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Abstract

Recent advances in optical surveys have yielded a large sample of astronomical transients,
including classically known novae and supernovae (SNe) and also newly discovered classes
of transients. Among them, tidal disruption events (TDEs) have a unique feature that
they can probe massive black holes (MBHs). A TDE is an event where a star approaching
close to a BH is disrupted by tides of the BH. The disrupted star leaves debris bound
to the BH emitting multi-wavelength and multi-messenger signals, which are observed
as a transient. The observational signatures of TDEs bring us insights into physical
processes around the BH, such as dynamics in the general relativistic gravity, accretion
physics, and environmental information around BHs. Event rates of TDEs also inform
us of populations of BHs.

A large number of BHs have been detected, but still there are big mysteries. The
most mysterious BHs are intermediate mass BHs (IMBHs) because they are a missing
link: there is almost no certain evidence of IMBHs, while there are many detections of
stellar mass BHs and supermassive BHs (SMBHs). Searches for IMBHs are not only
important to reveal mysteries of IMBHs themselves, but also to understand origin(s) of
SMBHs. Several scenarios to form SMBHs have been proposed, but it is still unclear
which scenario(s) are real in the Universe. A distinguishable point is a mass distribution
of IMBHs because the different scenarios would result in different mass distributions.
Thus, finding IMBHs would play a crucial role to understand nature of massive BHs.

In this thesis, we study TDEs where a white dwarf (WD) is disrupted by an IMBH
to probe IMBHs. This is motivated by the nature of WD TDEs that an SMBH cannot
tidally disrupt a WD because the SMBH swallows the WD before the disruption, and
thus there is no observable except for gravitational waves. Detection of WD TDEs implies
that of the disrupting IMBH, and thus WD TDEs are good probes of IMBHs. WD TDEs
have another interesting feature: a WD possibly ignites thermonuclear explosions by tidal
compression if the WD-BH encounter is close enough. Once the thermonuclear explosions
occur, radioactive nuclei such as *Ni are synthesized. Then debris of the WD unbound
to the IMBH possibly cause emission powered by decays of the radioactive nuclei. It
is naively expected that the emission could be similar to that of SNe Ia because of the
similarity in the thermonuclear explosions of a WD.

With these motivations, efforts to find WD TDEs have been dedicated. Although a
few possible candidates of WD TDEs have been reported, they are not confirmed as WD
TDEs and other origins are also proposed. Event rates of WD TDEs are also uncertain
because of the unknown nature of IMBHs, but it is still expected that the current or
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upcoming optical surveys possibly detect WD TDEs. To search for WD TDEs among
transients found by those surveys, it is needed to model the observational signatures from
WD TDEs in more detail. Especially, a variety of emission from thermonuclear explosions
in WD TDEs are unknown, and thus it is difficult to point out distinguishable features
of WD TDEs with other transients.

This thesis aims to reveal the variety and characteristics of observational signatures
from thermonuclear explosions in WD TDEs, and to constrain properties of IMBHs. To
this end, we perform a suite of three different numerical simulations considering 5 pa-
rameter sets of WD TDEs. We take the WD mass as the main parameter to be varied
over 0.2, 0.4, 0.6, 1.0, and 1.2 solar mass (Mg). First, we perform three-dimensional
hydrodynamic simulations coupled with simplified nuclear reaction networks, and follow
dynamical evolution of the tidal disruption of a WD by a BH and thermonuclear explo-
sions in the disruption phase. Second, we perform detailed nucleosynthesis simulations in
a post-process manner, and derive the synthesized nuclear compositions of the unbound
ejecta. Finally, we perform radiative transfer simulations, and follow generation of pho-
tons by the radioactive decays, interactions of the photons with the unbound ejecta, and
escapes of the photons from the ejecta, from which we derive the synthetic observational
signatures.

We derive multi-band light curves and spectral evolutions of the 5 models as templates
of the thermonuclear emission from the WD TDEs. On photometric properties, the
0.2 Mg model exceptionally shows relatively faint (Lpeax ~ 10*2ergs™') and rapidly
evolving light curves (decay timescale ~ 5—10 d), because the ejecta mass and **Ni mass
are low (0.12Mg and 0,03 Mg, respectively). The 0.4, 0.6, 1.0, and 1.2 M, models are
similar to some classes of thermonuclear transients, or SNe Ia, in photometric properties
such as the bolometric peak luminosity, decay timescale, B-band peak magnitudes, and
B-band decay timescale. However, they commonly show higher temperature than the
observed thermonuclear transients around their B-band peaks. The difference can be
used as a signature to distinguish the thermonuclear emission from WD TDEs from
the other thermonuclear transients. All the models show a large variety in their light
curves dependent on viewing angles because the ejecta is very aspherical due to the tidal
disruption.

On spectroscopic properties, our WD TDE models are indeed similar to observed
thermonuclear transients in some senses, such as absence of hydrogen lines and appearance
of lines of iron group elements and calcium. However, there is a difference in lines of
intermediate mass elements (IMEs): the observed thermonuclear transients show strong
IME lines, while our models show (very) weak IME lines because of the nucleosynthesis
yielding low mass IMEs. This difference might not be conclusive because the synthesized
IME masses are sensitive to numerical resolutions, and simulations with higher resolutions
might result in larger IME masses and thus in stronger IME lines. Another more robust
difference is Doppler shifts of spectra shown in our models. The Doppler shifts are
caused by the bulk motion of unbound ejecta escaping from the BH with velocities of
> 10*kms~!. Although the Doppler shifts depend on viewing angles, they can be a
crucial signature to distinguish WD TDEs from other transients.

We search for observational counterparts of WD TDESs that show similar observational
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signatures to our models. For the 0.4, 0.6, 1.0, and 1.2 M, models, we cannot find any
good match in multi-band light curves between our models and observed transients.
For the 0.2 Mg model, we find two observational candidates in relatively faint and rapid
transients, which show similar multi-band light curves to the model. Because their spectra
are not observed, we cannot confirm their origin as a WD TDE by comparing the spectra.
However, one of the transients has a distant 10.2 kpc offset from the center of its host
galaxy. This may support interpreting its origin as a WD TDE, of which a star cluster
containing an IMBH and WD is the plausible environment.

The photometric properties of our models cover a wide phase space. There could be a
more variety of them because the intrinsic parameter sets of WD TDEs (Mwp, Mgy, )
can vary over a wider parameter space than the 5 parameter sets. We discuss the possible
range of the variety of observational signatures of WD TDEs by applying the so-called
Arnett rule. First, we check the validity of the application of the Arnett rule by comparing
the peak time and peak luminosity predicted by the Arnett rule and by our numerical
simulations. They show reasonable matches, and thus we next apply the Arnett rule
to results of hydrodynamic simulations of WD TDEs considering 180 parameter sets.
The results show that there could be more slowly evolving and much fainter WD TDEs
(Lpeak = 103 ergs™) than our 5 models (Lpear ~ 10*2—10" ergs™!), which arise from
WD TDEs with weaker thermonuclear explosions. Such faint transients should also be
searched for as WD TDEs.

Emission from WD TDEs is not only caused by thermonuclear explosions, but also
by debris falling back on to the BH. If the luminosity of the fallback emission follows
the mass fallback rate of the debris, the thermonuclear emission would be fainter than it.
However, it is naively expected that the fallback luminosity is limited by the Eddington
luminosity unless relativistic jets are viewed on-axis. Additionally, the accretion disk
formed by the fallback debris would be bright mainly in X-rays. Thus, we expect that
the thermonuclear optical emission is not significantly affected by the fallback emission
in most cases.

If the two observational candidates are really WD TDEs, they inform us of the event
rate of WD TDEs and the IMBH number density. The sum of their volumetric event rates
are estimated as ~ 600 Gpc® yr~'. Considering a ratio of WD TDEs with thermonuclear
explosions to all the WD TDEs, we obtain the total WD TDE rate as ~ 3x10% Gpc™® yr—'.
Taking a WD TDE rate per an IMBH as that in centers of dwarf galaxies, we estimate the
number density of IMBHs from the total WD TDE rate as nyygy ~ 3Mpc_3. Although
the confidence is not very high, this estimate is valuable because there has been almost
no constraint on the number density of IMBHs.

The observational signatures of WD TDEs derived in this thesis are useful to search
for WD TDEs with current and upcoming optical surveys. As we find two observed
candidates of WD TDESs in the current transient sample, we would be able to find more
WD TDE candidates with a much larger transient sample given by those surveys. There
might be also WD TDEs detected with high certainties, showing good matches both in
photometric and spectroscopic properties to our models. Such findings of WD TDEs
would contribute to explore origins of observed transients, to study extreme physical
processes around BHs, and to reveal unknown nature of massive BHs.
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Chapter 1

Introduction

1.1 Diverse Transients

In a night sky, we see bright stars and galaxies. Most of them stably shine, while some
show time-varying brightness, such as variable stars and quasars. There are a small
fraction of astronomical objects which change their brightness dramatically and are visible
only in short timescales up to a few 10 years. They are called transients. Classically,
there were only two established classes of transients: classical novae and supernovae
(SNe) (e.g. Baade & Zwicky, 1934). Classical novae arise from thermonuclear burning
on a white dwarf (WD) driven by accretion on to the WD. SNe are much brighter than
classical novae: peak luminosity of SNe is ~ 10* times larger than those of classical novae
(see Figure 1.1). SNe are categorized into two types with their origins. One is core-
collapse SNe (CC SNe) resulting from a death of a massive star, where a collapse of its
iron core triggers a formation of a neutron star and a succeeding explosion of its outer
region. The other category is thermonuclear SNe resulting from thermonuclear explosions
of WDs. The thermonuclear SNe is also called type Ia SNe (SNe Ia). The name shows
their spectroscopic properties: lack of hydrogen lines and appearance of silicon lines. The
classical novae and SNe have been studied for a long time and consensuses of their origins
are established to some extent, although there are still mysteries (see reviews on classical
novae: Chomiuk et al. (2020), on CC SNe: Burrows & Vartanyan (2020), and on SNe Ia:
Maoz et al. (2014)).

A big breakthrough in this field was yielded with optical surveys with CCD cameras,
which have wider fields of view, deeper limiting magnitudes, and high time cadences.
They have been founding a larger number of classical novae and SNe, and rare classes
of transients missed by classical observations. Some of them were theoretically predicted
before their discovery, such as kilonovae /macronovae from mergers of binary neutron stars
(e.g. Abbott et al., 2017), and .Ia explosions (Bildsten et al., 2007; Shen et al., 2010).
There are also surprising discoveries, such as diverse CC SNe with a variety of circum-
stellar medium (Fraser, 2020), and tidal disruption events luminous in optical (van Velzen
et al., 2020b, see also Section 2.1).

The increasing discoveries of known and new transients have motivated further obser-
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vational searches for transients, and also theoretical studies to model known transients
in more detail and to predict unknown transients. The time-domain astronomy plays
important roles in various fields, to study various explosive phenomena in the Universe,
environmental information of progenitor stars, the cosmic expansion, and physical pro-
cesses in extreme conditions. Now the Zwicky Transient Facility (ZTF) is the most
powerful tool to observe transients (Graham et al., 2019). In the near future, the Large
Synoptic Survey Telescope (LSST) on the Vera C. Rubin Observatory will join and will
be the most powerful telescope to find transients (LSST Science Collaboration et al.,
2009; Ivezi¢ et al., 2019). It is needed to develop theoretical models of transients along
with increasing observations of transients.

1.2 Massive Black Holes in the Universe

Black holes (BHs) are compact objects whose extreme general relativistic gravity disable
light to escape from the gravitational potential. Astronomical BHs in the Universe are
categorized into three types by their masses: stellar mass BHs with their masses smaller
than ~ 100 Mg, intermediate mass BHs (IMBHs) with their masses in the range of
100My < Mgy < 10°Mg, and supermassive BHs (SMBHs) with their masses larger
than ~ 10° M, , where M, is the solar mass and Mpy is the BH mass. Most of the
stellar mass BHs are formed in deaths of massive stars that fail to explode as an SN,
while other formation scenarios such as mergers of neutron stars are also possible (Abbott
et al., 2020c). There have been a few tens of discoveries of stellar mass BHs in high mass
X-ray binaries (Ozel et al., 2010; Farr et al., 2011), and in BH binaries discovered with
recent observations of gravitational waves (GWs) by Advanced LIGO and Advanced Virgo
(Abbott et al., 2020a). Origin(s) of massive BHs (MBHs), IMBHs and SMBHs, are much
poorly known than those of stellar mass BHs. Although many SMBHs have been found
in centers of galaxies (e.g. Kormendy & Richstone, 1995), there is not a consensus on
their origin(s). We have much fewer observations on IMBHs. There has been no certain
evidence of IMBHs, except for the recent discovery of a 142 M, BH as a remnant of a
merger of stellar mass BHs (Abbott et al., 2020b), while there are candidates of IMBHs
in ultra-luminous X-ray sources and in centers of globular clusters and of dwarf galaxies
(Mezcua, 2017; Greene et al., 2020).

Searches for IMBHs are not only important to reveal mysteries of IMBHs, but also
to understand the origin(s) of SMBHs. This is because the origin(s) of SMBHs would
be tightly related to IMBHs. Possible origins of MBHs are first summarized in the
Rees diagram (Rees, 1978, 1984). They can be categorized into 3 scenarios: gravitational
runaway in dense star clusters (Bahcall & Ostriker, 1975; Begelman & Rees, 1978; Quinlan
& Shapiro, 1990; Lee, 1993), collapse of Population III stars, or first stars (Bond et al.,
1984; Madau & Rees, 2001), and direct collapse of gas into a BH (Haehnelt & Rees,
1993; Loeb & Rasio, 1994; Koushiappas et al., 2004). It is still under discussion which
scenario(s) are real in the Universe. A distinguishable point is a mass distribution of
IMBHs because the different scenarios would result in different mass distributions (see
Greene et al., 2020, and references therein). In the future, the mass distribution would
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Figure 1.1: Diversities of observed optical transients (see also Section 4.2). The decay
timescale is defined as the time in which the bolometric luminosity declines by one mag-
nitude from the peak. The abbreviations are as follows: core-collapse supernovae (CC
SNe), type Ia supernovae (SNe Ia), superluminous supernovae (SLSNe), main sequence
tidal disruption events (MS TDEs), .Ia supernovae (.Ia SNe), and calcium-rich transients

(Ca-rich). The figure is reproduced from Kasliwal (2012); Cenko (2017); Garcia-Berro
et al. (2017)
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be measured well with GW observations by Laser Interferometer Space Antenna (LISA)
(Amaro-Seoane et al., 2017). Independent measurement of it is still important and would
bring a good synergy in the multi-messenger astronomy.

1.3 Tidal Disruption Events Probing Massive Black
Holes

Tidal disruption events (TDEs) are a class of transients with a unique feature that they
can probe properties of MBHs. A TDE is an event where a star approaching close to an
MBH is disrupted by the tidal force of the MBH (see Figure 1.2). The disrupted star
leaves debris bound to the MBH emitting a bright flare. A few tens of TDEs have been
observed in multi-wavelengths ranging from radio to v-ray, and possibly with a high-
energy neutrino. TDEs are unique phenomena in the sense that we can observe MBHs
transiently bright otherwise dark and unobservable. By modeling the observational sig-
natures of TDEs, we can study physical processes around the MBH, such as dynamics in
the general relativistic gravity, accretion physics, and environmental information around
MBHs. We can also study populations of MBHs because event rates of TDEs highly
depend on them.

There are a few types of TDEs: we can consider different types for stars disrupted and
different BH masses. The TDEs detected plausibly so far are TDEs where a main sequence
is disrupted by an SMBH. We can also consider another type of TDEs where a WD is
disrupted by an IMBH. This type of TDEs, WD TDEs, have two unique characteristics.
One feature is that an SMBH cannot tidally disrupt a WD because the SMBH swallows
the WD before the disruption, and thus there is no observable except for GWs. In this
sense, WD TDEs are good probes of IMBHs. The second feature is that a WD possibly
ignites thermonuclear explosions by tidal compression if the encounter is close enough.
Once the thermonuclear explosions occur, radioactive nuclei such as *Ni are synthesized.
Then debris of the WD unbound to the IMBH possibly cause emission powered by decays
of the radioactive nuclei. It is naively expected that the emission could be similar to that
of SNe Ia because of the similarity in the thermonuclear explosions of a WD.

With the motivations, there have been studies modeling WD TDEs and predicting
observational signatures from them. Luminet & Pichon (1989b) first studied the dy-
namical evolution of WD TDEs with simplified models, and showed that thermonuclear
reactions can be ignited. The WD TDEs are so complex that we need detailed numerical
simulations to predict concrete observational signatures, such as multi-band light curves
and spectral evolution. MacLeod et al. (2016) predicted such signatures arisen from ther-
monuclear explosions in a carbon-oxygen (CO) WD TDE by means of hydrodynamic
simulations and radiative transfer simulations. It was shown that the emission is indeed
reminiscent of SNe la. However, MacLeod et al. (2016) only considered one particular
case of a CO WD TDE. Therefore, it is still not clear if other WD TDESs share the
same properties shown in their model once other parameter sets (e.g. different WD/BH
masses) are considered. Further studies are needed to clarify a variety of observational
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Figure 1.2: Sequence of events in a WD TDE. The WD approaches the BH with the
parabolic orbit with its pericenter radius smaller than the tidal radius R;. The tidal com-
pression perpendicular to the orbital plane can ignite explosive thermonuclear reactions
within the WD. Bound debris of the WD falls back on to the BH and forms an accre-
tion disk and possibly relativistic jets later. The unbound debris emits optical radiation
powered by decays of radioactive nuclei synthesized in the thermonuclear explosions.

signatures of the emission, and thus to point out distinguishable features of the emission
from WD TDEs with other various transients.

1.4 Aims and Structure of the Present Thesis

This thesis aims to reveal the variety and characteristics of observational signatures from
thermonuclear explosions in WD TDEs, and to constrain properties of IMBHs by means
of detailed numerical simulations. The thesis is organized as follows. In Chapter 2, we
review the current knowledge of TDEs from both theoretical and observational aspects.
In Chapter 3, we describe our numerical methods and models of WD TDEs. In Chapter 4,
we present results of the numerical simulations, and our predictions of the observational
signatures from WD TDEs. We also compare our theoretical models with observed
transients and search for observed candidates of WD TDEs. In Chapter 5, we discuss
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implications of our study on a variety of the observational signatures, on emission from
debris bound to the BH, and on the properties of IMBHs. In Chapter 6, we give the
summary and concluding remarks.



Chapter 2

Review on Tidal Disruption Events

A star passing close to a black hole (BH) can be disrupted when the tidal force on the
star exceeds its self-gravity. In the tidal disruption event (TDE), the disrupted star
leaves debris bound to the BH, but also disperse unbound materials (e.g. Hills, 1975;
Rees, 1988). The debris emits various observational signatures in multi-wavelength and
in multi-messengers. The signals have been observed since the 1990’s, and thus both
observational and theoretical studies of TDEs have been making progress.

In this Chapter, we review the basic properties of TDEs and recent progress. First,
we review TDEs where a main sequence (MS) star is disrupted by an SMBH. The MS
TDEs are the most common TDEs, and thus there have been many previous studies.
Next, we review TDEs where a white dwarf (WD) is disrupted by an IMBH, which is the
focus of this thesis.

2.1 Tidal Disruption Events of Main Sequence

2.1.1 Dynamics of TDEs

In this Section, we review dynamical processes in a TDE and its subsequent evolution
(see also a recent review Rossi et al., 2020). When a star passes close to a BH, the
gravitational force by the BH is expressed as follows in the Newtonian dynamics,

_GMpur

geu(r) = ROR (2.1)

where G is the gravitational constant, Mgy is the BH mass, r is the displacement from
the BH to the center of the star, and r = |r|. Note that Equation (2.1) shows the
gravitational force at the center of the star, and it is not uniform on the whole star.
Gravitational force on a place of star expressed as r + Ar, has an additional term to
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Equation (2.1) (see Figure 2.1),

g:(r, Ar) = gpu(r + Ar) — ggu(r) (2.2)
~ _G%BH (Af = w;') (Ar < 7). (2.4)

When r > Ar is satisfied, this tidal force is expressed as
ge(ry Ar) ~ CW, (2.5)

and is proportional to r~3.

A star in the hydrostatic equilibrium has the balance between the pressure gradient
and its self-gravity. When the star passes so close that the tidal force exceeds the self-
gravity, the star is disrupted. The TE condition is written as

GM,
9:(r, Ry) 2 ?;a
where M, is the mass of the star, R, the radius of the star, and the right-hand side is the
self-gravity at the surface of the star. We rewrite the condition with Equation (2.5) as

r S./ Rt7 (27)

MBH 1/3
)
Here we introduce the tidal radius R;, which is the distance between the BH and star

when the disruption occurs. The tidal radius is the same as the Roche radius or Hill
radius within an order of magnitude. We can also express Equation (2.7) as

(2.6)

R =R, ( (2.8)

R} R

\/GMtBH B \/GM* ™ Tdyne (29)
Mgy M,
ra R (2.10)

Equation (2.9) shows that the timescale of the disruption is smaller than the dynamical
timescale of the star 74y, .. Equation (2.10) also shows that the tidal radius is the distance
r where the density of the star p, is the same as that of Mgy /r®. This means that a less
dense object is tidally disrupted by a denser object in general.

The disruption dissipates orbital energy of the debris of the star. Its spread can be
estimated as

GMpyR,
Ry

R -1 Mg 1/3 M 2/3
~ 1.9 x 10'7 “lgn | 2= x 2.12
X ergg " 3 <R@> (1061\/[@) M. ) (2.12)

Ae, ~ " (2.11)
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Figure 2.1: A schematic picture showing tidal force. The tidal force is the difference
between the gravity on each place of the star and that on the center of the star.
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where the penetration parameter [ is defined as § := R;/R,. The power law index n is
not straightforwardly determined. In early studies (e.g. Rees, 1988) n = 2 were applied,
where the energy spread is calculated as the difference of the gravitational potential in
the star at the pericenter r = R,. However, recent studies (Sari et al., 2010; Guillochon
& Ramirez-Ruiz, 2013; Stone et al., 2013) show that the value should be revised as n ~ 0
(see also Steinberg et al., 2019).

In most TDEs, the star approaches the BH on an approximately parabolic orbit (see
Section 2.1.3), which results in the much smaller initial specific orbital energy than Ae;.
The specific binding energy of the star before the disruption € is also much smaller
than Ae;:

GM,
€xelf ~ — 7. (2.13)
M\ (R
= —6.4 x 10" -1 =)= ) 2.14
6.4 x 10" ergg (M@> <R@> ( )

Thus, the orbital energy distribution of the debris of the star is dominantly determined
by Ae€;. About half of the debris is bound to the BH, and the other is unbound.

The bound debris approaches the BH on eccentric orbits again. The Kepler motion
of the debris can be written as

GM,
- 2.15
¢ R, (2.15)
M\ (R
= 64x10%ergg™! | == [ == 2.1
6.4 x 10~ ergg < @) (R@) ; (2.16)
P «
—9 2.17
™ GMpy (2.17)

where € is the orbital energy, P is the orbital period, and a is the semimajor axis. With
these equations, we can calculate the mass fallback rate on to the BH as

dM dM de
ar (a) (ap) (2.18)
dM\ (27GMgy)?/?
_ < - ) (2rG SBH) ps/3, (2.19)

Here we assume dM /de = const., and it is reasonable as a first-order approximation (e.g.
Evans & Kochanek, 1989). We also introduce a normalization condition that the half
mass of the star is bound to the BH,

M, > dM
o[ ap

——— 2.2
2 Prain dP’ (2.20)

where P, is the orbital period of the most tightly bound debris. The fallback rate before
P is zero.
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Replacing P with ¢, we rewrite Equation (2.19) as

dM M, t %/

- 2.21
dt 3tmin (tmin> ( )

t NP Maw (RN MNP

~ -1 g3n/2( b BH Lix %

ooyt () () () (Y e
tmin = 270G Mg (2A€) %/ (2.23)

Mag 2 (RN (M7
~ (.11 yr g~3"/2 BH il ) 2.24
0llyrp <106M@ Ro M, (224)

It is expected that the fallback debris form a circular accretion disk around the BH
later. Although its detailed processes are still under debate (for a review see Bonnerot
& Stone, 2020), we can roughly estimate the typical radius of the accretion disk as
R. ~ 2R,/ assuming the conservation of the angular momentum of the fallback debris.
Then we can roughly estimate the viscous timescale in the accretion disk as

—2
tyise ~ @ Q(R,) ! (g) (2.25)

N (RN (M NV (H/RN
~ 0.009 yr 5~°/2 <01> <R> <M> </1> , (2.26)
. © ©

where « is the Shakura-Sunyaev viscosity parameter (Shakura & Sunyaev, 1973), Q(R)
is the angular velocity at the disk radius R, and H is the scale height of the disk. We see
tvise € tmin from Equation (2.24) and Equation (2.26). Thus the accretion rate on to the
BH is expected to follow the fallback rate of Equation (2.21) to some extent.

We can also naively expect that the bolometric luminosity of the emission from the
accretion follows the fallback rate. However, we should take care on the Eddington
limit: assuming the spherical accretion on the BH, the luminosity and accretion rate
have maximum limits:

47 G Mpamyc

Liaq = (2.27)
MHeOT
—1
~ 44 —1 [ He Mgy
~ 1.3 x 10" ergs <1) <1OGM@> : (2.28)
Myqq = Lraa (2.29)
ne?
-1 -1/ M
~ 2.2 % 1072 M, yr~! (") (“) Bl 2.30
. oYt o1 1 105M,, (2:30)

where p. is the number of nucleons per free electron, or is the Thomson scattering
cross section, m,, is the proton mass, and 7 is the radiation efficiency. Comparing Equa-
tion (2.22) and Equation (2.30), we see that the peak fallback rate at i exceeds the
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Eddington accretion rate:

Mk 15 (") My \ (R (ALY (2.31)
Mpaa 0.1/ \ 106 Mg Ro My ) '
With such a high accretion rate, it is expected that relativistic jets are possibly formed

although the picture is not so simple. The fallback rate decreases with time, and falls
below the Eddington accretion rate at

3/5 M —2/5 R* 1/5 M* 3/5
0.1 106 M, Ro M,

This points out that TDEs are good probes to study the accretion dynamics because
observers can monitor the transition of the accretion state from the super-Eddington one
to the sub-Eddington one in a few year.

2.1.2 Observables of MS TDEs

In the episode of MS TDESs, a variety of observables are emitted. Here we review possible
observational signatures from MS TDEs suggested by theoretical studies, regardless of
whether they have been detected in real (see also a recent review Roth et al., 2020). We
also review the present observational status in Section 2.1.4.

First, gravitational waves (GWs) are emitted in TDEs because the star and BH en-
counter in a close distance. The typical amplitude h and frequency f of the GWs are
estimated as (Kobayashi et al., 2004),

GM,R,

~ 2.

CQDRp (2.33)
D —1 M, 2/3 M, 4/3 X -1
~ 2 x 107223 b ) (2.34)
10 MpC ]_06 M@ M@ R@
/2
GMpy\'
~ 2.35
-~ (%) 129
M 1/2 R —3/2

~6x 107 Hz 332 [ == il 2.36
X z 3 ML R , (2.36)

where D is the distance from the Earth to the event. Because the orbit is parabolic, the
waveform is burst-like rather than inspiral (East, 2014). We cannot expect emission of
strong GWs after the disruption because the debris is not compact enough. Although the
frequency is accessible to Laser Interferometer Space Antenna (LISA) (Amaro-Seoane
et al., 2017), its amplitude is so low that TDEs outside the Local Group cannot be
detected with LISA. There is another way to emit GWs in TDEs. Weaker GWs with
higher frequency are emitted by time variation of star’s quadrupole moment due to the
tidal deformation (Guillochon et al., 2009; Stone et al., 2013).
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Second, electro-magnetic signatures are naturally emitted in MS TDEs. The tidal
compression of the star in the disruption phase can cause a shock breakout, resulting
in a flash in X-ray and/or 7-ray (Kobayashi et al., 2004; Brassart & Luminet, 2008;
Guillochon et al., 2009; Brassart & Luminet, 2010; Stone et al., 2013; Gafton & Rosswog,
2019; Yalinewich et al., 2019). The unbound debris escaping from the BH could produce
emission mainly in radio via interactions with an environmental medium, although it
is highly dependent on the profile of the medium (Guillochon et al., 2016; Yalinewich
et al., 2019). On the other hand, most previous works have studied emission powered
by the bound debris. There are mainly two scenarios to produce emission from bound
debris in optical /ultra-violet (UV) wavelength, while the unique ¢t=>/% power-law of the
emission shown in Equation (2.22) is commonly expected. A scenario expects that the
emission is powered by collisions between a proceeding part of the debris stream and
a trailing one (Shiokawa et al., 2015; Piran et al., 2015; Jiang et al., 2016b; Hayasaki
et al., 2016; Lu & Bonnerot, 2020). In the scenario, the proceeding stream falling back
to the BH experiences the apsidal precession by the general relativistic gravity of the
BH, and then collides with the trailing part (for a review see Stone et al., 2019). The
collisions produce shock in the stream, and would power the bright emission. The detail
of the apsidal precession would affect observables, and thus in principle we could check
aspects of the general relativity such as the no-hair theorem (§6.1 in Stone et al., 2019).
In the other scenario, the emission is powered by an accretion disk, and is reprocessed by
surrounding outflows (Loeb & Ulmer, 1997; Strubbe & Quataert, 2009; Lodato & Rossi,
2011; Metzger & Stone, 2016; Roth et al., 2016; Roth & Kasen, 2018; Dai et al., 2018).
Once the accretion disk is rapidly formed, the accretion rate is super-Eddington and
thus it is expected that most of the bound debris is expelled as outflows. Seed photons
produced in the accretion disk are X-rays and have high temperature. They interact with
the surrounding outflows and are reprocessed to optical/UV wavelength. If relativistic
jets are formed, they could produce the brightest emission covering broad wavelength
from radio to y-ray (for a review see De Colle & Lu, 2020). As same as in the gamma-ray
bursts (GRBs) (e.g. Sari et al., 1998), interactions between the relativistic jets and an
environmental medium could produce forward shock, which causes synchrotron emission
in radio by accelerations of electrons in the shock (Giannios & Metzger, 2011; Metzger
et al., 2012; Mimica et al., 2015; Generozov et al., 2017). High-energy photons in X-
ray and ~-ray is originated from inverse Comptonization of high-energy electrons in the
relativistic jets (De Colle et al., 2012; Tchekhovskoy et al., 2014; Kelley et al., 2014; Curd
& Narayan, 2019). Note that thermal emission from the accretion disk could also be
bright in X-ray if it is not reprocessed. This is a classical expectation of emission from
TDEs (e.g. Evans & Kochanek, 1989; Rees, 1990; Cannizzo et al., 1990). If environments
are rich in dust, infrared emission is expected to emerge via reprocessing (Lu et al., 2016)
or via dust echo (Dou et al., 2016).

Third, high-energy neutrinos, cosmic rays, and ~-rays could also be emitted in TDEs.
Acceleration processes are expected to take place in relativistic jets (Dai & Fang, 2017;
Alves Batista & Silk, 2017; Zhang et al., 2017; Liu et al., 2020a) and/or in an accretion
disk (Hayasaki & Yamazaki, 2019; Murase et al., 2020; Winter & Lunardini, 2020).
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2.1.3 Rates of MS TDEs

TDESs occur when a star and a BH encounter so close that the pericenter radius is smaller
than ~ 0.5 AU if we consider a solar-type star is disrupted by an SMBH with 10° M.
Such an extreme orbit is realized in a dense star cluster hosting an MBH, for example, a
galactic nucleus and globular cluster. In this Section, we review a canonical model used
to calculate event rates of TDEs in those systems, called the loss-cone theory (see also
reviews Merritt, 2013; Alexander, 2017; Stone et al., 2020).

The central MBH traps environmental stars in its gravitational potential. The radius
of the region where the gravity of the MBH exceeds that of background stars, called as
the influence radius, is calculated as

T = GMBH/O-Q (237)
Mpn \”
~ Apc (108 M@> : (2.38)

where o is the velocity dispersion. A and B are respectively estimated as 16 and 0.69
in Stone & Metzger (2016), which fit observations of nearby galactic nuclei with Equa-
tion (2.38). Total mass of the background stars within the influence radius is O(Mgpy).
The two-body relaxation timescale is

N

trelax ™~ O-litor )
: InN

(2.39)

where N is the number of stars in the system and t,,, is the orbital timescale, which
can be estimated as Equation (2.17). For galactic nuclei and globular clusters considered
here, the relaxation timescale is smaller than the Hubble time, and thus the system is
collisional. Then stars exchange their orbital energy and angular momentum via two-body
scatterings, and by other processes such as the resonant relaxation (Rauch & Tremaine,
1996).

The Kepler motion of a star can be expressed as

R,=a(l—e), (2.40)
GMpgy
= 2.41
o= Wlon (2.41)
dr 2 GMBH j2
- —¢— . 2.42
o= (@) =B 242
GM,

2 2 BH

J°=2R, ( R, — e) , (2.43)

where e is the eccentricity, —e is the specific orbital energy, and j is the specific angular
momentum. We also use an approximation of Mgy > M,. When R, < R,, the star is
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lost by the TDE in the orbital timescale t,,,, and the orbit is called as the loss-cone orbit.
The condition can be rewritten as

GMBH

t

3> < ju(e) :=2R; ( — e) ~ 2G Mg Ry, (2.44)
where we assume a > R;.

The TDE rate Nrpg is thus determined by the refilling rate of the loss-cone in the
phase space (e, j) by relaxations. In the phase space, j takes the maximal value when
the orbit is circular,

(G Mgp)?

jC(E) = GMBHCZ = B
€

(2.45)
The relaxation timescale of energy €/é is given by t,q.x in Equation (2.39). It is also the
same as the timescale for j2 to change by order j2. Thus the relaxation timescale for the
angular momentum j to change by O(1) is

trelax (]) ~ jz ~ ] 2 trelax' (246)
! dj2/dt  \je(e)

In phase space around loss-cone, j ~ j. < J., and thus the relaxation timescale of the
angular momentum is much shorter than that of energy. We can neglect the diffusion of
€ in such cases.

Properties of the loss-cone depend on Aj(e), or the root mean square of change of
j(€) over an orbital timescale ¢y,

AJ©) ~[72) (2.47)

The point is the ratio of Aj(e) to ji.. If Aj(e) < ji., which is realized for larger e or
smaller a, a star entering into the loss-cone have j(€) =~ j. or § ~ 1, and is lost after ¢,.
The distribution function of stars inside the loss-cone, j(e) < j)., decays exponentially,
and thus it is called as the “empty loss-cone”; or “diffusive” regime. In phase space much
far from the loss-cone j > ji., the distribution function is not affected and thus isotropic.
Conversely, if Aj(e) > ji., which is realized for smaller ¢ and larger a, a star is often
scattered deeply inside the loss-cone and also outside it before the star reaches the tidal
radius. Thus this regime is called as the “full loss-cone”; or “pinhole” regime. In this
case, the distribution function is almost isotropic at all j = 7j.

The TDE rate in the empty loss-cone is derived by solving the Fokker-Planck equation
with two boundary conditions that the stellar density goes to zero for j — 7. and to the
isotropic distribution N, (€) for j — j. (Lightman & Shapiro, 1977)

Niso(‘E)
ln[jc<€>/jlc(e)}trelax(e)

NTDE,empty(e) ~ 3 (248)
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where N(e)de is the number of stars with their orbital energy in [—¢, —e + de|. In the
full loss-cone case the distribution function is uniform in 1 — e* o (j/ji.)* because it is
isotropic (Frank, 1978), and thus the TDE rate can be calculated as

\ iz Niso €
NTDE, fun(€) ~ iéce)t b((e)). (2.49)

With Equation (2.43) and 8 oc R, ! we also obtain the dependence of the TDE rate on
[ in this case as

Nrpg s (8)d8 oc B72dB. (2.50)

The total TDE rate can be calculated as
Nrpg = /0 deNtpE(€) (2.51)

N/o dENTDE,fuu-i-/ dENTDE,emptya (2.52)

where €, is the critical orbital energy where Aj(e.) = ji.. We also take the critical radius
re as r. ~ GMpp/é.. If ro < rp, most TDEs arise from a ~ r.. Conversely, if r. > 7,
most TDEs arise from a ~ 75, and are dominated by contributions from the empty
loss-cone regime.

Based on this framework, more detailed modeling of nearby galactic nuclei have been
performed (Syer & Ulmer, 1999; Magorrian & Tremaine, 1999; Wang & Merritt, 2004;
Stone & Metzger, 2016). The works considered TDEs where an SMBH disrupts an MS.
It is shown that r. ~ rj, for most galactic nuclei, while heavy SMBHs with > 10° M, have
r. 2 107,. Note that such a massive SMBH swallows an MS before the tidal disruption,

and thus we cannot expect TDEs (see also Section 2.2.1). Then we can roughly estimate
the TDE rate with Equation (2.48) as

N(T<7’h)

I(y/ri/ Betretas (1)
210y (N(r < rh)> ( tretax(7'h) > ’ (2.54)

106 7 x 108 yr

Nrpg ~ (2.53)

(2.55)

where we neglect the weak dependence of the logarithmic term, and consider r, = 1 pc,
Mpn = 10°M,, and a solar type star. It is also clear that we can approximate orbits
in most TDEs as parabolic because most stars are injected at r, or r., meaning that
Ry < rp and Ry < 1., or 1 —e < 1. The rough estimate is still reasonable: Wang &
Merritt (2004) gives the following scaling relation

. 7200
Nipg ~ 7.1 x 10~ 1( U ) BH 9.
top = 71 10y | e 106M,, )’ (2:56)
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which gives similar value to Equation (2.54). With the Mgy — o relation (e.g. Ferrarese
& Merritt, 2000), we see Nrpg Mpzr*, which implies that TDE rates are higher for
lower mass BHs, or in smaller galaxies. Note that the scaling relation is revised in Stone
& Metzger (2016) as

—0.404
Norp = 1.9 x 10~4yr—1 1 2.57
TDE = 1.J X yr 106 M, . (2.57)

The theoretical event rates given by the empirical modeling are consistent with ob-
servations. van Velzen (2018) measured mass and luminosity functions of TDEs based
on a sample of 17 TDEs detected in optical. They showed that TDE rates per galaxy
can be fitted as 10~ yr~!, unless the BH mass is so large that TDE rates are suppressed
by the swallow of stars. Previously it had been suggested that there was a discrepancy
between the theoretical TDE rates and observational ones (Kochanek, 2016), but it could
be caused by the missing of fainter TDEs in early surveys.

2.1.4 Observations of MS TDEs

In this Section, we review the observational status of MS TDEs. First, we explain a
brief history of MS TDE observations and future prospects. Then we review notable MS
TDEs among a large sample of the observations. See also recent review articles on the
observations of TDEs in radio (Alexander et al., 2020), in optical/UV (van Velzen et al.,
2020b), and in X-ray (Saxton et al., 2020).

In the beginning, the first TDEs were discovered by the X-ray telescope ROSAT.
They were identified as TDEs because they were found in centers of quiescent galaxies,
which denied their origin as active galactic nuclei (AGN) variability, and also because
they showed the t=5/3 power-law light curves (e.g. Bade et al., 1996; Grupe et al., 1999;
Komossa & Bade, 1999). Later, discoveries of TDEs were contributed by UV /X-ray tele-
scopes, The Galaxy Evolution Explorer (GALEX), XMM-Newton, Chandra, and Swift
(Esquej et al. 2007, 2008; Lin et al. 2011; Saxton et al. 2012; for a review see Komossa
2015). From around 2010, optical surveys led to detections of TDEs. They are con-
tributed by the Sloan Digital Sky Survey (SDSS), the Panoramic Survey Telescope and
Rapid Response System (Pan-STARRS), Palomar Transient Factory (PTF), intermedi-
ate Palomar Transient Factory (iPTF), the All Sky Automated Survey for supernovae
(ASAS-SN), the Asteroid Terrestrial-impact Last Alert System (ATLAS), and the Opti-
cal Gravitational Lensing Experiment (OGLE) (for a review see van Velzen et al., 2020b).
Those projects respectively have found a few TDEs. Recently, the Zwicky Transient Fa-
cility (ZTF) joined the optical surveys of TDEs, and is the most powerful tool to find
TDEs now. van Velzen et al. (2020a) reported 17 TDEs discovered in the first half of
the ZTF survey. Now there are about 50 TDE candidates with good certainties in total
(Graham et al., 2019), and more speculative TDE candidates with less certainties (e.g.
Auchettl et al., 2017). In near future, the Extended ROentgen Survey with An Imag-
ing Telescope Array (eROSITA), which is already in operations, would efficiently detect
TDEs bright in X-rays (Khabibullin et al., 2014). A sample of optically bright TDEs
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would also dramatically increase by the Large Synoptic Survey Telescope (LSST) on the
Vera C. Rubin Observatory (Bricman & Gomboc, 2020). GW background signals of MS
TDEs are possibly detected with the Big Bang Observer (Toscani et al., 2020).

First, we focus on the ROSAT TDEs (e.g. Bade et al., 1996; Grupe et al., 1999;
Komossa & Bade, 1999). Their locations coincident with galactic nuclei and ¢~/ power-
law light curves strongly indicate their origins as TDEs. Their peak luminosity up to a
few 10* ergs™! and their blackbody temperature of ~ 0.1keV are also consistent with
theoretical predictions at that time (e.g. Evans & Kochanek, 1989; Rees, 1990; Cannizzo
et al., 1990).

Second, we review notable TDEs found in the optical surveys. The optical TDEs
are usually bright in both optical and UV, and thus are also called optical-UV TDEs
(e.g. van Velzen et al., 2020b). PS1-10jh (Gezari et al., 2012) is the first TDE with
multiple detections before its peak and multiple spectroscopic observations. The rich
observations of the event make it a representative of optical TDEs, and motivate theorists
to develop detailed modeling of optical TDEs (e.g. Guillochon et al., 2014). ASASSN-151h
(Leloudas et al., 2016) is the most luminous optical TDE, and also is the most luminous
optical transient, with its peak luminosity ~ 2 x 10* ergs™' and My = —23.5 mag.
Note that different origins for the event, such as a superluminous supernova (SLSN), are
also proposed (Dong et al., 2016). The SMBH mass implied from the bulge mass and
luminosity of the host galaxy are respectively ~ 10388 M, and ~ 10%°° M, indicating
the encounter between a star and the SMBH is general relativistic. A spin of the SMBH
is constrained because a slowly spinning SMBH cannot disrupt the star before it enters
the horizon radius.

Third, there are historical observations of 3 TDEs with on-axis relativistic jets discov-
ered by Swift as ultra-long GRBs (Levan et al., 2011; Bloom et al., 2011; Burrows et al.,
2011; Zauderer et al., 2011; Cenko et al., 2012; Brown et al., 2015). They show high-
energy emission in X-ray and v-ray lasting for more than 10° s, which is outstandingly
long among observed GRBs (Levan et al., 2014). Such long timescales would be caused
by the fallback timescale (see Equation (2.24)). Kara et al. (2016) performed X-ray rever-
beration observations for one of the events, Swift J1644+57, and thus probed geometry
around relativistic jets. ASASSN-14li is another possible TDE with relativistic jets (e.g
Miller et al., 2015; Alexander et al., 2016; Holoien et al., 2016; van Velzen et al., 2016a).
Unlike the previous 3 TDEs, ASASSN-14li is bright in optical. ASASSN-14li is a rare
class of TDEs with detections not only in optical but also in radio and X-ray. Relativistic
jets are one of the possible origins to explain such multi-wavelength emission, while other
scenarios such as non-relativistic outflow are proposed (Alexander et al., 2016). Quasi
periodic oscillations (QPOs) of X-ray flux with 131 s period are also detected for the
event (Pasham et al., 2019).

Forth, some TDEs are detected in infra-red. There are detections of dust echo from
TDEs (Jiang et al., 2016a; van Velzen et al., 2016b; Dou et al., 2016; Jiang et al., 2017;
Wang et al., 2018; Jiang et al., 2019), and reprocessed emission where higher energy
emission is obscured by dust (Tadhunter et al., 2017; Dou et al., 2017; Yang et al., 2019;
Kool et al., 2020). Mattila et al. (2018) reported a dust-obscured TDE, Arp 299-B AT1,
where off-axis relativistic jets are probed by its radio observations.
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Other peculiar TDEs have also been reported. While most TDEs have been detected
in quiescent galaxies, TDEs in AGN have been detected (Blanchard et al., 2017; Liu
et al., 2020b). Possible candidates of TDEs where an IMBH disrupts a star are reported
(Lin et al., 2018, 2020). There is a TDE having a plausible association with a high-
energy neutrino event (Stein et al., 2020), which is the first possible counterpart of a
multi-messenger signal from TDEs.

2.2 Tidal Disruption Events of White Dwarfs

We review MS TDEs in Section 2.1, which are the most common TDEs and thus are a
point of reference to study various types of TDEs. Hereafter, we focus on TDEs where
a white dwarf (WD) is disrupted. In this Section, we review the current understandings
of characteristics of WD TDEs different from MS TDEs, event rates of WD TDEs, the
observational status of WD TDEs, and a variety of WD TDEs finally. The last point
is tightly related to the motivation of the study of this thesis. See also a recent review
article on WD TDEs: Maguire et al. (2020).

2.2.1 Characteristics of WD TDEs

A WD has a typical mass of ~ 0.6 Mg, radius of ~ 10° cm, and density of ~ 10" gcm ™3,
which is much more compact and denser than an MS star (e.g. Shapiro & Teukolsky,
1983). Its self-gravity is dominantly balanced by the degenerate pressure of electron gas.

WD TDEs have two unique features. First, the range of the BH mass is restricted
to stellar and intermediate masses. This is because a BH with its mass Mgy = 10° M,
swallows a WD inside its horizon radius before tidally disrupting the WD (Luminet &
Pichon, 1989b).

Quantitative discussions of the condition is as follows: the horizon radius of a BH
RBH is
G Mgy

2

where ¢ is the speed of light and 7 ranges from 1 to 9 depending on the BH spin. A
spinless, Schwarzschild BH has = 2, and then Ry = Rs := 2G'Mgg/c*. For simplicity,
we consider a Schwarzschild BH hereafter. The angular momentum of a star approaching
the BH is written as follows in Schwarzschild metric,

Rpn =1 (2.58)

. 2\1/2 Rg s
Jj = (RsR,yc”) 1—— . (2.59)
Ry

The star is swallowed by the BH when j < 2Rgc, R, < 2Rg, or

—2/3 -1/3
R, Mgy \ > M,
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where we consider a WD in Equation (2.60) and an MS in Equation (2.61). Combined
with the condition of the tidal disruption, § > 1, we obtain the maximum BH mass, or
the Hills mass, as

R 3/2 M -1/2
Migins = 9.0 x 10* M ( a ) a 2.62
il % © \109 cm <O.6M@> (2:62)
R 3/2 M —1/2
=4.0x 10" M, [ == a . 2.63
© <R®> <M®> (2:63)

Note that the Hills mass is slightly modified if the stellar structure is considered (Luminet
& Pichon, 1989b; Law-Smith et al., 2017; Mainetti et al., 2017). The encounter is a
collision between a star and a BH rather than a TDE if R, < R,, or

B> (MBH/M*)1/3 . (2.64)

These 3 conditions give a parameter space where TDEs occur, shown in Figure 2.2.

We see that BHs with their masses 2> 10° My, cannot cause WD TDEs. If a WD is
swallowed before disruption, there would be no observable signal except for GWs (East,
2014). In contrast, other types of stars, such as MSs and giant stars, can be disrupted by
SMBHs (Kobayashi et al., 2004; Law-Smith et al., 2017). In this sense, WD TDEs can
be unique probes of IMBHs.

The second feature is the explosive thermonuclear reactions in a WD. They are caused
by strong compression owing to the tides perpendicular to the orbital plane. Such adi-
abatic compression leads to shock heating during the pericenter passage (Carter & Lu-
minet, 1982, 1983; Bicknell & Gingold, 1983; Luminet & Pichon, 1989a; Kobayashi et al.,
2004; Stone et al., 2013). The shock increase the density and temperature, and possi-
bly ignite thermonuclear reactions and detonation, resulting in an explosion of the WD
(Luminet & Pichon, 1989b; Wilson & Mathews, 2004). Hydrodynamic simulations of
WD TDEs showed that thermonuclear explosions indeed realized if the encounters are
deep enough, or 3 is large enough (Rosswog et al., 2008, 2009; Haas et al., 2012; Holcomb
et al., 2013; Tanikawa et al., 2017; Tanikawa, 2018a,b; Kawana et al., 2018; Anninos et al.,
2018, 2019), although Tanikawa et al. (2017) pointed out that very high spatial resolu-
tion of < 10° c¢m is needed to accurately follow the explosion processes. If a substantial
amount of radioactive nuclei, such as °°Ni, are synthesized in the unbound debris of the
WD, their decays supply nuclear energy into the debris, and the event may appear as a
transient similar to SNe Ia (MacLeod et al., 2016). In MS TDEs, such emission powered
by radioactive nuclei is not expected because the density and temperature are not high
enough to synthesize those radioactive nuclei (Carter & Luminet, 1982, 1983; Luminet &
Pichon, 1989a). In this sense, the emission powered by the thermonuclear explosions is a
unique feature of WD TDEs. Once heavier nuclei are synthesized and are accelerated to
be ultra high-energy cosmic rays (UHECRs) around the IMBH, they might be an origin
of UHECRs of heavy nuclei (Zhang et al., 2017).
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Figure 2.2: Parameter spaces where WD TDEs occur. The red, green, and blue lines are
for Mywp = 0.2, 0.6, and 1.2 Mg, respectively. The areas inside the triangles, respectively,
correspond to the parameter spaces where TDEs occur. The original figure is given in
Luminet & Pichon (1989b)
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2.2.2 Rates of WD TDEs

An event rate of WD TDES is very uncertain, which reflects unknown natures of IMBHs.
There is almost no observational constraint on the WD TDE rate because we have no
certain detection of WD TDEs, while several candidates have been proposed (see Sec-
tion 2.2.3). Still, it is possible to theoretically estimate the WD TDE rate with several
assumptions, and such studies are important to construct strategies to search for WD
TDESs. In this Section, we review previous works estimating WD TDE rates.

To host WD TDEs, their environments are needed to be dense star clusters harboring
IMBH(s) and to be old enough that a fraction of stars evolve to WDs. Two possible
sites have been considered: centers of dwarf galaxies and globular clusters. The former
case was studied in MacLeod et al. (2014). They applied the loss-cone theory and took
parameters as those of centers of dwarf galaxies, extrapolating relationships such as the
Mgy —o relation derived for SMBHs to IMBHs (Kormendy & Ho, 2013). They found
that r. < ry, is realized in centers of dwarf galaxies, and thus a contribution from the full
loss-cone is dominant. Stellar distributions are relaxed by either two-body scattering or
mass-precession resonant relaxation (e.g. Merritt, 2013). They found the WD TDE rate
per BH in dwarf galaxies as

NWDTDE,dg ~ 10 %yr ' BH, (2.65)

and the MS TDE rate as ~ 10~*yr ' BH™'. The 1 % ratio of WD TDEs to MS TDEs
can be intuitively understood as follows: TDE rate is proportional to the size of the
loss-cone jZ (see Equation (2.49)). With the equations between ji., Ry, and the stellar
profile (Equation (2.8) and Equation (2.44)), we obtain that Nyppggm o< (M,/R3)~1/3.
Because the density of a WD is ~ 10° times larger than that of an MS, we see the WD
TDE rate is about 1% of the MS TDE rate. The number density of dwarf galaxies and
the occupation fraction of IMBHs in dwarf galaxies, or the mass function of IMBHs, has
not been accurately measured. MacLeod et al. (2016) parameterized the IMBH mass

function with a power-law function, extrapolating that of SMBHs. Assuming a log-flat
3

distribution, we expect a number density of IMBHs as npygg =~ 0.02 Mpc °. Then we
obtain volumetric WD TDE rate in dwarf galaxies as
AwD TDE, dg ~ 20 Gpe ™ yr". (2.66)

WD TDE rates in globular clusters are modeled in Baumgardt et al. (2004a,b). They
performed N-body simulations of globular clusters harboring a 1000 M, IMBH, and found
that the fraction of WD TDEs are ~ 9 % in all types of TDEs, including MS TDEs, WD
TDEs, and TDEs where giants are disrupted. The fraction is larger than that in centers
of dwarf galaxies, ~ 1%, likely because of stronger mass-segregation effects and shorter
relaxation timescales of globular clusters. They also applied their numerical models
to observed globular clusters, and showed that the total TDE rate per globular cluster
hosting an IMBH is ~ 1072107 yr~!, depending on core profiles of the globular clusters.
Combined with the ~ 9 % fraction of WD TDE rates, WD TDE rates in globular clusters
are estimated to be

NwpTDE, ge ~ 1070=10"% yr ' BH™. (2.67)
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Ramirez-Ruiz & Rosswog (2009) also made a simple estimation of the total TDE rate
per globular cluster as ~ 10~7 yr~! based on the loss-cone theory (Frank & Rees, 1976),
which is consistent with the results of Baumgardt et al. (2004a,b). To calculate the
volumetric rate of WD TDESs in globular clusters, we still need to know the number density
of globular clusters and the occupation fraction of IMBHs, which are very uncertain.
Volumetric number density of globular clusters were estimated as nge ~ 34 Mpc™ in
McLaughlin (1999), and as ngc ~ 4 Mpc ™ in Brodie & Strader (2006). Haas et al. (2012)
and Shcherbakov et al. (2013) respectively took those values, and assumed optimistic
occupation fraction of unity. The resultant volumetric rates of WD TDEs in globular
clusters are

. — _ Ngc
fwD TDE, ge ~ D00 Gpe™? yr! (40Mgpc_3> : (2.68)

Instead of using the volumetric number density of globular clusters, it is also possible
to use number density of globular clusters per galaxy with mass/luminosity functions of
galaxies (Toscani et al., 2020). Because of the large uncertainties in the number densities
of globular clusters and occupation fraction of IMBHs, different assumptions for them
can result in event rates different by a few orders of magnitude (Fragione et al., 2018).
As we have discussed, there is large uncertainty in a WD TDE rate. Even it is still not
clear which contribution from centers of dwarf galaxies or globular clusters is dominant.
Other exotic scenarios would subdominantly contribute to the WD TDE rate. Another
site of WD TDEs was considered in Fragione et al. (2020), which studied rates of WD
TDEs where a WD approaches a stellar mass BH with the help of Lidov-Kozai oscillations
by a tertiary star. They estimated the volumetric event rate as 1.2x 10~*—1.4 Gpc™2 yr—!
for 2 < 0.1, and thus the contribution from this scenario would be likely subdominant.

Despite the large uncertainty, it is still useful to derive a scaling relation of a volumetric
WD TDE rate as (MacLeod et al., 2016)

. _ _ NWDTDE NiMBH
~ 10 Gpe 3yr! . 2.69
WD TDE pe vt (106 yrl BH—1> (o.m Mpc_3> (2.69)

The event rate of WD TDEs with thermonuclear explosions is also of interest. A deep
penetration of a WD, 8 > Bihermo =~ 4, is needed to ignite thermonuclear explosions
(Kawana et al., 2018). Then a fraction of WD TDEs with thermonuclear explosions is
Bk . (see Equation (2.50)), if we assume that the full loss-cone contribution is dominant
as same as in dwarf galaxies. Finally we obtain

N n I6; -

. -3 -1 ‘WD TDE IMBH thermo

nwp TDE, thermo ™~ 25 GpC yr <106 yl"*l BH—l > (O()l Mpc—3> ( 4 ) :
(2.70)

We emphasize that the estimated event rate is very uncertain. The theoretically estimated
value of Nywprpr ranges 1071°—10"¢ BH ' yr!, depending on a profile of a star cluster
containing an IMBH. There is almost no observational constraint on the number density
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of IMBHs nivpn, where we take a fiducial value of 0.01 Mpc ™ here by extrapolating the
mass function of SMBHs to that of IMBHs with a log-flat distribution (we will discuss
this issue in Section 5.3 in detail). The ratio of WD TDEs with thermonuclear explosions
to all the WD TDEs, corresponding to (..., in the full loss-cone case, is less uncertain
than the former two factors. It ranges within a factor of a few depending on numerical
simulations (Rosswog et al., 2009; Kawana et al., 2018; Anninos et al., 2018, 2019),
although it is not observationally constrained.

2.2.3 Observations of WD TDEs

Observationally, there are a few possible candidates of WD TDEs, but they are not
confirmed as WD TDEs and other origins are possible. A class of WD TDE candidates
is ultra-long GRBs. Krolik & Piran (2011) proposed a WD TDE origin for a TDE with
relativistic jets, Swift J1644457, although an MS TDE origin is more natural (for a
review see Komossa, 2015). Two ultra-long GRBs associated with SNe are also proposed
as WD TDE candidates (Shcherbakov et al., 2013; Ioka et al., 2016). Other origins for
those transients are possible such as a collapse model and a magnetar model (Dainotti
et al., 2007; Nakar, 2015; Bersten et al., 2016; Gao et al., 2016).

Other WD TDE candidates are X-ray transients with their timescales consistent with
the fallback timescale of WD TDEs (see Equation (2.24)). They are modeled to be
powered by an accretion disk or relativistic jets formed in WD TDESs, and thus their light
curves would reflect the fallback timescale (Jonker et al., 2013; Bauer et al., 2017; Peng
et al., 2019). Shen (2019) proposed that so-called fast ultraluminous X-ray transients can
be explained with partial disruptions of a WD by an IMBH. However, origin(s) of these
events have not been conclusively determined (Irwin et al., 2016; Bauer et al., 2017).

Some optical transients recently found are also WD TDE candidates. Kuin et al.
(2019) proposed a WD TDE origin for AT2018cow, one of fast blue optical transients
(FBOTs). However, appearance of hydrogen lines probably disfavors the WD TDE origin
(e.g. Margutti et al., 2019). Calcium-rich transients (Ca-rich) transients are also possible
candidates of WD TDEs (Sell et al., 2015). Sell et al. (2018) performed X-ray follow-up
observations of a Ca-rich transient, SN2016hnk, expecting detection of X-ray emission
from an accretion disk formed in a WD TDE, but it was not detected. SN2019bkc, a
Ca-rich transient showing the most rapidly declining light curve among type I SNe (Chen
et al., 2020), is also considered as a WD TDE candidate in Prentice et al. (2020). A
caveat in the WD TDE scenario is again non-detection in X-ray, and there are other
possible scenarios.

Despite the little observations of plausible WD TDEs in the current era, it is expected
that WD TDEs would be possibly detected in a near future. Although there is a large
uncertainty in expected detection rates (see Section 2.2.2), MacLeod et al. (2016) esti-
mated the detection rate of thermonuclear emission of WD TDEs by LSST as ~ 14 yr~ ! if
the mass function of IMBHs is log-flat and is extrapolated from that of SMBHs. Malyali
et al. (2019) estimated the detection rate of X-ray emission from WD TDEs by eROSITA
as 3 events in its 4-year survey. Toscani et al. (2020) estimated GW background signal
emitted from WD TDEs, and showed that it would be detectable with ALIA, DECI-hertz
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interferometer Gravitational wave Observatory (DECIGO), and the Big Bang Observer
(BBO).

2.2.4 Variety of WD TDEs

WD TDEs intrinsically have a large variety in their parameters, the WD/BH masses
and penetration parameter 3, which can result in a variety of observational signatures.
Thermonuclear explosions in WD TDEs would also be diverse, while it is difficult to
analytically estimate the variety or dependence on the parameters because WD TDEs
show complex dynamical evolutions. Hydrodynamic simulations of WD TDZEs have been
performed for a variety of parameter sets of (Mpy, Mwp, 5) (Rosswog et al., 2008, 2009;
Haas et al., 2012; Holcomb et al., 2013; Tanikawa et al., 2017; Tanikawa, 2018a,b; Kawana
et al., 2018; Anninos et al., 2018, 2019) , showing that hydrodynamic and nucleosynthetic
results range widely depending on the parameters. Kawana et al. (2018) performed the
largest parameter study considering 180 parameter sets, and showed that there is indeed
a large variety in quantities tightly related to the thermonuclear emission, such as the
ejecta mass, *Ni mass, and explosion energy (see Figure 2.3).

MacLeod et al. (2016) was a unique study in the sense that they derived concrete
observational signatures of a WD TDE, such as multi-band light curves and spectral
evolutions. They considered a carbon-oxygen (CO) WD TDE model of Rosswog et al.
(2009), where thermonuclear explosions are ignited. They applied a radiative transfer
simulation to the model in a post-process manner, and showed that the emission from
thermonuclear explosions is indeed similar to SNe Ia. The CO WD TDE model does not
exactly match with SNe Ia and there are some different points, such as relatively faint
B-band magnitude than normal SNe Ia, different color evolutions, and the Doppler shift
of spectral lines reflecting escape velocity of unbound debris from the IMBH. However,
the variety of the observational signatures is still mysterious because they considered only
one particular case of the CO WD TDE. It is not clear if other WD TDEs share the same
properties shown in their model once other parameter sets are considered. As pointed out
in Kawana et al. (2018), we can naively expect a large variety of observational signatures,
and thus it is important to reveal the variety.

In this thesis, we study the variety and characteristics of observational signatures from
thermonuclear explosions in WD TDEs. We consider 5 WD TDEs with different param-
eter sets. We perform hydrodynamic simulations, detailed nucleosynthesis simulations,
and radiative transfer simulations for the models and thus derive synthetic observational
signatures. We compare our models with observed transients, and search for WD TDE
candidates. We also constrain properties of IMBHs by discussing possible WD TDE
candidates found by the comparisons.
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Figure 2.3: Masses of unbound debris and those of °Ni in the unbound debris. The
figure is reproduced from Kawana et al. (2018). The solid curves show the boundaries
where WD TDEs occur, which are also shown Figure 2.2. Note that the vertical axes
are in linear scale here while are in logarithmic scale in Figure 2.2. From left to right,
each column respectively shows the results for Mwp = 0.2, 0.6, or 1.2M,. The open
circles show TDEs without explosive nuclear reactions. The filled circles show TDEs
with explosive nuclear reactions.
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Chapter 3

Methods

In this Chapter, we explain our numerical methods used to model observational signa-
tures from thermonuclear explosions in WD TDEs. First, we show an overview of the
methods and models of WD TDEs considered here. We combine three numerical sim-
ulations composed of hydrodynamic simulations, post-process detailed nucleosynthesis
simulations, and radiative transfer simulations. Later, we describe each method in detail.

3.1 Overview

We consider 5 parameter sets of WD TDEs in order to study a variety of emission from
thermonuclear explosions in WD TDEs, considering the WD mass as the main parameter
to be varied. Table 3.1 shows the model parameters of our 5 models.

We combine three numerical simulations to derive synthetic observational signatures.
First, we perform three-dimensional smoothed particle hydrodynamic (SPH) simulations
coupled with simplified nuclear reaction networks. We follow dynamical evolution of the
tidal disruption of a WD by a BH and thermonuclear explosions in the disruption phase,
corresponding to the phases 1 to 4 in Figure 1.2 and to a timescale of ~ 1000 s. We
terminate the hydrodynamic simulations when homologous expansion of the unbound
ejecta of the WD debris is approximately realized.

Second, we perform detailed nucleosynthesis simulations to derive detailed nuclear
compositions of the unbound ejecta. This process is needed because the nuclear compo-
sitions derived by the simplified nuclear reaction networks adopted in the hydrodynamic
simulations consider 13 isotopes from *He to ®°Ni, and are not enough for the following
radiative transfer simulations. We record histories of density and temperature for all the
SPH particles in the hydrodynamic simulations when explosive nuclear reactions occur,
corresponding to a timescale of ~ 1 s and to the phase 2 in Figure 1.2. Then we perform
the nucleosynthesis simulations for all the SPH particles in a post-process manner with
the density-temperature histories and with the initial nuclear compositions adopted in the
hydrodynamic simulations, considering nuclear reaction networks among 640 isotopes.

Third, we perform three-dimensional, multi-frequency, and time-dependent Monte
Carlo (MC) radiative transfer simulations to make synthetic observations of the emission
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from the unbound debris. In the simulations, we follow the generation of photons by the
radioactive decays, interactions of the photons with the unbound debris, and escapes of
the photons from the ejecta with the assumptions of the local thermal equilibrium (LTE)
and the radiative equilibrium. The resultant optical radiation appears with a timescale of
~ 10 d, and thus it is computationally expensive to follow dynamical evolutions with the
hydrodynamic simulations until that time. Thus we adopt distributions of the density
and velocity of the unbound debris as those given by the hydrodynamic simulations at
their ends, and use an approximation that the velocity of the unbound ejecta is constant
after the ends, while its temperature evolution and the radioactive decays are followed.
The approximation is valid because we followed the hydrodynamic simulations until the
homologous expansion of the unbound ejecta is approximately realized, and the pressure
gradient is too low to affect the kinetic profiles of the unbound ejecta in the timescale
of concern in the radiative transfer simulations. We also adopt the nuclear compositions
as those given by the detailed nucleosynthesis simulations. The computational domain is
set such that its origin is at the center of mass (COM) of the ejecta, while we ignore the
bound fallback debris. As the results of the radiative transfer simulations, we obtain a
distribution of photons escaping from the system as a function of time, frequency, and a
viewing angle.

3.2 Hydrodynamic Simulations

First, we perform SPH simulations coupled with simplified nuclear reactions to follow
dynamical evolution of the tidal disruption and thermonuclear explosions in the disruption
phase. We largely follow numerical methods adopted in Tanikawa et al. (2017) and
Kawana et al. (2018). Basic equations solved in our SPH simulations are

dv VP

Y 3.1
1 P + gBH + gwp, (3.1)
du P

— =——V_ 'nucv 3.2
& ; v+ € (3.2)
dX; .

where the equations respectively show the equation of motion, energy equation, and
thermonuclear reactions. Table 3.2 shows the meanings of the physical values in the
equations.

The SPH is the Lagrangian mesh-free particle method first developed in Lucy (1977).
We model a WD as a collection of SPH particles and a BH as a single gravity source.
We adopt a simple and basic SPH method (for a review see Rosswog, 2015). We use
the Wendland C? kernel (Wendland, 1995; Dehnen & Aly, 2012) for the interpolation of
SPH kernels. We introduce the artificial viscosity in order to capture discontinuities like
shocks with the formulation of Monaghan (1997) and Morris & Monaghan (1997). We
adopt the Balsara switch (Balsara, 1995) in order to suppress the artificial viscosity from
shear motion. We use FDPS (Iwasawa et al., 2016a,b) and explicit AVX instructions
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3.2.

Table 3.1: Model parameters. The WD compositions are shown as mass fractions of elements. fendnydro is the termination
time of a hydrodynamic simulation. Rpaxraa i the radius of the outer edge of the radial grid used in a radiative transfer
simulation at fendhydro- Urmaxrad iS the corresponding radial velocity to Rmaxrad- tinitraa 1S the initial time of a radiative

transfer simulation since the tidal disruption.

Mwp [Mg] Rwp [10°cm] WD composition ~ Mgy [Mg] B tendhydo [S]  FRmaxrad [10™ ¢m]  pmaxraa [10%cms™]  tinieraa [d]
0.2 12.8 “He 100 % 1029 5.0 2000 4.0 2.05 3.16
0.4 9.7 He 100 % 10%° 5.0 2000 5.0 2.52 3.16
0.6 7.5 2C 50 %, 0 50 % 10%° 5.0 1000 1.7 1.77 1.58
1.0 5.0 2C50 %, 0 50 % 10%9 5.0 1000 4.0 3.97 1.58
1.2 3.4 12C 50 %, %0 50 % 102 3.5 1000 3.6 3.61 1.58
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Table 3.2: Meaning of physical values.

d/dt Lagrangian time derivative. d/dt = 0/0t + v - V.
v Velocity vector.
p  Density.
P Pressure.
g  Gravity vector. Subscripts of ‘BH’ and ‘WD’ respectively mean the gravity
by a BH and the self-gravity by a WD.
u  Specific internal energy density.
éme  Specific energy generation rate given by nuclear reactions.
X; Mass fraction of an isotope specified with the subscript ‘7’.
Y;  Number fraction of an isotope specified with the subscript ‘7.

(Tanikawa et al., 2012, 2013) to perform efficient calculations on distributed-memory
parallel supercomputers.

We use Helmholtz equation of state (EoS) for the WD (Timmes & Swesty, 2000).
The EoS considers degenerate electron/positron gas as ideal Fermi gas, ion gas as an
ideal gas with the adiabatic index v = 5/3, thermal radiation, and Coulomb corrections.
The SPH simulations are coupled with a-chain nuclear reaction networks (Timmes 1999;
Timmes et al. 2000, see also Fryxell et al. 2000). The numerical methods to calculate the
nuclear reactions are almost the same as those we describe in Section 3.3. A difference
is that here we consider a smaller nuclear reaction networks among the 13 isotopes of
4He, 12C, 160, 2°Ne, #Mg, 2Si, 328, 36Ar, 10Ca, 4Ti, *¥Cr, ?Fe, and *Ni. We integrate
the nuclear reactions over time implicitly when p > 5 x 10" g ecm™3 and 7' > 3 x 10° K,
and otherwise explicitly. This is because an integration timestep in the explicit method
should be very small (< 107!2 s) in order to avoid the overcooling of photo-dissociation
(Raskin et al., 2010). Adopting such a very small timestep would be computationally
expensive, and thus we employ the implicit method in the phase space. Once the nuclear
reactions are calculated, the energy generation rate is calculated as

dY;
6‘nuc — NA Z BZE - éu (34)

where N, is the Avogadro constant, B; is the specific binding energy, and €, is the energy
loss rate due to free escapes of neutrinos given by Itoh et al. (1996). In order to calculate
the Helmholtz EoS and nuclear reactions, we use the routines developed by the Center
for Astrophysical Thermonuclear Flashes at the University of Chicago (Fryxell et al.,
2000).

We use the gravitational potential of Tejeda & Rosswog (2013) to include an approxi-
mate general relativistic correction for the non-rotating, Schwarzschild BH. The potential
uses the approximation that the specific orbital energy of a point mass particle € is close
to ¢, or |e — ¢*| < ¢®. The approximation is valid for parabolic orbits on which most
TDEs are (see Section 2.1.3), and then the potential gives the BH gravity in the spherical
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coordinate (r, 0, ¢) as

M 2 ~1 2 . _

po_C L (1 - RS) + (1 - RS) i (r — 3Rs) (62 + sin? ¢°), (3.5)
T r r r 2

0 = i <T — 3Rs/2> + sin 6 cos 0¢?, (3.6)
r r — Rg

5o 29 ( - 335”) 2 cot 034, (3.7)
r r — Rg

where Rg is the Schwarzschild radius. We eliminate SPH particles when a distance
between an SPH particle and the center of the BH is shorter than the sum of the kernel
support radius of the SPH particle and the Schwarzschild radius. We calculate the self-
gravity of the WD with adaptive gravitational softening (Monaghan, 1997).

The initial conditions are set as follows. First, we distribute and relax SPH particles
to represent a WD with a uniform temperature of 7 = 10° K and uniform nuclear
composition shown in Table 3.1, in the same manner as in Tanikawa et al. (2015) and
Sato et al. (2015, 2016). Second, to simulate a TDE, we uniformly add displacement and
velocity to the WD such that the orbit is parabolic in the Schwarzschild metric. The
initial separation between the BH and WD is 5R;. We assume that the WD has no spin.
We terminate the simulations at the time feng hydro Shown in Table 3.1.

We employ 786,432 SPH particles to represent the WD. The resolution is not enough
to resolve shock structure during the tidal compression, and thus the nucleosynthetic
results are resolution-dependent (Tanikawa et al., 2017). Tanikawa et al. (2017) shows
that synthesized masses of intermediate mass elements (IMEs) and iron group elements
(IGEs) vary up to a factor of several if the number of SPH particles are changed by a
factor of about 1000. Thus, the resultant thermonuclear emission of our models, such
as the luminosity and timescale, would quantitatively change by the numerical resolu-
tion. However, we expect that the results do not change qualitatively. A reason is that
detonations in WD TDEs are also reproduced in Tanikawa (2018b) and Anninos et al.
(2018), who adopt independent numerical methods with ours. Another reason is that we
also see rough matches in nucleosynthetic yields between our hydrodynamic simulations
(see Kawana et al. 2018) and Anninos et al. (2018). Furthermore, we expect a large
variety of thermonuclear emission from WD TDEs for other parameter cases. Even if our
nucleosynthetic results are not exactly correct, similar nucleosynthesis and succeeding
thermonuclear emission would be given for other parameter cases.

3.3 Detailed Nucleosynthesis Simulations

In order to derive detailed nuclear compositions, we perform detailed nucleosynthesis
simulations with the torch code! (Timmes, 1999). We record histories of density and
temperature for all the SPH particles in the hydrodynamic simulations during phases
when explosive nuclear reactions occur. Then we perform the nucleosynthesis simulations

'http://cococubed.asu.edu/
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for all the particles in a post-process manner with the density-temperature histories,
considering networks among 640 isotopes. For the simulations, we take the same initial
nuclear compositions as those used in the SPH simulations.

The basic equations solved in the nucleosynthesis simulations are the following set of
the ordinary differential equations (ODEs)

Y = J(p,u)Y, (3.8)

where Y = {Y;} is the nuclear composition of isotopes, and J(p, u) is the Jacobian matrix
describing reaction rates between two isotopes. The entries of the Jacobian matrix are
determined as follows. If we consider an example of the *?C(a, 7)'%0 reaction, the reaction
contributes to change the abundance of each elements as

Y (*He) = =Y (*He)Y (2C)A + - - -, (3.9)
Y(*2C) = ~Y(*He)Y (2C)A + - - -, (3.10)
Y(10) = +Y (*He)Y (PC)A + - - -, (3.11)

where A = A(p,u) is the reaction rate. The ellipses show contributions from other reac-
tions. The negative signs shown in the first term of the right hand side mean the decrease
of *He and '2C with the reaction , while the positive sign means the increase of 10. These
equations contribute to the Jacobian matrix J as

J(*He,"He) = —Y (2C)A + - - -, J(*He,”” C) = —Y (*He)A + - - -, (3.12)
J(*?C*He) = —Y(2C)A+ -, JPCR2C) = -Y(*He)A + - -, (3.13)
J(*0,*He) = - Y (C)A + - - -, J(0,2C) = —Y(*He)A + - - -, (3.14)

Repeating the same procedure for all the reactions considered, we can compose the Ja-
cobian matrix.

In principle, every isotope can react with any other isotope, and thus the Jacobian ma-
trix has non-zero values for its all entries. However, it is computationally less expensive to
ignore reactions with sufficiently low reaction rates. For the reactions among 640 isotopes,
most reactions considered are the types of (n,p), (n,v), (a,p), (a,7), (a,n), (p,7), and
their inverses (p,n), (v,n), (p, @), (7, a), (n,a), (7, p). Some other special reactions such
as the triple-a reaction and 2C+'2C reaction are also considered. The reaction rates are
based on Woosley & Hoffman (1992) and Woosley & Weaver (1995).

For the reactions among 13 isotopes, adopted in the hydrodynamic simulations, the
following reactions are considered:

o The (a,7) and (7, ) reactions from ?C to *Ni
e The triple-a reaction: *He(aq,v)?C
o 12C(1QC,7)24Mg

. 12(3(1607 7)28Si



3.3. Detailed Nucleosynthesis Simulations 33

. 160(1607 ’}/)248

o The (a,p)(p,7) and (v,p)(p, ) reactions with the intermediate isotopes of 27Al,
31p, 35(1, 3K, #3Sc, 47V, °Mn, and %°Co. The intermediate isotopes are assumed
to be consumed immediately and thus are not followed.

The reaction rates are set by hand to obtain an accurate energy generation rate with such
a small reaction network (Timmes 1999; Timmes et al. 2000, which are also based on
Caughlan & Fowler 1988). Note that the derived nuclear compositions are also accurate
to some extent (for example see Figure 4.7).

Because of the way to compose the Jacobian matrices, they are sparse, or most entries
of the matrices are zero. Focusing on this nature, the torch code uses the MA28 sparse
matrix package (Duff et al., 1986) to solve linear algebra, which enables to obtain a good
balance between the accuracy and computational costs such as the execution speed and
storage amount.

Then the torch code integrates Equation (3.8) for a given timestep. When we inte-
grate the equations in the hydrodynamic simulations, we consider hydrostatic evolution,
i.e. the density and temperature do not change for a given timestep of the hydrody-
namic simulations. When we calculate the post-process nuclear reactions, we extract
density and temperature at a given time from their histories recorded in the hydrody-
namic simulations and integrate the equations for the time when explosive thermonuclear
occur. However, it is not straightforward to accurately integrate the ODEs if the given
timesteps are not sufficiently small compared with the timescale for abundance, density,
or temperature to change significantly.

The torch code handles the problem by adopting the variable-order Bader-Deuflhard
method (e.g. Bader & Deuflhard, 1983; Press et al., 1996), a semi-implicit integration
method. The method is described as follows. For a given large timestep H where the
abundance evolves from Y,, to Y,,11, we divide the large timestep into m small timesteps
H/m, and first solve the following matrix equations:

h=H/m, (3.15)
(1/h—=J)-Ag=J"Y,, (3.16)
Y =Y, + A, (3.17)
Then, we solve the following equations from £k =1,2,--- ,m — 1,
(1/h=J)-x=J Y, — Ay_1, (3.18)
Ak = Ak—l + 2£L‘, (319)
)-/k—l-l — .Yk + Ak. (320)

In the last step, we obtain the following closure for Y, as

(1/h=J) Ay =J- Yy — Ap_, (3.21)
Y1 =Y, + A, (3.22)
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These procedures are executed at least twice with m = 2 and m = 6, yielding a 5th-order
method at least, and may be executed at a maximum of 7 times, yielding a 15th-order
method. The times of the executions of the procedures are determined by the required
accuracy of 107% and the smoothness of the solution. The accuracy of an integration step
is estimated by comparing the solutions derived with different orders.

3.4 Radiative Transfer Simulations

Finally, we perform three-dimensional, multi-frequency, and time-dependent MC radia-
tive transfer simulation simulations using HEIMDALL (Maeda, 2006; Maeda et al., 2014).
In the simulations, the unbound ejecta is approximated as its velocity is constant, while
we follow time evolution of its temperature, ionization, and opacity, and the radioactive
decays of #Cr/V/Ti, %*Fe/Mn/Cr, and *Ni/Co/Fe as the power sources. For stable
elements, we consider them with atomic numbers Z from 1 to 30, and their abundance
is extracted from the detailed nucleosynthesis simulations. The computational domain
is set such that its origin is at the center of mass (COM) of the ejecta with the three-
dimensional spherical grid of (v,., cos €, ¢), while we ignore the bound fallback debris. The
three-dimensional spherical grid is equally sampled with bins of (100, 50, 50), where the
outer edge of the radial grid and the corresponding radius are taken as shown in Ta-
ble 3.1. As a preparation for the radiative transfer simulations, we map the distribution
of the density and velocity given by the hydrodynamic simulations, and the nuclear com-
positions given by the detailed nucleosynthesis simulations to the spherical grid following
the prescription given by Rottgers & Arth (2018). With the method of Rottgers & Arth
(2018), we can well conserve integral fluid properties and can maintain the resolution of
the SPH data. We take time bins logarithmically sampled with the width of 0.02 dex,
and with the initial times shown in Table 3.1. The frequency bins range from 100 A to
20,000 A and are logarithmically sampled with 3,000 bins.

The methods of our radiative transfer simulations largely follow the MC methods
formalized in Lucy (2005), Kasen et al. (2006) and Kromer & Sim (2009). The input
variables for the simulations are the distribution of the kinetic and nuclear composi-
tions [v(r,t), p(r,t), X (r,t)]. With the inputs, we iteratively calculate the thermal and
ionization structure with the assumptions of the LTE and radiative equilibrium, and ac-
cordingly the opacity distribution, or {T(r, t),nl(r,t), a(r, A, t)} Here n? is the number
density of an ion j at i-th level. We simultaneously simulate the generation and propa-
gation of photons consistently with the above calculations, and thus obtain the radiation
field [f(r, A, 1,t)], where 1 is the photon direction vector. The calculations performed can
be categorized into 5 steps. We describe each step in the following Sections.

3.4.1 Distribution of Initial Photon Packets

In our MC radiative transfer simulations, we simulate the generation and propagation of
a collection of photon packets. Each photon packet is described by [r(t), A(t),1(t), €(%)],
where € is the total energy within the packet. The photon packet has a unique frequency
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v, and thus the total energy can be expressed as € = ny,hv with the photon number 7.

We first specify the generation of the photon packets rather than reprocessing of
already existing thermal photons. We consider the radioactive decays of 8Cr/V /Ti,
»2Fe/Mn/Cr, and *Ni/Co/Fe as the photon generation processes. We ignore the internal
energy given by the hydrodynamic simulations because the adiabatic expansion makes it
much smaller than the radioactive energy at the timescale of our interest here. The photon
packets are randomly generated with probabilities determined by the spatial distribution
of the radioactive nuclei and the properties of the radioactive decays, where we take into
account the branching ratios and decay time of them. The radioactive decays produce
positrons and y—ray. We assume that the positrons deposit their energy in situ due
to their short mean free path. ~—ray packets generated before the initial time of the
relative transfer simulations, shown in Table 3.1, are also assumed to be absorbed in
situ due to high optical depth in the early phase. The deposited energy is converted to
thermal photons at the initial time of the radiative transfer simulations. We consider the
loss of the thermal energy due to the adiabatic expansion between the deposition time
and the initial time. For y—ray packets generated after the initial time, transfer of them
are solved with the MC scheme identical to thermal photons but without temperature
iteration, explained in the following Sections. This is because the cross sections of the
interactions of y—rays with matters, as described below, are insensitive to the thermal
condition (Maeda, 2006). We take into account Compton scattering, pair creation, and
photoelectric absorption as interactions of the y—rays with matters. We use the Klein-
Nishina cross section for the cross sections of the Compton scattering. the cross sections
for the pair creation and photoelectric absorption are adopted from Hubbell (1969) (see
also Ambwani & Sutherland, 1988) and are compiled by Hoeflich et al. (1992) from Veigele
(1973), respectively.

By solving the MC transfer of y—rays, we obtain the spatial distribution of the energy
deposition in a timestep by y—rays and positrons I', (r, ). We randomly generate thermal
photon packets with their distribution consistent with I, (7, ¢). We set the energy content
of each photon packet to be the same at its creation, and its direction vector is randomly
determined with the isotropic distribution in the comoving frame. To determine the
probability distribution of the wavelength of the thermal photon packet, we need to know
the matter temperature. As a first step, we use a given temperature Ty(r,t) to determine
the wavelength, but later we iterate the MC radiative transfer and the temperature
determination to obtain their consistency, as described in the following Sections.

3.4.2 Thermal and Ionization Structure and Opacity Distribu-
tions

In order to simulate interactions of the photon packets with matters, we need to know
the spatial distribution of opacities of the interactions for a given timestep. We take
into account the interactions of thermal photons with matters including bound-bound,
bound-free, free-free, and electron scattering. At a given time and for a given temperature
T(r,t), we compute the ionization and level populations of ions with the Saha equation,
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and the Boltzmann distribution for electrons under the LTE assumption.
The electron scattering opacity is

ao(r,t) = orne(r, t), (3.23)

where o is the Thomson cross section, and ne(r,t) is the electron number density given
by the ionization condition. The free-free absorption opacity is

4¢b or \ /2 - hv
T “12NT 7220 i1 — - 24
<3kme) (r?) 2]: gty l xp (k;T)] g, (3.24)

where e is the elementary charge, m, is the electron mass, h is the Planck constant, k
is the Boltzmann constant, v is the photon frequency, Z; is the number of free electrons
associated with the ion j , and n/ is the number density of the ion j. We take the Gaunt
factor gg as unity. We take the cross sections of the bound-free transitions [ape(r, A, t)]
from Verner & Yakovlev (1995) and Verner et al. (1996). For a given A, we take the sum
of the bound-free cross sections over different ions with the ionization states calculated
with the Saha equation.

We adopt the Sobolev approximation for the bound-bound transitions, where the line
optical depth is given as

Oéﬁ‘(lr', V? t) :3m hC

me? [1 _ gmu(r,t) ] , (3.25)

Tiu (T, t) = m—ecflu)\lutnl(r, t) gunl(r, t)
where the subscripts [ and u are the lower and upper levels of a transition, respectively.
We omit the superscript j to denote the ion here. f;, is the oscillator strength of the
transition, and \;, is the wavelength of it. ¢, and g, are respectively statistical weights
of the lower and upper levels. We use a set of ~ 5 x 10° bound-bound transitions from
Kurucz & Bell (1995).

The probability for the photon to escape out of the resonance region is calculated
with the Sobolev optical depth as

1 _ e_Tl1L(Tvt)
Tiu (7‘, t)
We use the expansion opacity formalism to treat the bound-bound transitions, where the
transitions with similar wavelengths are combined into a discrete frequency grid (Karp

et al., 1977; Eastman & Pinto, 1993). Then the total cross section of the bound-bound
interaction is

Bru(r,t) = (3.26)

1 Al
app(r, A\ t) = — ) —(1 —e "), 3.27
w(r A8 = 5 S A5 e™) (327)
where the sum runs over the transitions whose energy difference is within the wavelength
bin considered (A\). The absorptive component in the opacity is defined within the
two-level atom approximation, or,

S,\ = (1 — GZU)J)\ + EluB)\<T) y (328)
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where Sy is the source function. The first term on the right hand side of the equation
means the scattering component, while the second term means the absorptive component.
€1, is the parameter meaning fraction of absorptive component, and we take the same
value of ¢, for all the transitions, or € = ¢, = 0.3, following Kasen et al. (2006). Then,
the absorptive opacity of the bound-bound transitions is

1 )\lu €lu

abs(T A1) = — > —= 1—e ). 3.29
B VY- P (e A (329

Finally, the total opacity is given as
a(r, A\ t) = ae(r,t) + ag(r, A, t) + ape(T, A\ t) + app(r, A 1) (3.30)
while the absorptive component is defined as
Qaps (T, A, 1) = ag (T, A t) 4+ ape (7, A, 1) + Qb abs (T, A, E) (3.31)

Note that we ignore excitations and ionization of atoms by non-thermal photons
because of the LTE assumption. The point results in failing to excite neutral helium,
and thus helium lines are always missed in our radiative transfer simulations (Harkness
et al., 1987; Lucy, 1991; Hachinger et al., 2012).

3.4.3 Propagation of Photon Packets

With the interaction opacities derived in Section 3.4.2, we simulate propagation of the
photon packets in the MC manner. When we consider a time bin from ¢, to t,.1, we
simulate the photon packets generated in the time bin by the y—ray and positron energy
deposition and those which already exist at t,, from the previous timestep. The photon
packets are followed until ¢, 7 or until they escape out the computational domain.

During the timestep between ¢, and t,.1, propagation paths of photon packets are
divided into step(s). At each step, we calculate photon path lengths for some numerical
and physical events, and then the event with the minimal length is adopted to occur.
These events are composed of the following 4 events: (1) A photon packet reaches a
boundary of the current spatial mesh, (2) The time reaches to the next timestep t,1,
(3) The frequency of the photon packet in the comoving frame is shifted into a different
frequency bin due to the Doppler shift AX = Av/c, and (4) A photon packet experiences
either scattering or absorption.

We evaluate the item (4) with the following MC formula as

a(r,\t)p(r,t)ds' = —Inz (3.32)

where 2z is the random number with a uniform probability distribution between 0 and
1, and ds is the path length. The prime means that the quantities are those in the
rest-frame. Whether the packet interacting with matters experiences absorption or scat-
tering is randomly determined, while their probability ratio is determined by the ratio of
Qaps (T, A, 1) and qgear = (7, N 1) — aaps(T, A, ).
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We treat a scattering event as isotropic and elastic in the comoving frame. A new
photon direction is randomly chosen in the comoving frame and is converted to the rest
frame. We treat an absorption and re-emission event with the LTE assumption, and thus
we determine a new wavelength at its re-emission by the local thermal emissivity as

Ja(r,t) = Ba(T)ans(T, A, 1) . (3.33)

We also treat the re-emission as isotropic in the comoving frame.

3.4.4 Determination of New Temperature and Iteration until
Temperature Converges

By simulating the photon propagation, we obtain the heating rate between ¢, to ¢,,1 by
the thermal photons as

1

Fopt(r, t) = FV

Zaabs(r,)\,t)ekésk s (334)
k

where At =t,,1 —t,, and V is the volume of the spatial mesh. The quantities are those
in the comoving frame. The sum runs over all the photon packets, denoted by k, which
pass through a given mesh between ¢, and t,.;.

We also obtain the heating rate by y-rays and positrons I'y in the same manner. Then
the radiative equilibrium gives the new temperature by the following balance between
heating and cooling:

A, T) =Topi(r,t) + Ty (7, 1), (3.35)

where the cooling rate at each spatial mesh A(r,T) is
A, T) = 47r/aabs(’r, A T)Br(T)d . (3.36)

Here we adopt the absorptive opacity aups(r, A, T") estimated with the previous temper-
ature.

Generally, the new and previous temperature does not exactly match. Thus we iterate
the 3 steps described in Section 3.4.2 to Section 3.4.4 for a given timestep between
t, and t,,; until the temperature simultaneously converges at all the meshes. Once
the convergence is realized, we end the calculations for the timestep. The converged
temperature is then used as the initial guess for the temperature in the next timestep.
The photon packets remaining in the system at ¢, ; are also used as the initial condition
of the next timestep. Repeating the procedures for the timesteps {¢,}, we obtain the
time evolving radiation field and thermal structure of matters self-consistently.

3.4.5 Synthetic Observations

Simulating the procedures described in Section 3.4.1 to Section 3.4.4, we obtain photon
packets escaping the computational domain. Such photon packets are recorded with
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their profiles [f(I, A, t)], or the flux as a function of the viewing angle, wavelength, and
time. We can make synthetic observations of the system with the accumulated photon
packets. We can directly extract spectra as a function of time and the viewing angle by
binning them. To calculate band magnitudes, we convolve the spectra to filter response
functions. Because the computational domains in the radiative transfer simulations are
the comoving frames with respect to the unbound ejecta, we finally correct the photon
packets for the Doppler shift for each viewing angle when we are interested in the observer
frame, or the BH rest frame.
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Chapter 4

Results

In this Chapter, we show results of our numerical simulations. First, we show an overview
of the results of all of our models. We summarize the results of the hydrodynamic simu-
lations and detailed nucleosynthesis simulations. Second, we describe photometric char-
acteristics of our models comparing them with observed transients. We select observed
transients that show similar photometric characteristics as possible observed candidates
of our models, and summarize comparisons between the selected transients and our mod-
els. Later, we explain each model. Taking the 0.2 M, model as a representative of our
models, we explain important features of observational signatures of our WD TDE mod-
els in detail. We briefly describe the other models focusing on their differences and their
effects on the observational signatures.

4.1 Overview of All the Models

Table 4.1 shows the result summary of the hydrodynamic and detailed nucleosynthetic
simulations of all the models. All the models show thermonuclear explosions of a WD,
which affect hydrodynamic profiles of WD debris, and a certain amount of heavier nuclei
are synthesized. Figure 4.1 shows snapshots of the hydrodynamic simulation of the 0.2 M,
model, as an example of a sequence of the tidal disruption, thermonuclear explosions,
fallback of the bound debris, and escape of the unbound debris. The sequence corresponds
to the phases 2 to 4 in Figure 1.2.

The unbound masses are larger than half of the initial WD masses because a part of
released nuclear energy is converted into orbital energy of the debris. The unbound ejecta
has a bulk motion escaping from the IMBH with the bulk velocity, and also expands with
its kinetic energy Fiy, (see also the spatial distribution of the debris shown in Figure 4.6,
for example). The thermonuclear reactions synthesize a large amount of unbound *°Ni,
ranging from 15% to 60% of the initial WD masses. A part of a WD is not burnt by the
thermonuclear reactions, and thus a good fraction of the element(s) composing the initial
WD remain even after the tidal disruption. This point results in the large masses of He
in the 0.2 and 0.4 My models and of C and O in the 0.6, 1.0, and 1.2 M, models.

Figure 4.2 shows photometric properties of our models in a phase space of decay
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Table 4.1: Result summary of hydrodynamic simulations and nucleosynthesis simulations. Muupouna is the mass of the
unbound ejecta. Ey, is the kinetic energy of the unbound ejecta with respect to its center of mass (COM). The bulk velocity
is the velocity of the COM with respect to the BH. Mye, M, Mo, Ms;, Mc., Msgn; are respectively the masses of He, C, O,
Si, Ca and °°Ni in the unbound ejecta.

>K/\Su iﬁ&ocz& m‘ad bulk <®HOO;V\< »\&Em i@ i@ >>\Nmm io.w immzm
[Mg)] [Me] [10° erg] [10” cm s™']  [Mg] [Me)] [Me] [Me] [Me] [Me]
0.2 0.120 0.88 1.17 0.076 9.8x107* 4.0x107° 7.0x 1074 0.0014 0.030
0.4 0.314 2.90 1.71 0.059 4.0x10* 52x107% 4.1x10™* 0.0011 0.23
0.6 0.440 1.14 1.09 0.0020 0.11 0.13 0.038 0.0046 0.12
1.0 0.652 5.81 1.64 0.017 0.040 0.044 0.013 0.0020 0.49
1.2 0.775 4.14 1.34 0.0088 0.23 0.23 0.0040 6.2 x 107  0.27
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Figure 4.1: Snapshots of the hydrodynamic simulation of the 0.2 M model. From left
to right, we respectively show temperature distributions at 50, 52, and 76.5 s after the
beginning of the hydrodynamic simulation. The orbit is in the xy-plane, and the top
panels show face-on views, where the black points show the locations of the BH. The
bottom panels show edge-on views, where the tidal compression along the z-axis and
thermonuclear explosions are clearly seen at t = 50 s. £ = 50, 52, and 76.5 s correspond
to the phases 2, 3, and 4 in Figure 1.2, respectively.
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timescale and peak bolometric luminosity. The 0.2 My model exceptionally locates in
the phase space where its peak luminosity is relatively faint (~ 10*? ergs™!) and the light
curve rapidly decays (decay timescale of ~ 5-10 d). In these senses, the 0.2 Mg model
is similar to calcium-rich transients and .Ia SNe. The other models are in the phase
spaces close to SNe Ia and fast decliners. Figure 4.3 shows other photometric properties
of our models in a phase space of decay timescale in B-band Am;5(B) and the absolute
peak B-band magnitude Me.(B). The phase space is conventionally used to discuss
the universality in SNe la (e.g. the Phillips relation: Phillips, 1993). Figure 4.3 also
shows the phase spaces of observed thermonuclear transients, including normal SNe Ia
and peculiar subclasses of them. The 0.2 M, model does not match with any observed
thermonuclear transients in the phase space: the model shows faster decay in B-band
than all the classes of observed thermonuclear transients. The other models show similar
Amys(B) and Mpeax(B) to some classes of observed thermonuclear transients. In the
phase space, the 0.4 My model is close to fast decliners, while the 0.6, 1.0, and 1.2 M
models are close to normal SNe Ia, 02es-like SNe, 91bg-like SNe, 91T-like SNe, and SNe
lax (or 2002cx-like SNe Ia).

4.2 Comparisons of Our Models with Observed
Transients Compared

The comparisons of photometric properties between our models and observed transients
shown in Figure 4.2 and Figure 4.3 motivate us to select observed transients close to
our models in the phase spaces as possible observed candidates of WD TDEs. For the
0.2 Mg model, we select calcium-rich transients (Perets et al., 2010; Kasliwal et al., 2012;
Valenti et al., 2014; Lunnan et al., 2017; Milisavljevic et al., 2017; De et al., 2018b),
observed candidates of .Ia SNe (Kasliwal et al., 2010), and other transients showing rapid
evolutions in their light curves (Drout et al., 2013, 2014; De et al., 2018a; Pursiainen
et al., 2018). We compare the 0.2 M model with the observed transients in detail in
Section 4.3.

To compare with the other 0.4, 0.6, 1.0, and 1.2 My models, we select representatives
of the subclasses of the observed thermonuclear transients as shown in Table 4.2. We list
photometric characteristics of the subclasses of thermonuclear transients as differences
from normal SNe Ia as follows (see reviews Jha, 2017; Taubenberger, 2017, and references
therein):

o 02es-like SNe show faint but slowly declining light curves.

e SN2006bt is the only exception in the 02es-like SNe. It is almost as luminous as
normal SNe Ia with Me.x(B) =~ 19 mag with a similar Am,5(B) ~ 1.1 to the other
02es-like SNe.

o 91bg-like SNe show fainter, faster, and cooler light curves than normal SNe Ia.

e 91T-like SNe show higher peak luminosity and broader light curves than normal
SNe Ia.
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Figure 4.2: Same as Figure 1.1, except for that our models are plotted with the points.

For our models, we consider various viewing angles (cos , ¢) equally sampled with (20, 20)
bins.
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Figure 4.3: Phase spaces of observed thermonuclear transients and our models. The abso-
lute peak B-band magnitude is plotted against the decline rate of the B-band, Am;5(B)
defined as the difference between the B-band magnitude at peak and that of 15 d after
the peak (Phillips, 1993). The black solid curve shows the Phillips relation (Phillips
et al., 1999). Normal SNe Ia are in line with the curve, while phase spaces of pecu-
liar classes of transients are shown with the areas filled with the colors (reproduced from

Taubenberger, 2017). The points show our models, where we take different viewing angles
(cos B, ¢) equally sampled with (20, 20) bins.
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Table 4.2: Properties of observed thermonuclear transients compared with our models.
The peak B-band magnitude is not corrected for dust extinction or the K-correction.
The luminosity distance and redshifts are taken from Tully et al. (2016) as those of host
galaxies of the transients if available. Only the one exception is the luminosity distance
of SN2002bj, where we take 50 Mpc from Poznanski et al. (2010). E(B—V) is taken from
the Open Supernova Catalog (Guillochon et al., 2017), which is also based on Schlafly &
Finkbeiner (2011).

name type Mpeax(B) luminosity distance [Mpc] redshift E(B —V)
SN2011fe normal -19.3 6.95 0.00079 0.0077
SN2002es 02es-like -17.2 79.8 0.018 0.1552
SN2006bt 02es-like -18.4 133.1 0.032 0.0424
SN1999by 91bg-like -17.2 14.6 0.0021 0.0134
SN1991T 91T-like -19.0 13.4 0.0058 0.0189
SN2000cx 91T-like -18.5 234 0.0081 0.0698
SN2002bj Fast decliner -18.7 50.0 0.012 0.0787
SN2012Z Tax -17.7 31.2 0.0071 0.0344

e SN2000cx composes 00cx-like SNe as a rare subclass of 91T-like SNe. Its rise in the
B-band and its rise and decline in all other bands redward of B, are relatively fast.

» SN2002bj, one of fast decliners, shows fast rise (< 7 d) and fast decline (Amy5(B) =
3.2).

e SNe Jax are relatively fainter than normal SNe [a. They show a wide range of
Amys(B) and Mpea(B). We select SN20127Z as a representative of SNe lax because
it has rich observations and is close to our models in the phases space of Amy5(B)
and Mpeax(B).

Figure 4.4 shows comparisons of multi-band light curves of our models with those of the
observed thermonuclear transients. In summary, the multi-band light curves of our mod-
els do not exactly match with the observed thermonuclear transients. If we look at the
B-band light curves, there are some pairs of our model and an observed transient showing
similar light curves, for example, the 0.4 My model and the fast decliner SN2002bj, and
the 1.0 Mg model and the 91T-like SN1991T. However, if we look at redder bands such as
R/I bands, our models are generally fainter than the observed thermonuclear transients,
which means our models show higher temperature than the observed transients. Fig-
ure 4.5 clearly shows the difference in the color evolution. Around the B-band peaks, the
differential colors of V' — R, B— R, and R — I of our models are significantly smaller than
those of the observed thermonuclear transients. This result is common for all the viewing
angles. The relatively blue color is a key signature to distinguish the thermonuclear emis-
sion from WD TDEs from the other thermonuclear transients. Thus, transient surveys
with multi-band filters would be important to search for the thermonuclear emission from
WD TDEs.
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Figure 4.4: Comparisons of multi-band light curves between our models and observed
thermonuclear transients. We consider band filters of Swift UVW2, UVM2, and UVW1
and those of Johnson/Bessel UBV RI. The solid curves show our model light curves where
we take the mean over all the viewing angles. The points show the absolute magnitude of
thermonuclear transients and its 1o error. We do not make corrections for dust extinction
or the K-correction for the light curves of the observed transients here.
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Figure 4.5: Comparisons of color evolution between our models and observed thermonu-
clear transients. We consider band filters of Johnson/Bessel BV RI. The solid curves
show color evolution of our models where we take the mean over all the viewing angles.
The points show that of thermonuclear transients. We do not make corrections for dust
extinction or the K-correction for the light curves of the observed transients here.
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We also list spectroscopic characteristics of the subclasses of thermonuclear transients
as differences from normal SNe Ia as follows:

e Spectroscopic properties common among the thermonuclear transients are the ab-
sence of H lines and appearance of the following lines: C II, O I, O II, Mg II, Ti II,
Ca II, and intermediate mass elements (IMEs) such as Si II, S II. Except for a
fast decliner SN2002bj, the other thermonuclear transients show lines of iron group
elements (IGEs) such as Fe III, Fe II, and Co II.

o 02es-like SNe are not really extreme in any spectroscopic property. A difference
from normal SNe Ia is diversity in ejecta velocities: the absorption velocities of
Si II 6355 A ranges from 6,000 kms~" to 10,000 kms™!.

« 9lbg-like SNe show stronger lines of O I 7774 A and Ti II between 4000 A and
4400 A than normal SNe Ia in their early-time spectra. Si II lines are also stronger,
while ‘W’ feature of S IT lines around 5300 A is weaker.

« 91T-like SNe including 00cx-like SNe show prominent Fe IIT 4404 A and 5129 A
lines in their pre-peak spectra.

o SN2002bj, a fast decliner, shows lines of He I, C II, O I, and IMEs. Ca II lines are
very weak, and there is no evidence of IGEs. The line velocity is extraordinarily
low.

o SNe lax share some spectroscopic features with 91T-like SNe, such as the prominent
Fe III lines in the early phase and the weak Si IT and S II lines. Unique spectroscopic
features of SNe Iax are low Si II velocity with a wide range of 2,000-7,000 kms™?.

Some SNe lax, such as SN2004cs and SN2007J, show He I lines.

Table 4.3 summarizes these spectroscopic properties of the thermonuclear transients and
our models. In summary, there is no exact match between our models and the observed
thermonuclear transients. Our models commonly show (very) weak IME lines, as a result
of nucleosynthesis yielding low mass IMEs (see Table 4.1). This point is one of the main
differences in the spectra between our models and the observed thermonuclear transients.
However, we expect that the difference is not conclusive because the synthesized IME
masses are sensitive to numerical resolutions (Tanikawa et al., 2017; Kawana et al., 2018).
The IMEs are synthesized in regions with relatively low density, which are relatively
difficult to be resolved by our simulations. There might be more IMEs if higher numerical
resolutions are considered (Tanikawa, 2018b; Anninos et al., 2019). Another important
difference is Doppler shifts of spectra seen in our models (see Figure 4.12). The Doppler
shifts are caused by the bulk motion of the unbound ejecta with the bulk velocities shown
in Table 4.1. Unless the viewing angle is perpendicular to the bulk motion, the spectra
are redshifted or blueshifted with a velocity up to the bulk velocity. The Doppler shifts
are thus the principal signature to distinguish the thermonuclear emission of WD TDEs
with other transients with spectroscopic observations. Note that the resolution-dependent
nature of the hydrodynamic simulations does not qualitatively change the characteristic
Doppler shifts, although it quantitatively affects the velocity of the unbound debris.
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4.2.

Table 4.3: Summary of comparisons of spectral properties between observed thermonuclear transients and our models. The
check and cross symbols respectively mean appearance and absence of the lines. For our models, the line velocities are
calculated in the ejecta-comoving frames.

type H IGEs IMEs Si 1T Si II velocity early strong O I, Ti Il ‘W’ of SII early Fe III He Ca II
normal X v v normal ~ 10,000 kms~" X normal X X v
02es-like X v v normal  6,000-10,000 kms~! X normal X X v
91bg-like x v v strong ~ 10,000 kms~! v weak X X v
91T-like N v weak ~ 10,000 kms~! X weak v X v

Fast decliner (SN2002bj) x X v normal ~4,000kms" X normal X v very weak

Tax X v v weak 2,000-7,000 km s~! X weak v some v’ v
He 0.2 Mg X v very weak® very weak”® -* X x* X vt v
He 0.4 Mg X v very weak* very weak* -* X x* X vt v
CO 0.6 Mg X v weak™ weak™ ~ 6,000 kms~1* X weak* X x 2t v
CO 1.0 Mg X v very weak® very weak® -* X x* X x 7 v
CO 1.2 Mg X v very weak® very weak® -* X x* X x 7 v

* There might be stronger IME lines than our models because numerical simulations with higher resolutions produce more IMEs (Tanikawa, 2018b; Anninos et al., 2019)
T Our radiative transfer simulations fail to predict profiles of He lines (see Section 4.3). Here we naively expect that He-rich ejecta would lead to the appearance of He lines.
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4.3 0.2 M, Model

In this Section, we explain important features of observational signatures of the 0.2 M sun
model in detail, as a representative of our 5 models. The other models are described
in the following Sections, where we focus on their differences and their effects on the
observational signatures.

Figure 4.6 shows the distribution of the fallback/ejecta debris and *’Ni at the end of
the hydrodynamic simulation of the 0.2 Mg model. The ejecta shape is very aspherical
due to the tidal disruption. The properties of the unbound ejecta are as follows. The
ejecta mass is 0.12 My. Its COM escapes from the BH with the velocity of 11,700 km s™!.
The kinetic energy with respect to the COM is 8.8 x 10% erg.

Figure 4.7 shows the synthesized nuclear compositions of the ejecta in the 0.2 Mg
model. For comparison, we also show abundance derived from the simplified nuclear
reaction networks adopted in the hydrodynamic simulation. The radioactive nuclei are
dominated by °Ni with its mass of 0.030 M. There is more Ca with its mass of 0.0014 M,
than Si with its mass of 7.0 x 107* M. Interestingly, this nuclear composition differs
from SNe Ia and from the models of CO WD TDEs, while it is qualitatively consistent
with previous studies on helium WD detonations (Holcomb et al., 2013).

Figure 4.8 shows the synthetic multi-band light curves of the 0.2 My model. The
model shows more rapid evolution than the other models and the observed thermonuclear
transients. It is also the faintest among all the models. Depending on the viewing angle,
the isotropic equivalent peak luminosity varies over Lpe ~ 0.7-2.0 x 10*?ergs™ (see
Figure 4.9). The decay timescale defined as the time in which the bolometric luminosity
declines by one magnitude from the peak also varies over Atiy,e ~ 5-10 days. These
features are caused by a less-massive ejecta mass and **Ni mass (0.12 Mg, and 0.030 M,
respectively). The luminosities and timescales resemble those of calcium-rich transients,
Ja SNe, and rapid transients (see Figure 4.2). The color of the light curves also rapidly
evolves: g—r ~ —0.4 mag and r—7 ~ —0.5 mag around the peak, while g—7r ~ 4+0.9 mag
and r — ¢ ~ —0.2 mag at 10 days after the peak. There are second humps in the
near-infrared (NIR) izy bands at t ~ 12-18 days, which are commonly seen in SNe Ia
(see Figure 4.4), and originate from the recombination of Fe/Co III to Fe/Co II. The
second humps are produced when the NIR emissivity of Fe/Co dramatically increases at
a temperature of ~ 7000 K due to the recombination (Kasen, 2006).

Figure 4.9 shows a strong dependence of the peak luminosity on the viewing angle.
Figure 4.10 also shows how the multi-band light curves vary by the viewing angle. The
strong dependence on the viewing angle shown in Figure 4.9 reflects the very aspherical
shape of the ejecta (see Figure 4.6), which is a characteristic of the tidal disruption. The
brightest emission appears for a viewing angle ¢ ~ 0.87, where a projected surface area
of the ejecta is maximized and also photons escape from the ejecta more quickly than
at other angles. The rapid photon diffusion results in a fast decline (Atiymag > 5 days)
and bluer color (¢ — r ~ —0.5 around the peak) for this brightest viewing angle. In
contrast, the faintest emission is realized when ¢ ~ 0.27, which shows a slow decline
(Atimag >~ 10 days) and redder color (¢ —r ~ —0.1 around the peak). Because of the
aspherical shape of the ejecta, we also expect that thermonuclear emission from WD
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Figure 4.6: Distribution of the debris at the end of the hydrodynamic simulation in the
0.2 My model. The upper panels show the distribution of fallback and ejecta debris, and
the lower panels show the °°Ni distribution. We also show the azimuthal angle ¢ of the
spherical coordinates used in the radiative transfer simulation.
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Figure 4.7: Nucleosynthesis in the 0.2 M; model. The blue and orange lines respectively
show the masses of radioactive and stable elements in the unbound ejecta derived from
the detailed nucleosynthesis simulation. The green line shows those derived from the
simple nuclear reaction networks adopted in the hydrodynamic simulation.
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-

TDEs may show polarization (Shapiro & Sutherland, 1982; Hoflich, 1991).

Figure 4.11 shows the time evolution of the synthetic spectra of the 0.2 My model
and a spectrum of SN lax 20127, which shows similar features to the 0.2 My model.
They share some features with SNe la: the absence of hydrogen lines, the appearance of
strong Fe II lines from 4000 to 5000 A, and P Cygni profiles (see also Table 4.3). Because
of the abundance in the 0.2 Mg model, Ca II H/K and infrared (IR) triplet emission
lines clearly appear, while silicon emission/absorption lines around 6150 A are absent or
very weak, interestingly. The appearance/absence of these lines does not differ by the
viewing angle. It is interesting whether helium lines appear or not because the ejecta are
helium-rich with 0.076 M, (see Figure 4.7) and some SNe lax show the helium lines (Foley
et al., 2013). However, our radiative transfer simulation is not able to investigate this
issue, because the local thermal equilibrium assumption results in failure of excitation of
neutral helium (Harkness et al., 1987; Lucy, 1991; Hachinger et al., 2012).

Figure 4.12 shows the Ca II IR triplet profile dependent on the viewing angle. The
spectra are redshifted or blueshifted, depending on the viewing angle, with velocities up
to ~ 11,700kms~!. This spectral shift is commonly seen in the CO WD TDE model
of MacLeod et al. (2016) with its velocity up to ~ 4+10,000kms™!. This is one of the
distinguishable features of the WD TDEs from the other transients such as SNe Ia. The
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Figure 4.10: Comparisons between the 0.2 M model and some rapid transients reported
so far. We compare them with rapid and faint transients reported in Pursiainen et al.
(2018), calcium-rich transients SN2010et (Kasliwal et al., 2012) and SN2016hgs (De et al.,
2018b), a candidate of .Ia SNe SN2010X (Kasliwal et al., 2010), and rapid type Ic tran-
sients iPTF14gqr/SN2014ft (De et al., 2018a) and SN2005ek (Drout et al., 2013). The
points show the observed flux/magnitude and its 1o error. The open triangles in the
panels (a, b) are the cases where the detection significance is less than 30, while those in
the other panels show upper limits. The thin solid curves show the 0.2 M, model light
curves with different viewing angles (cosf, ¢) equally sampled with (10,10) bins. The
thick solid curves show those with the angle where the model can best fit the observations.
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spectral shift is caused by the intrinsic bulk motion of the unbound ejecta. An orbital
energy distribution of the tidal debris of the WD is spread due to the tidal disruption by
the BH. The unbound ejecta gains positive orbital energy in this process, corresponding
to the velocity of

Vg ~ (2A€t)1/2 (41)
G Mpy Rwo \
~ (25nBH2 WD) (4.2)
R;
R —1/2 M, 1/6 M 1/3
~7.9x 103 kms !3"/?2 (WD) _BH WD 4.3
X 107 ams 5 05 o 1025 My, oo, 0 4

where we use the expression of A¢;, shown in Equation (2.12). The velocity is a little
smaller than the velocity of the bulk motion, ~ 11,700 kms~!. In addition to the tidal
dissipation, the released nuclear energy increases the orbital energy of the ejecta. Both
the contributions by the tidal disruption and release of the nuclear energy result in the
red /blueshift of spectra.

Not only does the Doppler shift depend on the viewing angle, but also absorption
velocities do as well. Figure 4.12 also shows the absorption velocities of the Ca II
IR triplet line at ¢ ~ 16 days for different viewing angles in the observer frame. In
the ejecta-comoving frame, the corresponding absorption velocity is relatively smaller
(—11,000kms™') from the brightest angle (¢ ~ 0.87) than from the faintest angle
(¢ ~ 0.27m), where it is —15,000kms~!. This is because the radial velocity with re-
spect to the COM of the ejecta is smaller for the brightest angle than the faintest angle
(see Figure 4.6).

The synthetic spectra of the 0.2 Mg model are remarkably similar to the spectra
of SNe lax. For example, Figure 4.11 shows that the day 12 spectrum of the 0.2 Mg
model (in the declining phase in the V-band) resembles that of SN lax 2012Z around
its V-band maximum (Stritzinger et al., 2015; Yamanaka et al., 2015). Both the spectra
show strong lines of Fe II, Fe III, Ca II, and other Fe-peak elements (Branch et al.,
2004; Stritzinger et al., 2014). The similarity may indeed be reasonable; the 0.2 Mg
model produces a mixture of Fe, Fe-peaks, and Ca, which is qualitatively similar to the
weak /failed SN Ia model that explains the spectra of SNe lax (Kromer et al., 2013),
except that the 0.2 My model shows the higher expansion velocity. The main differences
are the nearly complete lack of Si II and S II in the TDE spectra, and the broader,
more blue-shifted lines in the TDE. Another difference appears in their their declining
timescales: the 0.2 Mg model has a more rapid decline (Ami5(B) ~ 4 mag) than those
of SNe lax (Am;y5(B) ~ 0.5-2.5 mag). However, it is still an interesting possibility that a
sub-population of SNe lax may be explained by the 0.2 M model, because the properties
of SNe Iax have a large variety (Stritzinger et al., 2015; Jha, 2017).

The light curves of the 0.2 Mg model are similar in timescales and luminosities to
the calcium-rich transients (Perets et al., 2010; Kasliwal et al., 2012; Valenti et al., 2014;
Lunnan et al., 2017; Milisavljevic et al., 2017; De et al., 2018b), observed candidates of
Ja SNe (Kasliwal et al., 2010), and other rapid transients (Drout et al., 2013, 2014; De
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et al., 2018a; Pursiainen et al., 2018). We compare the 0.2 Mg model with observed
transients of these classes, on their multi-band light curves (see Figure 4.10) and their
spectra. There is no good match between the model and the calcium-rich transients,
observed candidates of .Ia SNe, or rapid transients reported in Drout et al. (2013, 2014),
and De et al. (2018a). The model shows brighter and bluer emission around the peak than
the calcium-rich transients. This is because the model has a larger °Ni mass, 0.030 M,
than the calcium-rich transients, whose **Ni masses are < 0.015 M. Additionally, the
model shows very weak silicon lines, while in contrast some calcium-rich transients, such
as PTF10iuv/SN2010et (Kasliwal et al., 2012) and SN2016hgs (De et al., 2018b), show
strong silicon features. SN2010X, an observational candidate of .Ia SNe, also shows strong
silicon lines and thus does not match the model, while their light curves are similar except
for the r-band maximum: the r-band maximum of the model is brighter than SN2010X
by ~ —0.4 mag. Compared with the rapid transients reported in Drout et al. (2013,
2014) and De et al. (2018a), the model shows fainter peak luminosity.

The model well explains multi-band light curves of two rapid transients reported in
Pursiainen et al. (2018). These transients, DES14S2plb and DES16S1dxu, have physical
offsets from the centers of their host galaxies as 3.26 kpc and 10.2 kpc, respectively.
DES16S1dxu is notably far from its host center, which may imply that its environment
is an old stellar population. This may support interpreting its origin as a WD TDE,
because the plausible environments of WD TDEs are a dwarf galaxy or globular cluster
containing an IMBH and WD (see Section 2.2.2). Though comparisons of spectra between
the model and these transients are important to certainly identify their origin(s), such
observational data are lacking. An interesting point is that the transients are two of the
faintest transients among the rapid transients reported in Drout et al. (2013, 2014), De
et al. (2018a), and Pursiainen et al. (2018). Pursiainen et al. (2018) reported a much
larger sample of rapid transients than the other studies, and thus they would be able
to find the faintest transients with relatively low event rates. To find WD TDEs like
the 0.2 Mg model more frequently and more certainly, we propose to search for a larger
number of faint and rapid transients and to perform rapid spectroscopic follow-ups.

4.4 0.4 My Model

Figure 4.13 shows the distribution of fallback/ejecta debris and *’Ni at the end of the
hydrodynamic simulation of the 0.4 Mg model. Due to more violent thermonuclear
explosions, the bulk velocity of the unbound ejecta with respect to the BH is larger
(~ 17,100 kms™!) than that of the 0.2 Mg model (~ 11,700kms™"). The mass of
unbound ejecta is 0.314 Mg, or 79% of the initial WD mass.

Figure 4.14 shows the elemental abundance of the ejecta in the 0.4 My model. It is
very similar to that of the 0.2 M model: *Ni is dominant in the radioactive nuclei with
its mass of 0.23 M, and Ca is more dominant than Si. The similarity is due to the same
initial composition of “He 100% between the 0.2 and 0.4 Mg, model (Kawana et al., 2018).

The multi-band light curves of the 0.4 Mg model are shown in Figure 4.4 and Fig-
ure 4.15. The variety of photometric properties caused by the viewing angle effect is
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Figure 4.13: Same as Figure 4.6 for the 0.4 M, model.
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Figure 4.15: Same as Figure 4.8 for the 0.4 M model.

shown in Figure 4.2 and Figure 4.3. Its B-band light curve is very similar to a fast de-
cliner SN2002bj. However, in other bands of V RI, the 0.4 My model is fainter around
the B-band peak. The 0.4 My model shows the clear second hump in R/ bands because
it is rich in IGEs, while SN2002bj does not.

Figure 4.16 shows the spectral evolution of the 0.4 M, model and the comparison of
it with SN2002bj. The spectra of the 0.4 M, model are similar to those of the 0.2 M
model in the senses that they show strong lines of IGEs and Ca II but IME lines are
very weak or absent. Compared with the spectrum of SN2002bj, the model has several
different points: line velocities are much larger, IME lines are much weaker, and Ca II
lines are much stronger. An interesting feature of SN2002bj is the appearance of He lines.
Although our radiative transfer simulations cannot model the appearance/absence of He
lines, the 0.4 M model might show the He lines because it is rich in He.

4.5 0.6 M, Model

Figure 4.17 shows the distribution of fallback/ejecta debris and *°Ni at the end of the
hydrodynamic simulation of the 0.6 M model. The mass of unbound ejecta is 0.440 M,
or 73% of the initial WD mass. Because the thermonuclear explosions are moderate in
the 0.6 My model, the bulk velocity of the unbound ejecta is 10,900 kms~!, which is
the slowest among our 5 models. It also results in the lower kinetic energy with respect
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to the COM of the unbound ejecta, 1.14 x 10 erg, than that of the 0.4 My model,
2.90 x 10° erg, even though the unbound mass of the 0.6 My model is larger.

Figure 4.18 shows the elemental abundance of the ejecta in the 0.6 My model. There
are clear differences from the He WD TDE models, or the 0.2 and 0.4 My models. A
difference is the He mass: there is a much smaller He in the 0.6 Mg model (0.0020 M)
than the 0.2 Mg model (0.059 M) and the 0.4 Mg model (0.076 Mg). This is because
the He WD TDE models have an unburnt part in the unbound ejecta, preserving their
initial elemental abundance. This point also results in larger masses of carbon (0.11 Mg)
and oxygen (0.13 My) in the 0.6 My model than the He WD TDE models. Another
difference is the dominance of Si over Ca: the Si mass of 0.038 M, is much larger than
the Ca mass of 0.0046 M.

The multi-band light curves of the 0.6 My model are shown in Figure 4.4 and Fig-
ure 4.19. The variety of photometric properties caused by the viewing angle effect is
shown in Figure 4.2 and Figure 4.3. Its B-band light curve is similar to an SN lax
SN2012Z, and is in the range of 02es-like SNe. However, in redder bands of V RI the
0.6 My model is fainter around the B-band peak.

Figure 4.20 shows the spectral evolution of the 0.6 M, model and the comparison of
it with a normal SN Ta, 02es-like SN, 91bg-like SN, 91T-like SN, and SN ITax. There are
lines of IGEs, Ca II, and O I in the spectra of the 0.6 My model. The 0.6 M model
exceptionally shows clear Si IT and S II lines among our 5 models. This is caused by the
large masses of Si and S in the 0.6 M model. Compared with the observed thermonuclear
transients, however, the IME lines are weaker than them. The absorption velocity of the
Si IT lines, ~ 6,000 km s~!, is relatively slower than that of normal SNe Ia, 91bg-like SNe,
and 91T-like SNe, while being similar to some 02es-like SNe and some SNe lax.

4.6 1.0 M, Model

Figure 4.21 shows the distribution of fallback/ejecta debris and *°Ni at the end of the
hydrodynamic simulation of the 1.0 M model. The model is the case where the most
violent thermonuclear explosions occur among our 5 models. The kinetic energy is the
largest with 5.81 x 10°° erg, and the bulk velocity is also the largest with 16,400 kms~*.

Figure 4.22 shows the elemental abundance of the ejecta in the 1.0 My model. Because
of the large initial mass and violent thermonuclear explosions, the largest mass of *°Ni,
0.49 Mg, is synthesized in the 1.0 Mgy model. The elemental abundance pattern is
basically similar to the 0.6 Mg model in the sense that Si is more dominant than Ca.
Due to the more violent thermonuclear explosions, there are less C and O than the 0.6 M,
model. The Si mass is also smaller than the 0.6 M, model because incomplete burning
with moderate density and temperature yielding Si is inefficient in the 1.0 M model with
the most violent thermonuclear explosions.

The multi-band light curves of the 1.0 My model are shown in Figure 4.4 and Fig-
ure 4.23. The variety of photometric properties caused by the viewing angle effect is
shown in Figure 4.2 and Figure 4.3. It is the brightest model among our 5 models, re-
flecting the largest *Ni mass. Its B-band light curve is similar to a 91T-like SN1991T,
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Figure 4.17: Same as Figure 4.6 for the 0.6 M model.
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Figure 4.18: Same as Figure 4.7 for the 0.6 M model.
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Figure 4.19: Same as Figure 4.8 for the 0.6 M model.

-

and a normal SN Ta SN2011fe. However, in redder bands of V RI, the 1.0 My model is
fainter around the B-band peak.

Figure 4.24 shows the spectral evolution of the 1.0 M, model and the comparison of
it with a normal SN Ia, 02es-like SN, 91bg-like SN, 91T-like SN, and SN Iax. As same as
the 0.6 My model, the 1.0 M model shows lines of IGEs, Ca II, and O I, while lines of
IMEs are almost absent. The lack of IME lines is a clear difference between the 1.0 M,
model and the observed thermonuclear transients. Another difference is that the line
width of the model is broader than theirs.

4.7 1.2 M, Model

Figure 4.25 shows the distribution of fallback/ejecta debris and *°Ni at the end of the
hydrodynamic simulation of the 1.2 M, model. The mass of the unbound ejecta is the
largest with 0.775 My among our 5 models, which is caused by the most massive initial
WD. The thermonuclear explosions are less violent than the 1.0 M model, resulting in
the kinetic energy of 4.14 x 10°° erg and the bulk velocity of 13,400 kms~!.

Figure 4.26 shows the elemental abundance of the ejecta in the 1.2 My model. The
%Ni mass is 0.27 M, which is less than that of the 1.0 M model (0.27 M), reflecting
the less violent thermonuclear explosions of the 1.2 My model. The elemental abundance
pattern is similar to the 0.6 and 1.0 My models, because they share the same initial



70

Chapter 4. Results

CO_0.6, normal SN2011fe
i

log F; + Offset

2600 3000 4000 5000 6000 7000 8000 9000 10000
2[A]

(a) SN2011fe (normal)
C0_0.6, 91bg-like SN1999by

Tall

log F; + Offset

2000 3000 4000 5000 6000 7000 8000 9000 10000
2[A]

(c) SN1999by (91bg-like)

CO_0.6, lax SN2012Z

o
[T
%%ﬁ

Ta

PR I “11.0¢
| .
S| o T

"‘l“’*“‘m\'\m%mw %3&@% 400

o
N Lol

o ATy e

o Q?Mﬁ;ﬁ\\; s

,,V/""“"""/\\\w“ o d

M’/WFN“’W \Jﬁxﬁw.. _ »

= 15,1

log F; + Offset

N

o ML/“\J\/\“W\\/\W+A\VJ

v

2000 3000 4000 5000 6000 7000 8000 9000 10000
A[A]

(e) SN2012Z (Tax)

CO_0.6, 02es-like SN2006bt

Call Sin Call

AN e S
N, Y M “ﬁ
204
IV R IR A SR e

AT

log F; + Offset

et v

2000 3000 4000 5000 6000 7000 8000 9000 10000
2[A]

(b) SN2006bt, (02es-like)

CO_0.6, 91T-like SN1991T

Call sill call

log F; + Offset

2000 3000 4000 5000 6000 7000 8000 9000 10000
A[A]

(d) SN1991T (91T-like)
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tra with the observed thermonuclear transients shown in the sub-captions respectively.
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Figure 4.22: Same as Figure 4.7 for the 1.0 My model.
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Figure 4.23: Same as Figure 4.8 for the 1.0 M model.

nuclear composition.

The multi-band light curves of the 1.2 My model are shown in Figure 4.4 and Fig-
ure 4.27. The variety of photometric properties caused by the viewing angle effect is
shown in Figure 4.2 and Figure 4.3. The peak B-band magnitude is similar to a 02es-like
SN2006bt and a 91T-like SN2000cx. However, the model declines faster than those SNe,
and is fainter than them in redder bands of V RI around the B-band peak.

Figure 4.28 shows the spectral evolution of the 1.2 M, model and the comparison of
it with a normal SN Ia, 02es-like SN, 91bg-like SN, 91T-like SN, and SN Iax. The spectra
of the 1.2 Mg model are very similar to those of the 1.0 Mg model in the following points:
the appearance of lines of IGEs, Ca II, and O I, the absence of IME lines, broader line
width compared with the observed thermonuclear transients.
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Figure 4.24: Same as Figure 4.24 except for that here we compare the 1.0 My model.
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Figure 4.28: Same as Figure 4.20 except for that here we compare the 1.2 Mg model.
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Discussions

5.1 Variety of Observational Signatures

In Chapter 4, we derive synthetic observational signatures for the 5 parameter sets of WD
TDEs. The phase space of photometric properties of our models cover a wide space (see
Figure 4.2 and Figure 4.3). However, there could be a more variety of them because the
intrinsic parameter sets of WD TDEs (Mwp, Mgy, ) can vary over a wider parameter
space than our parameter sets (see Figure 2.3). Here we discuss the possible range of the
variety of observational signatures of WD TDEs.

Peak time and peak luminosity of transients are basic photometric properties of tran-
sients, and are derived in our models. The Arnett rule (Arnett, 1982) gives simple ana-
lytic formulae to estimate them. Assuming the spherical symmetry and that a transient
is purely powered by the radioactive decay of **Ni and the energy is deposited in the
center of the transient, we can approximately estimate the peak time as

1/2 1/2 _
M, 1/2
toeat ~ 16 " (Uph> , (5.1)
0.1cm? g1 Mg 10%cm s—!

where we take fiducial value of the opacity x as 0.1cm? g™!, M, is the ejecta mass, and
vph is the photospheric velocity. The peak luminosity powered by the radioactive decay
of ®Ni is (Equation (1) in Moriya et al., 2018, and see references therein)

Lpeak = L56Ni(t - tpeak) (52)

_ t eak t eak M56Ni
~ 104 1 {6.48 <— P ) 1.44 <— P )} 5.3
e’ P\ ~576a) TP (i) \ o, )0 O

We apply these equations to the results of our hydrodynamic and nucleosynthesis sim-
ulations with an approximation that the photospheric velocity is the same as the ejecta
velocity vej = (2Eyin/M,;)*/2. Then we compare the peak time and peak luminosity given
by the Arnett rule and by our models in Figure 5.1. The mean of peak time and peak
luminosity of our models over all the viewing angles match those of the Arnett rule within
a factor of about 1.5 (see Figure 5.2). Thus, the Arnett rule gives a reasonable estimation
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for the peak time and peak luminosity of emission from thermonuclear explosions in WD
TDEs, although there is a large variety of them due to the viewing angle effect.

The peak time of the 0.6, 1.0, and 1.2 Mg models given by our numerical simulations
is smaller than that given by the Arnett rule. This is because the ejecta shapes are very
aspherical and thus a ratio of surface area to volume is larger than a spherical shape,
which is assumed in the Arnett rule. In contrast, the peak time of the 0.2 and 0.4 Mg
models given by the simulations is larger than that given by the Arnett rule, although
the ejecta shapes of these models are also aspherical. A reason is that we choose a larger
initial time of the radiative transfer simulations for these models than the other models
(see Table 3.1). Because we assume that nuclear energy released before the initial time
is completely absorbed by the ejecta (see Section 3.4.1), this choice makes escapes of
photons less efficient, and thus would result in the larger peak time. Another reason for
the 0.4 My model is that the temperature in the pre-peak phase is larger than the other
models (see Figure 4.5). Opacity is larger than the fiducial value used in Equation (5.1)
in such a case (Swartz, 1991), which leads to the larger peak time than the estimated
peak time given by Equation (5.1).

The reasonable match between the numerical simulations and the Arnett rule moti-
vates us to study the thermonuclear emission from WD TDEs over a larger parameter
space with a less expensive computational cost: we apply the Arnett rule to the results of
a variety of hydrodynamic simulations performed in Kawana et al. (2018) (see Figure 2.3)
and derive the peak time and peak luminosity. Figure 5.3 shows the results. We see that
there could be fainter (10% ergs™ < Lpear < 10%2 ergs™) and slower emission than that
of our 5 models. They arise from WD TDEs with weaker thermonuclear explosions, where
less ®°Ni is synthesized and slower expansions of the ejecta are realized. Thus, such faint
transients should also be considered as candidates of WD TDEs. Note that Kawana et al.
(2018) explore the parameter space of § < 6 for the He 0.2 M, WD, and of g < 5 for the
CO 0.6 My WD and ONeMg 1.2 M, WD. There could be brighter emission if we consider
higher f3, although they are relatively rare than the lower  cases (see Equation (2.50)).

There would also be a more variety of spectroscopic features than those shown in our 5
models. Absorption velocities could be larger(smaller) if the thermonuclear explosions are
stronger(weaker) than our models and thus the unbound ejecta have more(less) kinetic
energy. However, we expect that which atomic lines are present /absent is not significantly
affected by Mgy or 8 but by Myp, or the initial composition of the WD. This is because
nucleosynthesis dominantly depends on the initial composition of the WD (Kawana et al.,
2018). Additionally, the Doppler shift due to the bulk motion of the unbound ejecta,
which is the most important spectroscopic feature of WD TDESs, is common among all
the WD TDEs although it depends on the viewing angle.

5.2 Emission from Fallback Debris

In this study, we focus on emission from the unbound ejecta powered by the thermonuclear
explosions. There could be another power source: the bound debris falling back on to the
BH. In this Section, we discuss which emission dominates over the other. It is naively
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peak luminosity due to the viewing angle effect (see Figure 5.1).

Note that there would be an additional variety in the peak time and
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expected that the luminosity from the fallback debris follows the mass fallback rate, as
we review in Section 2.1.1 and as observed MS TDEs show (see Section 2.1.2). With that
expectation, we can make a rough estimation of the fallback luminosity with the mass
fallback rate as

Lfb ~ 7’]be62 (54)

¢ -5/3 n be ta, 5/3
~0vess (1) (55) (o) (o) 55
e 102 0.1/ \to3Mys 1) \102s) (5:5)

where 7 is the conversion efficiency. We estimate the peak mass fallback rate be}p and
fallback timescale tg, from the results of the hydrodynamic simulations (see also Fig-
ure 5.4). This fallback luminosity is larger than the luminosity of thermonuclear emission
Linerm ~ 102-10" ergs~! around its peak ¢ ~ 10 days. However, the thermonuclear
emission can be dominant if the fallback emission is limited by the Eddington luminosity,

—1
_ Mgy
Lpaq ~ 1.6 x 104 1 n . 5.6
Fad % res (().1(:1112g—1 1025 Mg, (56)

Note that we show the Eddington luminosity in a different formula in Equation (2.29),
where the complete ionization is assumed. We adopt Equation (5.6) here because the
burnt ash is rich in heavy nuclei and thus the assumption of the complete ionization is
invalid. We see Lgqq < Liperm < L at t ~ 10 d, where Liperm is the bolometric luminosity
of the emission from the unbound ejecta. It is expected that super-Eddington emission
from the fallback debris is observed only when relativistic jets are formed and are viewed
on-axis (e.g. MacLeod et al. 2016). In addition, if an accretion disk is formed from the
fallback debris and emits thermal emission, its temperature would be ~ 106 K (Miller,
2015; MacLeod et al., 2016). In the optical wavelength, the disk thermal emission would
be much smaller than the thermonuclear emission. Thus we expect the observational
signatures we derive in this study is not significantly affected by the fallback emission
in most cases. Still the fallback emission is of interest in the sense that relativistic jets
would form from the fallback debris and the emission would be main counterparts of WD
TDEs observed in X-ray (see Section 2.2.3).

5.3 Implications for IMBH Properties

We find two observed candidates of WD TDEs, which are rapid and faint transients
showing similar multi-band light curves with our 0.2 Mg model (see Section 4.3). If
they are really counterparts from thermonuclear explosions in WD TDESs, they bring us
insights into the event rate of WD TDEs, and thus on the IMBH number density (see
Section 2.2.2). A volumetric event rate of each event 7 is calculated as (Drout et al.,
2014; Tampo et al., 2020)

1+ 2

f=
€T Vipax

(5.7)
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Figure 5.4: Comparisons of thermonuclear luminosity, fallback luminosity, and the Ed-
dington luminosity of our models. We calculate the mass fallback rate with Equa-
tion (2.19), and obtain the orbital energy distribution dM /de from the hydrodynamic
simulations. We assume the conversion efficiency from mass to luminosity as n = 0.1.
We assume that the opacity & as 0.1cm? g~ ! to calculate the Eddington luminosity. For

the thermonuclear luminosity, we consider various viewing angles (cos#, ¢) equally sam-
pled with (20, 20) bins.
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where z is the redshift of the event, € is the efficiency to detect the transient and is
assumed to be unity, T" is the survey duration of 600 d, and V.« is the comoving volume
in which the transient can be detected. Table 5.1 shows the redshifts, V.., and the
derived event rates (Vipax is given in Pursiainen, 2020). Then we estimate the event
rate of WD TDEs with thermonuclear explosions as ~ 600 Gpc > yr~!. Note that the
estimated event rate can be smaller if the two candidates of WD TDEs do not originate
from WD TDESs in real, and also can be larger if we find other WD TDE candidates. We
also estimate the rate of total WD TDEs including both with and without thermonuclear
explosions multiplying the former rate by the minimum penetration parameter needed to
ignite the explosions, or Sinermo- We take Bipermo ~ 5 for He WD TDEs (Kawana et al.,
2018), and then we obtain the total WD TDE rate as ~ 3 x 10> Gpc™® yr~!. Substituting
the event rate in Equation (2.70), we obtain the number density of IMBHs as

. -1
— ﬁWDTDE thermo NWD TDE ﬂthermo
~ 3 Mpc3 ’ , 5.8
MM pe (600 Gpc™® yr—1> (10—6 yr—1 BH1> ( 5 > (5:8)

where we take the intrinsic WD TDE rate per BH as 10~%yr—! BH™!, which is the esti-
mated rate in centers of dwarf galaxies (MacLeod et al. 2014; see also Section 2.2.2).
Although our estimates of the WD TDE rate and the IMBH number density are
not highly confident and there is large uncertainty in NwpTpg (see Section 2.2.2), it is
valuable to check the consistency of the estimates with constraints given by previous
studies. The total WD TDE rate estimated here, ~ 3 x 10 Gpc™ 2 yr~!, is larger than
those of ~ 500Gpc 2 yr~! and ~ 50 Gpc ?yr~! respectively estimated in Haas et al.
(2012) and Shcherbakov et al. (2013) as the rates of WD TDEs in globular clusters.
The discrepancies imply that environments of the WD TDE candidates would not be
globular clusters but centers of dwarf galaxies. If dwarf galaxies mainly contribute to the
WD TDE rate, the estimated IMBH number density implies a number density of dwarf
galaxies, and we can check its consistency. If we assume an occupation fraction of IMBHs
in centers of dwarf galaxies as unity, the number density of dwarf galaxies is estimated as
the same as that of IMBHs, ~ 3Mpc ™, corresponding to ~ 100 dwarf galaxies per a Milky
Way-like galaxy. The faint dwarf galaxies are difficult to be completely detected even
around the Milky Way and thus their density is under debated (for a review see Bullock
& Boylan-Kolchin, 2017). In the standard ACDM framework, which considers the dark
energy and cold dark matter, it is predicted that there are ~ 1000 dark matter subhalos
around the Milky Way, but only ~ 50 dwarf galaxies have been detected. A modification
to the theoretical predictions is introduced to solve the mismatch and indicates ~ 100
dwarf galaxies around the Milky Way, which would be consistent with our estimate of the
number density of dwarf galaxies. There is almost no constraint on the number density
of IMBHs, except for the recent discovery of a 142 M, BH as a remnant of a merger of
stellar mass BHs (Abbott et al., 2020b). The inferred merger rate of such an event is
0.13793°Gpc 2 yr=!. If we naively integrate the merger rate over the Hubble time, we
obtain the IMBH number density as nppg ~ 2 Mpc_3. The number density should be
regarded as a lower limit because IMBHs could be formed by other paths rather than the
merger of stellar mass BHs, and thus the lower limit is consistent with our estimate.
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Table 5.1: Volumetric event rates of observed WD TDE candidates found in our study.
Vinax 18 the comoving volume in which the transient can be detected.

name redshift Ve [107° Gpc®]  event rate [Gpe™> yr—1]
DES14S2plb 0.12 1.97 346
DES16S1dxu 0.13 2.90 237

We also discuss a possible implication on the mass distribution of MBHs given by
the estimated IMBH number density. We adopt the mass distribution parametrized in
MacLeod et al. (2016) as a power-law function extrapolated from SMBHs,

MBH “
107 M,

dnivsn
d IOg MBH

=5x 10°Gpc ™ dex ! ( (5.9)

Integrating the equation over [10? Mg, 10° Mg], we obtain a ~ —0.6 for our WD TDE
rates. It is interesting to compare the power-law index with that given by a very naive
interpolation between the number density of SMBHs and that of stellar mass BHs, ~
2.4 x 10° Mpc ™ (Caputo et al., 2017). The naive interpolation gives a power-law index
of & ~ —1.3 assuming the mass range of stellar mass BHs of [5 Mg, 100 My]. Note that
Caputo et al. (2017) estimated the number density of stellar mass BHs as 1/1000 of
that of stars. There is also uncertainty in the fraction, and thus in a. Our estimate of
the power-law index o ~ —0.6 is thus middle between the naive interpolation between
SMBHs and stellar mass BHs and the simple log-flat distribution (a = 0).
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Chapter 6

Conclusions

WD TDESs are exciting transients in the senses that they can be used as probes of IMBHs
and can be accompanied by thermonuclear explosions of a WD. Although they are ex-
pected to be possibly detected with current and future transient surveys, there have not
been any confirmed detection of WD TDEs. Further detailed modeling of observational
signatures of WD TDEs is needed to search for them. In this thesis, we have first stud-
ied a variety and characteristics of the observational signatures from the thermonuclear
explosions in WD TDEs, and constrained a number density of IMBHs.

We performed a suite of three different numerical simulations considering 5 parameter
sets of WD TDEs where thermonuclear explosions occur. We took the WD mass as the
main parameter to be varied over 0.2, 0.4, 0.6, 1.0, and 1.2 M. First, we performed three-
dimensional hydrodynamic simulations coupled with simplified nuclear reaction networks,
and followed dynamical evolution of the tidal disruption of a WD by a BH and thermonu-
clear explosions in the disruption phase. Second, we performed detailed nucleosynthesis
simulations in a post-process manner, and derived the synthesized nuclear compositions
of the unbound ejecta. Finally, we performed radiative transfer simulations, and followed
generation of photons by the radioactive decays, interactions of the photons with the
unbound ejecta, and escapes of the photons from the ejecta, from which we derived the
synthetic observational signatures.

As the results of the numerical simulations, we derived multi-band light curves and
spectral evolutions of the 5 models as templates of the thermonuclear emission from the
WD TDEs. On photometric properties, the 0.2 My model exceptionally shows rela-
tively faint (Lpeax ~ 10*?ergs™!) and rapidly evolving light curves (decay timescale of
~ 5—10 d), because the ejecta mass and *°Ni mass are low (0.12 M, and 0, 03 M, respec-
tively). The 0.4, 0.6, 1.0, and 1.2 M models are similar to some classes of thermonuclear
transients, or SNe Ia, in photometric properties such as the bolometric peak luminosity,
decay timescale, B-band peak magnitudes, and B-band decay timescale. However, they
commonly show higher temperature than the observed thermonuclear transients around
their B-band peaks. The difference can be used as a signature to distinguish the ther-
monuclear emission from WD TDEs from the other thermonuclear transients. All the
models show a large variety in their light curves dependent on viewing angles because
the ejecta is very aspherical due to the tidal disruption.
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On spectroscopic properties, our WD TDE models are indeed similar to observed
thermonuclear transients in some senses, such as absence of hydrogen lines and appearance
of lines of iron group elements and calcium. However, there is a difference in lines of
intermediate mass elements (IMEs): the observed thermonuclear transients show strong
IME lines, while our models show (very) weak IME lines as a result of nucleosynthesis
yielding low mass IMEs. This difference might not be conclusive because the synthesized
IME masses are sensitive to numerical resolutions, and simulations with higher resolutions
might result in larger IME masses and thus in stronger IME lines. Another more robust
difference is Doppler shifts of spectra shown in our models. The Doppler shifts are
caused by the bulk motion of the unbound ejecta escaping from the BH with velocities
of > 10*kms~!. Although the Doppler shifts depend on viewing angles, they can be a
crucial signature to distinguish WD TDEs from other transients.

We searched for observational counterparts of WD TDEs that show similar observa-
tional signatures to our models. For the 0.4, 0.6, 1.0, and 1.2 Mg models, we cannot find
any good match in multi-band light curves between our models and observed transients.
For the 0.2 Mg model, we found two observational candidates in relatively faint and
rapid transients, which show similar multi-band light curves to the model. Because the
observational data of spectra for those transients are lacking, we failed to confirm their
origin as a WD TDE by comparing the spectra. However, one of the transients has a
distant 10.2 kpc offset from the center of its host galaxy, which may imply that an old
stellar population is the source. This may support interpreting its possible origin as a
WD TDE, of which a dwarf galaxy or globular cluster containing an IMBH and WD is
the plausible environment.

The photometric properties of our models cover a wide phase space. There could be a
more variety of them because the intrinsic parameter sets of WD TDEs (Mwp, Mgy, f3)
can vary over a wider parameter space than the 5 parameter sets. We discussed the
possible range of the variety of observational signatures of WD TDEs by applying the
Arnett rule. First, we checked the validity of the application of the Arnett rule to WD
TDEs by comparing the peak time and peak luminosity predicted by the Arnett rule
and by our numerical simulations. They show reasonable matches, and thus we applied
the Arnett rule to results of hydrodynamic simulations of WD TDEs considering 180
parameter sets. There could be more slowly evolving and much fainter WD TDEs with
Loeax 2 1038 ergs~! than our 5 models with Lpeax ~ 102-10* ergs~!, which arise from
WD TDEs with weaker thermonuclear explosions. Such faint transients should also be
searched for as WD TDEs.

Emission from WD TDEs is not only caused by thermonuclear explosions, but also
by debris falling back on to the BH. If the luminosity of the fallback emission follows the
mass fallback rate of the debris, the thermonuclear emission would be fainter than the
fallback emission. However, it is naively expected that the fallback luminosity is limited
by the Eddington luminosity unless relativistic jets are viewed on-axis. Additionally, the
accretion disk formed by the fallback debris would be bright mainly in X-rays. Thus, we
expect that the thermonuclear optical emission is not significantly affected by the fallback
emission in most cases.

If the two observational candidates found in this thesis are really WD TDEs, they



91

bring us insights into the event rate of WD TDEs, and thus on the number density of
IMBHs. The sum of their volumetric event rates are estimated as ~ 600 Gpc 2 yr—'.
Considering a ratio of WD TDEs with thermonuclear explosions to all the WD TDEs,
we obtain the total WD TDE rate as ~ 3 x 103 Gpc 2 yr~!. Taking a WD TDE rate
per an IMBH as that in centers of dwarf galaxies, ~ 10~5yr~! BH ™', though it is still
uncertain, we estimated the number density of IMBHs from the total WD TDE rate as
NIMBH ™~ 3Mpc_3. Although the confidence is not very high, this estimate is valuable
because there has been almost no constraint on the number density of IMBHs.

The observational signatures of WD TDEs derived in this thesis are useful to search
for WD TDEs with current and upcoming optical surveys. We found two observed
candidates of WD TDEs in a sample of rapid transients discovered by the Dark Energy
Survey. In the near future, we would be able to find more WD TDE candidates with a
much larger sample of transients detected by more powerful transient surveys, such as
the ZTF (Graham et al., 2019) and the LSST (LSST Science Collaboration et al., 2009;
Ivezié¢ et al., 2019). There might be transients matched with our 0.4, 0.6, 1.0, or 1.2 Mg
model, and WD TDEs detected with high certainties showing good matches both in
photometric and spectroscopic properties to our models. Although they are not the focus
of this thesis, other observational signatures from WD TDEs are also worth to be studied.
As we briefly mentioned in Section 4.3, the thermonuclear emission from WD TDEs may
show polarization due to the aspherical shape of the unbound ejecta, and could be another
distinguishable feature of WD TDESs. It is also important to model emission from fallback
debris in more detail, because detection of the fallback emission by the X-ray telescope
eROSITA, currently in operation, is expected (Malyali et al., 2019). Multi-messenger
signals from WD TDEs, such as GWs and high energy neutrinos and cosmic rays, would
independently bring us insights into dynamical parameters (the BH/WD masses and
orbital parameter) and on high-energy physical processes. Finding those signatures from
WD TDEs would contribute to explore origins of observed transients, to study physical
processes in extreme conditions around BHs, and to reveal the unknown nature of massive
BHs.
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