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Fast-time variations of supernova neutrino fluxes and detection
perspectives

I. Tamborra®!*, F. Hanke®, B. Miiller®?, H.-T. Janka®, G.G. Raffelt?
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bMax-Planck-Institut fiir Astrophysik, Karl-Schwarzschild-Str. 1, 85748 Garching, Germany

Abstract

In the delayed explosion scenario of a core-collapse supernova, the accretion phase shows pronounced convective over-
turns and a low-multipole hydrodynamic instability, the so-called standing accretion shock instability (SASI). Neutrino
signal variations from the first full-scale three-dimensional core-collapse supernova simulations with sophisticated neu-
trino transport are presented as well as their detection perspectives in IceCube and Hyper-Kamiokande.
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(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction

Bethe and Wilson’s delayed neutrino-driven explosion mechanism [ 1] remains the standard core-collapse
supernova (SN) paradigm [2]. At core bounce a shock wave forms, it looses all its energy dissociating atoms
within the iron shell and is then revived by neutrino heating after O(10?) ms. During the accretion phase,
large-scale convective overturn develops in the neutrino-heated postshock layer [3] and the standing accre-
tion shock instability (SASI) can arise, involving sloshing motions of the shock front [4, 5] as well as spiral
modes [6, 7, 8, 9, 10]. The next galactic SN may reveal these effects in gravitational waves [11, 12] as well
as in neutrinos [13, 14].

Up to now, SN investigations of convection and SASI were based on axisymmetric simulations where
sloshing motions are constrained to the symmetry axis. Several recent 3D models found SASI sloshing
motions with considerably reduced amplitudes or no clear SASI signature at all. Convection was concluded
to dominate post-shock turbulence and SASI to be a minor feature of SN dynamics. However, SASI devel-
opment may depend on progenitor properties and the exact behavior of the stalled shock (which requires
reliable neutrino transport) and self-consistent, 2D simulations with sophisticated neutrino transport suggest
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that SASI remains possible for small shock stagnation radii [15]. The first 3D simulation with detailed
neutrino transport (a 27 My SN progenitor) shows indeed violent SASI activity [10].

The SASI activity strongly modulates the neutrino emission. The detection of such fast time variations
of the neutrino signal will offer a unique chance to probe stellar core collapse [13, 14]. IceCube [16] is
among the most promising facilities for this task, detecting a large number of Cherenkov photons triggered
by neutrinos. Moreover, Super-Kamiokande (Super-K) [17], or the next-generation Hyper-Kamiokande
(Hyper-K) [18] will monitor the neutrino signal without background and provide event-by-event energy
information.

We here discuss the detection opportunities for a SASI-modulated SN neutrino signal based on the
world-wide first 3D simulations with detailed neutrino transport of three SN progenitors with 27 Mg, 20 M,
and 11.2 M.

2. Numerical supernova models

We use solar metallicity progenitors for which the evolution until the onset of iron-core collapse has
been reported in [19] for the 11.2 and 27 M, stars and in [20] for the 20 M, star. The 3D modeling uses
the PROMETHEUS-VERTEX hydrodynamics code, including state-of-the-art neutrino interaction rates [21] and
relativistic gravity and redshift corrections [22, 23].

The adopted description assumes the neutrino momentum distribution to be axisymmetric around the
radial direction, implying that the neutrino fluxes are radial. The detectable energy-dependent neutrino
emission from the hemisphere facing an observer is therefore determined with a post-processing procedure
that includes projection and limb-darkening effects [24].

3. Detection perspectives: 27 My supernova model

In the largest operating detectors, IceCube and Super-K, neutrinos are mainly detected by inverse beta
decay, v, + p — n + e*. We represent the neutrino energy spectra in the form of Gamma distributions
[25, 26] and estimate the neutrino signal as described in [27], assuming an overall background rate of
Rykea = 1.48 X 10° ms~! (comparable to the signal rate for a SN at 10 kpc).

IceCube will register O(10°) events above background for a SN at 10 kpc, to be compared with around
10* events for Super-K (fiducial mass 32 kton), i.e., IceCube has superior statistics. While the future Hyper-
K will have a fiducial mass of 740 kton, providing a background-free signal of roughly 1/3 the IceCube rate.
Moreover Hyper-K will provide event-by-event energy information (which we do not use here).

To get a first impression of the neutrino signal modulation we consider the 27 M model [10]. Figure 1
shows the expected rate in IceCube and Hyper-K. This model shows clear SASI activity at 120-260ms. At
~220ms a SASI spiral mode sets in and remains confined to an almost stable plane not aligned with the
polar grid of the simulation. The first SASI episode ends abruptly with the accretion of the Si/SiO interface,
followed by large-scale convection with much smaller and less periodic signal modulations. After about
410 ms, SASI activity begins again until the end of our simulation. In the top panel, we select an observer
located in the SASI plane in a favorable direction and show the expected IceCube signal. While the second
panel of Fig. 1 is for a direction orthogonal to the plane of the first SASI episode (i.e., the signal modulation
is smaller than before).

Neutrinos change their flavor as they propagate from the SN core to the detector. Other than the
Mikheev-Smirnov-Wolfenstein (MSW) neutrino flavor conversions, neutrino-neutrino interactions occur
while neutrinos propagate through the SN envelope. However, since we still miss a detailed picture of
the impact of neutrino-neutrino interactions on the SN neutrino signal due to the non-linear nature of the
problem, we choose to show the two extreme scenarios in Fig. 1. One case assumes the signal caused by
unoscillated ¥, (i.e., ignoring flavor conversions), while the other case assumes complete flavor conversion
so that the signal is caused by ¥, (with ¥, a combination of ¥, and ¥;). Note as both cases reveal large signal
modulations with a clear periodicity and, therefore, assuming that the observed signal will be anything in
between these two extreme cases, SASI modulations will be clearly detectable.
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Fig. 1. Detection rate for the 27 My SN progenitor, upper panels for IceCube, bottom one for Hyper-K. The observer direction is
chosen for strong signal modulation, except for the second panel (minimal modulation). Upper two panels: IceCube rate at 10 kpc for
v, (no flavor conversion) and for v, (complete flavor conversion). The lower two panels include a random shot-noise realization, 5 ms
bins, for the indicated SN distances. For IceCube also the background fluctuations without a SN signal are shown.
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Fig. 2. IceCube detection rate for our 27 M SN progenitor on a 4 map for ¢ = 217,225,230 ms.

In the third panel of Fig. 1 we show the IceCube 7, signal in 5 ms bins, including a random shot noise
realization since the main limitation to observing signal modulations are random fluctuations in the detected
neutrino time sequence. The SASI modulation of the neutrino signal will be clearly visible for a SN up to
20 kpc (roughly the edge of the expected galactic SN distance distribution [28]).

In the bottom panel of Fig. 1, we show the expected signal in Hyper-K. For SN distances beyond some
10kpc, the future Hyper-K detector would be superior to IceCube. In fact in spite of its smaller signal
rate (about 1/3 of IceCube), its lack of background implies a better signal-to-noise ratio because of reduced
shot noise for those distances where IceCube is dominated by background fluctuations. To exploit the full
Hyper-K potential, its event-by-event energy determination should be used as well.

The observed signal is strictly dependent on the location of the observer and, for fixed location of the
observer, the detected rate oscillates with time. We show in Fig. 2 three snapshots of the detection rate at the
observer for r = 217,225,230 ms. Note as, due to the modulation of the emitted neutrino signal, locations
with the highest detection rate became afterwords the ones with lowest rate and viceversa.

As a static visualization we show in Fig. 3 the relative amplitude of the IceCube detection rate during
the first SASI episode. To define this amplitude we first note that the signal rate, averaged over all directions
is not modulated. In a given direction we define the relative time-dependent rate and consider its root mean
square deviation for the first SASI episode ([#, ] = [120, 250] ms),

1/2
o [R—(R)]?
o= f dt [ ( >} . (1)
4 (R)
The time integrated analysis still reveals a dominant sloshing direction, which is responsible for two signal
“hot spots” in two opposite directions, surrounded by directions with much smaller modulations. We can
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Fig. 3. Relative amplitude of the ¥, rate modulation (see Eq. 1) on a sky-plot of observer directions during the first SASI episode
(120-250 ms) of the 27 M model.

conclude that almost the 50% of the locations an observer will be able to detect SASI.

4. Detection perspectives: Other progenitors
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Fig. 4. IceCube rate for optimal observing directions for the 11.2 and 20 M models at 10 kpc, as in the top panel of Fig. 1.

Figure 4 shows the IceCube rate for the other two analyzed progenitors (11.2 and 20 M) in optimal
observing directions. For the heavier case, a strong SASI phase appears for t € [140,300] ms. For this
progenitor, the signal large-amplitude modulations are more pronounced than for the 27 M, progenitor, only
one SASI phase occurs. Moreover, the SASI plane is different from the one of the 27 My SN progenitor
and this is clearly shown in Fig. 5 where, analogously to Fig. 3, we plot the relative amplitude of the ¥, rate
modulation (as in Eq. 1) on a sky-plot of observer directions during the SASI episode.

The 11.2 My model exhibits neutrino-driven convection without any clear signs of large-amplitude co-
herent SASI motions (see Fig. 4). The detection rate for this progenitor is smaller than for the other two
progenitors because of a lower luminosity.

Following Ref. [13], we illustrate the signal for the three progenitors in terms of its Fourier power
spectrum for ¢ € [100, 300] ms (where SASI develops for our progenitors). With the adopted signal duration
of 7 = 200ms, the spacing of the discrete Fourier frequencies is 6f = 1/t = 5 Hz. Where we use the
IceCube dark current as a natural baseline and adopt its power to normalize the signal power spectrum.

Figure 6 shows the power spectrum of the IceCube event rate for our three SN models thus normalized.
A clear peak exists at ~80 Hz for the 27 and 20 M, progenitors where strong SASI appears. Note that for
both the two heavier progenitors the SASI frequencies are similar because of similar neutron star radii (the
same equation of state is used) and mean shock radii in the first 250 ms after bounce.
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Fig. 5. Relative amplitude of the ¥, rate modulation (see Eq. 1) on a sky-plot of observer directions during the SASI episode (140—
300 ms) of the 20 Mg model.

120t |11 MSLm 20 M IceCube -

100p

[2 3 e}
o O

Power spectrum
N
Q

N
o

oR

50 100 150 200
Frequency [Hz]

Fig. 6. Power spectrum of the IceCube event rate on the interval 100-300 ms for our three progenitors, assuming the ¥, signal from a
distance of 10kpc. Normalization is to the frequency-independent power of shot noise caused by the IceCube background of 1.48 x
103 ms™1,

5. Conclusions

The first 3D SN simulations with sophisticated neutrino transport are available for 11,20 and 27 My SN
progenitors. They show pronounced spiral SASI activity for the two more massive progenitors, while the
lighter one is dominated by large-scale convective overturn activity.

Such detectable instabilities appear to be dependend on the progenitor properties. If detected by Ice-
Cube and the future Hyper-K, the neutrino signal of the next galactic SN will offer a unique opportunity to
diagnose different types of hydrodynamical instabilities and to test the supernova explosion mechanism.
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