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This study investigates the antineutrinos production by β-decay of r-process nuclei in two astrophysical
sites that are capable of producing gamma-ray bursts (GRBs): binary neutron star mergers (BNSMs) and
collapsars, which are promising sites for heavy element nucleosynthesis. We employ a simplified method to
compute the β-decay ν̄e energy spectrum and consider a number of different representative thermodynamic
trajectories for r-process simulations, each with four sets of Ye distribution. The time evolution of the ν̄e
spectrum is derived for both the dynamical ejecta and the disk wind for BNSMs and collapsar outflow, based
on approximated mass outflow rates. Our results show that the ν̄e has an average energy of approximately
3 to 9 MeV, with a high energy tail of up to 20 MeV. The ν̄e flux evolution is primarily determined by the
outflow duration, and can thus remain large for Oð10Þ s and Oð100Þ s for BNSMs and collapsars,
respectively. For a single merger or collapsar at 40 Mpc, the ν̄e flux is Oð10 − 100Þ cm−2 s−1, indicating a
possible detection horizon up to 0.1–1 Mpc for Hyper-Kamiokande. We also estimate their contributions to
the diffuse ν̄e background, and find that both sources should only contribute subdominantly to the diffuse
background when compared to that expected from core-collapse supernovae.
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I. INTRODUCTION

Half of the elements heavier than iron are thought to
be synthesized via the rapid neutron capture process
(r-process) [1,2]. During the r-process, seed nuclei are
driven close to the neutron drip line by successive neutron
captures that operate much faster than the β decays. The
typically required astrophysical conditions for r-process—
high neutron number density and short dynamical
expansion timescales—may be satisfied in some specific
explosions of core-collapse supernovae (CCSNe) [3–7]
and binary neutron star mergers (BNSMs) [8–11]. While
the detection of optical/infrared transient AT2017gfo, the
associated kilonova of GW170817, provided the first piece
of convincing evidence of r-process in BNSMs [12–17]
(see also [18–20] for earlier kilonova signals in support of
this scenario), it remains unclear whether rare types of
supernova are needed as additional r-process sources.
Among those, collapsars, which originate from rapidly

rotating massive stars that undergo gravitational collapse
to form black holes surrounded by massive accretion disks,
are plausible progenitors of certain Type Ic supernovae
associated with long gamma-ray bursts (LGRBs) [21–24].
Reference [6] found that collapsar disks may have con-
ditions similar to the BNSM remnant disks and can
potentially be another important or even dominant r-process
site. However, this possibility remains highly debated from
both the theoretical [25–29] and observational [30–34]
points of view.
In addition to the electromagnetic and gravitational

wave radiation, neutrinos are produced copiously in
BNSMs and collapsars. Neutrino emissions from these
sources include the low energy ones with Eν∼Oð10ÞMeV
emitted by thermal processes from the central remnants
[35–37] as well as potentially the high energy (HE) ones
with Eν ∼Oð1 − 103Þ TeV [38–47]. The direct detection
of these neutrinos from live events is very challenging
due to their weakly interacting nature and searches have
thus far returned null results [48–54]. However, a future
detection of them may provide important clues to con-
ditions and properties deep inside the sources. Moreover,
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both the thermal and the HE neutrinos may contribute
significantly as diffuse sources relevant to the search for
diffuse neutrinos from astrophysical sources.
As the β decays constantly happen during and after the

r-process, the electron antineutrinos (ν̄e) are naturally
produced in any r-process sites. The amount of produced
ν̄e from a single r-process site can be estimated as
Nν̄e ≃ ΔYeMej=mu, where Mej is the total ejecta mass,

mu is the atomic mass unit, and ΔYe ≡ Yf
e − Yi

e is the
difference between the final and initial electron number
fraction per baryon Ye ≡ Ne=Nb with NeðbÞ denoting total
number of electrons (baryons) in the ejecta. For ΔYe ≃ 0.2
and Mej ≃ 1M⊙, we have Nν̄e ≃ 2.5 × 1056, which can be
comparable to the amount of ν̄e emitted by a CCSN. These
β-decay ν̄e are expected to have an average energy of
hEν̄ei ∼ 5 MeV, which is related to the average mass
difference between of β-decay parent and daughter nuclei
during the r-process [43,55]. They are generally being
emitted at radii≳Oð103Þ km from the expanding ejecta and
do not affect the dynamics and composition of the system.
However, their annihilation with the HE neutrinos, if
produced in for instance mildly magnetized jets of collap-
sars, can potentially leave important imprints on the energy
spectrum and flavor ratio of HE neutrinos, which are viable
candidates of the diffuse flux being observed by the
IceCube [43].
Reference [55] recently estimated the time evolution of

average energy and luminosity of r-process β-decay ν̄e
emitted from materials ejected promptly (e.g., the dynami-
cal ejecta) in a BNSM by defining a radiation efficiency that
accounts for the average energy carried by ν̄e from β decays.
It was found that the luminosity evolution of ν̄e follows that
of radioactive heating rate, which takes roughly a constant
value for Oð1Þ s and later decreases following ∝ t−1.3 after
the r-process ends [56,57]. However, outflows from the
accretion disks that can last forOð1 − 10Þ s, are expected to
dominate that of dynamical ejecta for BNSMs, and can even
last longer for Oð10 − 100Þ s in the case of collapsars.
Consequently, one expects a very different temporal evo-
lution of the corresponding ν̄e flux emitted from that derived
in Ref. [55].
In this work, we examine in greater detail the ν̄e emission

from the BNSM dynamical ejecta as well as the disk winds
from both BNSMs and collapsars for individual events,
and their contributions to the diffuse ν̄e flux. We first use a
simplified framework to estimate the ν̄e energy spectrum
from each β-decay nucleus in Sec. II. We follow the
abundance evolution of r-process nuclei in materials with
parameterized expansion history and Ye distributions that
take different average Ye values, using an r-process nuclear
reaction network detailed in Sec. III. In Sec. IV, we compute
the emitted ν̄e energy spectrum as well as the evolution of
their flux and average energy for different outflow compo-
nents of BNSMs and collapsars. We then estimate their
resulting contributions to the diffuse neutrino background

and compare that with the diffuse SN neutrino background
in Sec. V and summarize our findings in Sec. VI.

II. β-DECAY NEUTRINO CALCULATION

For a nucleus A
ZX with mass number A and atomic

number Z, its ground-state to ground-state β decay pro-
ceeds as

A
ZX → A

Zþ1Y þ e− þ ν̄e; ð1Þ

to produce a daughter nucleus A
Zþ1Y, an electron e

−, and an
antineutrino ν̄e. For an allowed transition, the differential
decay rate that produces an e− with kinetic energy Te can
be expressed as [58,59]

dλ
dTe

¼ G2
FjM0

fij2
2π3

FðZd; TeÞCðTeÞðQ − TeÞ2

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2
e þ 2Teme

q
ðme þ TeÞ; ð2Þ

where λ is the decay rate, GF is the Fermi constant, M0
fi is

the transition matrix element from the initial state to the final
state with the superscript 0 denoting the allowed transition,
FðZd; TeÞ and CðTeÞ are Fermi function and shape factor,
Zd ¼ Z þ 1, and Q≡mðAZXÞ −mðAZþ1YÞ −me. The Fermi
function FðZd; TeÞ is a correction factor for the Coulomb
interaction [58,60], and could be written as

FðZd; TeÞ ¼
2ð1þ SÞ
Γð1þ 2SÞ2 ð2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2
e þ 2Teme

q
ρdÞ2S−2eπη

× jΓðSþ iηÞj2; ð3Þ

where S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2Z2

d

q
, α is the fine-structure constant,

Γ denotes the Gamma function, ρd ≃ Rd is the radius of
daughter nucleus, which could be estimated as Rd ¼
1.3A1=3 fm, η ¼ Zde2=ℏv for β− decay, and v is the electron
velocity. The shape factor CðTeÞ describes the angular
momentum taken by the electron-neutrino pair, and it simply
equals to 1 for allowed transitions.
Although Eq. (2) is only valid for allowed transitions

between ground states, we utilize it and make several
simplifications to approximately calculate the β-decay
energy spectra of e− and ν̄e for all nuclei involved in
r-process. We assume that for each nucleus, the aggregated
e− spectrum can be approximated by the same shape as
given in Eq. (2). To roughly take into account the energy
loss due to the deexcitation γ for branches where the
daughter nucleus are in excited states, we define an effec-
tively reduced Q-value by Q̃ ¼ P ·Q and take P ¼ 0.9.
With these assumptions, the normalized ν̄e spectrum from a
nucleus A

ZX can be written as
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fðZ;AÞðEν̄eÞ ¼ KFðZd; Eν̄eÞE2
ν̄eðQ̃ − Eν̄e þmeÞ

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðQ̃ − Eν̄eÞ2 þ 2ðQ̃ − Eν̄eÞme

q
; ð4Þ

where K is a normalization constant such thatR Q̃
0 dEν̄efðZ;AÞðEν̄eÞ ¼ 1. Note that in writing down
Eq. (4), we first replace Q by Q̃ in Eq. (2) and then use
Eν̄e ¼ Q̃ − Te. The Q values are computed based on
experimentally known nuclear masses from [61] and the
theoretically predicted masses from the finite-range droplet
model (FRDM) [62] for the rest. We compare in
Appendix A the shape of the corresponding e− spectra
using different values of P for several isotopes whose
β-decay e− spectra were measured experimentally.
With Eq. (4), we can then easily compute the total ν̄e

emissivity (defined as number of ν̄e, Nν̄e , emitted per unit
massM per unit time per unit energy) at any location inside
the ejecta by summing over all β-decay nuclei

dN ν̄e

dMdEν̄edt
¼ 1

mu

X
ðZ;AÞ

fðZ;AÞðEν̄eÞλðZ;AÞYðZ; AÞ; ð5Þ

where λðZ;AÞ is the net β-decay rate of the parent nucleus
and YðZ; AÞ ¼ nðZ;AÞ=ðρ=muÞ denotes the abundance of a
nuclear species A

ZX with nðZ;AÞ the corresponding number
density and ρ the total mass density of a parcel inside the
ejecta. For λðZ;AÞ, we take experimentally measured values
from Ref. [63] when available and adopt theoretical values
from [64] otherwise. The abundance YðZ; AÞ will be
computed with the r-process nuclear reaction network
described in the next section.

III. EXPANSION MODEL AND r-PROCESS

We use an established nuclear reaction network code used
in [65–67] to compute the r-process nucleosynthesis. The
network consists of over 7000 isotopes from neutron up to
110
313Ds and includes all relevant nuclear reactions including
the neutron capture ðn; γÞ and its inverse photodissociation
ðγ; nÞ rates, the charged particle reactions, β-processes
(β− decays, βþ decays, electron captures), α decays, and
fissions (neutron-induced, spontaneous, β-delayed). Details
regarding the nuclear physics inputs to the network can be
found in Ref. [65].
The network calculation also requires the expansion

history of ejecta as inputs. Instead of taking trajectories
directly from hydrodynamical simulations, we adopt a
parametrized model proposed in Ref. [68], which character-
izes the density evolution of the ejecta as

ρðtÞ ¼
8<
:

ρ0e−t=τ if t ≤ 3τ;

ρ0
�
3τ
et

�
3

if t ≥ 3τ;
ð6Þ

where τ is the expansion timescale and ρ0 is the initial mass
density at time t ¼ 0. We assume three representative cases:
Case A with τ ¼ 0.2 ms and initial entropy s ¼ 1 kB/
nucleon, where kB is the Boltzmann constant, to represent
the fastest-expanding and low-entropy ejecta, Case B with
τ ¼ 2 ms and initial entropy s ¼ 20 kB/nucleon for the
slower-expanding and higher-entropy ejecta, and Case C
with τ ¼ 20 ms and initial entropy s ¼ 15 kB/nucleon for
the slowest expanding and intermediate-entropy ejecta. The
choice of these values are guided by the simulation data
used in Refs. [65,66,69] and will be associated with
different ejecta components in the next section. For a given
initial temperature Tðt ¼ 0Þ and the entropy, the value of ρ0
can be computed through the equation of state of [70]. The
subsequent temperature evolution of the ejecta TðtÞ is
assumed to follow the relation that T3=ρ is a constant.1

The initial neutron richness condition, which can be
related to the initial value of Ye, is the most pivotal
parameter that determines the r-process outcome. Since
recent hydrodynamical simulations of BNSMs and collap-
sars generally predict a broad distribution of Ye ranging
in between ∼0.01 to 0.5, we take the same approach as
in Ref. [67] by assuming a normalized distribution of Ye in
ejecta, characterized by a Gaussian function with a central
value Ye;c and a half width ΔYe. For each expansion model,
we take 50 initial Ye values ranging from 0.01 to 0.5 (with
an interval of 0.01) to perform the r-process calculations.
For each calculation, we evolve the nuclear abundance
evolution YðZ;AÞðtÞ starting from a temperature T0 ¼ 10 GK
where the initial YðZ;AÞðt ¼ 0Þ are determined by the
condition of nuclear statistical equilibrium (NSE) until
t ¼ 1018 s. For any quantities QðtÞ related to a specific
ejecta model, we then sum over the corresponding normal-
ized Ye distribution GðYe;i;Ye;c;ΔYeÞ as

QðtÞ ¼
X50
i¼1

Qðt; Ye;iÞGðYe;i;Ye;c;ΔYeÞ; ð7Þ

where
P

50
i¼1 GðYe;i;Ye;c;ΔYeÞ ¼ 1. We have taken four

different values of Ye;c ¼ 0.15, 0.25, 0.35, 0.45 with a fixed
ΔYe ¼ 0.04 for Case A, B, and C.
Figure 1 shows the resulting abundance distribution as a

function of the mass number, YðAÞ ¼ P
Z YðZ; AÞ, at the

time of 1 Gyr for all cases described above. Clearly, those

1We note that this assumption implies that we have assumed
the entropy of the ejecta remain approximately as a constant.
Including the feedback of nuclear energy release on the entropy
evolution may affect the quantitative evolution of nucleosynthe-
sis, especially for initially low-entropy case (s ≲ 1) [65]. How-
ever, we expect that the qualitative features related to ν̄e emission,
especially for the higher entropy cases, will not be affected
significantly.
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with lower Ye;c values produce distributions toward
heavier nuclei as they have larger initial neutron richness
for r-process to proceed further. With Ye;c ¼ 0.15, both the
second (A ∼ 130) and third (A ∼ 195) peaks as well as
the actinides, are produced and qualitatively agree with
the scaled solar r-process abundance distribution taken
from [71]. However, the first peak nuclei (A ∼ 80) are
largely underproduced. For Ye;c ¼ 0.25, all three peaks are
produced in Case C, while Case A and B do not produce
much of the first-peak nuclei. For Ye;c ¼ 0.35, Case A is
still capable of producing a robust second peak, which is
barely produced in Case B and C. As for Ye;c ¼ 0.45, all
three cases present a strong iron peak (A ∼ 56) and a first
peak. In general, the low-entropy and fast-expanding Case
A gives rise to more enhanced production of heavier nuclei
compared to Case B and C with higher entropy and slower
expansion. The major reason is that the trajectories in Case
A generally have higher average mass numbers in seed
nuclei than Case B and C before the onset of the r-process,
due to their lower entropy. This, in turn, leads to a higher
average mass number after the r-process ends in Case A,
and correspondingly the formation of heavier nuclei.

IV. NEUTRINO FLUX FROM r-PROCESS
SOURCES

In this section, we combine the results derived in Secs. II
and III with different mass outflow models that represent
different ejecta components from BNSM and collapsar
events, to derive the expected ν̄e energy spectra and fluxes
from them.

A. Binary neutron star merger

Recent simulations of BNSMs suggest two main types
of ejecta: the prompt ejecta that are dynamically ejected

within timescales of ∼Oð10Þ ms and the long-term outflow
driven from the merger remnant consisting of a central BH
or a hypermassive neutron star (HMNS) with an accretion
disk, which can persist for ∼Oð1 − 10Þ s [72]. The dynami-
cal ejecta consist of materials that are tidally disrupted as
well as those squeezed out from the contact interface when
the two neutron stars collide. The ejecta mass of either
component,Mdyn, may range between 10−4M⊙ to 10−2M⊙,
depending on the binary mass ratio as well as the nuclear
EoS. Because the expansion history of different dynamical
ejecta components can be different, we examine the ν̄e
emission from them with expansion parameters given by
Case A and B separately as model BNSM-dyn. A and
BNSM-dyn. B, respectively (see Table I).
For the dynamical ejecta, since their mass ejection

timescale ∼Oð10Þ ms is typically much shorter than the
r-process time scale ∼Oð1Þ s, we neglect the time depend-
ence of mass ejection and assume that all ejecta are ejected
promptly at the same time for simplicity. Under this
approximation, the r-process ν̄e spectrum flux (per unit
energy per unit time per unit area) at a distance D far away
from the source can be easily computed as

Φν̄e;dynðEν̄e ; tÞ ¼
Mdyn

4πD2

dNν̄e

dMdEν̄edt
; ð8Þ

where the expression of dN ν̄e=ðdMdEν̄edtÞ was given
in Eq. (5). Using the above equation, we also compute
the total ν̄e number flux Fν̄e;dyn ≡

R
dEν̄eΦν̄e;dynðEν̄e ; tÞ as

well as their average energy hEν̄eidyn≡ ðR dEν̄eEν̄eΦν̄e;dynÞ=
ðR dEν̄eΦν̄e;dynÞ.
The left and middle panels in Fig. 2 showΦν̄e;dynðEν̄e ; tpÞ

as functions of Eν̄e at a specific time tp, as well as Fν̄e;dynðtÞ
and hEν̄eidynðtÞ as functions of time, for model BNSM-dyn.

FIG. 1. Nuclear abundance, YðAÞ as a function of mass number A at 1 Gyr for four different sets of Ye distributions with central value
Ye;c ¼ 0.15, 0.25, 0.35, and 0.45 described in the main text. The left, middle, and right panels show results obtained using trajectories
with expansion dynamical timescale τ ¼ 0.2 ms, τ ¼ 2 ms and τ ¼ 20 ms, entropy s ¼ 1 kB, s ¼ 20 kB, and s ¼ 15 kB per nucleon,
which are named as Case A, B, and C in the text, respectively. Also shown are the rescaled solar r-process abundances (black dots).
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A and model BNSM-dyn. B, respectively, for all four
neutron-rich conditions of different Ye;c. We take Mdyn ¼
10−2M⊙ and D ¼ 40 Mpc, and choose tp ¼ 0.03 s, which
roughly corresponds to the peak time in Fν̄e;dynðtÞ for model
BNSM-dyn. B. Comparing both models, the resulting ν̄e
spectra take similar shapes for cases with the same Ye;c at tp.
Both spectra peak at Eν̄e ≃ 4–10 MeV with higher energy
tails extending up to ∼20 MeV. On the lower energy end,
the spectra for cases with Ye;c ¼ 0.15 show a subleading
component below ∼1 MeV, which is due to the contribution
from the decay of free neutrons that are still abundantly
present during the r-process. On the other hand, the
evolution of the total number flux and the average energy
behave very differently at earlier time in both models for
t≲ tp. Model BNSM-dyn. A has Fν̄e;dyn and hEν̄eidyn that
decrease slowly in the beginning while for model BNSM-
dyn. B, Fν̄e;dyn and hEν̄eidyn first increase until ∼tp and then
decrease over time. The major difference at the early time is
that for BNSM-dyn. Awith low entropy, the seed nuclei are
present initially at T ¼ 10 GK at very neutron-rich side.
This permits fast enough β decays at the beginning of the
simulation and thus generates large ν̄e flux at early times.
However, for BNSM-dyn. B, the formation of seed nuclei
only takes place at lower temperature due to the higher
entropy, which occurs at a later time ≳0.005 s. Moreover,
they are with lower mass numbers, less neutron-rich, and
thus lower β-decay rates. Thus, the ν̄e flux is initially low
and only increases when r-process proceeds and moves
nuclei to heavier ones that are more neutron rich. We also
note that for the two lower Ye cases (Ye;c ¼ 0.15 and 0.25),
there is a bump around t ∼ 0.3 s for both model A and B,
which is related to the nucleosynthesis flow reaching the
region above the third peak.
These figures also show that for cases with Ye;c ¼ 0.15,

0.25, and 0.35, the peak values of Fν̄e;dyn only differ by ∼ a
factor of 2–3, reaching up to ∼30–100 s−1 cm−2 for the
chosen fiducial source distance D ¼ 40 Mpc away from
Earth, which can become comparable to or larger than
the ν̄e flux from the irreducible background of diffuse

supernova neutrino background (DSNB) (see Sec. V). For
Ye;c ¼ 0.45, since there are little r-process, the ν̄e flux is
also smaller than the other cases by more than one order of
magnitude. For the average energy, 3 MeV≲ hEν̄eidyn ≲
9 MeV during the relevant duration, which is broadly
consistent with values estimated in Refs. [43,55].
Besides the dynamical ejecta, subsequent mass outflows

can be launched from the post-merger remnant disk on a
time scale of Oð1 − 10Þ s. Numerical simulations show
that up to ∼20% − 50% of the initial remnant disk mass, up
to 0.1M⊙, can be ejected mainly by viscous heating, after
the thermal neutrinos emission from the disk becomes
inefficient [73,74] (see Appendix B for the estimation of
thermal ν̄e emission from the post-merger remnant). The Ye
distribution of the disk outflow can be greatly influenced by
the lifetime of the HMNS [73,75,76]. For cases with the
prompt formation of BHs, the disk outflows may have
average Ye values around 0.2–0.25, while neutrino irradi-
ation from longer-lived HMNSs over Oð10 − 100Þ ms can
raise the average outflow Ye to values above 0.3. Since the
major part of the disk outflows tends to have slower
expansion velocity and higher entropy, we only examine
the expansion parameter set case C for the disk outflows,
named model BNSM-disk (see Table I).
Unlike the dynamical ejecta, the disk winds are keep

being launched for a time duration longer than the r-process
time scale. Thus, a mass outflow rate as a function of time
ṀdiskðtÞ is needed to compute the associated r-process ν̄e
emission. We parameterize ṀdiskðtÞ based on recent MHD
remnant disk simulations in Ref. [74]. The outflow rate
ṀdiskðtÞ generally has a steeply rising phase, followed by a
nearly constant plateau, before it declines with a power-law
of ∝ t−1.6. Specifically, we take

ṀdiskðtÞ ¼

8>><
>>:

A0tα t0 < t < t1;

C0 t1 ≤ t ≤ t2;

B0tβ t2 < t < t3;

ð9Þ

TABLE I. The adopted parameters for different models considered in this work. The expansion history of the
density and temperature of the ejecta are modeled analytically with two parameters, the entropy s and the expansion
timescale τ [68].Mej is the assumed total ejecta mass for each model. The BNSM dynamical ejecta (BNSM-dyn. A
and BNSM-dyn. B) are assumed to be promptly ejected while the BNSM-disk and collapsar mass outflow rates are
assumed to follow Eq. (9). For all cases, we adopt four different sets of Ye distributions with central values
Ye;c ¼ 0.15, 0.25, 0.35, and 0.45 (see text for detail).

Model

Trajectory parameters

s½kB=baryon� τ½ms� Mej [M⊙] Mass outflow rate

BNSM-dyn. A 1 0.2 0.01 Prompt
BNSM-dyn. B 20 2 0.01 Prompt
BNSM-disk 15 20 0.05 Secular; see Equation (9)
Collapsar 15 20 0.50 Secular; see Equation (9)
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with α ¼ 15, t0 ¼ 10 ms after the merger to approximate
the rising phase until t1 ¼ 10−1 s. From t1 to t2 ¼ 1 s, Ṁdisk
takes a constant value of C0, after which it decays with
β ¼ −1.6 until t3 ¼ 10 s. The values of A0, C0, and B0 are
determined by requiring the continuity of ṀdiskðtÞ at t1 and
t2 as well as having

R t3
t0 dtṀdiskðtÞ ¼ Mdisk ¼ 5 × 10−2M⊙,

which is the assumed total disk outflow mass.
Summing over the contribution of different mass shells

ejected at different times, the resulting disk r-process ν̄e
flux spectrum (at D far away from the source) can be
computed by

Φν̄e;diskðEν̄e ; tÞ ¼
1

4πD2

Z
t3

t0

dt0

×

�
Ṁdiskðt0ÞΘðt− t0ÞdN ν̄eðt− t0Þ

dMdEν̄edt

�
; ð10Þ

where Θðt − t0Þ is the Heaviside function.
We show Φν̄e;diskðEν̄e ; t ¼ 1sÞ as well as the correspond-

ing Fν̄e;diskðtÞ and hEν̄eidiskðtÞ (similarly defined as before)
in the right column of Fig. 2 for model BNSM-disk with
different Ye;c. The shape of the ν̄e energy spectrum at the

FIG. 2. The r-process ν̄e energy spectrum Φν̄e (top row), the time evolution of the ν̄e flux, Fν̄e (middle row), and the time evolution of
the ν̄e average energy, hEν̄ei (bottom row), from the model of BNSM-dyn. A (left column), BNSM-dyn. B (middle column), and BNSM-
disk (right column), respectively. The ν̄e energy spectra shown in the top panels are taken at 0.03 s, 0.03 s, and 1.0 s, approximately at
when the corresponding fluxes are near their peak values. Different lines in each panel represent cases with different Ye;c values of 0.15,
0.25, 0.35, and 0.45, whose r-process abundances are shown in Fig. 1. In the right middle panel, the BNSM-disk wind mass outflow rate
is shown by the gray dashed-dotted line.
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time when Fν̄e;disk peaks for all cases are similar to those
derived for dynamical ejecta. However, both Fν̄e;disk and
hEν̄eidisk evolve completely different from the dynamical
ejecta cases where prompt mass ejection was assumed.
Clearly, the shape of Fν̄e;disk roughly follows that of Ṁdisk,
with a rapid increase in the beginning, a nearly plateau
phase for ∼1 s, and then followed by the decline phase,
due to the continuous contribution of ν̄e emission from
the secular outflow. For Ye;c ¼ 0.15, 0.25, and 0.35, their
plateau values of Fν̄e;disk can reach ∼5–40 s−1 cm−2 for
D ¼ 40 Mpc, only slightly lower than the peak values of
the dynamical ejecta. For the case with the highest
Ye;c ¼ 0.45, the flux is once again lower than other cases
by more than one order of magnitude. As for the average ν̄e
energy, it can remain relatively stable with hEν̄eidisk ∼
5–9 MeV for most of the time when t≲ t3 when matter
outflow is nonzero. This is because the r-process in
outflows launched later keeps producing a substantial
amount of ν̄e with higher energy. Only when Ṁdisk stops,
hEν̄eidisk drops to much smaller values ≲3 MeV.2

B. Collapsar

Reference [6] recently proposed that outflows from the
accretion disk formed in collapsars can possibly have
neutron-rich conditions similar to that obtained in BNSMs
during phases when the mass accretion rate is larger than
∼10−3M⊙ s−1, and may lead to a massive amount of
outflows of ≲1M⊙ that are enriched by r-process.
Follow-up theoretical works [25–27] have not yet found
similar conditions as given in Ref. [6]. Early attempts to
search for r-process evidence based on analyzing light

curves associated with Type Ic SNe [34] or consideration
based on r-process abundances in metal-poor stars [30–32]
also suggested that collapars may not be the dominating
r-process sources. However, large uncertainties remain in
both theory and observation and it is yet too early to
exclude collapsars as possible r-process sites.
Given these large uncertainties in r-process conditions,

we again take model collapsar with four different Ye;c

values to investigate the r-process ν̄e production in collapsar
outflows. Given that the outflows are driven from the disk
wind, but at a much longer timescale [28], we take the same
shape of Ṁdisk as in Eq. (9), but with t0 ¼ 10 s, t1 ¼ 12 s,
t2 ¼ 32 s, and t3 ¼ 100 s. The coefficients A0, B0, and
C0 are determined by having a total outflow mass
Mcol ¼ 0.5M⊙. The resulting ν̄e flux spectrum can also
be similarly computed using Eq. (10).
Figure 3 shows the resulting ν̄e energy spectrum at

t ¼ 12 s as well as the evolution of their total number flux
and the average energy, again, for a source atD ¼ 40 Mpc.
The obtained results are generally similar to those from the
BNSM disk winds—with similar peak flux values that
sustain for a much longer time duration due to the involved
longer outflow timescale.

C. Detection prospects

Based on the ν̄e fluxes computed for individual BNSM
or collapsar events, we estimate the prospect of detection
as follows. Taking the inverse beta decay (IBD) as the
detection channel for ν̄e, the event rate in a water
Cherenkov detector containing Np target protons can be
roughly estimated as3

FIG. 3. The r-process ν̄e energy spectrumΦν̄e (left panel), the time evolution of the ν̄e flux, Fν̄e (middle panel), and the time evolution
of the ν̄e average energy, hEν̄ei (right panel) from the collapsar outflow model. The ν̄e energy spectrum is taken at 12.0 s. In the middle
panel, the mass outflow rate is shown by the gray dashed-dotted line.

2Note that the very steep drop in Fν̄e;disk and hEν̄eidisk are
related to the sudden termination of Ṁdisk. In reality, the transition
will be slightly more smooth.

3Here we have ignored the flavor conversions of neutrinos,
which can suppress the ν̄e flux at Earth by an Oð1Þ factor. The
precise value of the suppression factor depends on the yet-
unknown neutrino mass ordering as well as the detailed density
profile of the ejecta.

R-PROCESS β-DECAY NEUTRINO FLUX FROM BINARY … PHYS. REV. D 108, 123038 (2023)

123038-7



RðtÞ ≈ Npσ̄IBDFðtÞ; ð11Þ

where σ̄IBD ≈ 9.5×10−42 cm2× ½hEν̄ei=ð10MeVÞ�2. Taking
a typical peak flux FðtÞ ≃ 30 cm−2 s−1 × ½ð40 MpcÞ=D�2
(see Figs. 2 and 3), Np ∼ 1.3 × 1034 × ½MT=ð200 ktonÞ�,
one obtains

R ≈ 0.6 s−1 × ½ð100 kpcÞ=D�2 × ½MT=ð200 ktonÞ�: ð12Þ
For the BNSM disk wind and collapsar outflow whose
r-process ν̄e emission duration are Oð10Þ s and Oð100Þ s,
one may expect to detect ≳Oð1Þ events for D≲
Oð300Þ kpc and D≲Oð1Þ Mpc, respectively, for individ-
ual events assuming a detector size close to that of Hyper-
Kamiokande [77]. For dynamical ejecta, it would require a
Galactic event with D≲Oð10Þ kpc to have ≳Oð1Þ IBD
events from the r-process ν̄e, consistent with what esti-
mated in Ref. [55].
Note that the numbers reported above only serve as a

qualitative measure. A complete analysis to quantify the
detection of r-process neutrinos will require taking into
account several factors, including e.g., the neutrino oscil-
lations, the detector response, and various background
contributions from reactor antineutrinos, atmospheric anti-
neutrinos, neutral-current quasielasitic scattering, and
DSNB [35]. Moreover, thermal neutrinos that are copro-
duced from the same source (BNSM remnant or collapsar
disk) will also need to be taken into account. For thermal
neutrinos, we expect that they can overshadow most of the
r-process ν̄e flux from the BNSM dynamical ejecta due to
their expected larger fluxes at times≲Oð100Þ ms [36]. How-
ever, except for the situation where a long-lived ≳Oð1Þ s
central remnant is obtained in a BNSM, the emissions
of thermal neutrinos from the BH–disk in BNSM or in

collapsar disk should become subdominant by the timewhen
the r-process ν̄e are produced, since the disk outflows are
only launched when neutrino cooling of the disk becomes
insignificant, as illustrated in Fig. 7 in Appendix B.
Although the probability of having a BNSM or a collapsar
within the horizon of a Hyper-Kamiokande-like detector is
small, if such a rare event occurs, the (non)detection of the
r-process neutrinos from the disk outflow will provide direct
diagnostics to r-process nucleosynthesis therein.

V. DIFFUSE NEUTRINO BACKGROUND

In addition to the possible direct detection of ν̄e from
nearby individual r-process events, their accumulated flux
from all past sources manifests as a diffuse r-process
neutrino background (DrNB) and can also be evaluated in
the same way as how the DSNB are typically computed
[78–80]. Below, we use results derived in the previous
section to compute the potential flux of DrNB from
BNSMs and collapsars, compare them to the DSNB flux
and diffuse thermal ν̄e flux from BNSMs.
We write the present (redshift z ¼ 0) DrNB flux

Φν;DrNBðEν̄eÞ by summing over the contribution from all
past r-process ν̄e emitting sources up to zmax as

Φν;DrNBðEν̄eÞ¼ c
Z

zmax

0

dzð1þ zÞRðzÞdt
dz

dN ν̄eðE0̄
νe
Þ

dE0̄
νe

; ð13Þ

where E0̄
νe
¼ ð1þ zÞEν̄e is the ν̄e energy at redshift z that

will be locally observed as energy Eν, RðzÞ is the occurring
rate of the ν̄e sources (BNSMs or collapsars) per comoving
volume at z, and dN ν̄e=dEν̄ is the emitted ν̄e number
spectrum for a single event. In Eq. (13), the factor dt=dz
from the standard ΛCDM cosmological model is given as

dt
dz

¼ −
1

H0ð1þ zÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωmð1þ zÞ3 þ ΩΛ

p ; ð14Þ

where we have taken Ωm ¼ 0.3, ΩΛ ¼ 0.7 and H0 ¼
70 km s−1Mpc−1.
For the redshift-dependent event rate RðzÞ of BNSMs,

we adopt the result obtained by Ref. [81], which performed
studies of the cosmological merger rate density for compact
mergers based on a population synthesis model that takes
into account the impact of various physical parameters for
the common envelope (CE), natal kicks, CCSNe, initial
mass function (IMF), metallicity, star formation rate (SFR),
and mass transfer efficiency, on different binary compact
star merger scenarios. As a representative case, we use the
derived BNSM rate from their model CC15α5 (see the red
solid curve in Figure 12 of Ref. [81]).4 For collapsars,

FIG. 4. The adopted event rate per comoving volume RðzÞ as a
function of redshift z for BNSM (the CC15α5 model in [81], red
dash-dotted line), CCSNe [83] (black solid line), and collapsars
(blue shaded area). For the collapsar rate, we take the LGRB rate
[82] (blue dash line) as the lower limit.

4This paper found that models using a CE parameter αCE ≥ 2
(high CE ejection efficiency) and a low natal kick are required to
satisfy the local rate determined by the LIGO-Virgo collaboration.
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besides as sources of LGRBs whose rates can be inferred,
they may also be responsible for the low-luminosity GRBs
or even choked GRBs, whose rates are highly uncertain and
can be higher than that of LGRBs. However, it is unlikely
that all of them (on average) eject ∼1M⊙ of r-process
materials. This is because simple estimates suggested that
on average ≲0.3M⊙ of r-process materials are ejected
assuming that LGRBs are the main source for Milky Way’s
r-process inventory [6]. Thus, we take the cosmic LGRB
rate from Ref. [82] as the collapsar rate capable of
contributing to the DrNB. We plot all these rates along
with the SN rates from Ref. [83] assuming the Salpeter IMF
(see Appendix C for details). The adopted BNSM rate
peaks at z ≃ 1.2 and is generally three orders of magnitude
smaller than that of SNe. For the collapsar rate, it peaks at a
higher redshift around z ≃ 3, and can be potentially as large
as one-tenth of the SN rate.
Given the above RðzÞ, we then sum both the ν̄e emitted

from the model BNSM-dyn. A and the model BNSM-disk
with Ye;c ¼ 0.25 as the source spectrum dNν̄eðEν̄eÞ=dEν̄e

for all BNSMs.5 For collapsars, we take the collapsar disk
outflow result discussed earlier also with Ye;c ¼ 0.25.
Figure 5 shows the derived DrNB from both BNSMs
and collapsars. For comparison, we also show the DSNB

flux computed by following Ref. [83] with an assumed ν̄e
source spectrum characterized by an effective temperature
parameter Tνe ¼ 5 MeV [79], as well as the diffuse thermal
ν̄e flux from BNSMs computed in Appendix B. Clearly, the
DrNB flux from BNSMs is roughly 4 to 5 orders of
magnitude smaller than that of DSNB, which is due to both
the lower source rate and the smaller amount of emitted ν̄e
per event. Comparing to the diffuse thermal neutrinos from
the same source, the DrNB flux is also roughy one order of
magnitude smaller. For the DrNB from collapsars, their
flux may be as large as that of BNSM thermal neutrinos, but
are still 2 to 3 orders of magnitude smaller than the DSNB
within the considered energy range.6 Thus, we conclude
that the detection of DrNB is unlikely and the presence of
them will hardly affect the upcoming detection of DSNB.

VI. SUMMARY AND DISCUSSIONS

We have estimated the ν̄e energy spectrum originated
from the decay of unstable neutron-rich nuclei produced
during the r-process nucleosynthesis by utilizing a sim-
plified treatment of β decays. Taking three parametrized
expansion histories of ejecta, each of which representing
different components of the BNSM ejecta or collapsar
outflows, we have also computed the expected r-process ν̄e
flux and average energy from BNSMs and collapsars by
following the detailed evolution of nuclear abundances
with a nuclear reaction network for different assumed Ye
distributions. Our results show that the main feature of the
ν̄e energy spectrum during the r-process are qualitatively
similar for all different scenarios, characterized by an
averaged energy of ∼5–9 MeV with an extended tail up
to ∼20 MeV. The time evolution of the ν̄e flux for the
BNSM dynamical ejecta peaks at ≲1 s followed by a
power-law decay profile. However, for the BNSM disk
wind and the collapsar outflows whose ejection duration
are longer than the r-process timescale, we found that the ν̄e
flux evolution closely follows the mass outflow rate of the
ejecta. There, the flux can remain large forOð1 − 10Þ s and
Oð10 − 100Þ s for the BNSM disk wind and collapsar
outflow, respectively. For all scenarios, we found that the
value of the ν̄e flux peak are within a factor of a few so long
as a non-negligible fraction of second r-process peak nuclei
is produced, corresponding to our choice of averaged Ye
values below 0.35. However, for higher averaged Ye value
at e.g., 0.45, the ν̄e flux are suppressed substantially.
Assuming that the BNSM dynamical ejecta, BNSM disk

wind, and collapsar outflows have masses of 0.01M⊙,
0.05M⊙, and 0.5M⊙, we estimated that to detect the

FIG. 5. Diffuse r-process β−-decay neutrino flux from BNSM
(red dash-dotted line) and collapsars (blue shaded area). Also
shown are the DSNB flux and diffuse thermal BNSM ν̄e flux
(black solid line and black dash line) for comparison. The range
of the collapsar flux is associated with the assumed uncertain
event rate shown in Fig. 4. For the BNSM flux, it includes
both the contribution from the dynamical ejecta (model BNSM-
dyn. A) and the disk wind (model BNSM-disk). We use the Ye
distribution with central value of Ye;c ¼ 0.25 for both the BNSM
and collapsar cases.

5Here we integrate the previously computed dN ν̄e=ðdEν̄edtÞ
over a time period of 50 s and 140 s, for BNSM and collapsar
outflows, respectively. We checked that the chosen durations are
long enough to contain most of ν̄e emitted in both cases.

6Note that here we do not consider the thermal component
from collapsars for the diffuse flux. However, it is very likely that
this component also dominates the r-process one from collapsars,
but still smaller than the DSNB; see, e.g., the C0(GRB1) curve in
Fig. 5 of Ref. [84].
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r-process ν̄e from BNSM disk wind and collapsars, it
would likely require a BNSM or a collapsar to occur at a
distance of ≲Oð300Þ kpc or ≲Oð1Þ Mpc for a water
Cherenkov detector of the size of Hyper-Kamiokande.
Although a significant fraction of the r-process ν̄e from
the BNSM dynamical ejecta emitted at earlier times are
likely to be buried under the thermal neutrinos from the
same BNSM, the longer emission period of the r-process ν̄e
from the disk outflow can allow them to take over as the
main neutrino emission source after the remnant collapses
to a BH, which allows to directly probe r-process in
BNSM, if detected. For collapsars, we expect that the
r-process ν̄e should similarly take over as the dominant
component after the thermal emission subsides as in the
BNSM case.
Beyond individual events, we have also computed the

contribution of these sources to the diffuse neutrino
background, dubbed as DrNB, and compared them to
the expected DSNB flux. We found that neither source will
likely produce large enough DrNB ν̄e flux at energy range
currently relevant for the detection of DSNB. We note that
throughout this paper, we have not included any potential
contribution from BH-NS mergers, which may also give
rise to the production of r-process elements. However,
as the estimation based on recent detected gravitational
wave events suggests that most likely the r-process yields
from BH-NS mergers will not dominate those from the
BNSM [85], it is unlikely that including the r-process ν̄e
production from BH-NS mergers will affect the conclusion
derived here.
Although our results suggest that at present it is difficult

to directly detect the r-process ν̄e in any near future, an
(unlikely) detection can, however, provide independent
and a direct probe to the r-process condition in BNSMs
and collapsars. We also end with a positive note that the
calculation presented in this work can be useful for
examining the detailed annihilation imprints of the
r-process ν̄e on the high-energy neutrino spectrum and
flavor composition from collapsars [43] or BNSMs. We
leave a more thorough investigation of this aspect to a
future work.
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APPENDIX A: β-DECAY SPECTRA

In this appendix we compare the β-decay e− energy
spectrum derived using the same assumption made for
Eq. (4) to that measured experimentally for several nuclei.
The normalized β-decay electron spectrum that is the
counterpart of the ν̄e spectrum given in Eq. (4) can be
similarly written down as

fðZ;AÞðTeÞ ¼ K0FðZd; TeÞðQ̃ − TeÞ2ðTe þmeÞ

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2
e þ 2Teme

q
; ðA1Þ

where K0 is a different normalization constant such thatR Q̃
0 dTefðZ;AÞðTeÞ ¼ 1 and Q̃ ¼ P ·Q denotes the effec-
tively reduced Q value.
We show in Fig. 6 the comparison of this normalized e−

spectrum with P ¼ 0.9 and 1.0 to the measured spectrum
for several isotopes of yttrium (Z ¼ 39), silver (Z ¼ 47),
barium (Z ¼ 56), dysprosium (Z ¼ 66), gold (Z ¼ 79),
and uranium (Z ¼ 92). The experimental spectra are taken
from the International Commission on Radiological
Protection publication 107 [86] and are shown as crosses.
The solid and dashed line are the normalized decay
spectrum from Eq. (A1) with P ¼ 1.0 and 0.9, respectively.
The comparison shows that the formula adopted here,

although simple, roughly gives rise to e− spectra similar to
those measured experimentally. Some specific isotopes do
show larger deviation, e.g., 95Y, 115−117Ag, 142Ba, and 237U.
These differences can be attributed to the large fraction
(larger than ∼40%) of the decay branching to high-level
excited state of the daughter nuclei. On the other hand, for
cases where the decay dominantly goes to the ground state
of the daughter nuclei, e.g., 94.9%, 92%, 85%, and 78% for
110−114Ag, the agreement between the experimental data
and that from Eq. (A1) are nearly perfect. The decay
branching to different states of the daughter ultimately
depends on a number of nuclear physics properties, e.g., the
overlap of the initial and final state wave functions, as well
as the detailed evaluation of the shape factor. For r-process
nuclei that reply on theoretical inputs to compute the detail
decay schemes, we expect a large uncertainty associated
with theory models. Therefore, for this work we simply
take P ¼ 0.9 to evaluate the ν̄e spectrum as stated in the
main text.

APPENDIX B: ESTIMATION OF THERMAL
NEUTRINO FLUX FROM BNSM POSTMERGER

REMNANT

Copious amount of neutrinos are expected to be emitted
from the remnant of BNSM and can affect the evolution of
the system as well as the nucleosynthesis outcome (see, e.g.,
Ref. [87] and references therein). The detectability of these
thermal neutrinos, emitted from the HMNS before it
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collapsing into a BH and from the accretion disk from
individual events, as well as their contribution to the diffuse
neutrino background have been considered in Refs. [35,84].
In this section, we take the prediction of the thermal ν̄e
emission from Ref. [76], to estimate their flux and energy
spectrum, and compare them with the r-process ν̄e dis-
cussed in the main text.
Reference [76] performed end-to-end simulations of

BNSMs that result in delayed BH formation within
∼0.1–1 s post the merger. Prior to the BH formation,

neutrinos of all flavors are emitted from the HMNS with
luminosity reaching ∼1052–1053 erg=s for each species.
After the HMNS collapses to BH, the emission of heavy
lepton flavors gets immediately shut off, while the accretion
disk continues emitting νe and ν̄e for a few hundred ms.
Interestingly, the mass outflow rates in all models of
Ref. [76] follow qualitatively similar trend predicted in
simulations of BH-disk systems in [10,88], and thus also
similar to the parametrization that we adopted in the main
text. Taking the ν̄e energy luminosity and the average

FIG. 6. The comparison of the experimentally measured β-decay (normalized) spectrum for isotopes of Y, Ag, Ba, Dy, Au, U (crosses)
with those computed based on the approximated formula Eq. (A1), which assumes ground state to ground state transition only. The solid
(dashed) lines assume P ¼ 1.0 (P ¼ 0.9), where P is an effective parameter taking into account energy loss to γ-ray emission from the
decay to the excited state of the daughter nucleus.
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energy from the sym-n1-a6 model of Ref. [76] and
assume that ν̄e follows the Fermi-Dirac distribution with
zero chemical potential, we compute the time evolution of
the ν̄e flux Fν̄e at a distance of 40 Mpc as shown in Fig. 7.
We also compute the time-integrated neutrino energy
spectrum dN ν̄e=dEν̄e emitted per source, which is shown
in Fig. 8 and used in the calculation of the diffuse neutrino
flux in Appendix C.
The comparison of the thermal neutrino flux to the

r-process ν̄e fluxes from our BNSM dynamical ejecta
(BNSM-dyn. A) and disk outflow (BNSM-disk) with
Ye;c ¼ 0.25 clearly shows that the majority of the r-process
ν̄e from the dynamical ejecta as well as the early ν̄e emission
from the disk ejecta are buried under the much large flux of
thermal ν̄e. However, at times ≳Oð1Þ s after the thermal
emission shuts off, the r-process ν̄e from the disk ejecta
becomes the dominating component as expected.

APPENDIX C: DSNB CALCULATION AND ν̄e
SPECTRA AT DIFFERENT SOURCES

In this appendix we present the detail information that
we used to compute the DSNB flux. In addition, we
compare the source ν̄e spectra from CCSNe, BNSMs,
and collapsars.
We adopt the comoving CCSN rate RCCSN determined by

the SFR and the IMF from [83]

RCCSN ¼ ρ̇�ðzÞ
R
50
8 dMψðMÞR

100
0.1 dMMψðMÞ ; ðC1Þ

where M is zeroth-age-main-sequence mass of a star, and
ψðMÞ is the IMF. Taking Salpeter’s IMF [89], the ratio of
the two integrals on the right hand side equals 0.0070=M⊙.
For the SFR, we assume an analytical formula ρ̇�ðzÞ
described as a continuous broken power law given by [90]

ρ̇�ðzÞ¼ ρ̇0

�
ð1þ zÞaηþ

�
1þ z
B

�
bη
þ
�
1þ z
C

�
cη
�
1=η

; ðC2Þ

where ρ̇0≃ 0.0178M⊙ yr−1Mpc−3, and a ¼ 3.4 (b ¼ −0.3,
c ¼ −3.5) is the logarithmic slope of the low (intermediate,
high) red shift regimes. The red shift break constants B and
C at z1 ¼ 1 and z2 ¼ 4 are defined as B ¼ ð1þ z1Þ1−a=b
and C ¼ ð1þ z1Þðb−aÞ=cð1þ z2Þ1−b=c, while η ≃ −10 to
smooth the transition.
For the source ν̄e spectrum dN ν̄e=dEν̄e for SNe, we take

an approximated Fermi-Dirac form as [79]

dNν̄e=dEν̄e ¼ Eν̄e;tot ×
120

7π4
E2
ν̄e

T4

1

eEν̄e =T þ 1
; ðC3Þ

where the nominal total energy Eν̄e;tot ≃ 3 × 1058 MeV, and
the effective ν̄e temperature T ¼ 5 MeV.
Figure 8 shows the comparison of all the considered

source spectra used in Sec. V. Clearly, ν̄e from SNe are
typically much larger than the r-process ν̄e from BNSM in
all energy ranges. However, for collapsars, their ν̄e emis-
sion at low energy ≲3 MeV may be comparable to or
higher than the SN ν̄e, due to a potentially large amount of
r-process enriched outflow.

FIG. 7. Comparison of the time evolution of thermal ν̄e flux
(black solid line) computed based on the model sym-n1-a6
from Ref [76] with the r-process ν̄e emitted by dynamical ejecta
(red solid line) and disk outflow (blue solid line) with Ye;c ¼ 0.25
evaluated in the main text.

FIG. 8. The ν̄e emission energy spectrum dN ν̄e=dEν̄e from a
single event used for the calculation of the diffuse flux for all the
considered models.
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