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“As far as the laws of mathematics refer to reality, they are not certain; and as far as

they are certain, they do not refer to reality.”

Albert Einstein

“All around us are people, of all classes, of all nationalities, of all ages. For three days

these people, these strangers to one another, are brought together. They sleep and eat

under one roof, they cannot get away from each other. At the end of three days they

part, they go their several ways, never, perhaps, to see each other again.”

Agatha Christie, Murder on the Orient Express

“The truth, however ugly in itself, is always curious and beautiful to seekers after it.”

Agatha Christie, The Murder of Roger Ackroyd

ii



GRAN SASSO SCIENCE INSTITUTE

Abstract

Searching for Core-Collapse Supernovae in the Multimessenger Era: Low

Energy Neutrinos and Gravitational Waves

by Odysse HALIM

Core-collapse supernovae are fascinating astrophysical objects still puz-

zling the mind of scientists. Despite the big efforts spent on developing very

complex numerical simulations, the mechanism driving the final explosion of

the star structure is still not completely understood. Gravitational waves are

expected to carry away an imprint of this explosion mechanism, however their

detections could be very challenging. Moreover, the modelling of the gravi-

tational wave impulsive emission is also challenging because of the stochas-

tic nature of the dynamics and the landscape of possible progenitors. Low-

energy neutrinos will be copiously emitted at the same time during the core-

collapse explosion and can provide a nice trigger for the gravitational wave

search. The aim of this thesis is to develop a multi-messengers approach to

search for such interesting astrophysical objects by using a global network of

both low-energy neutrino and gravitational wave detectors. In particular, we

discuss how to improve the detection potential of the neutrino sub-network by

exploiting the temporal behaviour of a neutrino burst from a core-collapse su-

pernova. This will allow us to better disentangle low statistic signals coming

from weak or far supernovae from noise. We also discuss the better strategy to

combine the informations provided by neutrinos and gravitational waves and

we show that the outlined procedure can give us profit as the increased sig-

nificance of a neutrino burst to achieve a lower false alarm rate of a combined

observation of gravitational and neutrino burst.

Keywords: multimessenger, supernova, core-collapse, low-energy neutrino,

gravitational wave.
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Introduction

A core-collapse supernova (CCSN) is the final phase of a massive star,

whose mass is M & 8M�, that ends up its life with a huge explosion lasting

a fraction of a second and releasing an impressive energy of several 1053 ergs.

The electromagnetic emission from this type of supernovae has been the first

studied from human being since the old, first by eyes then with telescopes. In

1987 a new way to observe this event became a reality: the observation of the

low-energy neutrino (LEN) emission during the explosion of a massive star

(M ≈ 20M�) in the Large Magellanic Cloud. The event, called SN1987A, with

a bunch of few neutrinos detected (∼ 20 events), not only ratified the begin-

ning of the neutrino astronomy but also allowed scientists to test and improve

the actual knowledge about this phenomenon. Moreover, in 2015 the two

LIGO detectors simultaneously observed a transient gravitational wave (GW)

signal, named GW150914, associated with the merger of two black holes. This

event opened up the era of the GW astronomy and the possibility to combine

information provided by three different probes, namely photons, neutrinos

and GWs, becomes within reach.

CCSNe are expected to emit all these messengers and their observations

could be the only way to really understand the physical mechanism triggering

the final explosion of the progenitor stars. Indeed, as it will be discussed in

the beginning of this thesis, despite the big effort spent on developing very

complex numerical simulations, this mechanism is still uncertain. The differ-

ent processes that could generate the GW emission during the explosion of

a massive star seems to be one-to-one connected with the explosion mecha-

nisms at work inside the star structure. For this reason the detection of the

GW signal from a CCSN deserves a special effort.
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LENs (with the average energy of around 10 MeV) will carry away the

∼ 99% of the total energy emitted from a CCSN in a time scale of tens of

seconds. These neutrinos, thanks to their weak cross section, can escape from

the innermost region of the stellar structure during the core-collapse explosion

and the starting time of the neutrino luminosity can be used to trigger for the

GW search within a small temporal window (. 1 second). The correlated

observation of both LENs and GWs can reduce the false-alarm-rate of some

order of magnitude.

With the goal to exploit and develop this basic idea, a global inter-col-

laboration activity is born to implement a combined search of CCSNe with

a network of neutrino and GW detectors. In 2015 a memorandum of under-

standing has been signed among LIGO, Virgo, LVD, Borexino, IceCube and

KamLAND collaborations to have a complete data sharing and to look for

correlated signals.

This PhD thesis is born within this inter-collaboration working group, that

we call “GWν”, with the aim to implement and improve the method and the

detection efficiency of the CCSN search. In particular, while the GW detec-

tors work as a network since the beginning of their science runs, the neutrino

detectors usually work independently, without sharing and combining their

data. For this reason we will discuss deeper in organizing the sub-network

of neutrino detectors in an efficient and correct way. Then, we will concen-

trate on the possibility to improve the detection potential of the neutrino sub-

network by exploiting the temporal behaviour of a neutrino burst from a

CCSN. This will allow us to better disentangle low-statistics signals coming

from weak or far supernovae from noise. We will also discuss a better strat-

egy to combine the information provided by LENs and GWs. Particularly,

we will show that the outlined procedure allows us to achieve a lower false-

alarm-rate of a combined observation of GW and neutrino burst, which means

the increase of significance values of astrophysical signals.

In order to pursue these goals, we will introduce the astrophysical context

in chapter 1 in order to summarize our knowledge of the different phases in
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a CCSN event and outlining the different hypotheses for the unknown explo-

sion mechanism. Chapter 2 will be devoted to the discussion of the expecta-

tions for the two different probes we are interested in, particularly the different

phases for the LEN emission and the several emission processes that can give

rise to the emission of impulsive burst of GWs. In chapter 3 we will face the

detection strategy and problems for both kinds of detectors: neutrino detec-

tors looking for a bunch of few neutrino interactions between the background,

and GW interferometers trying to identify an un-modelled burst lasting few

tens of milliseconds among several identical spikes due to the noise.

In chapter 4 we will start to discuss the multimessenger search performed

within the GWν working group and we will also describe the methods used in

different astrophysical contexts to perform multimessenger search/analysis.

In chapter 5 we will focus on the method to look for temporal coincidences

in the global network of detectors. Here, we will face a serious problem on

how to estimate the statistical significance of a temporal coincidence between

a cluster of neutrino events and a burst of GWs in which both of them are

sub-threshold signals for the respective detectors.

In order to solve this problem we will discuss in chapter 6 the possibil-

ity to exploit the temporal behaviour expected for a neutrino burst from a

CCSN in order to disentangle real astrophysical signals from noise fluctua-

tions. This method will be refined in chapter 7 in terms of providing a new

false-alarm-rate for each neutrino cluster, enabling us to increase the statisti-

cal significance of real astrophysical signals while keeping the significance of

noise unchanged. Finally, these results can be applied to a global network

of neutrino and GW detectors to provide a robust statistical assessment for a

multimessenger CCSN search.
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Chapter 1

Core-Collapse Supernovae

Massive stars (M & 8M�) end up their stellar evolution in a final phase

characterized by the gravitational collapse of their inner core, this phase may

terminate with the final explosion of the structure giving rise to CCSNe. The

challenge in understanding the CCSNe lies on the fact that we need to reverse

an implosion (collapsing inward) to an explosion (ejecting outward) powered

by the transfer of energy from the core (proto neutron star) to the envelope.

Not all core-collapsing stars could explode as supernovae, indeed. In fact,

some may not have explosions, known as failed supernovae. However, we

will focus on core-collapse processes that give rise to explosions as a super-

novae. In this chapter, we will discuss more on the astrophysical processes of

these CCSNe.

After a CCSN happens, a remnant either being a neutron star (NS) or a

black hole could form. The total energy budget of a core-collapsing star is in-

deed the conversion from a progenitor massive star to this remnant. In other

words, the energy is simply the difference of the gravitational binding energy

of the progenitor and of the remnant. Almost all of this energy is carried away

in the form of neutrinos. This is observed for (the only) example of the neu-

trino observation1 from core-collapse SN1987A (see chapter 3.1). To give some

idea, here we will estimate this total energy of a CCSN with the remnant be-

ing a neutron star. Let us assumeG, R�, andM� as our gravitational constant,

solar radius, and solar mass2. The energy difference of a spherical body of a

1The only neutrino detection from a CCSN till now.
2G = 6.67× 10−8 cm3 · g−1 · s−2, R� = 6.96× 1010 cm, and M� = 2× 1033 g.
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Chapter 1. Core-Collapse Supernovae

star of 8M� and 200R� collapsing to a NS of 1.4M� and RNS = 15 km can be

written as,

∆Egrav = ENS − E∗

=
3

5

GM2
NS

RNS

−
�
�
�
��>

�ENS

3

5

GM2
∗

R∗

≈ 3

5

GM2
NS

RNS

≈ 3

5

G(1.4M�)2

15km

≈ 2× 1053 erg ≡ εb,

(1.1)

which is the rough total energy estimation of a CCSN. This binding energy

difference will be carried away from a CCSN in some forms:

* around 99% · εb is in the form of neutrinos,

* about 1% · εb is in kinetic energy of gas in a form of shock waves,

* approximately 0.01% · εb is in electromagnetic waves (photons),

* and . 0.0001% · εb is in gravitational waves.

Furthermore, there are actually several types of possible progenitors for

these collapsing objects with different masses, magnetic field and rotation.

Later on, we will discuss the several possible progenitor stars that can un-

dergo the core-collapse in section 1.1 (based mostly on [1]). More importantly,

we will also discuss several phases (in section 1.2, referred mostly to [2]) hap-

pening in the core-collapse to drive the explosion. In section 1.3 we will also

discuss the shock revival mechanisms that are important to successfully pro-

duce an explosion in CCSN simulations.

1.1 Stellar Core-Collapse Progenitors

A stellar lifetime, starting from burning H in the core to ending up as a

white dwarf, neutron star, or blackhole, can be estimated mainly by how long
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Chapter 1. Core-Collapse Supernovae

is the period of the star in the main sequence (H burning3 in the core) of the

Hertzsprung-Russell diagram. It depends on its mass M∗ and luminosity L∗

(of the main sequence) and can be approximated4 as tevol ≈ 7.3 × 109 [years]

(M∗/M�)/(L∗/L�) ≈ 7.3 × 109[years] (M∗/M�)−2.5. Thus, more massive stars

are quicker to exhaust their fuel during the stellar evolution than the less mas-

sive ones.

After finishing H core burning and leaving the main sequence, massive

stars (M∗ & 8M�) will contract due to gravitation, then, their temperature

and pressure will increase which could ignite other burning phases. The

late phases of stellar evolution of these massive stars undergo faster than the

early main sequence phase due to the lower efficiency of energy production

in higher stages of nuclear burning in the later phases. More massive stars

can burn heavier elements in the core during their late phases. For less mas-

sive stars, they will end up in their last evolution phase of being He (or C/O)

white dwarfs stabilised by lepton degeneracy pressure and cooling at a gen-

erally fixed density. These less massive star evolution can be seen in figure 1.1

from the line of M∗ . 0.08M� up to the line of 7M� .M∗ . 8M� with the end

paths of those lines being almost vertical, meaning that each ending path has

a constant ρc but a gradually decreasing Tc.

Stars having initially higher masses during the zero age main sequence

will be able to reach the “death zones” where the stellar cores become grav-

itationally unstable and undergo a runaway process. Contraction, and in a

runaway process, collapse, happens when the effective adiabatic index drops

below the critical value of 4/3 (appendix A) and the star structure will be

mechanically unstable. There are four different types of runaway processes,

based on mass range, for this collapsing (implosion) phase and will be dis-

cussed in the following.

The first type of the runaway processes is the electron-capture supernova,

3The hydrogen burning is the longest period in the stellar evolution. See more details for
example in reference [3].

4Solar luminosity L� = 3.85× 1033 erg s−1.
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which holds for the lowest-mass (8M� .M∗ . 9M� line in figure 1.1) progen-

itor of CCSNe, having O-Ne-Mg core during their evolution and cannot do

higher stages of nuclear burning. This is due to the fact that in these progen-

itors, the electron degeneracy (which overcomes the contraction) in their core

is achieved before reaching the condition necessary for Ne burning ignition.

Then, the increase of electron Fermi energy enables electron captures in the

core triggering the gravitational core-collapse. This type contributes to about

20-30% of all SNe. The electron-capture supernovae eject little C & O and

very little Ni due to their steep density decline in a thin C-O shell (∼ 0.1M�

between 3 × 104 g cm−3 and 4 × 108 g cm−3) at the edge of O-Ne core, and

therefore being relatively faint SNe. One of the most famous possible exam-

ples is the Crab SN1054. Other SNe may also be on this type such as SN1997D,

1999br, 2005cs, and 2008s.

The second type is called the iron-core supernova coming from a progen-

itor that can burn Ne in the core to form Fe. The iron in the core becomes

gravitationally unstable when the core undergoes the dissociation of Fe nuclei

to α particles and free nucleons (figure 1.1 for the 9M� . M∗ . 100M� line).

This dissociation process happens when the core temperature reaches∼ 1010K

(kBT ∼ 1MeV). The stellar cores of pre-SN stars are expected to rotate slowly,

therefore the stellar rotation does not play a crucial role for this iron-core su-

pernova type. This slow rotation is of the order of tens of seconds, due to the

angular momentum loss during the evolution phases of the progenitors (in

particular the red giant stage in which mass-loss plays a significant role). The

mass-loss in that phase is caused by the magnetic torques from differential

core-envelope rotation.

Unlike the case for the iron-core supernova in which stellar rotation does

not play a significant role, another type of supernovae called the gamma-ray

burst supernova, as well as hypernova5, are thought to be highly affected by

5Hypernovae are stellar explosions with unusually high ejecta velocities (broad spectral
lines). They are associated with long-duration gamma-ray bursts (GRBs) with the time span
tGRB ≥ 2 s, observed spectroscopically or as late light-curve humps during the afterglow.
Examples: SN1998bw with GRB980425, SN2003dh with GRB 030329, etc.
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FIGURE 1.1: Schematic stellar evolution tracks for different initial stellar masses M∗
(taken from [1]).

the rapid stellar rotation. Here, we will discuss in a general way and for more

details see e.g. reference [4]. Gamma-ray bursts (GRBs) are understood to be

ultrarelativistic jets interpreted as a signature of a blackhole-forming stellar

collapse. Alternatively, they are powered by a nearly critically rotating neu-

tron star with trot ∼ 1 ms and an ultrastrong magnetic field 〈B〉 & 1015 G,

called millisecond magnetar. The jet and explosion could be powered by rota-

tional energy of the magnetar itself or by gravitational and rotational energy of

accretion flow. Besides, they could be also due to a blackhole through magne-

tohydrodynamic effects as well as through neutrinos radiated from the heated

matter because of a magnetic dissipation. The progenitors of the GRBs and

hypernovae are believed to have cores already evolving to be blackholes be-

fore their explosions. Thus, they must be compact stars without an extended

H envelope to allow ultrarelativistic jets. This means, Wolf-Rayet stars are

favourable as the progenitors, but with high birth spin and evolution paths

avoiding mass & angular momentum loss, else, in binaries. In today’s uni-

verse, there are only∼ 1 GRB in 1000 SNe [1], but in the early (low metallicity,

1/10 of the solar) universe, GRBs and hypernovae could be very common.
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This fact is supported by the GRB observations which are preferentially in

low-metallicity regions.

The last type that we will discuss is called pair-instability supernovae.

They occur for progenitors whose mass M∗ & 100M� (see figure 1.1 for the

plot). This means that the stars are very hot and encounter pair instability,

occuring after the central C burning at T ∼ 109 K. The e+e− pair formation,

reducing adiabatic index of the equation-of-state (EoS) to be below 4/3 (ap-

pendix A), gives rise to the gravitational instability. The stars whose masses

100M� . M∗ . 140M� and M∗ & 260M� will collapse to a BH, while for the

intermediate mass range (140M� . M∗ . 260M�), the complete disruption of

the stars will happen due to the ignition of the still-available thermonuclear

fuel. The explosion energy can be more than 1053 erg and with the production

of 56Ni of about & 50M�. For the BH formation case, particularly with the

presence of rotation resulting accretion torus, a huge amount of energy is re-

leased in neutrinos (∼ 1055 erg) [1]. There are some possible examples of this

pair-instability supernovae, such as SN2002ic, SN 2005gj, etc. Moreover, the

rate of this type is of about 1 in 100-1000 CCSNe and this type is expected to be

in metal-poor host galaxies. In the Milky Way, it is estimated there are around

two dozens of progenitor stars (for example η Carinae) may finish their evo-

lution to be this kind of supernovae [1].

1.2 Standard Picture of Core-Collapse Supernovae

Almost all of the total energy εb of the core-collapses will be carried away

by neutrinos in CCSNe. But, what is the main mechanism driving these core-

collapses and which processes play a role during the explosion? How does

this core-collapse energy carried away by neutrinos work? In the following,

we will discuss the neutrino-heating mechanism, also known as Bethe-Wilson

delayed scenario [5, 6], which is based on c.f. chapter 1 in [2]. This purely

delayed scenario cannot produce an explosion in many simulations [1]. How-

ever, this scenario is the basic understanding in the core-collapse itself, and
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together with some additional mechanisms (section 1.3) after the collapse (im-

plosion) can successfully drive the ejection of the envelope of the stars (explo-

sion).

The Astrophysical Phases of Core-collapse Supernovae

As stated before, stars having a stellar mass M∗ & 8M� will experience

core-collapse as their final evolution phase. In the beginning of their life (start-

ing from the zero-age main sequence, explained in detail in reference [3]), they

will burn lighter elements in the core (and then move to the envelope) to heav-

ier ones by fusion processes to produce energy counterbalancing the gravity.

When one type of light element6 is exhausted, the core contracts causing the

temperature to increase. Then, the next stage burning happens, which is the

burning of a heavier element producing even a heavier one. This process first

happens in the convective core and when the fuel is exhausted, the burning

moves to the outer layer where there is still available fuel. In the end, the

star will have an onion-like model in which the innermost consists of 56Fe (see

figure 1.2).

FIGURE 1.2: Onion-like structure of a star during pre-collapse. Only the main ele-
mental constituents in the different shells (containing the products and ashes of the
nuclear fusion stages) are indicated. Figure is taken from [7].

Each stage of fusion processes produces some energy necessary to hold

the stellar structure not to collapse due to gravity. However, when the core

consists of 56Fe, the stars cannot produce energy anymore by burning iron.

6It starts from burning H to produce He, then as a next step is burning He to produce C/O,
then, C/O burning to produce Si, and Si burning to produce Fe.
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To do the iron fusion, instead of producing energy, it needs energy from the

surrounding to happen. Thus, the iron fusion do not occur. This can be under-

stood by looking at the graph of nuclear binding energy as a function of num-

ber of nucleons (A) in figure 1.3. The binding energy increases steeply (starting

from H) and peaks at A = 56 which is the value for 56Fe. Then, the binding

energy decreases steadily. This means 56Fe is the tightest nuclear species and

its fusion is endothermic (by absorbing energy from the structure). This is the

end of energy production processes by fusions in the stars. Moreover, the stars

may not collapse directly since there is another way of counterbalancing the

gravity: degenerate electrons produce a pressure to overcome gravity.

FIGURE 1.3: Nuclear binding energy as a function of number of nucleons in the nu-
cleus. Figure is taken from [8].

In the center of the stars, the temperature Tc ≈ 109 (kBTc ≈ 1.7mec
2)

changes electrons to be relativistic and the density ρc ≈ 109 gr/cm3 causes

the electrons to be degenerate. Let’s define the degeneracy parameter ψ and

the chemical potential χe in which ψ ≡ χe/(kBT ). As we know, the electron

distribution follows Fermi-Dirac statistics,

f(p)dV dp =

[
8πp2

h3
dpdV

] [
1

1 + exp {E/(kBT )− ψ}

]
, (1.2)

where p, V and h stand for momentum, volume, and the Planck constant. The

form inside left parentheses after the equal sign of equation 1.2 can be under-

stood as the occupation number, while the object inside the right parentheses

11



Chapter 1. Core-Collapse Supernovae

is the “filling factor” (a fraction of occupied cells,≤ 1). The complete degener-

acy happens when all phase cells up to Fermi momentum pF =
(

3h3ne
8π

)1/3

are

occupied (with ne stands for the number density of electron). This complete

degeneracy can happen when T → 0.

In our case for stellar core-collapse, we face the partial degeneracy regime

with extreme relativistic electrons (momentum p ≈ E/c and velocity v(p) ≈ c).

The number density of electrons becomes,

ne =
8π

h3

∫ ∞
0

p2 dp

1 + exp (E/(kBT )− ψ)
≈ 8π

(
kBT

hc

)3

F2(ψ), (1.3)

whereF2(ψ) is the Fermi-Dirac integral under the form ofFz(ψ) =
∫∞

0
du uz

1+exp (u−ψ)
,

in which the values can be seen in some Fermi-Dirac integral table [3]. Mean-

while, the pressure from this Fermi-Dirac distribution can be written as,

Pe =
8π

h3

∫ ∞
0

p3v(p)
dp

1 + exp (E/(kBT )− ψ)
≈ 8π

3h3c3
(kBT )4F3(ψ)

=
hc

3(8π)1/3

F3(ψ)

F2(ψ)
n4/3
e

=
hc

3(8π)1/3

F3(ψ)

F2(ψ)

(
Yeρ

mu

)4/3

,

(1.4)

in which Ye = Ne/Nn = ρemu
ρme

is the fraction of electron per nucleon for total

density (ρ), atomic mass unit (mu), electron mass (me), and electron density

(ρe). The electron chemical potential is thus,

χe = EF = hc

(
3

8π

)1/3

n1/3
e ∼ 11 MeV

(
ρcYe

1010gr/cm3

)1/3

, (1.5)

and for the complete degeneracy regime, T → 0 and ψ →∞,

Pe =

(
3

π

)1/3
hc

8

(
Yeρ

mu

)4/3

. (1.6)

The pressure in equation 1.6 can balance the gravity (hydrostatic equilibrium)

only until the maximum central iron mass equals the Chandrasekhar mass

limit (appendix A).
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The solution for density and pressure from equation A.7 in Appendix A

will be ρ(r) = ρcw
n and P (r) = Pcw

n+1. Thus, the mass can be calculated as,

m(r) =

∫ r

0

4πr2ρ(r)dr =

∫ r

0

4πr2ρcw
ndr =

4πρc
A3

∫ z

0

z2wndz,

⇒ M =
4πρcR

3

z3

∫ z

0

d

dz

(
z2dw

dz

)
dz = 4πρcR

3 1

z

dw

dz

∣∣∣∣∣
z=zn

,
(1.7)

where the value depends on n and can be seen from the Fermi-Dirac table.

For our case, we can choose n = 3 (or γ = 4/3) in which the pressure mainly

comes from electron degeneracy pressure and the electrons are in the rela-

tivistic regime. So, the total mass (equation 1.7) as Chandrasekhar mass limit

becomes,

MCh ≡M = 5.836Y 2
e FM�, (1.8)

where,

F =

[
1 +

(
sekB

πYe

)2
]
, (1.9)

in which se = (Yeπ
2T )/EF is the electron entropy per nucleon for high degen-

eracy, by looking at equation 1.5, F → 1 since
[
sekB
πYe

]
=
[
Yeπ2TkB
EF πYe

]
=
[
π
Ψ

]
→ 0.

When the central mass grows bigger than the Chandrasekhar mass limit

MCh, the pressure cannot hold the gravity and the star starts collapsing. What

drives the collapse? Let’s have a look at equation 1.4 in high degeneracy (Ψ�

1), and expanding equation 1.6 for the first order in its Fermi integral,

Pe =

(
3

π

)1/3
hc

8

(
Yeρ

mu

)4/3
{

1 +
2

3

[
sekB

πYe

]2
}
, (1.10)

and when Ψ→ 0 equation 1.10 becomes equation 1.6.
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Infall and ν Trapping

Stars whose core mass & 1.4M� (progenitors & 13± 3M�) have instability

mainly due to photodissociation,

γ[MeV] + 56Fe→ 134He + 4n. (1.11)

It is an endothermic reaction and absorbs energy ∼ 124.4 MeV [9] from elec-

trons losing entropy with loss of thermal pressure (equation 1.10). The en-

tropy of electrons is transferred to nucleons (keeping the conservation of total

entropy during the contraction and the collapse). In the early stage of collapse,

central density increases and electron capture is favorable,

e− + 56Fe→ 56Mn + νe. (1.12)

From that reaction, Ye will decrease and so does Pe (equation 1.10), and thus

the collapse accelerates. This situation happens when RFe ∼ 3000 km and

MFe ∼ MCh. In this case, νe’s escape freely due to the low density. The time

scale of the collapse is the free-fall time,

τff =

[
3π

32Gρc

]1/2

≈ 0.01 sec. (1.13)

That result in equation 1.13 is an approximation. Anyway, complete hydrody-

namical calculations find that the collapsing time-scale should be of the order

of τcoll ≈ 0.1 sec.

The contraction and collapse of the stars happens when its core massMc >

MCh. This collapse happens in a homologous manner, meaning that the ve-

locity profile — found by Goldreich & Weber 1980 [10] — is proportional to

the radial position v(r) ∝ r. It has also been observed that the core mass

collapsing in this way satisfies MCh ≤ Mhc ≤ 1.0499MCh. Noted that MCh

depends on Ye (equation 1.8) and the electron fraction decreases during the

collapse (due to the electron capture in relation 1.12). If the initial condition of

14



Chapter 1. Core-Collapse Supernovae

Chandrasekhar mass and electron fraction are MCh0 and Ye0 respectively, the

homologous core mass Mhc will be,

Mhc = 1.0499MCh = 1.0499

(
Ye
Ye0

)2

MCh0. (1.14)

The central region of the star collapses homologously, while the outer (Fe)

region collapses following the free-fall velocity. If the electron capture works

forever, based on equation 1.14, the homologous core will be extremely small

and prohibits the final explosion of the structure. Luckily, this is not the case

since there is neutrino trapping. When the core becomes very dense, neutrinos

cannot escape freely anymore (ν trapping) due to ν (neutral-current) scatter-

ing,

νe + (Z,A)→ νe + (Z,A), (1.15)

with its mean free path,

λνe ∼ (σcoh
A · nA)−1, (1.16)

where σcoh
A is the cross section in nucleus rest frame, nA ≡ ρYA/mu is the num-

ber density of A element (YA ≈ 1/A fraction of nuclei in core), ρ is the core

density, and mu is mass unit. When Rcore ≈ λνe , neutrinos are trapped and

this happens when the core density ρc ≈ 1012 g/cm3. The neutrino trapping

stops the neutronization since ν’s are degenerate with high Fermi energy. In

conclusion, there are two parts of the core:

- Inner core: Mhc ∼ 0.5− 0.8M�, homologous collapse, subsonic velocity.

- Outer core: supersonic speed with free-fall velocity vr ∼ −α
√

2GMr/r,

for α ≈ 1/2 and Mr as mass enclosing r from the center.

In the infalling phase (beginning of the collapse, before ν-trapping), νe’s

are emitted freely and this emission is called early neutronization ν burst (fol-

lowing relation 1.12). In this phase, it is difficult to determine νe spectrum

since the spectrum is the superposition of different ν spectra from a nuclear

species. We need to know the abundances of the nuclear species and the free
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proton fraction. This phase happens for about 10 − 100 ms with very low ν

luminosity making it difficult to observe. The energy of this infalling phase is

of the order of 1051 erg, accounting for 1% of the total energy of a CCSN.

Bounce and ν Burst

The core-collapse continues until the central density ρ ≈ 1014 g/cm3. The

nuclear (degeneracy) pressure slows down the collapse and even stops it7.

Then, the outer region of the collapsing core bounces on the inner core and

produces a shock wave. This bounce happens when the polytropic index n

(appendix A) increases at the center and the collapse rate slows down.

During this bounce, an acoustic wave is generated. The amplitude of this

acoustic wave is gradually increasing following the continuous increase of the

density. Moreover, this wave is propagating outward until the so-called “sonic

point” where it cannot propagate further. The sonic point is basically where

the sound velocity is the same as the homologous matter velocity. The wave

is accumulated in this point, in terms of momentum in the outward direction,

and this accumulation leads to produce a discontinuity in velocity, pressure,

and density, defining the shock wave. The strength of the shock wave depends

on the maximum value of central density, ρc. Moreover, this ρc depends on

the EoS (see equation A.3). The softer (small γ) the EoS is, the higher the max-

imum density is. When the nuclear density ρ0 is reached in the center, its EoS

becomes stiffer and the inner region begins to compress like a spring. The

compression happens until the maximum value of ρc ≈ 9.7 · 1014 (maximum

scrunch) is obtained. At this point, the shock then propagates outward. If

the explosion happens, this is called the prompt mechanism (bounce-shock mech-

anism [1]). However, from simulations, this scenario does not lead to the final

explosion.

The failure of this prompt mechanism happens due to the fact that the

shock loses energy by two ways:

7For a very massive star, the collapse continues until a blackhole is formed.
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1. Heavy nuclei dissociation

2. ν emission

The heavy nuclei dissociation8 to neutrons subtracts ∼ 8.8 MeV per nucleon,

about 1.7 · 1051 erg per 0.1M� traversed. The total energy of the shock is of the

order of 1052 erg. Thus, the energy loss due to the total amount of material the

shock needs to travel is significant.

The shock consists of neutrons, protons, and electrons (for neutrality con-

dition). The favorable reaction is electron capture by proton producing neu-

trino electron,

e− + p→ n+ νe. (1.17)

Moreover, the positron (from γ → e+e−) can produce neutrinos with e+e− →

νiν̄i, in which i = {e, µ, τ}.

The high value of density traps the neutrinos. However, when the shock

propagates outward, the density decreases and when ρ < ρtrap = 1012 g/cm3,

neutrinos are released. Let’s define the optical depth,

τ =

∫ R

0

1

λν
dr, (1.18)

with λν ≡ 1/(ntσ) mean free path with number density of target nt and cross

section σ. In this case, we can define the neutrino sphere dividing the inner

opaque core and the outer transparent region. Bethe and Wilson [5] calcu-

lates that this neutrino sphere (taking into account that ν’s do not propagate

radially) lies on τ(Rν) = 2/3. This τ value lies in a place far away outside

from the ν-trapping region (Rν � Rtrap). Thus, ν’s propagate diffusively for a

long time before being emitted. The ν sphere is different for each different ν

species (due to the difference in σ). When shock crosses the ν sphere, prompt

emission of neutrinos happens with a peak ν luminosity (flash). This flash is

also called the prompt neutronization peak since the νe’s are produced by the

8Including iron. For iron, the energy (see 1.11) per nucleon is 124.4/56 ∼ 2.2 MeV. There is
also 4He dissociation 28.3/4 ∼ 7 MeV, and thus on average it will be ∼ 8.8 MeV per nucleon.
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neutronization processes. The electron neutrino luminosity rises at about 2

ms after the bounce (Rνe ∼ 100 km), so does simultaneously for ν̄e & νx. The

energy involved in this prompt neutronization is of the order of 1051 erg — see

the dashed line in figure 1.4.

Accretion and Cooling

The shock loses energy from the iron dissociation and neutrino emission

and stops at r ∼ 100− 200 km. At this point, an accretion is created due to the

fact that the matter from outward keeps falling with the free-fall velocity. This

phase is called accretion phase. In this case, there will be a region between

the core and the proto neutron star, that can be separated in,

- ν cooled region: emission of ν > absorption, for r < Rg, where the rate

of cooling [7] is,

q+
νe+ν̄e ≈ 160

Lν
[1052 erg/s]

(
r

[100 km]

)−2(
kBTν

[4 MeV]

)2

MeV s−1 per nucleon,

(1.19)

- ν heated region: emission of ν < absorption, for r > Rg, where the rate

of heating [7] is,

q−νe+ν̄e ≈ 145

(
kBTν

[2 MeV]

)6

MeV s−1 per nucleon, (1.20)

where Rg is called gain radius. The time evolution of all-flavor neutrino lumi-

nosities during the collapse can be seen in figure 1.4. It is clearly visible that

most of the total energy (∼ 90% of the total energy) is emitted in neutrinos in

the time span of the order of 10 seconds. We will discuss the production of

neutrinos during this phase deeper in chapter 2.

In the next section, we will discuss the possible shock revival mechanisms

to trigger the explosion.
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FIGURE 1.4: Neutrino luminosity (upper) and average energy (lower) during the col-
lapse. Figure is taken from [11]. This figure indeed is very old and probably the first
simulation study, however, the general behaviour of the curve is still relevant to ex-
plain a global picture of the neutrino emission. This figure could be compared with
figure 2.8.

1.3 Shock Revival Mechanisms

In order to trigger an explosion, during the delayed heating by neutrinos,

we need other mechanisms to optimise this heating and to revive the shock

until it finally explodes. What will be the mechanisms? we will address this

issue in this section.

We know that the neutrino-delayed mechanism is challenging for the sim-

ulations of the explosion since the shock loses energy and stops before being

able to successfully explode the stars. However, there are several mechanisms

that can revive the shock leading to the ejection of materials (more detailed

review can be seen in [1]).

The simulations of low mass electron-capture supernovae (section 1.1)

with neutrino-driven mechanism (section 1.2) can produce an explosion of

the stars since they have ideal conditions for neutrino-energy transfer. The

extremely steep gradient at the edge of O-Ne-Mg core causes the accretion

shock to increase continuously. The explosion energy in this case is of the

order of 1050 erg. This low energy (and low Ni ejection) is compatible with
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the Crab SN. For more massive Fe-core progenitors we need nonradial hy-

drodynamic instabilities [12–14] (combined with standing accretion shock in-

stability, SASI [15]) in order to give positive result for the neutrino-heating

mechanism. SASI is a nonradial instability of stalled accretion shocks, leading

to a large-scale shock deformation [16]. In other words, it is a large-amplitude

sloshing and spiral motions of the shock with some harmonic modes. The

growth of SASI comes from an advective-acoustic cycle in the region between

the stalled shock and the accreting proto neutron star.

Moreover, nonradial-turbulent flows (more detail in [16]) can increase the

time of matters in the gain layer as well as the total mass in the gain layer Mg

(c.f. equation 5 in [1]). This could lead to higher total energy deposition rate

by neutrinos (Q+
ν ∼ q+

ν · Mg) and to increase the total energy transfer. The

enhanced energy transfer can push the shock further outwards and leads to

an explosion. Moreover, SASI, especially the spiral modes [16], can also give a

similar effect leading to secondary shocks. These secondary shocks dissipate

kinetic energy and produce extra heating and higher entropy to strengthen

convective activity and give additional push to the shock. However, we need

to bear in mind that the nature of SASI, the role of hydrodynamic instabilities

and turbulent motions leading the explosion are still ongoing research.

Additionally, in magnetohydrodynamic phenomena, especially the mag-

netorotational mechanism may lead to an explosion. Magnetorotational mech-

anism requires the progenitors having some value of stellar core-rotation and

magnetic field configuration. These magnetorotational mechanism processes

are considered to be able to tap energy from a highly magnetised-rotating neu-

tron star and expel violently the outer parts of the stars. The rotational energy

itself can be of a value of about 1052 erg [17] and if a small energy fraction can

be tapped by some mechanism, this energy fraction may drive an explosion.

During core-collapse, magnetic field lines are frozen and leads to compres-

sional amplification of the nonradial field. Besides, and more importantly,

a huge rotational energy can be converted to the amplification of the field

by either wrapping a poloidal field and stretching it to a toroidal one or by
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an exponential amplification through magnetorotational instability. Then, the

ejection of matters can be driven by magnetic pressure, magnetic buoyancy or

gas heating due to dissipation of rotational energy. To successfully explode

the star via this magnetorotational mechanism, it is required that the core ro-

tation period should be of the order of ∼ 1 millisecond [1]. However, present

stellar evolution suggests the typical core rotation period is of the order of

∼ 100 seconds before the collapse9, which is too slow for the requirement of

the magnetorotational mechanism. Indeed, other possible solutions to speed

up the rotation may make the explosion via magnetorotational mechanism

works.

In addition, at late times after bounce (& 1 s), large-amplitude dipole

gravity-mode oscillations of the proto neutron star core emerge due to SASI

[15, 16, 18] and anisotropic accretion [1]. These proto neutron star core os-

cillations may have amplitude of several kilometers [1] and they propagate

away to the surrounding medium in the form of strong sound waves. Then,

the energy of these sound waves is dissipated in the stalled shock region. The

stalled shock region will heat up and can lead to a strong explosion. Basically,

the power of anisotropic accretion (∼ 1052 erg/s) is converted to the acoustic

power (of the order of ∼ 1051 erg/s). However, the fraction of the accretion

power converted to g-mode in numerical calculations as well as the explosion

energies are still uncertain.

Besides, a first-order hadron-to-quark matter phase transition (at a low

density) may happen during the postbounce accretion phase of the core-collapse

stars. This transition may have dynamical consequences towards an explo-

sion. Thus, it is possible to use a hybrid EoS with a mixed phase (hadron &

quark) [1]. This hybrid EoS drives the proto neutron star to be gravitationally

unstable when it has accreted matter and heated up during the contraction.

This can lead to a release of a fraction of gravitational binding energy and the

formation of a strong second bounce shock (catching up the first stalled shock)

9that is consistent with the observations of newborn white dwarfs and pulsars (∼ 10 ms).
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which can drive an explosion. However, the quantum chromodynamics phase

transition is still under development.

A thermonuclear mechanism can also give an explosion (in a different way

from section 1.3, which is on the revivals of the stalled shock) for very massive

progenitors (M∗ & 100M�). This is due to the ignition of the still available

thermonuclear fuel. This mechanism happens presently for pair-instability

suprenovae (section 1.1). Moreover, there is a proposed idea that neutrino

radiation from the collapsing stellar core heats (mainly by neutrino-electron

scattering) the degenerate C and O shell of low mass progenitors and igniting

a thermonuclear burning leading to an explosion. However, this idea could

not be verified by detailed progenitor and explosion models. In the low mass

(O-Ne-Mg core progenitors), the C and O shell fall inward long before being

exposed by a high fluence of neutrinos. While for Fe-core progenitors, O and

C are too far outward to be exposed by a strong neutrino flux and electron

densities there are very low which cannot raise the temperature (by neutrino-

electron scattering) needed for explosion [1].

These mechanisms that we have discussed above will be tightly related to

the emission of gravitational waves. This will be discussed deeply in the next

chapter, particularly in section 2.3.
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CCSN Detectability

In the previous chapter, we have summarized the main astrophysical fea-

tures of CCSNe from their different progenitors as well as the main phases of

these core-collapsing events. Now, we are going to discuss the detectability

of these objects. We will start by discussing the rate and distribution of CC-

SNe in our surroundings in section 2.1, then, we are going to move on to the

discussion of their detection channels, i.e. low energy neutrinos in section 2.2

and GWs in section 2.3.

2.1 Rate and Distribution

We will summarize here the rate and distribution of supernovae from re-

cent several studies based on the summary in [19]. Most information of su-

pernova rate actually comes from the observations of extragalactic supernovae

[19] in some galaxies. From the observations of supernovae in a certain galaxy,

we can estimate the rate of supernovae in that galaxy. Then, that rate can be

normalized to the rate for our Milky Way by using some quantity correlated

with the stellar mass of the galaxy.

The B-band luminosity of the galaxy in question is commonly used to esti-

mate the rate since it is a measure of a galaxy stellar mass, at least for galaxies

inside the same morphological type. The rate is written basically as the num-

ber of supernovae per century per 1010LB,�, where LB,� is the B-band solar
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luminosity and the B-band luminosity of our galaxy is,

LB,Gal ' 2.3 · 1010LB,�. (2.1)

With its given B-band luminosity, we can go further to normalize the su-

pernova Milky Way rate in order to have the rate unit in events per century.

There has been a study [20] of the supernova rates from the database of extra-

galactic supernova observations, for the different types of supernovae as well

as for different classes of host galaxies. The summary of that study can be

seen in table 2.1. Taking into account that our Galaxy to be the type of Sb-Sbc

TABLE 2.1: Supernova rates per galaxy type per century per 1010LB,�, with h0 =
H0/(100 km s−1 Mpc−1), taken from [20].

Galaxy SN type
type Ia Ib/c II All

E-S0 0.32± 0.11h2
0 < 0.02h2

0 < 0.04h2
0 0.32± 0.11h2

0

S0a-Sb 0.32± 0.12h2
0 0.20± 0.11h2

0 0.75± 0.34h2
0 1.28± 0.37h2

0

Sbc-Sd 0.37± 0.14h2
0 0.25± 0.12h2

0 1.53± 0.62h2
0 2.15± 0.66h2

0

All 0.36± 0.11h2
0 0.14± 0.07h2

0 0.71± 0.34h2
0 1.21± 0.36h2

0

with its rate following equation 2.1 and using h0 = 0.7, the rate for different

supernova types can be calculated as,

RG(type Ib + Ic + II) = (1.7± 1.0) events/century

RG(type Ia) = (0.5± 0.2) events/century

RG(all) = (2.2± 1.2) events/century

(2.2)

which is basically between 1 and 3 events per century. From that result, indeed

we are interested in the joint rate for type Ib+Ic+II for which they undergo the

core-collapsing processes1.

1This classification type Ib, Ic, and II are based on their light curves and the absorption lines
of different chemical elements appearing in their spectra. Meanwhile, type Ia supernovae do
not undergo the core-collapse processes and instead they are produced by a thermal runaway
process.
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The detection of neutrinos from extragalactic SN1987A in Large Magellanic

Cloud2 [21–23] shows that we have the capability to observe neutrinos from

CCSNe, with clarity, in our Milky Way galaxy. Taking into account that we

have not received yet any astrophysical neutrinos from galactic CCSNe until

now in our neutrino detectors, we can estimate an upper bound of galactic

CCSN rate. The upper bound rate [24] can be written as,

RG(type Ib + Ic + II) < 7.7 events/century. (2.3)

Furthermore, a direct estimation of CCSNe rate in our Galaxy can also

be done via the γ-rays produced by the radioactive decay of 26Al [25], taking

into account that 26Al is mostly produced by massive stars. This gives us a

prediction of,

RG(type Ib + Ic + II) = (1.9± 1.1) events/century, (2.4)

which is in a quite good agreement with equation 2.2. Based on all the studies

above, we can more or less conclude that CCSNe in our Galaxy may happen

as often as 1 per 30 years.

From the study of the rate of CCSNe in our Galaxy, in fact, we can also

make a prediction how probable it is to detect one or more CCSNe in our

Galaxy let’s say for the next 10, 20, and 30 years depending on the rate that we

assume. This prediction can be seen in figure 2.1 based on the study of [26]

taking into account the Poisson distribution for a given supernova rate.

For astronomers, besides the rate, it is also important to understand the

(expected) distribution of supernovae in our Galaxy. The probability density

function (PDF) of finding supernovae as a function of distance from our sun

towards the galactic center can be seen in figure 2.2. That figure is estimated by

performing Monte Carlo simulations based on the distribution of supernova

remnants in our galaxy also taking into account the spiral arms in order to

2We will discuss SN1987A in more detail in chapter 3.
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FIGURE 2.1: Probabilities to find one or more CCSNe in the Galaxy for the next 10,
20, and 30 years, depending on the assumed rate. Figure is taken from [26].

perform the simulation in a realistic galaxy model [27]. The probability spans

in a broad range and we can also say that there is a bigger probability to find

supernovae in a range of 5 to 18 kpc from us.

FIGURE 2.2: PDF of finding CCSNe from our sun towards the galactic center (taken
from [27]).

This 5-18 kpc distance range will be crucial since this means there is a prob-

ability that a CCSN happens on the other side of the galactic center that could

be unobservable electromagnetically due to the “pollution” by the galactic

center and therefore neutrino detectors will play an important role here. The

current neutrino detectors (more in chapter 3) have CCSN horizon of up to

Large/Small Magellanic Cloud (∼ 60 kpc). In terms of GWs, this distance

range could be also a problem since it is actually on the sensitivity edge of

GW detectors (more in chapter 3) to detect CCSNe.
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Let us move further from our Galaxy and then we can also see the cumu-

lative supernova rate in the nearby universe. Figure 2.3 from [28] is the result

of the actually detected CCSNe in the local universe (distance . 10 Mpc) dur-

ing 1999-2008 period. The dashed line is the prediction rate from table 2.1. It

shows that the CCSN rate can reach 1 event per year at a distance of about 6

Mpc. In addition, at 10 Mpc, the rate could be around 2 events per year. This

FIGURE 2.3: The CCSN rate estimation in the nearby universe, based on 22 super-
novae observations in 1999-2008 (bins), compared with the prediction using B-band
luminosity (dashed line). Figure is taken from [26].

knowledge can also be acquired, for the cumulative CCSN rate as a function of

distance, from figure 2.4, based on 22 supernova observations in 1999-2008. In

figure 2.4, it is also plotted, for a comparison, the theoretical predictions in B-

band from 451 galaxies and UV from 315 galaxies as well as their combination

and the detection probability of several future detectors is also shown.

Based on our study on the rate and distribution of CCSNe, it can be seen

that we need to further improve our capability to detect CCSNe to the scale

of a Mpc horizon in order to get a reasonable rate to observe them (. 1 per

year), which is basically the horizon goal of future neutrino detectors. After

reviewing this rate and distribution, we will move on to the discussion of the

detection channels of CCSNe in the following section.
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FIGURE 2.4: Observed CCSN cumulative rate as a function of distance (taken from
[28]). It is also shown the expected rate based on different electromagnetic emis-
sions and the distances where the detection probability is 90% & 10% for 560 kton
HK (Hyper-Kamiokande) & 5Mton neutrino detectors. This figure is based on 22 SN
observations in 1998-2008 and in comparison with some theoretical predictions.

2.2 Neutrino Emission

As stated before, low-energy neutrinos are important messengers to study

CCSNe, which is evident from the neutrino detection of SN1987A [21–23].

Here we will focus on a brief explanation of neutrino emission and its de-

tectability before the collapse, during the bounce, accretion, and cooling phase.

Indeed, even before the collapsing phase, supernova progenitors already

produce strong-luminosity MeV-neutrinos from thermal emission of advanced

burning phases, as for example the Si burning. These pre-supernova neutri-

nos could be possibly detected [29–32] by the ultrapure liquid scintillator de-

tectors such as Borexino [33], KamLAND [34], JUNO [35], as well as DUNE

[36] (or even Super Kamiokande [37] with the help of Gadolinium). The main

detection channel to detect these low-energy CCSN neutrinos is basically the

inverse beta decay (IBD) happening in neutrino detectors3,

ν̄e + p→ n+ e+ (2.5)
3The detector discussion is in chapter 3.
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FIGURE 2.5: Expected number of IBD events gathered by KamLAND [34] during
the 48 hours before collapse, taking into account ν oscillation effects, as a function
of distance. As the case study here, it is shown the flux for a 15M� and 25M� star
assuming the normal and inverted neutrino hierarchy. The significance levels are
shown with the horizontal dotted lines. Figure is taken from [31].

FIGURE 2.6: Time evolution of significance. If Betelgeuse star has a mass of 15M�
and with the distance at 150 pc, the 3σ detection by KamLAND [34] (a dotted hori-
zontal line) is 89.6 (7.41) hours with normal (inverted) hierarchy before its collapse.
Meanwhile, if the stellar mass is 25M� at 250 pc, the pre-supernova alert is detectable
within 17.0 (4.54) hours before its collapse at 3σ confidence level. Figure is taken from
[31].

KamLAND [34] collaboration has studied that their detector can detect

these pre-supernova neutrinos from a star with a mass of 25M� at a distance

less than 690 pc with 3σ significance before the supernova, dependent on the

neutrino mass ordering and background levels [31]. The detector gathers data

continuously and can provide this pre-supernova alert. The expected number

of IBD events detected by KamLAND from a pre-supernova can be seen in

figure 2.5, meanwhile, its significance level as a function of pre-collapse time

can be seen in figure 2.6. This detection will be a well advanced warning of the

order of a few to tens of hours before a CCSN happens4 as well as revealing

the timing of the final core and the shell burning phases.

4The t = 0 is when the bounce happens.
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Bounce and Burst

During the Fe-core collapse, electron neutrinos are produced by electron

captures on heavy nuclei and few free protons. Around the time of trapping

νe luminosity reaches ∼ 1053 erg/s with the mean energy of ∼ 10 MeV. The

trapping makes a small dip of luminosity due to the fact that neutrinos only

come from a narrow region around the newly formed neutrinosphere. Neu-

trino emission again increases rapidly after the core bounce as newly formed

shock propagates into regions of sufficiently low density and reaches neutri-

nosphere thanks to the shock heating and low optical depth. The dominant

production is still νe due to the high Ye in the shock. The luminosity of this

burst of neutrinos can reach∼ 3.5× 1053 erg/s, known as neutronization burst

(or prompt neutronization peak in subsection 1.2). A Mton water Cherenkov

detector like Hyper Kamiokande [38] can observe this burst, which would be

a standard candle with distance error measurement of ∼ 5%. Moreover, the

nonobservation of this peak will support the normal mass hierarchy in neutri-

nos, while the observation will be consistent with the inverted hierarchy5 (see

more in [40]).

Electron neutrino burst and the rise phase of ν̄e & νx give precise timing

of the bounce. Assuming the normal hierarchy, IceCube [41] can determine

the bounce ∼ 3.5 ms using the rise of ν̄e flux [42], which is very important in

terms of multimessenger with GWs. If both messengers are correlated, they

will improve the parameter estimation, especially for the bounce of rotating

progenitors [43].

Accretion and Cooling

Around ten of millisecond timescale, the CCSN core develops a structure

like in figure 2.7. Accretion shock lies on∼ 100−200 km from the center. Then,

5In addition, the rise time of ν̄e light curve can also be a probe to this problem [39], where
the fast rise time (O(100 ms)) will agree with the inverted hierarchy.
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below it, there is a hot bubble region with high entropy dominated by pho-

tons and electron-positron pairs, as well as heating by neutrinos from inside

dominates the neutrino cooling. Further inside, there is a high density region,

spanning from ∼ 1010 to a few 1013 g/cm3, and the pressure is described by

ideal gas. Between the hot bubble and this ideal gas region, neutrino cooling

dominates over the heating.

FIGURE 2.7: The scheme of regions in SN core. CC: charged-current, NC: neutral-
current. Figure is taken from [44].

Neutrino emission for electron and heavy flavor is quite different in this

phase. For all flavors during this phase, there is a diffusive flux to proto neu-

tron star surface region driven by temperature gradient and neutrino chemical

potential. This diffusive flux is determined by temperature and radius of neu-

trino sphere near the proto neutron star surface. The diffusive neutrino flux is

well described by gray-body emission law,

Ldiff = 4πφσFermiR
2T 4, (2.6)

where φ is a grayness factor, meaning that it is a deviation from Stefan-Boltzmann.

This equation is sufficient to describe the heavy-flavor neutrino luminosity in

which the grayness parameter φ = [0.4 − 0.6] during the pre and early explo-

sion [45].

31



Chapter 2. CCSN Detectability

Moreover, for electron flavor neutrinos, the emission is not only due to the

diffusion of thermal energy from the proto neutron star core, but also from the

accretion. Accreted matter is accumulated on proto neutron star surface and is

in a state of radiative equilibrium with deeper layers, thus, must undergo net

neutrino cooling to maintain constant temperature when it is compressed to

higher densities. Heavy flavor neutrinos can only be produced in high density

and not by charged-current processes, therefore, the only dominant process to

the cooling is by emission of νe & ν̄e. Only about half of accretion energy goes

to electron-flavor neutrinos since the accreted matter cannot cool down below

the radiative equilibrium temperature. Thus, the luminosities,

Lνe + Lν̄e = 2β1Lνx + β2
GMṀ

R
≈ 2Lνe ≈ 2Lν̄e , (2.7)

where M stands for the proto neutron star mass, Ṁ is accretion rate, β1 = 1.25

and β2 = 0.5 are nondimensional parameters. Moreover, simulations show

that the mean energy of electron antineutrinos 〈En̄ue〉 is somewhat propor-

tional to proto neutron star mass during the accretion (see equation 8 in refer-

ence [44]),

〈Eν̄e〉 ≈ 10 MeV(M/M�). (2.8)

During the cooling phase, the electron flavor and heavy flavor luminosity

become relatively similar (see figure 2.8 right column). The luminosity of all

flavors decreases roughly exponentially with a decay time-scale of seconds.

Despite this decrease, the surface temperature as well as the mean energies of

neutrinos still increase in around 1 second after the bounce due to the contrac-

tion of the proto neutron star [44]. Later on, when the proto neutron star cools

down, the mean energies of all flavors converge to one single value.

From chapter 1 regarding the astrophyisical phases of CCSNe, it has been

seen that there is an accretion phase that lies on the accretion region between

the core and the proto neutron star. During this accretion phase in the delayed

neutrino heating mechanism, the ν’s from the cooled region (equation 1.19) are
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FIGURE 2.8: Neutrino luminosities and mean energies from simulations. Left figure
is the 2D simulation ofM = 27M� for the burst, accretion, and early explosion phase.
The middle is for 3D simulation of M = 18M� until the explosion phase where there
is somewhat equipartition for different flavors. The right is for 8.8M� showing the
Kelvin-Helmholtz cooling phase. Figure is taken from [44].

absorbed in the heated region (equation 1.20) by,

νe + n→ e− + p

&

ν̄e + p→ e+ + n.

(2.9)

Due to this neutrino heating, the pressure increases behind the shock and the

heated layers expand. During this phase, 10-20% of νe-ν̄e energy is converted

to thermal energy and can revive the shock. The timescale in this phase is

t ∼ 0.5 sec.

Then, a fraction of infalling materials adds to the proto neutron star un-

til the explosion. The proto neutron star evolves to be a neutron star with

the radius RNS . Most of CCSN energy is emitted in this phase (called cool-

ing phase), accounting for ∼ 90% in the form of all neutrino and antineutrino

species with high luminosity (see figure 1.4 and 2.8). The primary production

of neutrinos in this phase is the neutral current (for all neutrino and antineu-

trino species),
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e+e− → νiν̄i

e± + (p, n)→ e± + (p, n) + νi + ν̄i

γp → νi + ν̄i

γ + e± → e± + νi + ν̄i

pair annihilation

electron− nucleon Bremsstrahlung

plasmon decay

photo annihilation,

(2.10)

and, similar to the accretion phase, the charged current (for electron neu-

trinos and antineutrinos),

e− + p→ n+ νe

e+ + n→ p+ ν̄e.
(2.11)

In this last phase, a large amount of (anti)neutrinos from all species is pro-

duced with a thermal6 emission due to the ν production in an opaque region.

Pagliaroli Parametrization for the Accretion and Cooling

Based on the previous description on the different neutrino emission phases,

it is possible to parametrize the electron antineutrino flux from the accretion

and cooling phase. Detailed explanation on this parametrization can be seen

in [2, 46, 47]. As we know that the main detection channel of these neutrinos

coming from CCSNe is basically the IBD (equation 2.5), therefore, we will fo-

cus on this channel. The number of expected neutrino events from IBD can be

written as,

R(t, Ee, cos (θ)) = Np
dσν̄e,p
d cos (θ)

(Eν , cos (θ)) · Φν̄e(t, Eν)

× ξd(cos (θ)) · ηd(Ee) ·
dEν
dEe

,

(2.12)

where Np is the number of free protons in a detector, σν̄e,p is the inverse beta

decay cross section (see [48]), ηd is the detection efficiency of each detector,

6Thermal: Maxwellian distribution of plasma, energy exchange by collision & photon ex-
change; nonthermal: sort of power law distribution.
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ξd is the angular bias7, and Φν̄e is the electron antineutrino flux. The electron

antineutrino flux in the accretion phase8 can be parameterized as,

Φ0
a(tem, Eν) =

1

4πD2

8πc

(hc)3
×
[
Nn(tem)σe+n(Eν)ge+(Ēe+(Eν), Ta(tem))

]
, (2.13)

where tem is the emission time9,Nn(tem) is the number of target neutrons at rest

in the cooling region between the proto neutron star and the shock, σe+n is the

IBD cross section as a function of neutrino energy, and ge+(Ēe+ (Eν), Ta(tem))

is the thermal flux of positron. The electron antineutrino spectrum is slightly

nonthermal because of the presence of σe+n includes an additional Eν depen-

dence. Thus, the average neutrino energy is ∼ 5Ta. Moreover, the scaling

of luminosity with temperature becomes ∝ T 6
a which means nonthermal in-

stead of ∝ T 4
a for thermal scaling. If suppose at tem = 0 we have Ta = 2.5

MeV and Ma = 0.15M�, with the nonthermal scaling, we will get luminosity

of ∼ 1.1 × 1053 erg/s while if we use a thermal black-body scaling, we need

T = 4.1 MeV and R = 82 km.

On the other hand, the cooling phase10 is consistent with thermal black-

body emission. The electron antineutrino flux can be written as,

Φ0
c(tem, Eν) =

1

4πD2

πc

hc3

[
4πR2

cgν̄e(Eν , Tc(t
em))

]
, (2.14)

with,

Tc(t
em) = Tc exp [−tem/(4τc)], (2.15)

where Rc is the radius of the emitting region (neutrino sphere), Tc is the ini-

tial temperature, and τc is the time constant of the process, respectively, in

addition, gν̄e is the Fermi-Dirac spectrum,

gν̄e(Eν , Tc(t
em)) =

E2
ν

1 + exp (Eν/Tc(tem))
. (2.16)

7ξd= 1 for Kamiokande-II and Baksan, while ξd(cos (θ)) = 1 + 0.1 cos (θ) for IMB [46].
8The subscript “a” stands for accretion.
9tem = 0 for the start of emission, by definition.

10The subscript “c” for cooling.
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We recall which are the generic expectations: Rc ∼ RNS = 10 − 20 km, Tc =

3 − 6 MeV, and τc = few-many seconds, which is the result in [2, 46]. This

parametrization has been proven useful in improving the analysis of SN1987A

[46] to determine its astrophysical quantities, such as Tc, Mc, Rc, etc. Thus, this

may allow us to fit the future neutrino data from CCSNe to determine such

quantities.

We have discussed the neutrino emission in CCSNe. Therefore, from the

neutrino emission in CCSNe, we will move to the next section on how these

same CCSNe can also become the powerhouse of GWs.

2.3 GW Emission (Models)

A source that generates the gravitational waves must have quadruple mass

moment rapidly changing in time. With some algebra, based on [24], we can

derive that the GW equation will have the form of,

[
hTT
ij (t,x)

]
quad

=
1

r

2G

c4
Λij,kl(n̂)Ïkl(t− r/c)

=
1

r

2G

c4
ÏTT
ij (t− r/c),

(2.17)

where r is the distance from the source, c is the speed of light, G is the gravita-

tional constant, Λij,kl(n̂) is a projector tensor (explained in [24]) to the transverse-

traceless gauge (appendix B), written with the superscript “TT”, and Ïkl is the

second time-derivative of quadrupole mass moment,

Ïkl =

∫
ρ

(
xkxl −

1

3
δjkr

2

)
d3x (2.18)

The derivation of this formula can be seen in many literatures such as [24, 49–

51] just to name some.

Many simulations have been developed on the gravitational waves com-

ing from CCSNe under the quadruple approximation as numerical and phe-

nomenological waveforms. A thorough review for this topic can be seen such
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as in [52]. Basically, there are some key properties to produce these numerical

and phenomenological waveforms (more in [53]). They are the total emitted

GW energy EGW, the angle-averaged root-sum-squared GW strain 〈hrss〉, the

peak frequency of the wave fpeak (the frequency where dEGW/df peaks). The

energy of GWs can be written as,

EGW =

∫ ∞
0

dEGW

df
df, (2.19)

with,
dEGW

df
=

2

5

G

c5
(2πf)2

∣∣∣ ˜̈ITT
ij

∣∣∣2 , (2.20)

where the last part of that equation is defined as,

˜̈ITT
ij (f) =

∫ ∞
−∞

dtÏTT
ij (t)e−2πift, (2.21)

being the Fourier transform of ÏTT
ij (t). The polarization amplitudes h+ & h×

can be written in spherical harmonics.

Meanwhile, the root-sum-squared strain hrss is defined as,

hrss =

[∫ ∞
−∞

dt
[
h2

+(t; ι, ϕ) + h2
×(t; ι, ϕ)

]]1/2

=

[∫ ∞
−∞

dt(h+ − ih×)(h+ − ih×)

]
,

(2.22)

and from here, we can get the angle-averaged root-sum-squared GW strain

〈hrss〉 by integrating it over all source angles,

〈hrss〉 =

∫∫
dΩhrss. (2.23)

More detailed derivation of these properties, indeed, can be seen in [53].

Those properties above are the basic inputs to produce numerical and phe-

nomenological waveform simulations of GWs from CCSNe in 2D and 3D. In

[53], it has been used several numerical and phenomenological waveforms

with various values of 〈hrss〉, fpeak, and EGW depending on the mechanisms
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producing GWs in CCSNe. They do that in order to study the possible GW de-

tections from CCSNe in the advanced detectors (more of the detectors will be

discussed in chapter 3). There are very diverse mechanisms to produce GWs

from CCSNe such as magnetorotational hydrodynamics mechanism, neutrino

mechanism, acoustic mechanism, and so on, and we will discuss those mech-

anisms in the next several passages.

Magnetorotational Hydrodynamics

During core collapse, the stellar core will be spun up of a factor of 1000

comparing to the progenitor core, thanks to the conservation of angular mo-

mentum. In other words, if the pre-collapse core has a spin period of ∼ 1 sec-

ond, then the proto neutron star, after the collapse, will have a spin period of

the order of milliseconds. This rapidly milisecond-spinning compact remnant

has a rotational energy of about 1052 erg. If there is a way to tap a fraction

of this humongous energy source, a strong explosion will be produced. In

the following paragraphs, we will discuss the possible GW signal production

from CCSNe due to magnetorotational hydrodynamics based on [17, 53].

The gravitational wave signal produced by this mechanism is dominated

by bounce and subsequent ringdown of the proto neutron star [17, 53]. Strong

centrifugal deformation of inner core, which is related to oblateness, due to

rapidly rotating precollapse core, gives a large time-varying quadruple mass

moment. This means the strong GW burst will emerge, and indeed the strength

does depend on the inner core mass, angular momentum distribution, and

EoS [53].

The angular velocity distribution of the precollapse core is somehow uni-

form in the inner subsonic collapsing core, due to the homologous collapse.

Nevertheless, in the supersonic collapsing outer core (r & 40 km in figure 1.4

c.f. in reference [2]), the homologous collapse gives rise to strong rotation gra-

dients11. Therefore, unlike the non-rotating CCSNe, the convection plays an

11The outer core and the region between proto neutron star & shock be strongly differen-
tially rotating.
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FIGURE 2.9: A plot of h+ evolution from a simulated GWs from a rapidly rotating
CCSN based on magnetorotational mechanism, at a distance of 10 kpc. Figure is
taken from [17] based on [54].

insignificant role and thus GW signature due to turbulent convection is not

present. However, for slowly rotating CCSNe (∼ 10 ms instead of ∼ 1 ms

period), the prompt convection may produce some GW signal.

The characteristic of GW signal for this rapidly rotating CCSNe will have

the peak of the detected strain amplitude (h+ & h×) of the order of ∼ 10−21 −

10−20 at a distanceD ∼ 10 kpc. The energy produced in GW, εGW will be of the

order of 10−10 − 10−8M�c
2. Moreover, the frequency will be narrowband with

most emitted power lies on 500−800 Hz. The timescale for this GW burst will

be around∼ 10 ms. An example h+ evolution of a simulated GW signal based

on magnetorotational mechanism from a rotating CCSN can be seen in figure

2.9.

Meanwhile, for slower initial precollapse spin of the the core (. 0.5 − 1

s), core bounce occurs slowly at subnuclear density with the dynamics are

dominated by centrifugal effects and most of its GW energy lies on ∼ 200 Hz.

Neutrino Mechanism: Convection and SASI

GW signal from ν-driven CCSNe mostly is from turbulent convection and

SASI [15]. In a CCSN, postbounce core is unstable to convection. Immedi-

ately, negative entropy gradient behind the stalled shock is formed and the

prompt convection carries on, giving rise to a GW burst. Moreover, when the
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postbounce evolution proceeds, ν-heating sets up negative entropy gradient

in the gain layer behind the shock, leading to the ν-driven convection. Simulta-

neously, the ν-diffusion establishes negative lepton gradient in the mantle of

proto neutron star, giving rise to proto neutron star convection. In brief, there are

three different convections happening with different characteristic frequen-

cies:

- prompt convection, immediately after the bounce, GWs lie on ∼ 100 −

300 Hz,

- ν-driven convection at later times, produces GWs with significant power

on ∼ 300− 1000 Hz (frequency increases in time), and

- proto neutron star convection causes the time-varying quadruple mass

moment happens in the highest frequency & 1000− 1100 Hz.

GWs die down when the entropy gradient smooths out. Nevertheless,

there will be gain in GWs at later times as the shock front becomes unstable

to SASI (in addition to convection, depending on the progenitor structure and

possibly even depending on the dimension of simulation 2D vs 3D) and being

nonlinear on timescale ∼ 100 ms. Accretion plumes are rapidly decelerated

as they enter the region behind the shock, leading to the time-variations of

quadruple moment and those are in numerous spikes in GW spectrum.

The frequency content in the neutrino mechanism is robust, but the phase

is stochastic (due to turbulence). The signal is long lasting of about ∼ 0.3 − 2

seconds. The GW strain amplitude is about 1 order of magnitude weaker than

the GWs from magnetorotational processes (the previous subsection), h+ (and

h×) ≈ 10−22 at the distance D = 10 kpc. The energy in gravitational waves

EGW is of the order of ∼ 10−11 − 10−9M�c
2. An example of the h+ evolution

from a simulated GW signal due to ν-mechanism (convection and SASI) from

a CCSN at 10 kpc can be seen in figure 2.10. This model shows us that the

GW signal can last up to 1 second with strong spikes early on and around 600

milliseconds after the bounce.
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FIGURE 2.10: A plot of h+ evolution from a simulated GW signal from a CCSN due to
convection and SASI as seen by an equatorial observer at 10 kpc. This figure is taken
from [17] based on the work of [13].

We have discussed the magnetorotational hydrodynamics and neutrino

mechanism. In the next passage, we will discuss other mechanisms that could

also generate GWs though less common.

Acoustic Mechanism and Others

Besides the two common models (magnetorotational hydrodynamics and

ν-mechanism), there is also another model based on proto neutron star g-

mode oscillation [55], that can produce gravitational waves from acoustic power

generated in the inner core as the driver. This mechanism generates an oscil-

lation mode with a period of 3 ms that grows at late times and be prominent

at around ∼ 500 ms after bounce. This acoustic power comes from the gravi-

tational energy during the infall phase. This core oscillation can be considered

as a transducer to convert the accretion energy into sound, thus, it is called

acoustic mechanism. However, there is no confirmation from other groups

regarding this simulation.

Some simulations and analyses of GWs from CCSNe include other mech-

anisms such as the works in [14, 56, 57]. The result of [56, 57] tells us these

modes: “A mode” is due to the g-mode oscillation mechanism, happening at

the PNS surface and “B mode” is due to the mass accretion by SASI, shown in

figure 2.11. Moreover, they also show us that there appears some other modes,
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besides the principal modes. One mode may be related to the convection ex-

citation of the proto neutron star, denoted as “C mode” in figure 2.11, which

is likely to arise from one of the p-mode oscillations from its frequency range,

evolution, and spatial origin (p-mode is explained in [58]). Meanwhile, “D

mode” could be actually interpreted as the overtone of SASI since fD ≈ 2fB,

though not exactly (∼ 5 Hz difference). This ∼ 5-Hz frequency difference

could be the relative phase change of h+ and h×, as the change in circular po-

larization of Stokes V parameter (2.12). In addition, in [56, 57] studies, they

also find f -mode oscillation of the proto neutron star [59] (besides g-mode

and SASI). In addition, this GW strength produced by CCSNe depends on the

star’s mass, EoS, and transport properties in warm nuclear matter.

All in all, we can basically summarize the different mechanisms that play

a role in generating GWs from CCSNe in the table 2.2 borrowing from [52].

Magnetohydrodynamics mechanism and acoustic mechanism may give a strong

GW signal depending on the emission processes. This diverse mechanisms

could make it difficult to recognise signals from CCSNe in GW data, never-

theless, the future GW detections from CCSNe may let us understand which

models correctly describing the CCSNe.

FIGURE 2.11: A time-frequency map of a GW simulated signal analysis from [14]
model with EoS from [60]. It is also plotted the different modes from this signal: A
due to acoustic mechanism, B due to SASI, C (and C#) due to p-mode, and D due to
the overtone of B-mode.
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TABLE 2.2: GW emission processes in CCSNe and the possible emission strength for
different possible mechanisms. For a galactic SN, “strong” means a high probability
of detection by initial and advanced LIGO, “weak” is referred to marginal probability
to be detected by advanced LIGO, and “none” means probability of non detection
by advanced LIGO. These three explosion mechanisms likely produce exclusive GW
signatures and the detection or non-detection of a GW signal may give a hint of the
mechanism. MHD stands for Magnetohydrodynamics and PNS is the abbreviation of
proto neutron star. Table is taken from [52].

Potential explosion mechanisms
GW emission MHD Neutrino Acoustic

processes (rapid rotation) (slow/no rotation) (slow/no rotation)

Rotating collapse Strong None/weak None/weak
and bounce

3D rotational Strong None None
instabilities
Convection None/weak Weak Weak

& SASI
PNS g-modes None/weak None/weak Strong

FIGURE 2.12: A gravitational waveforms h× (top) and the spectrogram (bottom) for
the Stokes V parameter of SFHx EoS ([60]) taken from [56]. The black line in the
spectrogram corresponds to g-mode. In the frequency of 100-200 Hz, there is a phase
change in the Stokes V parameter (red to blue) which could explain the frequency
difference of the D overtone mode (see text).
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Detectors, Analyses, and Detections

We have studied the astrophysical processes (chapter 1) as well as the

emitted signals (chapter 2) of CCSNe. In this chapter, we will move on our

discussion on the reviews of the involved detectors, analyses, and strategies

aiming to reach successful CCSN detections in both neutrino (section 3.1) and

gravitational wave (section 3.2) channel. We will also mention some success-

ful GW observations from non-CCSN astrophysical sources till now.

3.1 The Neutrino Channel

As we have already discussed in the previous two chapters, CCSNe pro-

duce a lot of low energy neutrinos that can be studied primarily via inverse

beta decay process. There are several types of neutrino detectors sensitive to

CCSNe. Here we will briefly mention some classes of detectors based on [61,

62]. Practically, most of these neutrino detectors are built in order to observe

other purposes like proton decay searches, solar/atmospheric neutrinos, as

well as accelerator neutrino oscillation studies. The summary of different de-

tectors can be seen in table 3.1.

Scintillator and water Cherenkov are sensitive primarily to ν̄e; while those

with neutral current (NC) capability such as heavy water and high Z/neutron

are sensitive to all flavors. Water Cherenkov and heavy water have pointing

capabilities. All but radio-chemical detector can see neutrinos in real time. In

addition, all classes except long-string water Cherenkov and radio-chemical
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have energy resolution. Moreover, table 3.2 lists the present status of some

specific supernova neutrino detectors as well as the proposed projects.

In our analysis later on, especially in chapter 6 and 7, we will use detector

models of Super Kamiokande, LVD, and KamLAND due to the fact that the

way they collect data are in some sense analogous, which is counting the num-

ber of neutrino events in a given time bin. Meanwhile, to search for CCSNe

in IceCube experiment, the collaboration treats the data in a different way, by

observing a collective rise of the event rates in all photomultipliers, on top

of the dark noise when there is a possible astrophysical low-energy neutrinos

[63]. Thus for the moment, we will not include IceCube in our work.

TABLE 3.1: Summary of different neutrino detectors (taken from [61, 62]).

Detector type Material Energy Time Pointing Flavor

Scintillator C, H y y n ν̄e

Water Cherenkov H2O y y y ν̄e

Heavy water D2O NC: n y n All
CC: y y y νe, ν̄e

Long string water Cherenkov H2O n y n ν̄e

Liquid argon Ar y y y νe

High Z/neutron Pb, Fe y y n All
Radio-chemical 37Cl, 127I, 71Ga n n n νe
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TABLE 3.2: Specific SN neutrino detectors and some proposed projects (taken from
[61, 62]).

Detector Type Mass
(kton) Location # of events

@8.5 kpc Status

Super-K H2O Cher. 22.5 Japan 7,000 Running
SNO H2O 1.4 Canada 300 Running

D2O 1
LVD Scint. 1 Italy 200 Running

IceCube Long string Meff ∼ 0.4 pmt−1 Antarctica Running
(Amanda)

Baksan Scint. 0.33 Russia 50 Running
KamLAND Scint. 1 Japan 350 Running

Borexino Scint. 0.15 Italy 130 Running
Hyper-K H2O Cher. 440 Japan ∼ 2× 105 Proposed

JUNO Scint. 20 China ∼ 7.000 Proposed
DUNE Liquid Ar 40 USA ∼ 1, 200 Proposed

Analysis to hunt CCSNe by Super-Kamiokande

Super-Kamiokande (Super-K) is a 50-kton water Cherenkov detector, which

is the successor of Kamiokande detector. It is 1,000-m (2,700 m.w.e.1) deep un-

derground with the fiducial mass of 22.5 ktons. This detector is able to collect

∼ 10, 000 events (9,000 without neutrino oscillation) when a CCSN happens

in ∼ 10 kpc away from earth. In this subsection, we will discuss the search

of CCSNe by Super-Kamiokande in its offline analysis [64] that is basically re-

analysing the old Super-K data and give overviews of the possible strategies

to find CCSNe inside Super-K data, as well as the real-time online analysis

strategy [65] for possible future CCSN detection.

Offline

In 2007, the Super-Kamiokande collaboration published its analysis from

data collected in 1996-2001 (called SKI) and in 2002-2005 (SKII) [64]. No detec-

tion has been observed during those periods. The general flowchart analysis

1meter water equivalent
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can be described as:

1. Time-series data from SK consists of events mostly due to background

and some perhaps due to astrophysical neutrinos. These events are also

characterized by their energies. Then, it is possible to scan the event

times in the data set by using a sliding time-window. A cluster is defined

as the number of events in a certain time window. The events inside each

cluster must pass a certain energy threshold: 6.5 MeV for SKI and 7 MeV

for SKII [64]. The number of events in a cluster is called multiplicity, m.

2. Checking each cluster collected whether it is due to real event or back-

ground by using certain parameters/cuts that will be explained in the

following.

Background events are the result of accidental coincidences of uncorre-

lated low energy events. There are two dominant time-correlated background:

the flasher of photo multiplier tubes (PMTs) acting as the source of light and

the spallation product of radioactive isotopes made via interactions between

energetic cosmic ray (CR) muons and oxygen nuclei.

The collaboration argued that those background sources should produce

events with a characteristic that the reconstructed event vertices tend to be

spatially concentrated in the physical volume of the detector. Meanwhile, a real

CCSN should generate spatially uniform neutrino events in the detector vol-

ume. Thus, to distinguish the astrophysical events from background events,

it is introduced a new parameter to constrain the event spatial distribution

(Rmean),

Rmean =

∑m−1
i=1

∑m
j=i+1 |~ri − ~rj|
mC2

, (3.1)

where |~ri−~rj| is the spatial distance of i-event to j-event and mC2 is the number

of unique combination. A real supernova neutrino burst will produce a clus-

ter in the detector with a large value of Rmean comparing with the background

cluster. Figure 3.1 is the expectedRmean distribution generated by Monte Carlo

for several multiplicity values. Looking at the figure, the Rmean value from a
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real astrophysical signal is expected to be around 1800 cm for every multiplic-

ity m, while the sigma distribution depends on m. Therefore, the authors in

[64] decided that,

Rmean(m = 2) ≥ 750 cm

∨

Rmean(m > 2) ≥ 1000 cm.

(3.2)

The raw2 efficiencies will be 94%, 96%, 99%, and 100% for that criteria.

FIGURE 3.1: Rmean distribution generated by Monte Carlo for multiplicity=2,3,4, and
8. Figure is taken from [64].

In this offline analysis, there are 3 different searches:

1. Distant CCSN search up to the horizon edge such as to M31 galaxy,

2. Low energy threshold search,

3. Neutronization burst search of CCSNe.

These three searches use different time windows, multiplicity thresholds, as

well as other additional criteria.
2We will call this efficiency as raw efficiency since at this point, there is no discussion of

significance yet. This is different from the usual term used in gravitational wave community,
where the efficiency is the total efficiency after imposing the significance threshold.
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If a core-collapse supernova happens in M31 (Andromeda) galaxy, the de-

tector expected multiplicity for SK detector m ∼ 2 in a window of 20 sec-

onds. Thus, the distant SN search has multiplicity threshold m ≥ 2. However,

a multiplicity threshold of m > 2 will give a lot of background. To tackle

this problem, an energy threshold is chosen so as to maximize the value of
[Detection Probability]√

Number of chance coincidences
. The energy threshold adopted becomes higher than

the previous threshold, which is now 17 MeV [64], that will give the single

event rate of 0.762 events/day for SKI and 1.03 events/day of SKII.

In the low energy threshold, there are various time windows set in the

data: 0.5, 2, and 10 seconds, while maintaining the low energy threshold that

is set in the beginning: 6.5 MeV for SKI and 7 MeV for SKII. This takes into ac-

count that from core-collapse SN1987A (subsection 3.1), the average energy

estimated by Kamiokande-II is 7.5 MeV, while by IMB it is 11.1 MeV and

〈Eν̄e〉 ∼ 16 MeV. This criteria still gives a lot of background. To reduce the

background further, 3 additional criteria on the multiplicity values are intro-

duced:

1. m ≥ [3 events]/[0.5 second],

2. m ≥ [4 events]/[2 second],

3. m ≥ [8 events]/[10 second].

If a cluster satisfies more than one criteria, the largest multiplicity will be

taken. If a cluster also satisfies equation 3.2, all events within ±20 seconds

around the cluster are checked so as to get as many as possible the events

from a possible CCSN.

Another analysis is the neutronization burst search. This is to investigate

the short-lived neutronization burst of a SN: e− + p → νe + n, happening

in a period of < 10 ms. This neutronization burst will be observed by SK

detector with multiplicity between 1 and 6 from a 10-kpc SN. Even if there is

no explosion from this collapsing object (like for the formation of a blackhole3),
3The simulation for failed-supernovae (core-collapse forming a blackhole without explo-

sion) can be seen in [66].
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there could still be the neutronization burst. Thus, the windows are set to be

1, 10, and 100 milliseconds with a common multiplicity threshold equal to 2.

The collaboration decided to use the same sample as the previous SKI

data for solar neutrino analysis with 5 MeV energy threshold since the re-

coil electrons from neutrino-electron scattering4 have lower energy. On the

other hand, for SKII, they maintain the threshold of 7 MeV [64]. A lot of back-

ground will be present due to low multiplicity threshold, even after Rmean cut.

Moreover, the recoil electron will have practically the same direction as the

incident neutrinos. Thus, the neutrino events coming from a SN should have

roughly the same reconstructed direction5. A new variable is introduced for

this purpose, namely Sumdir,

Sumdir =
|
∑M

i=1
~diri|

M
, (3.3)

where ~diri is the reconstructed direction vector of events in a cluster of M

multiplicity. Sumdir will be towards 1 if the cluster is due to a SN. The thresh-

old for Sumdir is chosen to be ≥ 0.75, which is the point at which the ratio

between the probability of simulated Monte Carlo supernovae and the prob-

ability of simulated random direction events is equal to 1 (see figure 3.2). In

this way, the raw efficiency is ∼ 84%.

Moreover, there is a relation between the number of observed clusters and

the expected background,

Nbg =

stop∑
i=start

∞∑
j=Mthr

RiTi
e−Ri∆T [Ri∆T ]j−1

(j − 1)!
, (3.4)

where Mthr is the multiplicity threshold, Ri and Ti are the single event rate

and the total livetime respectively, inside the data taking period (max 24 hours

data chunk) due to the fact that event rate of very low energy (<6 MeV) events

depends on the detector running condition in each chunk. Moreover ∆T is

4νe + e− → νe + e−, the dominant reaction in this case.
5It is important to note that only the elastic scattering events give us the directional infor-

mation, while events from IBD are quasi-isotropic.
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FIGURE 3.2: The distribution of Sumdir. Figure is taken from [64].

the time window (20 seconds). Equation 3.4, then, can be used to see whether

our cumulative clusters are consistent with pure Poisson background or not.

To give some idea of this offline analysis it has been plotted the raw detection

probability as a function of distance in figure 3.3 for the distant burst search

and low-energy threshold search. The probability of the distant supernova

search till M31 is still 0.07, while the probability of the lower-energy threshold

search declines quicker to be practically 0.0 at 780 kpc.

FIGURE 3.3: The detection probability as a function of distance for distant burst search
and low energy threshold search. Figure is taken from [64].
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Online

Besides the offline analysis, the fast alert (online/realtime) analysis has

also been constructed by Super-Kamiokande collaboration [65], published in

2016, without any observed astrophysical detection. This online analysis ba-

sically has stronger cuts than the offline analysis in the previous section. For

performance evaluations, the paper uses Monte Carlo simulation of 3000 en-

sembles of 10-kpc SNe from Geant3 software6 and the energy threshold for

the analysis is 7 MeV.

The bin is constructed as a 20-second window opened backward from each

event found and the number of events Ncluster is counted. In this case, Ncluster

is slightly different from the multiplicity quantity since the bins is constructed

differently: rather than making a fixed window bin in the beginning and then

counting the number of events inside that bin, in this current case, the bin is

open backward starting from an event is found.

Then, a variable D is computed as a parameter to explain the spatial dis-

tribution of events in a cluster; instead of Rmean in the offline analysis. D

characterises the vertex distribution of a cluster of events and it has a value:

D ∈ {0, 1, 2, 3} ≡ {point, line, plane, volume}. This is determined by compar-

ing χ2 values obtained from the lengths of the major and the minor axes cor-

responding to eigenvalues of the correlation matrix of the vertex distribution.

The 3× 3 correlation matrix can be written as

〈(χi − 〈χi〉)(χj − 〈χj〉)〉 =
〈(χ1 − 〈χ1〉)(χ1 − 〈χ1〉)〉 〈(χ1 − 〈χ1〉)(χ2 − 〈χ2〉)〉 · · ·

... . . . ...

... · · · 〈(χ3 − 〈χ3〉)(χ3 − 〈χ3〉)〉


(3.5)

6Geant3 software explanation can be found in more detail in [67].
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where i, j ∈ {1, 2, 3}. Then, it is constructed,

χ2 =

Ncluster∑
n=1

|~dn − ~d(~s)|2, (3.6)

where ~dn is the n-th event vertex position, ~d(~s) is the position closest to ~dn

either point, line, etc., and ~s determines the geometry.

The three eigenvalues λi (i ∈ {1, 2, 3} and λ1 ≤ λ2 ≤ λ3) are used to con-

struct the minimum of χ2 that are (λ1 + λ2 + λ3)/3, (λ1 + λ2)/2, and λ1 (point-

,line-, and plane-like) under a condition: ∂χ2/∂~s = 0. In case of a real SN, the

vertex distribution should be uniform in SK detector volume and thus D = 3.

While for the background, D = 2, 1, or 0. Thus, the conditions to have an on-

line “golden” warning are when Ncluster ≥ 60 and D = 3. A golden warning

will be world-widely announced within one hour. This threshold is such that

SN raw efficiency is 100% in LMC [∼ 50 kpc] (under the models and simula-

tions done for the paper).

Meanwhile, whenNcluster < 60, no golden warning is generated. However,

there is another threshold called “normal” warning where the conditions are

Ncluster ≥ 25 & D = 3. This warning is for the experts only and to SNEWS

(section 4.1). This has raw efficiency of 100% in SMC [∼ 60 kpc].

There is also a lower threshold called a “silent” warning, requiring ≥ 13

events in 10 seconds. This makes a few warnings per day from spallation

events. These silent warnings are used only for monitoring the system oper-

ation and detector condition, which are not used as the fast alert. The raw

detection efficiency for without neutrino oscillation, normal hierarchy oscil-

lation, and inverted hierarchy oscillation as well as the average number of

background per 10-second bin can be seen in figure 3.4a, 3.4b, 3.4c, and 3.4d.

The paper also estimates the FAP of recovered injections by combining

randomly the silent warnings to get a combined golden-like cluster. This will

give the probability to have golden (normal) warning by chance. It is esti-

mated the probability to have golden (normal) -like warning by accident is
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(A) Without neutrino oscillation (B) Normal hierarchy

(C) Inverted hierarchy (D) Background rate

FIGURE 3.4: The raw efficiency of the method with no oscillation 3.4a, normal hierar-
chy 3.4b, and inverted hierarchy 3.4c as well as the background rate per 10 seconds of
SK detector 3.4d. Figure is taken from [65].

1.3 × 10−11 (2.4 × 10−9). If we calculate the significance by the normal distri-

bution, they are actually 6.77σ and 5.97σ. Those probabilities are translated as

rates to be one per 9 × 107 years for a golden warning and one per 4.7 × 105

years for a normal warning.

In addition, the paper also presents the possibility to determine SN direc-

tion by maximum-likelihood method. This determination depends on the in-

teraction (inverse-beta decay7, electron elastic scattering of anti-electron neu-

trinos8, other elastic scatterings9, charged-current interactions on oxygen10),

the measured electron energy, the number of events, i-th event electron en-

ergy, and i-th event direction.

7IBD, ν̄ep.
8ES, ν̄ee.
9ES, νe.

10ν16O.
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Analysis to hunt CCSNe by LVD

LVD is a scintillator-type detector with the mass of 1 kton. It has been

running and taking data for several decades. In 2014, LVD collaboration re-

leased their analysis of 21-year data to search for neutrino bursts coming from

CCSNe without any detection of CCSNe, and the result has been presented in

[68]. The detector is sensitive to neutrino bursts from gravitational collapses

with the detection horizon of up to the edge of the Galaxy. It is a counting anal-

ysis with the event energy sensitivity range of 10 MeV ≤ Eevent ≤ 100 MeV.

The time series data consisting of events is then passed to several steps of

data cuts in order to reduce the background. Then, the data is binned with

time window ∆t. The width of this ∆t is varied up to 100 s in step of 100 ms.

The number of events inside the bin is then counted and it is called multiplic-

ity. This multiplicity is compared with the Poisson probability whether it is

consistent with the background. More detail of the analysis can be found in

[68].

Signals

On 24 February 1987, neutrino signals from core-collapse supernova was

discovered by several detectors: Kamiokande II detector [21], IMB (Irvine-

Michigan Brookhaven) water Cherenkov detector [22], as well as Baksan scin-

tillation telescope [23]. The progenitor of this SN1987A is Sanduleak -69◦ 202a,

considered as a blue supergiant star with a magnitude of 12 and the progeni-

tor mass Mp ∼ 15M� [69]. It is located on the neighborhood of the Tarantula

Nebula in LMC with a distanceD ≈ 50 kpc away from us. The neutrino events

of SN1987A captured by Kamiokande-II and IMB detector in terms of energy

can be seen in figure 3.5.

The observation of SN1987A was guided by a preceding optical sighting

of the SN. This trigger motivated the search of archived neutrino data in the

constrained time scale to perform the search. This detection is the first and

the only core-collapse supernova, up to now, in nearby galaxy ever detected
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FIGURE 3.5: The neutrino energy events as a function of time captured by
Kamiokande-II (closed circles) and IMB (open circles) produced by SN1987A. Figure
is taken from [70].

via low energy neutrinos. While we are waiting for the next core-collapse

supernovae, it is imperative to improve our capability to detect them in terms

of detection efficiency and horizon.

3.2 The Gravitational Wave Channel

The first indirect detection of gravitational waves comes from the discov-

ery of binary pulsars called PSR1913+16 [71]. This finding was awarded a

Nobel prize in physics in 1993: “for the discovery of a new type of pulsar, a

discovery that has opened up new possibilities for the study of gravitation”

[72]. The discovery paper [71] says that the binary pulsars can be a good test

for general relativity theory. Indeed, it has been proven that the orbit of the

pulsars are shrinking due to the gravitational radiation, which is in agreement

with general relativity. The comparison between the pulsar orbital decay ver-

sus the expected general relativity calculation can be seen in figure 3.6. This

is the first indirect confirmation of gravitational waves [73]. In the following

sections, we will describe the efforts of international collaborations pushing

for the gravitational wave detectors starting from the bar detectors up to the

Michelson-like interferometers.
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FIGURE 3.6: The orbital decay of PSR1913+16. The data points are the observed
change of the epoch of periastron, while the parabola illustrates the expected change
due to the emission of GWs according to general relativity. Figure is taken from [73].

GW Detectors

The bar detectors (resonant mass antennas) were the first kind of gravi-

tational wave detectors aiming in observing high frequency11 (∼ 800 − 1000

Hz) gravitational wave bursts. There were several detectors built around the

world such as AURIGA (Padua, Italy), NAUTILUS [75] (Rome, Italy), EX-

PLORER (CERN, Switzerland), etc. Figure 3.7 shows the inside of Nautilus

detector. In fact, in 1970s, Joseph Weber claimed to have seen a direct gravi-

tational wave signal, though later on other test results show that it was noise.

The first direct detection of gravitational waves was actually in 2015 done by

two-LIGO interferometric detectors [76].

Starting in around 1994, the constructions of the new type of gravitational

wave detectors began in several different places: two LIGO detectors [76] in

Hanford and Livingston, USA, as well as a Virgo detector in Cascina, Italy.

In the present day, those three detectors are working together in a network

to hunt GWs. The aerial pictures of those detectors can be seen in figure 3.8.

This type of GW detectors is basically the Michelson-like interferometer with

11As an example here is the AURIGA sensitivity in 2004 [74].

57



Chapter 3. Detectors, Analyses, and Detections

FIGURE 3.7: Nautilus gravitational wave bar detector. Figure is taken from [77].

Fabry-Perot cavity. The arm length of LIGO detectors is about 4 km while the

Virgo detector is about 3 km. The scheme of this detector can be seen in figure

3.9. Moreover, there is actually another interferometer in Germany which is

GEO600 [78], having an arm length of 600 m, that is being used as Astrowatch

project12. This GEO600 is also working together with LIGO-Virgo. Besides,

there are also ongoing projects to make the interferometers in several other

places such as KAGRA in Japan [79] that will join the LIGO-Virgo detector

network soon in 2020, as well as IndIGO (LIGO India) [80] which is under

construction.

An interferometric ground-based detector basically follows its basic prin-

ciple as a Michelson interferometer. When the gravitational wave signals pass

through a detector, the test masses (mirrors) in the detector will not have fixed

distances. In our case, we can assume that in figure 3.9, WI-WE and NI-NE

as y-axis and x-axis. The distances of WI-WE and of NI-NE arm will oscillate,

which basically follow equation B.7 and figure B.1.

A laser is used to measure the distances of both arms. The laser light is

shot towards a beam splitter (BS) in figure 3.9 which divides the light into two

coherent beams and each beam goes to each Fabry-Perot arm cavity (WI-WE

and NI-NE). A Fabry-Perot cavity consists of two parallel mirrors trapping the

beam and in figure 3.9, they are at the end of both cavities (WE and NE). There

are two beams from two arms and they are trapped inside these arms. The

12This project permits GEO600 stays online to wait for the possible astrophysical events,
while LIGO-Virgo detectors undergo an upgrade.
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(A) LIGO Livingston, Louisiana,
USA. Figure is taken from [81].

(B) LIGO Hanford, Washington, USA.
Figure is taken from [82].

(C) Virgo, Cascina, Italy. Figure is taken from
[83].

FIGURE 3.8: Gravitational wave interferometer detectors around the world.

FIGURE 3.9: The scheme of a gravitational wave interferometer. Figure is taken from
[84].

beams travel back and forth for multiple times until the beams from both arms

escape and recombine at BS. In these two arms, there are perfectly reflecting

mirrors in WE and NE, and partial reflecting mirrors in WI and NI in the
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figure.

Part of the recombined beam goes toward a photodetector and another

part goes back to the laser and thus the power recycling mirror PRM is used

to reflect back this beam to the Fabry-Perot cavity. The photodetector will

then measure the intensity of the beam. The change in distance of each cavity

is translated as a phase difference. When there is a gravitational wave signal,

this phase difference will change accordingly and it is recorded to be analysed

further. A thorough explanation of this detector type can be seen such as in

[24].

Gravitational Wave Burst Pipeline

There are many independent analysis pipelines to detect gravitational waves

such as pyCBC [85], X-Pipeline [86], as well as coherentWave Burst [87–

91]. Here, we will discuss the generic burst pipeline called coherentWave

Burst (cWB), which was the pipeline giving the online alert for the first GW

signal (GW150914 [92]). Moreover, this pipeline could also be useful to detect

any burst signals since it is generic without needing any template13 of GWs,

especially for our purpose, which is the GW signal from CCSNe.

The general idea of time-frequency transform is basically to transform

time-series data to a time-frequency representation. Time-frequency repre-

sentation enables us to point out “at what time” a signal happens and with

which frequency. Knowing the time and frequency simultaneously is crucial

for GW burst analysis. One example of these transforms is wavelet. Wavelet

transform (WT) can be considered as a generalization of Fourier transform.

Comparing with Windowed Fourier Transform (WFT): wavelet has a constant

relative frequency resolution.

13This is in fact different from matched filtering technique that needs a bunch of GW tem-
plates.
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In a mathematical notation, a general time-frequency transform can be

written as,

s(x) 7→ S(a, b) =

∫ ∞
−∞

ψab(x)s(x)dx, (3.7)

where, for the case of WFT (or Gabor transform), the basis function ψab(x) =

eix/aψ(x − b), while for WT, ψab(x) = 1√
a
ψ
(
x−b
a

)
. The basis function ψ in this

case is called mother wavelet (or window function in case of WFT). In addi-

tion, a is related to the characteristic frequency
([

1
a

]
= [Hz]

)
and b is the time

translation→ the “position” of time in the time-series data. Thus, a and b give

us the frequency and time resolution (width) of the basis. The basis function

ψab(x) can be seen more clearly in figure 3.10.

FIGURE 3.10: ψab(x) for WFT (left) and WT (right). Figure is taken from [93].

For a given a and b value, a crosscorrelation between the basis and a time-

series data chunk is calculated. If the basis and the data chunk are matched,

the crosscorrelation value will be high in the time-frequency map and that

crosscorrelation value points to the time and frequency (range) of a possible

“signal14”. The time-frequency representation (map) will have the form of

14whether this signal is due to real astrophysical signal or just a noise.
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figure 3.11 and each tile will have a colorcode representing the value of the

crosscorrelation.

FIGURE 3.11: WFT (left) and WT (right). Figure is taken from [94].

The cWB method in the beginning of its development [87–89] combines all

data streams from different detectors into one coherent statistic, with wavelet

transform, constructed in the framework of the constrained maximum likeli-

hood analysis. The detection is based on the maximum likelihood ratio statis-

tic representing the total signal-to-noise ratio of the GW signal detected in

the network. Moreover, other coherent statistics can be constructed to distin-

guish genuine GW signals from the noise (environmental and instrumental

artifacts). In addition, the source coordinates of the GW waveforms can also

be determined.

In the upgraded version of cWB, it used the fast Wilson-Daubechies time-

frequency transform combined with the Meyer wavelet [90, 91] (Wilson-Daubechies-

Meyer, WDM). There are several main advantages for this WDM transform

comparing with the wavelet such as the low computational cost, spectral leak-

age control, flexible structure of the frequency sub-bands, and the existence

of the analytic time-delay filters, which are important for localization of the

gravitational-wave sources in the sky.

Efficiency of GW Analysis for CCSNe

Currently, the LIGO and Virgo detectors have been upgraded to an ad-

vanced stage. The spectral strain sensitivity
√
Sn(f)[Hz−1/2] (see cf. chapter

7 in [24]) of the advanced LIGO and advanced Virgo detectors can be seen in

figure 3.12. This value is basically the noise level of the detectors and thus,
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it means that the GW detectors are basically able to find GW signal with h+

and h× amplitude (chapter 2) of the order of 10−23 in the most sensitive de-

tector band from between 100 and 300 Hz. From this point, if we can build

some signal waveforms with the information of h+, h×, and other parameters

explained in chapter 2, it is possible to study the search efficiency of detectors

by injecting those waveforms in the detector analysis and count how many

injections are observed.

FIGURE 3.12: Noise spectral densities of the LIGO and Virgo detectors. O1 and O2
are the upgraded advanced LIGO and advanced Virgo detector sensitivities in their
“observing runs” with several GW detections. Figure is taken from [95].

In fact, there have been some studies on the efficiency of targeted GW

searches from CCSNe using several pipelines such as reference [53] (theoreti-

cal study) and [95] (real electromagnetically triggered observations) by multi-

messenger techniques. They use the information of times and sky positions of

observed CCSNe by other means like neutrino and electromagnetic triggers.

They both are not all-sky blind search that we want to push on working. How-

ever, their results give us some insights that the efficiency that we can expect

for the GW all-sky CCSN search will basically not exceed the targeted search

efficiency.

The result in reference [53] uses X-Pipeline to make a study of GW

search from CCSNe up to ∼ 5 Mpc using the realistic noise from Advanced

LIGO and Advanced Virgo sensitivity for 2015, 2017, and 2019 with hypothet-

ical CCSNe in Milky Way, Large Magellanic Cloud, and M31, and M82 galaxy.
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The paper considers two options,

1. CCSN search within 50 kpc with sky position and timing localisation in-

formation from neutrinos. At close source distances, they hope to detect

GWs from CCSNe in current numerical simulation scenarios. Here, they

search GW counterparts with the time window of [-10, 50] seconds about

the time of the theoretically neutrino triggered signal.

2. Distant CCSN search with sky position and timing localisation infor-

mation from EM observations. At distances greater than (50-100) kpc,

indeed, they do not expect to detect GWs from the multidimensional

CCSN simulation scenarios. Instead, they consider more extreme, phe-

nomenological models, which may be unlikely to occur, but have not yet

been constrained observationally. For the time windows, they use sev-

eral values for different progenitors, which could be as large as [-50, 24]

hours.

From those options, they manage to predict the efficiency of GW search from

CCSNe. For the close distance scenario, they use different models (convection

& SASI vs rotating collapse) and directions (towards galactic center vs LMC)

and they can predict the efficiency curves as a function of distance. This ef-

ficiency curves can be seen in figure 3.13. Moreover, they also predict the

efficiency curves for the extreme scenario in figure 3.14.

In the most recent study done by [95], instead of using X-Pipeline, they

use cWB to find GW bursts from CCSNe. Moreover, they search the possible

GW signals by using times and locations from electromagnetically triggered

CCSNe from real observations within∼ 20 Mpc distance range. They selected

five CCSNe, four of which are type-II CCSNe (SN 2015as, SN 2016B, SN 2016X,

SN 2017eaw) and one is type-Ib/c CCSN (SN 2017gax), without finding of any

GW signals associated with them. They use numerical simulations, phenom-

enological models, as well as ad-hoc sine-Gaussian waveforms on their study.

Here, since they do targeted searches from the actual SN observations, for
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FIGURE 3.13: The detection efficiency curves as a function of distance for the numer-
ical waveforms. Figure is taken from [53].

FIGURE 3.14: The detection efficiency curves as a function of distance for the extreme
waveforms. Figure is taken from [53].

each SN the time window is chosen depending on the quality of the multi-

band photometry, the determination of the host galaxy, and the type of CCSN.

All in all, their possible GW signals are consistent with noise indeed the FAPs

(false-alarm-probability15) of the possible signals are exactly in the noise curve

(figure 3.15).

The efficiency curve of the study from [95] can be seen in figure 3.16. The

curve is for different families of waveforms considered in their study with

15which is basically the significance value. This quantity will be discussed more in section
5.
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FIGURE 3.15: The FAP (false-alarm-probability) curve as a function of distance for the
extreme waveforms. Figure is taken from [95].

the position and time using the information of SN 2017eaw. They also put an

ad-hoc sine-Gaussian waveforms to study the hrss (related to the GW energy).

FIGURE 3.16: The efficiency curve as a function of distance for different waveforms.
Panel (a), (b), and (c) show the efficiency using 3 different families of waveforms
for the position and time reference of SN 2017eaw with the 50% detection efficiency
distances are in parentheses. Meanwhile, panel (d) is for the ad-hoc sine-Gaussian
waveforms as a function of hrss, instead, and with the 50% detection efficiency hrss

are in parentheses. Figure is taken from [95].
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3.3 GW Observations by LIGO-Virgo Collaboration

There have been several GW detections up to now with the advanced

LIGO and advanced Virgo detectors in their first (O1), second (O2) and third

(O3) observing periods. In this section, we will discuss several examples of

these detections. We will start from the discussion of the first GW detection,

GW150914 [92] from binary blackhole merger by two the advanced LIGO de-

tectors16 [76]. Later on, we will also speak about the triple-detector gravita-

tional wave detection [96] including the advanced Virgo detector [84] that can

increase highly the sky position accuracy. In the end we will discuss the binary

neutron star merger observation [97].

On September 14, 2015 at 09:50:45 UTC, the two LIGO detectors simultane-

ously observed a transient GW signal, named GW150914 [92], from the merger

of two blackholes with the masses of 36+5
−4M� and 29+4

−4M� transforming to a

single blackhole remnant of 62+4
−4M� and radiating 3.0+0.5

−0.5M�c
2 of GWs. The

binary was located in 410+160
−180 Mpc (z = 0.09+0.03

−0.04). This is the first direct detec-

tion of GWs as well as the first direct detection of a binary blackhole merger.

Moreover, this first GW detection marks a new observational window in as-

tronomy. The signal has a frequency band increasing from 35 to 250 Hz peak-

ing at 1.0 × 10−21 gravitational-wave strain. The waveform of this merger

matched the general relativity prediction and more details can be seen in fig-

ure 3.17. The sky localization of this event under 90% credible region is 600

deg2. In terms of electromagnetic observation, this sky localization is some-

what poor for the follow up electromagnetic observations. This poor localiza-

tion is due to the fact that there were only two detectors observing this event

since Virgo detector was upgrading the sensitivity.

There have some other GW detections during the several observing peri-

ods. An interesting example can be seen from the O2 run in which there has

16The two LIGO detectors are located in the USA: Hanford (H1), Washington and Liv-
ingston (L1), Louisiana. Moreover, there is also Virgo detector in Cascina, Italy. In the time of
GW150914, the Vigo detector was not in observational mode. However, the next several GW
detections, Virgo plays an important role especially in locating the signal together with the
two LIGO detectors via triangulation method.
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FIGURE 3.17: The details of GW150914: The top left is the H1 detector strain, the
top right is the L1 and H1 detector strain together. The signal arrived first at L1 and
6.9+0.5
−0.4 ms later at H1. The second row is the numerical relativity waveform with the

shades are the 90% credible regions of two independent waveform reconstructions.
The third row is the residual. Bottom row is the time-frequency representation of the
strain data. Figure is taken from [92].

been a triple-detector observation of GWs during which the French-Italian

Virgo detector is also in observing mode. It was GW170814 that happens

on August 14, 2017 at 10:30:43 UTC. This GW signal comes from a binary

blackhole merger located in 540+130
−210 Mpc, corresponding to a redshift of z =

0.11+0.03
−0.04. The progenitors have masses of 30.5+5.7

−3.0M� and 25.3+2.8
−4.2M�. The

most important feature in this GW signal is that, with three-detector network,

the sky localization is improved to be 60 deg2 comparing with 1160 deg2, thanks

to the observation made by advanced Virgo detector. Moreover, we can also

compare this sky localization resolution with the first GW signal (600 deg2) in-

volving only two detectors located in a closer distance. This triple-detector

observation is promising for the follow-up observations involving multimes-

sengers such as between electromagnetic waves and neutrinos.

Three online GW detectors give a promising multimessenger era due to

the better sky-localization resolution. In fact, the first binary neutron star

merger has been detected by multimessenger observations [97]: GW detection
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by LIGO-Virgo detectors (named GW170817 [98]) and a gamma-ray detection

by Fermi Gamma-ray Burst Monitor (named GRB 170817A [99]). There has

been a ∼ 1.7 second delay in these two independent channel detections from

the same source. First, the GW signal arrived in GW detectors and ∼ 1.7 sec-

onds later a gamma-ray burst is detected by Fermi Gamma-ray Burst Monitor.

Moreover, there were the subsequent follow-up observations done by electro-

magnetic wave observations: optical, X-ray, and radio telescopes [97]. In ad-

dition, no ultra-high-energy gamma-rays and no neutrino candidates found

to be consistent with the source. This marks the start of GW multimessenger

astronomy.

From this chapter, we will move on to explain the inter-collaboration mul-

timessenger efforts as well as to discuss some multimessenger analysis repro-

ductions in the next chapter.
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Multimessenger Efforts

We have reviewed our understanding of CCSNe in terms of astrophysical

processes, detectability, and the detection efforts in the previous three chap-

ters. Now, we move on to the actual core of this thesis starting from this chap-

ter. In the following, we will begin discussing several multimessenger efforts

done by inter-collaboration networks. Moreover, we will discuss also some

examples of multimessenger analyses with their reproductions. We will also

discuss the possibility to implement these analysis examples for our purpose.

4.1 SNEWS: Supernova Early Warning System

An effort to have a common working group with a data sharing of low en-

ergy neutrino detectors to hunt CCSNe has been pushed for several decades.

This working group is called SNEWS (SuperNova Early Warning System1) [62,

101]. Currently, there are seven neutrino experiments involving in this activ-

ity2 [101]: Super-K (Japan) [37], LVD (Italy) [102], Ice Cube (South Pole) [41],

KamLAND (Japan) [34], Borexino (Italy) [33], Daya Bay (China) [103], and

HALO (Canada) [104]. No nearby core collapses have occurred since SNEWS

started running, however, this system is ready for the next one.

1The current stage of this working group is on the level of SNEWS2.0 where there are
new things to be included such as the pre-supernova alert before the explosion as well as
triangulation and pointing capability improvement. There has been a workshop [100] for this
initiation.

2We can say in this case under SNEWS1.0, the first generation of the working group since
1998 and automated system since 2005.
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The goal of this activity is to provide an early warning of a galactic su-

pernova with the “three P’s”: prompt, pointing, and positive. The alert given

to astronomical community must be as prompt as possible to catch the early

stages of shock breakout, occuring typically in a matter of hours (or less) of a

core collapse. It is aimed to publish within 5 minutes of an automated GOLD

alert, while a SILVER alert involving human checking may be in a matter of 20

minutes. Moreover, there are two ways of pointing the source of burst: by in-

formation from each of detectors and by triangulation from several detectors.

In addition, the collaboration aims to give, indeed, positive alerts by us-

ing coincidence analysis of several data streams from different detectors. In

this way, the significance can increase due to the crosscorrelation in the coin-

cidence analysis, removing a lot of background, which is basically the same as

saying to lower strongly the false alarm probability. Another additional “P”

could be privacy in order to satisfy inter-experiment privacy needs.

4.2 GWν Working Group: LIGO-Virgo, LVD, Borex-

ino, IceCube, and KamLAND

An inter-collaboration working group [105] has been formed in 2013 that

brought together neutrino and GW data analysts. The signatories were Borex-

ino [33], IceCube [41], LVD [102], LIGO Scientific Collaboration [76] and Virgo

Collaboration [84], as well as additionally in 2016 signed by KamLAND [34].

In fact, the result of coincidence search between LENs and GWs in Casentini’s

thesis [47] is based on the data sharing under this MoU 3 of the GWν working

group. Moreover, reference [106] also focuses on the multimessenger astron-

omy that can be performed for CCSNe, especially on the search and study

from the GW channel. The basic idea for this working group is basically that

neutrinos and gravitational waves are the only messengers with which the

inner parts of CCSNe can be studied.

3Memorandum of Understanding.
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As an exercise, the archival data of neutrino and GW detectors from 2005

to 2010 have been reanalysed with a conservative false alarm rate of 1/1000

years and with the coincidence window4 of 20 seconds between neutrino can-

didate and GW trigger. Up to now, this reanalysis has been done and pre-

sented in Casentini’s thesis [47] with the data from LVD [102], Borexino [33],

IceCube [41] and LIGO-Virgo collaborations [76, 84]. Unfortunately, there was

no data exchange from KamLAND [34] at that time.

One of the main purposes of the working group is to initiate a close com-

munication within the GW and neutrino communities. This is important es-

pecially for the possibility of the next nearby CCSN and the science that can

be extrapolated from it. Such working group will be imperative in improving

the sensitivity, live time coverage, as well as the significance of a detection by

using joint data between the GW and neutrino network.

Currently, the working group is preparing on the renewal of the MoU and

there is a good sign that some other experiments may join such as JUNO [35]

and NOνA [107].

4.3 Some Multimessenger Searches

In this period, we also have studied some examples of multimessenger

efforts that have been discussed in the past. Particularly, we have studied the

gravitational wave - gamma ray burst (GW-GRB) [108] and the gravitational

wave - high energy neutrino (GW-HEN) [109, 110] multimessenger analysis

in the basis of using the binomial test to jointly analyse data from different

experiments.

4More detail will be explained in section 5.
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4.3.1 Scheme of GW-GRB

GW-GRB

There were 39 GRBs in total during several LIGO science runs5 in the past,

namely LIGO S2 (Feb-Apr 2003, 59 days), S3 (Oct 2003-Jan 2004, 70 days), and

S4 (Feb-Mar 2005, 29 days). In those science run periods, the duty factor6 is of

the order of ∼ 40.0%− 80%. These 39 GRBs gave information about the times

and locations that were used to search for their associated GW candidates.

The GW data, from all detectors in properly working conditions, are paired

(H1-H2, H1-L, and H2-L) and chunked around the times of GRBs. Moreover,

it is defined the on-source and off-source time segments (figure 4.1). The on-

source time segment is used for searching a GW-GRB coincident candidate

during the time of a single GRB, while the off-source time segment is used to

estimate the background noise of GW data around the GRB time and give a

statistical significance of the coincident candidate found in the on-source time

segment (details in 4.3.1). Here, for each GRB time, a GW on-source time seg-

ment span from 120 s before and 60 s after a single GRB time. Meanwhile,

an off-source time segment is ± 1.5 hours surrounding the on-source time seg-

ment. In addition, each of the on-source and off-source is binned in 25 ms and

100 ms bin-length.

The cross-correlation is then applied to find GW candidates associated

with GRBs. The cross-correlation cc is defined as,

cc =

∑m
i=1[s1(i)− µ1][s2(i)− µ2]√∑m

j=1[s1(j)− µ1]2
√∑m

k=1[s2(k)− µ2]2
(4.1)

where s1 and s2 are time series data segments to be correlated, µ1 and µ2 the

corresponding means, m the number of samples for cross-correlation which

is the bin length (either 25 ms or 100 ms) multiplied by the sampling rate of

LIGO (16384 samples/s). Thus, the value of cc is in the range of [−1,+1].

5This science run is the period when the detector(s) working in a proper condition to take
data.

6The fraction of the data-taking time when each detector was in science mode [111].
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FIGURE 4.1: The on-source (green) and the off-source (red) time segment.

Each candidate which has the highest7 cross-correlation from each pair

of on-source time segments is taken as a candidate. Moreover, for GRBs which

have well-defined positions, the dedicated GW source is performed constrain-

ing the sky in the GRB position. Before calculating the cc, each pair of H1-L

& H2-L time segments is shifted in time relative to each other by the corre-

sponding time-of-flight delay. For those GRBs having no well-defined positions,

only H1-H2 pair is analysed. The maximum time-of-flight delay is ±10 ms for

H1-L & H2-L, which is the same order as the putative signal durations, and

thus, the time offset would have a significant effect on the calculation of cc

[108].

Single-event Basis

To find a GW candidate associated with a GRB time, the authors of [108]

apply the cc in equation 4.1 on the on-source time segments. Besides, they also

assign a measure to give a statistical significance of each of the candidates for

the single-event basis, which in this case is called p-value (false alarm prob-

ability). This is done by comparing the distribution of cc of the background

around a candidate which is from the off-source segment (red colour in figure

4.1) with the cc of the candidate itself from the on-source segment for each

7For H1-L & H2-L the value of cross-correlation was taken as the absolute value to take
into account the anti-correlated signal depending on GW (unknown) polarisation.
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GRB time, each data pair (H1-H2, H1-L, H2-L), and for each value of bin-

length (25 ms vs 100 ms). The assumption is that the off-source segment has

similar characteristic and is a representative of the on-source background.

Each cc distribution in the off-source is built up by compiling the largest

cc of each 180-second subsegment in an off-source segment. In addition, to

get enough statistics for each cross-correlation distribution, time-shift is also

done for the off-source segments of multiples of 180 seconds relative to each

other and made sure that two 180-second subsegments are paired only once

for each distribution.

The fraction of cc from the off-source analysis that are larger than the cc

from the on-source analysis is calculated and this fraction is the false alarm

probability (FAP) or simply, p-value, or can be said as the single-event-basis

significance. By doing all the steps here, in the paper [108], in the end, there

are in total 59 candidates8 for which 35 from H1-H2, 12 from H1-L, and 12

from H2-L, along with their p-values and none of the candidates is significant

enough that has p-value smaller than 0.01.

Quantitative Analysis with Statistical Basis: the Binomial Test

GW signals can be very weak due to cosmological distances, thus having

large p-values. Beside looking for GWs separately from each trigger9, it is

useful to consider the detection of a GW signature associated with a sample of

several triggers. In paper [108] for GW-GRB, the authors tried to find the GW

signature by using binomial test and they showed there was no GW signature

on their data.

In this work, we discuss the binomial test that has been used by [108–110],

that is searching for the tail (the significant end) of distribution of a sample.

Assuming null hypothesis, meaning that there is no interesting signal in our

8This number is larger than the number of GRBs (39) since for each GRB, it was possible to
have up to three interferometer pairs (H1-H2, H1-L, and H2-L) passing the data quality cuts.

9The triggers can be GRBs and HENs as well as others.
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data, the p-values that we get from data should be uniformly distributed be-

tween [0 : 1]. By using the binomial test to compare the p-value distribution

with a simulated uniformly random distribution, we may be able to determine

whether there is a GW signature in our data. The scheme for this binomial test

can be seen in figure 4.2.

FIGURE 4.2: The scheme of binomial test in this work. The superscript d stands for
data, while s stands for simulation.

First of all, to do the binomial test, the p-values of N candidates are sorted

as,

pd1 ≤ pd2 ≤ · · · ≤ pdN (4.2)

and n of them10 are tested for the binomial test. For each of the pdi (in which

the superscript d stands for ’data’) with i = 1, · · · , n (n being the tail to be

tested), the ’upper11’ cumulative binomial probability — the probability to get
10n ≤ N
11complement
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i or more candidates at least as significant as pdi — is computed as,

P d
≥i(p

d
i ) = P d

i (pdi ) + P d
i+1(pdi ) + P d

i+2(pdi ) + · · ·+ P d
N(pdi )

= 1− [P d
0 (pdi ) + P d

1 (pdi ) + P d
2 (pdi ) + · · ·+ P d

i−1(pdi )]

=
N∑
k=i

N !

(N − k)!k!
(pdi )

k(1− pdi )(N−k)

(4.3)

where Pi(p) is the binomial probability to get i successes in N trials,

Pi(p) =
N !

(N − i)!i!
pi(1− p)(N−i), (4.4)

where in paper [108], N = 59 candidates with n = 15 most significant candi-

dates, which are ∼ 25% of N .

After P d
≥i(p

d
i ) have been calculated for i = 1, · · · , n, the smallest P d

≥i(p
d
i )

is determined. This value is the most significant excess that is found in the

tail of p-value distribution of the data. For paper [108], the smallest binomial

probability is P d
≥9(pd9 = 0.104) = 0.153 for 25-ms binning and P d

≥9(pd9 = 0.112) =

0.207 for 100-ms binning, while in our work, the values are P d
≥9(pd9 = 0.104) =

0.155 & P d
≥9(pd9 = 0.112) = 0.211.

To determine what significance is of the smallest P d
≥i(p

d
i ) that is found, 1

million trials12 of N -simulated p-values are formed under the assumption that

background noise would produce p-values in a uniformly random distribu-

tion of [0 : 1]. After this 1 millions sets of N simulation have been made,

all the steps for the binomial test are applied on each set and the minimum

P s
≥i(p

s
i ) for each set is determined (in which i = 1, · · · , n). Here, the super-

script s stands for “simulation”. Now, there are one million of the minimum

P s
≥i(p

s
i ) from each set of 1 million trials and the fraction of them which are

smaller than the smallest P d
≥i(p

d
i ) from the observed data is calculated. This

12the number of trials may depend on the significance that we want. For example 1000 trials
should be more than enough for 1% significance, while ∼ 1.67 million trials are the minimum
to find 5σ(6 × 10−7) significance (1.67 million ×(6 × 10−7) ≈ 1 ⇒ one of the trial has a value
as significant as 5σ). However, since in [108] used 1 million trials, the reproduction work uses
the same number of trials.
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fraction becomes the significance (confidence level, CL) of this statistical-basis

analysis. In paper [108], the significance was 48% for 25-ms binning and 58%

for 100-ms binning, while in the reproduction work, the values are 48.56% and

58.03%, respectively.

The statistical-basis significances in [108] for 25-ms and 100-ms of binning

were very weak to be considered as GW signatures. Moreover, the exclusion

region for ∼ 1% CL can be estimated for i = 1, · · · , n by the simulated p-

values, meaning that searching for the 1% smallest P s
≥i(p

s
i ) of 1-million simu-

lations and finding the associated p-value in order to get at least 1% CL. From

paper [108], the distribution can be seen in figure 4.3 and the reproduction is

in figure 4.4.

FIGURE 4.3: Cumulative events vs plocal. It consists of distribution of observed p-
values (line-dots), the null hypothesis (dashed line) from 1 million simulations, and
the ∼ 1% CL (solid line) for which only i = 5, · · · , 15 are shown. This figure is taken
from paper [108].
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FIGURE 4.4: The reproduction of figure 4.3 with the null hypothesis (black-dashed
line) from 1 million simulation, the ∼ 1% CL exclusion region (blue line), and the
estimation of the exclusion region (red line) & the null hypothesis (magenta line) of
figure 4.3 taken by using [112].

4.3.2 GW-HEN Paper

GW-HEN

In the GW-HEN paper [109, 110], the steps of analysis by using binomial

test were similar to the GW-GRB paper [108] explained in subsection 4.3.1,

however, there were some technical difference in the data and the GW pipeline

to produce candidates with their p-values. The data in those GW-HEN pa-

pers were from Antares13 high energy neutrino (HEN) data during the period

January-September 2007 during which there was only 5-line configuration

(see figure 4.5). That period was coincident with the fifth LIGO science run

13The Antares detector is aimed at detecting high-energy neutrinos. The detector is located
at ∼ 40 km off the coast of Toulon, France, and is operating on the sea bed at a depth of 2475
m, covering an area of about 0.1 km2. It consists of three-dimensional grid of photo-multiplier
tubes (PMTs), used to measure the arrival time and position of Cherenkov photons induced
by the passage of relativistic charged particles through the sea water. The illustration of the
detector can be seen in figure 4.5. More detail about Antares can be seen in [113].
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S5 and the first Virgo science run V1. There were 158 HEN while at least two

GW detectors were in operation: 144 2-line14 events and 14 3-line events. In

addition, the authors used X-Pipeline algorithm from [86] instead of cross-

correlation of equation 4.1 to do the single-event basis-analysis (subsection

4.3.1) for acquiring the candidates and their corresponding p-values.

FIGURE 4.5: Cartoon of full run configuration of Antares. There are 12 lines and each
consists of photodetectors to detect Cherenkov light from muons due to high-energy
astrophysical neutrinos. During January-September 2007, only 5 lines were running.
This figure is taken from [114].

The X-Pipeline algorithm processes GW data and yields GW candi-

dates in time-frequency map15, moreover, the higher the frequency, the more

computing power is needed. Besides, the possible GW sources discussed in

cf. section 2 of [109] shows that the most likely detectable extragalactic signals

are in the low-frequency band (. 500 Hz). Thus, with this consideration, the

authors in [109, 110] processed GW data associated with all 158 HEN to search

for low frequency (LF, 60-500 Hz) GW candidates and only 14 3-line events to

search for high frequency (HF, 500-2000 Hz) GW candidates. Meanwhile, they

14Line here refers to the thread consisting of photodetectors like in figure 4.5.
15Each GW candidate is assigned with its characteristic time and frequency
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defined on-source and off-source time segment like in subsection 4.3.1 as the

input for X-Pipeline in which for a single HEN time, the on-source spanned

from −496 s to +496 s, while the off-source spanned from −1.5 hours to +1.5

hours surrounding the on-source (see figure 4.6). This was to consider the

models of GW and HEN emission from astrophysical sources.

FIGURE 4.6: The on-source (blue) and the off-source (red) time segment. Figure is
taken from [110].

With the steps from section 4.3.1 but with X-Pipeline, they got LF and

HF candidates with their corresponding p-values. Only one of the candidates

(only in LF) had p-value smaller than 0.01 to become a candidate event. How-

ever, that event occurred during a glitching period in V1 data. Thus, they

concluded there was no GW burst signal associated with HEN during that

period.

Beside the single-event basis, a quantitative analysis by binomial test to

search for the GW signature from a sample of HENs had been done in those

papers. Again, no GW signature was present in this quantitative analysis. The

binomial test that they used was the same as in the discussion in subsection

4.3.1 but with N = 158 and n = 15 for LF and N = 14 and n = 1 for HF. The

reproduction of their work can be done in more detail than GW-GRB, due to

the more information16 we can acquire, and can be seen in figure 4.8 & 4.10.

16The authors of [109] provided some data in detail in a web [115] to construct c.f. figure 5
and 6 of their paper (figure 4.7 and 4.9 in this report).
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FIGURE 4.7: The distribution of observed p-values (blue-line-dots) for LF with most
significant excess (red dot), null hypothesis (dashed line), and 5σ exclusion region
(solid line). This is taken from paper [109].

The last important discussion is due to the fact that we made the simula-

tion of uniformly distributed random number to get the simulated p-values,

every time we run the simulation, the simulated p-values that we get are

slightly different from the previous run, but the statistics are still the same.

This is why we have slightly different points on figure 4.10 between the 5σ CL

region from [109] and from our work. This applies also for all the exclusion

region on figure 4.4 and 4.8.
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FIGURE 4.8: The reproduction of figure 4.7. This consists of null hypothesis (black-
dashed line), 5σ exclusion region (blue line), and the data of figure 4.7 from [115]:
observed p-values (black-line-circles), most significant excess (magenta dot), 5σ ex-
clusion region (red line) & null hypothesis (magenta line).

FIGURE 4.9: The distribution of observed p-values (blue-line-dots) for HF with most
significant excess (red dot), null hypothesis (dashed line), and 5σ exclusion region
(black dot). This is taken from paper [109].
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FIGURE 4.10: The reproduction of figure 4.9. This consists of null hypothesis (black-
dashed line), 5σ exclusion region (blue dot), and the data of figure 4.9 from [115]:
observed p-values (black-line-circles), most significant excess (magenta dot), 5σ ex-
clusion region (red dot) & null hypothesis (magenta line).
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4.4 The Prospect of Quantitative Analysis Applica-

tion on GW-LEN Joint-analysis

The analysis that has been explained and reproduced in previous sections

may be be applied for our case, which is the GW-LEN joint-analysis. We need

to mention that from each GRB or HEN previously, we do not assign any sig-

nificance value. Meanwhile, the joint-analysis of GW-LEN that we aim will

use both data coherently and determine whether there is (are) interesting can-

didate(s). The combination of data will increase the significance of a possible

signal [116].

Thus, we do not go further from the previous example of multimessen-

ger analysis because in our case, each LEN consists of its significance value

(which is basically in the form of false-alarm-rate, see the next chapter), while

in the binomial test, they do not precisely give each significance of the GRBs or

HENs. Moreover, in LEN analysis, we will use a lot of triggers to combine and

this may be not in a correct place to use the binomial test. Thus, in chapter 5,

we will discuss the coincidence analysis method that we use for our LEN-GW

analysis purposes.
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Coincidence Analysis

We have studied the inter-collaboration networks to hunt CCSNe as well

as some multimessenger analysis examples. In this chapter, we will discuss

how to combine data from several detectors to be as a network. This basically

can be done by coincidence analysis. There are two ways of doing coincidence

analysis which we will discuss.

5.1 Coincidence Analysis between Two Datasets

Coincidence analysis is used in several analysis pipelines, particularly in

GW analysis, such as in the burst pipeline like cWB [87–91] discussed in sub-

section 3.2, pyCBC [117], GstLAL [118], etc. The aim of coincidence analysis

is basically to suppress the background by cross-correlating n time-series data

sets from n different detectors. Here we consider the case of calculating the

coincidence between detectors which use the same statistics: like LIGO and

Virgo for GW or LVD and KamLAND for low-energy neutrinos. In particu-

lar, we focus in the case of only two-detector data sets, but the extension to

three or more will be basically analogous to the two-detector case. We use a

notion called cluster1 to mark a trigger in a time-series data set gathered by a

detector/experiment.

1The terminology of “cluster” for a trigger comes from the neutrino analysis that we will
discuss in chapter 6.
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Two time-series data sets are correlated in time to find time coincidences

of clusters from the two sets. A cluster in one data set is considered in co-

incidence with another cluster from the other data set if the time difference

between them is less than a coincidence window wc. Two coincident clusters

from two different data sets are defined as a coincidence. We check all the coin-

cidences in this case and we will say that they are the 0-lag coincidences. These

0-lag coincidences are basically the candidates of the real astrophysical bursts.

For the analysis, we also need another quantity: the common observing

time between two data sets in this coincidence analysis and we call this as

livetime. Each detector has its time period when the data are in the good state,

depending on each experiment procedure, and then the common time in co-

incidence between these two periods is calculated and we define it as the live-

time.

It is possible that the candidates we find are due to some fluctuation in the

detectors, therefore, we need to assign a significance value for each candidate.

To estimate this value, there are two possible ways,

1. The time-shifting method: finding the accidental background coinci-

dences by time-shifting a data set towards the other and comparing the

statistics of the candidates with the statistics of the accidental coinci-

dences. This is the standard method that is used in the GW analysis.

2. The product method: finding only the 0-lag coincidences and determin-

ing the significance of each candidate from the information of f im (im-

itation frequency2/false-alarm-rate, FAR) of each cluster in a single de-

tector.

A candidate then will have some parameters: joint-statistic (only for the

time-shifting method), jointFAR, and a significance which is basically a false-

alarm-probability (FAP) that will be described in the next subsections.

2The imitation frequency is basically the value of how often background coincidences
mimic a candidate with the same or better statistic than the candidate. This will be discussed
better in 6.
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5.2 The Time-shifting Method

To do the time-shifting method and finally find the significance of each

candidate, we need to have a common statistic among detectors. This could

be done such as in neutrino-only network as well as GW-only network, but not

GW-ν network. In other words, if we want to have GW-ν network analysis in

this first-method way, we need to search for a common statistic between GW

and neutrino data, which may be complicated to find.

For the network already having a common statistic, the joint-statistic of a

candidate can be defined as follow,

ρjoint ≡ n

√√√√ n∏
i=1

ρi, (5.1)

where ρi is the statistic of each cluster in the i-th data set.

Then, the candidate’s FAR can be estimated by time-shifting of one data

set towards the other by a value (which we call it as “delay”) much bigger

than that of the coincident window wc; therefore, each coincidence found in

this time-shifting is purely due to accidentally unphysical correlation (back-

ground). To populate better the background distribution, the time-shifting is

done for N lags (time-shifts) in each direction, for which we set N to be as

many as possible. However, as we will see later, there is a maximum number

of shifts we can perform.

Each shift of this time-shifting method will be the multiple of some delay

value plus some random number in order to avoid any correlation between

different time shifts. So as to maintain the livetime for each time shift, we also

do the “cyclic” coincidence when there is one part of data set that is out of

common observing time due to this time-shifting. This part of outbound data

set will be taken and shifted to the other end of the other data set. We do this

for both time-shifting directions. Therefore, by doing this, the coincidence

livetime is not reduced. To understand better this method, we can make a

scheme of this cyclic time-shift which can be seen in figure 5.1a and 5.1b.
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(A) Positive time shift. (B) Negative time shift.

FIGURE 5.1: The scheme for cyclic coincidence analysis. The blue and green color
represents the time-series data sets. When the green data set is out of bound like in
the second row in Panel (A) due to time-shifting, that part of the green data set is
taken and put to the beginning of the blue data set (red chunk), thus the livetime of
both data sets will be constant for each shift. This works also for the other time-shift
direction like in Panel (B).

After calculating the number of accidental coincidences (and their ρjoint)

from N time-shifts, we find the FAR by calculating the ratio between the

cumulative accidental coincidences whose ρjoint are larger or equal than the

ρ[joint,0],i of a 0-lag candidate,

FARi =
[number of candidates with ρjoint > ρ[joint,0],i]

[cumulative livetime of N lags]
. (5.2)

where i stands for the i-th 0-lag candidate that we are scrutinising. Then, the

significance (FAP) can be defined as,

FAPi = 1− exp(−FARi × livetime0lag), (5.3)

89



Chapter 5. Coincidence Analysis

with the livetime of the 0-lag.

If we want a 5σ-level candidate, this means that we need to have FAPi .

5.7 × 10−7, for which the i-th index here points to the 5σ candidate, and it

means,

FARm × livetime0lag . 5.7× 10−7. (5.4)

Moreover, given that for cyclic time-shift, the livetime of each shift is the

same as the livetime0lag, moreover, the cumulative livetime after N shifts is

simply N × livetime0lag. The lowest FAR, therefore, that we can get is simply,

FAR = 1/[cumulative livetime] =
1

N × livetime0lag

. (5.5)

Combining equation 5.5 above together with equation 5.4 and 5.5, thus, we

can understand the minimum shift N that we need to do is actually N &

1.75× 106.

In this way, we should avoid that the time delay value in this applied time-

shift method is equal to the total livetime0lag after N -shifts, otherwise we are

repeating shifts we already explored. This means, it is imperative that livetime

& delay ×N .

For the neutrino network analysis, this livetime value may not be reason-

able since we need to have the two neutrino detectors working in a quite long

period of time in order for us to state a 5σ detection claim. However, this may

not be the case for GW analysis since wc between LIGO and Virgo is about 30

ms and thus the livetime needed is of the order of days3. Why is the wc very

different between the GW and neutrino analysis? This is because in GW anal-

ysis, the peak of signal can basically be traced and cross-correlated and the

coincidence window is basically the time-of-fly of the GW detectors, with the

maximum value is of the order of 30 ms (LIGO to Virgo detector). Meanwhile

in neutrino analysis, a burst LEN signal from a CCSN may last up to around

20 seconds, thus, we cannot make the coincidence window less than of the

order of 10 seconds. Let’s suppose we choose our delay = 50 seconds to be
3The first GW event uses 16 days of livetime [92].
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long enough comparing to wc. This is translated to be that the livetime & 2.77

years.

5.2.1 Comments on Estimating the Livetime and Expected (Pois-

son) Number of Coincidences

Poisson assumption of a distribution requires a constant rate. The rate of

background from each data set is somewhat constant in a quite long period

of time; moreover, each cluster from background should be uncorrelated with

the other clusters. Therefore, when we do time-shifting, the accidental coinci-

dences between the two set should simply follow Poisson distribution. Is this

assumption satisfied?

Let’s start for now with the case of 2 data sets: A and B, whose number

of triggers are NA and NB and rates of background are rA and rB in [Hz].

Applying a coincidence window wc, we find the rate of accidental background

coincidences betweenA andB is equal toR, in the common livetime Tob. Then,

the expected accidental number of coincidences is Nacc = R× Tob. We want to

find the expression of this R (or Nacc) in terms of all information that we have.

If suppose we have 1 trigger, we understand that the probability of finding

this trigger in time-coincident with at least 1 cluster in data set A within wc,

by taking the Poisson probability, can be written as,

P0;A(wc) = 1− exp (−µA) (5.6)

where µi = rA × wc. If the rate is small enough rA � 1/wc, equation 5.6 can

therefore be written as,

P0;A(wc) ≈ µA = rA × wc. (5.7)
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Analogously, the probability of finding one trigger in time-coincident with at

least 1 cluster in B within wc is,

P0;B(wc) = rB × wc. (5.8)

We do the coincidence analysis between A and B with the joint rate R. Let

us suppose that we have an infinitesimal chunk of common observation time

(livetime) as dt. The probability of 1 cluster in A inside this dt,

dpA = rA × dt, (5.9)

analogously for B,

dpB = rB × dt, (5.10)

From equation 5.7-5.10, we want to find the number of expected coincidences

in an infinitesimal time dt. Thus, in this dt, the expected number of accidental

coincidences dNacc is expressed as,

dNacc = R · dt = (dpA)× (P0;B(wc)) + (dpB)× (P0;A(wc))

= rAdt× rB × wc + rBdt× rA × wc

= 2 · rA · rB · wc · dt.

(5.11)

Thus,

Nacc =

∫ Tob

0

Rdt

= 2 · rA · rB · wc · Tob

= 2
NA ·NB · wc

Tob

.

(5.12)
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Moreover, if we have 3 detector data sets (set C with its NC and rC), anal-

ogously, equation 5.11 becomes,

dNacc = R · dt = (dpA)× (P0;B(wc))× (P0;C(wc))

+ (dpB)× (P0;A(wc))× (P0;C(wc))

+ (dpC)× (P0;A(wc))× (P0;B(wc))

=rAdt× rB × rC × w2
c + rBdt× rA × rC × w2

c

+ rCdt× rA × rB × w2
c

=3 · rA · rB · rC · w2
c · dt,

(5.13)

and equation 5.12,

Nacc =

∫ Tob

0

Rdt

= 3 · rA · rB · rC · w2
c · Tob

= 3
NA ·NB ·NC · w2

c

T 2
ob

.

(5.14)

In general,

Nacc = Ndet

[
Ndet∏
i=1

Ni

]
wNdet−1
c

TNdet−1
ob

. (5.15)

To get the rate of accidental coincidences, we can simply divide equation 5.15

with Tob to get the same expression as in cf. equation 1 in SNEWS paper [62],

Racc = Ndet × wNdet−1
c

[
Ndet∏
i=1

ri

]
, (5.16)

where ri = Ni/Tob.

Since in this case we discuss only the two data set case, our Nacc becomes,

Nacc = 2× NA ·NB · wc
Tob

, (5.17)
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and if our coincidence result is consistent with the background noise, our ac-

tual number of coincidences Nreal should be in the range of,

(
Nacc −

√
Nacc

)
≤ Nreal ≤

(
Nacc +

√
Nacc

)
, (5.18)

in 1σ confidence interval4. This is for the test whether our number of 0-lag

coincidences follows the Poisson distribution, meaning that whether it is due

to background.

We assume the livetime for each shift is the same as livetime0lag, for the

0-lag. Thus, for the total number of shifts N , the Poisson number of actual

accidental coincidences can be averaged and its standard deviation can be

calculated. Since it is commonly known, we can simply calculate the average

as,

Nshift,acc =

∑N
i=1Nshift,i

N
, (5.19)

and the standard deviation as,

std(Nshift,acc) =

√√√√ 1

N − 1

N∑
i=1

|Nshift,i −Nshift,acc|2. (5.20)

Thus, we can also check whether the number of actual accidental coincidences

Nshift,real is inside 1σ interval,

(
Nshift,acc −

√
Nshift,acc

)
≤ Nshift,real ≤

(
Nshift,acc +

√
Nshift,acc

)
, (5.21)

to confirm that our time-shift number of coincidences agrees with Poisson dis-

tribution as it should be when our assumption in the beginning says that the

accidental coincidences should follow the Poisson distribution. Moreover, we

can also compare the 0-lag (theNreal andNacc) with the time-shift (Nshift,real and

Nshift,acc) whether they are consistent with the Poisson distribution.

41σ interval for Poisson distribution is N ±
√
N .
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5.3 The Product Method

As we have argued before that the first method requires a common statistic

in both data sets, the first method will not work for GW-neutrino coincidence

analysis unless there is a possibility to find the common statistic. However,

we need to notice that the analysis of GWs5 and the analysis of neutrinos6

are quite different and therefore, the common statistic may be quite tricky to

find. Moreover, we need to remember as well that the coincidence window for

neutrino analysis wc is 10 seconds and this implies that to get 5σ candidate,

two neutrino detectors must be working coherently in the order of 3 years

and this could possibly be a problem. There is actually another possible way

of finding a significance without using the time-shift. Let us call this as the

second method and we simply need to use the f im (or FAR) information from

each detector when there is a coincidence [119].

The second method simply benefits from the information of f im for each

cluster from each data set and we don’t need to have the common statistic.

As long as two detectors can give its own FAR (or f im in terms of neutrino

analysis) and as long as the two data sets have a common observing time

called livetime, then, we can calculate the joint FAR analogous to equation

5.14 and 5.15. Basically, we change rA in equation 5.14 to be f im
A and Nacc/Tob

in this case is equivalent to the jointFAR. Let us suppose there are 3 data sets:

a, b, c. When we have 1 trigger, we understand that the probability of finding

this trigger in time-coincident with at least 1 trigger in data set a, data set b,

and data set c respectively within wc, by taking the Poisson probability, can be

written as,

P0;a(wc) = 1− exp (−µa) ≈ f im
a

P0;b(wc) = 1− exp (−µb) ≈ f im
b ,

P0;c(wc) = 1− exp (−µc) ≈ f im
c ,

(5.22)

5for example of the GW analysis pipeline, see section 3.2.
6see chapter 6.
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where µX = f im
X for X ∈ {a, b, c}. Let us again suppose that we have an

infinitesimal chunk of common observation time (livetime) as dt. The proba-

bility of having 1 trigger in a, in b, and in c inside this dt,

dpa = f im
a dt

dpb = f im
b dt

dpc = f im
c dt.

(5.23)

Therefore, the number of coincidences

dN = jointFAR · dt = (dpa)× (P0;b(wc))× (P0;c(wc))

+ (dpb)× (P0;a(wc))× (P0;c(wc))

+ (dpc)× (P0;a(wc))× (P0;b(wc))

=f im
a dt× f im

b × f im
c × w2

c

+ f im
b dt× f im

a × f im
c × w2

c

+ f im
c dt× f im

a × f im
b × w2

c

=3 · f im
a · f im

b · f im
c · w2

c · dt,

(5.24)

and thus, to generalise the calculation for Net-detectors, the joint FAR will be,

jointFAR = Net× wNet−1
c

Net∏
X=1

f imX , (5.25)

where Net is the number of considered detectors, wc is the coincidence win-

dow and f im
X is the imitation frequency of detector-X . Moreover, the joint FAP

can be calculated as follows,

jointFAP = 1− e−jointFAR×livetime, (5.26)

by taking into account the Poisson statistics.
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Chapter 6

Distinguishing Astrophysical

Bursts of Low-energy Neutrinos

from the Noise

From all previous chapters, it is evident that the detection of GWs from

CCSNe could be a milestone for our understanding of the explosion mecha-

nism. However, we also realized that the detection of such GW bursts from

CCSNe is really challenging due to the weakness of the amplitude of GWs.

In order to help the GW detection, combined multimessenger informations

provided by other probes are fundamental. Neutrinos are the most efficient

counterpart in this astrophysical event. Their detection could be a fundamen-

tal trigger for the GW search. For this reason, the work to increase the de-

tection efficiency and the statistical significance of neutrino signals will reflect

on the increase of the detection probability to catch the GW signals. In this

chapter and the next one, we will discuss our results in the relation to that.

6.1 A Simple Double Exponential Model of the CCSN

Events in Detector Data Streams

To improve the CCSN search in neutrino detectors, we proposed to use

the temporal structure of the expected astrophysical signal and its differences
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from background. In particular, based on reference [119], we are going to in-

troduce a new parameter describing the signal shape. Despite the fact that

this parameter is very basic and poorly sensitive to the details of the neutrino

luminosity from CCSNe, we are going to test its power by using Monte Carlo

simulations of expected signals for different distances buried in background

distribution of about 10 years data chunk for each simulated detector data set

(see table 6.3 for the details of the involved detectors). In order to perform

such simulations, we made the following assumptions on the neutrino emis-

sion,

1. The expected energy from a CCSN in terms of low-energy neutrinos εν ≈

3× 1053 erg.

2. This energy εν satisfies the equipartition of the 6 flavours of neutrinos.

This is valid within a factor of 2 [120].

3. The temporal evolution of a signal injection satisfies the double-exponential

model,

f(t) =

[
1− exp

(
−t
τ1

)]
exp

(
−t
τ2

)
, (6.1)

where τ1 = 10− 100 ms and τ2 ≥ 1 second.

4. The neutrino spectra are assumed to be quasi-thermal spectra. The neu-

trino fluence (satisfying the equipartition) differential in neutrino energy

E can be written as,

Φ0
i =

εi
4πD2

× Eαe−E/Ti

Tα+2
i Γ(α + 2)

; i = νe, νµ, ντ , ν̄e, ν̄µ, ν̄τ , (6.2)

where εi = εν/6 and “temperature” Ti = 〈Ei〉/(α + 1) with 〈Ei〉 is the

average energy per flavour and α = 3. 〈Eνe〉 = 9 MeV, 〈Eν̄e〉 = 12 MeV,

〈Eν̄x〉 = 〈Eνx〉 = 15.6 MeV (where x is {µ, τ}), and non-electronic tem-

perature is 30% higher than the one of ν̄e.
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5. The main channel is considered here, which is the inverse-beta decay

(IBD),

ν̄e + p→ n+ e+. (6.3)

The percentage contribution of additional channels with respect to the

total is of 35% for Borexino, 22% for Kamland, 21% for Super-K and 12%

for LVD, indeed, with fairly large uncertainties on these numbers.

6. Moreover, there is an admixture of the unoscillated flavor fluences de-

tected due to standard matter effect Mikheyev-Smirnov-Wolfenstein (MSW)

neutrino oscillations and depending on whether the normal or inverted

hierarchy, this can also give an effect on the number of events detected.

It has been chosen the normal hierarchy to be conservative since it gives

us a lower number of neutrino events for the same source distance.

6.2 More Details of the Assumption

6.2.1 Background and Injection Behavior

To describe the assumption better, especially for the temporal evolution of

a signal injection as well as background, we can plot the temporal evolution of

equation 6.1 in figure 6.1 as the blue area, with τ1 = 10 ms and τ2 = 1 s. Mean-

while, it is also shown the expected (constant) background evolution in time

as the orange color. This general model basically fits with CCSNe, failed-SNe1,

as well as quark novae2. Moreover, SN1987A also satisfies this general model

[46]. This model, in fact, can be different from the more complex numerical

simulations such as in [121]. However, the difference will not be significant

when the focus is (and it is) on low statistics signals (far or weak supernovae).

The fluence Φ0
i following equation 6.2 as a function of neutrino energy E

for each species can be seen in figure 6.2. Here, we assume a CCSN in 10 kpc is

1This is when the core collapse failed to explode and instead forming a central blackhole.
2Quark novae are predicted to exist from the conversion of the normal neutron stars to

quark stars.
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FIGURE 6.1: The time evolution of injections, following the double-exponential of
equation 6.1, is show as blue area. Here, we use τ1 = 10 ms and τ2 = 1 s. It is also
shown the expected (constant) time evolution of background as orange area.

detected by Super-K with the detector energy threshold of 7 MeV. The average

neutrino energies are 12, 9, and 15.6 MeV for ν̄e, νe, and νx respectively. We

use the IBD cross-section from reference [48, 122] with a naive approximation

following [48],

σIBD ≈ 10−43

(
E

[MeV]

)2

[cm2]. (6.4)
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FIGURE 6.2: The fluence Φ0
i as a function of neutrino energy E. Blue, red, and green

curve are respectively for ν̄e, νe, and νx, where x stands for all other flavors of neutri-
nos and anti-neutrinos. The peak energy is also written above each curve.

6.2.2 Matter Effect

The standard MSW neutrino oscillation (see review such as in [123]) may

also give us a different solution of the expected number of events. In our case,

we can notice that actually fluence in equation 6.2 is proportional to flux in

equation 6.5. Let us discuss the fluxes of neutrinos with oscillation from refer-

ence [46, 124]. For the normal hierarchy, we can write the survival probability

and the observed ν̄e flux as,

P̄ =U2
e1

Fν̄e,NH =P̄F 0
ν̄e + (1− P̄ )Fν̄µ ,

(6.5)
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where F 0 is the flux without oscillation, Ue3 = sin θ13, Ue1 = cos θ12 cos θ13,

with,

sin2 θ12 = 0.307± 0.013,

⇒ θ12 ' 33.6◦,
(6.6)

and

sin2 θ13 = (2.18± 0.07)× 10−2,

⇒ θ13 ' 8.5◦,
(6.7)

taken from Particle Data Group (PDG) 2018/2019 [125].

We also assume that the flux of ν̄µ is equal to the flux of ν̄τ . Here, P̄ for the

normal hierarchy is about 0.7, where it depends mainly on θ12. Meanwhile,

for the inverted hierarchy [124],

Fν̄e,IH = P̄invF
0
ν̄e + (1− P̄inv)Fν̄µ , (6.8)

with,

P̄inv = U2
e1PH + U2

e3(1− PH), (6.9)

where the flip probability PH (the loss of adiabaticity at the “resonance” re-

lated to the atmospheric ∆m2) can be written as3,

PH(Eν , θ13) = exp

[
−
(
Ena
Eν

)2/3
]
, (6.10)

where,

Ena ' 1.08 · 107 MeV

(
|∆m32|2

10−3 eV2

)
C1/2 sin3 θ13, (6.11)

3see cf. equation 13 in [124] for the detailed calculation.
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where |∆m32|2 ' O(10−3 eV2) and C ' O(1−15) [124], therefore equation 6.10

can be approximated as,

PH(Eν , θ13) ' exp

[
− U2

e3

3.5× 10−5

(
20 MeV

Eν

)2/3
]
, (6.12)

where we assume the smooth density profile inside the stellar core as in cf.

equation 7 in [124]. This PH gives us the value of P̄inv, depending highly on

the determination of θ13 value. In fact, the determination of θ13 was quite prob-

lematic and it is solved only by recent experiments such as the result of T2K

experiment [126] giving us sin2 2θ13 ' 0.140 → θ13 ' 11◦, with 7.3σ against

null hypothesis of sin2 2θ13 = 0.

We can compare our model with the models used in [127]. The model

comparison can be seen in table 6.1. Wilson model [11] uses SN1987A as its

basis withMprogenitor = 20M�. NK1 [128] hasMprogenitor = 20M�, revival time is

200 milliseconds after the bounce, and metallicity Z = 0.02. Meanwhile, NK2

has Mprogenitor = 13M�, revival time = 100 milliseconds, and Z = 0.004. The

expected number of IBD events in Super-K can be compared with the result of

reference [127]. The comparison can be seen in table 6.2.

TABLE 6.1: The model comparison used in [127] versus our work. ∗estimated from
figure 1.4.

Models Eν̄e,tot [erg] Eν̄x,tot [erg] 〈Eν̄e〉 [MeV] 〈Eν̄x〉 [MeV]

This work 5× 1052 5× 1052 12 15.6

Wilson 4.7× 1052 4.7× 1052∗ 15.3 19∗

NK1 2.82× 1052 3.27× 1052 11.1 11.9

NK2 2.68× 1052 3.18× 1052 10.8 11.9

However, we need to remember that our PH is for the smooth density

profile. Furthermore, this PH determination is still under discussion due to

the fact that it may be possible to have a shock inside this stellar core that gives

us different PH . In fact, reference [123] uses the numerical PH as a function of

neutrino energy (see figure 6.3), which practically can give different P̄inv from
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TABLE 6.2: Expected number of events in Super-K from a CCSN at 10 kpc. Here,
we compare our simple result with the result of [127] with different models such as
Wilson [11] as well as NK1 and NK2 [128] and Ethr = 7 MeV.

Models No oscillation Normal H. Inverted H.

Our work; Ethr = 5 MeV 5737 6277 7377

Our work; Ethr = 7 MeV 5595 6161 7314

Our work; Ethr = 10 MeV 5078 5723 7036

Wilson 4923 5667 7587

NK1 2076 2399 2745

NK2 1878 2252 2652

our case since we use analytical approach taken from [2, 46, 124]. As a rule of

thumb, when PH → 1, the number of events in normal and inverted hierarchy

are indistinguishable, meanwhile for PH → 0 (as in our case, which is basically

called “adiabatic” condition), the inverted hierarchy will produce the number

of events way higher than the normal hierarchy due to the fact that the ν̄e’s

arriving in the Earth are basically 100% (P̄inv = 0) from the ν̄µ’s in the source

and the 〈E〉ν̄µ has higher average energy than 〈E〉ν̄e .

FIGURE 6.3: The PH as a function of neutrino energy. Figure is taken from [123].
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We basically follows the total energy in ν̄e and ν̄x used by Wilson [11]

model in [127] but with our own fluence and other details like the average

energy 〈Eν̄e〉 and 〈Eν̄x〉. This fluence and expected number of events highly

depend on the average neutrino energy 〈Eν〉 and the total energy Eν̄,tot that

are used. Moreover, we need to keep in mind that in our discussion here, we

do not take into account the intrinsic efficiency function of the detector as well

as the smearing function like in [122]. In addition, we will not discuss the

differences among models since it is outside of our study scope.

The MSW neutrino oscillation can give us more events due to the fact that

the 〈Eν̄µ〉 > 〈Eν̄e〉 and thus more neutrinos with higher energy arriving on

earth when there is neutrino oscillation. In addition, if we use a different

energy threshold, we expect a different number of events indeed, as we can

see in table 6.2 in row 1 to 3 of our model. We also plot the expected number

of events as a function of neutrino energy in figure 6.4 for Ethr = 7 MeV.

FIGURE 6.4: The number of events in Super-K for normal and inverted hierarchy,
with θ13 ' 8.5◦ (see text for the explanation).
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6.3 Counting Analysis

In neutrino analysis to search for CCSNe like in chapter 3, a temporal data

set consisting of all the collected events is binned with a temporal window

w = 20 seconds, with a requirement that their visible energies are above some

specific thresholds depending on the involved detectors (see table 6.3 column

3). A group of events passing the threshold inside this window is called a clus-

ter. Each cluster is characterised by multiplicity, mi, i.e. the number of events

inside the cluster and duration, ∆ti, defined as the time difference between the

last and the first event inside the cluster. Indeed, our cluster is defined only

when a multiplicity mi ≥ 2. Moreover, to increase the detection probability

and to tackle the boundary problem due to this binning, we also repeat the

procedure by shifting the binning in 10 seconds.

In order to understand better the clustering of events and the problem we

face when we rely on counting statistics, we put the cartoon of the counting

steps in figure 6.5, assuming our data set consists of injection of neutrino burst

from a CCSN in 10 kpc detected by LVD, which is considered as high statistic

signal and the analysis will clearly be able to understand that this cluster is

due to signal. Meanwhile, if we see figure 6.6 with the injection in 65 kpc, we

may confuse it with background cluster.

To see the performance of the method, we focus on the detection efficiency

η and the misidentification probability ζ , i.e. the probability of wrongly con-

fusing a background cluster from an injected signal cluster. The statistical

significance for each cluster that we find is based solely on the statistics of the

cluster. In this case, it is introduced an imitation frequency f im defined as,

f im
i = N ×

∞∑
k=mi

(fbkgw)ke−fbkgw

k!
[day]−1, (6.13)

where N = 8640 is the number of bins in a day and fbkg is the background

frequency of the experiment. This f im can be understood basically as how

often the background clusters can mimic the i-th cluster with the multiplicity
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FIGURE 6.5: A cartoon of a time-series data consisting of injection in 10 kpc (high-
statistic signal) seen by LVD.

FIGURE 6.6: A cartoon of a time-series data consisting of injection in 65 kpc (low-
statistic signal) seen by LVD.

equal or bigger than that of the i-th cluster. The lower the value of f im, the

higher is the probability of the i-th cluster to be due to signal, and of course,

the higher the f im the lower is the probability that it is due to real signal. In

SNEWS4, the imitation frequency of f im ≤ 1/100 years is required in order to

select signals.

4Subsection 4.1.
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6.4 A New Cut to Improve the Analysis of Neu-

trino Data to Hunt CCSNe

The standard method is purely statistical and no other physical character-

istics of the signal are used to disentangle signals from background. In order

to improve this approach, we introduce a new parameter called ξi for each

cluster defined as,

ξi =
mi

∆ti
, (6.14)

where mi is the multiplicity and ∆ti is the duration of the i-th cluster.

The background data for each detector is simulated by Monte Carlo method

with the assumption that the background satisfies the Poisson distribution

with fluctuation. The simulated background is in the chunk of 10 years for each

detector. Meanwhile, the simulated signals are made following the equation

6.1 with τ1 = 10 ms and τ2 = 1 s for several distances in the range of 8.5− 500

kpc with the expected number of events follows the fluence in equation 6.2

with fluctuation.

Then, we can study the ξ distribution of pure background clusters and of

background + injection clusters in terms of probability density function (PDF).

The background PDF is well described by 4-parameter gamma distribution

(figure 6.7) in the case of Super-K, moreover, the ξ values for pure background

clusters tend to be in the region ξ . 1. Meanwhile, the background + injection

distribution tend to have higher ξ values. The stronger (closer) the injections,

the bigger the ξ value distribution of the related, as we can see in figure 6.7.

When the distance of CCSN injections is 65 kpc, the expectation of ξ value

is around 30, while when the distance is 400 kpc, the ξ distribution becomes

similar to the background.

In order to find the best ξ value to separate the injections from background,

we can maximize the equation below,

Ξ[ξ]X =

∫ ξ̄X

0

PDFbkg
X dξ +

∫ ∞
ξ̄X

PDFsig+bkg
X (D)dξ, (6.15)
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FIGURE 6.7: Panel (a): PDF for background (+ injections of several distances) clusters
as a function of ξ parameter in the case of Super-K detector. Panel (b): the optimal
cut value for the ξ parameter, ξ̄(D), as a function of the source distance D for Super-K
detector. Figure is taken from [119].

with respect to the optimal value called ξ̄. However, this can be done only if

the source distance is known. Thus, in general the ξ̄(D) is a function of the

CCSN distance as reported in figure 6.7 panel (b). However, standard search

for CCSNe may actually be a blind search with no information on the distance

so that we can take the ξ̄ to optimize the search of the distant sources5. This

implies that we will consider the smaller value of ξ̄X .

All the ξ̄ cut value for each detector can be seen in table 6.3 in column 5.

Thus, the ξ̄X is used as an additional cut; all clusters found in data from the

X-th detector must satisfy ξi ≥ ξ̄X . With this additional cut on the data, we

can test the performance of the method by investigating the detection proba-

bility η as well as the misidentification probability ζ before and after the ξ-cut.

The η is simply the ratio between the number of clusters due to injections6

and the number of total injections. On the other hand, the ζ is basically the

5Indeed, we may also have the distance information.
6or simply called recovered injections.
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fraction of clusters due to background over the total clusters. We need to no-

tice that here, for each cluster passing all the analysis steps7 whether due to

background or injection, we do not require a significance value higher than a

specific threshold; we only consider that the cluster is recovered or not.

TABLE 6.3: The details of involved detectors

Detector M [kton] Ethr [MeV] fbkg [Hz] ξ̄ [Hz] D̄ [kpc] G

Borexino 0.3 1 0.048 0.65 20 6.9

Super-K 22.5 7 0.012 0.72 200 8.9

KamLAND 1 1 0.015 0.77 50 13.4

LVD 1 10 0.028 0.72 40 14

Results of the Implementation on Single Detectors

We implement this cut method to Super-K data and compare the η and

ζ for the ξ-cut versus the standard procedure without any cut. In Super-K

model, the f im ≤ 1/day is translated as the expectation of mi ≥ 4, meaning

that a CCSN can be detected on average till the distance DSK ≈ 400 kpc. Panel

(a) in figure 6.8 shows the η in red and ζ in blue, where the solid line belongs to

our xi-cut method, on the other hand, the dashed line describes the standard

procedure. From this figure, it is evident that the efficiency η for both the ξ

and standard method is practically 100% till a distance of ∼200 kpc. On the

other hand, the misidentification drops from 23% by using the standard way

to a value as small as around 3% by applying our method.

We can also describe the findings as the gain factor G where it is basically

the ratio between the standard-procedure misidentification probability ζ ′ and

our ξ-cut misidentification probability ζ ,

G =
ζ ′

ζ
. (6.16)

7including the implementation of ξ̄X cut, indeed.
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FIGURE 6.8: Panel (a): The efficiency η (red) and the misidentification probability ζ
(blue) for Super-K modelled-detector data. Panel (b): The gain factor G in Super-K
modelled-detector data. Figure is taken from [119].

The G as a function of distance D for the Super-K modelled data can be seen

in Panel (b) in figure 6.8. As we can see from the figure, our method produces

lower misidentification probability ζ comparing with the standard procedure,

with the gain factor of about 9 times. This gain value is kept up to the distance

of 200 kpc. Later on, the gain is gradually decreasing to about 3 in 500-kpc dis-

tance. To give a better idea, for each individual detector we put the reference

of the furthest distance without efficiency loss after the cut and its correspond-

ing gain value in column 6 and 7 of table 6.3.

This G can also be converted in terms of the increased horizon. A gain

factor of 10 in Super-K means that the detector can work (by imposing the

ξ-cut) at a threshold on f im 10 times higher than the standard f im threshold

since the background level will be the same in those two cases. In the on-

line search for CCSNe by Super-K [127], the normal warning8 threshold is

mi ≥ 25 corresponding to f im ≤ 3.5 × 10−10 per year and the correspond-

ing maximum distance of 147 kpc. With the ξ-cut method, this threshold

8This normal warning will be sent to SNEWS [62, 101]. See chapter 4.
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can be theoretically lowered, but still with the same background level, to

mi ≥ 11 ⇔ f im ≤ 3.5 × 10−9 per year, which implies the expansion of the

search horizon up to D = 221 kpc.

6.5 The Implementation of the Cut Method on the

Network of Detectors

The ξ-cut method can be also implemented in a network of neutrino de-

tectors. We can search for clusters that are correlated in time from two data

streams by doing coincidence analysis, explained in detail in chapter 5. A

coincidence happen if two clusters from two different-detector data sets are

separated in a window wc ≤ 10 seconds [62]. This coincidence analysis in-

deed has effects in our analysis: increasing the efficiency η and decreasing the

misidentification probability ζ .

The joint-f im (or joint-FAR) that we adopt uses the SNEWS-like method

(see chapter 5) and in our study here, we uses 2-data-set coincidence analysis,

and following equation 5.25 therefore,

jointFAR = Net× wNet−1
c

Net∏
X=1

f im
X ,

⇒ jointFARdouble = 2× wc × f im
1 × f im

2 ,

(6.17)

where Net = 2 for 2 detector network. To get the jointFAR of the level of ≤ 1

per day, if there are two detectors in the network, each should have f im ≤ 66

per day and if there are three, each needs to be ≤ 265 per day and so on.

In a network of detectors, we also define the joint cut value, named ξ̄∗. We

have studied several possible cuts such as:

1. Single-cut: each data set is considered as a single analysis and the cut is

based on individual detector, which is ξi,X ≥ ξ̄X of X-th detector.
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2. Product-cut: this cut depends on the ξ̄X , which is the cut value for X-

th detector, however, in this cut, we use the squared product of each

detector cut,

ξ̄∗ = Net

√√√√ Net∏
X=1

ξ̄X ,

⇒ ξ̄∗double =

√
ξ̄1 × ξ̄2,

(6.18)

where we use Net = 2 for 2 detector network. So, for each coincidence

found, it must also pass the cut of Net

√∏Net
X=1 ξX > ξ̄∗.

3. Diagonal-cut: here, we write the cut as a function of a straight line,

y = − ξ̄2

ξ̄1

× x+ ξ̄2, (6.19)

for a network of 2 detectors, where x ∈ {ξi,1} and y ∈ {ξi,2} for i is the

index of the observed coincidences. For 3 or more detectors, this will be

analogous, in which the cut will have an (Net− 1)-dimension plane.

From these several possible options, we can construct them as in figure 6.9.

The green area is for the single-cut, the red area is for the product-cut, while

the blue area is for the diagonal-cut. Indeed, there are many more possible

ways of constructing the network cut. However in this case, we give some

basic examples of them. Here, we notice that from the options we introduced

before, the hardest cut is from single-cut where the analysis in a network is the

same as the single-data-set analysis. Meanwhile, the diagonal-cut can give us

more passed coincidences, which also means more coincidences due to back-

ground. Thus, in this analysis, we use product-cut to be conservative.

In addition, working in the network of detectors also slightly modifies

the definition of the efficiency and misidentification probability, where now

we use the symbol η∗ and ζ∗ for the network efficiency and the network-

misidentification probability, respectively. They are calculated for the coin-

cident clusters as follow: the η∗ is the ratio between the recovered injections
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FIGURE 6.9: Several possible cuts for a network of detectors. The green area is where
the coincidences pass the single-cut, the red area is for the product-cut, while the blue
area is for the diagonal-cut. See text for the explanation.

from coincident clusters and the number of total injections, meanwhile the ζ∗

is the fraction of the number of background coincident clusters over the total

number of coincidences. Indeed, the gain now becomes,

G∗ =
ζ∗′

ζ∗
. (6.20)

Results of the Implementation on Network of Detectors

We keep using Net = 2 as in equation 6.17 and 6.18 due to the fact that as

a case study, we use the network of two detector data. In particular, here we

will discuss the result of the network of LVD and KamLAND9. We apply the

coincidence analysis for both data sets as a network with the requirement of

9Other possible network configurations are also taken into account, yielding an analogous
result.
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jointFAR ≤ 1 per day. The result can be seen in figure 6.10 for which Panel

(a) shows η∗ as the red color with the scale on the left and ζ∗ as the blue color

with the scale on the right. Our cut method here is represented as the solid

line, meanwhile the standard methods is translated as the dashed line. Addi-

tionally, the gain is described in Panel (b).

FIGURE 6.10: Panel (a): The efficiency η∗ (red) and the misidentification probability
ζ∗ (blue) for LVD-KamLAND modelled-detector data where the ξ-cut is represented
in the solid line and the standard is in the dashed line. Panel (b): The gain factor G in
LVD-KamLAND modelled-detector data. Figure is taken from [119].

The misidentification probability is somewhat constant until 75 kpc with a

value of 4% with the standard procedure and decreases to∼ 0.2% by applying

our cut. Thus, the gain factor obtained in 75-kpc distance is around ∼ 20

while it gradually decreases to about 10 as the distance goes further. As we

can expect that the coincidence analysis itself already decreases highly the

background, while the ξ-cut decreases the background even further. To give a

better idea, this network example working at a FAR of 0.001/day (0.365/year)

with the ξ-cut can reach the same background level of the same network with

the threshold of 1/1000 years by the standard statistical selection method.

We have also tested this method to the other possible network among

LVD, Borexino, KamLAND, and Super-K. The improvement is somewhat in
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the same degree as our previous case study. For LVD - Borexino or KamLAND

- Borexino the gain factor is ∼ 19, with a reduced distance D̄ ∼ 50 kpc due to

the lower sensitivity of Borexino.

We have seen that by introducing a new parameter ξ, we can improve

further the analysis for CCSN search. This can be a promising method to be

applied to real detector data. Moreover, we also understand that the method

that we explain here could be improved. Thus, this result motivates us to

study further the power of this ξ parameter. In chapter 7, we will discuss

further this new method by exploiting deeper this ξ parameter.
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The Modified Imitation Frequency

to Expand CCSN Search Horizon of

Neutrino Detectors

In this chapter, we will exploit further the new ξ parameter that we have

introduced and discussed in the previous chapter. As we have previously

discussed in chapter 6, for low energy neutrino analysis to search for CCSNe,

a temporal data set is binned with a time window and inside each window

we count the number of events passing an energy threshold, and therefore

we can define a cluster of events. Then, we calculate imitation frequency for

each cluster in order to understand the probability of the cluster to be due

to an astrophysical source (significance or false-alarm-probability). Moreover,

we have also introduced a new parameter called ξ in which it can be used to

define a cut in order to suppress the number of clusters due to background in

chapter 6 and in [119]. Nevertheless, we have not discussed yet how this new

parameter affects the imitation frequency of each cluster that we can find. This

is an important issue to complete the discussion of ξ parameter for low-energy

neutrino analysis. We will focus on this issue for the rest of the chapter, which

is also the result in [129].

The expected number of events inside a cluster due to background sup-

posedly follows Poisson distribution. Therefore, the significance (false-alarm-

probability) of these clusters is calculated based on Poisson statistics, and it
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is correlated with the imitation frequency f im defined in equation 6.13. The

quantity after the summation symbol in equation 6.13 is basically the proba-

bility to observe a cluster of k events1 in the temporal window w, and let us

call it as P (k),

P (k) =
(fbkgw)ke−fbkgw

k!
. (7.1)

Thus, we can rewrite the f im from equation 6.13 as,

f im
i = N ×

∞∑
k=mi

(fbkgw)ke−fbkgw

k!
[day]−1,

= N ×
∞∑

k=mi

P (k).

(7.2)

In addition to multiplicity mi, we have known that a cluster is actually also

characterised by its duration ∆ti and the maximum duration is the bin width

itself: 20 seconds. This duration of a cluster, thus, can vary from theoretically 0

to 20 seconds.

Moreover, we also have known the definition of ξ parameter from equa-

tion 6.14. Here, differently from chapter 6, we will not use ξ as a parameter

cut. Instead, we will combine this ξ parameter with the previously known

parameter mi from the standard analysis. Thus, we will have two parameters

(mi and ξi) for each cluster. From these two parameters, we will see how the

imitation frequency can be modified. We expect that an astrophysical neutrino

burst should have a smaller value of f im while a background cluster will have

practically the same f im value as the standard method.

1Indeed, it actually is a PDF of Poisson distribution.
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7.1 The Modified Imitation Frequency with Two Pa-

rameters

Supposing that we have a certain PDF for ξ background distribution, our

new imitation frequency F im (capital letter) should be in the form of,

F im
i =8640×

∞∑
k=mi

P (k ∩ ξ)

=8640×
∞∑

k=mi

P (k, ξ)

=8640×
∞∑

k=mi

P (ξ|k)P (k)

=8640×
∞∑

k=mi

P (k)

∫ ∞
ξ=ξi

PDF (ξ ≥ ξi|k)dξ,

(7.3)

thanks to the chain rule in probability. Moreover, P (k) is basically the Poisson

PDF written before in equation 7.1 and 7.2.

Now, we need to understand the PDF (ξ ≥ ξi|k) in equation 7.3. This term

represents the probability that a cluster with multiplicity k is characterized by

a value ξ greater than or equal to ξi. First of all, we know for sure that the

cluster multiplicity is never 0 inside this 20-second bin and ξmin has a value of

k/∆tmax → k/w ≡ k/20, where k ≥ 2. Thus, if we have a background cluster

with multiplicity2 k, we expect its ξ value to be close to ξmin ≡ k/w, while

a signal cluster should have ξ � k/w. Then, the PDF for pure background

given a multiplicity k is basically PDF (ξ ≥ ξmin|k), which is described as the

black line in figure 6.7 Panel (a) for the distribution of ξ background-only. The

normalised probability under this background curve for all possible ξ values

is one, indeed. Therefore, for pure background-only, the integral in equation

2We need to remember that our multiplicity is running under summation from k = mi to
k =∞ (see equation 7.3).
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7.3 becomes
∫∞
ξ=ξmin

PDF (ξ ≥ ξmin|k) and the integration can be stated as,

1 ≡
∫ ∞
ξ=ξmin

PDF (ξ ≥ ξmin|k)dξ

=

∫ ∞
ξmin

Nkf(ξ)dξ

=

∫ ∞
k/w

Nkf(ξ)dξ

= Nk

∫ ∞
k/w

f(ξ)dξ.

(7.4)

Then, from equation 7.4, the normalization factor Nk can be written as,

Nk =
1∫∞

k/w
f(ξ)dξ

. (7.5)

Then, for the conditional probability (integral) in equation 7.3, we can

write it as,

P (ξ|k) =

∫ ∞
ξ≥k/w

Nkf(ξ)dξ

= 1−
∫ ξ≥k/w

k/w

Nkf(ξ)dξ

= 1−Nk

∫ ξ≥k/w

k/w

f(ξ)dξ

= 1−

∫ ξ≥k/w
k/w

f(ξ)dξ∫∞
k/w

f(ξ)dξ
,

(7.6)

where the integration in the numerator always has this relation ξ ≥ k/w, with

w is the maximum duration, which is the window or bin width itself.

All in all, after considering equation 7.3 to 7.6, the new imitation frequency

becomes,
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F im
i (w,mi, ξi) =8640×

∞∑
k=mi

P (k)

[
1−Nk

∫ ξi

k/w

f(ξ)dξ

]

=f im
i (w,mi)− 8640×

∞∑
k=mi

P (k)Nk

∫ ξi

k/w

f(ξ)dξ

=f im
i (w,mi)− 8640×

mi+n;n≤(w·ξi−mi)∑
k=mi

P (k)Nk

∫ ξi

k/w

f(ξ)dξ,

(7.7)

Let us test this formula. Intuitively, we can say that when we have a pure

background cluster with multiplicity mbkg and ξbkg = mbkg/w, the new imita-

tion frequency should be very similar as the old one, namely,

F im
bkg(w,mbkg, ξbkg) ' f im

bkg(w,mbkg), (7.8)

and when we have a very strong signal, with mstrong and ξstrong,

F im
strong(w,mstrong, ξstrong)� f im

strong(w,mstrong). (7.9)

We can prove those relations above. First, suppose that we found a cluster

whose ξi = ξmin = mi/w, meaning that n = 0 for equation 7.7, and thus, our

new imitation frequency becomes the old one,

F im
i (w,mi, ξmin = mi/w) =

[
f im
i − 8640×

mi+0∑
k=mi

P (k)Nk

∫ mi/w

k/w

f(ξ)dξ

]

=

f im
i − 8640× P (mi)Nmi

��
�
��

�
��*

= 0∫ mi/w

mi/w

f(ξ)dξ


=f im

i

(7.10)

meanwhile, even when ξ large, this condition that Nk

∫ mi/w
k/w

f(ξ)dξ ≤ 1 is true,

and,
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F im
i (w,mi, ξlarge) =f im

i (w,mi)− 8640×
mi+n∑
k=mi

P (k)Nk

∫ ξlarge

k/w

f(ξ)dξ

<f im
i (w,mi)− 8640×

mi+n∑
k=mi

P (k)

<8640×
∞∑

k=mi

P (k)− 8640×
mi+n∑
k=mi

P (k)

<8640×

[(
1−

mi−1∑
k=0

P (k)

)
−

mi+n∑
k=mi

P (k)

]

<8640×

(
1−

mi+n∑
k=0

P (k)

)

<8640×

(
∞∑

k=mi+n+1

P (k)

)
= f im

i (w,mi + n+ 1),

(7.11)

and when n�, this relation holds f im(w,mi + n+ 1)� f im(w,mi), and there-

fore,

F im
i (w,mi, ξlarge) < f im(w,mi + n+ 1)

� f im(w,mi)
(7.12)

Thus, we have proven the relations 7.8 and 7.9. �

In brief, we have demonstrated a new way to estimate the significance of

clusters in a neutrino data set to be,

F im
i (w,mi, ξi) =

f imi (w,mi)− 8640×
mi+n;n≤(w·ξi−mi)∑

k=mi

P (k)Nk

∫ ξi

k/w

f(ξ)dξ

 [day−1].

(7.13)

This new imitation frequency will work as long as we have a background dis-

tribution of f(ξ) for each detector. The result of the thorough study of this

ξ parameter has been presented with the title “Expanding Core-Collapse Su-

pernova Search Horizon of Neutrino Detectors” in a TAUP2019 conference in

Toyama, Japan [130], with the accepted proceeding can be seen in [129].
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All in all, we have known previously that the ξ background follows a

4-parameter Gamma distribution from chapter 6 and reference [119]. How-

ever, with our new imitation frequency in equation 7.13, we do not actually

need any distribution fit. Moreover, we will also discuss later that 4-parameter

Gamma distribution may not be the best choice.

7.2 Comments on the ξ-background Distribution

In reference [119] as well as chapter 6, it has been observed that a simu-

lated data set consisting of only background noise has a probability density

function (PDF) of 4-parameter Gamma distribution for each single detector.

We scrutinise the fit again and it turns out that Gamma distribution may not

be precise to explain the ξ distribution (see figure 7.1). Basically, there are 3

distributions that we study:

1. Gamma distribution [131]: here, the gamma distribution involves Gamma

function, with the PDF,

y = f(x|a, b) =
1

baΓ(a)
x(a−1)e

−x
b , (7.14)

where a is a shape parameter, b is a scale parameter, and Γ(a) is the

Gamma function.

2. Generalized extreme value distribution [132] with location parameter µ,

scale parameter σ, and shape parameter k 6= 0, and the PDF,

y = f(x|k, µ, σ) =

(
1

σ

)
exp

(
−
(

1 + k
(x− µ)

σ

)− 1
k

)(
1 + k

(x− µ)

σ

)−1− 1
k

,

(7.15)

for 1 + k (x−µ)
σ

> 0. k > 0 corresponds to the Type II case, while k < 0

corresponds to the Type III case. For k = 0, corresponding to the Type I
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case, the PDF is,

y = f(x|0, µ, σ) =

(
1

σ

)
exp

(
− exp

(
−(x− µ)

σ

)
− (x− µ)

σ

)
. (7.16)

3. Burr type XII distribution [133], instead, has a PDF,

y = f(x|α, c, k) =
kc
α

(
x
α

)c−1(
1 +

(
x
α

)c)k+1
, (7.17)

where x > 0, α > 0, c > 0, and k > 0. Moreover, its cumulative distribu-

tion function,

F (x|α, c, k) = 1− 1(
1 +

(
x
α

)c)k . (7.18)

We fit the ξ-background distribution with those distributions above in fig-

ure 7.1 and we can see from the figure that instead, generalized extreme value

distribution (GEV [132]) or Burr type XII distribution [133] could fit better

than gamma distribution, at least when we compare their residuals. When we

check the goodness-of-fits (GoF3) as well as its p-values of the distribution fits,

it also shows that Burr type XII distribution gives the best fit with p-value of

3 × 10−26. However, we cannot explain any physical meaning of the relation

between this Burr (or GEV) distribution and our data.

From here, we realize that this ξ background distribution could be some-

what complex due to the fact that the distribution of the number of back-

ground events in a cluster follows Poisson distribution, while the distribution

of duration from a background cluster is somewhat unclear. In any case, ba-

sically the background ξ distribution follows a certain distribution that may

be 4-parameter Gamma, generalized extreme value [132], Burr type XII [133],

or any other distributions. Therefore, rather than doing trial-and-error to fit a

bunch of possible distributions to our simulated data, in order to be generic,

we will not use any distribution, instead we rely on the interpolation of the ξ

3GoF=1 as well as lower p-value mean the distribution is fitted well. As an example, if
p-value = 5.7 · 10−7 = 5σ means that the fit is compatible in 5σ level.
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FIGURE 7.1: PDF histogram of simulated KamLAND data. The histogram has been
fitted with several possible distributions such as 4-parameter Gamma distribution
(like in chapter 6 and reference [119]), generalized extreme value distribution [132],
as well as Burr distribution [133]. It has been also shown the residuals.

background. Another advantage of this interpolation is that it is adaptive. The

background distribution can be estimated using the real data of the detectors,

including background fluctuations that can happen in some given periods of

data taking. We can look at figure 7.2, where the histogram is interpolated

(with the residual), unlike figure 7.1 using fitting.
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FIGURE 7.2: PDF histogram of simulated KamLAND data with the interpolation and
its residual of the histogram. The histogram is the same as in figure 7.1, on the other
hand here we use the interpolation method, unlike figure 7.1, which is by fitting.
The area under curve is basically:

∫∞
ξ=ξmin

PDF (ξ ≥ ξmin|k) dξ = 1. In the tail of the
interpolation for high ξ, there is some “wiggle” that is due to the lower number of
counts in the histogram bin, which is related with Poisson uncertainty.

7.3 Application of the Modified Imitation Frequency

to Simulated Data

Based on the recipe in the previous section, here, we apply the method

to the simulated data used in [119]. We basically use the models for simu-

lated background and injections used in chapter 6 and reference [119]. We

reanalyse some of the data sets such as LVD, KamLAND, and Super-K data

sets. We also add a new future detector, namely Hyper-Kamiokande (Hyper-

K) [38]. The detail of the involved detector models can be seen in table 7.1.

In the table, we give details on the detector types (liquid scintillator and wa-

ter Cherenkov, see further in chapter 3 as well as reference [61, 62]), the main
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interaction (IBD, see chapter 6), detector masses, background frequency, and

energy thresholds. Moreover, the expected average multiplicity as a function

of distance for the involved detectors can be seen in figure 7.3. Super-K de-

tector could still be able to gather about 2 low-energy neutrino events from a

CCSN in Andromeda (M31), while KamLAND and LVD can gather 8 events

from a CCSN in Small Magellanic Cloud, and indeed all detectors are able in

principle to see CCSNe in the Milky Way.

TABLE 7.1: Simulation details of some detector models. Here, there are two types: liq-
uid scintillator and water Cherenkov. The main detection channels is the ν̄e from IBD.
It is also provided the mass, background frequency fbkg, as well as energy threshold
Ethr.

Detectors

LVD KamLAND Super-K Hyper-K

Type Liq. Scintill. Liq. Scintill. H2O Cher. H2O Cher.

Main Channel IBD, ν̄e IBD, ν̄e IBD, ν̄e IBD, ν̄e

Mass 1 kton 1 kton 22 kton 187 kton

(per module)

fbkg 0.028 Hz 0.015 Hz 0.012 Hz ≈ 0.012 Hz

(assumed)

Ethr 10 MeV 1 MeV 7 MeV 4.5 MeV

Moreover, in our data we decide a threshold as low as possible to see the

possible outcome of this new method. The idea is to use multiplicity thresh-

old of 2. This is due to the fact that when there is a neutrino burst from An-

dromeda galaxy, the expected multiplicity gathered by Super-K is of the order

of 2 (see chapter 3 and reference [64]). We will not push to have multiplicity

lower than 2 since the number of background clusters will explode.

First, we do the single detector analysis for KamLAND data set with in-

jections for 65 kpc. We study this distance because we expect that the effi-

ciency is not 100% with the standard method, based on the details of the de-

tector in table 7.1. Then, we compare the performance in terms of efficiency
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FIGURE 7.3: The expected multiplicity as a function of distance for the involved de-
tectors. Here, we can see that Super-K could detect . 2 low-energy neutrino events
from a CCSN in Andromeda, while KamLAND and LVD can gather about 8 events
from a CCSN happening in Small Magellanic Cloud. Moreover, all detectors are able
to see CCSNe in the Milky Way.

and misidentification probability of our 2-parameter method with the stan-

dard 1-parameter method. The calculation of the imitation frequency with the

2-parameter method follows equation 7.13, while the 1-parameter standard

method follows equation 6.13. Then, we check the clusters which are due to

background and injections.

We also do a network analysis by combining our simulated data of LVD

and KamLAND with injections for 65 kpc. Indeed the time-coincidence anal-

ysis, explained in chapter 5, is used for this network. We use the coincidence

window w = 10 seconds in this case. When we find several coincident clusters

that are basically due to the same source (all of them separated4 < 20 seconds),

either due to background or injection, we make a ranking in multiplicity for

4This 20 second is actually due to the size of the bin, which is 20 seconds.
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each detector data and take the pair of clusters from 2 different detectors with

highest multiplicity mi, and if still there are several coincidences, we make

another ranking with ξ and take the highest ξ. Then, we check the coincident

clusters whether they are due to injections or background. The coincident

clusters that are due to injections are called the observed injections. Next, we

calculate the old (and new) jointFAR based on individual f im (and F im) for

each 0-lag coincidence following equation 5.25 and 5.26, respectively, to get

the jointFAP, which is basically the significance value.

In our next discussions, we will show our findings for the single detec-

tor analysis. Then, we will move on to the result of the network of two

data sets. Last but not least, we will also consider a possible future detec-

tor study, namely Hyper-K, and we will discuss its detection capability with

our 2-parameter method.

7.4 KamLAND Single Detector Analysis Result

Here we will discuss our findings on the 1-detector analysis of simulated

KamLAND data. In this case, we use KamLAND as our model with a back-

ground frequency of 0.015 Hz (table 7.1). As the first step to give the idea of

the improvement of this new method, we plot the ξ-m map in figure 7.4. In

the figure, the green-shaded area is the region of the plane including the (ξi-

mi) clusters with standard imitation frequencies f im
i ’s (equation 6.13) above

the SNEWS (chapter 4) threshold of 1/100 years. On the other hand, the red-

shaded area is the region selecting the clusters passing the SNEWS threshold

with our 2-parameter F im
i (equation 7.13), but not passing the threshold with

standard f im
i . We can also say that this red-shaded area is the improvement

by using our method.

If using the standard 1-parameter method, the minimum multiplicity is 8

to pass SNEWS threshold, which is equivalent to the average expected num-

ber of events for a distance of 65 kpc (Small Magellanic Cloud). Meanwhile,
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FIGURE 7.4: KamLAND ξ-multiplicity map. The green-shaded area passes 1/100-
year threshold for standard f im, while the red-shaded area is the improvement by
using 2-parameter method (this work). The total (red + green) area passes the thresh-
old with the 2-parameter F im.

if we include 2 parameters (ξ and multiplicity) in our analysis, we can basi-

cally take clusters having multiplicity less than 8 as long as the combination

of ξi-mi value gives us F im less than equal to 1/100-year threshold.

Next, we add the background clusters in ξi-mi map to see if the misidenti-

fication probability is increased with the new method. We can see this in figure

7.5 where the yellow-reversed triangles are denoted as background clusters.

As we can see, the background clusters are all below the SNEWS threshold

whether for the 1-parameter and 2-parameter method. This means that the

2-parameter calculation does not add noise.

Moreover, we also include the 65-kpc injections inside this ξi-mi plane in

figure 7.6 with the blue stars as the recovered injections. The distribution of

recovered injections in terms of multiplicity is quite broad, spanning from

mi = 3 up to mi & 20, so does their ξ values, which are from ξi < 1 to
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FIGURE 7.5: KamLAND ξ-multiplicity map, the same as figure 7.4 but with the addi-
tion of 10-year simulated background.

ξi ∼ O(100). The important insight here is that there are some injections ly-

ing on the red-shaded area. This means that they are recovered by our two-

parameter method, but missed in the standard one-parameter method. To

have a better quantitative idea, we provide the detail of this finding in ta-

ble 7.2, where the first column is the total number of background clusters in

10-year data chunk, the second column is the background clusters passing

SNEWS threshold, the third column is the clusters passing the 1-parameter

method per total injections, while the last column is the recovered injections

per total injections passing our proposed method. The efficiency improves in

the order of 10% with our new method from 59% to 71% without adding any

noise.
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FIGURE 7.6: KamLAND ξ-multiplicity map, the same as figure 7.5 with the addition
of 65-kpc injections. This figure is presented in [129].

TABLE 7.2: Single detector KamLAND analysis with 65-kpc injections. The data set
is 10-year long. See text for the explanation.

Total Background 1-parameter 2-parameter (this work)

Background [< 1/100 years] [< 1/100 years] [< 1/100 years]

75198 0% = 0/75198 59.0% = 2155/3654 70.6% = 2581/3654

7.5 Super-K Single Detector Analysis Result

Besides KamLAND single detector analysis, we will also discuss the result

of Super-K single analysis. The plot can be seen in 7.7. Analogously to the

KamLAND single detector result, the Super-K result also shows that there are

some more recovered injections (the quantitative result can be seen in table

7.3). However in Super-K, the threshold of 1/100 years with the 1-parameter

f im (equation 6.13) lies on the multiplicity = 8, that corresponds to the average

expected number of events for a CCSN located at a distance of 260 kpc. Clearly
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this distance is in between Small Magellanic Cloud and Andromeda, which

is lack of interesting galaxies and we do not expect CCSNe happening here,

however we include this case in order to demonstrate the method.

FIGURE 7.7: Super-K ξ-multiplicity map with the 250-kpc injections.

TABLE 7.3: Single detector Super-K analysis with 250-kpc injections. The data set is
10-year long. See text for the explanation.

Total Background 1-parameter 2-parameter (this work)

Background [< 1/100 years] [< 1/100 years] [< 1/100 years]

49200 0% = 0/49200 70.6% = 2575/3645 85.5% = 3117/3645

With our 2-parameter F im (equation 7.13) we cannot gain the search by

Super-K since the horizon is well beyond Small Magellanic Cloud, but well too

near to reach Andromeda. The efficiency search for Super-K to find CCSNe in

the distance up to Small Magellanic Cloud already reaches 100% (see figure

7.8), while the efficiency search in Andromeda (∼ 700 kpc) is practically 0%
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(see figure 7.9). However, we may still be able to benefit from this 2-parameter

method to search for failed-supernovae up to Small Magellanic Cloud (∼60

kpc), assuming that the expected multiplicity from those objects may be lower

than the normal CCSNe. Nevertheless, we need to study deeper this point

and this will be beyond the scope of our work for the moment.

FIGURE 7.8: Super-K ξ-multiplicity map with the 65-kpc injections.
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FIGURE 7.9: Super-K ξ-multiplicity map with the 700-kpc injections.

7.6 KamLAND-LVD Coincidence Analysis Result

In this section, we will analyse the network of detectors. We combine two

simulated data sets of KamLAND and LVD by implementing the coincidence

analysis (chapter 5) to see the improvement of our method. We use 65-kpc

injections in those two data sets. As the first step, we would like to see the

joint distribution of ξ of background coincident clusters as well as of recovered

coincidences. We plot the 3D histogram in figure 7.10 of ξ distribution for

background clusters and in figure 7.11 for the recovered injections. We can see

from those figures that the accidental coincidences tend to have lower ξ values

comparing with the 65-kpc injections5. This is expected since the higher the ξ

value, the more probable it is due to a signal, which is basically consistent also

with figure 6.7 Panel (a).

5This was the reason for which in reference [119] as well as chapter 6, the ξ parameter was
used as a cut.
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FIGURE 7.10: 3D histogram of the ξ distribution of the accidental coincidences be-
tween the simulated-10-year KamLAND and LVD data.

Next, we calculate the efficiency η and misidentification probability ζ dis-

cussed previously in chapter 6. However, we distinguish deeper the η and ζ

since the previous chapter does not mention any significance in the efficiency

and misidentification probability calculation. Meanwhile, here, we work on

calculating the new significance (as F im) in the analysis. Thus, we define raw

efficiency/misidentification probability and 5σ efficiency/misidentification prob-

ability. In this case, the raw means that we count only the coincidences with-

out taking into account the significance like in chapter 6 and reference [119],

meanwhile the 5σ is when we give a 5σ threshold for the coincidences. This

5σ is different from SNEWS threshold. For SNEWS threshold, it is imposed to

the imitation frequency, while for 5σ, the threshold is on jointFAP in equation

5.26, in which,

5σ ≡ 5.7× 10−7 = jointFAPthr, (7.19)
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FIGURE 7.11: Same as figure 7.10 but with the observed injections in 65kpc.

where jointFAP is the equation 5.26. Passing the 5σ threshold means that all

the coincidences must have jointFAP ≤ 5.7× 10−7.

In our 10-year data, we have 3654 injections and 3872 total coincidences6.

We can see our findings in table 7.4. The 5σ efficiency increases of almost 20%

with our new 2-parameter method. We need also to remember that this is the

efficiency for the distance up to Small Magellanic Cloud (65-kpc), which is not

100% for LVD and KamLAND. Moreover, there is no noise with larger than

5σ signal.

6background + the observed injections.
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TABLE 7.4: Efficiency η and misidentification probability ζ for KamLAND-LVD 10
year - 65 kpc.

2-detector: 10 year - 65 kpc

LVD - KamLAND Old Method New Method

Raw η 93.7% = 3425/3654

Raw ζ 11.5% = 447/3872

5σ η 62.9% = 2298/3654 80.8% = 2951/3654

5σ ζ 0% = 0/3872 0% = 0/3872

7.7 One-module Hyper-K

Besides the current detectors, we are also considering the improvement

of the future detector with our 2-parameter method. As an example here we

consider the one-module Hyper-K [38], with the detail in table 7.1. We assume

here that the background frequency of Hyper-K will be of the same level as the

one of the Super-K. Based on this assumption, if there is a CCSN in ∼ 700 kpc

(M31/Andromeda) galaxy, we expect to gather multiplicity of the order of 7

events in the Hyper-K detector. Similarly as the previous sections, we then

plot the background, injections, as well as the 1/100-year threshold line in ξi-

mi map in figure 7.12. The improvement can be seen in table 7.5, the efficiency

to detect CCSNe for a distance of 700 kpc improves about 15%.

TABLE 7.5: One-module Hyper-K with 700-kpc injections.

Total Background 1-parameter 2-parameter (this work)

Background [< 1/100 years] [< 1/100 years] [< 1/100 years]

49203 0% = 0/49203 70.4% = 2575/3655 85.4% = 3120/3655
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FIGURE 7.12: Hyper-K ξ-multiplicity map with 10-year simulated background and
700-kpc injections.

7.8 Perspectives

We have seen that our 2-parameter method applied in neutrino data may

enhance the significance of each injected cluster, so does increase the detec-

tion efficiency as well as the horizon, without increasing the misidentification

probability. Moreover, our method can simply be applied in terms of a single

neutrino detector data set as well as in a network of several neutrino detec-

tor data. This is important to be implemented in SNEWS2.0. Our analysis

basically has several advantages such as,

1. it is very sensitive to low-statistical signals (far/weak),

2. it is fast, can be implemented for online search with very low latency ,

3. it is adaptive, indeed the background distribution can be estimated us-

ing the real data of the detectors, including background fluctuations,
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4. it is pretty model-independent, the double exponential model for the

neutrino emission from CCSNe is very basic but is enough for low-statistic

signals,

5. it only needs minimal information; no need for a complete data sharing

among different experiments.

On the other hand, if we use unbinned likelihood method, the analysis is the-

oretically slower and we also need a complete data sharing.

Based on the results in this chapter and its discussion (as well as our result

presented in reference [129]) until now, we can see that there are quite inter-

esting insights that we have found. Those several points can be remarked as,

1. This method can disentangle better the single-detector analysis and give

us a better statistical significance calculation. Besides, it is also a one-step

further improvement than our previous result in chapter 6 and reference

[119].

(a) The SNEWS-threshold efficiency of the 65-kpc simulated KamLAND

increases from 59.0% to 70.6% without adding any noise.

(b) There is also improvement of 5sigma efficiency for 2-detector analy-

sis up to Small Magellanic Cloud for current detectors, where sim-

ulated 65-kpc LVD-KamLAND efficiency increases from 62.9% to

80.8%.

2. JUNO-Super-K network may work like LVD-KamLAND.

3. This method could be also useful to enhance the future detectors (Hyper-

K) to expand the CCSN search horizon in order to reach M31/Andromeda.

4. Two-module Hyper-K can work as a network to reach ∼1 Mpc.

Moreover, we also should think of the near future work that can be done.

We consider that it is possible to apply the offline analysis of our method

for failed-SN search by Super-K till Large (Small) Magellanic Cloud together
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with GWs. This is due to the fact that we expect the failed-SN duration should

be smaller than the normal CCSNe (∼ 0.5 seconds vs∼ 20 seconds). To be con-

servative, we may also assume that the multiplicity be smaller than the normal

CCSNe. In this case, our new method may play a role. Fortunately for us, the

multiplicity of failed-SN can be similar to the one of the CCSNe (see reference

[66]). Combining this multiplicity with the ∼ 0.5-second duration, the ξ value

will soar, therefore, our method may produce even a higher efficiency search.
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The expansion of the search horizons discussed in the previous chapter

by using our proposed method may enable us a more efficient multimessen-

ger analysis via LENs and GWs. In fact, the first quantitative study of the

possibility to use a neutrino burst has been discussed in [134] and this work

motivated us to start this activity. Besides, there are also several multimessen-

ger analyses reported in chapter 4, i.e. the GW-GRB and the GW-HEN search.

However the way to statistically combine LENs and GWs is very different

from those analyses chapter 4. In particular, in both these analyses one of the

two signals combined is considered as a detection and the statistics of GWs

and GRBs or HENs are not combined. Meanwhile, in our case this combina-

tion of statistical significance between LEN bursts and GW bursts is needed

because both the signals could be sub-threshold.

One possibility discussed in chapter 5 is to use the product method to find

the significance of a joint LEN-GW detection. Thanks to the work discussed

in chapter 7, we are now able to provide a FAR for the neutrino burst that

takes into account also the new selection criteria based on the temporal shape

of the expected signal (the ξ parameter) and then we can apply the product

method without losing information. Gravitational wave triggers produced by

the cWB pipeline, are characterized by FARs. Additionally, of course, the GW

livetime (see chapter 3) for each data taking period is provided. Thus, we have

all the required information for the coincidence analysis with product method

to work.
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This method is chosen because we are not bound to find the common

statistics between neutrino and GW data. More importantly, the coincidence

window between the neutrino list and GW list could be large (of the order of

∼ 10 seconds1), which means we require a year-long common data taking pe-

riod among the involved detectors, in order to use time-shifting method like

in cWB pipeline for GW analysis, to get 5σ significance of a signal. Else, we

can only give the lower limit of significance, and this lower limit can be much

less than 5σ needed to a detection, when we have a very short-livetime data

chunks among detectors (see more detail in chapter 5).

The scheme followed for the GWnu joint search can be seen in more de-

tail in the figure 8.1 below. First, we analyse separately the data of the GW

network and of the neutrino network. We use cWB pipeline to search for pos-

sible GW triggers. Each GW trigger is parametrized by some quantities such

as the trigger time, duration, GW statistic, and significance (FAR). Among

these parameters, we only need to know the time and FAR of each trigger

as well as the common observing time (livetime) to do the coincidence anal-

ysis with the product method. Second, we analyse neutrino data from each

neutrino detector with our proposed method with the addition of the new pa-

rameter following chapter 7. From each detector data set, we produce a list of

candidates (or triggers) with the information of time and FAR. Then, the other

neutrino data sets are analysed analogously. From the various lists of neutrino

triggers, we do coincidence analysis with the product method. This generates

the joint list of the neutrino detector data network.

Thus, we have two lists of potential detected signals both from GW and

neutrino channel. These two lists are analysed further via coincidence analysis

with the product method, in principle the coincidence window used in this

last step could be different from the one used to search coincidences among

neutrino detectors. In the end, we will have the final joint triggers of GW-ν

network. In the future, we should be able to produce the triggers of neutrino

detector data network in low latency thanks to the SNEWS2.0 infrastructure.

1Meanwhile, the coincidence window in cWB is of the order of milliseconds.
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FIGURE 8.1: Scheme of the method for the joint GW-neutrino analysis to search for
CCSNe. We use the cWB pipeline with its default/standard configuration. Mean-
while, we use 2-parameter method for each neutrino detector data analysis (chapter
7). We combine the neutrino data with the coincidence analysis with product method
(chapter 5). We combine the list of GWs and neutrinos together in terms of multimes-
senger via product-method coincidence analysis (chapter 5). The final result will be
3 lists: 1 list of joint GW-neutrino signal signals, 1 list of GW signals from cWB, and 1
list of joint neutrino network signals.

Our method in analysing neutrino data should be easily implemented in the

SNEWS analysis pipeline.

8.1 Joint GW-ν Study Case

We have made a study case for this multimessenger search by using the

publicly available “observing-run-one” (O1) GW data as well as our injection

data used in chapter 6 and 7. This O1 data spans from September 2015 to

January 2016 with the data type:

• L1:DCS-CALIB_STRAIN_C02 from LIGO Livingston, and
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• H1:DCS-CALIB_STRAIN_C02 from LIGO Hanford.

Our idea for doing this is to answer a question: “What if all our neutrino

coincident LVD-KamLAND candidates are also in coincidence with GW trig-

gers (meaning that they are triple coincidences)? What will be the significance

of those triple coincidences when we use the standard 1-parameter neutrino

analysis method comparing with our new 2-parameter method (explained in

chapter 7)?”

Therefore, we add some signal injections by using the cWB pipeline with

Gaussian, sine-Gaussian, as well as white-noise-burst models. The efficiency

curve of different signal models in cWB can be seen in figure 8.2.

FIGURE 8.2: The efficiency curve from cWB of several injection models: Gaussian,
sine-Gaussian, and white-noise-burst.

The neutrino injection times are set in such a way to have coherent injec-

tion times with the GW simulated signals that we use. In this case, we use

neutrino injected signals with LVD and KamLand detector model. Then, we
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do the neutrino analysis with 1-parameter method and 2-parameter method

following our previous several chapters. The livetime for double-neutrino

LVD-KamLAND data analysis is of the order of 4 months, while the livetime

for triple LVD-KamLAND-GW coincidence analysis is around 1.7 months due

to the fact that the GW duty cycle2 could be of the order of 40-70%, therefore,

there are quite many deadtime periods between September 2015 to January

2016 which makes the GW livetime less than our neutrino livetime.

Due to the short common livetime, we made only 4 injected signals for

each CCSN distance coherently: 8, 16, 32, 64, and 128 kpc. In this way, we

would like to show what could be the improvement of significance of a GW-ν

coincidence when we use our method in chapter 7 comparing with the stan-

dard method. In table 8.1-8.5, we presented our result for 8, 16, 32, 64, and 128

kpc respectively. Moreover, we also presented the background coincidences

for double-neutrino data analysis in table 8.6.

TABLE 8.1: Details of GW-ν coincidences for 8 kpc. Column 2-5 are for KamLAND
multiplicity, KamLand ξ [Hz], LVD multiplicity, and LVD ξ [Hz]. Column 6 and 7 are
for the joint f im [Hz] and the joint F im [Hz] between KamLAND and LVD. Column 8,
9, and 10 are for the FAR [Hz] of GW candidates, the jointFAP of KamLAND-LVD-
GW coincidences with the standard f im, and the jointFAP of triple coincidences with
the new F im.

Coin. mK ξK mLVD ξLVD f im
d F im

d FARGW FAPt,old FAPt,new

c8,1 519 121.2 447 96.1 0 0 6e-09 0 0

c8,2 498 60 428 68.4 0 0 1e-09 0 0

c8,3 505 73.9 435 104.8 0 0 2e-08 0 0

c8,4 457 75.2 390 83.1 0 0 2e-08 0 0

Table 8.1-8.3 do not give us strong insights. The f im and F im in those tables

are already very tiny and our 2-parameter method could not give any strong

improvement. The FAPt,old and FAPt,new (using the old standard f im vs new

F im) are already 0, which means basically that our significance values are all

2Duty cycle is the fraction of data taking when the detectors are in a properly working
condition.
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TABLE 8.2: Details of GW-ν coincidences for 16 kpc. The legends are the same as in
table 8.1.

Coin. mK ξK mLVD ξLVD f im
d F im

d FARGW FAPt,old FAPt,new

c16,1 134 11.1 117 16.2 0 0 2e-08 0 0

c16,2 124 16.3 107 18.1 0 0 1e-09 0 0

c16,3 127 19.2 110 18.9 0 0 6e-09 0 0

c16,4 104 23.8 88 21.1 0 0 2e-08 0 0

TABLE 8.3: Details of GW-ν coincidences for 32 kpc. The legends are the same as in
table 8.1.

Coin. mK ξK mLVD ξLVD f im
d F im

d FARGW FAPt,old FAPt,new

c32,1 31 5.2 31 4.5 9e-84 1e-85 2e-08 0 0

c32,2 28 4.4 30 9.4 5e-76 2e-78 1e-09 0 0

c32,3 26 2.6 27 2.7 6e-67 4e-68 5e-09 0 0

c32,4 28 4.4 23 3.3 3e-64 4e-66 1e-09 0 0

TABLE 8.4: Details of GW-ν coincidences for 64 kpc. The legends are the same as in
table 8.1.

Coin. mK ξK mLVD ξLVD f im
d F im

d FARGW FAPt,old FAPt,new

c64,1 6 1.4 5 1.0 0.3 2e-03 1e-09 6e-02 4e-04

c64,2 12 0.8 10 1.4 6e-16 5e-17 1e-08 1e-15 0

c64,3 7 1.8 6 1.3 1e-03 4e-06 2e-09 6e-04 2e-06

TABLE 8.5: Details of GW-ν coincidences for 128 kpc. The legends are the same as in
table 8.1.

Coin. mK ξK mLVD ξLVD f im
d F im

d FARGW FAPt,old FAPt,new

c128,1 4 0.3 4 0.3 1e+03 3e+02 7e-09 0.7 0.7

better than 8σ, taking into account that 8σ ≈ 1 × 10−16, which is the limit for

double precision in computation.
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Moreover, the FARGW can be of the order of 1e−09 Hz from cWB. This false-

alarm-rate value, taking into account the livetime of GW data is ∼ 1.7 months,

by using equation 5.26, the significance becomes ∼ 0.0044 ≈ 2.8σ. This means

that even if a GW trigger has a lower significance value, by using the triggered

search from neutrino analysis, we could increase the triple coincidence, that

means also increasing our confidence in the GW trigger that we find.

Moving on to table 8.4, it shows us that our new 2-parameter method

(chapter 7) plays a significant role in improving the significance of candidates

(see the color cells) for the triple coincidence analysis, which is basically the

multimessenger search between neutrino and GW network. This also shows

us that our method will improve the 64 kpc injections due to the fact that 64

kpc is the horizon for LVD-KamLAND. Moreover, if we see table 8.6, our new

2-parameter method practically does not change the background significance.

All in all, our method, thus, can also be used to increase the efficiency

search of CCSNe in terms of multimessenger between low-energy neutrino

and gravitational wave channel. We can basically run GW analysis with cWB

and then we could use the list of triggers for the coincidence analysis with low-

energy neutrino data sets, with the significance estimation of each coincidence

calculated by the method explained in this thesis.
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TABLE 8.6: Details of background coincidences for 2ν network analysis. Column 2-5
are for KamLAND multiplicity, KamLand ξ [Hz], LVD multiplicity, and LVD ξ [Hz].
Column 6 and 7 are for the joint f im [Hz] and the joint F im [Hz] between KamLAND
and LVD. Column 8 and 9 are for their FAPs with the f im and F im.

Coin. mK ξK mLVD ξLVD f im
d F im

d FAPd,old FAPd,new

cbg,1 3 0.2 5 0.3 1.6e+03 1e+03 1 1

cbg,2 3 0.2 5 0.3 1.6e+03 1e+03 1 1

cbg,3 3 0.2 5 0.5 1.6e+03 4e+02 1 1

cbg,4 3 0.2 5 0.4 1.6e+03 6e+02 1 1

cbg,5 4 0.4 4 0.2 1.0e+03 3e+02 1 1

cbg,6 4 0.4 4 0.3 1.0e+03 2e+02 1 1

cbg,7 3 1.0 4 0.2 1.4e+04 8e+02 1 1

cbg,8 3 0.2 4 0.3 1.4e+04 6e+03 1 1

cbg,9 3 0.2 4 0.3 1.4e+04 7e+03 1 1

cbg,10 3 0.7 4 0.5 1.4e+04 4e+02 1 1

cbg,11 3 0.7 4 0.5 1.4e+04 4e+02 1 1

cbg,12 3 0.3 4 0.2 1.4e+04 5e+03 1 1

cbg,13 3 0.5 4 0.5 1.4e+04 7e+02 1 1

cbg,14 3 0.5 4 0.5 1.4e+04 7e+02 1 1

cbg,15 3 0.3 4 0.2 1.4e+04 6e+03 1 1

cbg,16 3 0.4 4 0.2 1.4e+04 5e+03 1 1

cbg,17 3 0.2 4 0.3 1.4e+04 1e+04 1 1

cbg,18 3 0.4 4 0.3 1.4e+04 4e+03 1 1

cbg,19 3 0.6 4 0.3 1.4e+04 1e+03 1 1

cbg,20 3 0.3 4 0.5 1.4e+04 2e+03 1 1

cbg,21 3 0.5 4 0.2 1.4e+04 3e+03 1 1

cbg,22 3 0.8 4 0.3 1.4e+04 8e+02 1 1

cbg,23 3 0.8 4 0.3 1.4e+04 7e+02 1 1

cbg,24 3 0.8 4 0.3 1.4e+04 7e+02 1 1

cbg,25 3 0.3 4 0.5 1.4e+04 3e+03 1 1
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Conclusion

In this thesis, the first several chapters were dedicated to review the gen-

eral discussions regarding core-collapse supernovae, neutrinos and gravita-

tional waves. First of all, we have discussed the standard astrophysical pro-

cesses happening inside the stellar collapses (chapter 1). In chapter 2, we have

studied the possibility to detect these rare astronomical objects in terms of

the rate and distribution, the neutrino emission, and the gravitational wave

emission (models). In chapter 3 we have recalled the only neutrino detection

from a core-collapse supernova up to the present time, the possibility to detect

core-collapse supernovae via gravitational wave telescopes, and the success-

ful gravitational wave observations from non-CCSN sources.

Starting from chapter 4, we have moved our discussion on to the core

works of this thesis. In chapter 4 we discussed several international efforts to

hunt for core-collapse supernovae, as well as some examples of multimessen-

ger search studies that we have also reproduced. We also studied the signal

search via network of detectors, namely coincidence analysis (chapter 5) with

two possible methods to proceed. In chapter 6, we described our simulated

data of CCSNe built from our understanding and assumption of the processes.

We also discussed step-by-step how to treat neutrino data. More importantly,

we introduced a new powerful parameter, exploiting the temporal behavior

of the astrophysical CCSN signal.

We went a step further on discussing this new parameter in chapter 7 by

calculating a modification of imitation frequency used in the standard method

of CCSN neutrino data analysis. This imitation frequency actually corresponds

to the estimate of the significance value of each event cluster in the neutrino
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data. We have seen how the new parameter may change our understand-

ing whether a cluster is due to a background or an astrophysical signal. In

other words, we discussed the improvement in efficiency which implies the

expansion of current and future neutrino detector horizons to catch the CCNS

neutrino bursts.

Finally, in chapter 8, we implemented our new parameter method in terms

of multimessenger analysis between neutrino network and GW network. This

chapter showed us that we can improve the significance of GW-ν coincidences

of two orders of magnitude with respect to the standard combined search.
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Appendix A

Chandrasekhar Mass Limit

Let’s discuss the Chandrasekhar mass limit following cf. Appendix A on

[2]. Poisson equation for spherically symmetric body with a gravitational po-

tential Ψ can be written as,

1

r2

d

dr

(
r2dΨ

dr

)
= 4πGρ, (A.1)

where G is the Newton gravitational constant. In this calculation, we consider

the time independent solution.

The hydrostatic equilibrium requires,

dP

dr
= −dΨ

dr
ρ. (A.2)

Then, we also take our EoS in the form of,

P = Kργ, (A.3)

where K and γ are constant, namely, polytropic relation and polytropic ex-

ponent. Combining these equations together with the EoS, we can write the

hydrostatic equation as,
dΨ

dr
= −γKργ−2dρ

dr
, (A.4)

and for γ 6= 1 therefore,

ρ =

(
−Ψ(γ − 1)

Kγ

) 1
γ−1

. (A.5)
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Putting equation A.5 to A.1 we get,

2

r

dΨ

dr
+
d2Ψ

dr2
= 4πG

(
−Ψ(γ − 1)

Kγ

) 1
γ−1

. (A.6)

Then, let’s define the polytropic index n ≡ 1
γ−1

, z = Ar = 4πG
(n+1)nKn (−Ψn−1

c ),

and w = Ψ/Ψc = (ρ/ρc)
1/n. With the definitions in our hand, we can get the

Lane-Emden equation,

d2w

dz2
+

2

z

dw

dz
+ wn = 0,

⇔ 1

z2

d

dz

(
z2dw

dz

)
+ wn = 0.

(A.7)
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Appendix B

Gravitational Wave Solutions from

Einstein Field Equations

Here, we will discuss some standard GW solutions from solving Einstein

field equations with the idea of flat universe (ηµν) perturbed by a small distur-

bance1 (hµν). In other words, we will use our metric as,

gµν = ηµν + hµν . (B.1)

This study can be seen in more detail such as in [24, 49, 135] and many more

references, as well as some simple summary such as in [50, 51]. As we know,

Einstein field equations can be written as,

Rµν −
1

2
Rgµν = 8πGTµν , (B.2)

where Rµν , R, and Tµν are Ricci tensor, Ricci scalar, stress-energy tensor re-

spectively. By putting equation B.1 into equation B.2, as well as taking into

account the coordinate2 & metric transformation3 and Lorenz gauge condi-

tion4, we can have the solution of equation B.2 to be some kind of a wave

equation,

�h̄µν = −16πG

c4
Tµν . (B.3)

1with ‖hµν‖ � 1 and h̄µν = hµν − 1
2ηµνh

2xµ → x′µ = xµ + φµ(x); with ‖∂µφν‖O(‖hµν‖)
3gµν(x)→ g′µν(x′) = ∂xρ

∂x′µ
∂xσ

∂x′ν gρσ(x).
4∂ν h̄µν = 0.
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Under the coordinate transformation, we can choose in such a way that h̄ = 0

(traceless) and some φµ such that h0i = 0 (transverse). Therefore, h̄µν = hµν .

Last, with also the Lorenz condition, we will have,

∂0h00 + ∂ih0i = 0⇒ ∂0h00 = 0; due to transverse condition. (B.4)

This means h00 is constant in time and can be understood as the Newtonian

potential (the static part of gravitational interaction). Since it is a constant, we

can set in the end h00 to be zero. Thus,

h0µ = 0; hii = 0; ∂jhij = 0, (B.5)

where this is defined as the transverse-traceless gauge (TT gauge). In general,

equation B.5 can be written in a better way as,

hTT
ij (t, z) = eij(~k)eikx, (B.6)

where kµ = (ω/c,k) and ω/c = ‖k‖. For the z-axis propagation, our wave

equation becomes,

hTT
ij (t, z) =


h+ h× 0

h× −h+ 0

0 0 0


ij

cos [ω(t− z/c)], (B.7)

where h+ & h× are the polarization amplitudes. The pattern of test masses

passed by gravitational waves can be seen in figure B.1.
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FIGURE B.1: The scheme of the deformation of test masses (dots) passed by gravita-
tional waves based on equation B.7 (taken from [24]).
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