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Abstract: Neutrino leptonic flavor symmetry violation is the only evidence for physics beyond
the standard model. Much of what we have learned on these particles is derived from the study
of their natural sources, such as the Sun or core-collapse supernovae. Neutrino emission from
supernovae is particularly interesting and leptonic flavor transformations in supernova neutrinos
have attracted a lot of theoretical attention. Unfortunately, the emission of core-collapse supernovae
is not fully understood: thus, an inescapable preliminary step to progress is to improve on that,
and future neutrino observations can help. One pressing and answerable question concerns the
time distribution of the supernova anti-neutrino events. We propose a class of models of the time
distribution that describe emission curves similar to those theoretically expected and consistent with
available observations from the data of supernova SN1987A. They have the advantages of being
motivated on physical bases and easy to interpret; they are flexible and adaptable to the results of
the observations from a future galactic supernova. Important general characteristics of these models
are the presence of an initial ramp and that a significant portion of the signal is in the first second of
the emission.

Keywords: core collapse supernovae; neutrino telescopes; SN1987A

1. Introduction

Of the known particles, neutrinos are by far the most mysterious. Neutrino flavor
transformations—a phenomenon more commonly known as neutrino oscillations—show
that the flavor symmetry of leptons is violated. This phenomenon is the only observational
evidence that the standard model of elementary particles is incomplete and was awarded
the 2015 Nobel Prize in Physics. Much of what we have learned about neutrinos comes
from studying natural sources, such as those recognized by the 2002 Nobel Prize in Physics:
The Sun and core-collapse supernovae. In the present work, we investigate the latter source
of neutrinos, which is still poorly understood.

Supernovae are a rare astronomical phenomenon, known to mankind for millennia,
consisting of a new and very bright star suddenly appearing in the sky. Astrophysics has
shown that supernovae play a very important role in the economy of the cosmos, marking
the last moments of stellar life and allowing the production and redistribution of chemical
elements in the interstellar environment [1-8].

Decades-long discussion about their internal mechanism has made it clear that a
specific kind of supernova occurs as a result of a gravitational collapse, which leads to the
formation of compact stellar remnants accompanied by a brief and very intense neutrino
emission [9-22], and likely by a burst of gravitational waves [23-28] (it is now widely
accepted that a supernova explosion is an intrinsic multidimensional phenomenon, i.e.,
essential deviations from the spherical symmetry, with three-dimensional features crucial
for triggering an explosion [16,19,29,30]). In this paper, we will discuss neutrino emission
from this type of supernovae, which is observable in terrestrial detectors if the supernova
occurs in our galaxy, and which is the main diagnostics of events following core collapse.
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The only direct observation that we have of the crucial moments of the gravitational
collapse is that of supernova 1987A in the Large Magellanic Cloud, thanks to the observa-
tion of neutrinos [31-35]. On one hand, the detection made it possible to assess the overall
correctness of the current paradigm of neutrino-driven explosion, dating back to the 1960s
[36—40], as confirmed by various analyses of the data—see e.g., [41-44]. On the other hand,
however, many important points remain unclear, mostly because of the very few neutrino
observed.

In light of these considerations, being able to have observational information would
not only be welcome, but actually necessary. It is indeed fair to ask:

What do we know for sure about the various phases of gravitational collapse?
How to learn more using neutrino observations?

In this paper, we will focus on what we can learn from observing electron antineutrinos,
which are the ones that give the main signal in conventional, large terrestrial detectors:
water or hydrocarbons—see e.g., [45] for a recent review. Although the explosion of a
galactic supernova is not a frequent process [46], thanks to the SN1987A data, we are
confident that future observations of this type will be possible and significant. Based
on similar considerations, new experiments have been equipped to study this channel,
and are ready to collect important data statistics. This applies to Super-Kamiokande [47],
which has recently upgraded to observe this channel even better [48,49], and partly also to
IceCube [50]. The latter will be able to observe the temporal evolution of the signal [50],
which is one key point to be clarified through observations. With these considerations in
mind, we will present new and convenient models with a physical basis for describing
expectations, discussing their motivations and illustrating a few selected applications.

We begin by reviewing the only observations available to date, those of the supernova
SN1987A, outlining the progress made in their discussion and understanding, and focusing
on the points that remain less well defined and unresolved.

2. Open Issues after Supernova 1987A

The first supernova observed in 1987 (SN1987A) is currently the only occasion when
we have been able to directly verify our ideas about the chain of events that occur at
key moments in the gravitational collapse. In fact, three neutrino telescopes (or detec-
tor), Kamiokande-II, IMB and Baksan [31,33,35] reported observations compatible with
this event.

After the enthusiasm of the time, followed by a Nobel Prize awarded to one of the
telescopes that detected the neutrino signal, Kamiokande-II, and some rather cautious
analyses of the telescope data, summarised in the book “Neutrino Astrophysics” [41], this
was followed by numerous comments, critical discussions, and even some doubts. In these
subsequent discussions, the following aspects were highlighted:

1.  that the supernova precursor did not fit fully expectations, and perhaps was non-
standard, with unexpected implications;

2. that the neutron star had not been observed, even casting a shadow over the signifi-
cance of the observed events;

3.  that the observed neutrino events were more directional than expected—directed
from the supernova forward-raising similar concerns as in the previous point;

4. that also, their average energies were lower than those calculated, perhaps indicating
an instrumental problem;

5. that the comparability of the energy spectra of Kamiokande-II, IMB and Baksan was
not entirely clear;

6. that another neutrino detector saw 5 unexpected events [51,52] (for gravitational
observatories see [53]), which could be thought of as indications of multiple emission
phases and/or substantial deviations from the standard paradigm.
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See, e.g., [54] for a summary of the discussion about 10 years ago; here, we present the
progress in the discussion of the previous points.

1.  There is a growing consensus towards the idea that the precursor could have been
a two-star system that had recently merged, although it is not clear whether this
impacts expectations about core collapse and neutrinos significantly.

2. In recent times, the search for the neutron star—which we expected as a result of
gravitational collapse—has been guided by the 3D magneto-hydrodynamics model of
Miceli and Orlando [55]. This indicated a zone obscured by dust and gas, apparently
setting it on the path to success [56,57].

3. The direction of the neutrino events, studied e.g., in Ref. [58], seems less problematic
than occasionally claimed.

4. It has been widely recognized that the theoretical uncertainties in the mean energies
are much larger than those estimated in the past, and therefore, it is not currently
claimed that there is any serious incompatibility with the theory.

5. A complete and systematic study of the energy spectra has verified the compatibility
of the energy spectra and confirmed the stability and substantial validity [44] of a
standard interpretation, as the one initially summarized by Bahcall. There is a well-
defined region of the parameter space that allows the interpretation of the events
as due to gravity collapse, as being due to a non-atypical gravitational collapse; the
average energy of the antineutrinos is E, = 12MeV and the total radiated energy is
of the order of 5 x 10%2 erg, with errors of 10% and 30%, respectively.

6.  The only problem that remains unsolved is the meaning of the 5 low-energy events
seen by the Mont Blanc/LSD detector [51], which precede those seen by the other
three detectors, and which do not seem easy to attribute to the supernova.

In addition, an intense debate about neutrino flavor transformation in the supernova
has sparked off particle physics [59-61], and not yet come to a complete conclusion—for
some extensive reviews of the state of the art, see, e.g., [62-67]. One of the main points
of discussion is focused on the so-called self-induced neutrino collective oscillations, a
phenomenon of a non-linear nature, due to the fact that neutrinos propagate in a medium
containing and composed of neutrinos. The study of these situations requires very demand-
ing numerical analyses, and it is not clear whether the approximations used (on neutrino
spectra, on spherical or axial geometries, etc.) for the theoretical investigation are realistic
or not. For this reason, it is not possible to consider the discussion of these effects concluded
or completed to date. Here, we will simply refer to the description of the standard and
well-known Mikheyev-Smirnov—Wolfenstein (MSW) effect [68,69] in the context of the
intense neutrino emission that takes place with a core-collapse supernova, but this not the
only issue that has been discussed. In particular, there has been a great deal of interest
in whether or not these types of transformations are crucial for data analysis of SN1987A
events [70,71]. The current opinion, as discussed more fully below, is negative [72]. The
question of whether these transformations will play a significant role in a future supernova
has also been discussed [73], but generally limited to the study of time-integrated spectra
(fluence)—see, for example, [74,75]. We will come back to the issue of oscillations in the
next section.

On the whole, a minimal interpretation is corroborated: that a neutrino emission due
to a gravitational collapse, not too different from the standard one, was indeed observed,
followed by the explosion of a supernova and the formation of a compact star. In this light,
it is interesting to consider the point originally made by Loredo and Lamb [42], and then
confirmed by an independent analysis by Pagliaroli, Vissani, Costantini and Ianni [43]:
the interpretation of the time series data suggests that there was an initial phase of very
high luminosity (see also Section 5.2). This result is considered interesting, especially
because it agrees well with the theoretical expectations about the radiation emission and
the supernova explosion. However, it can hardly be considered as a proof, as its significance
does not go beyond 20-30 [42,43].
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All this leads one to believe that a precise measurement of the first moments of
neutrino emission would be very important or essential in order to make significant
progress in understanding the explosion. Therefore, being prepared to accurately observe
and describe the time distribution of events of a future galactic gravitational collapse,
which will provide a much larger statistic of events, is a high priority task for the study of
supernovae. This consideration is the main motivation guiding the present study.

3. Parameterized Spectrum of Electronic Antineutrinos

In this section, we describe the model for the antineutrino spectrum—i.e., the energy
distribution—we will adopt, which elaborates on the one adopted in previous work. We
will attempt to clarify its physical basis and discuss its implications. We will devote special
attention to identifying the range of values of the physical parameters of the distributions,
and to explain their meaning.

A different way of proceeding is to use mathematical descriptions of the fluxes, but
disregarding the physical sense of the parameters. For example, this has been attempted
in the case of the SN1987A data (1) using deformations of the thermal distributions well
beyond the expected values, finding from the fits mild preference of monotonically decreas-
ing fluctuations with energy (precisely, decreasing exponentials) [76]; (2) using thermal
distributions of neutrino, but with temperature parameters completely different (much
lower) than the expected ones [77]; etc. From our point of view, this kind of approach
does not allow us to learn anything from the theory, but at most, to highlight potential
problems of interpretation—e.g., to show the limitations of the adopted model, the presence
of spurious events or of major fluctuations in the dataset, etc.

For a few recent and useful review articles on supernova neutrinos, please see [9-22,45]
and references therein.

3.1. Generalities

The differential flux of a generic neutrino species, with units (MeV cm?s)~1, is ex-
pressed by means of the emission rate N, and the distance D of the supernova as follows:

dN,/ dE
d)V(EV, t) = #/

)
where E, is the energy of the neutrinos. The 47t at the denominator describes an isotropic
emission. Deviations from spherical symmetry in the emission are not thought to be as
pronounced as those in the matter distribution of the collapsing star (presumably less
than 10%) and should become negligible in the later stages of the emission, when they are
dominated by the cooling of the proto-neutron star.

We expect all quantities of interest to change with time: we refer to the flux, but also
to the emission rate and the emitted power, given by

. «© _dN,
and (coav<t) = / dE, d - Ey, (2)
0

N,
E Ey

. 0 d
Nu(t) = [ dE, GH

v

and to the average energy, which is also a function of time:

— &,
Eolt) = 5 ®)
As we will discuss, the time evolution of this last quantity is less marked, though no
less important than the others. From here on, conforming to the usage of the astrophysics
community, which prefers to speak of luminosity instead of emitted power, we will adopt
the symbol
£(t) =¢. (4)
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The rate % at which an experiment records signals from the supernova is linear in
the flux

Rgalt) = /0 " 4E, @y (Ey, £) Ager (Ev)- 5)

The calculation of the effective area A for a few experiments, which are representa-
tive and of special interest, is given in the Appendix. Finally, the time-integrated flux (the
fluence) is

F(Ev) = /O°° dt q)v(Ev/t)- (6)

3.2. Model with Two Emission Phases

The simplest approximation of the instantaneous neutrino spectrum emitted by a
supernova, which is justified on physical grounds, is the thermal distribution (that in
practice, consists of a black-body model).

On the other hand, all simulations show that the initial emission is much more intense,
which indicates that some physics is missing and a more elaborate model is needed. This
was known from the earliest calculations; see, e.g., [39], and led to the conjecture that
neutrino pressure plays an essential role in reactivating the stalled shock wave, thus
causing the explosion [40]. While it is recognized that neutrinos are important, their precise
role is still being investigated and the explosion is not yet fully understood. For an example
of such calculations, see, e.g., Figure 42 of Ref. [78].

A proposal to improve the model based on physical considerations is the one put
forward in [42] and further explored in [43] in connection to SN1987A neutrino observations.
In addition to the cooling emission due to the surface of the black body, a volume emission
is also considered, due to the reaction that occurs in the first moments after the onset of
gravitational collapse. In the case of electronic antineutrinos:

n+e’ —p+e. 7)

This phase occurs around a neutron-rich zone just above the nascent star, when matter
accretion is at its greatest and the temperature is high enough to create a thermal population
of positrons. Note that this second component is non-thermal in nature.

Therefore, we will also adopt a model for antineutrino emission with two components
that have a definite physical meaning. More precisely,

we will assume that at any given time, the flux can be described by a sum of the accretion
and cooling components,

CDI/(EV/ t) = (Dv,a + (Dv,c/ (8)

each of which is quantified by a temperature and an intensity of the emission (in the way
discussed in the next section) each of which is a function of time.

See Figure 1 for a visual summary. Note that, to better show the features of the
luminosity distribution of the specific numerical simulation chosen for the illustration,
we have used two linear time scales in this figure: one, finer, for the first half-second;
another for the remaining time interval. The luminosity curve is, however, in very good
approximation, continuous with its first derivative, as it is in the other simulations. The
small kinks, visible from Figure 1 during the accretion phase, only slightly modify the
general characteristics just described. See [42,43,79] for more discussion.
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(a) Neutrino luminosity. (b) Emission model schematic.

Figure 1. (a) Sketch of one typical shape of the antineutrino luminosity, as indicated by a simulation
by the Garching Group, as reported in Ref. [16]. After a fast growth phase (red), there is a very
intense emission lasting a fraction of a second (highlighted in orange) followed by a less intense,
slowly decreasing and long-lasting emission (from yellow to blue). (b) Conceptual diagram for the
emission. Around the nascent neutron star there are many emitting centres, due to the reaction
between positrons and neutrons. From Ref. [79].

3.2.1. Emission from Thermal Cooling

. c AmE2
AN, o (Ey, t) = R X s
v,e(Ev,t) (hc)3 X Tlips X 1+exp(E,/T¢)

dE,. )

In this approximation, the average energy is given by the well-known formula for a
Fermi-Dirac, E, . = 3.15 T, and the luminosity follows the black-body law:

Lo o R2, x T2, (10)

The flux depends on the same parameters: the radius of the neutron star Rys and the
temperature T;, which are in general time-dependent. When this spectrum is used to fit
observations, the respective role of these two parameters is to quantify the intensity of the
emission and the average energy of the emitted neutrinos.

3.2.2. Emission from Processes around the Accretion Zone

If we call N, the number of neutrons participating in the process and T, the tempera-
ture of the positrons, the rate of emission of antineutrinos will be given by

e X 4TTE2

C
T ™ N one(Ev) X =2

()

where g. = 2 is the spin factor and the expression of E¢(E, ) and of one(Ey) is as in [43]:

dNy,g(Ey, t) — dEv, (11)

p _ En—-1298Mev  _ 48x 10~% (E,/MeV)?
¢ 1-E/myn ~ " 1+(E,/260MeV) ’

(12)

As the cooling emission, the component of the flux described by Equation (11) also
depends on two parameters: N and T, which are generally functions of time.

The parameter N, = My /my can be expressed in terms of the fraction &, of outer core
mass that is composed of neutrons and exposed to the flux of positrons. That is,

M
Np = &n X © . (13)
Mn

In general, we expect &, < 0.4. This upper limit arises from the following considera-
tions. The maximum mass exposed to the positrons flux Mmax is estimated to be 0.5 M,
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and 0.6 M in Loredo and Lamb [42] and in Pagliaroli et al. [43] respectively. This is a
fraction of the total mass of the outer core, evaluated as (0.7-1.3) M by Wilson [80], as
we are only interested in its innermost part. Multiplying the mass Mmax by the initial
fraction of neutrons Yg, ~ 0.6 we have M < 0.3M and 0.4M, respectively; however,
in view of the neutronization processes, e~ +p — ve +n, we expect that Y}, . to grow a
bit over time. So we prefer to consider the most conservative limit, namely M, < 0.4 Mq.
Correspondingly, we will have the upper limit N, < 5 x 10%.

The average energy can be approximated by the numerical formula: E, , = 0.85MeV +
50T,(14+0.01T,/ MeV). Thus, consistently with [43], we have in a reasonable and useful
approximation

Ev,c

T,
=~ 0.6-=. (14)
Ev,a Tﬂ

In other words, the two average energies are the same when T, ~ 0.6T..

3.3. Expectations

From what we discussed before, the total neutrino flux can be described as the pa-
rameterization of a total of four parameters: Rys, T¢, &n and T,. In the case of the cooling
emission, we will have a typical neutron star radius Ry slightly larger than about 10 km
and a typical temperature T, = (4 — 5) MeV; in the case of the accretion emission, we
will have T, = (2 — 3) MeV and &, comfortably within the maximum bounds of 0.4. For
definiteness, let us consider the following benchmark values:

Rye =15km, T =45MeV, &5=0.04, T, =25MeV; (15)
and consider as reasonable or acceptable the following ranges of the possible values:
10 < Rps <30km, 2<T.<6MeV, 00<E<04 1<T,<4MeV; (16)

whenever needed.

For the reference values, we calculate five quantities: luminosity, neutrino emission
rate, the average energy and event rates for Super—-Kamiokande and IceCube (see Table 1).
We do this for both the cooling and accretion phases, assuming a galactic supernova at a
distance of D = 10kpc. All quantities (except average energies) scale linearly with the area
of the neutrinoshpere TR2, and the number of neutrons Ny, or equivalently, the fraction
&n. On the other hand, the dependence from the temperature is more complex, but can be
approximated with a power law

T \Yx
X(T) =~ X, x <) (17)
T,
for each of the five quantities just mentioned here called X. The values of the coefficients X,
and of the power law indices yx are listed in Table 1. These power-law approximations are
valid within 5%, except for the event rate in Super-Kamiokande and for lower values of the
temperature Tj; in fact, when the threshold effects become considerable, the approximation
loses accuracy.
A few comments on expectations for typical parameters are in order:

¢ The luminosity, the number of irradiated neutrinos and signal rates in the detectors
are much higher during the accretion phase than during the cooling phase. This result
is consistent with what has been discussed in the previous literature [42,43,79], and it
is due to the volumetric character of the accretion emission highlighted above.

¢ If the cooling luminosity is about the same for all six neutrino types of neutrinos and
antineutrinos, then in about 10 s 3 x 10°3 erg will be extracted from the core of the
star.
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e The number of electron antineutrino events from the accretion phase, which we expect
to last a fraction of a second, will be a bit smaller but comparable with that of the
cooling phase.

Table 1. Reference values for luminosity (), number of neutrinos per second (N,), average energy
(Ey), rates in detectors (Rsk, %1ce3), for the two phases of cooling and of accretion defined in
Section 3.2. All the quantities are referred to as the electron antineutrinos (ve) species. For the given
quantities, we specify benchmark values and power law indices, as defined in Equations (15) and

(17) respectively.
L Ny E, Rk Rlced
BENCHMARK VALUES [EQUATION (15)]
[erg/s] [Ve/s] [MeV] [Hz] [Hz]
COOLING 5.2 x 10°! 2.3 x 10% 14.2 6.7 x 10? 7.9 x 10*
ACCRETION 5.0 x 10°2 2.4 x 10%7 13.0 5.2 x 103 4.7 x 10°
POWER LAW INDICES [EQUATION (17)]
COOLING 4.0 3.0 1.0 5.1 6.0
ACCRETION 5.5 4.6 0.9 6.7 7.5

3.4. Remark on Neutrino Flavor Transformation

Unfortunately, the current picture of neutrino flavor transformation in a supernova
environment does not seem complete, as mentioned in Section 2, and this does not allow
us to consider the adopted modeling of neutrino emission as accurate in all details. In this
section, we venture an assessment of the issue. For an introduction to the physical problem,
as well as to the notation, see e.g., [81].

The flux on Earth is connected to the one in the absence of oscillations, indicated with
the superscript “0”, according to

(IJVe = Peeq)% + Pe}lq)g;z + PeTcD%T ~ Pee (I)gc + (1 - Pee) (D%x ’ (18)

where e indicates the electron antineutrinos and x the y or T antineutrinos. The exact
expression requires us to identify @%X = (@%}, + (ID%) /2 and to include also the term
(dD% - @%T)/ 2 X (Pey — Per), but the y or 7 fluxes are very similar to each other [62]. The
approximation of Equation (18) is appropriate for our purposes.

To take the argument further, suppose that Pee = |U2 | ~ 0.68 [82], as obtained in
the case of the normal mass spectrum for antineutrinos [62], neglecting neutrino self-
interactions [59-64,66,67]. In this case, if the CI>O flux is absent, we have a 30% decrease
in the flux reaching the Earth; if it is similar, however the effect is minor or negligible.
Tentatively, one could assume that the observed electron antineutrino flux at Earth is just
10-20% less than that emitted.

In summary, our model retains physical meaning, insofar as the oscillations do not
play a quantitatively essential role. However, the precise meaning of the parameters of the
model is subject to these considerations, and will be more clear as the theory of oscillations
is understood better. Note incidentally that the study of the flux and fluence of SN1987A
along these lines, see [43,44], does not suggest that the inclusion of the effect of oscillations
is critical for the interpretation.

4. A Model for the Time Evolution

We have finally come to discuss the point that we are most interested in, the time
dependence of the flow. In accordance with the general framework just outlined, in our
model, we will have two distinct components of the flow, which we will discuss how to
patch together hereafter. The accretion component, which lasts less than a second, and the
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cooling component, much less intense but of long duration. We will call the two time scales
T, and 1., where 1, < 1s and 1, ~ several seconds.

This is similar to what was described in Refs. [42,43]; moreover, following [83,84], we
also model the brief initial phase in which the brightness increases, that will be observable
in future. In this section, we will describe model that implements the above requirements,
in a flexible and physically transparent manner. A few examples of the (many) possible

variants will be discussed later in Section 6.

4.1. Description of Luminosity

In order to achieve a time parameterization of the neutrino emission, we will pass
through the description of the total luminosity, written as

Each one of the two luminosities will be composed by two distinct phases: the first one in
which the emission increases, followed by a second one in which the emission decreases.
In the following, they will be referred to as i(t) and d(t) respectively.

In this work, it will be sufficient for us to consider the case in which the increasing
function is linear and the decreasing one is exponential:

i(t) =xt and d(t) =exp[—(t/1)%], (20)

where « is a constant and « is 2 (or 1) for the accretion (or cooling) phase. That is, if we
neglected the increasing ramp, the accretion component would simply be treated as a
“half of a Gaussian”: £, ~ exp[—(t/1,)?]; while the cooling one would be treated as a
decreasing exponential: £, ~ exp[—t/Tc].

The choice of the specific parameterization, just described, is dictated by physical
considerations: e.g., a non-infinitesimal rise time; the existence of an accretion phase of
relatively short duration; the existence of a longer cooling phase; but also by considerations
of analytical convenience and simplicity. Of course, this parameterization does not claim to
reproduce exactly all the features of existing simulations, but rather the general and most
important ones, extending and improving the most common type of parameterizations
used in data analysis—those that assume quasi-thermal distributions and/or that neglect
the accretion phase altogether. In this sense, the comparison with the example given in
Figure 1a is satisfactory and adequate for our purposes. Of course, these positions can be
improved and reconsidered with real data or precise theoretical input, if needed.

The i(t) and d(t) components need to be continuously matched, in order to obtain
a description of the luminosity that corresponds to the indications of the simulations for
each emission phase. This can be done as follows:

Increasing function  i(t) ) )
. . — Matching function m(t) = ————, (21)
Decreasing function d(t) '

where 1 is the so-called sharpness factor; as n increases the two phases become more and
more distinct, even near the junction region. In the following, we will set the normalisation
condition with respect to the maximum of the curve, denoted as t(:

m(ty) = 1. (22)
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The condition that the derivative of (x t) ™" + exp[n(t/1)%] is zero at the maximum
t = to allows us to eliminate the parameter « in favor of ty. In this manner, the matching
function in Equation (21) can be parameterized as:

F(t tg, T, 04,n) =

o ((0°-7) e

with T and « chosen according to the emission phase.
A qualifying and useful aspect of getting a parameterization for the time distribution
as in Equation (23) is to describe it through quantities that are easily inferred from the data:

1.  the position of the maximum of the curve tp;
2. the two timescales that drive the decrease in luminosity, T, and T, for accretion and
cooling emission, respectively.

The width at half-height T7 /5, another parameter easily deduced from the data, gives a
useful approximate expression in powers of ty /Ty /, of the parameter that we will eventually

be interested in: )
o\ 7
@)Y N

log 2

T:Tl/z

Finally, as a check, we note that, at first order in fy/T around the maximum, the
following holds true:

g1 By ® \(t=h) A
F =1 2(n+1+£)< o ) where B—cx(T) , (25)

which gets tighter as n increases, as expected.

4.2. Description of the Flux

Once the luminosity has been modeled, the time dependence can be distributed
among the parameters, thanks to definitions (2) and (4), as well as Equations (9) and (11).
To illustrate the points that we are interested in, let us consider a few specific models.

Let us begin noting that each of the two terms of (19) is composed of a multiplicative
coefficient—that is, the number of neutrons N, or the area of the neutrinosphere TR2;—and
a temperature-dependent part. We can assume that during accretion phase, the number
of neutrons varies with time, while the temperature remains approximately constant.
Furthermore, we can imagine that the radius Rns remains approximately unchanged during
cooling phase, but the temperature steadily decreases, thus diminishing the emission over
time, until terminating it. From (10), we have:

T.(t) x LY* = T.(t) = Ty x exp[—t/(47.)], (26)

where Tj is the temperature at the onset (t = 0). To ensure that the average energies in the
two emission phases match each other, we use the equation (14) to relate the temperatures
of the two emission phases at a certain time. Choosing t = 0 as the “matching time” brings
us to the convenient expression

T, = 0.6T.(0) = 0.6 Tp. 27)
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To obtain a complete description, we can use the results of the previous section, setting:

Ta(t) = 0.6 x T En(t) = &ng X F (t,t0,7a,2,n,)  [accretion]  (28)

Te(t) = To x /F (t,to, e, 1,nc)  Rns(t) = Rugo [cooling]  (29)

where we have used the same f( value (=the time of maximum luminosity) in the two
components. Note that in this model, the time dependence of the luminosity (23) is
completely absorbed by &, and T for the accretion and cooling phases, respectively.

One can consider an alternative parameterization, where the radius evolves over time
during the cooling phase, while the temperature remains constant—see (10). In this type of
model, the description of the energy spectrum would be particularly simple:

Ta(t) = 0.6 x T En(t) = Eng X F (£, 10,70, 2,1p) [accretion] (30)

Te(t) = Ty Rus(t) = Ruso X ¢/ F (t,to, T, 1,1c) [cooling] (31)

However, the idea that the average energy does not change during cooling seems less
(not very) credible, from a physical modelling point of view.

As already pointed out, many variants or intermediate cases can be imagined; this
point is elaborated on later. For the time being, since the first model just described is
reasonable and easy to use, we will adopt it to illustrate the results in the next Section, for
representative values of the model parameters.

Before going on to present the outcomes, note that, when the two components are
summed, the accretion component dominates in the first moments and the cooling compo-
nent dominates in the last ones; in this sense, the two components concern two different
phases, and are distinct in practice. For the same reason, the choice of the sharpness
parameters in the phase of cooling is not particularly crucial, and we will identify it with
the one during accretion n, = n. = 2. So, apart from these latter quantities, the most
important parameters of our model are the following ones:

{TO, E-1’10/ RnSOI tO/ Ta, TC}' (32)

It will be noted that half of them are times, and in fact, this parameterization is specially
designed to describe the temporal distribution, and it is mainly designed to highlight the
existence of the accretion phase—and, if it exists, to help quantify it.

5. Tests and Applications

In this section, we will discuss the flux, the energy spectrum and the luminosity
of the model defined by Equations (23), (28) and (29)—see Section 5.1; then, we will
compare the model expectations with SN1987A observations obtained in Kamiokande-
II [31]—see Section 5.2; finally, we discuss the predictions for two important experiments,
Super-Kamiokande [85] and IceCube [84,86], that will be used to illustrate the results—see
Section 5.3. A description of the response of the detectors is given in Appendix A.2.

For completeness, and before proceeding, let us recall that there are several other very
important experiments, and among them, we feel that it is important to explicitly mention
JUNO [87], DUNE [88] and KM3NeT [89]. In addition to that, we take the opportunity to
highlight the following points: (i) There is a broad spectrum of innovative detectors [90-92],
as well as good motivations to consider even larger detectors of conventional type [93].
(ii) Comparing the results coming from several detectors will be of great importance—see,
e.g., [92,94-99]. (iii) A network of detectors called SNEWS [100] aims to promote the
cooperation among detector and to provide a fast trigger to improve multi-messenger
detection.
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5.1. lllustration of the Expected Flux

In the following, and as an example, we give the parameters (32) the reference values:
{Tp =42MeV, &y =0.04, Ryso = 18km, ty =0.1s, 1, =0.5s, T, =5s}, (33)

which are similar to the benchmarks (15) considered above. The total flux (1), as given by
our model, is plotted in Figure 2, as a function of time and (neutrino) energy. At each time,
the energy distribution resembles a thermal distribution. In Figure 2a, the initial phase
is highlighted; the maximum is prominently displayed, and the order of magnitude of
the flux is around 10'° 7, cm~2s~! MeV 1. Figure 2b, on the other hand, encompasses the
entire time extension in logarithmic scale, up to 100s. It shows quite clearly the difference
between accretion and cooling phases.

40

Flux @,
[em™2 57! MeV!]

x101°

30

201 |

Neutrino energy [MeV]

10

0.0 0.2 0.4 0.6 0.8 1.0
Time [s] Time [Log,,(t/s)]

(a) Neutrino flux up to 1s. (b) Neutrino flux up to 100s.

Figure 2. Expected neutrino flux (1), differential in time and neutrino energy, from
Equations (9) and (11), given the parameters (33) and the model emission (28) and (29). The ref-
erence distance D = 10kpc is assumed. (a) First second, flux in linear scale. (b) First 100 s, time in
logarithmic scale.

Figure 3 shows two important integral quantities; the luminosity (4) in Figure 3a and
the fluence (6) in Figure 3b—that is, the time-integrated flux. The former has a clearly
visible maximum where we have requested it to be; first, it increases linearly, then it
declines, with two different time scales. The fluence turns out to be quasi thermal; the
average energy we find is E, = 11.2MeV (which is not very different from the best fit
found by SN1987A [41,44], namely 12 MeV). The width 5E, / E,is just a little bit narrower
than the thermal width, which, with a Fermi-Dirac type parameterization, corresponds to
a (modest) pinching parameter y = 0.2.
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Figure 3. Expected luminosity (a) and time-integrated flux (b) in our model, obtained by
definitions (4) and (6), given the parameters (33) and the model emission (28) and (29). The ref-
erence distance D = 10kpc is assumed.

5.2. Comparison with SN1987A

Let us now compare the model with the observations from SN1987A, which exploded
in the large magellanic cloud at about D = 50kpc. For illustration, we consider the
16 events seen in the detector Kamiokande-II, discussed in [42,44], which were collected in
a time window of 30 s and which have an energy greater than 4.5 MeV.

The number of signal events indicated by the model (from accretion and cooling
phases) are

N;" =6.5 N =71, (34)

in addition to which we expect 5.6 background events, see [42-44]. Thus, we have 19.2 ex-
pected events compared to the 16 observed, which is acceptable. Furthermore, the Cramér—
Smirnov-von-Mises test shows that the theoretical time distribution is perfectly consistent
with the observations; if the time between the first neutrino arrived and the first revealed
event (which is not known) is assumed to be t,¢ = 0, 0.1, 0.2 s, the corresponding p-values
are 62%, 48%, 30% respectively. Repeating the same exercise for the energy distribution,
we find a p-value that indicates a similar confidence level, 51%.

For the purpose of better illustration, in Figure 4, we show the distribution functions of
time and energy: we note: (1) In the case of the distribution in time, the events accumulate
rapidly at first, consistently with the idea that there is a phase of emission from accretion.
(2) In the case of energy distribution, there is a peculiar population of low energy events
(including the last 4 events, often omitted in SN1987A data analyses) attributable to
background processes, which are described as discussed in [44]. In conclusion, this model
is perfectly compatible with the observations obtained on the occasion of SN1987A, even
before optimizing the values of the parameters.
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Figure 4. Top row: (a) Time position of the events from SN1987A, as observed in Kamiokande-II
(black vertical lines) compared with the differential counting rate predicted in the model (blue curve,
signal + background) for the value of the parameters indicated in the text [42—44]. (b) Same but
with respect to the energy. Bottom row: Cumulative distribution functions (CDF) for the same
flux, regarded as a model of SN1987A emission. We show in black the data, in blue the theoretical
expectation. (¢) Cumulative time distributions (t.+ = 50 ms, p-value = 56%). (d) Cumulative energy
distribution (p-value 51%).

5.3. Predictions

To conclude, we discuss how many events that we expect from a future supernova at
10 kpc, supposing that the same model describes the electron antineutrino emission.

We start with Super—-Kamiokande, which will be able to reconstruct the energy of the
antineutrinos from the observation of the energy and direction of arrival of the events. In
our model, we expect just over 5000 events, 2455 from the accretion emission and 2675
from the cooling emission (the increase w.r.t. Equation (34) is due to the larger mass of
Super-Kamiokande and the closer distance of the event).

The distributions on neutrino energy and time are shown in Figure 5. The left panel
shows the time of the maximum differential interaction rate, which, of course, occurs at
the maximum of the luminosity (at 0.1 s and, just below 20 MeV in our model, defined in
Equation (33)); the units of measurement of the interaction rate are s 1MeV~!. The right
panel instead shows in logarithmic scale both the differential rate and the time scale, in a
much wider range.

In Figure 6, the interaction rate (measured in Hz) due to the signal in IceCube is given.
Although this detector is not designed to measure the energy of events around tens of MeV,
the counting rate in the phototubes grows so much that it becomes possible to observe the
supernova signal at times around the maximum intensity, and in particular, it becomes
possible to obtain evidence of the existence of an emission phase, due to accretion already
after a few ms.
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(a) Counting rate up to 1s. (b) Counting rate up to 100s.

Figure 5. Expected differential counting rate of electron antineutrino events in Super-Kamiokande
differential in neutrino energy, as per definitions (5) and (6), given the parameters (33) and the model
emission (28) and (29). The reference distance D = 10 kpc is assumed. (a) The first second of emission;
each contour marks steps of 25 s~ 1MeV~1. (b) Global distribution. Note the similarity with the flux,
as shown in Figure 2.

We emphasize that while Super-Kamiokande is equipped to distinguish the antineu-
trino component and to measure the energy of these events, the IceCube data analysis just
described is not capable of doing either: in other words, IceCube will only measure the rate
and not the energy of the events; and furthermore, their count rate will receive an addi-
tional small component from the interactions of neutrinos and antineutrinos with oxygen
nuclei and electrons. This is only a small fraction of the contribution of the reaction (A2),
simply because the interactions, at the energies of interest, are significantly less—see, e.g.,
Figure 2 of [44] and [45].

5x10% —— Model ]

1% 10°; 1
5x 104 1

Counting rate [Hz]

1x10% Background fluctuations .

5000+
0.001 0.010 0.100 1 10
Time [s]

Figure 6. Counting rate in IceCube, as expected from model emission (28) and (29) given the
parameters (33). The gray line marks the 30 kHz threshold given by background fluctuations in
5t = 1.6384 ms time bins (see Appendix A.2). Note the similarity with the luminosity curve shown in
Figure 3, driven by the similarities in the definitions (4) and (6).

6. Variants and Possible Improvements

The above proposed model has many advantages, starting from the simplicity of
its mathematical formulation, advantageous for computer analysis. It can be modified
and improved in many ways. We discuss a few of them for pure purpose of illustration,
stressing that the essential objective of the present work remains the one to highlight
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the importance of describing the first second of the emission—i.e., of the inclusion and
modeling of the phase of accretion. Some other possibilities have been considered in
the literature [42,43,101-103] using models tailored to explore SN1987A neutrinos; it is
legitimate to believe that future data samples from a galactic supernova will be significantly
larger, and will allow us to probe even more complex and informative models.

6.1. Variants Concerning the Cooling Component

The model discussed above considers the formation of a neutron proto-star from the
earliest moments. On the other hand, it is not inevitable to believe that it is the temperature
T (t) to increase rapidly over time, as described in Equation (28), rather than the radius of
the star to form rapidly. Following this line of thinking, one can alternatively consider, e.g.,

Tc(t) =Tp X eit/(4TC)/ Rns(t) = Rpsp X V 1- eit/tél (35)

see discussion in Section 4.2. On the other hand, in the first moments after collapse, the
emission is completely dominated by the accretion component, and not by the cooling
component, therefore this modification—which could indicate a time scale #), different from
the one of the onset of the emission, very interesting theoretically—does not have very
important practical effects, nor is it easy to see the effects in practice.

As we have repeatedly argued, in the first moments of the emission, the total luminos-
ity of neutrinos is dominated by the accretion component. The cooling component plays a
minor role in these instants and its characteristics become manifest and observable only
at later times. For this reason, it is possible to adopt different parameterizations of this
component, without significantly changing the position of the maximum of the luminosity,
that is mainly determined by the accretion component. For instance, we can consider
power laws such as

To YT
Tc(t) = W’ Rps(t) = Rpsp X V1 — e~t/h, (36)

where « is a new parameter, describing the way in which the luminosity declines asymp-
totically.

6.2. Variants Concerning the Accretion Component

One might be interested in considering the case in which the temperature in the
accretion phase changes (increases) slightly with time, before the actual moment of the
explosion. In this case, one needs an extra parameter, e.g., the initial temperature T;, to
define

T/(t) = 0.6 x [TO —(Ty—T) e*f/ﬂ. (37)

If we are interested in changing the temperature in this way, but do not want to change
the brightness, we can proceed as follows. Firstly, we start from the previous model for the
accretion component, defined by ®,(&n(t), T,(t)) of Section 4.2, where T, (t) = 0.6 x Tj is
a constant; then, we replace it with the following modification:

v
@4 (En(1), (1)) Ggg) : @)

where we need to use the value of parameter v = 5.5 shown in Table 1.

6.3. Variants Concerning the Other Neutrino Flavors

It is simple to treat the flavor, proceeding in a similar manner to that often adopted to
treat the time integrated flux. In fact, focusing on the cooling phase, one could reasonably
assume that the spectrum of non-electronic antineutrinos (muonic, tauonic) that is involved
in the study of oscillations, has the same luminosity as electronic antineutrinos, but it has
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a different temperature. In this way, only one parameter is added. For what concerns
electron neutrinos instead, it is possible to impose the condition that the total leptonic
number emitted is the one predicted by theory, constraining the emission temperature of
Ve. Moreover, a short initial emission component should be added. This is due to the so
called “neutronization” phase, in the early stages of collapse, in which electrons combine
with protons producing neutrinos. They pile up behind the shock and stream in bulk
once the latter crosses the neutrinosphere. Although this emission corresponds only to a
minuscule amount of events, it could be detected by future large scale detectors such as
Hyper-Kamiokande or DUNE [16,103]. In this sense, the description of electron neutrinos
requires considering (1) the production reaction e + p — n + v, and (2) the distribution
of initial electrons, i.e., a model analogous to that used in Section 3.2.2 to describe the
accretion component of electron antineutrinos.

7. Discussion and Outlook

Theoretical simulations are extremely important for advancing our understanding
of the supernovae, but also demanding and difficult. In spite of extensive efforts, at
present, it does not appear that astrophysical models are yet able to capture fully the
physics of the explosion. Undoubtedly, an observation of the neutrino signal will greatly
help us make progress: it was with this consideration in mind that we conducted the
present investigation.

In order to be ready when the supernova explodes, it is of some importance to have
models with physically meaningful parameters that can be fitted to the observed data. We
have discussed the reasons why we believe that it is necessary to include, in addition to the
thermal (or quasi-thermal) components, used in most existing phenomenological studies,
also a non-thermal component, which we have called the accretion component.

Such a component leads us to expect a much higher luminosity in the first second
of the emission and correspondingly a very high rate of signal accumulation. It will be
noted that the overall intensity of the emission in this first phase certainly plays a role for
the explosion; therefore, it is reasonable to expect that direct observation will contribute
significantly to fine-tune the astrophysical models of the supernova.

The specific model that we have illustrated has some aspects of practical utility, allow-
ing, for example, to position the maximum emission, and being equipped with two distinct
time scales for the decrease of luminosity during the accretion and the cooling phases. It
is also equipped with an initial ramp, in which the luminosity grows. The search for the
gravitational wave flux associated with gravitational collapse will benefit from the study
of this initial emission phase, as already widely argued in the literature [83,84,104-106].

As we have illustrated, the model can be easily modified and, if necessary, improved
in many ways, for example, by including a time dependence of temperature during the
accretion phase, or even by changing the time dependence during the cooling phase.
Several additional effects have been highlighted and discussed in the literature, and some
of them may lead to observable manifestations. Careful guidance of the theory (of the
simulations) would also be highly desirable to select the most plausible model parameter
values and their confidence intervals.

From our point of view, the main reason for the specific parameterization proposed
here is to provide a well-defined tool to discuss the existence of the accretion phase. We
need to observe (anti)neutrinos from a galactic supernova in order to confidently quantify
its consistency, and in particular, what its duration is and what its intensity is.

The approach we propose is complementary to that of comparing specific models
calculated by astrophysicists (and lately, to see which one agrees best with the data)—
see [107] for a remarkable and recent approach along these lines. In addition, the generic
parameterized model, discussed in this paper, can be refined by including further specific
features of interest—e.g., oscillations/fluctuations of the luminosity in the initial stage,
dips and bumps expected /suggested from the theory, etc—with the advantage of putting
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these phenomena in their proper context, clarifying their observability and quantifying the
residual uncertainties.
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Appendix A. Detector Response
The event rate in the detectors can be written, already for dimensional reasons, as

Gaalt) = [ A @r (1 E) Ada(E), (A1)

where the parameters of the detector can be summarized in an effective detection area, that
is energy dependent and can be calculated once and then reused. We adopt the precise
cross section described in [108] for the reaction of interest, namely:

Voet+p—et +n. (A2)

In the first section below, we provide an accurate and convenient expression of the
kinematic limits for the reaction of interest; subsequently, we model the response of Super—
Kamiokande and IceCube, and evaluate their effective areas.

Appendix A.1. Kinematics

In order to calculate the maximum and minimum values of the positron energy, it is
convenient to refer to the center-of-mass system, operating a Lorenz transformation

Ee = Y(E™ + B p™ cos OM). (A3)

In the reaction of interest, Ve + p — e + n, the impulse of the system is E,, the energy
is mp + Ey, and then we have that the ‘invariant mass’ is , /m% + 2mpE,. Therefore:

mp+E, E,

—— B=——
\/ ™M +2mpEy myp + Ey

We now calculate the energy in the centre of mass. Considering the relation between
the four-momenta py, + pp = pe + pn and taking the invariant square, we have

(A4)

2
m}% + 2mpE, = [EEM + \/(EgM)2 —m3+md|, (A5)



Symmetry 2021, 13, 1851

19 of 24

which allows us to conclude:
1. The threshold of the reaction, which is obtained when E™ = m1,, is
(11 & me)? — m>

Eqr = 04 where 01 = 5 P (A6)
p

2. For E, > Eg,, we have

Es w3 — w2 —

where 6= ——— P (A7)

T+ 2E,/my 2mmy

3. The corresponding momentum pg" can be written as

M __ (EV B 5+)(EV — 6*)
pe_\/ 11 2E,/my (A8)

CM __
E" =

which is zero at the threshold as it should be.

So to sum up, the kinematic limits for the positron energy E; < E. < Ej can be
conveniently expressed as follows:

— — 82 — 2
(1+€)(Ey —8) £ e+/(Ey — 8)2 — m2(1 + 2¢) with e— Ev. (A9)
1+ 2e¢ mp

Eip =

To compare with the popular prescription E. = E, — (5 — 1), consider that it yields
Ee = 38.707 MeV when E, = 40 MeV, while actually it is 35.665 MeV < E. < 38.706 MeV.

Finally, note that this expression can be obtained also from the condition on four-
momenta (p, + pp — pe)? = p3, evaluating Ee as a function of the scattering angle 0
and of neutrino energy, then considering the extreme values cos® = £1. At the lowest
energies, when positrons are emitted only in the forward direction, as remarked in [108],
this procedure is less transparent, but formally yields the same outcome.

Appendix A.2. Description of Some Supernova Neutrino Telescopes

Kamiokande detector, and its successor Super-Kamiokande, widely proved to be able
to reconstruct the individual positron produced by antineutrinos, measuring its energy,
time of arrival and directions quite accurately. The latter detector, after adding gadolinium,
has been further upgraded improving the chances to see the associated neutron: In this
manner, it is the best detector to study for supernova antineutrinos at present. The effective
area is

doy,p

dEe (El// Ee) (A]'O)

Ep
As(E)) = N [ * dEc e(E, Eu)
1

The number of protons in Super-Kamiokande is very large:

7Tr?h % Pwater

NSK =2(1-Yp) =2.167 x 10%, (A1)

H,0

where my;, o = 2.9915 x 10-2 g and Yp = 1/6420 is the deuterium contamination to be
taken into account (subtracted). With the geometrical parameters i = 36.2m, d = 2r =
33.8m, the mass is Vp = 32.416 kton—given pwater = 0.998 g cm 3 at 20 °C. This numbers
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agrees well with N3 = 2.17 x 1033 of Iida [85] and it is 15 times more than Kamiokande-II,
Vp = 2.14 kton [31,32]. The efficiency function can be factorized as follows [44],

(A12)

where of course ‘erf’ is the error function and we used the same expression that was
adopted for the analysis of SN1987A to describe the response of Kamiokande-II in its entire
volume [44], extended to lower energies, namely:

Emin = 45MeV;

olfe) _q,p ) B E
MeV 10MeV ' 10MeV (A13)

2
1(Ee) =093 [1 _02MeV _ (2.5Mev> '

E. Fe

IceCube has Noy = 5160 optical modules well separated, each one of which is able
to act as an independent detector for the positrons produced by the supernova emission.
The number of photoelectrons that each of them can collect on average was estimated as
an effective volume Vg = 34.2m3 x E./MeV [86] linearly growing with positron energy
times the density of protons in ice, where pjce = 0.92gcm™3. We can form the combination

E.

Vot X 04
Ice3 ff X 0 34
used then to write:
Ep doy
Ara(E) = [ dE NI (Ee) 2 (o Ee) (A15)
El e

While er)cg?f is remarkably large, it should not be compared too naively with N3¥, as
in the former case this refers to the yield of complete and well-reconstructed events, whereas
the parameter N}I)Cgf’f concerns the production of individual photoelectrons. For instance, in
Ref. [86] we read: “With a GEANT-4 simulation, the amount of photons produced by a
positron of an energy E. can is estimated to be NY< = 270 E./MeV".

When the antineutrino signal from supernova exceeds the background, IceCube
measures an increase in the average count rate and is thus able to observe its temporal
structure. For instance, let us consider the case discussed in [84], namely, to adopt narrow
time binning of 6t = 1.6384ms for data taking, with the special aim to measure the
initial emission. Recalling that each optical module collects spurious (background) events
at an average rate of &, = 280Hz [84], the average number of spurious events is
Npkg = Rpkg X Nom X 8t = 2367. Thus, the minimum number of signals that can be

revealed in each bin is of the order of 8Ny, = /Npkg = 49. This corresponds to the

minimum signal counting rate of

5Noig
5t

Rices > = 30kHz (A16)

that, as one can see from Figure 6, is expected to be reached after a few ms with emission
due to a “standard” supernova, which explodes at D = 10 kpc from Earth.
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