PHYSICAL REVIEW D 94, 025026 (2016)

Neutrinos from type Ia supernovae: The deflagration-to-detonation
transition scenario

Warren P. Wright,l’* Gautam Nagarag',l’+ James P. Kneller,”IE Kate Scholberg,z’§ and Ivo R. Seitenzahl

1Department of Physics, North Carolina State University, Raleigh, North Carolina 27695, USA
*Department of Physics, Duke University, Durham, North Carolina 27708, USA
3Research School of Astronomy and Astrophysics, Australian National University,
Canberra, Australia Capital Territory 2611, Australia
*ARC Centre of Excellence for All-Sky Astrophysics (CAASTRO)
(Received 11 May 2016; published 19 July 2016)

It has long been recognized that the neutrinos detected from the next core-collapse supernova in the
Galaxy have the potential to reveal important information about the dynamics of the explosion and the
nucleosynthesis conditions as well as allowing us to probe the properties of the neutrino itself.
The neutrinos emitted from thermonuclear—type Ia—supernovae also possess the same potential,
although these supernovae are dimmer neutrino sources. For the first time, we calculate the time, energy,
line of sight, and neutrino-flavor-dependent features of the neutrino signal expected from a three-
dimensional delayed-detonation explosion simulation, where a deflagration-to-detonation transition
triggers the complete disruption of a near-Chandrasekhar mass carbon-oxygen white dwarf. We also
calculate the neutrino flavor evolution along eight lines of sight through the simulation as a function of time
and energy using an exact three-flavor transformation code. We identify a characteristic spectral peak at
~10 MeV as a signature of electron captures on copper. This peak is a potentially distinguishing feature of
explosion models since it reflects the nucleosynthesis conditions early in the explosion. We simulate the
event rates in the Super-K, Hyper-K, JUNO, and DUNE neutrino detectors with the SNOwGLoBES event
rate calculation software and also compute the IceCube signal. Hyper-K will be able to detect neutrinos
from our model out to a distance of ~10 kpc. At 1 kpc, JUNO, Super-K, and DUNE would register a few

34

events while IceCube and Hyper-K would register several tens of events.

DOI: 10.1103/PhysRevD.94.025026

I. INTRODUCTION

Type la supernovae (SNe Ia) hold a special place in our
understanding of the Universe. SNe la act as standard
candles [1,2] for astronomical distance measurements.
Most famously, this quality of SNe Ia as distance indicators
was used to show that our Universe is expanding at an
accelerating rate [3-5]. Despite their importance, little is
conclusively known about SN Ia progenitors and their
explosion mechanism. The standard theory is that a SN Ia is
a thermonuclear explosion of a white dwarf (WD) that
gained enough mass to trigger explosive carbon burning.
The mass gain mechanism is usually thought to be through
interaction with a binary companion, although whether
that system is single or double degenerate (or some other
variant) remains unclear (see [6,7] for reviews). Regarding
the explosion mechanism, many candidates have been
studied. From the first pure detonation [8] and pure
deflagration [9] models to a plethora of more modern
models including the delayed-detonation transition (DDT)
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model, the gravitationally confined detonation model, the
pulsational reverse detonation model, and many others
(for a recent review see [10] and the references therein).

One reason why the progenitor problem remains unset-
tled is that, unlike for core-collapse SNe, no progenitor or
companion stars have been identified in archival preexplo-
sion images, with one exception. The exception is the
identification in archival Hubble Space Telescope images
of the likely companion star of SN 20127 [11]. However,
SN 20127 was not spectroscopically normal and belongs to
a faint subclass of SNe Ia, the so-called 2002cx-like (or also
Iax) SNe. To date, no preexplosion identification of either
the progenitor or the companion star for “normal” SNe Ia
has been successful.

Attempts to pinpoint the progenitor system based on the
predicted spectral time evolution of the optical emission are
often inconclusive [12]. The same holds for the inverse
process of reconstructing the composition from the
observed spectral evolution, i.e., abundance tomography
[13-16]. Efforts that compare the observed SN rate to
predictions of the hypothesized formation channels from
binary population synthesis calculations [17-23] are also
inconclusive. Numerous other approaches that aim to
identify the progenitor systems via more or less compelling
observable signatures exist, including searching for the
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signature of the shocked companion [24-26], time-variable
Na absorption features [27-29], late-time bolometric light
curves [30-32], gamma-ray emission [33—35], the chemical
composition of supernova remnants [36,37], searching for
surviving companion stars in supernova remnants [38—40],
galactic chemical evolution [41,42], or radio emission
from potential interaction with the circumstellar medium
[43-45]. However, the question of the nature of the
progenitor systems of spectroscopically normal SNe Ia
remains unanswered. A Galactic SN Ia would obviously
be of immense value in settling the debate, at least for
that particular event. The Galactic SN Ia rate as given by
Adams et al. [46] of 1.47)g per century is 30% of the total
supernovae rate, and the same authors give the most
probable distance to a Galactic SN Ia as d =9 kpc. We
will use 10 kpc as a standard distance.

An observational signal that could help bring clarity to
the SN Ia progenitor and explosion mechanism debate is the
neutrino signal produced by a SN Ia [47]. Neutrinos from a
core-collapse supernova were observed in 1987 [48-50]
and, despite its paucity, the signal was fully exploited in
order to extract competitive limits on multiple neutrino
properties as well as testing the basic paradigm of core
collapse. Should the next burst from a core-collapse super-
nova arrive tomorrow, many more events will be recorded
for the very simple reason that, compared to the size and
scale of detectors operating in 1987, present-day detectors
such as Baksan [51], Super-Kamiokande [52], LVD [53],
KamLAND [54], MiniBOONE [55], Borexino [56], Daya
Bay [57], and the dedicated supernova burst detector
HALO [58] are much larger and/or more sensitive to lower
energies or to a broader set of channels. The burst would
also be recorded in IceCube [59] and Antares [60] but with
no event-by-event energy resolution. Future detectors such
as Hyper-Kamiokande [61], DUNE [62], JUNO [63], and
KM3NeT [64] will have larger statistics and even broader
flavor sensitivity. In comparison to core-collapse super-
novae, the flux of neutrinos from SNe Ia is smaller by about
4 orders of magnitude and the spectrum has a lower mean
energy. On the plus side, the relatively low flux makes
computing the flavor transformation through the supernova
simple: the only effect one needs to include is the effect of
matter. The neutrino self-interaction effect [65,66] does not
occur. However, as in core-collapse supernovae, the matter
effect is not stationary over the duration of the neutrino
burst and models of SNe Ia show the star does not explode
with spherical symmetry and so one might expect some
degree of line-of-sight dependence.

The goal of this paper is to compute the signal from a
deflagration-to-detonation transition SN Ia as completely as
possible by including the time, energy, and line-of-sight
dependence of the flavor evolution through the supernova
and the time dependence of the neutrino spectrum. The
simulation we adopt is the DDT SN Ia by Seitenzahl et al.
[67]. We restrict our attention to this one particular model in
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order to explain the many details of the calculation and
leave alternative explosion mechanisms for future inves-
tigation. The paper will proceed as follows: in Sec. II we
describe the particular DDT SN Ia model used, while
Sec. III describes how the neutrino spectrum is computed.
In Sec. IV we show how neutrino oscillations are taken
into account and briefly describe the various oscillation
phenomena that can occur. The detection of the neutrinos
at Earth-based detectors is discussed in Sec. VI and we
conclude with Sec. VIL

II. SUPERNOVA SIMULATION

The first step in computing the neutrino signal from the
DDT scenario for SNe Ia is a simulation. The particular
simulation explored here is the N100v model described
in detail in [67,68]. We include a short description for
completeness. The key feature of this model is that the
deflagration-to-detonation transition is delayed. This delay
allows the deflagration flame to produce enough inter-
mediate mass elements before the detonation takes over
[69]. The initial stellar setup has a central density of
p~3x10° g/cm?, a mass of M = 1.4Mg,,, a radius of
R~ 2 x 108 cm and is set up as a cold (T =5 x 10° K)
carbon oxygen white dwarf. This stellar setup is then
hydrodynamically evolved using the thermonuclear super-
nova code LEAFS. The initial deflagration is seeded and the
transition to detonation is modeled stochastically [70]. From
the neutrino perspective, the densities of the stellar material
are not high enough to trap them. Thus the WD is transparent
to neutrinos and the N100v model takes this internal energy
loss due to neutrino emission into account dynamically.

Figure 1 shows the density of the SN at r = 0.8 s. The
white contours represent the edges of the 3D deflagration

FIG. 1. Density plot of an N100r model at # = 0.8 s. The white
surface shows the location of the deflagration flame front,
separating the nuclear ashes from the fuel.
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flame surface and the colored areas represent the 2D
density of the star for the z = 0 slice. The deflagration
contours represent discontinuities in the density, which
need to be accounted for to accurately model neutrino
propagation through the star. It is also in the hot zones
consisting of deflagration ash where the majority of the
neutrinos are produced.

III. NEUTRINO PRODUCTION

While the N100r model does compute the energy loss
to neutrinos, it does not compute the neutrino emission
spectrum. In order to compute the neutrino spectrum we
postprocess the simulation using the software package
NuLib [71]. NuLib is an open-source neutrino interaction
library that can be used to calculate neutrino emissivities,
scattering opacities, and absorption opacities. The stellar
equation of state (EOS) used in our implementation of
NuLib is calculated in [72] and translated for NuLib by [73].
Weak interactions are calculated in NuLib via rates tables
from [74—77] and an approximation scheme for the spectrum
is described in [71]. Thermal neutrino pair production
spectra are calculated using the equations derived in [78].

A. Calculation strategy

The N100v model gives the following data at each point
on a 512 x 512 x 512 Cartesian grid: nuclear pseudoabun-
dances, density, temperature, and electron fraction. This set
of data is used to set up the EOS, which is then used to
calculate the weak and thermal neutrino emissivities. While
the SFHo [72] EOS is designed to describe core-collapse
supernova environments, it is valid for any region that is in
nuclear statistical equilibrium (NSE) where 7 > 3 x 10° K.
The material in NSE [79] accounts for the vast majority of
the neutrino emission. Thus our calculation strategy is to
only compute the neutrino emissivity from NSE zones from
the N100r model and to ignore the remainder. We shall
show that the “NSE only” strategy gives neutrino lumi-
nosities in good agreement with those calculated by the
N100v model itself.

B. Neutrino processes

The many processes that could produce neutrinos are
usually divided into weak and thermal processes. Weak
processes only produce electron and antielectron flavor
neutrinos and thermal processes produce neutrinos of all
flavors. The weak processes that are included here are

pte —->n+vu,, (1)

n+et - p+ro,, (2)

e +(AZ2) > (A, Z-1)+v,, (3)
et+(A,Z-1)-> (A Z) +1,. (4)
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p* decays are not considered because the time window of
significant neutrino emission is shorter than the decay
time. Furthermore f~ decays are often Fermi blocked
because of electron degeneracy. The weak rates are heavily
dependent on the composition of the material, which is
itself heavily dependent on the density, temperature, and
electron fraction.

There are many different sources of thermal neutrinos in
stellar environments, pair, photo, plasma, bremsstrahlung,
and recombination. Each dominates under different
circumstances but for NSE material, pair neutrinos arising
from electron positron annihilation are the dominant
contributor,

e T S e (5)

Only pair thermal neutrinos are included in our calcula-
tions. Thermal neutrinos are especially important because
only thermal processes can produce neutrinos of y and 7
flavor. However, weak processes greatly dominate over
thermal processes during the periods of maximum neutrino
emission.

As a validation of the NSE only strategy with only the
nuclear processes described by Egs. (1)—(5), consider
Fig. 2. Figure 2 plots three total luminosities for the energy
range 0.01 < E, < 100 MeV. The blue dots represent all
v, luminosity arising from processes (1) and (3). The black
squares represent all 7, luminosity arising from processes
(2) and (4). The red diamonds represent all v and v
luminosity arising from process (5). The blue, black, and
red lines are those computed in [67]. The agreement
between the values calculated via NuLib and the values
dynamically calculated in the N100r model is remarkable.
The agreement is less good for 7,, which is a reflection of
the fact that [67] included 5+ decays in the NSE material by
implementing the tables of [79]. The small differences are
not worrisome because 7, emission is dominated by pair
production, which has much better agreement. Not includ-
ing * decays is therefore justified. One important feature
is that the NuLib rates also reveal the double peak structure
present in the N100r model [67]. The second peak
represents the DDT and its delay until 1.3 s is a crucial
feature of the N100r model.

C. Neutrino production spectral results

The results of the neutrino luminosity spectral calcu-
lation are shown in Fig. 3 calculated by postprocessing the
N100v data through NuLib. Only the processes described
by Egs. (1)-(5) are included and only the contributions
from NSE (T > 3 x 10° K) zones are summed.

Figure 3 reveals similarities in the luminosities of v, 7,
v, and U,. These similarities are because the emissivities of
these flavors are completely dominated by thermal emis-
sion. Thermal emission mostly dominates the v, emission
as well, but the contributions from the processes described
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FIG. 2. Total neutrino luminosity from the N100rv model as a function of elapsed time. The different colors represent the different
nuclear processes that contribute to the luminosity. The points are calculated via NuLib and the lines are those calculated in [67].

in Eqgs. (2) and (4) are significant, especially at low energy
(<1 MeV) and early times (<0.5 s). Lastly, the v, lumi-
nosity is dominated by weak processes at early times
(<1 s) and after that, weak and thermal processes are
equally important.

The most interesting feature of Fig. 3 is the v, luminosity
spectrum. First, at all times and energies the v, luminosity
is orders of magnitude greater than all the other flavors.
This is not surprising because the explosive nucleosynthe-
sis in SNe Ia populates the proton-rich side of the valley of

stability in the nuclear chart, and thus the processes
described by Eqs. (1) and (3) dominate.

The next feature of interest in the v, luminosity spectrum
is the 10 MeV peak that begins to form at f = 1 s into the
explosion. This peak is the most notable feature and its
source is the weak process described in Eq. (3). Figure 4
shows which nuclei are responsible for the spectral
shape of the v, luminosity. Below ~7 MeV the luminosity
is dominated by nickel (**Ni below ~3 MeV and >>Ni
between ~3 MeV and ~7 MeV). But above ~7 MeV the
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described by Egs. (1)-(5).
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Total neutrino luminosity from the N100r model. The curve represents the sum of the NSE contributions from the processes
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v, luminosity from electron capture on nuclei for dominant nuclear species for the t = 1.5 s time slice. The colored curves

represent specific species contributions and the gray curve represents the total contribution from all 8140 species considered by NuLib.

The bottom graph plots the error.

contributions from iron, cobalt, and then copper dominate.
The important point is that the 10 MeV peak is mostly
caused by electron capture on copper. In particular, the
isotopes °’Cu, 3Co, and 3'Fe are responsible for the
10 MeV peak.

The 10 MeV peak is a very interesting feature because if
it is ever experimentally seen it could give information
about the nuclear composition of the SN in a neutrino
signal. In Sec. VI we shall pay particular attention to the
question of whether this feature can be observed. However,
before these neutrinos can be detected on Earth, they
must first oscillate through the SN material and traverse
the interstellar medium, which for our purposes can be
approximated as vacuum.

IV. NEUTRINO OSCILLATION

The flavor structure of the neutrino flux through a
detector on Earth will not be the flavor composition of
the flux at the source. This phenomenon of neutrino-flavor
oscillations will modify the flavor content and one must
take the change into account before one can predict the
event rate in a given detector. The oscillations depend on
many factors, in particular, the density and electron fraction
of the medium through which the neutrinos propagate.
These quantities evolve with time as the supernova pro-
ceeds, leading to new time dependent features in the flux.

The second process that needs to be taken into account is
the decoherence of the neutrino through the vacuum.
Decoherence occurs because the propagation distance is
much larger than the coherence length [80]. The one flavor
transformation process that we do not need to include is
neutrino self interactions—see [81,82] for reviews of this
very interesting physics. The reason is that the neutrino
flux is too small for self-interactions to play a significant
role.

A. Theoretical setup

The quantum mechanical phenomenon of neutrino
oscillations is a consequence of the mismatch between
the neutrino mass eigenstates and interaction/flavor
eigenstates. The evolution matrix SYX)(r,, r,) relates the
neutrino states in some basis (X) at some initial position ry
to the states in a possibly different basis (Y) at r,.
The transition probabilities from some state x in (X) to

state y in (Y), denoted by ng) (ro, 1), are calculated from

the elements of S by PI*) = |SY)2. The two bases
we refer to are the flavor and mass bases. The two bases
are related by a unitary “mixing” matrix U which is
parametrized in terms of three mixing angles, 0,, 6,3,
013, and a CP-violating phase dcp. Other possible phases
in the standard paradigm do not influence the outcome of
neutrino oscillations. In terms of these parameters U is
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1 0 0 C13 0 S13€_i5CP
U= O Co3 §$73 0 1 0
€23

0 —sp —syze’r 0 €13
cp s 0
x| =sp cp 0],
0 0 1

with ¢;; = cos®;; and s;; = sin0;;. The evolution matrix
in any basis can be computed from the Schrodinger
equation

dSXX)
! dr

= HX) §(XX) (6)

The Hamiltonian A is the sum of two terms: a vacuum term
Hy and a matter term H ;. The vacuum Hamiltonian in the
flavor basis depends upon the neutrino energy E and is
given by

. m 0 0

/

HY =-ul 0 md o U, (7)
0 0 mi

with m; being the neutrino masses. The oscillation param-
eter values chosen for these and all results in this paper are

(m% - m%, |m% - m%| 012,03, 92375@)

= (7.5 x 107 eV?2,2.32 x 1073 eV?,33.9°,9°,45°,0).
(8)
We shall explore both signs for the difference m3 — m3: the
positive difference is the normal mass ordering (NMO) and
the negative choice the inverted mass ordering (IMO).
The matter Hamiltonian arises due to a difference
between the interaction of electron flavor neutrinos/
antineutrinos with the medium compared to the y and 7
flavors. The interaction can be described by an effective
potential [83,84] which leads to the Hamiltonian in the
flavor basis given by

1
HY) = V2Gn,| 0 (9)
0

oS O O
o O O

where G is the Fermi constant and n, is the electron
number density. The electron density can be rewritten as
n, = Y,ny, where Y, is the electron fraction and ny the
nucleon density. The electron fraction and the nucleon
density are provided by the simulation. But before inserting
Y,.(r) and ny(r) into a neutrino evolution code, we must
take care to correctly insert the discontinuities due to both
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the deflagration and detonation flame fronts. It has been
shown by Lund and Kneller [85] that a failure to properly
account for discontinuities leads to errors in the transition
probabilities.

The neutrino evolution is computed using the code SA.
While it is possible to solve the neutrino-flavor evolution
using Eq. (6) in any basis, in practice the neutrinos
propagate over such large distances compared to the
oscillation length that it can become very computationally
expensive if the basis is not chosen wisely. Efficiency can
be greatly improved by moving to the adiabatic basis as
described in [86]. Working in this basis, the evolution
matrix S is parametrized by a set of 11 variables—three
adiabatic phases and eight variables—to describe the
unitary matrix that accounts for the departure from the
adiabatic solution. We solve the set of differential equations
from the center of the simulation along a given ray through
the simulation to the edge of the data. The transition
probabilities between matter basis states are the most
suitable for describing the neutrino evolution through the
supernova because (a) the transition probabilities do not
depend upon the exact point where one stops the calcu-
lation (as would occur in the flavor basis) and (b) the matter
states are the local eigenstates of the neutrino, so one can
describe the evolution as being adiabatic or diabatic
depending on whether the survival probabilities, Pflm >,
are close to unity or zero respectively. The evolution matrix
(and the associated transition probabilities) in any other
basis can be obtained by applying suitable unitary trans-
formations at either the initial or final point of the
integration. As a reference, the matter and flavor basis
states closely align in dense matter. In the normal mass
ordering we find an approximate equivalence between
V| RV, RV, and 3RV, U RV, VR, and
U3~ Uy, where x and y denote a mixture of v, and v,.
In the inverted mass ordering the approximate equivalence
is between v| ¥ vy, v, R v, and v3 X vy, Uy R Uy, Uy R Dy,
and 3 & 1,.

After the neutrinos emerge from the supernova, the wave
function decoheres as the neutrino travels to Earth. The
decoherence means the probability that some initial neu-
trino flavor f# produced in the center of the supernova is
detected on Earth as flavor a is given by

f
Py =P, = > UuPPR"(R..R,).  (10)
i

where R, represents the radius of the outer edge of the
supernova, R, represents the radius of the neutrino pro-
duction point (near the center of the supernova which we
take to be zero), and Pl-(rlnf (R.,R,) is the probability that a
neutrino in some initial flavor state @ would have been
detected as mass state i as it traveled from R, to R,

(assuming R, is the vacuum).
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B. Numerical oscillation results

The flavor transformation from the center of the super-
nova to the vacuum will depend upon the matter density
and the electron fraction along the neutrino trajectory. As
we have seen, the supernova explosion is not spherically
symmetric, which means that we might expect a depend-
ence upon the specific line of sight chosen. In order to
explore whether there is significant line-of-sight depend-
ence, we select eight different rays through the simulation
corresponding to the trajectories which start at the center
of the SN and propagating along the “diagonals,” i.e., along
the corners of a cube centered on the SN. Figure 5 displays
the density and electron fraction along one of these eight
trajectories, denoted by (0, ¢p) = (45°,54.7°). The different
colors show how the profiles change as the SN evolves. The
most important feature to note is the steep drop in density at
the edge of the star at early epochs. As the star explodes the
density gradient at the edge of the star softens considerably
and fluctuations start to appear.

The matter basis transition probabilities Pi(jm) as a
function of energy at three snapshot times are shown in
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Density and Y, profiles of the N100r model for a particular choice of zenith and azimuth angles.

Figs. 6-8 for the case of the normal mass ordering. The
snapshot times are chosen to be t = 0.55 s corresponding
to the peak of the neutrino luminosity, f = 1.0 s during
the period with the greatest line-of-sight dependence, and
t = 1.3 s corresponding to the secondary peak in luminos-
ity. A number of features can be seen in the figures.
(i) At early times, Fig. 6, the neutrino evolution is
adiabatic in all channels for neutrino energies below

E <1MeV and adiabatic for ngl) upto £ <5 MeV.

At higher energies the general trend is for the

survival probabilities PET), Pg;), and ng1> to de-
crease with energy, but in no channel at this epoch
does the evolution become fully diabatic.

(i) At early times there is little line-of-sight
dependence.

(iii) At the same epoch and the same normal mass
ordering the antineutrino transition probabilities
(not shown) at all energies are close to adiabatic.

(iv) After the peak luminosity, Fig. 7, the neutrino
evolution remains adiabatic for the low energies
E <1 MeV. At higher energies the evolution along

ny (6,9)

T == (45°,54.7°)
T = (45°,125.3°)

- (-45° 125.3°)
T = (-45°,54.7°)
T == (-135°,125.3°)
T == (-135°,54.7°)

0.

T == (135°,54.7°)
T = (135°,125.3°)

01 051 510

E, (MeV) E, (MeV)

50 01 051 510

50 01 051 510 50
E, (MeV)

FIG. 6. The matter basis transition probabilities PET)(ED) where r and ¢ denote a row and column position in the 3x3 plot grid. The
mass ordering is normal and the time slice is for the t = 0.55 s time slice. The different colored lines correspond to the different zenith

and azimuth angles as given in the legend.
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FIG. 7. The same as Fig. 6 but for the r = 1 s time slice.

some lines of sight becomes more adiabatic—
compare PS;) from Fig. 6 with Pgr;) from Fig. 7—
but along other lines of sight the evolution is similar
to the earlier epoch.

®

The line-of-sight dependence is considerable with

up to 40% differences in the transition probabilities

for some energies in certain channels.
At the same epoch and the same normal mass
ordering the antineutrino transition probabilities
during this period show only a small departure from
adiabaticity in the 7; <> U, mixing channel at the

level of 10%.

(i)

(iii)

At late times, Fig. 8, the neutrino evolution has
become close to adiabatic in all mixing channels
except for one line of sight.
At late times the antineutrino transition probabilities
for the normal mass ordering are adiabatic at all

energies.

For antineutrinos and an inverted mass ordering the
results are very similar as a function of both time and
energy.

At early times, Fig. 9, there is little line-of-sight
dependence.

The evolution at this epoch is adiabatic for Pgrf) and
Pg) up to E <1 MeV only, but up to E <5 MeV

for the antineutrinos PW and Pg’;). The transition

probabilities P> and P
energies at this epoch.
Midway through the signal, Fig. 10, the line-of-sight
dependence emerges for both neutrinos and
antineutrinos with energies above E = 1 MeV with
differences in the transition probabilities of order
50% in P\, P\, PSV and PJY, and the set P\,
PEI;), Pé‘{l), and ngl).

are close to unity for all

1
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FIG. 8. The same as Fig. 6 but for the r = 1.3 s time slice.
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FIG. 9. The same as Fig. 6 but for inverted mass ordering and antineutrinos.

At this epoch the transition probability ng” remains

close to unity at all energies but the survival

probability Pg;) begins to exhibit some departure
from adiabaticity for £ 2 1 MeV at the level of 20%.
At late times, Fig. 11, the line-of-sight dependence
mostly disappears and the transition probabilities in
all neutrino and all antineutrino channels becomes
mostly adiabatic at all energies.

Before moving on to present the fluxes on Earth, we
briefly consider how the line-of-sight dependence emerges.
In Fig. 12 we show three examples of the normal mass
ordering matter basis transition probability as a function
of energy for three different trajectory and snapshot time
choices. These three specific probabilities were chosen
because they serve as good examples of the rich oscillation
phenomenology present in supernova environments. We
notice in all three examples how the matter oscillation

probability deviates from unity but, as we shall show, the
diabatic evolution has a variety of causes.
(i) The most common oscillation effect is illustrated by

the purple line in Fig. 12, which corresponds to the
u§m> survival probability early on in the SN process.
The deviation from unity occurs at the star’s edge,
where the density plummets (as depicted in Fig. 5).
The density profile drops rapidly through both
the high and low Mikheyev-Smirnov-Wolfenstein
(MSW) resonances and at approximately these values,
diabatic effects turn on. These diabatic effects have an
energy dependence of approximately e~% %+, where a
is an energy independent factor that depends on the
density profile and the vacuum mixing angles and
masses [87]. This energy dependence explains
why vgm) survives at low energy (E, < 1 MeV) but
disappears at high energy (£, > 10 MeV).
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FIG. 10. The same as Fig. 7 but for inverted mass ordering and antineutrinos.
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FIG. 11. The same as Fig. 8 but for the inverted mass ordering and antineutrinos.

(i1) The red curve in Fig. 12 shows the ugm) survival

probability late in the SN process and has two
interesting features.
(1) The first feature 1is the high energy

similar to the purple line in Fig. 12. But, unlike the
H-Res case, the density profile does not plummet
through the L-Res. Instead it stays near the L-Res
for quite a while. This is because, by t = 1.5 s,

(E, > 10 MeV) region where the survival prob-
ability decreases somewhat randomly starting at

5 MeV. Figure 13 shows how this ygm) survival
probability changes as the neutrino propagates
through the SN. This figure shows the diabatic
effect of the density crossing the high MSW
resonance (H-Res) [but before the low MSW
resonance (L-Res)]. The results are an energy-
dependent spread in survival probability which, if
the L-Res were absent, would result in something

the SN explosion has pushed some of the stellar
material out to these distances. This material does
not have a smooth density profile and every time
it changes suddenly it causes diabatic effects
because the density is near the L-Res. Thus some
of the turbulence in the density imprints on the
oscillation probability. The effects of turbulent
density profiles on neutrino oscillation probabil-
ity is an important field of research all by itself
(see [88] and [89] for reviews).

0.8

0.6

mm  P;ym(r=edge,8=45° ¢=54.7°,t=0.05s)

mm  Pyym(r=edge,8=-135° ¢=54.7°,t=1.3s) NMO
07 mm P,ym(r=edge,8=45°,$=54.7°t=1.5s) N100v
+— + ——————— ——+—— + ——+
0.1 0.5 1 5 10 50
E, (MeV)
FIG. 12. ™) survival probability vs energy for a particular choice zenith and azimuth angles.
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FIG. 13. Turbulentlike effects in the ugm) survival probability at t = 1.5 s. The upper left panel shows the density of the SN material
along the neutrino trajectory defined by the zenith and azimuth angels given in the upper right corner. The gray “H-Res” and “L-Res”
bands show the density range corresponding to the high and low MSW resonances for the energy range given. The lower left panel
shows how the v survival probability changes with distance from the SN center for a range of energies. The lower right panel shows
the y(zm) survival probability as a function of neutrino energy as measured after the neutrino has traversed all of the SN material and is
now essentially in vacuum. There are fewer points in the lower right panel than are in Fig. 12; these points match the values in the lower
left panel where too many points would make the plot unreadable. A normal neutrino mass ordering is assumed.

(2) The second feature is the low-energy survival probability. If the discontinuity were
(E, <1 MeV) region where the survival prob- removed the oscillation probability would not
ability dips around 0.3 MeV. Fig. 14 shows be affected at all. The importance of density
how this ygm) survival probability changes as the discontinuities on neutrino oscillation physics

has been previously considered in the context of
core-collapse SNe [85] where the shock fronts

cause the density discontinuities.
(ii1) The green curve in Fig. 12 shows the ugm) survival
probability late in the SN process and has an interesting

neutrino propagates through the SN. The density
profile shows a discontinuous jump which cor-
responds to the edge of a deflagration flame.
This density discontinuity in the H-Res density
range produces an energy-dependent dip in the

10° t t t t t t
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FIG. 14. The effect of discontinuous density on u(zm) survival probability at = 1.5 s. The structure and layout of the figure is the same

as that of Fig. 13.
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FIG. 15. Oscillatory effects in the v

Fig. 13.

oscillatory feature. Fig. 15 shows how this ygm) survival
probability changes as the neutrino propagates through
the SN. This figure reveals that the neutrino passes
through a region where the density steeply fluctuates
around the H-Res. This imprints an oscillatory feature
on the survival probability that looks very similar to the
phenomenon of “phase effects” [90,91].

! J
092 094 096 098 1.

! il |
156 15.8 16. 16.2
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survival probability at # = 1.3 s. The structure and layout of the figure is the same as that of

V. NEUTRINO FLUXES ON EARTH

Now that we have computed the transition prob-
abilities through the supernovae, we fold in the vacuum
decoherence, discussed at the end of Sec. IVA in Eq. (10).
Figures 16 and 17 show the v, survival probability on Earth
for the normal and inverted mass ordering respectively as a
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FIG. 16. P,, on Earth for different times and trajectories and NMO.
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FIG. 17. P,, on Earth for different times and trajectories and IMO.

function of neutrino energy for each of the eight time slices
considered in this paper. In each of the subplots at the
different time slices, there are eight lines representing the
eight different angular trajectories under consideration.
Figures 18 and 19 show the survival probability for the
antineutrinos in the two orderings but only for the last four

time slices. Careful examination of the figures reveals that
all of the oscillation phenomena discussed above are visible
in these probabilities. Another obvious feature is the
emergence of the line-of-sight dependence at #~0.6 s
and its later disappearance at ¢~ 1.2 s. Decoherence
reduces the amount of the line-of-sight dependence to
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FIG. 19. P,, on Earth for different times and trajectories and IMO.
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FIG. 20. The total oscillated neutrino flux at 10 kpc for the N100v model. The top figure has normal mass ordering and the bottom
figure has inverted mass ordering.
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FIG. 21. The total unoscillated neutrino flux at 10 kpc for the N100r model.

roughly 30% at its peak when ¢ = 1 s. How these variations
in probability affect the measurable flux will be discussed
in the next section.

To calculate the flux on Earth the oscillation probabilities
need to be multiplied by the source flux. Given a source

flux ) = (3% ) &))" the flux on Earth &© =
(CDge), CDf,e), <I>£e>)T can be given by

1

Pl =
47R?

PO, (11)
where R is the distance from Earth to the SN and P is the
matrix of probabilities with elements given by Eq. (10).
Figure 20 shows the results of Eq. (11) for each of the three
neutrino and antineutrino flavors using a supernova dis-
tance of 10 kpc. The different colored lines show how the
flux changes with time and the width of each line represents
the variation in the flux across the eight trajectories
considered. For reference, Fig. 21 displays the same
unoscillated flux as Fig. 3 but at 10 kpc and in the same
units as the flux displayed in Fig. 20. Figures 20 and 21
show that, for both NMO and IMO, the v, flux emitted in
the core of the supernova has mostly been transformed into
a flux of v, and v,. This effect is more pronounced in NMO
than in IMO. Additionally, this effect also means that the
10 MeV peak in the unoscillated v, flux becomes imprinted
on the v, and v, oscillated fluxes. Finally, compared to the
overall flux shape and the difference between successive
time slices, the variability due to line-of-sight dependence
is a subordinate effect.

The oscillated fluxes depicted in Fig. 20 need to be
convolved with the neutrino cross section and detector
specifics in order to determine which, if any, of the neutrino
production or oscillation features are observable at current
or future neutrino detectors.

VI. NEUTRINO DETECTION

A. Detector signals

We now reach the final topic for discussion, namely the
detectors, their event rates, and the sensitivity to the various
features in the spectrum at the source and the features
imprinted through the mantle of the supernova. We shall
consider five different detectors listed in Table I, along with
their detector mass and material. IceCube refers to just
the main detector, not the DeepCore nor the proposed
PINGU subdetectors. These five detectors are representa-
tive of current and next-generation detectors. The event
rates in detectors similar to Super-K, Hyper-K, JUNO, and
DUNE can be calculated using SNOwGLoBES [92].
SNOwGLOBES estimates detected event rates for relevant
channels in the few to 100 MeV neutrino-energy range by
folding neutrino flux with cross sections, and then applying
a transfer matrix that takes into account both the distribu-
tion of interaction products for a given neutrino energy and
the detector resolution effects. SNOwWGLoBES outputs
event distributions as a function of true neutrino energy,
as well as realistic “smeared” distributions as a function of

TABLE 1. Summary of the detectors under consideration. Note

that event rates simply scale by mass.

Detector Type Mass (kt)

Super-Kamiokande-like: water Cherenkov 50
30% phototube coverage

Hyper-Kamiokande-like water Cherenkov 560

DUNE-like detector liquid Ar 40

JUNO-like detector scintillator 20

IceCube water Cherenkov 3500°

“For IceCube, the mass given is the effective mass used for the
event rate calculation (see Appendix A).

025026-15



WARREN P. WRIGHT et al.

observed energy, with binning approximately matching
typical detector resolutions. The detector confi-
gurations used are denoted “Super-K-like,” etc., because
SNOwGLOoBES provides representative transfer functions
which approximate the detector response; detailed detector
simulations are not publicly available for the detectors
under consideration. We sum all interaction channels
available in SNOwWGLOBES for each detector. The indi-
vidual interaction channel event rates are presented in
Appendix B for Hyper-K and DUNE. The IceCube detector
will be treated separately.

B. Results

1. Super-K, Hyper-K, JUNO, and DUNE

In Table II we show the expected numbers of interactions
for both mass orderings from all channels, energies, and
for the full duration of the neutrino signal (1.5 s). These
numbers are for a supernova distance of 10 kpc. Note that
these are based only on interaction event rates, and the
heretofore ignored detector efficiencies and energy smear-
ing will decrease the chances of SNe Ia neutrino observa-
tion. The variation due to the line of sight we find to be
small, ~0.2% for the normal mass ordering and ~0.6% for
the inverted. The low variations due to line of sight is a
promising result because it means that all lines of sight
contain the production and oscillation features of interest
and therefore the feature detection probability is not
decreased due to needing a particular line of sight.

As already known, SNe Ia are much dimmer neutrino
sources than core-collapse supernovae to the extent that a
type Ia supernova at 10 kpc will produce, at best, a few
events assuming an upward few-o¢ Poisson fluctuation. One
would need a significantly closer SN Ia if one is to detect
enough neutrinos to begin to observe discriminating
features. In what follows we shall also consider placing
the supernova at progressively closer distances of 1 kpc,
100 pc, and 10 pc. For each order-of-magnitude decrease in
distance, the event rates increase by 2 orders of magnitude.
Thus for a supernova at 5 kpc we expect a few events in
Hyper-Kamiokande, but not until we decrease the distance
to 1 kpc should we expect a few events in JUNO, DUNE,
and Super-Kamiokande. At the same time, after fitting
to the cumulative probability distance distribution in
Adams et al. [46], we find the probability that the next
Galactic type la supernova is within this distance also
decreases as approximately o 1/d?7. The chance that the
next type Ia supernova is within d = 5 kpc is ~10% [46]
and within d = 1 kpc it is only ~0.2%.

The other factor affecting the event rates is the detector
mass. As Table II indicates, the several hundred kiloton
detector mass of Hyper-K brings type la supernovae at
close to the most probable distance of d ~ 10 kpc almost
within reach. Another order-of-magnitude increase in
detector mass would bring virtually every type Ia supernova

PHYSICAL REVIEW D 94, 025026 (2016)

TABLE II. Numbers of interactions per detector for each
mass ordering and a SN at 10 kpc. These event counts are for
the whole 1.5 s neutrino burst averaged over the eight lines of
sight considered. The fourth column represents the number of
interactions observed when neutrino oscillations are not taken
into account.

Detector NMO MO Unoscillated
Super-Kamiokande 0.034 0.076 0.154
Hyper-Kamiokande 0.378 0.868 1.725
DUNE 0.025 0.066 0.138
JUNO 0.014 0.032 0.063
IceCube® 0.286 0.660 1.320

“Note that the numbers of interactions quoted for IceCube are
after background subtraction.

in the Galaxy within the scope of a detector, another
benefit of the 5 Mt water Cherenkov detector discussed by
Kistler et al. [93].

While event rates by themselves do have some discrimi-
natory power, much more information is present in the
spectrum should the supernova be close enough or the
detector mass be sufficiently large that statistics permit
partitioning. Figure 22 displays the number of interaction
events in 1-MeV bins expected in these same four detectors
for a N100v SN Ia again at 10 kpc. The events are summed
over all interaction channels but, again, do not include
detector efficiencies and energy smearing. The events are
for the entire 1.5 s of the neutrino signal. As before, it is
clear that at 10 kpc, it is doubtful that any neutrino signal
will be detected by these next-generation neutrino detec-
tors, but for a SN Ia at 1 kpc, the left plot in Fig. 22 reveals
that Hyper-K will have a good chance of seeing the peak of
the neutrino spectrum at t ~ 0.6 s. For the other detectors,
the distance to the supernova would need to drop to 100 pc
before they are able to see a significant portion of the
neutrino spectrum.

Figure 23 shows the all-channel, all-energy neutrino
interaction rates in 145 ms bins for a SN Ia at 10 kpc. The
event rates in all four detectors are seen to peak at # ~ 0.5 s
and drop off rapidly after  ~ 1 s.

The next significant feature in the emitted spectrum
we focus upon is the secondary peak in the luminosity at
t ~ 1.3 s seen in Fig. 2. The spectrum as calculated for the
portion of the signal after r = 1.0 s is shown in Fig. 24,
while in Fig. 23 we observe the ability of Super-K, Hyper-K,
JUNO, and DUNE to observe this feature as a function of
time. Clearly this is a difficult feature to observe: in order
to see the secondary DDT peak with Hyper-Kamiokande,
we find the supernova would need to be as close as 100 pc
and even closer before the other three detectors would
become sensitive to the DDT peak.

At these late times we also found that a peak around
E, ~ 10 MeV appeared in the spectrum. This feature can be
seen in Fig. 24. The figure also indicates the 10-MeV peak
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we find at late times in the spectrum would only be Figure 25 explains why the secondary peak in luminosity
observable in Hyper-K if the supernova were no further = and the spectral feature at E, ~ 10 MeV are so hard to
than around 10 pc. Observing this potentially distinguish- ~ observe. The figure plots the interaction event rate at
ing feature of the DDT model will require future multi-  Hyper-K and DUNE per 0.5 MeV for the signal after
megaton class detectors and a fortunately close supernova. t = 1.0 s. The dark lines represent the signal with neutrino
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FIG. 25.

oscillation included while the lighter bands indicate the
event rates when oscillations are removed. As we have
previously stated, oscillations decrease the expected event
rates at all epochs and the decrease is particularly severe at
late times. Oscillations convert an initial spectrum that is
dominated by v, into a flux on Earth that is dominated by v,
and v,. This means that to capture more of the incoming
flux, sensitivity to neutral-current processes needs to be
increased. In particular, increasing sensitivity to neutral-
current processes would show the biggest gain.

2. Smearing

Thus far, we have only presented interaction rates. A
more complete prediction of experimental observations
would need to include effects such as detector smearing
and efficiencies (which include thresholds). The smearing
effects are not yet fully determined for the detectors that are
still in the design phase. Yet if reasonable estimates based
on existing detectors of a similar type are made for the
smearing, then SNOwWGLOBES can be used to calculate
the smeared rates. Note that the smeared output from
SNOwWGLOBES accounts for distribution of interaction
products as well as detector effects. Such a calculation
(assuming 100% postsmearing efficiency) reveals that the
rates in Table II and the data presented in Fig. 23 are
essentially unchanged. The changes to Fig. 22 due to

E, (MeV)

Same as Fig. 24 but including the detection rate assuming no neutrino oscillations and using 0.5-MeV bins.

smearing do not reveal anything unexpected. In contrast,
the effects of smearing on Fig. 24 are significant and are
presented in Fig. 26. This figure shows the smeared events
for Hyper-K and DUNE together with gray unsmeared
events. The dark (light) gray histograms represent the
unsmeared Hyper-K (DUNE) rates. The comparison
between the smeared and unsmeared results shows that
Hyper-K can no longer distinguish the 10-MeV peak (a
neutrino production feature). The smeared DUNE rates still
show sensitivity to the 10-MeV peak for a sufficiently close
SN, but smearing has shifted the peak to ~8 MeV.

These results are optimistic because detector efficiencies
are not included and these would serve to lower the
observed rates. However it is also possible that future
detectors will improve resolution. For Fig. 26, efficiencies
are not expected to greatly alter a detector’s ability to
resolve a 10-MeV feature and so, for the purposes of
observing the 10-MeV feature, the smeared results pre-
sented here reflect a conservative estimate of detection
ability. The truth would lie somewhere between the
smeared and unsmeared rates.

3. IceCube

Though not designed for low energies, the IceCube
detector located in the ice of Antarctica also has sensitivity
to the neutrinos from a supernova. However IceCube is
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FIG. 26. Same as Fig. 24 but with 0.5-MeV bins and smearing. The dark (light) gray is the Hyper-K (DUNE) event count depicted in

Fig. 24. Note that the x axis is now the measured energy.
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different from the other four detectors considered because it
does not have energy or directional resolution at MeV
energies. The sensitivity to the neutrinos arises as an overall
increase in the low-energy background rate of the detector.
The large volume of IceCube and its excellent time
resolution means that it may be possible for IceCube to
detect energy integrated neutrino production or oscillation
time-evolution features. The background rate in IceCube
is not currently calculated by SNOwGL0OBES, so in
Appendix A we detail how we calculate the rates.

Table II shows that IceCube has an event rate a little
below the interaction rate in Hyper-K and Fig. 27 shows the
predicted number of events above the background from the
inverse beta decay (IBD) and electron scattering events in
IceCube using 145 ms time bins. The top plots are for a
NMO, the bottom are for an IMO. The left plots show the
full 1.5 s neutrino signal and the right plots show just the
final three time bins (but for different sample SN distances
than those used in the left plots). This figure reveals that
one would need a N100r SN at within 200 pc to see a lo
deviation at the emission peak. This figure also reveals that
one would need a N100v SN at approximately 10 pc to see
a ~1o detection of the DDT at ~1.3 s. There are almost no

DDT Events ?t IceICubcla (IBD & v«le' per 14I5ms)

1 " | |

— T 1 1 T T T T T
NMO = 200pc | NMO
mm 150pc

== 100pc

10° events per 145ms bin

Background

10 !
E— e I

Background

10° events per 145ms bin

02 04 06 08 1. 1.2 14 1.2 1.4
t(s) t(s)

FIG. 27. SN Iaevent counts in IceCube in 145 ms time bins. All
eight trajectories are plotted and the gray shaded bands represent
the background plus the denoted o to indicate how many events it
would take to be perceived above a statistical fluctuation of the
background. The top row is for normal mass ordering and the
bottom row is for inverted mass ordering. The left column plots
show the predicted number of events for the full 1.5 seconds of
the neutrino signal and for sample SNe at 200, 150, and 100 pc.
These distances were chosen to illustrate how close a SN would
need to be in order for IceCube to observe it with statistical
significance. The right column plots show the predicted number
of events in the last three time bins where the sample SNe are now
at 20, 10, and 6 pc. These distances were chosen to illustrate how
close a SN would need to be in order for IceCube to detect the
DDT at ~1.3 s with statistical significance.
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SN Ia candidates within 10 pc and thus it is unlikely that a
type la supernova will occur close enough for IceCube to
observe the DDT. Even with a SN as near as 200 pc, the
maximum signal in IceCube is statistically weak and it will
fall to future upgrades of IceCube to attempt the detection
of type la supernovae.

VII. CONCLUSION

Type la supernovae do emit neutrinos and there is
information about the explosion in the signal. In this paper
we computed the neutrino signal as a function of energy
and time from a DDT simulation in a variety of different
detectors. In addition to the secondary peak in luminosity at
t ~ 1.3 s noted by Seitenzahl er al. [67], we found that a
spectral peak at E ~ 10 MeV emerges in the spectrum at
these late times due to electron capture on copper. This
peak is a potentially distinguishing feature of explosion
models since it reflects the nucleosynthesis conditions early
in the explosion.

We computed the full energy and time dependence of the
transition probability through the supernova using a three-
flavor evolution code along eight representative lines of
sight through the supernova. We found time dependence in
the transition probabilities as a function of energy for every
line of sight considered and a variation between lines of
sight emerged between 7 ~ 0.8 s and ¢ ~ 1.3 s. Along each
line of sight the general trend is for the neutrino oscillations
to become more adiabatic as time progresses. At late times
the electron neutrino flux on Earth is approximately an
order of magnitude smaller in the normal mass ordering due
to oscillations.

When we computed the event rates in the largest current
and next-generation neutrino detectors, we found a type la
supernova at the most probable distance of d ~ 10 kpc will
barely be visible. Distinguishing between different near-
Chandrasekhar mass explosion models, which all yield
similar order-of-magnitude neutrino luminosities (compare
[47,94], and this work), is therefore not very promising. We
note, however, that detecting any neutrinos from a SN Ia
at all would be a strong indication of explosive nuclear
burning at densities above 10° gcm™ and hence a clear
sign of a deflagration in a near-Chandrasekhar mass WD.
The argument why we could exclude popular models
involving only detonations in less massive WDs, such as
the violent merger models [95] or the double detonation
models [96], is simple. The neutrino luminosity of NSE
material, which we demonstrated is the dominant channel,
is at least 2 orders of magnitude lower for the central
densities (<10% gcm™) of these models, see Fig. 16
from [97].

Not only is the overall luminosity of the supernova
significantly smaller than for core-collapse supernovae, the
spectrum peaks at energies of order E ~ 1 MeV rather than
the E ~ 10-20 MeV for core-collapse supernovae. For a
close type la supernova, d = 1 kpc, JUNO, Super-K, and
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DUNE will record a few events while Hyper-K will observe
several tens of events. If statistics permit partitioning of the
signal, the secondary peak in luminosity at f ~ 1.3 s and the
spectral feature at £, ~ 10 MeV will be difficult to observe
because of the increased adiabaticity of the neutrino
evolution at this epoch. IceCube has a SN Ia detection
sensitivity comparable to that of DUNE, JUNO, and
Super-K but needs a much closer SN Ia in order to observe
the second luminosity peak.
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APPENDIX A: ICECUBE EVENT RATE

The event rate at IceCube is calculated by summing the
electron elastic scattering (ES) event rate for each of the six
neutrino species together with the IBD rate. Following [98],
the number of useful Cherenkov photons released by a
moving electron or positron is N, = 191E - MeV~! and the
target density is

N mol
pr(nr) = nr <0 9243) mgl (1801528g>’ (A0

where N, is Avogadro’s number and n; represents the
number of targets per water molecule (n; = 10 for elec-
trons and ny = 2 for protons). The electron [99] or positron
[100] energy can be derived in terms of the neutrino
energy as

t " d
Ngs(D )-5160( ) /f/ ’/ (;;T (10)V 4 ®(E, . 1) GES(Ey,cg)Ny(Ey,cg)>dcng,,dt,

Nigp(D) —5160( > / // pr(2)Vesr®(E Do )osp(E; )Ny(Ezg))dEydt,

where D is the SN distance in parsecs. These event rates are
what are plotted in Fig. 27 and need to be compared to the
background rate of 280 s~ in each OM [101].

APPENDIX B: EVENT SPECTRUM
CHANNEL BREAKDOWN

In this section, Fig. 28 is presented in order to show
the individual interaction channel contributions to the

PHYSICAL REVIEW D 94, 025026 (2016)
2 2 2
my — mp — my Ej,
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where ¢y =cosf and 6 is the electron recoil angle.
Also, E,- g is set to zero if it is less than the Cherenkov
threshold of 0.79 MeV, which effectively sets N, = 0 for
subthreshold electrons. The cross section [99] for the IBD
is opgp = 9.52 x 107 E;_and for ES it is

dGES 4E,%c9(me + Eu)2
= O
ng 0 ((me + Eu)2 - ELZ/C.%)Z

2m,E,c} )2
. +E,)? - Ec;
2m2c; )
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with 6, = 8.8059 x 107* c¢m? and g, and g, defined as

<91>:(0 1>n( sin29.w > (A5)
0 1 0 +0.5 + sin®Oy

where 7 is O for antineutrinos and 1 for neutrinos, 40.5 is
for electron neutrinos and —0.5 is for muon or tau
neutrinos, and sin’@y, ~ 0.23 is the Weinberg angle. The
current configuration of IceCube has 5160 optical modules
(OMs), each of which has an effective volume of about
Ve = 190600 cm® [98,101]. The last ingredient is the
oscillated flux measured on Earth from a DDT SN Ia at
10 kpc, ®(E,, 1) (calculated in Sec. IV B). Putting it all
together yields

~ 9192 ( (A4)

|

interaction event rates in the Hyper-K and DUNE detectors.
These individual rates may be used to determine the most
effective search strategy. The interaction event rate is per
0.5-MeV bin and is for the full ~1.5 s neutrino signal.
From the top Hyper-K plots it is clear that the neutrino
interactions (all flavors) with free electrons are the dom-
inant contributions for both mass orderings, even above
IBD. For DUNE (bottom plots), Fig. 28 shows that the
neutrino interactions (all flavors) with free electrons are
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FIG. 28.

SN Ia interaction event counts per 0.5 MeV per interaction channel in Hyper-K and DUNE. The left plots are for normal mass

ordering and the right plots are for inverted mass ordering. The top plots are for Hyper-K and the bottom ones are for DUNE. The event
counts are for the full ~1.5 s neutrino signal.
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about as important as electron neutrino interactions with
40Ar. However, the antineutrino interactions (all flavors)
with free electrons are much more important than the
antielectron neutrino interactions with “°Ar (for the overall
rate). Figure 29 is similar to Fig. 28 except that the event
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