PHYSICAL REVIEW D 88, 083012 (2013)

Imprint of explosion mechanism on supernova relic neutrinos
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The spectrum and event rate of supernova relic neutrinos are calculated, taking into account the
dependence on the time it takes for the shock wave in supernova cores to revive. The shock revival time
should depend on the still unknown explosion mechanism of collapse-driven supernovae. The contribution
of black-hole-forming failed supernovae is also considered. The total event rate is higher for models with a
longer shock revival time and/or a failed-supernova contribution. The hardness of the spectrum does not
strongly depend on the shock revival time, but the spectrum becomes hard owing to the failed supernovae.
Therefore, the shock-revival-time dependence of supernova relic neutrinos has different systematics from

the fractions of failed supernovae.
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I. INTRODUCTION

Supernova explosions are fundamental to the evolution
of the Universe and one of the central issues in astrophys-
ics. Unfortunately, the explosion mechanism of collapse-
driven supernovae is still an open question after a half
century in spite of significant and long-lasting research
efforts [1-4]. However, progress in this field has been
slow but steady [5—8]. We now know that the core collapse
of massive (=10M,) stars is bounced by the nuclear
repulsion force and a shock wave is launched outward. It
is difficult to reproduce such an explosion numerically
because the shock wave tends to stall. The physics under-
lying shock propagation is still under debate.

We cannot study a collapsing core, which is embedded
in a stellar envelope, through optical observations.
Recently, Belczynski and co-workers [9,10] proposed a
new method of estimating the time taken for shock propa-
gation using the mass distributions of neutron stars and
black holes. They concluded that a model in which the
stalled shock revives within 100-200 ms of the bounce
convincingly accounts for the lack of observed compact
remnants in the mass range 2-5M. On the other hand,
according to a recent numerical study [11], the shock is
relaunched 300-400 ms after the bounce so as to produce
the appropriate explosion energy and nickel yields. This
shock revival time is important because it should depend
on the explosion mechanism.

The shock revival time is also reflected in supernova
relic neutrinos. Collapse-driven supernovae emit a large
amount of MeV neutrinos, which constitute relic back-
ground radiation [12-14]. Thanks to the extraordinary
efforts to reduce the background, the upper limit from
the Super-Kamiokande detector [15,16] is now close to
the standard predictions [17]. We will probably observe the

*nakazato@rs.tus.ac.jp

1550-7998/2013/88(8)/083012(5)

083012-1

PACS numbers: 97.60.Bw, 95.85.Ry, 98.70.Vc, 14.60.Pq

signal of supernova relic neutrinos using future large
detectors of Mton mass. Although theoretical predictions
are important for analyses of the experimental data, the
uncertainty of shock revival time has not been investigated
so far.

In this paper, we evaluate the flux of supernova relic
neutrinos with different shock revival times. We utilize
the Supernova Neutrino Database [18], where the neutrino
light curves and spectra until 20 s are given for a variety
of progenitor stellar masses (13-50M,) and metallicities
(Z = 0.02 and 0.004). In this data set, assuming spherical
symmetry, the results of neutrino-radiation hydrodynamic
simulations for the early phase and quasistatic evolution-
ary calculations of neutrino diffusion for the late phase
are combined, assuming shock revival at either 100, 200,
or 300 ms after the bounce. The total emission number of
supernova neutrinos increases with the shock revival time
because of more material accreting to the collapsed core.
It also increases with the core mass of progenitors, but is
not monotonically related to the initial mass of progeni-
tors due to the mass loss during the precollapse stages. In
fact, the core mass of the model with the mass of 30M, is
the highest. The two extreme cases of the supernova
neutrino number spectra are shown in Fig. 1. A supernova
neutrino model with a similar time profile is shown
in Ref. [19].

Cosmic sources of MeV neutrinos are not only
ordinary collapse-driven supernovae but also failed super-
novae, which collapse to a black hole without explosion
[20-22]. They are small in number but contribute to the
overall flux because the luminosity and mean energy of
their neutrinos are higher than those of ordinary collapse-
driven supernovae [23-25]. In the Supernova Neutrino
Database [18], the progenitor model with 30M, and
Z = 0.004 corresponds to a failed supernova (Fig. I).
Below, we also consider the contribution due to failed
supernovae.
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FIG. 1 (color online). Neutrino number spectra of supernovae
with 13Mg, Z = 0.02, and shock revival time of 100 ms (solid),
and 30M, Z = 0.02, and 300 ms (dot-dashed). The dotted lines
denote the spectra of black-hole-forming failed supernova
(30M¢ and Z = 0.004). The upper and lower panels correspond
to v, and v, (=v, = v, = v, = V,), respectively.

I1. SETUPS

Since the core collapse of some progenitors may result
not in collapse-driven supernovae but in failed supernovae,
we start with the total core-collapse rate, which is written
as Roc(z) = Lecp«(z), as a function of the redshift z with
the cosmic star formation rate history p.(z). Here, the
conversion coefficient {c is related to the initial mass
function (M) as

_ iz yndm 0
Soms My ()M’

dcc

where M, and M,;, are the maximum and minimum
masses of progenitors that end with a core collapse,
respectively. In this study, we set M_;, = 10M, and
M .x = 100M for consistency with the progenitor mod-
els adopted in Ref. [18]. We use the Salpeter A initial mass
function [26,27], which scales as

M72.35,
M~ 1.5’

M = 0.5M,,

vd) = { M <0.5M,,

(2)

yielding {-c = 0.0071/My. This value is close to that
in Ref. [25].

For the star formation rate, we assume a smoothed
broken power law of the form [25,28,29]

p@=p[0+a+ (S (L) @
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with @« = 3.4, 8= —0.3, y = —3.5, and n = —10. The
coefficients B = (1 + z;)!"*/Fand C = (1 + z,)B~®/7x
(1 + z,)'7A/Y make breaks at z; = 1 and z, = 4, respec-
tively. We adopt p, = 0.02M, yr~! Mpc 3 for the cosmic
star formation rate at z = 0. The resultant core-collapse
rate at z = 0, Rec(0) = 1.4 X 107* yr~! Mpc ™3, in this
model is consistent with the recently estimated
nearby supernova rate within a distance of 6-15 Mpc
of 1.570%4 X 107* yr ! Mpc™ [30]; however, see also
Ref. [31].

The fraction of core collapses that result in failed super-
novae, £(z), is the most uncertain factor. According to
stellar evolution theory, the mass loss is inefficient and
the core is massive for metal-poor stars, as in the model
adopted in Ref. [18]. Therefore, we can surmise that £(z) is
larger in a high-redshift Universe. Here, we follow the idea
of Yiiksel and Kistler [25], who drew guidance from the
rate of bright gamma-ray bursts, which evolves with z more
strongly than the star formation rate. We assume that &(z)
grows with z similarly and write £(z) = g¢(1 + 2)° [32]
with 6 = 1 [25]. In this study, we examine two extreme
cases, g9 = 0 and 0.1, for the fraction at z = 0. Finally,
we obtain the rates of collapse-driven supernovae
Rgn(z) = (1 — &(2))Rcc(z) and black-hole-forming failed
supernovae Rpy(z) = €(2)Rcc(2).

The flux of supernova relic neutrinos on Earth is
written as

dF(E,) [zmax dz
=cC
dEV 0 HO\/‘Q'm(l + 2)3 + QA

dNsn(M, E))
dE!

<[ Rt [ v am
dn BH(E/V)]

+ Rpy(2) iE'

“4)
with the velocity of light ¢ and cosmological constants
Hy = 70 km/s/Mpc, Q,, = 0.3 and Q, = 0.7. The neu-
trino energy on Earth, E, is related to that at the redshift z,
E!, by E!, = (1 + z)E,. The initial mass function is nor-
malized as [ %““ Y (M)dM = 1. We adopt the models of

solar metallicity (Z = 0.02) in the Supernova Neutrino
Database [18] for the neutrino number spectrum of
ordinary supernovae with mass M, dNg(M, E')/dE.,.
For the neutrino number spectrum of failed supernovae,
dNgy(E')/dE",, we use the model of 30M, and Z = 0.004
in the Supernova Neutrino Database [18] as a representa-
tive model.

The most promising channel for detecting supernova
relic neutrinos is the inverse B decay reaction of electron
antineutrinos, 7, + p — e* + n. Note that the neutrinos
undergo flavor conversion before detection. Recently, the
mixing angle of neutrino oscillation 6,3 has been con-
firmed to be nonzero [33,34] and evaluated to be
sin 22913 ~ 0.1 [35-37]. Thus, at present, the most unde-
termined parameter in neutrino oscillation is the mass
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hierarchy. In this study, we consider the Mikheev-Smirnov-
Wolfenstein effect expected in the stellar envelope [38,39]
and assume the survival probability of 7, to be P,, = 0.68
for the normal mass hierarchy and P,, = 0 for the inverted
mass hierarchy [40]. We do not take into account the
neutrino-neutrino collective effects [41,42], which are
estimated to contribute at the 5%—10% level [43]. We
also neglect the effect of shock wave propagation on
neutrino oscillation [44], which should be minor for a
time-integrated signal [45].

The positron spectrum due to supernova relic neutrinos
is obtained as

dN,+(E,+) 5

dE,- 175D : ®)
where o(Ej,) is the cross section for the inverse 8 decay
[46]. The positron energy is given as E,» = E; — Ac?
with the neutron-proton mass difference A. We set the
number of target protons as N, = 1.5 X 10* for Super-
Kamiokande with a 22.5 kton fiducial volume and
N, = 3.7 X 10* for a future 560 kton detector such as
Hyper-Kamiokande.

III. RESULTS AND DISCUSSION

In Fig. 2, we show the positron spectra evaluated
for Super-Kamiokande over 1 year obtained from our
models with different shock revival times and fractions
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FIG. 2 (color online). Positron spectra in Super-Kamiokande
over 1 year obtained using our supernova relic neutrino models.
Solid, dashed, and dot-dashed lines correspond to shock revival
times of 100, 200, and 300 ms, respectively. Thick lines denote
the case without failed supernovae (g, = 0) and thin lines denote
the case with failed supernovae (gy = 0.1). The upper and lower
panels show the spectra for normal and inverted mass hierar-
chies, respectively.
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of failed supernovae. The event rate becomes higher with
the inclusion of failed supernovae, as already known
[23-25]. Furthermore, it also depends on the shock revival
time: the models with a longer shock revival time have a
higher event rate. This is for the following reason. The
accretion of matter onto the bounced core continues until
the shock revival. The released gravitational potential of
the accreted matter is converted to the emitted neutrino
energy. Thus, if the shock revives after a longer time,
a larger amount of matter is accreted and more neutrinos
are emitted.

Comparing the cases of normal and inverted mass hier-
archies, the contribution of failed supernovae is clearer for
the normal mass hierarchy. From the accretion of matter,
v, and v, are emitted more abundantly than v, (=v, =
v, = v, = p,), owing to the capture of electrons and
positrons on nucleons. In contrast, neutrinos of all species
are emitted equivalently from the cooling of a proto-
neutron star. Thus, all flavors have similar spectra for
ordinary collapse-driven supernovae. On the other hand,
for failed supernovae, neutrinos from the accretion of
matter dominate and the total emission energy of v, is
about twice those of 7, and ¥ .. The survival probability of
v, is 0.68 for the normal mass hierarchy, whereas all 7,
convert to 7, or v, for the inverted mass hierarchy.
Therefore, the expected flux is larger for the normal mass
hierarchy.

Since the mean energy of neutrinos emitted from failed
supernovae is higher than those of ordinary collapse-driven
supernovae, the spectrum of relic neutrinos becomes hard,
owing to the failed supernovae. On the other hand, the flux
is larger but the spectrum is not too hard for the models
with a longer shock revival time. This is because, after the
shock revival, a proto-neutron star is not heated and the
mean energy of neutrinos gradually decreases.

Here, we consider the event rates in the positron energy
ranges of 10 MeV = E,+ = 18 MeV, Ny, and 18 MeV =
E,- =26 MeV, Ny. For Ny, the upper limit of the
supernova relic neutrinos has already been given by
Super-Kamiokande [15]. By improving the capabilities of
detectors tagging the inverse B decay with Gd [47], the
relic neutrino signal should be detectable for N;. The sum
of N; and Ny, N; + Ny, represents the total event rate,
and the spectral features are reflected in the difference
between N; and Ny, Ny — Ny.

Plots of N; + Ny versus N; — Ny expected using a
560 kton detector over 10 years for the normal and inverted
mass hierarchies are shown in Figs. 3 and 4, respectively.
The total event rate is 250-600 for all cases, and it is higher
for the models with a longer shock revival time and/or a
failed-supernova contribution. On the other hand, the
shock-revival-time dependence and failed-supernova
contribution exhibit different trends on the N; + Ny ver-
sus N; — Ny plane. Since the relic neutrino spectrum
becomes hard, owing to failed supernovae, the event rate
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FIG. 3 (color online). Plots of N; + Ny versus N; — Ny for
the normal mass hierarchy, where N; and Ny are the event rates
per 560 kton X 10 year in the positron energy ranges of
10 MeV =E,+ =18MeV and 18 MeV = E,+ = 26 MeV,
respectively. Filled symbols represent the case without failed
supernovae (g, = 0) and empty symbols represent the case with
failed supernovae (g, = 0.1). Circles, triangles, and squares
represent the shock revival times of 100, 200, and 300 ms,
respectively. Lines are shown as a guide to the eyes.
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FIG. 4 (color online).
hierarchy.

Same as Fig. 3 but for the inverted mass

of high-energy neutrinos (Ny) becomes much higher.
In contrast, Ny and N; increase equally if the shock
revival is retarded. Therefore, for the same total event
rate (N, + Ng), the cases with a longer shock revival
time have a larger value of N; — Ny than the cases with
failed supernovae. This feature is clearer for the case of the
inverted mass hierarchy.

Since the shock revival time should depend on the
still unknown explosion mechanism of collapse-driven
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supernovae [9,10,18], supernova relic neutrinos would
reflect the physics underlying the explosion. The mass
hierarchy would be determined experimentally [48], and
the failed supernova fraction, £(z), may be estimated as the
difference between the measured cosmic supernova rate
and the total core-collapse rate predicted from the star
formation rate [27]. However, from an observational point
of view, since there is the non-negligible atmospheric
background [49], careful discussion taking into account
statistical and systematical errors is mandatory.

Since this is the first attempt to evaluate the spectrum
and event rate of supernova relic neutrinos while taking
into account the dependence on the shock revival time,
there are some issues beyond the scope of this study. Here,
we have assumed that all supernovae have the same shock
revival time, whereas it may depend on the progenitor mass
and/or metallicity. The supernova relic neutrino flux
reflects an averaged shock revival time and, therefore,
observations of neutrinos from a single Galactic supernova
and supernova relic neutrinos are complementary. The
collective oscillation and shock propagation also affect
the supernova relic neutrino flux [50], while the qualitative
features described in this paper should be unchanged.
Although the neutrino signal from a failed supernova is
sensitive to the nuclear equation of state [20], we have used
a single model by Shen et al. [51] in this study. Future
nuclear experiments such as heavy-ion collisions are
important to fix the ambiguity.

IV. SUMMARY

In summary, we have investigated the relic background
radiation from collapse-driven and failed supernovae. This
study is the first to provide the dependence on the shock
revival time, which reflects the unknown explosion mecha-
nism. We have found that the relic neutrino flux is larger
for models with a longer shock revival time and/or a failed-
supernova contribution. The hardness of the spectrum does
not strongly depend on the shock revival time, whereas the
spectrum becomes hard owing to failed supernovae.
Furthermore, we have found that the shock-revival-time
dependence and failed-supernova contribution exhibit dif-
ferent trends on the N; + Ny versus N; — Ny plane. We
hope that our conclusion will be shown to be valid by
future progress in astronomical observations and nuclear
experiments.
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