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We investigate the effect of neutrino oscillation on the neutrino (anti-neutrino)
luminosity and the annihilation luminosity of neutrino-dominated accretion flow
(NDAF), or the model of neutrino cooling accretion disk around stellar-mass black hole.
To simplify the model and decrease time consumption, we then adopt the empirical
hydrodynamics solution of the disk from previous studies. The boundary conditions,
including the effect of electron degeneracy and neutrino trapping, are used for a
limited calculation in the fixed radial distance r = 1.473-500 r,. The model is tested
with two key parameters: mass accretion rate (M = 0.1-10 M s) and black hole spin
(a = 0-1). In the absence of neutrino oscillation, we obtain neutrino/anti-neutrino
luminosity of about 10°'-10°* erg s, and consequently, neutrino annihilation
luminosity of about 10°°-10° erg s™. With the neutrino oscillation in the vacuum limit,
we found that the total annihilation luminosity can rise by ~12-20%. However, it is
noticeable that muon neutrino annihilation luminosity decreases by < 8% in the flavor
transition process, while the electron- and tau-neutrino luminosities potentially
increase up to ~34%. Finally, we also investigate the distinction between the CP-
violating phase of the oscillation, where CP =0 and 245°, and discuss the impact

on neutrino annihilation luminosity.
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CHAPTER |
INTRODUCTION

Neutrino is a subatomic particle with a low mass and a neutral charge. These
neutrinos can be produced in weak interactions through the decay processes of a
particle group named “lepton.” The type of neutrinos is differentiated by those origin
leptons, including electron (e), muon (i), and tau (T). However, its size is relatively
small, which makes the interaction effective only at an extremely close distance.
Therefore, neutrino physics has become a challenging topic for research in frontier
science, especially regarding detection. To understand the existence of neutrinos and
their connection in the universe, we still need more precise experimental data, which
requires high-performance detectors, i.e., DUNE, Hyper-K; IceCube, JUNO (Falcone and
Collaboration, 2022), etc. In addition, this also leads scientists to search for prominent
candidate events that could produce an abundance of neutrinos, such as the Big Bang,
cosmic rays, and supernovae. Recently, gamma-ray burst (GRB) was proposed as
another candidate for MeV-neutrino detection since they are the most explosive
events in the universe and can emit a great deal of energy, which may create a vast
number of neutrinos (Narayan, Paczynski, and Piran, 1992). However, the origin of the

GRB formation remains questionable.

Neutrino-dominated accretion flow (NDAF) around rotating black holes, formed
after the collapsar scenario, had been postulated to be the model of the central
engine for GRBs (Popham, Woosley, and Fryer, 1999). The significance of this model is
the cooling mechanisms of the accretion disk that could release a large number of
neutrinos and anti-neutrinos. These particles are emitted from the surface of the
accretion disk, then annihilate and form a relativistic outflow above the disk, in which

the transferred energy is sufficient to drive the GRB.



After that, there were many studies on this model, and more levels of neutrino
physics were taken into account (Kohri, Narayan, and Piran, 2005; W.-X. Chen and
Beloborodov, 2007; Xue, Liu, Gu, and Lu, 2013; Liu, Gu, and Zhang, 2017). For
observation, the predictions of the detection rate of neutrinos from the GRB driven by
the NDAFs were made, and the consequence of the neutrino oscillation effect, which
had been neglected before, was mentioned (Liu, Zhang, Li, Ma, and Xue, 2016). This is
the phenomenon when neutrinos transform their type into another, there was a
consideration of the effect of neutrino oscillation inside the accretion disk, and the
results showed a reduction in the neutrino flux in the luminosity calculation (Uribe,
Becerra-Vergara, and Rueda, 2021). However, neutrino oscillation may occur above the
disk as well as inside the disk. Therefore, both calculations should be considered

simultaneously.

In this work, we investigate the effects of neutrino oscillations on the neutrino
luminosity and annihilation luminosity at the region above the accretion disk of the
NDAF with the neutrino/anti-neutrino pair-annihilation model. To simplify the
calculation, we model the hydrodynamic properties adopted from the empirical
solution from the previous literature (Kohri et al., 2005; W.-X. Chen and Beloborodov,
2007; Xue et al., 2013; Liu et al., 2017). We define some simple boundary conditions,
such as neutrino trapping radius and electron degeneracy, which can determine
thermodynamic properties within the specific region of the disk around radial distance
r = 1.473 - 500 r,. Note that r, = 2GM/c?, G is the gravitational constant, M is the
mass of the black holes, and ¢ is the speed of light. To compare our results to plausible
NDAF sources, we investigate our model with two key parameters: mass accretion rate
(M) and black hole spin (a). Besides, we test our result with the different phases of
neutrino oscillation called the “CP-violating phase.” This phase can differentiate the
oscillation between neutrino and anti-neutrino. Finally, we will discuss the impact of
neutrino oscillation above the disk on the annihilation luminosity. We expect that our
results will provide a more realistic picture of the NDAF black hole model and advance

the study to GRB formation.



CHAPTER Il

LITERATURE REVIEW

In this section, we will discuss the fundamentals of neutrino physics, followed
by the discovery of neutrino detection and, remarkable phenomena, neutrino
oscillation. Then, we will explain the NDAFs model and the development of this model
in the different levels of neutrino physics. Finally, we will discuss the effect of the

neutrino oscillation on our model.

2.1 Fundamental and discovery of neutrino

Even though billions of neutrinos pass through our bodies, only a small number
of neutrinos could be detected because the range of the interaction is extremely small
due to its low mass and no charge. However, this still gives the motivation to the
scientist to detect this particle and a lot of detection methods were proposed. The
model and history of neutrinos will be explained in the following sub-sections.
2.1.1 Neutrino in the Standard Model

At first, in the Standard Model, neutrino is described for an elementary particle
in the lepton group, spin number %2 (one of the quantum states), with no mass and
no charge. The interaction of a neutrino with other particles can be only via weak
interaction with two mediators: Z and W boson. In particle physics, there is a relation
between the spin and the direction of motion, which is called “Helicity”, described by
the handedness (Figure 2.1). In this case, the sign of helicity is defined by whether it’s
spin direction is the same (positive, right-handed) or opposite (negative, left-handed)

direction as its momentum.



In practice, the handedness of neutrino is used in chirality terms, or the intrinsic
properties for transforming particles in chiral symmetry. If the neutrino is massless, the
helicity and chirality will be the same (both handedness). However, the conflict occurs
when the experiment shows that only left-handed neutrinos are measurable.
Therefore, this indicates that neutrinos should be massive instead, and later, in
neutrino physics, will be described in term of Dirac mass Lpjqec = VM,V =

— . 1 -
- Zi3=1 mv;v;, or I\/\ajorana mass, LMajorana = Eli/Jl/)

With this assumption, ones would seek the nature of neutrinos and study their

behavior. The discovery in neutrino physics will be explained in the next sections.

19*%

spin SPIN ey

(left-handed) (right-handed)
Figure 2.1 The handedness of the neutrino.

2.1.2 Discovery of neutrino

In our universe, neutrinos can be produced from various decays via weak
interaction, but the most important reaction is beta decay, introduced by Wolfgang
Pauli in 1930. This process is obtained by balancing the chemical process of the
nucleus that releases electron, with the invincible positive lepton number. To fulfill
the laws of conservation of physics properties, the addition of a tiny particle in opposite
sign of lepton number was included, and later the positive one was called neutrino

(and anti-neutrino, which has negative lepton number).

Neutrino has gained more interest since the observation of electron anti-
neutrino, from nuclear reactor, was discovered in the Reines-Cowan experiment in
1956 (Cowan, Reines, Harrison, Kruse, and McGuire, 1956). This also provided the first
evidence of the existence of neutrinos. At the same time, the theory of neutrino

oscillation was proposed by Bruno Pontecorvo, and was mentioned that neutrino



should have more flavors and could change into another flavor (Pontecorvo, 1958).
After that, the muon neutrino was detected from a pion decay at Brookhaven National

Laboratory.

Then, the new aspect of the extraterrestrial high-energy neutrino experiment
was proposed. The first neutrino from the sun, or solar neutrino, was detected (energy
~ 400 keV to 18 MeV, see Figure 2.2) in 1968 (Davis, Harmer, and Hoffman, 1968). This
experiment left one of the biggest questions about neutrino physics, called solar
neutrino problems, when the number of neutrinos disappeared by two-thirds from the
prediction. However, the problem is resolved by the explanation of neutrino oscillation
when neutrino transforms its flavor into another type, and this was confirmed by the
observation in the collaboration between Super-Kamiokande (Super-K) and Sudbury
Neutrino Observatory (SNO) (Fukuda et al., 1998; Ahmad et al., 2002). At this time, only
two flavors, electron- and muon neutrino, were found before the discovery of tau

neutrino in 2000 (Kodama et al., 2001).

! Chlorine | SuperK, SNO
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Figure 2.2 The solar neutrino flux spectrum and energy (MeV). The color code is the
efficient energy range of each experiment (Gallium, Chlorine, Super-K & SNO) (Bellerive,

2004).



In the golden period of the discovery, several detectors were planned or

finished establishing and looked for the extraterrestrial source that could produce an

abundance of neutrinos, for instance, atmospheric neutrino (Kajita, 2010), supernovae
(Abbasi et al., 2009; Gerhardt et al., 2010; Bellerive, Klein, McDonald, Noble, and Poon,
2016; Yokoyama, 2017) and gamma-ray burst (GRB) (Paczynski and Xu, 1994; Kohri and

Mineshige, 2002). Among of them, the remarkable source should belong to the gamma-

ray burst (GRB) (Narayan et al.,, 1992) since they emit a great deal of energy around

MeV. According to Table 2.1, a few neutrino detectors can also provide data collection

from a detection in the MeV range. However, the origins of the GRBs are still under

discussion. Therefore, this led us to detect more GRBs, and seek for the plausible

candidate of the central engine of these GRBs.

Table 2.1 List of neutrino detectors.

Neutrino detector Location Operation Type of Threshold
detector energy
Davis Homestake Lead, South 1967- Radiochemical 814 keV
(Chlorine) Dakota 1998
Super-Kamiokande  Kamioka, Japan 1996- Water 200 MeV
(Super-K) present Cerenkov
Sudbury Neutrino Creighton Mine, 1999— Water 3.5 MeV
Observatory (SNO) Ontario 2006 Cherenkov
lceCube South Pole, 2006— Water ~10 GeV
Antarctica present Cherenkov
Jiangmen Kaiping, China 2014~ Scintillation 1.8 MeV
Underground present
Neutrino
Observatory (JUNO)
Hyper-Kamiokande Tokai and future Water 200 MeV
(Hyper-K) Kamioka, Japan Cherenkov
LENA European future Scintillation low

(CERN to Finland)




Recently, NDAFs around rotating black hole has become one of the most
discussed topics since it possess high density and high temperature that satisfied the
condition for driving GRB more than other accretion disk models (Popham et al., 1999;
Narayan, Piran, and Kumar, 2001; Gu, Liu, and Lu, 2006; N. Kawanaka and Mineshige,

2007). This model will be discussed in detail in the next section.

2.2 NDAF black hole

Neutrino-dominated accretion flow, or NDAF, is the model of accretion disk
around rotating (Kerr) black holes. This model has been proposed as a prominent
candidate for the central engine of GRBs (Popham et al.,, 1999; Narayan et al., 2001,
Kohri et al., 2005; W.-X. Chen and Beloborodov, 2007; Xue et al., 2013; Liu et al., 2017;
Nagataki, 2018; B.-G. Chen et al., 2022; Wei and Liu, 2022). The notable point of NDAF
disk is the neutrino cooling mechanism, which is capable to drive the GRB (Popham et

al., 1999).

To search for NDAF, some suggested that this accretion disk origins from the
black hole after merger scenarios, such as double neutron star binaries (NS-NS) (Eichler,
Livio, Piran, and Schramm, 1989), neutron star-black hole binaries (NS-BH) (Paczynski,
1991), and the scenario of massive star collapsar (Woosley and Bloom, 2006). Therefore,
NDAF in such scenarios may be the key to understanding how GRBs be formed, and
how neutrinos originated in the universe. The background of NDAF and the application
of neutrino physics will be discussed in the sub-section afterward, followed by the
idea of neutrino oscillation.

2.2.1 History of NDAF model

The black hole is one of the mysterious cosmic subjects and still is the popular
topic of discussion nowadays. However, we cannot directly observe the black hole due
to the effect of gravity capturing the light or the photon inside. Therefore, the structure
of the black hole can be obtained by using the theoretical model to describe the
dynamics around the black hole and analyzing the data obtained by the indirect
evidence. From the past, the accretion disk, a disklike flow of material, was proposed
to be the component around the black hole. The accretion disk system has been

discussed by various models such as Shakura-Sunyaev (SSD) (Shakura and Sunyaev,



1973), slim disk (Abramowicz, Czerny, Lasota, and Szuszkiewicz, 1988), and advection

dominated accretion flow (ADAF) (Narayan and Yi, 1994).

Neutrino-dominated accretion flows (NDAFs) is widely known as the
hyperaccretion disk model with high density and extremely high temperature in the
inner region of the disk (p ~ 10°-10"* ¢/cm® T ~ 10'°-10" K) (Popham et al., 1999).
This accretion disk can be formed in the merger scenarios, while energetic neutrinos
and anti-neutrinos are emitted from the disk surface via the cooling mechanism. The
Neutrino-antineutrino pair will become a part of the annihilation process, and result in
a relativistic electron-positron pair dominated outflow which could powerfully drive
the GRB (Jaroszynski, 1996). In the merger scenarios, the timescale of the evolution is
of 1-100 s. The neutrino luminosity from this neutrino emission can approach 10°°~10>
erg s (Popham et al., 1999; Xue et al,, 2013). At the same time, another mechanism
for driving GRB became an alternative study (e.g., the Blandford-Znajek mechanism),
which also contribute to neutrino emission and neutrino annihilation (Blandford and
Znajek, 1977; McKinney and Gammie, 2004; Hawley and Krolik, 2006; Norita Kawanaka,
Piran, and Krolik, 2013; Norita Kawanaka and Masada, 2019; She, Liu, and Xue, 2022).

Up until now, after the first investigation of Popham, the study of NDAF model
has become widened. One can consider the thin-disk approximation to the neutrino-
cooled accretion disk around stellar-mass black holes and takes into account general
relativistic effects with common parameter: mass accretion rates (M) about 0.01-10
Mg, s*. Followed by the neutrino trapping effect, the bounded radius, that allows
neutrino emission in specific region, occurs as a consequence of opacity (Di Matteo,
Perna, and Narayan, 2002; Gu et al., 2006). The electron degeneracy parameter was
introduced into the model, taking effect to the disk structure and neutrino emission

(Kohri and Mineshige, 2002; Kohri et al., 2005).

From Figure 2.3, the characteristic of the neutrino on the disk are divided into
separated regions according their mechanism (W.-X. Chen and Beloborodov, 2007) (1)
Neutrino trapping region (r < Tip). preventing neutrino to be emitted from the
surface, (I1) Ignition region (Tirap < T < Tigy), Neutrino emission from cooling process

dominates in this region, and (lll) Neutrino opaque region (r =1y, r = 1,) where the



disk becomes opaque for antineutrino and neutrino, related to thermal distribution.
Later, some presented the global solution for NDAF (Xue et al., 2013), considering the

effect of electron degeneracy and mass fraction (Liu et al., 2017; Nagataki, 2018).

I'trap v Iy Tign

\J
-

Figure 2.3 Schematic picture of characteristic radii of NDAFs (Liu et al., 2017).

According to the observation of GRB, no direct evidence related to NDAFs black
hole was discovered. Therefore, this will be a good sign to neutrino physics, if one can
give a more accurate prediction for neutrino detected in merger scenarios, along with
the observation of GRB. Later, ones can estimate MeV neutrinos detection from NDAF
models, as one of the multi-messenger signals (Pan and Yuan, 2012; Liu, Gu, Kawanaka,
and Li, 2015; Caballero, Zielinski, McLaughlin, and Surman, 2016; Liu, Zhang, et al,,
2016; Wei and Liu, 2022). Based on Hyper-K detector, the total rate of neutrino and
anti-neutrino, observed from GRB-related events at distances of 0.61 — 0.77 Mpc, was
estimated to be about 0.10 - 0.25 events per century with an observed energy of 10>
erg st was estimated (Liu, Zhang, et al., 2016), see Table 2.2. However, this results in a
concern that neutrinos can undergo oscillations around black hole as they propagate
or traveling (Pontecorvo, 1958; Fukuda et al., 1998; Ahmad et al., 2002), when a number
of neutrino from origin flavor can decrease in exchange for other flavors (estimated
number in parenthesis in Table 4.2). Therefore, in this system containing a dense
neutrino density, this effect of neutrino oscillation should be taking into account for a

more realistic picture of NDAF model.
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Table 2.2 The detection rate and the optimistic detection rate of electron neutrino,
for SN-related event, with the number of estimated rate including neutrino oscillation

in the parenthesis (Liu, Zhang, et al., 2016).

Observatory Detection rate Optimistic detection rate
Hyper-K ~0.10-0.25 (0.03-0.08) ~1.0-3.0 (0.3-1.0)
JUNO ~0.095 (0.03) ~0.6 (0.2)
LENA ~0.095 (0.03) ~1.0(0.3)

2.2.2 Neutrino oscillation on NDAF

Neutrino oscillation is the phenomenon that changes neutrino flavor from one
to another (electron-, muon-, and tau neutrino). This phenomenon has the potential
to alter the distribution of neutrino flavor over time. This effect has been investigated
in the context of merger events, as the enhancement of nucleosynthesis in the outflow
of the system (Malkus, Kneller, McLaughlin, and Surman, 2012; Frensel, Wu, Volpe, and
Perego, 2017; Tian, Patwardhan, and Fuller, 2017; Wu and Tamborra, 2017; Becerra et
al., 2018). In the NDAF model, the full impact of neutrino oscillations is still incomplete.
This led to the investigation of neutrino oscillation inside the disk, which reported that
the flux of electron neutrino transfer into other flavors and the total luminosity and
annihilation luminosity dropped by a factor of 4-5 (Uribe et al., 2021). They also imply
that the oscillation above the disk, which is still neglected in their work, should be

considered at the same time.

In this work, we investigate the impact of neutrino oscillation on the
annihilation luminosity above the disk within this NDAF framework and discuss the

application in the further study of neutrino oscillation and GRB formation.



CHAPTER llI
METHODOLOGY

This following section is from the manuscript, titled “Neutrino Oscillation
Effects on the Luminosity of Neutrino-Dominated Accretion Flows Around Black Holes”.
It was originally included there in section 2 and 3, the “NEUTRINO-DOMINATED
ACCRETION FLOW MODEL” and “NEUTRINO OSCILLATION”. The manuscript is now

under revision for publication in The Astrophysical Journal (ApJ) in 2024, article in press.

3.1 Geometry and Model Assumptions

Firstly, we employ the NDAF model presented in (Popham et al.,, 1999). The
accretion disk is assumed to be in steady-state where the accretion timescale is
significantly shorter than the evolution timescale of mass accretion rate, and hence
the disk can be characterized into distinctly separated regions (W.-X. Chen and
Beloborodov, 2007), as illustrated in Figure 3.1 We adopt the thin-disk approximation,
where H/r <0.1 - 0.4 ( H is the half-thickness of the disk at radius r measured from
the central black hole). The key parameters governing the hydrodynamic characteristics

of the flow consist of the black hole spin (a) and the mass accretion rate (M).

We set the outer radius of the disk at 1y, = 50074 and the black hole mass
M =3Mg, 11,=2GM/c? where G = 6.67x10° erg” s™" is gravitational constant and
c = 3x10' cm s is the speed of light) to ensure coverage of the emission radius (Xue
et al, 2013). For the innermost region near the black hole, the advection effect
dominates and the flows become optically thick. Consequently, photons and
neutrinos/anti-neutrinos are trapped, precluding radiation emission. The trapping radius
is chosen to be 1y = 1.473 1, which is an intermediate value and found in the cases
of a ~ 0-0.99 and M ~ 0.01-10 Mg st (Xue et al,, 2013). For comparison, we also
look at the case when 1, = 3 1, in order to see the effect of variable 1. Within the

ignition, or emission region (1, < 1 < Tigy), the balancing between the viscous heating
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and the cooling rate is satisfied so that neutrino emission switches on (W.-X. Chen and
Beloborodov, 2007; Zalamea and Beloborodov, 2011). Under this setup, the neutrino
and anti-neutrino emissions from the cooling process within the ignition region, 1, <
r < Tign, Can be calculated. Typically, the emission region extends largely to cover the
area where neutrons and protons dominate the disk before transitioning into a region
dominated by heavy atoms through the nucleosynthesis in the outermost region
(Meyer, 1994; Xue et al.,, 2013; Janiuk, 2014; She et al., 2022), so we assume Tign =
Tout- SUbsequently, the neutrinos and anti-neutrinos emitted from the surface of the
disk propagate through space covering distances dj and d, respectively (as depicted
by arrows in Figure 3.1 before they annihilate. The annihilation luminosity above the
disk, denoted as l,y, are computed for each point. Then, we compute the obtained
total luminosity, comparing between the cases with and without the effects of the

neutrino oscillation, as explained in the following sections.

Gamma-ray burst

VvV-pair annihilation

i

Trap iy Emission Tign Outer

region region region
Figure 3.1 Schematic of a simplified neutrino-cooled accretion disk model (not to
scale). The disk regions are separated into the trapping region (r < 7,), emission
region (ryp <7 < Tigy), and outer region (r < rig,). Neutrino v and anti-neutrino v
emitted from the surface of the disk will propagate through space with distances dj,
and d,, respectively, and will annihilate above the disk yielding annihilation

luminosity L,y at specific points.
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3.2 Disk Temperature and Density Profile

The temperature T and the density p of the accretion disk can be determined
by numerically solving the equation of state of the disk that involves considering
continuity equations and balancing the cooling mechanism with various
thermodynamic properties such as internal energy and pressure (Popham et al., 1999;
Kohri et al., 2005; W.-X. Chen and Beloborodov, 2007; Xue et al., 2013; Liu et al., 2017).
Additionally, the temperature and density profiles depend on the choice of model
assumptions. The inclusion of chemical processes within the flow such as neutrino
trapping effects (Di Matteo et al., 2002), electron degeneracy in neutrino emission (Kohri
et al,, 2005), and photodisintegration for heavy nuclei from nuclear statistical
equilibrium (NSE) (Seitenzahl et al., 2008), all contribute to the cooling mechanism and
result in changes to the thermodynamic properties of the disk. The relativistic
calculation of the hydrodynamic properties of the NDAF, incorporating detailed
neutrino physics, the balance of chemical potentials, photodisintegration, and nuclear
statistical equilibrium, was conducted by (Xue et al., 2013). Later, (Liu, Zhang, et al,,
2016) derived solutions for the disk temperature, which depend on key parameters

including @ and M.

In this work, we employ the empirical solution from (Liu, Zhang, et al., 2016)

to introduce the temperature profile of the disk:

logT (K) = 11.09 + 0.10a + 0.20logm — 0.59logR, [1]
where m = M/(M@S_l) and R = r/r,. To determine the density profile of the
disk, we consider the charge-neutrality constraints for the neutral disk (Liu, Gu, Xue,
and Lu, 2007). Specifically, the number density of protons n, must equal to the

number density of electrons n,- excluding the positron pairs n,+, i.e.

n, = fn—yz = Ng- — N+, [2]
where p and m,, are the density and mass of the proton. Y, is the proton-to-nucleon
ratio (related to proton-neutron number density). In this case, we assume that the
matter is completely dissociated where nuclear statistical equilibrium (NSE) is

neglected (Meyer, 1994) and thus the atomic mass fraction can also be neglected
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(Kohri et al., 2005). Then, one can obtain ¥, in terms of the proton number density n,
and the neutron number density n,, as

Y, = —2 [3]

np+ny,’

In the equilibrium radiation reaction e* + e~ & y + y, the chemical
potential for photons is zero. It follows that pe- + .+ = 0 and we denote the
electron chemical potential p,- = l,. The number density of electron/positron is

given by the Fermi-Dirac integral,

ne =— fooo . p?dp, [4]

e— = 32
R ( p262+m23c41ue>/kBT
e +1

In perfect equilibrium, the precise calculation of the electron chemical
potential is determined by the reaction between protons and neutrons (Kohri et al.,
2005),

wy A p ‘B
()., 7o (=t me) 2

eq
where 1, = U /kgT is the degeneracy of electrons and Q = (mn — mp)c2 ~ 1.29

MeV is the rest-mass difference between a neutrino and a proton. For the conditions
in Equations [3] and [5], we simplify the thermodynamic quantities by fixing the number
of neutrino degeneracy parameter 1, for all disk emission radii with the boundary
condition Y, = 0.5 at the outer radius (Liu et al., 2017). The number density of each
particle: ng-, g+, Ny, Ny, the electron fraction Y, and the matter density p can be
estimated in the simplest way instead of solving complicated non-linear equations.
The obtained parameters T and p are then used to determine the cooling rate and

the luminosity of the disk.

3.3 Cooling Processes and Luminosity

Different from other accretion disk models, NDAF has the cooling mechanism
that provides neutrino emission dominating the disk. The cooling rate due to the
neutrino loss in the cooling process is given by (Di Matteo et al.,, 2002; Kohri et al,,

2005; Liu et al., 2007),

. . (7/8)0T* [6]
Qv =2 Q"i = Li (3/4)[Tvi/2+1/\/§+1/(3ra"’i)]’
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where ¢ is the Stephan-Boltzmann constant. The subscript i runs for three flavors of
neutrinos: electron neutrino (v,), muon neutrino (v,), and tau neutrino (v;). The

neutrino optical depth T, is defined by

Tvi = TS,Vi + Ta,rvi, [7]
where Tg,, and T, represent the neutrino optical depths resulting from scattering

and absorption, respectively. These quantities can be expressed as

TS,Vi = H(oe‘vl.ne + Zj Uj,vin]-), (8]

__ avH 9
Tavi = L7/8)0T® 5]

Here, a,,, and gj,, denote the cross sections of electron and nucleons, respectively.
n, and n; (j=1,23,..) are the number densities of electrons and nucleons,
respectively. Note that n; and n, are the number density of free protons and free
neutrons. gy, is the total neutrino cooling rate (per unit volume) encompassing four
main cooling processes: Urca process, electron-positron annihilation, Bremsstrahlung,
and Plasmon decay. Further details regarding the cross-section calculations are

provided in Appendix A.

The neutrino luminosity can be obtained by integrating the neutrino cooling

rate @, along one-dimensional radius,

b - I TR RN [10]
Tin
where the inner radius for the neutrino emission is set to be 1y, = 1 = 1.473 75, while
the outer radius is set to be 1yt = Tjgn = 500 1. The value 4m refers to the radiation

emitted from all directions in spherical symmetry.

3.4 Annihilation Luminosity

To calculate the neutrino annihilation luminosity from the NDAF model, we
follow the approach outlined in (Popham et al., 1999; Ruffert and Janka, 1999; Rosswog,
Ramirez-Ruiz, and Davies, 2003; Liu et al., 2007; Norita Kawanaka and Masada, 2019).

We create a grid of cells for the disk in the equatorial plane by dividing the disk
logarithmically into 400 bins. A cell k(k") on the disk has its mean neutrino (anti-

neutrino) energy e\’fi(e\',i:) and differential neutrino luminosity l\’,‘i(l\’,il’) for each
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neutrino (anti-neutrino) flavor v; (V;). We calculate 1§, = 4mQ,, ;. Ary by integrating the
cooling rate (Equation [6]) of each flavor of neutrino @y, separately over the surface of
cell k before summing the luminosity over the entire disk surface. Similarly, we
calculate l\’,i: for the anti-neutrino. Note that 73, is the distance from the central black
hole to the center of the cell k, and Aryis the radial size of cell k. Let us denote das
the distance traveled by neutrinos emitted from a specific cell k on the disk to the
annihilation point, and djras the corresponding distance for anti-neutrinos emitted
from another cell k'. The neutrino annihilation luminosity at each specific point above
the disk is given by summing the contributions of neutrino and anti-neutrino radiation

from all pairs of disk cells (Popham et al., 1999),

l{f. lk—, /
Ly =XiA1, de—ézk,diz‘,(e{,‘i + 61’,{ )(1 — oS O1)?, [11]
k
1’15. lk—, e{f.+e£’
+ZiA2,i de_zlzkldv—zl ;( k‘jl (1 — COS Qkkr), [12]
% K EvEy;

2 2
where  Ay; = (1/121%)[0/c(mee®)?] | (Cru; = Can,)” + (Com; + Can,)’| A =
(1/6”2)[0'0/C][(2C13,vi — iji)], and By, is the angle at which neutrinos from cell k
encounter anti-neutrinos from another cell k'. Here, d and € are in cm and erg units,

respectively. All constant values are shown in Appendix A.

The total neutrino annihilation luminosity, Ly, is obtained by integrating over

the whole space outside the black hole and the disk (Xue et al., 2013),

Ly = 4m fHOO f;: Ls(r', z)r'dr'dz, [13]

where 1y, = 1y,

3.5 Neutrino Oscillation

In the calculation of neutrino oscillation effects on the annihilation luminosity,
three neutrino flavor eigenstates (v,, v,,, V¢) and their antiparticles are initially produced
in the cooling mechanism via weak interaction. We assume that they are emitted from
the disk simultaneously. Subsequently, they propagate out of the disk with their mass

eigenstates:

|Vi) = 20{:1,2,3 Uioclvoc)a [14]
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where U;, is the Pontecorvo-Maka-Nakagawa-Sakata (PMNS) matrix, a unitary matrix
describing neutrino mixing (see Appendix B for full details). These neutrinos and anti-
neutrinos oscillate until they reach the specific points above the disk and annihilate.
The traveling distance of neutrino and anti-neutrino are approximated by dj and d;,
which play a role in determining neutrino oscillation behavior as they traverse through
space before annihilating. For simplicity, we further assume that the three neutrino
(anti-neutrino) flavors from the same cell k have neither self-interaction nor interaction
with each other, and the energies carried by these particles are the same at the
annihilation point. Considering that most of the annihilation points are far enough from
the black hole and assuming there is no outflow from the disk in the vertical direction,
then we could treat the oscillation in the vacuum limit. The probability of the flavor

transition from neutrino i (v;) to neutrino j (vj) (Pygovg) is given by

Py = =4 ) (UiaUjaUgUjg) sin’ (1'27‘””2‘/” ek (GeV)
a>p "
+2 Z (UiaUjaUigUjg) sin® <1'27Am33 m>

a>p
where Am§6=m§—m% is the neutrino mass-squared difference. The values

adopted for the normal mass hierarchy, obtained from the global fit of neutrino
oscillation parameters provided by the Particle Data Group (PDG) (Workman et al,,
2022), are Am3, = 7.53 X 107°,Am3, = 2.453 X 1072, and Am3; = Am3; + Am3,.

In the Standard Model, the violation of charge conjugation parity symmetry (CP-
violation) is considered to be a significant factor in distinguishing the flavor transition
of neutrinos from anti-neutrinos (Nunokawa, Parke, and Valle, 2008; T2KCollaboration,
2020). In this work, we compare two cases where the CP-violating phase (8¢p)in the
PMNS matrix is varied to be 0° and 245°.The plausible value of §CP = 245° is based
on the recent global fit of the average CP-violating phase measured in atmospheric
and accelarator experiments: T2K, NOVA, and SKAM (Workman et al.,, 2022). §CP =
245 introduces an extra phase term resulting in the different transition probability

between v; = v; and V, = V, (Nunokawa et al., 2008) as given by

* * . d
Py, = Proy; = 4 Zasp(UiaUjaUipUjp) sin (2.54Am§ﬁ j) [16]
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The transition probabilities (Equations [14]-[15]) are utilized to account for the
change in the total number of neutrinos and anti-neutrinos of the initial flavor before
the neutrino annihilation luminosity (Equation [11]) is calculated. We assume that the
luminosities of flavor i of neutrino and anti-neutrino at the annihilation point from
those cells are given by R, _,, l\’,‘i and Py _y - l\',i:. The rest of the particles turning
into other flavors could transfer their initial energies into other annihilation processes

corresponding to their final flavor states with luminosities PVi_’Vj . l\’fl. and P\TI._)W . l\',il’.



CHAPTER IV
RESULTS

This following section is from the manuscript, titled “Neutrino Oscillation
Effects on the Luminosity of Neutrino-Dominated Accretion Flows Around Black Holes”.
It was originally included there in section 4, the “RESULTS”. The manuscript is now

under revision for publication in The Astrophysical Journal (ApJ) in 2024, article in press.

Firstly, we calculate various thermodynamic quantities, including temperature
(Equation [1]), matter density (Equation [3]), neutrino and anti-neutrino cooling rates
(Equation [6]), and luminosity (Equation [10]) for different mass accretion rates m = 0.1,
1, 10 and black hole spins a = 0, 0.5, 0.99. Figure 4.1 shows the temperature profiles
of the accretion disk when the black hole mass and the half-thickness of the disk are

fixed, as an example, at M = 3 Mg and H/r = 0.1.

T(K)

T - ] 2
10 100 10 107

Figure 4.1 Disk temperature profiles for a = 0.99 (left) when m = 0.1, 1, 10 (dotted,
dashed, and solid lines respectively), and for m = 1 (right) when a = 0, 0.5, 0.99 (dotted,

dashed, and solid lines, respectively).

As previously mentioned, our temperature profile is employed from the
empirical solution derived by (Liu, Zhang, et al., 2016), allowing us to infer the effects
of m and a on T from the coefficients of Equation [1]. As expected, higher temperature

is observed in the cases of higher m and a, and the change in the temperature is more
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sensitive to variations in m than in a. Additionally, the disk temperature increases

towards the innermost region closer to the central black hole.

Figure 4.2 illustrates how the neutrino cooling rate varies across the disk. The
cooling rate scales with the disk temperature and significantly depends on the optical
depth T, which links to the number density of electrons, protons, and neutrons. It is
evident that the cooling rate also increases with m and a. Furthermore, in the inner
region r 5 10 1y, the cooling rate for anti-neutrinos exceeds that of neutrinos. This is
due to the dominance of free nucleons in the dissociated matter, with the number
densities of heavier nuclei being neglected. Therefore, the neutrino emission from
cooling mechanism only depends on free nucleons. According to Equation [5], the
fixed 1, results in the domination of neutrons in the region near a black hole, and

hence the cooling process produces more anti-neutrino than neutrino in this region.
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Figure 4.2 Radial profiles of neutrino cooling rate @, =2; @y, (solid line) and anti-
neutrino cooling rate Qy = ; Qy; (dashed line) as a function of r fora = 0.99 (left),
when m = 0.1,1,10 (green, blue, and red color respectively), and for m = 1 (right),

when a = 0,0.5,0.99 (green, blue, and red color respectively).

Figure 4.3 shows the corresponding neutrino and anti-neutrino luminosities
obtained by integrating the cooling rate over the disk emission radius. The highest
neutrino and anti-neutrino luminosity is obtained from the disk at r ~ 10 7, with the
maximum luminosity reaching approximately 10°3 erg s™! for high accretion rate case
(m =10). Atr = 10 1y, the luminosity decreases, consistent with the trend observed

in the cooling rate. However, we can see that the luminosity drops at the innermost
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region where r S 10 ;. This is because, while the cooling rate at r < 10 1 is high
(Figure 4.2), the responding area is small, so the obtained luminosity over this area

becomes small.

Differential luminosity (erg s—!)
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Figure 4.3 Radial profiles of the neutrino luminosity (solid lines) and anti-neutrino

luminosity (dashed lines) as a continuous function of r for a = 0.99 (left), when m

= 0.1, 1, 10 (green, blue, and red color respectively), and for m = 1 (right), when a

0,0.5,0.99 (green, blue, and red color respectively).

The corresponding annihilation luminosity for all neutrino (anti-neutrino) flavors
is shown in Table 4.1. We compare the results with and without the effect of the
neutrino oscillation. Here, the CP-violating phase is set to be §CP = 0°. For all cases,
the flavor transition in the vacuum results in a reduction of muon neutrino annihilation
luminosity around 4-8%. On the contrary, the electron neutrino luminosity increases
by 12-34%, as a and m increase, while tau neutrino luminaosity increases by 14-34%
as a and m decrease. The reason is that the magnitude of the annihilation luminosity
drops with d* (See Equation [11]) when the mean energy of neutrino (anti-neutrino) is
around MeV. According to Equation [14], at a short distance above the black hole, a
number of energetic v, are transformed with higher probability into v, in higher a and
m region and into v in lower a and m region. In addition, the coupling rate of v, is

higher than that of other neutrinos, leading to a higher total annihilation luminosity.
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Table 4.1 Annihilation luminosity of neutrinos dependent on the spin parameter a
and the unitless mass accretion rate m. Results are presented separately for each
flavor denoted with the subscripts e, and x (i and 1) for the parameters of electron-,
and muon- and tau neutrino, respectively. We compare the cases of the total

annihilation luminosity obtained when neutrino oscillation is neglected (L,3) and when
it is taken into account (Lyx®). Their relative difference defined as ALY:/L 5 =

o0sc,0 . .
(LV; - LV;)/LV\—, is also presented in the last column.

a o Ly, L, TR IR
(erg s (erg s (erg sh) (erg sh)

0 0.1  131x10%°  1.26x10°  1.77x10°  1.35x10°° 0.208

0 1 1.52x10°2  1.81x10%  1.86x10°?  1.96x10% 0.148

0 10 1.05x10°*  1.28x10°*  1.20x10°*  1.47x10* 0.149
05 0.1 449x10°  4.70x10°  598x10°  4.93x10°° 0.188
0.5 1 4.62x10°%  560x10°®  551x10”  6.18x10% 0.142
05 10  279x10°*  336x10°*  3.17x10*  3.83x10* 0.137
099 0.1  1.46x10°"  1.61x10°" 1.89x10°"  1.68x10°! 0.160
099 1 1.38x10”  1.62x10”®  1.56x10°®  1.81x10% 0.146
099 10  7.03x10*  8.42x10°*  7.90x10°*  9.50x10** 0.127

A ¢lobal picture of the relative difference of the total annihilation luminosity
with and without neutrino oscillation when 8CP = 0° is -illustrated in Figure 4.4.
Neutrino oscillation tends to increase the annihilation luminosity by a factor of ~
0.127-0.208. The difference is more pronounced for lower values of a and \dot m.
Since the oscillation term depends on the ratio of the propagating distance per energy
d/e€, an increase of a and m will enhance the mean energies from local areas of the
disk and broaden the oscillation pattern at the same propagating distance, hence

reduce the flavor transition.
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Figure 4.4 Relative annihilation luminosity difference AL /L,y varying with a and .
Note that we define ALSSE /L.y = (Lo%57° — Lyy)/Lyy as the relative difference of the
total annihilation luminosity between the cases when the effect of neutrino oscillation

is included (L257°) and excluded (L,y). The CP-violating phase is 8CP = 0.

Finally, we investigate the effect of the CP-violating phase by introducing the
recent plausible value of 6CP = 245°. We calculate the relative difference of the
annihilation luminosity ALSP/L93%0 = (L239%*% — [2590) /19590 where L5%*** and
L1230 represent the annihilation luminosity for 8CP = 245° and &CP = 0°,
respectively. The result is shown in Figure 4.5. Note that, according to our definition of
ALSE 71230, the plus (minus) value means that the annihilation luminosity in the cases
of 6CP = 245% is more (less) than when 6CP = 0°. As a and m vary, the oscillation
pattern changes in two ways simultaneously. Firstly, the addition of CP-violating phase
can shift the oscillation pattern when the imaginary part in Equation [15] is non-
negligible. Secondly, the energies raised by increasing a and m can slow down the

flavor transformation, thereby broadening the oscillation pattern.
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Figure 4.5 Relative annihilation luminosity difference ALSE/L254° = (L239**° —

L27%) /L2570 varying with @ and 1. This figure highlights the effects of the CP-violating

osc, 24—5and Los_c ,0

phase on the total annihilation luminosity where L3 refer to the cases

when 8CP = 245°and 8CP = 0°, respectively. Plus (red) and minus (blue) values

245 0 ,245 ,0
osc, osc, and L€ < LOEC

indicate the case when L. > Ly , respectively.

0sc,0 05C,245
L2370, and L%

Last but not least, we derive equations of Ly, as functions

of a and m from our model using linear regression fitting. The obtained relations are

logL,; = 52.472 + 0.957a + 1.914 log mn, [17]
logL23*® = 52,537 + 0.952a + 1.907 log m, [18]
logL%%** = 52.529 + 0.951a + 1.906 log . [19]

This allows for a direct comparison between our Ly and those derived by
other authors, such as (Fryer, Woosley, Herant, and Davies, 1999), (Xue et al., 2013),
and (Liu, Xue, Zhao, Zhang, and Zhang, 2016), as presented in the black lines in Figure
4.6. Notably, these authors did not consider the effect of neutrino oscillation in their
calculations. The trend of increasing L,y with a and m is consistent, but the obtained

amplitudes of L,y are different. Additionally, in Figure 4.6 we also show in red lines

the derived relation for L%°, corresponding to the case where neutrino oscillation
with §CP = 0° is taken into account. Interestingly, the impact of neutrino oscillation
on the annihilation luminosity appears to be less significant compared to the variations
resulting from different assumptions made in the NDAF models used among different

authors.
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Figure 4.6 Comparison of results in the annihilation luminosity with neutrino oscillation
L2550 for 5CP = 0° (red solid line), and without neutrino oscillation Lyg (black solid
line), based on the Equations [16]-[17] derived from the fits with a and m using linear
regression method. The panels show the different fits between a = 0 (left), and a =
0.99 (right). Note that the annihilation luminosity for 6CP = 0° is not much different
from 6CP = 245°. Results are compared with the fit obtained by (Fryer et al., 1999)
(dash-dotted line), (Xue et al., 2013) (dashed line), and (Liu, Xue, et al., 2016) (dotted

line).



CHAPTER V
DISCUSSION AND CONCLUSION

This following section is from the manuscript, titled “Neutrino Oscillation
Effects on the Luminosity of Neutrino-Dominated Accretion Flows Around Black Holes”.
It was originally included there in section 5, the “DISCUSSION AND CONCLUSION”. The
manuscript is now under revision for publication in The Astrophysical Journal (ApJ) in

2024, article in press.

In this work, we investigate the neutrino/anti-neutrino luminosity and
annihilation luminosity from the NDAF system by focusing on the effects of the
neutrino oscillation above the accretion disk. The disk is assumed to be thin so that
the thin disk approximation can be applied (e.c. (Popham et al., 1999)), and the analytic
solution for the temperature profiles of the disk is utilized (Xue et al., 2013; Liu, Xue,
et al,, 2016). The neutrino emission occurs at the ignition region of the disk where
1.473 ry < r < 500 7. We ignore nucleosynthesis when treating the disk consisting of
dissociated matter. Under these conditions, the calculations for all disk profiles require

significantly less time.

While electron degeneracy is a crucial factor for the thermal distribution (Kohri
and Mineshige, 2002; Kohri et al., 2005), maintaining Y, in charge-neutrality constraints
can be considered instead when Y, relates to the perfect equilibrium of neutrons and
protons. Under this condition, thermal distribution will primarily rely on temperature,
simplifying the luminosity calculation. Our luminosity profiles of the disk are well
consistent with previous works, with the maximum luminosity approximately 10°° erg
s for an extreme accretion rate of m = 10 (Popham et al., 1999; Xue et al., 2013; Liu
et al,, 2017). The peak luminosity is observed at a characteristic radius of r ~ 10 g
where the anti-neutrino emission dominates further in and the neutrino emission
dominates further out, comparable to what is presented in (W.-X. Chen and

Beloborodov, 2007).
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Then, we investigate the annihilation luminosity with and without taking into
account neutrino oscillation above the disk. When increasing either a or m, the
neutrino emission (cooling rate) increases. This leads to an increase in the total
neutrino luminosity and annihilation luminosity. The annihilation luminosity without

0°° erg s, depending on a and 1. Although, in

oscillation ranges between 10°° — 1
this work, we fix 13, = 1y, = 1.473 1, which is the intermediate value reported in (Xue
et al,, 2013). We also explore the case when 1y, = 3 Ty (Kohri et al., 2005; N. Kawanaka
and Mineshige, 2007). The total annihilation luminosity is found to decrease by a factor
of ~ 2 — 3 compared to the result obtained when we fix rj, = 1.473 ry.Therefore, the
choices of 1y, mentioned above do not significantly affect the order of magnitude of

the obtained luminosity.

Referring to the pioneering work of (Popham et al., 1999), (Fryer et al.,, 1999)
utilized that result of annihilation luminosity and fitted it in the range of m = 0.01-0.1.
Then, (Xue et al., 2013) performed a calculation with a more detailed understanding
of neutrino physics. The results of this model are fitted to a wide range of accretion
rates m = 0.01-10, while the growth of the luminosity tends to decrease compared to
(Fryer et al,, 1999). Later, (Liu et al., 2017) extended the numerical solution of (Xue et
al., 2013) by including the mass dependence and fitting it in the range of m = 0.01 —
0.5. The fitting line slope of annihilation luminosity is consistent with (Fryer et al., 1999),
but the luminosity increases more rapidly than (Xue et al., 2013). The conclusion is
that the increase in annihilation luminosity diminishes in higsh m due to neutrino
trapping. In this work, we apply the calculation in (Xue et al, 2013) and fit the
annihilation luminosity with m = 0.1-10 using linear regression. Our luminosity
increases with m analogous to (Xue et al.,, 2013), but we obtain a greater magnitude
of ~ 2 orders. This is due to our oversimplification of electron degeneracy and

neutrino trapping effects.

When taking into account the neutrino oscillation in a vacuum above the disk,
the flavor transition raises the magnitude of the annihilation luminosity by 12-20% as
a and m decrease. This is because the decrease in energy leads to a higher oscillation

frequency and, hence, more frequent flavor transitions. Specifically, transitions from
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muon flavor into other flavors occur with high probability. This results in the decrease
of the muon neutrino annihilation luminosity by up to 8%, and the increase of the
electron- and tau-neutrino luminosities by up to 34% as shown in Table 4.1.
Additionally, in higher energy regimes (high a and m), the transition from muon flavor
is dominated by electron flavor, while in lower energy regimes (low a and m) it is
dominated by tau flavor. This highlights the important role of energy, which depends
on the specific setup of each NDAF model, in dictating neutrino oscillation behavior in

this system.

On the other hand, (Uribe et al., 2021) found that the effect of oscillation inside
the disk results in the flavor equipartition suppressing the electron neutrino cooling
rate but increasing the muon- and tau-neutrino cooling rates. While the model
presented in (Uribe et al., 2021) predicts a higher annihilation luminosity compared to
other previous works such as (Popham et al,, 1999; Xue et al,, 2013; Liu et al,, 2017),
they suggested a decrease in the total annihilation luminosity by as much as 80% due
to the neutrino oscillation inside the disk. Therefore, the effect of neutrino oscillation
inside the disk (with decreasing luminosity) may compensate for the effect above the
disk (with increasing luminosity) so that the net effect is less pronounced. Based on
the observed data, the majority of GRB luminosities exceed ~ 10°! erg s (Pescalli et
al., 2016). Therefore, even if we consider the effect of neutrino oscillation, including
both inside and above the disk, the energy transferred from annihilation into the

relativistic electron-positron outflow may still be sufficient for GRB formation.

The T2K experiment identified CP-violation through the observation of muon
flavor transforming into electron flavor for both neutrinos and anti-neutrinos
(T2KCollaboration, 2020). In our investigation, we explore scenarios where most muons
transition into other flavors, including the CP-violating phase. However, our results
suggest that changes in neutrino (anti-neutrino) energies play a more significant role
than the CP-violating phase. This is attributed to the higher sensitivity of the oscillation
frequency compared to the phase shift. Also, we found that the relative difference in
annihilation luminosity between 8CP = 0° and §CP = 245° is of the order of 107%;

this suggests that the CP-violation in vacuum oscillation has minimal impact on
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neutrino annihilation. Consequently, detecting the effect of CP-violation on the

formation of GRBs remains challenging.

Finally, we suggest that a more comprehensive model, exploring hydrodynamic
flow and considering all possible interactions, should be considered. Improvements to
the annihilation model could involve incorporating additional effects such as matter
oscillation and neutrino-self interaction (Li and Siegel, 2021; Just et al,, 2022) with
realistic outflow. Additionally, the ray-tracing method (Liu, Zhang, et al., 2016) could

be helpful in precisely tracking neutrinos and anti-neutrinos over distances.

As mentioned in Sections 3.43.5, the interpretation of neutrino oscillation
should be important for flavor transition in the NDAF model. This is because the
interactions between neutrinos and antineutrinos with the disk can be considered in a
variety of ways. Also, the CP-asymmetry of these particles leads to a different pattern
of probability, and this effect accumulates in each step of the mechanism in the model.
For future work, we aim to calculate all the possible flavor oscillations of the model,

especially inside and above the disk.
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APPENDIX A
NEUTRINO EMISSION

This following section is from the manuscript, titled “Neutrino Oscillation Effects on
the Luminosity of Neutrino-Dominated Accretion Flows Around Black Holes”. It was originally
included there in Appendix A, the “NEUTRINO EMISSION” and “OSCILLATION PARAMETERS”.
The manuscript is now under revision for publication in The Astrophysical Journal (ApJ) in 2024,

article in press.

The major cross sections from scattering off electrons, free protons, free neutrons and

other elements particles are given by (Liu et al., 2017),

3kgTooEy, s
Gon = —gmer (1 +5) [ G + Can)™ 35 (G = Can) ), [20]
Eg
O'nl,vl - 2 l[(CVVl i 1) + 3gA(CAV 1) ] [21]
Ony; = %% [22)
O, = °E“l (Z; + N) [1 -- (1~ 2sin ew)] [23]

— 2 2)2 q —a4 —49 3 .
where o, = 4G} (m,c?) /n(hc) ~ 171 X 10 “cm ,GF ~ 1436 X 10 “erg cm’, E,, is the mean
energy of neutrinos in unit of (M,c?), ga ~ 1.26,sin’ By, ~ 0.23, Z; and N; are defined as the

number of proton and neutrons of a nucleus Xj, and Cy,, = 1/2 + 2sin’ By, CV:"u =Cyy, =

—1/2+ 2sin’ Oy, , Gy, = Cavy = Caye = 1/2,andCyy. = Capy.= Cay, = —1/2.

Qv; = Qurca T Qe +et—vi+v, T Antnon+n+vi+v, T Qyov;+v;- [24]
First, quycq is from the Urca process included in the proton-rich NSE (Xue et al., 2013).
This process plays an important role in neutrino radiation and relates only to electron neutrino.
There are four major terms for electrons, positrons, free protons, free neutrons and nucleons

(N. Kawanaka and Mineshige, 2007; Liu et al., 2007), which are expressed by

Qurca = Qp+e_—>n+ve + qn+e+—>p+ﬂ + qn—>p+e‘+% + qu+e_—>X]'-+ve’ [25]
with
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where cos’0, = 0.947,Q = (mn — mp)cz, Q' ~py —u, +A4,p, and w, are the chemical
potential of protons and neutrons in their own nuclei, A = 3 MeV is the energy of the neutron

1f;/,state above the ground state. f(E,1) is the Fermi-Dirac distribution function given by

1

f(El n) 3 e(E/kBT)_n+1, [30]
where E is the energy in unit (m,c?),
0, 7, < 20
Ny(Z) =1 Z;=20, 20 < Z <28 [31]
8 7 > 28,
6, N, < 34,
Nu(N;) =4 40— N; 34 < N; < 40, [32]
0, N; > 40,

The second process is from the electron-positron pair annihilation into neutrinos

e +e*—v;+v,- THis term can be neglected when electrons are in a degenerate state (Kohri et

al., 2005).

The third one is from the nucleon-nucleon bremsstrahlung gn4nontnsv,+v,- 1he rate
is the same for three flavors of neutrinos (Itoh, Hayashi, Nishikawa, and Kohyama, 1996; Di

Matteo et al.,, 2002; Liu et al., 2017),

Tn+nontntviy; = 1.5 X 10%7pfoT5° erg cm?™ s™. [33]
The final main process is the plasmon decay gy_y,+v,, Where plasmons ¥ are photons

interacting with electrons (N. Kawanaka and Mineshige, 2007),

m* ogc  (kgT)°

q7—>\}e+w = 60* CV,Ve (meCZ)Z (Z‘ITT)GY6 X (YZ + Zy + 2) exp(_Y); [34]
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X (y? + 2y + 2) exp(-y),
o* =~ 1/137 is the fine-structure constant and y = 5.565 x 1072[(n? + 3n2)/3]"/2.
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APPENDIX B
OSCILLATION PARAMETERS

This following section is from the manuscript, titled “Neutrino Oscillation Effects on
the Luminosity of Neutrino-Dominated Accretion Flows Around Black Holes”. It was originally
included there in appendix A, the “NEUTRINO EMISSION” and “OSCILLATION PARAMETERS”.
The manuscript is now under revision for publication in The Astrophysical Journal (ApJ) in 2024,

article in press.

Without considering the matter oscillation, self-interaction, and/or other interactions,
the neutrino oscillation is calculated in the vacuum limit. If one assumes that the neutrino is
not Majorana particle, the unitary transformation for any flavors is described by the

Pontecorvo-Maki-Nakagawa—-Sakata matrix (PMNS matrix) given by

—i8CP
C12C23 $12€23 S13€
— i8CP iscp
U = | —812€23 — C12523513€ C12C23 — 512513523€ C13S23 ) [36]
isCP iscp
§12823 — €12€23513€ —C12523 — §12513C23€ C13C23

where cqg = €05 O4g, and sqg = sin B, and the values 8;, = 33.65°, 6,35 =

47.64°, and 0,3 = 8.53°, are taken from PDG.
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