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In this study, we calculate SRN detection rate for a water
Čerenkov detector with a fiducial volume of 1.0 × 106 ton (laden
with 0.2% GdCl3). As shown below, the threshold energy for
SRN detection is ∼10 MeV due to the existence of background
ν̄e emitted from terrestrial nuclear reactors, while the upper
detection limit is ∼33 to 37 MeV due to the existence of
the atmospheric ν̄e background. The SRN energy spectrum at
detection can then be written as

dNevent

dEe+
= Ntarget · ε(Eν) · 1

c
· dFν

dEν

· σ (Eν) · dEν

dEe+
, (14)

where Ntarget is the number of target particles in the water
Čerenkov detector, ε(Eν) is the efficiency for neutrino detection,
dFν/dEν is the incident flux of SRNs, and σ (Eν) is the
cross section for neutrino absorption: ν̄e + p → e+ + n and
Eν = Ee+ + 1.3MeV. For simplicity we set ε(Eν) = 1.0, and we
use the cross sections given in Strumia & Vissani (2003) when
calculating the reaction rate of SRN with target particles in the
detector.

We only consider the detection of ν̄e because the cross
section in a water Čerenkov detector for the ν̄e + p → e+ + n
reaction is about 102 times larger than that for νe detection via
νe + n → e− + p.

4. NEUTRINO SPECTRA FROM CORE COLLAPSE SNe

Next, we analyze the uncertainties in the emitted neutrino
spectrum, i.e., dNν(E′

ν)/dE′
ν in Equation (13).

4.1. Neutrino Spectrum for CC-SNe

Although the neutrino temperature Tν in CC-SNe may also
depend upon progenitor mass (Lunardini & Tamborra 2012),
we note that the dependence on progenitor mass is rather small
compared to the uncertainty in the neutrino temperatures them-
selves. The reason for this is that the mass of most observed
neutron stars is rather tightly constrained to be ∼1.4 M& (with a
maximum mass of ∼2–3 M&). Because the mass is also propor-
tional to the degeneracy pressure, the narrow range of observed
remnant neutron star masses suggests that the associated neu-
trino temperatures should also be tightly constrained. Hence, for
our purposes we ignore the dependence on progenitor mass. In
this study, therefore, we adopt a fiducial SN 1987A model (i.e.,
progenitor mass ' 16.2 M&, remnant mass ' 1.4 M&, liberated
binding energy ' 3.0 × 1053 erg; Arnett et al. 1989). We assume
that this model is representative of every CC-SN with progen-
itor masses in the range of 8 to 25 M& and also every SNIb,c
over the adopted mass range for 8–40 M& in any of the possible
paradigms. Furthermore, we assume that the proto-neutron star
formed during all CC-SN explosions is in thermodynamic equi-
librium. Hence, the liberated binding energy is equally divided
among the six neutrino species (three flavors and their anti-
particles). Even in the context of this single progenitor model,
however, there is a range of predicted neutrino temperatures
and chemical potentials in various supernova core collapse sim-
ulations in the literature. We now survey them as a means of
estimating the uncertainty in the neutrino detection rate due to
these parameters.

4.2. Constraint on Tνe
Tν̄e

, Tνµ
, Tντ

As discussed below, the uncertainty in the neutrino tem-
peratures constitutes the largest present uncertainty in the ex-
pected relic neutrino detection rate. Indeed, recent results from

Figure 2. (a) Correlation between Tνe and Tν̄e . (b) The correlation between Tν̄e

and Tνx . (b) Green, red, magenta, blue, yellow, and two black circles show the
seven representative points with (Tν̄e , Tνx ) = (6.0 MeV, 6.5 MeV), (5.0 MeV,
6.0 MeV), (4.1 MeV, 6.5 MeV), (3.9 MeV, 5.6 MeV), (4.5 MeV, 4.7 MeV),
(6.7 MeV, 7.6 MeV), and (2.5 MeV, 2.5 MeV), respectively. The black circle at
(6.7 MeV, 7.6 MeV) is from Liebendörfer et al. (2001) and the point at (2.5 MeV,
2.5 MeV) is from Suzuki (1993). These seven pairs of Tν are used in deriving the
uncertainty in the SRN energy spectra. In both figures the orange colored ellipse
indicates the 1σ contour around the central value. The horizontal dotted lines
in (a) (vertical lines in (b)) show upper and lower limits of Tν̄e . Straight lines
show Tνx /Tν̄e = 1/1.0, 1/0.9, 1/0.8, 1/0.7. The light blue area in (b) shows the
allowed region of Tν̄e –Tνx pairs as discussed in the text. Red closed circles with
error bars show Tν̄e –Tνx pairs derived from original numerical simulations. The
error bars denote the estimated ±10% change in neutrino temperatures with
time as discussed in the text.
(A color version of this figure is available in the online journal.)

Super-Kamiokande (Bays et al. 2012; Sekiya 2013) already
place some constraints on the relic neutrino temperatures. In
this section, we summarize the independent constraints and
their uncertainties on theoretical models for the temperatures
of emitted neutrinos. One result we make use of is from
Yoshida et al. (2008), where it was concluded that the tem-
perature (Tνx

) of νµ, ντ and their anti-neutrinos should be in
the range 4.3 to 6.5 MeV for SN 1987A models. This con-
straint is based (Yoshii et al. 1997) on the observed solar system
meteoritic abundance ratio of boron isotopes. Similarly, it has
been demonstrated (Hayakawa et al. 2010) that both Tνe

and Tν̄e

should be ∼4.0 MeV to produce the correct abundance ratio of
180Ta/138La.

The range of uncertainty in all neutrino types from core
collapse models is indicated in Figures 2(a) and (b) along
with Tables 2–4. The tables summarize values derived in
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Čerenkov detector, ε(Eν) is the efficiency for neutrino detection,
dFν/dEν is the incident flux of SRNs, and σ (Eν) is the
cross section for neutrino absorption: ν̄e + p → e+ + n and
Eν = Ee+ + 1.3MeV. For simplicity we set ε(Eν) = 1.0, and we
use the cross sections given in Strumia & Vissani (2003) when
calculating the reaction rate of SRN with target particles in the
detector.

We only consider the detection of ν̄e because the cross
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Event	
  Rate	
 without	
  neutrino	
  oscillaMon	
  	
  	


ν̄e + p → e+ + n ν̄e = ν̄0e



Event	
  Rate	
 with	
  neutrino	
  oscillaMon	
  	

ν̄e ⇐⇒ ν̄xν̄e + p → e+ + n

Normal	




ν̄e ⇐⇒ ν̄x

ν̄e = ν̄0e

EoS	
  dependency	


robust	


Inverted	


Normal	
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  dependency	


robust(	
  slightly	
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ν̄e ⇐⇒ ν̄xNormal	
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