a UV-bright event

with a and constant blue colour of UVW2-g ∼ -1 [142]. This, paired with its central

location within the host galaxy, and broad emission lines observed, gave it its TDE

classification[142]. Its spectral classification was given as TDE-Bowen [23].

3.2.18 AT2019avd

The transient AT2019avd was discovered on 9th February 2019 by ZTF coincident

with the host’s nucleus[140]. The host had shown no historic variability but Fred-

erick et. al (2021) classify it as a NLSy 1 galaxy on the basis of its spectra [140].

AT2019avd was a blue event with UVW1-g = -0.2 [140]. The UV/optical lightcurves

showed two peaks, the second of which, 350 days after initial detection, was also

observed in soft X-rays, while previously there had been no X-ray detection[140].

These two peaks mirrored each other in shape, though the second peak was half the

luminosity of the first[140]. Additionally, there was an infrared flare 100 days after

initial detection[140]. Spectroscopy initially showed strong Balmer emission and a

weak FeII complex[140]. Follow-up spectroscopy ∼ 440 days after the initial peak

revealed the onset on HII lines, features associated with Bowen fluorescence and a

blue horned profile of the Hβ line[143]. At this epoch, the FeII complex could no

longer be seen[143].

Due to its complex nature, there has been some debate on the provenance of

AT2019avd. A TDE scenario is supported by the lack of previous AGN activity, as

well as the presence of very soft X-rays[144]. However, the Balmer emission lines

are narrower than typical of a TDE, and the spectra’s underlying continuum less

blue[144]. The second peak is much brighter than those of other TDE candidates

which rebrighten[144], with the possible exceptions of AT2019pev[140], which we

will see in section 3.2.23, and SDSS J015957.64+003310.5[109]. AT2019avd is not
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consistent with a typical TDE, though it was suggested to result from a double TDE

(DTDE), in which both stars in a binary system become disrupted[144]. This would

explain the two lightcurves seen, with only one corresponding to X-ray emission[144].

However, Malyali et. al (2021) found in their modelling that no combination of

black hole mass and stars’ mass could result in the timescales corresponding to

the peaks in the lightcurve[144]. A more complex DTDE scenario has also been

suggested, in which, post disruption, the two debris streams collide, causing an

additional flare[145][144]. This scenario would also explain the emergence of the

X-rays at the second peak only, which would correspond to accretion once the disk

has been formed[144]. It may also explain the onset of Bowen lines, though this

would require dense gas and a strong ionising flux[144]. Alternatively, it may be a

TDE corresponding to a SMBH binary, in which accretion flow can be perturbed

between the two BHs, resulting in lightcurves with two peaks[146][144].

Another theory is that it arose due to non-TDE AGN activity[144]. NLSy1

galaxies do exhibit large X-ray variability[147], however the X-rays observed are

softer than one would expect[144], even in a NLSy1 galaxy which produce soft X-

ray emission[140]. NLSy1 galaxies generally exhibit strong Fe II emission[148], and

while a weak Fe II complex was observed, this is not indicative of activity from

the host’s nucleus[144]. Additionally, such a double-peaked optical lightcurve has

not been observed from AGN activity in NLSy1 galaxies[144], once again with the

possible exception of AT2019pev[140] (see section 3.2.23).

A SN interpretation has also been considered, though the X-rays are too soft

to correspond to a Type IIn SN[149], and the event was brighter than would be

expected[144]. However, it is possible that the first peak was a Type IIn SN and

the second, an AGN ‘turn-on’ event, in which the BH accretion rate suddenly

increases[144]. These ‘turn-on’ events are rare[150], and it is unlikely, but not im-

possible, that one would be observed so soon after a SN in the same region[144].
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3.2.19 AT2019bhf

AT2019bhf was discovered by ZTF on 28th Februray 2019[151] and classified as a

TDE the following year[152]. It was spectroscopically classified as TDE-H[23].

3.2.20 AT2019fdr

ZTF initially discovered AT2019fdr on 27th April 2019[140]. It was located at 0.13"

from the nucleus of a NLSy1 galaxy[140]. The AGN host had previously exhibited

variability in observations from 2009-2013, however prior to the event, none was

detected[140]. The event was exceedingly bright; the peak UV/optical bolometric

luminosity was 1.4 ± 0.1 x 1045 erg/s, making it one of the brightest transients ever

observed. As discussed in section 2.12, being located in an AGN host might enable

a TDE to be more luminous due to the additional energy of the AGN disk.

The UVW2-g colour reported by Fredrick et al. (2021) was red at 0.8 mag[140].

There was some colour evolution towards the red which is not common in TDEs,

though can occur[140].

During its rise, there were two plateau phases which lasted ∼ a month each

[153][140]. This shape is similar to the one seen in AT2016ezh [140], likely a TDE

in an AGN galaxy (see sections 3.2.13 for more about AT2016ezh and 2.12 for a

refresher on AGN-based TDEs). In TDEs, this signature is understood as rebright-

ening due to later disk formation [93] Microlensing was ruled out as the cause of

the plateaus as there was g-r colour evolution towards the red, while microlensing

would cause the colour to be identical at the different epochs [154].

As well as UV/optical light, X-rays were detected 11 months after it was discov-

ered, though not at any other epochs where the event was monitored in X-rays[68].

The X-rays were very soft; in the 0.3-2.0 keV band[68]. Soft X-rays are indicative

of TDEs, but very rare in AGNs[68]. In NLSy 1 galaxies, X-rays are generally

softer compared to other AGNs, but even so, the X-rays observed corresponded
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to a blackbody temperature of 56+32
−26 eV, which is lower than expected for these

AGN galaxies[68]. X-rays are rarely observed in SLSNe[155], also making a SLSN

classification unlikely[68].

AT2019fdr’s spectrum reveals blueshifted narrow Balmer emission lines, which

may be a sign of an unknown separate component[140]. There was an additional Fe

II complex, only after 368 days[140]. This was dependent on the brightness of the

continuum[140]. This Fe II complex only being present at certain times was also

seen in the TDE AT2018fyk (see section 3.2.4)[140]. The spectrum taken 8 days

post-peak showed Hβ with a ’blue horn’ component, an offset blue component of

the emission line[140]. This may be a result of wind ejecta with a velocity different

to that of the AGN[140]. It also showed weak H II emission, while a spectrum taken

368 days post-peak showed no H II emission[140].

Though it was initially earmarked as a Type II superluminous supernova (SLSN-

II)[156], there are several features of the event which are not consistent with this

classification; there were X-rays detected at late epochs, a strong infrared echo and

the location was very close to the nucleus[140][68]. Additionally, the flare was very

long-lived, the UV and U band emission persisted even at late times, (a hallmark

of TDEs), while with supernovae they fade quickly [140]. The HII emission also

appears much too late for a SN [140]where flash ionisation only occurs at early

phases [157].

It shared several features with the Type IIn SN in an AGN CSS100217; soft X-

rays, g-r colour evolution, the very luminous peak magnitude of -23≲ MV ≲ -22 and

the Fe II complex[140][158]. However, AT2019fdr faded on a much longer timescale

than CSS100217, its Fe II complex is not present throughout the event (unlike

CSS100217[158]), and there were Balmer emission lines which are not expected in

SNe[140].

Frederick et al. (2021) postulate that this event is a TDE, though given the

complex nature of the event, warn the reader that this is not a definitive classification
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as an AGN flare was still a possible explanation[140]. Due to the presence of the Hβ

line but no He lines, the object would be classified as TDE-H under van Velzen et

al. (2021)’s classification system[23][140]. If this were the case, the FeII signature

must be a result of the NLSy1 host galaxy [140].

An interesting development arose a year after discovery; this TDE candidate was

the likely origin of a high-energy neutrino IC200530A, detected by IceCube [68][159].

At the time of neutrino detection, the transient was still active, despite being nearly

a year old, with a flux of ∼ 30% of its peak flux[68].

3.2.21 AT2019meg

ZTF discovered AT2019meg on 31st July 2019 [160]. It was classified as a TDE based

on its spectra which showed a blue continuum marked by broad Hα and Hβ emission

lines, as well as strong, narrow emission lines resulting in star-formation in the host

galaxy [161]. This makes it a TDE-H type [23]. Additionally, its high blackbody

temperature was consistent with a TDE[161]. There was no X-ray detection[161].

3.2.22 AT2019lwu

First discovered by ZTF, AT2019lwu was classified as a TDE based on its blue

spectral continuum featuring broad Hα, Hβ and He II emission lines[162]. The

spectrum also featured NIII emission lines and Ca II absorption lines[162]. Its

spectral type is TDE-H [23].

3.2.23 AT2019pev

AT2019pev was discovered by ZTF on the 4th of September 2019 0.15" of the

nucleus of a NLSy1 galaxy[140]. The event had a long lifetime of over 500 days[140].

During that time, it experienced a rebrightening at ∼ 100 days post-peak, in both

UV/optical and X-ray light[140]. The second peak was nearly half the luminosity

of the first[140]. Rebrightening is rare, though is occasionally seen in both TDEs
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and SNe[140]. The double peak may also be explained by microlensing, causing a

symmetric peak to appear later[154][140].

The spectra of AT2019pev comprised of strong, broad He II lines, and less broad

Balmer lines[140]. It was classified spectroscopically by Frederick et al. (2021) as

being in a He II + NIII spectral class[140]. Strong He II lines are only observed

at early times in SNe [157] [163] and are rare among AGNs [164], but common

among TDEs [97], which is why this event is being considered as a TDE-candidate,

along with its prime position. However, the subclass of Trakhtenbrot AGNs and

rapid ’changing-look’ AGNs do see He II line profiles [108] [56]. Strong Bowen

fluorescence features were also present at early epochs, before disappearing[140].

Another piece of evidence supporting the TDE-scenario is the X-ray lightcurve

which initially declined following a power-law of t−1.67, consistent with a TDE[95][51].

However, both the X-ray lightcurve later plateaus, and then rebrightens which is

only occasionally observed in TDEs[95]. A SN explanation is not well supported;

the event had strong X-ray and UV emission, and the long-lived He II line profiles

which are only observed in supernovae spectra during the early phases[140]. Nor is

the TDE scenario seen as feasible by Fredrick at al. (2021) due to the double peaked

lightcurve, with the second peak being nearly as luminous as the first [140]. How-

ever, Yu et al. (2022) do not rule out a TDE scenario based on this alone, since there

are other TDEs such as AT2018fyk which experience such rebrightenings[51][95].

Ultimately Fredrick et al. classified the event as a Trakhtenbrot et al. [108] class

of AGN flare and a result of enhanced accretion[140]. However, Yu et al. (2022)

do not agree with this classification, as its weak UV excess and steep decline are

not consistent with other objects of that class[95]. Instead they put it down to

AGN-activity more generally[95].
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3.2.24 AT2019qiz

The TDE AT2019qiz was discovered on the 18th of September 2019 by ATLAS

[107] in a weak AGN galaxy[40]. The last non detection date was 2 days prior[40].

Its spectrum won it its TDE classification[40] with the class TDE-H+He [23]. It

also featured Balmer lines and it was the first TDE seen to exhibit Fe and low

ionization broad absorption lines (FeLoBALs) in its spectra[40]. The Hα line has

two components; one very broad (FWHM ≳ 104 km s−1) and one narrow (FWHM

≈ 3000 km s−1)[40].

The TDE was observed in both UV/optical and X-ray light, with the X-ray com-

ponent being 2-3 orders of magnitude less than the UV/optical[40]. Not only that,

but AT2019qiz is one of the few TDEs to have been detected in radio waves [165].

The peak bolometric luminosity was 4.9 x 1043 erg/s[40]. This, accompanied by its

medium rise time puts it in the middle of the pack of observed TDE properties[40].

Until the peak luminosity, the photosphere was expanding at a constant velocity

of 2700 km s−1[40]. Along with broad absorption lines, this indicated the presence

of an outflow[40]. This would explain the broad Hα component as the full width half

maximum (FWHM) was ∼ the broad absorption line velocity[40]. Meanwhile, the

narrow absorption lines are likely a product of host galaxy dust rather than from

the TDE itself[40].

3.2.25 iPTF15af

The TDE iPTF15af was discovered by iPTF on 15th January 2015[97]. The host

had a high nuclear stellar density and showed signs of recent starburst[97]. Within

the host, iPTF15af was coincident with the nucleus[97]. The TDE rose to a peak

at ∼ 1.5 x 1044 erg/s over a period of ∼ 60 days, and declined over 5 months[97].

Its spectra showed a blue featureless continuum overlayed by HeII lines[97]. A

Hα line later revealed itself, and narrowed over time[97]. Additionally, the Bowen
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Fluorescence features of [OIII] and [NIII] were observed[97]. The impact parameter

β was very low at 0.10+0.36
−0.1 , consistent with a PTDE[97]. However it was a bright

event, so its high luminosity has been ascribed to its efficient dM/dt[97].

3.2.26 OGLE16aaa

OGLE16aaa was discovered by the Optical Gravitational Lensing Experiment (OGLE-

IV)[166] survey on 2nd January 2016 within the nucleus of a weak-line AGN galaxy

which had experienced recent star formation[166]. It reached an NUV peak apparent

magnitude of 20.83 ± 0.12 within 34 days[98] and decayed slowly[166]. Its spectra

show blue continua with narrow Hα, Hβ, NII and OIII emission lines[166]. Its lu-

minosity, rise and decay times, consistent high temperatures, spectra and location

are all consistent with a TDE scenario[166].

Interestingly, an X-ray brightening occured ∼ 180 days after the commencement

of the optical emission when previously, the X-ray levels had been undetectable[98].

Despite a sudden X-ray increase by more than a factor of 10, no corresponding

changes were observed in the UV/optical[98]. This is the third such TDE to have

exhibited such delayed X-ray emission[98]. There are several theories as to the

cause. One such model which may explain this behaviour is the ’thinning disk’

model[167][98], in which X-rays are initially obscured due to a thick disk, which

then thins as a result of the accretion rate no longer being greater than the Ed-

dington limit, allowing X-rays to be visible from our viewing angle. Similarly, the

phenomenon may be a result of variable local absorption e.g. by the debris them-

selves, or the host’s ISM[98]. Alternatively, the UV/optical emission mechanism

could be shocks during circularisation, and the X-ray component a result of delayed

accretion[98].
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3.2.27 OGLE17aaj

The OGLE-IV Transient Detection System discovered OGLE17aaj on 2nd January

2017, within 0.10 ± 0."13 from the centre of its host, a weak AGN galaxy[99]. Due

to its position, lack of colour evolution, and high temperatures of up to 40,000K,

a TDE explanation was considered[99]. Its spectra showed hydrogen and helium

emission lines, as well as forbidden oxygen and silicon emission lines, however the

HeII lines were considerably narrower than is typical of TDEs[99]. Additionally, at

a peak absolute I-band magnitude of only -18.8, OGLE17aaj was fainter than most

TDEs, though some fainter TDEs have been observed such as AT2016fnl[99]. The

lightcurve is also not consistent with a TDE; while it rose to peak over 50 days, it

declined very slowly and plateaued after ∼ 200 days [99]. Gromadzki et al. (2019)

believe it to be a result of a new class of AGN phenomena[99], in the same class as

that of AT2017bgt[168] (see section 3.2.1 for more on this object).

4 Reductions

Swift’s Ultraviolet and Optical Telescope (UVOT) photometry has 6 filters; V, B, U,

UVW1, UVWM2, and UVW2. This work uses the central wavelengths calculated

by the SVO Filter Profile Service [169](5425.3 Å, 4349.6, 3467.1 Å,2580.8 Å, 2246.4

Å, and 2054.6 Å respectively). These were the same wavelengths used by Hinkle et

al. (2021)[6], so our photometric results can be compared for a consistency check.

Throughout this thesis, all magnitudes presented are in the AB magnitude system.

4.1 Obtaining Flux Densities

Since all known tidal disruption events have been extragalactic, TDEs cannot be

directly observed; the entire host galaxy’s nucleus (including the TDE) must be

observed. In order to measure the TDE’s flux, the host galactic nucleus’ flux must
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be removed from the measurement to avoid contamination. Without such a host

subtraction we would not truly be measuring the TDE, and when comparing data

in different bands it would become problematic since the host will have a different

contribution in different wavelengths.

The host’s flux may be obtained from observations before the transient occurred,

or from follow-up observations when the transient is no longer active (when the

galaxy is quiescent). However, this archival data doesn’t always exist, so other

methods must be used to estimate the host galaxy’s flux. The host’s flux in different

filters must be subtracted from each of the corresponding bands’ flux measurements

from when the TDE was still active. This is particularly important in the redder

bands, as TDEs tend to be found in redder hosts, so more host contamination

would occur compared to the bluer bands. TDEs are also blue by nature (in early

epochs at least), and dim in the red bands, compounding the importance of the

hots-subtraction in the redder bands.

The Table 3 of Hinkle et al. (2021) provided AB magnitudes and errors of

the host galaxies in a range of filters[6]. These host magnitudes were acquired in a

number of ways; AT2019ahk and AT2018cow ’s host magnitudes were acquired from

Swift observations when the galaxy was quiescent [89] [118], with the host magnitude

of AT2018cow measured at the position that the transient was observed[6]. The rest

of the sample did not have archival quiescent Swift photometry[6]. However, some

galaxies did have published host galaxy magnitudes in the literature. Meanwhile,

for those without, the host magnitudes were measured in Pan-STARRS data [138]

with the exception of OGLE16aaa and AT2019ahk which were not observed by Pan-

STARRS[6]. For these two events, catalogue host magnitudes were obtained from

the Dark Energy Survey [170] and AAVSO Photometric All-Sky Survey [171][6],

respectively. These magnitudes were then converted into fluxes and fitted to spectral

energy distributions (SEDs) with Kriek et al. (2009)’s Fitting and Assessment of

Synthetic Templates code (FAST)[172] to obtain synthetic host fluxes in all 6 of the
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UVOT filters, and assuming an exponentially declining star formation rate[6]. UV

magnitudes from the Galaxy Evolution Explorer [173] All-sky Imaging Survey (AIS)

catalogue and W1 and W2 magnitudes from the Wide-field Infrared Survey Explorer

[174] AllWISE catalogue were also deployed to help constrain the host flux[6].

The errors for these fluxes were estimated by perturbing the literature host fluxes

with Gaussian errors in a Monte Carlo simulation[6]. The differences between the

median and the 16th and 84th percentile were taken, and the larger of the two was

adopted as the uncertainty in host flux[6]. However, some host errors are particularly

large, e.g. for AT2019lwu the UVW2 magnitude error is 3.262[6]. These large UV

errors arise from lack of GALEX magnitudes which results in poorly constrained

star formation rates and therefore poorly constrained UV uncertainties[6].

Hinkle et al. (2021) [6] Table 5 provided AB magnitudes and equivalent flux

densities of the transients (non-host-subtracted) in different filters and in different

epochs. The host and non-host-subtracted magnitudes m were converted to flux

densities fλ (with units of erg cm−2 s−1 Å−1) using the AB magnitude to flux density

equation [175], adapted for fλ

fλ = (c/λ2) · 108 · 10−0.4(m+48.6), (8)

where c is the speed of light (3 x 1010 cm/s) and λ is the central wavelength of

the filter (Å). The errors were propagated using

∆fλ = log(100.4) exp(− log(100.4)(∆m+ 48.6))
∆mc · 108

λ2
. (9)

Two objects (AT2018cow and AT2019ahk) used different host galaxy magnitudes

than the ones provided in Hinkle et al. (2021) Table 3, instead they used archival

photometry given in Hinkle et al. (2021) Table 2[6]. The same process of converting

to flux densities was also applied to these host magnitudes.



41

4.2 Extinction Correction

Given the extragalactic origins of TDEs, all light from them must first travel through

both their own galaxies, and the Milky Way in order to reach us. This invariably

means that this light becomes red-shifted by dust particles it encounters. Fortu-

nately, the extinction caused by the Milky Way is well-studied, and can be correction

for along different lines of sight[176].

The python package extinction [177], following a Cardelli extinction law [176],

was employed to remove the effects of interstellar extinction via the Milky Way from

the host and non-host subtracted fluxes. This used the extinction coefficients Av

as provided by Hinkle et al. (2021) [6] Table 4. However, this does not account

for extinction from the TDE’s own host, nor intergalactic extinction. Applying an

extinction correction for the host galaxies is not feasible in the same way that it is for

the Milky Way, since they are not well-studied like our own galaxy is. For this reason,

no additional extinction correction was applied, despite the fact that the reality of

the situation demands it. Since I compare the results of my host-subtraction with

Hinkle et al’s (2021)[6] (see section 4.3 for this), it was necessary to follow the same

reduction steps as them, and leave out additional corrections. Fortunately TDEs

are intrinsically blue, and the results reflect this, meaning that the impact of the

reddening that was not corrected for is not so large as to significantly change the

perceived properties of TDEs.

4.3 Performing the Host-Subtraction

The host subtraction was then implemented by subtracting the host fluxes from the

transient’s fluxes for each object in each of the V, B, U, UVW1, UVW2 and UVM2

UVOT filters. These host-subtracted fluxes were then compared to the extinction

and host-corrected fluxes given by Hinkle et al. (2021) Table 6 [6].

During the data processing, it was discovered that the flux densities of four
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Figure 2. Initial lightcurve of AT2018dyk in UVW1 UVOT filter. Calculated flux
densities are in blue and reference flux densities from Hinkle et al. (2021) [6] are in
pink.

objects (AT2017bgt, AT2018dyk, AT2019avd, AT2019qiz) did not agree with the

host-subtracted fluxes as published by Hinkle et al. (2021)[6], as in Fig 2. The values

that I obtained were clearly non-physical as they produced negative flux densities,

and it was evident that there had been an error in the data obtained. After private

correspondence with Jason Hinkle, coauthor of the Hinkle et al. (2021) publication,

to locate the source of the discrepancy, it emerged that Hinkle et al. (2021)[6]

had used different host galaxy magnitudes than the ones provided in their tables.

He provided an updated version of the table for the four objects (see Appendix A

for full table). Once these new host galaxy magnitudes were adopted in the host

subtraction, the lightcurves matched up with the Hinkle et al. (2021) reference

values[6], as in Fig 3.

After the fluxes were corrected for extinction and host subtracted they could be

converted back into magnitudes using the following equation:

m = −2.5log10(
fλλ

2

c · 108
)− 48.6. (10)

The errors for the host-subtracted magnitude were propagated as
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Figure 3. Lightcurve of AT2018dyk in UVW1 UVOT filter, using the host magni-
tudes provided by Jason Hinkle through private correspondence. Calculated values
are in blue, and underneath are Hinkle et al. (2021)’s reference values in pink [6].

∆m =
√︁

(∆mhost)2 + (∆mmeasured)2 (11)

where mhost is the magnitude of the host galaxy, and mmeasured is the non-host-

subtracted magnitude.

For some epochs in the Hinkle et al. (2021) non-host-subtracted data only upper

limits for AB magnitude were available[6]. The Hinkle et al. (2021) reference data

(in Table 6 of that publication) showed yet more upper limits[6]. All the epochs for

which only upper limits were available have also been removed from my sample, so

as to only use well-constrained data.

5 Findings

5.1 Lightcurves

Lightcurves show the evolution of an object’s brightness, and can often be key in

identifying TDEs. Optical and UV lightcurves may be powered by reprocessed X-

rays or by stream-stream collisions. In the UV/optical bands particularly, there is
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some variation as to the luminosity decline rate, and not all events follow the t−5/3

fallback rate[18]. The reason for this is not well-understood since it relies on the

emission mechanism which is unclear and contentious for the UV/optical bands.

Lightcurves using both flux density (Fig 4) and magnitudes (Fig 5) for the 27

events in the sample were plotted in each of the 6 filters. A 20% percentage error

cutoff (in the flux density, and then applied to the magnitudes) was introduced to

remove epochs with large errors. Between the percentage error cutoff, and removing

epochs which only had upper limits of detection, not all events had data to plot. As

such, for the different filters (V,B,U,UVW1,UVW2 and UVM2), only some events

are present in the plots.

We see in Figs 4 and 5 that peak flux density varies a lot between events; with

by far the brightest event in the sample (not taking distance into account) being

AT2018cow which was more than twice as bright as AT2018dyb, the next brightest

event. This is entirely expected, as section 3.2.8 mentioned that AT2018cow was

more luminous than any TDE observed at the time. Of the events in the figure,

AT2018cow also has by far the steepest decline. The brightest events appear to

have the steeper declines such as AT2018dyb, AT2019ahk, and AT2018cow (this is

explored more thoroughly in section 5.4). Meanwhile, the dimmer events such as

AT2016fnl do not appear to exhibit as steep decay rates. This is an observational

phenomenon seen in TDEs, and predicted theoretically, by which brighter TDEs de-

cay faster [6], though there doesn’t seem to be a correlation between peak luminosity

and rise time[1].

Besides AT2018cow’s extremely high flux density and decay rate, the feature that

stands out the most in Figs 4 and 5 are the double-peaks of AT2016ezh’s lightcurve.

This is a well-known feature of the event and is likely a product of viscous time delay

or perhaps a result of reaching the Eddington luminosity [72] (see sections 3.2.13

and 5.7.1 for more discussion on its double-peaked nature).
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Figure 4. U band flux density lightcurves for events in the sample

5.2 Spectral Energy Distribution Fits

For each object with 3 or more filters with data (which were not upper limits)

at each epoch, plots of flux density against wavelength were made. Epochs were

rounded to the nearest day. No percentage error cutoffs were made so as to not dis-

regard precious and finite data. Blackbody distributions were fitted to the data from

each epoch to create spectral energy distribution (SED) fits. SEDs are a method

of observing how energetic a system is and at what wavelengths the peak radia-

tion is expected to populate. From this, blackbody temperature and radius can

be obtained. Blackbody radius is the expected photosphere radius assuming per-

fect spherical dimensions, and isotropic blackbody emission. Meanwhile blackbody

temperature is the temperature that such a system would operate at. However, as

these are fits, and TDEs operating as blackbodies is an assumption, results should

be taken as more of an indication than a certainty.

The blackbosy equation[178], modified for distance, was fitted to the plots at

each epoch to create the SED fits, with the free parameters RBB (blackbody radius)
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Figure 5. U band apparent magnitude lightcurves for events in the sample

and TBB (blackbody temperature):

fλ =
π(RBB

DL
)2(z + 1)4

λ5
obs

2hc2

exp b(z+1)
λobsTBB

− 1
, (12)

where

b =
hc

kB
, (13)

DL is the luminosity distance, z is the redshift, λobs is the wavelength of the band,

h is the Planck constant, c is the speed of light, and kB is the Boltzmann constant.

Redshift z, was provided in Hinkle et al. (2021) Table 4 [6], and the luminosity

distance DL was calculated from z using CosmoCalc provided by UCLA [179].

The fits were performed using the scipy python package curve_fit[180]. The

package uses a non-linear least squares method to fit a given function to data. It has

proved difficult fitting spectral energy distributions to the data. The uncertainties

of many of the objects are large; particularly in the UV bands due to the large

uncertainty in the host measurement. This in turn provides a wide window of

values that the radius and temperature may take. When there are only three or

four wavelengths with data (either due to lack of measurement of all bands during
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Figure 6. SED fits for AT2018zr at many different epochs, overlayed on one graph.
Each epoch is represented in a different colour, with the epoch (in days since peak)
shown in the legend

the epoch or the data available being an upper limit), this provides very little data

for the function to fit, thereby increasing the uncertainty of the fit. Another issue

encountered was that for most of the epochs and events, it was ambiguous as to

whether the data was at the peak or on the tail of the equation. This ambiguity

lead to the two distinct distributions in Fig 6 ; the earlier epochs which the fit

considers to be at the peak of the distribution and at less energetic wavelengths,

and the later epochs which have more energetic fits. Taken at face value, this figure

would imply that the TDE experiences a rebrightening at later times, but since the

temperatures of the energetic fits are considerably higher, and the epochs of the

energetic fits are non-consecutive, this is non-physical. A more likely explanation is

that the energetic fits are a result of having few data points to fit; which tends to

be the case for most of the late time observations which are often without V and

B band data. Another explanation is that the late-time epoch fits are accurately

representing the system, and the earlier epochs are even more energetic than these,

but are too far along the tail for the fit to be able to pick up on this.
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Figure 7. AT2018zr SED fit for 637 days post-peak. The best-fit blackbody radius
at this epoch is 5.35 x 1013 cm and the best-fit blackbody temperature is 53,970 K.

In order to test whether the energetic fits were caused by lack of data or because

they are a better reflection of the true energetic nature of the event, I tested a variety

of fixed temperatures to see how well they could describe these data for the three

AT2018zr datapoints at 637 days post-peak. I compare the initial energetic fit in

Fig 7 with new fits with specified temperatures in Fig 8. The 10,000K and 30,000K

fits are clearly not describing the data. However the higher temperature fits appear

to be good, despite large χ2 values1. This doesn’t offer much insight as to whether

the high energy fits with only 3 data points are in fact that energetic, or if they are

in fact less energetic and are being described by bad fits due to lack of data.

Let us assume momentarily that the original fit in Fig 7 is able to accurately

reflect the energy of the system, and take the temperature at 637 days post-peak to

be 53,970K. Since TDE temperature slowly declines, we would expect the temper-

atures before this epoch to be even greater. To test whether this would be feasible,

I changed the bounds of the SED fits before 637 days to have a minimum tempera-

ture of 54,000K, as in Fig 9. Unsurprisingly, this caused most of the fits to output a
1Throughout this publication, the χ2 values referred to are non-reduced, as the degrees of

freedom needed to truly calculate reduced χ2 are impossible to determine for non-linear fits[181].
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Figure 8. SED fits of AT2018zr at 637 days post-peak with fixed temperatures and
free parameter radii. The values used in the fits, as well as the χ2 of these fits are
shown in the legends.

blackbody temperature of exactly 54,000K. Some were higher, although these were

all fits which had been energetic in the first place. Most of the 54,000K fits appeared

good, for example the 218 days post-peak epoch in Fig 9, is fitting the data to the

tail of the blackbody distribution well. However some epochs, particularly earlier

times such as 16 days post-peak, did not fit the tail so well, since they appear to be

genuinely on a peak. However when we look at the initial fit in Fig 9, we see that

there is a dip in the UVW1 (2580.8 Å) flux, and so it is not described perfectly by

a blackbody distribution.

After these exercises, the validity of the SED fits and the positions of the data

on the tail or peak of a blackbody distribution continues to remain elusive. This

highlights the need for more observations at higher energies in order to detangle
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Figure 9. SED fits for AT2018zr at 16 and 218 days post-peak, shown in orange
and blue respectively. The left hand side shows the initial SED fits with minimum
temperature bounds of 5,000K, and the right shows the fits with minimum temper-
ature bounds of 54,000K.

this dichotomy. Due to the uncertainty in the accuracy of the fits when only three

datapoints are used, data using a three-point SED fit is indicated with an open

symbol henceforth, to show that these data may not be accurate.

5.3 Blackbody Radius, Blackbody Temperature and Bolo-

metric Luminosity

The outputted free parameters from the SED fits, blackbody radius RBB, and black-

body temperature TBB, were plotted over time for different events in the sample. A

liberal 40% percentage error cutoff was introduced for both radius and temperature.

Between some events not having enough data to be able to perform SED fits in the

first place, and the high errors outputted for both temperature and radius, only 21
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of the events had any data to plot.

The bolometric luminosity L was then calculated using the Stefan-Boltzmann

equation:

L = 4πR2
BBσT

4
BB, (14)

where σ is the Stefan-Boltzmann constant[182], and plotted on the same graph. As

the luminosities came from the radii and temperatures, which already had large

errors, a percentage error cutoff was not introduced for the luminosity, as long as

both the corresponding radius and temperature fulfilled the 40% percentage error

criterion.

The general trend, as in Fig 10 is of decreasing radius and luminosity post-

peak. Temperature is generally quite flat, with a slow decrease which is the typical

temperature evolution of a TDE. For some plots, such as the temperature evolution

in Fig 10, large errorbars (often a result of the ambiguity of the SED fits) cause the

evolution to be less clear-cut. However, there are some objects with more exotic

evolutions which are explored further in section 5.5.

5.4 Luminosity Power-Law Fits and Decay Rate

Since TDEs have been found to decline according to a power-law, often at a rate

close to t−5/3, this feature was tested for each of the 18 events which had more than

two post-peak luminosity datapoints. Post-peak bolometric luminosity fits were

performed using:

L = L0(t− t0)
−α, (15)

with L0 (luminosity scale), t0 (time of disruption), and α (luminosity decline power-

law index) as free parameters, and the residuals for the fit calculated, as in Fig 11

and tabulated in Table III. An additional fit where α was not a free parameter,

and was instead 5/3 was also completed for each of the events with sufficient post-

peak data. These are tabulated in Table IV The residuals for these fits were also
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Figure 10. blackbody radius (teal) and temperature (purple) evolution as outputted
by the SED fits for AT2018dyb. Bolometric luminosity evolution (pink) as calculated
from the blackbody temperatures and radii.
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Table II. Table detailing the interpolated values of blackbody radius, blackbody tem-
perature and bolometric luminosity at peak. AT2018hyz and AT2018cow, marked
with * symbols, were not measured at peak, but at 3 and 2 days post-peak respec-
tively.

Object Name Peak RBB(cm) Peak TBB (K) Peak Lpeak (erg/s)

AT2018dyb (7.03 ± 0.49) x 1014 24875 ± 1549 (1.34 ± 0.35) x 1044

AT2018hyz* (11.39 ± 0.44) x 1014 19653 ± 495 (1.38 ± 0.18) x1044

AT2019ahk (13.27 ± 0.50) x 1014 16886 ± 373 (1.02 ± 0.12) x 1044

AT2019azh (6.80 ± 0.72) x 1014 27748 ± 2975 (1.95 ± 1.05) x 1044

AT2018cow* (7.50 ± 0.42) x 1014 32352 ± 1905 (4.39 ± 1.14) x 1044

AT2016fnl (1.73 ± 0.19) x 1014 34029 ± 3393 (2.84 ± 1.31) x 1043

AT2019fdr (44.21 ± 5.74) x 1014 13979 ± 841 (5.29 ± 1.85) x 1044

AT2019pev (14.66 ± 1.58) x 1014 19421 ± 1250 (2.20 ± 0.81) x 1044

AT2019qiz (4.49 ± 0.35) x 1014 21972 ± 1239 (3.34 ± 0.94) x 1043

AT2016ezh (62.22 ± 4.37) x 1014 9940 ± 280 (2.69 ± 0.49) x 1043

calculated, as seen in Fig 11. For both sets of residuals, the mean and median of

the residuals was also computed, and tabulated in Tables III and IV.

There were several power-law fits performed on AT2016ezh due to its two peaks.

The first was performed on all data post-peak, which was evidently not a good fit

given its unconventional lightcurve. For this fit, the α value obtained was 0.49 ±

2.10. The second fit performed was on the second half of the first peak, but with

only 6 datapoints gave an unhelpful result of α = 1.70 ± 32.63. The third and final

fit was performed from the second peak onwards, which gave a rather low α value

of 0.44 ± 0.71.

Unfortunately, most of the fitted alpha values have large errors, so it’s difficult

to say truly how close they are to the expected TDE fallback rate of t−5/3. However

for most of the 18 events, the α=5/3 fit, is a good one despite the fitted α value not

always being close to 5/3. For some events, the median of the residuals is actually
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Figure 11. Post-peak bolometric luminosity for AT2019fdr, fitted with a power-law,
with the power-law index α as a free parameter (top left) and with α = 5/3 (top
right). Respective residuals for these fits are given in the bottom panels. The open
marker indicates that the SED fit from which the bolometric luminosity was derived
only used 3 datapoints, and therefore may not be the most accurate reflection of the
system at that time.

lower in the α=5/3 fits than the free α fits. Most of these events do seem to be able

to be described by a t−5/3 fallback rate, even if the α value fitted is not always close,

which indicates that fallback emission could well be powering the lightcurve.

There were 8 events with both pre and post-peak RBB, TBB, and L data. To

estimate the values of these at peak, linear interpolation was performed between

the final pre-peak and first post-peak datapoints. The uncertainty in inferred peak

luminosity Lpeak is given by

∆Lpeak =

√︄
−t1

t2 − t1

2

∆L2
2 + (

t1
t2 − t1

)2∆L2
1 +∆L2

1, (16)

where t1 and L1 are the final epoch and luminosity pre-peak respectively, and t2 and

L2 are the first epoch and luminosity post-peak. There were an additional 2 events,

(AT2018hyz and AT2018cow) which had their first datapoints a few days after the
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Table IV. Table detailing goodness of fit for the post-peak bolometric luminosity fits
with fixed α = 5/3

Object Name χ2 Residuals Mean Residuals Median

AT2017bgt 17.38 3.66x 1043 3.74 x 1043

AT2018zf 11.49 7.15x 1041 1.14 x 1042

AT2018dyb 8.25 7.14x 1042 8.62 x 1042

AT2018fyk 6.63 1.89x 1043 2.63 x 1043

AT2018hyz 8.50 2.15x 1042 2.10 x 1042

AT2019ahk 0.08 -1.24x 1040 -3.37 x 1041

AT2019azh 3.14 6.18x 1042 5.42 x 1042

AT2018cow 54.16 1.76 x 1043 -5.68 x 1040

AT2018hco 0.60 2.10 x 1042 2.95 x 1042

AT2016fnl 1.66 9.20 x 1042 2.04 x 1042

OGLE16aaa 0.09 -7.47 x 1041 4.05 x 1041

AT2018zr 4.96 2.83x 1042 9.43 x 1041

AT2018dyk 0.09 4.07 x 1041 -7.06 x 1040

AT2019avd 22.72 4.27 x 1042 4.53 x 1042

AT2019fdr 0.82 1.23 x 1042 6.04 x 1042

AT2019pev 5.44 2.46 x 1042 -1.74 x 1042

AT2019qiz 2.02 4.89 x 1040 6.70 x 1040

AT2016ezh 161 1.64 x 1043 2.91 x 1043

peak (3 days and 2 days respectively). These datapoints are being considered as if

they were peak values, but they are indicated with open markers from now on to

show that these are not accurate peak data. However, it is a good estimate; the

calculated bolometric luminosity for AT2018cow at 2 days post-peak was 4.39 x 1044

± 1.14 x 1044 erg/s, which is consistent with the literature peak value of ∼ 4 x 1044

[118], as detailed in section 3.2.8. These peak RBB, TBB and L data (Lpeak) are all
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Figure 12. Fitted luminosity decline power-law index α against interpolated values
of R at peak. The dashed line is at α = 5/3, corresponding to mass fallback in TDEs,
and the expected luminosity decline power-law index of a TDE. The open markers
of AT2018hyz and AT2018cow indicate that these radii were measured post-peak,
at 3 and 2 days respectively.

Figure 13. Fitted values of α against the interpolated bolometric luminosity at
peak. The open markers of AT2018hyz and AT2018cow indicate the measurements
were done post-peak (3 and 2 days respectively). The grey dashed-line represents
the expected luminosity decline power-law index for a TDE, α = 5/3.
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Figure 14. L̃40 (given by eq 17) against log10(Lpeak) for 8 TDEs in the sample.
In black is the likely repeating PTDE ASASSN-14ko at the peaks of its outbursts
(some in V filters, g filters and the TESS filter), obtained via Payne et al. (2021)
[77]. The grey dashed line indicates the best-fit luminosity decline rate obtained via
Hinkle et al. (2021) [6] and given in Eq 20, with the lighter grey bands indicating
the uncertainty in this fit.

tabulated in Table II.

Table V. Table of calculated L̃40 values for events with both peak bolometric lumi-
nosities, and luminosities past 40 days post-peak.

Object Name L̃40 ∆L̃40

AT2018hyz -0.466 0.056

AT2018dyb -0.157 0.160

AT2019ahk -0.338 0.064

AT2019azh -0.156 0.250

AT2016fnl -1.177 0.468

AT2019fdr -0.109 0.446

AT2019qiz -0.830 0.117

AT2016ezh -0.062 0.080

Of these 9 events (excluding AT2016ezh since the α obtained was not a good

fit due to its double peaks) with calculated or estimated peak values, there doesn’t
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appear to be a relation between α and radius at peak in Fig 12. However the

errorbars associated with α are very large in some cases, so this must be taken with

some scepticism. In this figure, AT2019fdr stands out as having a blackbody radius

of more than double the next largest event. TDEs do exhibit variation in their

properties such as luminosity, blackbody radius, and blackbody temperature and

decline rate, so this is somewhat expected. This is a result of different types, sizes,

and masses of stars being disrupted by different mass black holes. TDEs generally

have blackbody radii of ∼ 1015 cm [23]. AT2019fdr also has a larger uncertainty in

R compared to the others which was due to the somewhat poor quality of the SED

fits for this event.

There are 2 events in Fig 12 which were classified as phenomena other than TDEs,

and they appear distinct from the classified TDEs. The first is AT2019pev which

was classified as an AGN flare, and has a luminosity decline power-law index α much

closer to 0 than the other objects, meaning its luminosity was slow to decay. Since

AGNs outbursts do not dim in accordance with a power-law, they are not expected

to be well described by the traditional t−5/3 decline rate for TDEs. In both Fig

12 and Fig 13 we see that AT2019pev occupies both a similar blackbody radius,

and bolometric luminosity as most of the remaining TDEs in the sample. Based on

this, as well as by definition being located in the nucleus, it would be impossible

to distinguish it from a TDE. Fortunately AGN flares may be distinguishable from

TDEs in several ways; they tend to exhibit harder X-rays than TDEs, are generally

more variable in their luminosity and more prone to rebrightening [86].

The second likely non-TDE event in Figs 12 and 13 is AT2018cow, classified as

a FBOT, a rare and little-understood class of transient. It has the luminosity de-

cline power-law index α value furthest from 0 which is expected since section 3.2.8

discussed how AT2018cow’s speedy luminosity decay was almost unheard of. In

Fig 12 we see that AT2018cow has a blackbody radius at peak very similar to the

TDEs in the sample. However, in Fig 13 we are able to see AT2018cow occupies a
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more distinct α-bolometric luminosity space. Its peak bolometric luminosity is not

the greatest in the sample; that is won by AT2019fdr, though there is considerable

cross-over in their L errors. At the time of AT2018cow’s discovery its unprece-

dented brightness was considered evidence against a potential TDE classification.

AT2019fdr’s subsequent discovery and likely TDE classification lends credence to

the proposal that AT2018cow could be a TDE. However it is also worth remember-

ing that AT2018cow had a peak blackbody temperature 3 times greater than that

of AT2019fdr (see Table II), and a blackbody radius of less than 1/6 of AT2019fdr’s,

meaning that these systems must be very physically distinct and not comparable.

Figure 13 doesn’t appear to show a relation between luminosity decline power-

law index α and peak bolometric luminosity. This is not entirely surprising given

the large error bars associated with the α values, but one would generally expect to

see brighter TDEs decaying more rapidly, since this is a noted trend [6]. A better

comparison of decay rate in this case is of L̃40, given by

L̃40 = log10(L40/Lpeak), (17)

where L40 is the bolometric luminosity at 40 days post-peak and Lpeak is the

peak bolometric luminosity[6]. The bolometric luminosity at 40 days was obtained

via linear interpolation for all events, with the exceptions of AT2016fnl which had

a bolometric luminosity reading at 40 days, and AT2019ahk which did not have

bololmetric luminosity data after 37 days, so the luminosity at 37 days was taken

instead. The uncertainty in L40 is given by

∆L40 =

√︃
(
40− t1
t2 − t1

)2∆L2
2 + (

t1 − 40

t2 − t1
)2∆L2

1 +∆L2
1, (18)

where t1 and L1 are the final epoch and bolometric luminosity respectively before

40 days, and t2 and L2 are first the epoch and luminosity after 40 days. Meanwhile

uncertainty in L̃40 is given by
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∆L̃40 =

√︄
1

(L40log(10)∆L40)2
+

1

(Lpeaklog(10)∆Lpeak)2
. (19)

This L̃40 quantity was used in Hinkle at al. (2021) to compare decay rates, and

they obtained the following best-fit TDE relation for peak bolometric luminosity

against L̃40,

log10(Lpeak/(ergs
−1)) = (44+0.1

−0.1) + (1.5+0.3
−0.2)(L̃40 + 0.5)[6]. (20)

In Figure 14 I compare TDEs with both peak luminosities and luminosities at

epochs of 40 days post-peak with the relation given in Eq 20. The L̃40 values

obtained are given in Table V. We now see in Figure 14 that the TDEs in the

sample do indeed have a faster decline rate when the peak bolometric luminosity is

greater. The TDEs generally follow the relation given by Eq 20, shown in grey in

the figure, which is to be expected since all the TDEs in Fig 14 with the exceptions

of AT2019fdr and AT2016ezh were included in the 21 TDEs used by them to obtain

this relation [6]. However, it is worth noting, as I explore in section 5.7, that some

of the events used in obtaining the relation in Eq 20 may in fact be PTDEs, which

decline more rapidly. If this were the case, a relation for solely TTDEs, would be

shifted towards the upper left in Fig 14.

AT2016fnl may decay more rapidly for its luminosity in Fig 14, which is con-

sistent with discussions in the literature in which it is noted for its fast but dim

properties[26]. Though since this event has large ∆L̃40, I cannot make a definitive

statement. This seemingly rapid decline is of note, as it shows that not all dim

TDEs decay slowly, and there may be a population of fast-decaying dim TDEs that

are being missed due to their lower luminosities[26].

Meanwhile, the rest of the TDEs in Fig 14 have a decline rate as expected given

Eq 20, with the exceptions of AT2019azh and AT2018dyb which have slightly slower

decays.
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Interestingly, there are several events with low fitted luminosity decline power-law

index α values. Of these, AT2018dyk, AT2019avd and AT2019pev, can be explained

by their status as AGN- derived activity detailed in sections 3.2.16, 3.2.18 and

3.2.23. There are five other events which also have α values considerably lower than

the expected t−5/3 decline rate; three confirmed TDEs (OGLE16aaa, AT2018fyk

and AT2018zr) and a further two TDE candidates (AT2018zf and AT2017bgt). Of

these, OGLE16aaa, AT2018zf, and AT2017bgt have values which are consistent

with a t−5/12 decline rate (α = 0.3226 ± 0.16, α = 0.5588 ± 0.2325 and α =

0.8214 ± 0.7353 respectively ), which is expected for disk-dominated emission[32].

Meanwhile AT2018fyk and AT2018zr have slightly higher decline rates, but still less

than the expected rate for mass fallback (α = 0.756 ± 0.2763 and α = 0.5166 ±

0.06132 respectively), indicating that both mass fallback and disk emission may be

contributing to their decline rates.

5.5 Colour Indices

The extinction-corrected and host-subtracted magnitudes were used to calculate

the colour indices B-V, U-B and UVW2-UVW1, as in Fig 15. TDEs typically have

blue colours in early phases[1], so colour indices can be evaluated to discover if a

candidate is consistent with what is known of TDE colour. Indeed, Fig 15 does

show blue events for the most part. Colour evolution can indicate changes in the

temperature, with bluer light corresponding to hotter systems, so it is useful to

compare colour and temperature evolution.

There was some variation in which epochs different filters had data for, for each

of the various events. In order to calculate the colour indices, linear interpolation

had to be used between 2 existing nearby epochs to calculate synthetic flux values

at the same epoch as the other filter. This once again uses a 20% percentage error

cutoff in the flux densities. These fluxes were then converted into magnitudes, and
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Figure 15. B-V (teal), U-B (pink) and UVW2-UVW1 (purple) colour indices for the
events AT2017bgt, AT2018zf, AT2018dyb, AT2018fyk and AT2018hyz. The TDE
AT2018fyk does not have any B−V colour indices shown due to no data remaining
after the 20% percentage error cut introduced in the flux density.

the magnitudes of the different bands were subtracted from each other at each epoch

in order to obtain B-V, U-B and UVW2-UVW1 colour indices. Colour evolution

plots for five events are shown in Fig 15.

Many of the objects have have good data in the UVW2 and UVW1 filters, but

very large host magnitude errors due Hinkle et al. (2021)’s [6] synthetic host galaxy

error calculations. For example, for AT2019lwu the host magnitude in the UVW2

band was 24.460 ± 3.262. These errors have been propagated into the UVW2-
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Figure 16. B-V, U-B and UVW2-UVW1 colour indices for AT2018hyz, compared
to blackbody temperature evolution

UVW1 colour indices causing very large uncertainties, even despite the 20% flux

density error cut.

Many of the events in the sample have relatively flat colour evolution, another

hallmark of TDEs. There are a few exceptions to this; we see in Figs 15 that

AT2018hyz is steadily getting bluer in the UVW2-UVW1. It is hard to say whether

this is also reflected in the B-V and U-B indices as these don’t have as many epochs

with good data as the UVW2-UVW1 colour index. Meanwhile, the temperature in
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Fig 16 initially decreases, evolving from ∼ 20,000K at peak, to ∼ 16,000K at 17

days post-peak, and then increasing again. This temperature evolution has been

noted by Gomez et al. (2020) as a likely result of a contracting photosphere as the

accretion rate decreases, due to opaque radiatively driven winds releasing photons at

large radii [88][32]. The evolution is also consistent with a PTDE; in which we would

expect temperature to fall post-peak as the emission from circularisation drops, and

have a second rise corresponding to the the accretion emission becoming dominant.

This scenario is further explored in section 5.7.3.

Figure 17. Flux density lightcurves of AT2018zf in UVW2, UVM2, UVW1, U, B
and V filters. Mean error is shown in orange in the top right hand corner.

We see that for AT2018zf in Figs 15 and 18 there is a sudden reddening in

UVW2-UVW1 at 184 days post-peak. This corresponds to a dip in the lightcurves

(as in Fig 17), which is most pronounced in the UVW2 and UVM2 bands, while it

is smaller in the UVW1, U and B filters and unnoticeable in the V band. While

this increase is not evident in the B-V or U-B indices, there is an additional dip at

205 days post-peak in the B-V colour. This corresponds to a small decrease in flux

density seen in certain bands (V, U, UVW1, UVW2) while it is a small increase in

other bands (UVM2 and B). This dimming and reddening is also consistent with the

blackbody temperature decrease measured as this time, noticeable in Fig 18. This
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Figure 18. B-V, U-B and UVW2-UVW1 colour indices for AT2018zf, compared to
blackbody temperature evolution

event was noted by Hinkle et al. (2022) for its variability, a feature of AGN activity

[86], which would explain the colour and blackbody temperature evolution.

AT2019ahk also has interesting colour evolution; There are three distinct colour

evolution gradients seen in Fig 19, corresponding to 32 days pre-peak up to 19

days pre-peak, 19 days pre-peak to 15 days post-peak, and finally from 15 days

onwards. This is consistent with the luminosity and temperature bump at 32 days

pre-peak discussed in section 3.2.6. The three phases of colour evolution are also
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Figure 19. B-V, U-B and UVW2-UVW1 colour indices for AT2019ahk, compared
to blackbody temperature evolution

consistent with the temperature evolution seen in Fig 19, of initial rapid cooling,

followed by a fairly flat temperature, and then further cooling. Since AT2019ahk

is one of the best-studied TDEs pre-peak, it is difficult to say whether its early

rapid cooling is typical of TDEs or not, though early-time cooling has also been

observed in ASASSN-14ae and AT2019qiz (further explored below)[40]. Hung et

al. (2021) postulate that the initial cooling in these events could be a result of

photon trapping[40], in which most of the matter from the disrupted star forms an
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optically thick, expanding outflow which encompasses the black hole, and suppresses

emission [35]. The gas cannot cool radiatively, causing high temperatures[35]. It

is only when the trapped photons reach a radius at which the time for photon

diffusion is less than the outflow expansion time, that the photons can radiatively

diffuse and the ejecta can cool.[35] After a period of rapid cooling, such as the

one observed for AT2019ahk, the temperature then flattens, causing the relatively

steady temperatures generally associated with TDEs. Photon trapping would cause

the lightcurve to track a more shallow decline at early times than t−5/3 which is

associated with mass fallback. With only 6 post-peak bolometric luminosity data

points to fit, the luminosity decline power-law index obtained for AT2019ahk was

not well constrained, with a value of α = 2.158 ± 2.330. With such large errorbars,

and a lack of Swift data in the days following the peak, this is an inconclusive piece of

evidence as to whether freshly un-trapped photons are in fact driving AT2019ahk’s

initial cooling. However, more early-time TDE observations are needed in order to

understand whether the behaviour of AT2019ahk is common.

In Fig 20 AT2018cow’s colour evolution is initially flat, but at ∼ 5 days post-peak

the UVW2-UVW1 colour index starts to increase, meanwhile at 10 days post-peak

the U-B colour starts decreasing. The decrease in U-B and temperature is expected

since AT2018cow becoming bluer over time was discussed in section 3.2.8. However,

the UVW2-UVW1 index is becoming redder. This would imply that there are two

distinct mechanisms occurring simultaneously. One, the driving mechanism of the U

and B band light, is heating up. Meanwhile the driving mechanism of the UVW1 and

UVW2 bands of light is cooling, which is the dominant process since the blackbody

temperature continues to cool until around 30 days post-peak. This is corroborated

by the lightcurves of AT2018cow in which the UVW1 and UVW2 fluxes are an

order of one greater than the U and B. (See Appendix B for this lightcurve, as

well as black body radius, black body temperature and colour evolutions of the

rest of the events, and luminosity power-law fits.) After 30 days, there looks to be
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Figure 20. B-V, U-B and UVW2-UVW1 colour indices for AT2018cow, compared
to blackbody temperature evolution.

a slight increase in blackbody temperature, though it may be a plateau since the

uncertainties in temperature at these epochs are higher. These distinct components

may be a reflection of the two main theories on the source of UV/optical light in

TDEs; one component may derive primarily from X-ray reprocessing, while the other

may be predominantly a result of stream-stream collisions. Though, for the reasons

detailed in section 3.2.8 , the reader is reminded that AT2018cow’s status as a TDE

candidate is tenuous.
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Figure 21. B-V, U-B and UVW2-UVW1 colour indices for AT2016fnl (top) and
blackbody temperature evolution of the event (bottom).

Both the colour, and temperature evolution of iPTF16fnl in Fig 21 are initially

flat. There appears to be a temperature increase at 10 days, and at 14 days post-

peak the temperature starts to decrease, meanwhile at ∼ 22 days post-peak the

colour starts to redden. There is a small dip in the UVW2-UVW1 colour at 22 days

post-peak, which corresponds to a small bump in the UVW2 lightcurve at this time.

In the literature for this event, there is tension as to its blackbody temperature and

its evolution; Blagorodnova et al. (2017) put it as a non-evolving temperature of
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19,000 ± 2,000K [26], while Brown et al. (2018) put it as ≳ 30,000 K and note a

little a small change in temperature within the first 30 days [105]. This discord is

driven by the different UV host galaxy fluxes taken by the respective authors during

the host subtraction data reductions. My results favour Brown et al (2018)’s version

[105]; the temperatures are high and there appears to be an increase in temperature

at around 10 days (though this is not reflected in the colour evolution, and the

uncertainty in the temperature is particularly large at this time), followed by a

decrease which is accompanied by a reddening of the UVW2-UVW1 colour at the

same time. The temperature and colour evolution of AT2016fnl may be consistent

with a PTDE scenario as postulated by Blagorodnova et al. (2017) [26]. PTDEs are

expected to have two-phase emission mechanisms and when the second mechanism

(accretion) starts to dominate, temperature rises correspondingly, and then cools

again once the strength of the emission lessens. A PTDE explanation is further

explored in section 21.

AT2018zr exhibited a UV re-brightening at ∼ 50 days post-peak. This was co-

incident with the UVW2-UVW1 colour becoming bluer and the temperature rising.

At early times AT2018zr may not have been blue, the opposite of what is expected

in a TDE, however this may just be due to large errorbars. van Velzen et al. (2019)

speculate that AT2018zr had both a low and high temperature component, the hot-

ter of which became more prominent over time as the cooler one faded, giving rise

to the observed increases in blackbody temperature and luminosity[93]. This is sup-

ported by evidence of blue excess at early times [93]. The evolution of AT2018zr

is reminiscent of a PTDE in that a second emission mechanism becomes dominant

at a later time, corresponding to a rebrightening and temperature increase. This

possibility is further explored in section 5.7.6.

We see in Fig 23 that AT2019qiz started to rapidly cool after peak, by ∼ 10,000K

over a period of 32 days. After this initial cooling, the temperature starts picks up

again, though there is an additional dip from 51 days - 84 days. While the UVW2-
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Figure 22. B-V, U-B and UVW2-UVW1 colour indices for AT2018zr

UVW1 colour evolution does initially track that of the temperature evolution, be-

coming bluer in the fist few days as the temperature initially increases, and redder as

the temperature decreases, it continues to steadily redden, even as the temperature

decrease ceases. Hung et al. (2021) note that the initial temperature decline is con-

sistent with the effects of photon trapping [40][35]. However, they do not observe a

second temperature dip[40]. Notably, this different temperature evolution I observe

does not appear to be a result of difficulty in fitting late-time data with SEDs, since

this event did not have any much higher energy SED fits. Photon trapping would
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Figure 23. B-V, U-B and UVW2-UVW1 colour indices AT2019qiz

cause a flatter luminosity evolution at early times than the t−5/3 expected which

corresponds to mass fallback [35].[40] This is not observed in AT2019qiz, which has

a luminosity decline power-law index α value of 1.904 ± 0.2018, and is well described

by the α = 5/3 fit, even at early times.

5.6 Black Hole and Disrupted Star’s Mass

Ryu et al’s (2020) TDE mass inference software [183] was implemented to infer

the disrupted star and black hole masses of 10 events. After inputting the observed



74

Figure 24. Graph of possible black hole and star masses for AT2019azh. Pink
denotes the range that the black hole mass can occupy, given the input parameters
and purple indicates the same for the star’s mass. The green intersection is the
range of masses which would correspond to a tidal disruption event, given the input
values.

Figure 25. Inferred black hole and disrupted star masses for 9 events. The open
markers denote that the inputted luminosities and temperatures were from post-peak
data, so there is additional uncertainty in these data. A square marker indicates that
the event has been spectrally classified as TDE-H+He, a circle indicates a TDE-H
classification, and a cross indicates that the event has not been classified as a TDE.
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Figure 26. Black hole masses inferred by other means in the literature against those
inferred via Ryu et al (2020)’s TDE mass inference software[183]. The grey dashed
line indicates where they would be equal. AT2018hyz and AT2018cow are shown
as open markers as the software used post-peak values, rather than peak values.
Literature black hole masses were obtained via [90], [87] , [184], [29], [118], [140],
[185] [26], [40], [142] and [185].

values of blackbody temperature at peak and Lpeak (given in Table II, the programme

solves the following equations for black hole mass MBH,6 (in units of 106 M⊙) and

disrupted star’s mass M∗ (with units M⊙),

TBB = (
Lpeak

σ∆Ωc21a
2
0

)1/4 = 2.3 · 104(∆Ω/2π)−1/4c
−3/4
1 ·M−3/8

BH,6Ξ
9/8(K)[183] (21)

and

∆v = (2∆E/c1)
1/2 = 6400M

1/6
BH,6M

−1/9
∗ c

−1/2
1 Ξ1/2(kms−1)[183] (22)

where σ is the Stefan–Boltzmann constant, ∆v is the characteristic orbital speed

of accretion flow, ∆E is the width of the debris’ specific energy distribution and a0

and Ξ are given by:

a0 = GMBH/∆E[183] (23)
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Figure 27. Luminosity index α against black hole mass for 8 different events, with a
straight line (grey) indicating the fallback rate for a TDE at α=5/3. Spectral type
is indicated by square (TDE-H+He) or circle (TDE-H), while the events without
TDE classification are indicated with a cross. AT2016ezh has been ommitted since
it didn’t follow the typical TDE decline on account of its two peaks.

Ξ = ∆E/∆ϵ[183]. (24)

c1 ·a0 is the distance from the black hole where a significant amount of energy has

been dissipated by shocks, and ∆Ω is the solid angle, corresponding to an emitting

region with an effective surface area of ∆Ω(c1a0)
2. The parameters c1 and ∆Ω are

not well understood and have been set to 1 and 2 respectively, as advised by Ryu et

al. (2020)’s [183] guide to the software. This will cause an unknowable uncertainty

in the outputted parameters, since we cannot know how large the effect of this

assumption will be.

MBH is obtained by the software from:

MBH = 0.5(TBB/10
4)−8/3(∆Ω/2)−2/3c−2

1 Ξ(MBH ,M∗)
3m∗ =

5(Lpeak/10
44)9/4(TBB/10

4.5)−1(∆Ω/2)−1/4c
3/2
1 Ξ(MBH ,M∗)

−9/2 [183] (25)
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The software is based on the assumptions that UV/optical light follows a black-

body distribution and that this light arises from shocks close to the apocentre of

the orbital debris, rather than subscribing to the X-ray reprocessing model [183]. It

assumes that there is indeed a strong relation between black hole mass and peak

luminosity, which is the case theoretically, but the observational evidence for this is

uncertain[1]. It also assumes total disruption.

Once TBB and Lpeak have been inputted, the software considered the range of BH

and star masses would be possible, and the output given was the range of masses

where they could coexist in a physically possible way (see Fig 24 for an illustration

of this process). The default model bounds were 0.1-20 M⊙ for M∗ and (0.1 - 50.0) x

106 M⊙ for MBH . However, this only corresponded to SMBHs, while AT2018cow has

been postulated to accompany an IMBH. So the lower MBH bound was decreased

by an order of 1 to account for this possibility.

Inferred black hole mass and star mass were successfully found for nine of the

events, as tabulated in Table VI and plotted in Fig 25. All of these black hole

masses correspond to supermassive black holes, meanwhile there are a range of

stellar masses. However, no result could be found for AT2019fdr, as the range of

possible black hole masses did not correspond in a physically realistic way to the

range of possible star masses.

I compare the mass estimates obtained with those in the literature in Fig 26.

Where multiple literature values exist, I indicate the range between these values.

There is generally good agreement between the black hole masses inferred via Ryu

et al. (2020)’s methods [183] and the literature values for black hole mass. This

is perhaps a little surprising given the assumptions made, and the fact that the

inference required only temperature and bolometric luminosity at peak. The fact

that this method is able to capture black hole mass well in most cases shows that

the model of shocks powering the UV/optical lightcurves is describing the ener-

gies of TDEs well, and is evidence supporting the shock origin of the UV/optical
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component.

For AT2019ahk, there were 3 literature estimates, which are not all in agreement

with each other. The inferred mass I obtain for AT2019ahk is in agreement with

van Velzen et al. (2019) who estimated a black hole mass of < 4 x 106 M⊙ based

on velocity dispersion [142], but not in agreement with Liu et al. (2021) or Hinkle

et al. (2021) who between them estimated a black hole mass range of (1.1 - 3.6)

x 107 M⊙ based on the stellar mass-black hole relation for the galaxy[90], and the

bulge mass-bulge mass relation respectively[184]. It is not surprising that Liu et al.

(2021)’s and Hinkle et al. (2021)’s estimates are consistent with each other since

they both rely on stellar mass of the galaxy. However, it is intriguing that the four

methods of mass inference used produce two distinct results.

The inferred mass value for AT2016ezh was not consistent with the literature

value. This is likely because the host was an AGN galaxy, and it is thought that

TDEs in these galaxies have more efficient luminosities as a result of the extra

material available to interact with. Since the luminosity is greater than TDEs cor-

responding to similar mass black holes, the model assumes a larger mass black hole

than actuality.

Interestingly, the black hole supposedly corresponding to AT2018cow was in-

ferred to be a SMBH. This is not at all in accordance with the literature values.

As discussed, this event could only be a TDE if it corresponds to an intermediate

mass black hole, and Perley et al (2018)’s simulations put the black hole mass as 1.5

x 104M⊙ (following Guillochon & Ramirez-Ruiz (2013)’s simulations[31]) or 1.9 x

104M⊙ (with the MOSFiT model[186]), and a star mass of 0.6 M⊙ using the MOS-

FiT model[118]. Meanwhile the values I have obtained using Ryu et al. (2020)’s

method [183] puts both the black hole mass and star’s mass as an order of 2 greater

than Perley at al. (2018)’s. These values should not be physical for reasons already

discussed in section 3.2.8 which, given the good general agreement in Fig 26, is

more likely an indication that AT2018cow is not a TDE, than that the model used
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is lacking. However, it could be that the emission mechanism is different in different

events, and that Ryu et al. (2020)’s model [183] is only successful in reflecting events

which were powered by shocks.

Since Ryu et al. (2020)’s [183] method of mass inference is generally in good

agreement with the literature, the fact that no black hole mass was able to be ob-

tained for AT2019fdr, indicates that the event is not a TDE. It could be that since

AT2019fdr resides in a NLSy1 galaxy, it was able to obtain a higher luminosity due

to the increased efficiency in AGN galaxies, which may explain the unprecedented

brightness of the event, and why the TDE mass inference software[183] was un-

able to pick up on its TDE-origin. However, AT2019fdr is not a confirmed TDE, and

could also be a result of AGN activity. The best fit luminosity decline power-law

index α I obtain has a large uncertainty, so it is ambiguous as to whether the best

fit α value indicates TDE-origin or not. However, the post-peak bolometric lumi-

nosity fit where α was a fixed value of 5/3 was a good fit, with a χ2 value of 0.82,

showing its decline was consistent with a TDE. Additionally, the L̃40 value obtained

for AT2019fdr, is consistent with the expected decline of a TDE by 40 days given by

Eq 20. While it remains ambiguous as to whether AT2019fdr is a TDE or a result

of AGN activity, given the decline and the similarities between AT2019fdr and two

other TDEs which were the likely source of neutrino detection, I tentatively agree

with the TDE-classification by Frederick et al. (2021) [140] of a TDE, and put the

lack of inferred black hole mass down to its AGN host origin.

Surprisingly, the inferred black hole for AT2019pev, which was not a TDE but

AGN activity, was consistent with the literature value. This indicates that this

method should not be used as a form of TDE classification, and traditional methods

such as spectra and luminosity decline power-law indices should be adhered to in

order to classify TDEs.

The success of this method in inferring black hole masses shows that luminosity

is dependent on black hole mass, where previously, observation evidence has been
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Table VI. Table of outputted black hole and stars’ masses using Ryu et al’s (2020)
TDE mass inference software [183]

Object Name MBH (M⊙) ∆MBH (M⊙) M∗ (M⊙) ∆M∗ (M⊙)

AT2018hyz 5.1 ·106 0.22 2.7 - 0.78/+ 1.00

AT2018dyb 3.1 ·106 - 1.0/+ 0.53 1.6 - 0.52/+ 1.4

AT2019ahk 6.8 ·106 - 0.44/+ 0.24 1.9 - 0.41/+ 0.59

AT2019azh 2.6 ·106 - 0.74/+ 0.40 2.9 - 1.7/+ 3.9

AT2018cow 1.9 ·106 - 0.21/+ 0.24 14 - 7.4/+ 6.4

AT2016fnl 1.7 ·106 - 0.51/+ 0.39 4.6 - 3.4/+ 8.4

AT2019pev 5.2 ·106 - 0.58/+ 0.67 7.9 - 5.4/+ 10.0

AT2019qiz 1.1 ·106 - 0.43/+0.59 0.65 -0.14/+0.11

AT2016ezh 9.2 -2.3/+2.5 0.86 -0.1/+0.11

unclear on this matter[187]. This is particularly encouraging, since one of the main

goals of TDE-astronomy is to use TDEs to probe properties of black holes, and their

surrounding environments.

Figures 25 and 27 split the 8 remaining events into spectral class, with a seem-

ingly clear divide between TDE-H+He and TDE-H classes with TDE-H+He favour-

ing smaller black hole masses. However, of course, with only 9 and 8 datapoints

respectively, this cannot be taken for granted. There doesn’t appear to be a relation

between luminosity decline power-law index α and inferred black hole mass in Fig

5.6, however once again with only a handful of datapoints and large α errorbars,

this isn’t a particularly meaningful observation.

5.7 PTDE Candidates

There are several events with a decline rate consistent with that of a partially dis-

rupted star which is expected to decline with a rate of ∼ t−9/4[75], though in the first

few months post-peak, may be as steep as t−4[31]. The events with best fit luminosity
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Table VII. Table of post-peak power law luminosity fits for α = 9/4, the expected
decline rate for a PTDE

Object Name χ2 Residuals Mean Residuals Median

AT2018dyb 9.63 1.05 · 1043 1.19 · 1043

AT2019ahk 1.12 3.71 · 1041 1.57 · 1042

AT2019azh 33.54 3.50 · 1043 4.87 · 1043

AT2018cow 10.82 -5.60 · 1041 -1.85 · 1041

AT2016fnl 1.41 8.84 · 1042 1.22 · 1042

AT2019fdr 13.41 8.24 · 1043 1.33 · 1043

AT2019qiz 2.05 1.50 · 1041 1.14 · 1041

AT2018hyz 18.53 3.59 · 1042 3.45 · 1042

AT2018hco 14.91 3.73 · 1043 4.02 · 1043

AT2018dyk 1.97 6.77 · 1042 6.77 · 1042

AT2018fyk 13.93 3.03 · 1043 3.70 · 1043

AT2018zr 11.84 6.08 · 1042 5.43 · 1042
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decline power-law index α values consistent with 9/4 are AT2018dyb, AT2019ahk,

AT2019azh, AT2018hco, AT2016fnl, AT2018dyk, AT2019fdr and AT2018cow. Of

these, AT2018dyk can be ruled out as a PTDE since it has been attributed to a

’changing-look’ AGN, rather than a TDE. However, most of these events have large

α uncertainties which does not make this observation particularly meaningful. In

order to further test their consistencies with a PTDE scenario, additional post-peak

bolometric luminosity power-law fits were made for these events, in which α was

equal to 9/4, the expected value for a PTDE, such as the one in Fig 28. The good-

ness of these fits are detailed in Table VII. However, since dimmer events fade more

slowly [6], dimmer PTDEs may decline at slower rates than t−9/4. The key is that

PTDEs are rapid events for their peak luminosities, which can be tested with the

L̃40 values detailed in Table V. As previously warned, comparing potential PTDEs

to the relation given in Eq 20 and obtained by Hinkle at al. (2021) may not be

the best check for rapid decline, since the relation obtained used most of the events

plotted in Fig 14[6]. If any of the events used were in fact PTDEs, this will have

created a bias in the relation towards more rapid events.

While AT2018cow’s α value is consistent with a PTDE, and the event was well-

described by the α = 9/4 power-law fit, its brightness (the B band apparent magni-

tude 3 days post-peak was 13.70) surely rules it out as a PTDE candidate. It could

not be plotted in Fig 14 for comparison, as the final bolometric luminosity value I

had obtained was at 35 days post-peak.

The remainder of the events with luminosity decline power-law indices α consis-

tent with a PTDE, as well as some which have previously been noted in the literature

as PTDE candidates, and some events with evolutions which I find to be consistent

with a PTDE scenario, are explored further.
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5.7.1 AT2016fnl

With a luminosity decline power-law index α value of 2.809 ± 2.801, AT2016fnl

has indeed been earmarked by Blagorodnova et al. (2017) as a potential PTDE

as they find an impact parameter β of ∼ 0.6, consistent with a PTDE [26]. The

event was well described by the α = 9/4 power-law fit, with a χ 2 value of 1.41.

It experiences a small hump in luminosity at ∼ 23 days post-peak which is mainly

evident in the UVW2 filter. Though this is very small, so it is difficult to tell whether

it is of significance in potential PTDE classification. Fig 21 also seems to show a

temperature increase at ∼ 10 days, though with the larger errorbars, it is hard to be

entirely sure. These increases are signs of a PTDE, since circularising and accretion-

related processes are expected to dominate at different times, though the timescales

they occur on are shorter than predicted by Chen et al. (2021) [76]. However, it

should be noted that theirs is a theoretical model, and does not accurately describe

the probable repeating PTDE ASASSN-14ko, so their predicted timescales shouldn’t

be taken as fact. Comparing with ASASSN-14ko in Fig 14, we see that AT2016fnl

could well have declined more rapidly than other TDEs which peaked at the same

luminosity, which, more so than the α value, is an indication of a PTDE. However,

this is not a concrete statement, given the large ∆L̃40, it may also lie within, or

close to, the observed relation for TDEs given in Eq 20. However, it is at this peak

luminosity that the errors on the best-fit relation are narrowest, making it less likely

than at other luminosities to lie close to the expected region for TDEs.

While a PTDE scenario seems a good fit, its low luminosity and rapid decline

may also be explained by the low mass of the associated black hole or the low mass

of the star itself [26]. However, it still remains unclear as to how related peak

luminosity and black hole mass are[187].
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Figure 28. Power-law bolometric luminosity fits for AT2019qiz with power-law
index α as a free parameter (left), as 5/3 (centre), and as 9/4 (right). Residuals for
each fit are shown in the lower panels.

5.7.2 AT2019qiz

Another potential PTDE in the sample was AT2019qiz [73]. It does indeed have

a small luminosity bump at ∼ 23 days post-peak. While two-phase emission is

expected in PTDEs, this occurs considerably earlier than expected. However, I find

the best-fit power-law index α to be 1.904 ± 0.202 which is more consistent with

that of a TTDE. This is in conflict with the value of α obtained for AT2019qiz by

Nicholl et al. (2020) of 2.54[96]. That being said, the fit for which α took the fixed

value of 9/4, shown in Fig 28, was a successful fit, with a χ2 value of 2.05.

AT2019qiz is neither a bright, nor a dim TDE (with a peak B band flux of ∼ 4 x

10−15 erg cm−2 s−1 −1), while we would generally expect a PTDE to be dimmer. In

Fig 14, AT2019qiz’s decay rate is well-constrained and consistent with the expected

rate given by Eq 20. Between the medium-brightness event, typical decay rate, and

best fit α value, it seems unlikely that AT2019qiz’s origin was a partial event.
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Figure 29. Power-law bolometric luminosity fits for AT2018hyz with power-law
index α as a free parameter (left), as 5/3 (centre), and as 9/4 (right). Residuals for
each fit are shown in the lower panels.

5.7.3 AT2018hyz

AT2018hyz is another event which has been considered a PTDE candidate in the

literature, based on its double-peaked nature and modelled impact parameter β

= 0.6 [88]. The second peak occurs at ∼ 100 days after the first[88]. This is

also coincident with a rise is blackbody temperature, seen in Fig 16 which is an

expected feature of PTDEs. However, the peak blackbody radius I obtain is ∼ 1.3

x 1015 cm, which is larger than would be expected for a PTDE, though Chen et

al. (2021) warn that PTDEs may not be well approximated as blackbodies during

circularisation [76], making this obtained blackbody radius dubious if it were indeed

a PTDE. The best-fit α value I obtain, of 1.135 ± 0.1209, is not consistent with the

expected PTDE fallback rate. This also remains an ambiguous piece of evidence

since PTDEs’ lightcurves are not entirely tracking mass-fallback, given their more

disjointed dependence of circularisation and accretion [76], and since dimmer events

decay less rapidly [6]. At early times the power-law fit with α = 9/4, shown in Fig

29 is describing the data well, but after ∼ 50 days, this is no longer a good fit. In

Fig 14, AT2018hyz is consistent with the expected luminosity decline rate. Given
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the average decline rate, low α, and poor α = 9/4 fit, AT2018hyz is not consistent

with a PTDE-scenario.

5.7.4 AT2018fyk

In this sample, AT2018fyk is the considered the best PTDE candidate in the lit-

erature, since a rebrightening occurred ∼ 2 years after the first peak, indicating a

possible repeating TDE. The lightcurve shape does support a PTDE explanation;

there is a hump from ∼ 32 days post-peak - ∼ 70 days which is an indication of

an accretion disk forming. The timings of this aren’t consistent with the model

proposed by Chen et al. (2021) [76] and discussed in section 2.13. The best fit

luminosity decline power-law index α value obtained of 0.756 ± 0.2763 is also not

consistent with the expected fall back rate for PTDEs; though the given the χ2

value of 6.30, this is not particularly meaningful. Additionally, the t−9/4 fit was not

particularly successful with a χ2 value of 13.93.

Unfortunately, the first Swift epoch for this event was at 19 days post-peak, and

with no peak data it was impossible to compare with the expected decline relation

and ASASSN-14ko in Fig 14. However, even at 19 days post-peak, the bolometric

luminosity is 3.54 x 1044, making this a bright event, with a shallow decline rate, the

opposite of what is expected in a PTDE (though the α value obtained is questionable,

given the high χ2 value). If AT2018fyk is not a PTDE, the rebrightening at 2 years

after peak may be a result of disk instability or a SMBH binary [115]. However,

this question might soon be answered since according to the PTDE scenario, it is

predicted to undergo further dimming in August 2023, and another rebrightening in

March 2025 [188].

5.7.5 AT2016ezh

To the best of my knowledge, a PTDE scenario has not been considered in the

literature for the AGN-based TDE AT2016ezh. However, it is worth considering
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as its double-peaked lightcurve could be consistent with the two-phase emission

expected in PTDEs. A t−9/4 fit was not performed for this event due to its double-

peaked nature, however, free-α fits were performed on data after both the first

and second peak, which are given in Table III. The first peak’s fit was not well

constrained, and though better constrained, the α value of the second peak ( of 0.44

± 0.71) is lower than would be expected of a TTDE, and certainly lower than would

be expected of a PTDE. Though in this case, the second peak would not be tracking

mass fallback since the accretion disk has already formed by this point. Once again,

a better indication of decline rate is the event’s luminosity at 40 days post-peak.

We see in Fig 14 that AT2016ezh is not a rapidly declining event, and is consistent

with the relation given in Eq 20. Therefore, a potential PTDE classification has no

basis. However, as Chen et al. (2021) warn, that the effects of an AGN-environment

on a PTDE are not understood[76].

5.7.6 AT2018zr

Figure 30. Power-law bolometric luminosity fits for AT2018zr with power-law index
α as a free parameter (left), as 5/3 (centre), and as 9/4 (right). Residuals for each
fit are shown in the lower panels.

AT2018zr presents an intriguing possibility for a PTDE candidate. It was a fairly
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dim event with the bolometric luminosity at 12 days post-peak (the first epoch for

which there was Swift data), of ∼ 5 x 1043 erg/s. Additionally, it experienced a

rebrightening corresponding to an increase in temperature at ∼ 50 days post-peak,

seen in Fig 22. Holoien et al. (2019) put this down to the late-time formation of

an elliptical disk[139]. This is consistent with the expectation that PTDEs exhibit

more distinct two-phase emission, with the formation of an accretion disk leading to

a secondary increase in luminosity and temperature. The best fit luminosity decline

power-law index obtained was not consistent with the PTDE scenario, at α = 0.5166

± 0.06132. Furthermore, for the fit where α lay at a fixed value of 9/4, shown in

Fig 30, the fit was not in good agreement of the data, with a χ2 value of 11.84.

Unfortunately, no L̃40 value could be obtained due to lack of peak data.

5.7.7 iPTF15af

The TDE iPTF15af was found to have an impact parameter β of 0.10+0.36
−0.1 by

Blagorodnova et al. (2019)[97], indicative of a PTDE. In the UVW1 and UVW2

filters there does seem to be a slight hump after peak which may be a result of

the two-phase emission expected in PTDEs. Unfortunately, beyond this, not many

comments can be made, as the SED fits mostly only used three filters, resulting in

high uncertainties for the blackbody temperatures, radii and luminosities. After the

40% error cuts, this only leaves one epoch with blackbody radius and bolometric

luminosity data, and two epochs with blackbody temperature data.

5.7.8 AT2018dyb, AT2019ahk and AT2019azh

AT2018dyb, AT2019ahk, AT2019azh all had α values consistent with a PTDE, with

α = 2.166 ± 1.559 , 2.158 ± 2.330, and 1.878 ± 2.938 respectively. They were all

bright events (with B band peaks ∼ 0.6 - 1 x 10−14 erg cm−2 s−1 −1). This makes

their status as PTDE candidates less likely, since the limited material bound to the

black hole makes this class of TDE less luminous, but it is not impossible for a
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PTDE to be on the brighter side if the star’s mass was large in the first place, or

had an efficient dM/dt[97]. In section 5.6 I obtain progenitor star mass estimates

for all three of these stars. However, the method used assumes total disruption, so

they cannot be used here to determine whether the masses were large enough to

cause these peak luminosities.

We must also further consider their decline rates; though AT2019ahk was well

described by a post-peak bolometric luminosity power-law fit with a fixed α value

of 9/4, we see in Fig 14 that AT2019ahk does not have a rapid decline rate for its

brightness, and so cannot be a PTDE. It seems that AT2019ahk having a more rapid

decline than the expected t−5/3 was simply the result of it being a brighter event.

Despite the large χ2 value of 9.63, the t−9/4 fit is describing the event well.

However, in Fig 14, AT2018dyb is consistent with the expected TDE decline by 40

days post-peak, or perhaps more weakly-declining. Therefore, AT2018dyb is not

consistent with a PTDE.

Meanwhile, for AT2019azh, power-law fit with α = 9/4 was not a good descrip-

tion on the decline, and has a χ2 value of 33.54. Additionally, the TDE has either

a slow decline, or a typical one in Fig 14, showing that the event is not consistent

with a partial disruption.

5.8 Comparison with Other Transients

In order to compare the TDE sample with other transients, I plotted a colour-peak

magnitude graph for the sample, and a number of events categorised as supernova

Types Ia, Ib, Ic, and IIP, shown in Fig 5.8. The B-V colour was chosen as this

was the filter that I had analysed data for which was most abundantly available

across the different transient types. This proved to be somewhat problematic for

my own sample, as not all of the transients with peak data had B-V colours after

the 20% percentage error cut introduced in the flux densities. This left only 6 TDEs
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Figure 31. B-V colour at peak luminosity against absolute B band magnitude at
peak for different transient types; Ia supernovae (green), Ib supernovae (light blue),
Ic supernovae (orange), IIP supernovae (red), TDEs from this sample (pink) and
the FBOT AT2018cow (dark blue). The TDEs in the figure are (left to right)
AT2016fnl, AT2019qiz, AT2018dyb, AT2019azh, AT2018hyz (far right, upper), and
AT2019ahk (far right, lower). Type Ia supernovae data were acquired from Hamuy
et al. 1996[189], Ib and Ic data from Jin et al. (2023) [190]. Type IIP data was
obtained via Tsvetkov et al. (2018)[191], Andrews et al .(2019)[192], Teja et. al
(2023)[193] and Dong et al. (2021) [194].

and AT2018cow to compare with other transients. Despite the lack of TDEs on the

graph, they are occupying a distinct region of the colour-magnitude plot; all the

TDEs have blue colours, while the Ib and Ic supernovae have red colours, and the

Ia and IIP supernovae may have either red or blue colours, though not as strongly

blue as the TDEs. Additionally, the TDEs are brighter than almost all the Ib,

Ic and IIP supernovae, with the admittedly small TDE sample spanning -17.6 to

-20.3 absolute magnitude. Naturally, with such a small sample of TDEs, definitive

statements about their place in the colour plot cannot be made, since we know that

there are some TDEs such as AT2016fnl which are considerable dimmer, and there

are likely TDEs which overlap with the SNe-Ia on the plot. That being said, SNe-

Ia seem to be the only transient with a real danger of being conflated for TDEs

when only photometry is available. Fortunately, spectroscopically they are very
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distinct objects. TDEs often have blue, featureless continua and broad Balmer and

He emission lines, as well as sometimes displaying Bowen fluorescence. Meanwhile

Type Ia supernovae, can be easily identified by the intermediate mass element lines

in their spectra. Since currently, most TDEs are identified spectroscopically, their

shared optical properties aren’t generally an issue in identification.

AT2018cow is brighter than the handful of TDEs which are available for com-

parison, and all but one of the supernovae. However, its colour uncertainty is large,

so it is difficult to say whether it is bluer than the other TDEs, though it is certainly

bluer than the comparison supernovae.

It would have been useful to compare the colour of AT2019fdr in Fig 5.8 isnce

its TDE-origin is not confirmed. However, unfortunately, there is no V data near

peak time, so its B-V colour cannot be obtained at peak.

This method illustrates the success of using colour-space to show TDEs’ unique

properties compared to other transients. With a vaster sample of TDEs, and other

transients for comparison, it could be extremely useful in preemptively classifying

TDEs. Additionally, TDE candidates such as AT2018cow can be compared to the

TDE sample to see if their colours are consistent with a TDE.

6 Future Prospects

The Vera Rubin Observatory Legacy Survey of Space and Time (LSST) [195] promises

to be a key tool in adding more TDEs to our catalogues. One of its four main goals

is to observe transients, and it is estimated that it will observe tens of thousand

of transients every night [196]. In recent years, optically selected TDEs have over-

taken X-ray selected to become the main band in which TDEs are discovered. The

LSST will observe in the optical and have the largest CCD camera in the world to

date. Therefore, our optical capabilities will vastly improve when the LSST starts

observing in 2024, which will certainly lead to many more discoveries of optically se-
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lected TDEs. It is predicted that over 10 years of LSST’s operations, 35,000-80,000

new TDEs will be observed by it[5]. However, if LSST observations are not paired

with those of other missions, only 5-10% are expected be classified as TDEs [5].

Fortunately LSST will be aided by The Ultraviolet Transient Astronomy Satellite

(ULTRASAT), launching in 2026[197]. ULTRASAT will have the largest field of

view of any space-based telescope to date, and will be the first wide-field transient

survey[197]. It will alert astronomers as to new transients within 15 minutes of

detection, enabling rapid follow-up of objects by other telescopes[197], and ensur-

ing thorough observations of important objects. Combining observations from these

missions will ensure that a larger portion of detected TDEs will be identified[197].

With this influx of newly discovered TDEs, we will have vastly more data to

work with and this may help answer the many unknowns surrounding the nature of

TDEs, such as whether optically and X-ray selected TDEs are distinct populations,

what is the UV/optical emission mechanism, and what characteristics of a TDE

define the optical/X-ray emission ratio.

These new optical telescopes will discover ∼ 1000 new transients per night. Cur-

rently, most TDE are classified via spectroscopy. However, it will not be feasible to

spectroscopically observe as large a portion of new transients going forward due to

their sheer numbers and the scientific community’s limited resources. This is where

methods, such as the one explored in section 5.8 will come into play; a new transient

can be preemptively classified as a likely TDE based on its location within the colour

diagram, which will help astronomers decide whether it is an object worth observing

spectroscopically, which will confirm whether or not the object is indeed a TDE.

Currently only a handful of TDEs have been well-studied pre-peak. Since the

instrumentation will be more sensitive, going forward a higher proportion of TDEs

will be detected before peak light. This will help determine whether rapid early-

time cooling, as in the case of AT2019ahk is a common occurrence, and whether it

was indeed the result of post-trapped photons. More generally, we will have a much
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greater understanding of how TDEs behave pre-peak and the processes behind this.

My own thesis has been limited by the lack of peak data (e.g. only being able to

infer black hole masses for 10 events, and ∆L40 values for 8 events), but future

publications studying TDE samples will not have this same hindrance, owing to the

much larger sample of TDEs observed at peak time. This will also aid in adding to

colour-peak magnitude diagrams, such as the one I show in Fig 5.8.

Over the next few years we will be able to observe whether some PTDE candi-

dates are repeating TDEs, e.g. next month (August 2023) AT2018fyk is expected

to dim according to the PTDE scenario, and in 2025 a second tidal disruption is

expected to occur. For TDEs in the TESS continuous viewing zone or ULTRASAT’s

field of view, rebrightenings will be easily identified and the possibility of repeated

disruptions can be analysed. LSST will also be able to observe dimmer PTDEs

than we are currently able to [5][73], which will help to better constrain the PTDE

and TTDE rates, as dimmer PTDEs will be less likely to be conflated with TTDEs.

Additionally the relation given in Eq 20, may be able to be separated into one for

TTDEs, and PTDEs, and become better constrained.

Currently, we are aware that TDEs have a preference for E+A galaxies. Since

this is known, TDE searches often focus on these galaxy types, creating a bias in

calculated disruption rate for E+A galaxies. However, TDEs have also been observed

in a number of other hosts including weak AGNs[166], and ultra-luminous infrared

galaxies[55]. We will likely observe TDEs in a wider range of hosts going forward,

and, with a much vaster sample of TDEs, the disruption rate, both in general, and

for different host types will be better constrained. We will then better understand

how large a contribution E+A type galaxies make in the total TDE population.

Future radio blind searches will likely reveal non-thermal TDEs which will better

constrain the TDE rate since currently most TDEs are discovered in UV/optical or

X-ray searches[27]. Additionally, further radio observations may enable us to study

the differences in properties that jetted and non-jetted TDEs possess[27].
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An additional way to constrain the TDE rate may be by future multiplexed

fiber spectrographic surveys discovering ECLEs, which may provide an independent

measurement of the rate[1].

7 Conclusions

I have presented UV and optical analyses of a number of TDEs, as well as TDE

candidates and other nuclear transients. These were somewhat hampered by lack

of Swift peak data, and the large errors arising from SED fits with few datapoints.

Even so, the non-TDE objects stood out as distinct in the sample, by their post-

peak decline rates and colour evolution. I showed that simply by using B-V colour,

TDEs can often be easily discerned from interlopers, though Type Ia and IIP SNe

may sometimes be conflated for TDEs when only photometric data is available. In

the case of AT2018cow, which had been proposed to be a TDE corresponding to an

IMBH, this thesis does not support this hypothesis; it is bluer and brighter than

the TDEs in the sample (for which peak data was available), and its inferred black

hole mass was non-physical. Its black body radius at peak was comparable to the

TDEs in the sample, but it was a considerably brighter event, indicating a physically

distinct phenomenon.

I used Ryu et al. (2020)’s TDE mass inference software [183] to infer the

black hole and star masses of 9 events, which generally showed good agreement

with values published in the literature, lending credence to the shock origin of the

UV/optical lightcurve. However, since the method of mass inference also showed

good agreement for the AGN event AT2019pev, using this software to classify TDEs

based on agreement is not a method that should be undertaken. Despite the lack of

inferred black hole mass obtained for the ambiguous event AT2019fdr, I tentatively

agree with the TDE classification based on its luminosity decay.

Hinkle et al. (2021)’s [6] relation of more luminous TDEs decaying more rapidly
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was not initially agreed with, when comparing luminosity decline power-law index α

with peak luminosity, which is likely a result of the very large α uncertainties given

by the power-law fits. However, by using the better-constrained quantity L̃40, and

comparing with bolometric luminosity at 40 days, I was able to show good agreement

between the best fit found by Hinkle et al. (2021) [6] and my own findings. However,

this is to be expected since most of the events I found L̃40 values for had been used

by Hinkle et al. (2021)[6] to obtain this fit in the first place. By comparing the L̃40

values of TDEs in my sample with those of the probable repeating PTDE ASASSN-

14ko, and the best-fit relation given by Hinkle et al. (2021)[6], I showed that only

one of the 8 events was consistent with a PTDE, AT2016fnl, while the rest were

consistent with TTDEs. This supports discussions in the literature proposing a

PTDE origin for AT2016fnl. PTDE scenarios were also considered for a number of

other events, with negative or ambiguous conclusions drawn for the remainder of

the events.
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Appendix A: Host Galaxy Magnitudes Pro-
vided by Jason Hinkle Through Private Cor-
respondence
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Object Name Filter Host Magnitude Host Magnitude Error

AT2017bgt UVW2 19.654 0.282

AT2017bgt UVM2 19.608 0.278

AT2017bgt UVW1 19.362 0.254

AT2017bgt U 18.764 0.107

AT2017bgt B 17.754 0.043

AT2017bgt V 16.937 0.009

AT2018dyk UVW2 20.208 0.241

AT2018dyk UVM2 20.115 0.216

AT2018dyk UVW1 19.564 0.123

AT2018dyk U 17.954 0.087

AT2018dyk B 16.637 0.064

AT2018dyk V 15.770 0.038

AT2019avd UVW2 20.716 0.047

AT2019avd UVM2 20.607 0.050

AT2019avd UVW1 20.036 0.046

AT2019avd U 18.449 0.043

AT2019avd B 17.143 0.031

AT2019avd V 16.320 0.027

AT2019qiz UVW2 22.637 0.049

AT2019qiz UVM2 22.200 0.072

AT2019qiz UVW1 20.682 0.040

AT2019qiz U 18.444 0.022

AT2019qiz B 17.025 0.015

AT2019qiz V 16.177 0.008

Appendix B: Supplementary Figures
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Multi-filter lightcurves for individual events.
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Flux density and magnitude lightcurves comparing multiple events, with

the zero date being the peak.
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Blackbody temperature, blackbody radius and bolometric luminosity

evolution for events in the sample.
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Post-peak bolometric luminosity power-law index fits, with the index α

as a free parameter on the left hand side in each figure, and α = 5/3 on

the right. Below, the residuals for the respective fits are shown.
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Post-peak bolometric luminosity free α fits (left), α = 5/3 fits (centre),

and α = 9/4 fits (right). Below each fit, the residuals are shown.
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140

Colour evolutions for events in the sample, with B-V (left), U-B

(centre) and UVW2-UVW1 (right). In some cases no data remained

after percentage error cuts, leaving blank figures
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144

Colour evolution (top) compared with blackbody temperature evolution

(bottom) for events in the sample.
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