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In this paper, we present a careful study on the impact of neutrino pair-production on core-collapse
supernovae via spherically-symmetric, general-relativistic simulations of two different massive star
progenitors with energy-dependent neutrino transport. We explore the impact and consequences of both
the underlying microphysics and the implementation in the radiation transport algorithms on the supernova
evolution, neutrino signal properties, and the explosion dynamics. We consider the two dominant neutrino
pair-production processes found in supernovae, electron-positron annihilation as well as nucleon-nucleon
bremsstrahlung in combination with both a simplified and a complete treatment of the processes in the
radiation transport algorithms. We find that the use of the simplified prescription quantitatively impacts the
neutrino signal at the 10% level and potentially the supernova dynamics, as we show for the case of a zero-
metallicity, 9.6M⊙ progenitor. We also show that the choice of nucleon-nucleon bremsstrahlung interaction
can also have a quantitative impact on the neutrino signal. A self-consistent treatment with state-of-the-art
microphysics is suggested for precision simulations of core collapse, however the simplified treatment
explored here is both computationally less demanding and results in a qualitatively similar evolution.
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I. INTRODUCTION

Core-collapse supernovae (CCSNe) represent the last
stage of massive star evolution for stars more massive than
8M⊙ and, along with neutron star-neutron star mergers and
Type-Ia supernovae, are one of the main channels of
galactic nucleosynthesis [1,2]. Not only do CCSNe con-
tribute to the production of heavy elements but they are
also the main birth site of neutron stars and stellar mass
black holes.
Supernovae are also true multimessenger events, produc-

ing neutrinos, gravitational waves, as well as photons. The
most readily available observable is the electromagnetic
signal, for example, the Zwicky Transient Facility observed
over 800 CCSNe in 2018 [3]. In the fortunate case of a
galactic supernova, the two other channels, gravitational
waves and neutrinos, become possible [4,5]. At the onset of
the explosion, the outside layers of the progenitor star shroud
the core and prevent photons from carrying direct informa-
tion from the core. Neutrinos and gravitational waves are
the only direct channels helping us deciphering the physics
of the early explosion. The supernova mechanism is thus
still largely observationally unconstrained. Regardless,

numerical simulations performed by different groups allow
us to test and refine the theories we have [6–12].
The main theory is the neutrino-driven supernova

mechanism. Once the fusion reactions in the core stop
and gravity overcomes the electron degeneracy pressure,
the collapse begins. At nuclear density the core stiffens and
the collapse stops and rebounds outwards. The information
about this bounce propagates through the in-falling mater,
reaching supersonic velocities and creating a shock. This
shock propagates out flowing against the ram pressure of
the infalling layers and dissociating the nuclei accreting
through. In doing so, the shock loses energy and ends up
stalling. The neutrino-driven mechanism is the idea [13]
that the neutrinos can reenergize the shock by transferring
energy from the cooling protoneutron star (PNS) to the
material behind the shock through absorption in the so-
called gain layer. Studies have shown that this heating is
very sensitive to the neutrino spectrum, which in turn
is sensitive to the emission and absorption processes
[12,14–17]. While much progress has been made in 3D
[9,18–29], the theory is not yet completed. Progress on all
fronts is needed to further constrain CCSN theories and the
underlying physics.
Neutrino transport is one of the most difficult aspects

of modeling supernova simulations. A completely self-
consistent treatment of neutrinos would involve solving the
6D Boltzmann equation over the course of the simulation,
along with capturing all of the important interactions
with the medium. This is too computationally expensive,
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especially with the required resolution, though see [30].
Therefore, we often resort to approximate schemes such as
flux limited diffusion or truncated moment schemes. In this
study, we use a moment scheme [31,32]. We essentially
treat the neutrinos like a fluid, evolving the energy density
and momentum density. Neutrinos are produced inside of
the PNS, where it is optically thick to neutrinos, and diffuse
out into semitransparent, optically-thin matter in the gain
region behind the shock. This change in the qualitative
nature of the environment makes the neutrino transport
complex as neutrinos transition from being strongly
coupled to the matter to a free-flowing behavior, and
therefore neither assumption can be used globally to
simplify the problem. The main type of neutrinos interact-
ing in the gain region are the electron type neutrinos
and antineutrinos through charged-current interactions.
However, heavy lepton neutrinos (νμ, ν̄μ, ντ, and ν̄τ), which
mainly cool the PNS, also play a major role. Hence, their
interactions with matter need to be treated as accurately as
possible. The main production channel for heavy-lepton
neutrinos is via pair-production, where a pair consisting of
a neutrino and an antineutrino is formed. The dominant
production processes for these pairs in CCSNe include
electron-positron annihilation and nucleon-nucleon brems-
strahlung. Charged-current interactions (either emission or
absorption) of single heavy-lepton neutrinos with muons or
taus are suppressed due to those charged lepton’s large
mass, although see [33–35].
In this paper, different treatments for the thermal pair-

production processes are tested. These interactions are
challenging to treat as they involve not just one neutrino,
but two, which necessitates the coupling of the species and
of the energy bins. This had often lead to approximations
for their inclusion in neutrino transport algorithms [36].
As part of this paper, we assess one such approximation
with the goal of reducing computational expense while
maintaining the fidelity of the solution. Not only are the
neutrino pair-production processes computationally com-
plex, another problem inherent in the nucleon-nucleon
bremsstrahlung interaction is its uncertain nuclear physics.
For this reason, we consider two different ways of treating
the interaction. First we consider the commonly used
one pion exchange (OPE) formalism by Hannestad and
Raffelt [37]. We also consider a recent T-matrix formalism
formulated by Guo et al. [38] based on chiral effective field
theory fitted to experimental phase shifts. We test these
two different formalisms as well as a simplified version for
the nucleon-nucleon bremsstrahlung based on [39]. For
electron-positron annihilation we follow the formalism
described in Bruenn et al. [40] as well as a simplified
version [36]. We perform 1D simulations for each of the six
combinations of different treatments for two different
progenitors. We use a 20M⊙ progenitor, a model studied
across many CCSN codes in [6] and a zero-metallicity,
9.6-M⊙ progenitor, which has the property of exploding in

1D simulations. We explore the impact of all the different
treatments on the early supernova evolution, the explosion
parameters, and the neutrino luminosities and mean ener-
gies. Furthermore, we scrutinize the validity of our sim-
plified approximation used in order to inform future
multidimensional simulations on the impact of heavy-
lepton neutrino pair-production treatments.
The outline of this paper is as follows. In Sec. II, we

overview the simulation code we use, GR1D, and we
describe the different interactions involved in our study and
their implementation in GR1D and NuLib. We also present
the two progenitors and their history of use in CCSN
simulations. In Sec. III A, we describe the results on the
20M⊙ progenitor and Sec. III B the ones of the 9.6M⊙
progenitor. We finally conclude in Sec. IV.

II. METHODS

A. GR1D

For all the simulations presented in this paper we use the
general-relativistic radiation-hydrodynamic code GR1D
[36,41]. For the neutrino transport, GR1D uses a moment
scheme [32,42]. It evolves the 0th and 1st moment of the
neutrino distribution function for multiple neutrino species
and multiple neutrino energies. The neutrino-matter inter-
action terms (completely local) are solved implicitly while
the nonlocal spatial fluxes are solved explicitly. The
evolution is done in the coordinate (or laboratory) frame
but full velocity dependence is included in the neutrino-
matter interactions and to order v=c in the spatial transport
terms. We present the model moment evolution equations
here, highlighting the neutrino-matter interaction source
terms and refer the reader to [36] for full details,

∂t½E� þ
1

r2
∂r

�
αr2

X2
Fr

�
þ ∂ϵ½…� ¼ Gt þ Ct ð1Þ

and

∂t½Fr� þ
1

r2
∂r

�
αr2

X2
Prr

�
þ ∂ϵ½…� ¼ Gr þ Cr ð2Þ

where E and Fr are the zeroth and first moments of the
species and energy-dependent neutrino distribution func-
tions, Prr is the 2nd moment, and in the M1 approximation
is taken as an analytic expression involving the first two
moments, specifically, we use the Minerbo closure [43].
Here, and in the following, we suppress the energy and
species dependence of these moments and source terms,
unless needed. α and X are metric functions, ∂ϵ½…� refers to
the energy-space fluxes, andGt=r andCt=r are the geometric
and neutrino-matter source terms, respectively. For the full
expression for ∂ϵ½…� and Gt=r we refer the reader to [36],
since in this paper we focus on the neutrino-matter
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interactions, we explicitly write Ct=r here and describe each
term below,

Ct ¼ α2½Ste=a þ Stiso þ Stscatter þ Stpair� ð3Þ

Cr ¼ αX2½Sre=a þ Sriso þ Srscatter þ Srpair� ð4Þ

In GR1D, neutrino-matter interactions fall into four
categories. (i) [Sαe=a] Charged-current neutrino-matter inter-
actions, where electron type neutrinos and antineutrinos are
absorbed or emitted from the matter. (ii) [Sαiso] Elastic
scattering interactions, where neutrinos of all types scatter
on nucleons and nuclei. These scatters change the neutrino
direction but maintain their energy. For the emission,
absorption and the elastic scattering interactions, we treat
the source terms in the following way:

Sαe=a ¼ ½η − κaJ�uα − κaHα ð5Þ

Sαiso ¼ −κsHα ð6Þ

where η is the emissivity, κa and κs are the absorption
and scattering opacities respectively, uα is the fluid four-
velocity, and J and Hα are the zeroth and first neutrino
moments in the fluid frame (see [36] for detailed expres-
sions of J and Hα in terms of E and Fr and the closure
relation).
(iii) [Sαscatter] Inelastic scattering interactions, where

neutrinos scatter on electrons and appreciably change their
energy and direction. This interaction necessitates a cou-
pling of neutrino energy bins within a neutrino species.
For inelastic neutrino-electron scattering, we use the source
terms described in Shibata et al. [32]. In this study, we
ignore inelastic scattering on nucleons.
Finally, (iv) [Sαpair], pair-production interactions where a

neutrino-antineutrino pair is emitted. In GR1D, we only
consider pair-production interactions involving heavy-
lepton neutrinos (νμ, ν̄μ, ντ, and ν̄τ) since the interactions
involving electron type neutrino-antineutrino pairs are
dwarfed by the charged-current rates for these neutrinos.
With GR1D, there are two ways of including Sαpair into the
evolution equations. The first is a simplified method where
we generate simplified emissivities (ηνν̄eff ) and absorption
coefficients (κνν̄a;eff ) for each neutrino energy group and treat
these terms like the emission and absorption interactions in
(i) above. The precise form of these coefficients depends on
the particular pair-production process and are described in
the following section. This method is computational
efficient as it does not require coupling neutrinos of
different energies together when performing the implicit
solution of the evolution equations and the interaction rates
depend only on the temperature, electron fraction, density
and neutrino energy. However, in general, these neutrino
pair-production processes do depend on the occupation

density of more than one neutrino and therefore this method
is an approximation. The second method is more complete,
but also more computationally expensive. It uses kernels to
describe the interaction between two neutrinos of different
energies (and species) and takes into account the final state
neutrino occupation (for emission) and initial state neutrino
occupation (for annihilation) hence, coupling different
energy groups. The source term for this method is based
on [32] and follows from taking the appropriate angular
moments of the full Boltzmann collision integral for
neutrino-antineutrino annihilation,

Sαpair ¼ ν3
Z

dΩBðν;ΩÞðuα þ lαÞ; ð7Þ

where ν is the neutrino energy, uα is the fluid four-velocity,
lα is a unit vector perpendicular to uα, and Bðν;ΩÞ is,

Bðν;ΩÞ ¼
Z

ν02dν0dΩ0½ð1 − f0Þð1 − fÞRproðν; ν0; μÞ

− ff0Rannðν; ν0; μÞ�; ð8Þ

where for clarity we have suppressed the ν, and ν0 as well
as Ω and Ω0 dependence in each of the occupation
probabilities, f and f0, respectively. μ, which is a function
of both the prime and unprimed angular variables, is the
cosine of the angle between the neutrino and antineutrino.
As is typically done, we assume an angular expansion
form of the production and annihilation kernels, Rpro=ann∼
Rpro=ann
0 þ μRpro=ann

1 , where Rpro=ann
0=1 only depends on the

energies of the two neutrinos involved and the underlying
interaction (see the following section). Following [32],
Eqs. (7) and (8) are reduce to a single integral over ν0 where
the integrand depends only on the primed and unprimed,
zeroth, first, and second neutrino moments and the Rpro=ann

0=1

kernels,

Sαpair ¼
Z

dν0

ν0

�
−fðJ − 4πν3Þuα þHαgð4πν03 − J0ÞRpro

0

−
H0α

3
fð4πν3 − JÞRpro

1 þ JRann
1

�

þ ðhγσHγH0σuα þ L̃α
βH

0βÞ½Rpro
1 − Rann

1 �

− ðJuα þHαÞJ0Rann
0

�
; ð9Þ

where hαβ ¼ gαβ þ uαuβ is the projection operator and L̃αβ

is the traceless Lαβ, the second-moment tensor in the fluid
frame (analogous to Pαβ above, which is the coordinate
frame second moment).
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B. Implementation in NuLib

NuLib (http://www.nulib.org) is an open-source neutrino
interaction library [36] that we use to produce tables of the
neutrino-matter interaction coefficients for interpolation
during our simulations. For this work, we utilized the
interactions described in Table I, which are divided into the
four main interaction types described above. In this work,
we focused on the heavy-lepton pair-production processes
and the accuracy of the prescriptions used in the transport
for these interactions. For this reason, we describe these in
detail below.
The two main neutrino pair-production processes in a

CCSN environment are electron-positron pair annihilation
and nucleon-nucleon bremsstrahlung. As discussed in
Sec. II A, we consider both an simplified prescription for
these interactions and a kernel treatment. For the electron-
positron pair annihilation the underlying interaction is the
same in these two methods, described in [39,40]. We used
NuLib to compute Rann=pro

0 and Rann=pro
1 for use in Eq. (9),

which gives the neutrino pair annihilation and production
rates as a function of the two neutrino energies, ν and ν0,
for a given value of the matter temperature and electron
chemical potential. For the simplified version of neutrino
emission from electron-positron annihilation (see [36]
for more details), we compute ηe

−eþ
eff ðνÞ by assuming

Rpro=ann
1 ¼ 0 (i.e., isotropic emission), no final state neu-

trino blocking, and integrating over all possible ν0. We
construct an simplified absorption by invoking Kirchhoff’s
law, κe

−eþ
eff ðνÞ ¼ ηe

−eþ
eff ðνÞ=BBðν; TÞ, where BB is the black

body intensity for heavy-lepton neutrinos with energy ν
in a medium with temperature T. This ensures there is no
net emission in regions where the neutrino field is the same
as the equilibrium neutrino field and no absorption in
regions where the neutrino field is negligible. This is an
approximation.
The other main neutrino pair-production process of

importance in CCNSe is nucleon-nucleon bremsstrahlung.
Before this work, this interaction was included in NuLib
only via an simplified way taken from Burrows et al.
(2006) [39]. The simplified single neutrino emissivity (with
units of erg cm−3 s−1 srad−1 MeV−1) is taken as,

ηNNeff ðνÞ ¼ 0.234
Qnb

4πT

�
ν

T

�
2.4
e
−1.1ν
T ; ð10Þ

where

Qnb ¼ 2.0778 × 1030 erg cm−3 s−1

× ζ

�
x2n þ x2p þ

28

3
xnxp

�
ρ214T

5.5; ð11Þ

is the total energy emission rate for a pair of neutrinos,
ζ is a correction factor (taken to be 0.5 [39]), xn=p is the
mass fraction of neutron and protons, ρ14 is the density
scaled to 1014 g cm−3, and T is the matter temperature. As
is the case for electron-positron annihilation, we construct
a simplified absorption by invoking Kirchhoff’s law,
κNN
eff ðνÞ ¼ ηNN

eff ðνÞ=BBðν; TÞ. This simplified emissivity
was made in the nondegenerate-medium limit assuming
an OPE potential. It is only dependant on the nucleon
number densities and the temperature of the medium. This
simplified emissivity stemmed from earlier work in [46]
where they explicitly showed for CCSN conditions the
difference in the emissivity when derived from the non-
degenerate limit compared to the arbitrary degeneracy
calculation. They show that the nondegenerate limit pro-
vides good results up to η ¼ μn=T ∼ 0 (roughly several
1013 g cm−3) where the difference compared to the arbi-
trary degeneracy is ∼12%, this rises to ∼30% at the
degeneracies typically found in the core. This is consistent
with our findings, which are discussed below. In the early
phases of a CCSN explosion, the nucleons at the densities
of interest are rarely degenerate, however at latter stages,
during the cooling of the PNS for example, the densities
where the nucleon-nucleon bremsstrahlung rates can
impact the evolution and emission may be in the degenerate
regime, therefore this method may need to be reconsidered.
In this work, we extend NuLib to include kernels for the

nucleon-nucleon bremsstrahlung process in addition to the

TABLE I. List of neutrino interactions from NuLib used in this
work.

Interaction Reference

Emission & Absorption
νe þ n ⇄ pþ e− Bruenn (1985) [40];

Horowitz (2002) [44]
ν̄e þ p ⇄ nþ eþ Bruenn (1985) [40];

Horowitz (2002) [44]
e− þ AðZ;NÞ ⇄ AðZ − 1; NÞ þ νe Bruenn (1985) [40]

Isoenergetic Scattering
νi þ n ⇄ νi þ n Bruenn (1985) [40];

Horowitz (2002) [44]
νi þ p ⇄ νi þ p Bruenn (1985) [40];

Horowitz (2002) [44]
νi þ A ⇄ νi þ A Bruenn (1985) [40];

Horowitz (1997) [45]

Inelastic Scattering
νi þ e− ⇄ ν0i þ e−0 Bruenn (1985) [40]

Pair Processes
eþ þ e− ⇄ νþ ν̄ Bruenn (1985) [40],

Burrows et al. (2006) [39],
O’Connor (2015) [36]

Nþ N ⇄ Nþ Nþ νþ ν̄ Burrows et al. (2006) [39],
Hannestad and Raffelt
(1998) [37], & Guo
and Martinez-Pinedo

(2019) [38]
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electron-positron annihilation process. The nucleon-
nucleon bremsstrahlung kernels follow the form of,

Rproðω; μÞ ¼ G2
FC

2
anBðℏc3Þð3 − μÞSσðωÞ; ð12Þ

where nB is the baryon density, GF∼1.166×10−11MeV−2

is the weak coupling constant, Ca ¼ gA=2 with gA ∼ −1.26
is the axial vector coupling constant, ω ¼ νþ ν0 is the
sum of the two neutrino energies, and SσðωÞ is the
structure function. As for the electron-positron annihilation
kernel, we decompose Rpro into Legendre moments,
Rpro
0=1. Given the dependence on μ in Eq. (12), this is a

trivial decomposition and Rpro
1 ¼ −Rpro

0 =3. In order to
obtain Rann

0=1 in accordance with detailed balance, we use

Rpro
0=1 ¼ e−ω=T Rann

0=1.
The exact definition of SσðωÞ depends on the underlying

interaction and in this work we consider two different
models. First, we include the classic nucleon-nucleon
bremsstrahlung rates described in Hannestad and Raffelt
(1998) [37]. Similar to the parametrization above, this
interaction is derived from the OPE potential, but also
includes in the structure function effects such as a non-
vanishing pion mass, effects from multiple-scatterings,
and is valid for both the degenerate and nondegenerate
limits with an interpolation for semidegenerate regions.
The structure function is [37],

SσðωÞ ¼
Γ

ω2 þ ðΓgðy; ηÞ=2Þ2 sðω=T; yÞ: ð13Þ

This structure function is for an arbitrary nucleon
interacting with a like nucleon with a nucleon density
(nN), temperature (T), and the degeneracy factor,
η ¼ p2

F=ð2mNTÞ (where p2
F ¼ ℏð3π2nNÞ1=3 is the Fermi

momentum of the nucleons with mass mN). The spin-
fluctuation rate (Γ), gives the strength of the bremsstrah-
lung. This structure function is a Lorentzian used as an
ansatz, it does not describe realistically the physics under-
lying the interaction but has the correct behavior for the
limiting cases [37]. Also present in the structure function
are dimensionless functions gðy; ηÞ and sðω=T; yÞ that are a
function representing the multiscattering effect and the
interpolation of the nucleon structure function between
degenerate and nondegenerate medium, respectively. For
completeness,

Γ ¼ 8
ffiffiffiffiffiffi
2π

p
απ

3π2
η3=2

T2

mNc2
;

y ¼ m2
π

mNT
; ð14Þ

where απ and mπ are the pion fine-structure constant and
the pion mass, respectively. For detailed expressions for
gðy; ηÞ and sðω=T; yÞ, see [37] or the bremsstrahlung

routines in NuLib (http://www.nulib.org). In NuLib, we
compute a table of Rpro=ann

0=1 as a function of an arbitrary
nucleon density nN, the temperature T, for the pair of
neutrino energies ν and ν0. During our simulation we
interpolate this table for three values of the nucleon density,
nn; np;

ffiffiffiffiffiffiffiffiffiffinnnp
p , and combine the rates with weights of 1, 1,

and 28=3, respectively [39].
The second nucleon-nucleon bremsstrahlung interaction

we consider is the recent formalism from Guo and
Martinez-Pinedo [38]. They calculate the structure function
(SσðωÞ) used in Eq. (12) by using the T-matrix element
based on the χEFT potential presented in Entem et al. [47].
A similar method was previously explored in [48].
A followup in [49] where the T-matrix formalism was
shown to give modestly different results in supernova
simulations from the OPE prescription above. The T-matrix
formalism used in [38] is an improvement over [48] with
the inclusion of off-shell T-matrix elements in addition to
on-shell elements. In NuLib, we utilize the table of SσðωÞ
values provided by the authors. We interpolate this four
dimensional table (ρ, T, Ye, and νþ ν0) for use in Eq. (12)
in order to construct our tables.
We conclude this section by comparing each of the

pair-production processes and prescriptions utilized in this
work at different CCSN-like conditions. The results are
shown in Fig. 1, where we compare the single neutrino
number isotropic emissivities, ignoring any final state
neutrino blocking, as a function of energy at four
densities. Following [48], we use the following relationship
between density and temperature typically found in CCSN
environments,

TSNðρÞ ¼ 3 MeV

�
ρ

1011 g cm−3

�1
3

; ð15Þ

and adopt an electron fraction of Ye ¼ 0.2.
The emissivities themselves, as well as the difference

between the emissivities, are strongly dependent on the
density and temperature. The increase in the bremsstrah-
lung rates with increasing density is due to both the ρ2

dependence and the roughly T4.5 dependence of the number
emission rate where the electron-positron annihilation
number emission rates increase only to due to the increase
in the temperature, scaling roughly as T8. Therefore we
expect the importance of bremsstrahlung over electron-
positron pair annihilation to scale with the density. Indeed,
when the density reaches the typical values of the PNS
interior the nucleon-nucleon bremsstrahlung emission
dominates. In practice, the core temperatures at densities
larger then a few times 1013 g cm−3 do not reach the
values predicted from Eq. (15), and therefore bremsstrah-
lung rates dominate over the electron-positron annihilation
even more at the highest densities. For the electron-
positron pair annihilation, the emissivity derived from

IMPACT OF NEUTRINO PAIR-PRODUCTION RATES … PHYS. REV. D 102, 123015 (2020)

123015-5

http://www.nulib.org
http://www.nulib.org
http://www.nulib.org


the parametrization and the one from the kernel treatment
are the same, as expected since the underlying interaction is
the same.
We briefly comment on the differences between the

bremsstrahlung treatments. The difference between the
T-matrix and OPE treatment is very obvious for densities
over 1014 g cm−3. There, the prescriptions derived from the
OPE potential give emissivities more than 10 times greater
than the T-matrix prescription. This suppression of the rates
at high densities, and also the more modest enhancement
of the rates at low density when compared to the OPE
interaction is a consequence of the T-matrix treatment
[38,48,50]. The parametrization, which is based on the
nondegenerate limit of the OPE generally produces com-
parable rates for the conditions used here. However, we
note that the high temperature at nuclear densities resulting
from Eq. (15) are higher then expected during the cooling
phase and therefore under those conditions we would
expect a larger deviation of the simplified rate from the
OPE results. The rates that are expected to be important

during the CCSN evolution are the ones near and around
the neutrinospheres where the neutrinos are decoupling
from the matter. At high densities, the neutrinos are in
equilibrium and the precise rate does not matter, and at low
densities the rate is so low that it does not contribute
appreciable to the overall neutrino emission. As pointed out
in [49], the key densities are around ρ≳ 1012 g cm−3

during the early core-collapse phase and upward of
ρ ∼ 1014 g cm−3 for the cooling phase. Over and above
this, it is important to note that the many competing
neutrino rates, and their strong temperature dependence,
like electron-positron annihilation, often reduce the impact
of changes in any one rate.
In addition to the differences that arise from the different

interactions (in the case of bremsstrahlung), differences
in the actual dynamical evolution can stem from the
differences in the transport treatment. As discussed above
in Sec. II A, for the simplified methods, the final state
neutrino blocking is not taken in account properly for the
emission, nor is the precise form of the annihilation

FIG. 1. Number emissivities for the different pair-production processes for heavy-lepton neutrinos. For the bremsstrahlung we show
the emissivity from the Hannestad and Raffelt (1998) [37] OPE potential kernel (green), the Guo et al. (2019) [38] T-matrix kernel (red),
and the parametrization from Burrows et al. (2006) [39] (purple). For the electron-positron annihilation we show the emissivity based on
the kernels (solid blue) and our parametrization of them (dashed blue), both from Bruenn (1985) [40]. We note that for the two electron-
positron interactions we expect the same emissivities as the underlying interaction is the same.
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interaction used, rather simplified emission and absorption
coefficients are used. With our systematic exploration of
these interactions we aim to decipher these differences.

C. Setup

We performed a set of six simulations with two different
progenitors for a total of 12 simulations. A 20M⊙, solar-
metallicity, iron-core progenitor [51] and a 9.6M⊙ zero-
metallicity iron-core progenitor [52] are used. We utilize
the 20M⊙ progenitor as it is the same as the one studied
in [6] where the evolution was computed using a variety of
state-of-the-art evolution codes. The variation done in our
study is on the transport treatment of the neutrino pair
processes, the remaining physics is held constant. This is an
interesting first step to gauge the influence of the different
treatments and allows us to quantify the variations against
the variations seen between different codes. For this
progenitor, we used a grid containing 600 zones with
the inner grid spacing being fixed at 300 m for the inner
20 km and increasing logarithmically outwards until
∼1.3 × 1010 cm. This progenitor has been explored in
many studies, but in particular, [53] also consider variations
on the neutrino pair-production processes. The other
progenitor we consider has a ZAMS mass of 9.6M⊙.
Unlike most iron-core progenitors, this one has the pecu-
liarity to explode in 1D. Although multidimensional effects
can and do impact the development of the explosion in this
model [54], these spherically symmetric simulations give
us general insight on the behavior of the explosion energy
development over time and on the neutrino-interaction
dependence of the early cooling phase. For this progenitor,
we used a spherically symmetric grid of 800 zones with a
constant grid spacing of 300 m in the inner 20 km and then
a logarithmically increasing zone size until ∼1.3 × 109 cm.
This progenitor has been used in multidimensional studies
[54–56]. For all of the simulations, we used the SFHo
equation of state from Steiner et al. [57] with the same
neutrino physics (other than the pair-production treatments)
as [6]. The simulation time step is set by the radiation and is
equal to the light crossing time of the smallest zone and a
CFL condition of 0.4 before bounce, 0.1 near bounce and
0.5 from 20 ms after bounce for all the simulations. The
reduction in the CFL condition near bounce is to ensure
stability at the very dynamic time surrounding bounce
when the shock first forms and the radiation quickly builds
up for the first time. In our particular case, this is further
necessitated by the first-order explicit treatment of the
spatial flux calculation. We used a logarithmically spaced
energy grid for the neutrinos from 1 MeV to 250 MeV with
18 energy groups.

III. RESULTS

In this section, we explore the impact of the different
treatments of heavy-lepton neutrino pair-production

described in Secs. II A and II B on the supernova evolution.
For this, we apply the six different combinations of the pair
processes treatments described in Table II. We will first
explore the impact on the 20M⊙ progenitor evolution and
follow with the exploding 9.6M⊙ progenitor evolution.

A. s20 progenitor

The 20M⊙ progenitor does not lead to an explosion. The
shock radius evolutions are plotted in the top panel of
Fig. 2. The different colors correspond to the different
models in Table II. The blue, green, and red solid lines refer
to the three simulations using the electron-positron anni-
hilation kernels with the bremsstrahlung fit, OPE kernel,
and T-matrix kernel, respectively, while the three dashed
lines refer to the electron-positron annihilation simplified
emissivity for the three different bremsstrahlung treat-
ments. All of the models give qualitatively similar results.
Bounce occurs at ∼298 ms after the onset of collapse. The
shock then expands for ∼90 ms after bounce and reaches a
radius of ∼150 km where it stalls for ∼10 ms and starts to
recede. The shock radius shows a short expansion phase
again at ∼230 ms after bounce, which is due to the silicon-
oxygen shell interface accreting through the shock front.
The shock radius then continues to recede to attain ∼50 km
at 500 ms after bounce. For reference, we show with grey
lines the shock radius evolution from simulations with
various codes for the same progenitor and setup taken from
the comparison study of [6]. The shock evolution of all our
models generally agree with these simulations and the level
of variation between our simulations is slightly less than
that observed between the simulation codes.
The different neutrino-pair production treatments only

modestly impact the shock radius evolution. For the
simulations using the full kernel treatment for the electron-
positron-annihilation to neutrino-pair process (models
4, 5, and 6) there is a consistently lower shock radius
(∼5 km) compared to the models with the simplified
emissivity for this process (models 1, 2, and 3). This
hierarchy is correlated with the properties of the heavy-
lepton neutrino emission (bottom panels of Fig. 2). As we
discuss below, during the first ∼150 ms after bounce, the

TABLE II. Enumeration of the different neutrino treatment
combinations.

Electron-positron Nucleon-Nucleon

Model Annihilation Bremsstrahlung

1 Simplified Simplified
2 Simplified OPE potential formalism
3 Simplified T-matrix formalism
4 Kernel formalism Simplified
5 Kernel formalism OPE potential formalism
6 Kernel formalism T-matrix formalism
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largest heavy-lepton neutrino luminosities and mean ener-
gies arise from the simulations using the full kernel treatment
of the electron-positron annihilation pair-production process.
These simulations give enhanced cooling, smaller PNS radii,
and smaller shock radii. This cause-and-effect is commonly
seen in this model (and for which the explosion properties in
multidimensional simulations of this model are particularly
sensitive too), for example with modifications on the neutral-
current scattering opacities [58,59].

In the bottom two panels of Fig. 2, we show the heavy-
lepton neutrino mean energy (middle panel) and the heavy-
lepton neutrino luminosity (bottom panel) as measured in
the coordinate frame at 500 km. For the luminosities, after a
small peak at bounce, there is a short rise to a plateau
around ∼35 × 1051 erg s−1 at the time of the peak shock
radius. The heavy-lepton luminosities then decrease as
the PNS contracts reaching values ∼1052 erg s−1 at 500 ms
after bounce. For the heavy-lepton neutrino mean energies,
after a short peak at bounce, the mean neutrino energy rises
from ∼30 ms after bounce from ∼14.5–15 MeV to a peak
of ∼16–16.5 MeV. With the accretion of the silicon/
oxygen interface the heavy-lepton neutrino mean energy
drops ∼1 MeV and generally plateaus at ∼15–15.5 MeV
until the end of the simulation at 500 ms. As we have
shown for the shock radius, we show the neutrino lumi-
nosities and mean energies from [6] in grey. We can see that
the different neutrino pair-production formalisms create
differences which are comparable to the variability seen
across different transport methods and hydrodynamics. It is
worth noting that in [6], the prescriptions of the treatment
of heavy-lepton neutrinos also varied among the codes.
During all stages of the evolution the quantities in Fig. 2

are within ∼10% of each other for the luminosities and
within ∼3% for mean energies. However, the differences
seen do correlate with the different pair-production treat-
ments. Models 4, 5, and 6, where we use the full kernel-
based treatment for the electron-positron annihilation
process, have the largest neutrino luminosities and mean
energies during the first ∼150 ms after bounce, while the
simplified electron-positron annihilation treatment (models
1, 2, and 3) shows consistently lower luminosities and
energies during this time. As we mentioned above, this
causes increased PNS contraction and lower shock radii for
the former models. However, also as a consequence of the
increased contraction, there is increased electron neutrino
mean energies (see below), and an increased specific
neutrino heating (although less overall heating due to
the smaller gain region). For all models, the luminosity
differences mostly disappear starting at ∼200 ms after
bounce, although some differences in the mean energy
remain as we will discuss below.
For completeness, we show the impact of the different

pair-production treatments on the electron-type neutrino
luminosities and mean energies in Fig. 3, although the
impact is small. For the νe luminosities, after the neutro-
nization burst at bounce, the luminosities gradually
increase and peak around ∼120 ms after bounce at
∼72 × 1051 erg s−1. The ν̄e peak at the same time, but at
a slightly higher value, ∼74 × 1051 erg s−1. The luminos-
ities for both species then decrease due to the falling
accretion rate, particularly at ∼230 ms when the shell
interface reaches the shock and the accretion rate drops
dramatically. The differences created by the different pair-
production treatments are of the order of ∼1%. We also

FIG. 2. Evolution quantities for the 6 models using the 20M⊙
progenitor. In the top panel we show the shock radius evolution,
the middle panel shows the νx mean energy, and the bottom panel
shows the evolution of the νx luminosity.
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show, in the same way as for the νx quantities, the results
from [6] in grey. Relative to the differences arising from
different neutrino treatments and hydrodynamic schemes,
the impact of the change in pair-production treatment
on the emergent electron type neutrino properties is
significantly less than we have seen for the heavy-lepton
neutrinos. For the mean energies, after the peak at bounce,
the mean energies continuously rise up to 19 MeV for
the ν̄e and 16.5 MeV for the νe after 500 ms. The kink
noticeable at ∼230 ms is associated with the drop in the
accretion rate from the accretion of the Si-O shell interface.
Here, the variations between the models begin to show
starting at ∼70 ms after bounce and increase up to ∼1% by
the end of the simulated time, a similar level as the impact
on the electron-type neutrino luminosities. As discussed
above, the simplified electron-positron annihilation treat-
ment for the heavy-lepton neutrinos under-predicts the PNS
cooling and prevents contraction. Here we see the feedback
of this on the electron neutrinos that, while very small,
show slightly lower energies.
The impact of the nucleon-nucleon bremsstrahlung

treatment on the evolution is less obvious. We do observe

that among the different bremsstrahlung treatment, the use
of T-matrix formalism (models 3 and 6) systematically
creates a higher neutrino mean energy throughout the entire
simulation, but especially after ∼250 ms after bounce. This
is due to the lower emissivity of this interaction at higher
densities (see Fig. 1) which gives an earlier decoupling
radius and therefore a harder spectrum, since the matter
temperatures are higher. The luminosities also tend to be
the lower soon after bounce when using this formalism. The
differences between the use of the OPE potential kernel-
based formalism and the simplified emissivity based on
this same potential only appear in the luminosities, and
even there it is minimal. It has the effect of reducing the
luminosity for ∼160 ms following bounce, analogous to
the use of the simplified emissivity for the electron-positron
annihilation, but smaller in magnitude.
From these observations we conclude that the differences

created by the use of the simplified emissivities mainly
lie in simplistic treatment of the neutrino transport (i.e.,
ignoring the functional form of the neutrino and antineu-
trino distributions and their angular dependence as well as
any final state blocking, as explained in Sec. II A) rather
than differences in the underlying neutrino interaction
model. A previous study, [53], explored the impact of a
simplified heavy-lepton neutrino pair-production treat-
ments as well. They find similar changes on the luminosity,
mean energy and shock radius evolution as the ones we
find comparing models 1 and 5. They suggest that the
differences seen are a result of the implicit assumption
of the angular dependence (i.e., that it is isotropic) of
the neutrino annihilation partner, rather than the in situ
distribution, which is forward peaked (we note we from
Eq. (12) that the annihilation strength is minimal for cotrav-
eling neutrinos). This overpredicts neutrino-antineutrino
annihilations within the simplified emissivity assumption.
While this is certainly true, we note that since the neutrino
annihilations are occurring well below the scattering surface,
the distribution function is very isotropic. We therefore
suggest it is rather the overall magnitude of the occupation
density of the annihilation partner (which is implicitly
assumed to be the black body distribution) that causes the
simplified emissivity to over-predict annihilation and thus
lead to smaller emergent heavy-lepton neutrino luminosities.
We show this in the following using Fig. 4.
For the 20M⊙ progenitor at both 90 ms (left) and 350 ms

(right), we show several key heavy-lepton neutrino proper-
ties from both model 3 (simplified electron-positron treat-
ment; dashed line) and model 6 (kernel electron-positron
treatment; solid line). In red, we show the growing outward
going heavy-lepton neutrino luminosity, i.e., 4πr2Fr,
normalized so that the luminosity from the full kernel
treatment is 100% at 500 km. In blue, again for model 3
and 6 with dashed and solid line, respectively, we show
the difference between the equilibrium heavy-lepton neu-
trino distribution and the actual heavy-lepton neutrino

FIG. 3. Electron neutrino and antineutrino luminosities and
mean energies evolutions for the 20-M⊙ progenitor simulations.
The color code is the same as previously used.

IMPACT OF NEUTRINO PAIR-PRODUCTION RATES … PHYS. REV. D 102, 123015 (2020)

123015-9



distribution relative to the heavy-lepton equilibrium dis-
tribution, i.e., ðfeq − fÞ=feq ¼ 1 − f=feq for an energy bin
corresponding to ∼15 MeV. Here we take f ¼ J=ð4πν3Þ
and feq ¼ 1=ðexpðν=TÞ þ 1Þ. In green, we show the energy
averaged heavy-lepton flux factor (¼ Fr=E). This allows us
to highlight the proportional importance of the anisotropy
of the neutrino field (the green lines) and the deviation
of the actual neutrino distribution from equilibrium (blue
lines). At the early time (left panel), at the radii where the
neutrinos luminosity is rising (∼20 − 40 km) the distribu-
tions are almost isotropic (Fr=E ∼ 15%). However at these
same radii, the occupation density of the neutrinos signifi-
cantly deviates from the black body, falling short of the
equilibrium occupation density by ∼60% at ∼40 km. Since
the simplified treatment implicitly assume a black body
distribution for the annihilation partners, this leads to an
over prediction of the annihilation rate in this regime. The
result is a further out decoupling radius, and ultimately a
lower heavy-lepton neutrino luminosity and mean energy.
This implies that a significant factor in the difference
between a full and simplified treatment is linked to the
assumed distribution of the pair neutrino rather than the
intrinsic anisotropy of the radiation field.

For late times (right panel), at the radii where the
luminosity is rising (∼16 − 22 km), the distribution is
almost completely isotropic (rising to Fr=E ∼ 5% at
22 km) and the deviation of the distribution function from
the equilibrium distribution is negligible at all radii except
for the last 20% of the emission, even there, the deviation is
at most ∼30%. As a result we do not see any excess
annihilation at these late times. It is worth noting that the
simplified treatment does actually predict a larger lumi-
nosity at these late times, by a few percent. We suspect this
is due to lack of final state blocking in the emission of the
neutrinos within the simplified treatment. At late times the
value of the heavy-lepton neutrino distribution function
near the peak of the emission is several times the value
seen at earlier times, raising the impact of the final state
blocking. Some oscillations appear in the luminosity for
late times. This is a consequence of the explicit-in-time,
first-order, forward-Euler scheme used for the evaluation of
the spatial fluxes. It tends to occur for energy groups that
are close to free streaming (with the characteristic speeds
entering the Riemann problem approaching c) in zones
with a CFL condition cΔt=Δx ∼ 0.5. It causes the small
oscillations seen near ∼30 km and the instabilities in the

FIG. 4. Radial neutrino properties at early (left) and late (right) times for the 20M⊙ progenitor. We show results for the kernel
treatment of electron-positron annihilation with solid lines and the simplified electron-positron annihilation treatment with dashed lines.
In both cases, we use the T-matrix kernel treatment for the bremsstrahlung interaction. In red we show the radial evolution of the total
outgoing neutrino luminosity, normalized to the value to the kernel treatment at 500 km. In blue we show the relative difference between
the actual and equilibrium neutrino distribution function, while in green we show the flux factor. For the former radial profile we select
an energy bin with ∼15 MeV. Vertical lines denote the peak of the neutrino luminosity for the simplified treatment.
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outward going neutrino flux under 15 km, which at this
point is constrained to the lowest energy groups as the rest
are fully trapped.

B. z9.6 progenitor

In order to show the impact of the different heavy-lepton
pair process neutrino treatments on an exploding model, we
evolved one of the few progenitors known to explode in 1D
[54,56], a 9.6M⊙, zero-metallicity star evolved with the
KEPLER stellar evolution code [52]. We simulate, using
GR1D, the six combinations of thermal-interaction models
listed in Table II. All models successfully explode. For all
models, the shock expansion does not stall as in traditional
iron-core collapse progenitors like it does in Fig. 2 for the
20M⊙ progenitor. The shock radius evolution can be seen
in the top panel of Fig. 5. Here we plot the location of the
maximum velocity gradient which flags accurately the
position of the, sometimes multiple, different shocks.
The explosion times vary across the models, showing
the sensitivity of the explosion to these neutrino inter-
actions. The earliest explosion time, here arbitrarily defined
as when the shock passes 1000 km for the last time, is
∼310 ms after bounce while the latest explosion is
∼470 ms after bounce, ∼50% longer. It is also notable

that the initial shock formed at bounce is not the one that
ultimately leads to the final explosion. In all cases, the first
shock expands but is not energetic enough to runaway. The
accretion of this material onto the PNS creates a burst of
neutrino heating (bottom panel of Fig. 5) and a secondary
shock which will ultimately lead to an explosion. The
formation time of this second shock corresponds to the
heating peaks in the lower panel as the in-falling matter is
compressed and the neutrino heating in the gain region
increases enough to initiate the explosion. In general, the
models using the simplified treatment for electron-positron
annihilation show a strong initial shock expansion phase,
but a later ultimate explosion time, while the models with
the full kernel treatment of electron-positron annihilation
show a lower initial shock expansion and an earlier
explosion. While the appearance of the secondary shock
could be thought as being linked to neutrino winds [60,61],
the secondary is indeed a shock in its jump in density,
entropy and velocity. Moreover, we search for the trigger
of neutrino winds by using the local adiabatic sound speed
and comparing it to the fluid velocity. While neutrino-
driven winds indeed appear, this happens at the end of our
simulation when the secondary (or tertiary) shock has
already undergone a runaway expansion. As our simulation
time postexplosion is relatively short, we do not extensively
explore the neutrino winds and the impact of the neutrino
treatments on them.We discuss the difference seen between
the different interaction models in more detail below.
In Fig. 6, we show the heavy-lepton neutrino quantities

for this progenitor model. In the top and bottom panel we
show the mean energy and luminosity, respectively for each
of the six neutrino pair-production treatments shown in
Table II. After a sharp and short peak at bounce, the mean
energies plateau for the first ∼100 ms after bounce around
15 MeV with a spread ∼0.5 MeV. The mean energies
decrease over the remaining 400 ms of the simulations by
∼1–1.5 MeV, depending on the treatment used, with the
T-matrix treatment maintaining the highest mean energy,
as was the case in the 20M⊙ progenitor above. As for the
20M⊙, the impact on the νe=ν̄e average energies is almost
negligible. The luminosities present a peak just after
bounce and then slowly decrease until the end of the
simulation. The heavy-lepton neutrino luminosities and
energies present a similar dependence on the explored
interactions as observed for the 20M⊙ progenitor with the
models using the full kernel treatment of the electron-
positron pair annihilation having higher luminosities soon
after bounce and then reaching similar, but slightly lower,
values to the simplified formalism at later times. As for the
case of the 20M⊙ progenitor, we attribute these differences
to the treatment of the transport in the simplified models.
Particularly, the differences at early times are attributed
to the form of the effective absorption coefficient
which incorrectly treats the distribution of the annihilation
partner and the smaller difference at late times due to the

FIG. 5. The evolution of the shock radius (top panel) and
neutrino heating (bottom panel) for the 9.6M⊙ progenitor vs time.
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assumption of no final state blocking for the neutrinos
during the emission process. At late times, the largest
difference in the neutrino quantities arises from the use of
the T-matrix bremsstrahlung kernels where the lower
opacity at higher densities gives rise to higher neutrino
energies, by ∼3%, this is seen in both the simplified and the
full kernel treatment. In the same way as for the 20M⊙
progenitor, the νe=ν̄e luminosities show a small if not
negligible impact from the different treatments.
We conclude our discussion of the 9.6M⊙ progenitor by

examining the impact of the different neutrino interaction
models in Table II on the development of the explosion and
the shock propagation. The largest systematic difference we
observe between the models using different interactions is
the shock evolution for the three simulations that use the
simplified treatment of electron-positron annihilation to
neutrino pairs versus the three models that use the kernel-
based treatment. This is seen in Fig. 5, but we show further
evidence for this in Fig. 7. In the six panels of Fig. 7, we
show the accretion history for each simulation. Blue colors
denote negative mass flow (accreting material) while red
colors show positive mass flow (expanding material).

The three models for which we use the simplified treatment
of electron-positron annihilation (models 1, 2, 3) are shown
on the top row while the three models using the full kernel
treatment (models 4, 5, 6) are shown on the bottom row.
The left, middle, and right columns include the simplified
bremsstrahlung treatment, the OPE kernel treatment, and
the T-matrix kernel treatment, respectively. The three
models with the simplified electron-positron annihilation
pair production treatment have a slightly faster initial shock
expansion from higher neutrino heating (see Fig. 5), with
the T-matrix bremsstrahlung treatment having the largest
such expansion. This causes these three models to undergo
a strong initial shock acceleration phase starting around
∼130 ms after bounce. Although, except for a small region
directly behind the shock during this expansion phase,
matter is mainly accreting in the postshock region. These
shocks eventually fail. It is worth noting that in multidi-
mensional simulations of this progenitor [54,56] the explo-
sions typically set in during this period as the added role
that multidimensional effects like convection and turbu-
lence play is enough to initiate the explosion. However, in
our spherically symmetric simulations this is not the case.
Eventually, secondary shocks form at the surface of the
PNS between ∼200 − 240 ms after bounce concomitant
with the increased accretion rate from the failing shock (see
the dark blue regions around ∼100 − 150 km at this time)
which eventually give the ultimate explosion and the
beginnings of a neutrino driven wind. The three models
with the full kernel treatment for electron-positron annihi-
lation do not undergo this accelerated expansion and
continue to mildly expand until ∼160 ms at which point
the shock fails and the secondary shock forms at ∼180 ms
after bounce. These models are the first to ultimately
explode.
We compute the diagnostic explosion energy for each of

the six models simulated,

Edia ¼
Z
v>0

�
ϕþ v2

2
þ ðϵ − ϵ0Þ

�
>0
dm; ð16Þ

where ϕ is the gravitational potential, v is the fluid velocity,
ϵ is the specific internal energy, and ϵ0 is a reference zero-
point taken for simplicity to be the value of the internal
energy of the EOS for the same density and Ye but for
T ¼ 0. We only consider contributions to the diagnostic
energy from outflowing matter and where the integrand of
Eq. (16) is positive, this is a proxy for unbound material.
The results are shown Fig. 8. In general, for the 9.6M⊙
progenitor the explosion energy depends on the time of
the explosion. For early explosions in multiple dimensions,
for example see [54,56], the explosion energies can reach
several to 10 times 1049 erg. In our relatively late spheri-
cally symmetric explosions, we see explosion energies
∼1049 erg for the five models that explode first. The last
model to explode achieves only 0.4 × 1049 erg owing to the

FIG. 6. Heavy-lepton neutrino quantities for the six models of
the 9.6M⊙ progenitor with varying neutrino interactions. We
show the mean energy and luminosity evolution in the top and
bottom panels, respectively.
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much lower neutrino heating rates present at the later times.
We see that while the rise of the explosion energy is
strongly correlated with the onset of the explosion, the
ultimate explosion energy is not strictly dependent on the
explosion time. We see that differences can arise due to
the complex interplay of the neutrino heating of the
fallback material from the initial failed shock (see Fig. 7).
Finally, we note that ϵ − ϵ0 in Eq. (16) is an estimate of

the sum of the thermal energies and the recombination
energy that will be converted to thermal energy as the
matter recombines. We tested this against an explicit
calculation similar to that of [54]. If we assume that all
the free nucleons and alpha particles present in the matter
would recombine to iron this sets the specific recombina-
tion energy. We use this, along with the specific internal
energy from the Helmholtz EOS [62] at a matter temper-
ature of T to replace ϵ − ϵ0 in Eq. (16). We find compa-
rable, to within 5%, diagnostic explosion energies as shown
in Fig. 8.

IV. CONCLUSION

In this paper, we highlighted and explored the impor-
tance of heavy-lepton (νμ, ντ, and their antiparticles)
neutrinos and the interactions that produce them in the
scope of spherically-symmetry, fully general-relativistic
neutrino-driven CCSNe simulations. We performed sys-
tematic simulations on two different progenitors, a solar
metallicity progenitor star with a ZAMS mass of 20M⊙

FIG. 7. Mass flow for the six different interaction sets explored vs time. Blue colors denote accreting material, red denotes expanding
material. Overlaid in grey are the location of the (sometimes multiple) shock fronts.

FIG. 8. Diagnostic explosion energy for the M⊙ progenitor
model for each of the neutrino interaction sets explored. Early
explosions generally give higher diagnostic explosion energies.

IMPACT OF NEUTRINO PAIR-PRODUCTION RATES … PHYS. REV. D 102, 123015 (2020)

123015-13



which has been extensively used in the literature for CCSN
simulations, including a recent comparison study and a zero
metallicity progenitor star with a ZAMS mass of 9.6M⊙
that has the peculiarity to explode even in spherically
symmetric simulations. We simulate the core collapse and
the early post-bounce phase using the open-source software
GR1D and Nulib, which we update accordingly with the
work presented in this paper. In particular, we test the
importance of the two main heavy-lepton neutrino pair-
production processes in CCSNe, electron-positron annihi-
lation to a neutrino-antineutrino pair and nucleon-nucleon
scattering that radiates a neutrino-antineutrino pair (i.e.,
nucleon-nucleon bremsstrahlung). We explore two main
effects. First, we study the neutrino transport implementa-
tion of both of these interactions by utilizing a simplified
approached with effective emission and absorption coef-
ficients and a complete treatment utilizing complete scat-
tering kernels and in situ neutrino distribution functions.
The aim for this part of the study is to assess the impact
and quantify systematic effects of the simplified treatment
on CCSN simulations with the goal of providing a robust
prescription for use in multidimensional simulations.
Second, we explored two independent nuclear-physics
based prescriptions for the nucleon-nucleon bremsstrah-
lung interaction (in addition to a simplified approach as
mentioned above). One of these interactions is commonly
used throughout the literature for CCSNe simulations
and is based on the one-pion exchange formalism [37].
The other interaction [38], formulates the nucleon-nucleon
bremsstrahlung scattering kernel based on a T-matrix
formalism where the underlying interaction is constrained
by experimental phase shifts, see also [48]. From these
variations we arrive at six combinations of interactions to
explore with our CCSN simulations.
We find that overall the simplified neutrino interactions

do a fair job at reproducing the neutrino quantities (within
∼10%) and the dynamics of the core collapse event,
although potentially important differences are present that
need to be considered when employing the simplified
treatment for precision simulations. We find the simplified
method under predicts the heavy-lepton neutrino luminos-
ity in the early stages, by ∼10%. We show that this is the
result of the simplistic treatment of the distribution of the
annihilation partner, i.e., the assumption that it follows
the blackbody distribution. This leads to an overestimate of
the annihilation rate as the neutrinos begin to free stream
away from the CCSN core. In the region where this excess
annihilation is occurring the distribution function is quite
isotropic and therefore, as opposed to that suggested in
previous works, this difference is unlikely due to the

assumption of isotropy in the simplified treatment.
While the largest impact is seen with different treatments
for the electron-positron annihilation interaction, we see the
same (but much smaller in impact) trend with the simplified
treatment of nucleon-nucleon bremsstrahlung. At later
times the simplified treatment agrees much better with
the full kernel treatment, owing to the fact that the
distribution of the annihilation partner is much closer to
the blackbody distribution in the regions where the neu-
trinos are decoupling. We do see a slight overestimate of the
luminosity for the simplified treatment, which we attribute
to the assumption of no final-state neutrino blocking in
the simplified emission treatment. Finally, we comment on
the impact of using a different microphysical interaction
for the nucleon-nucleon bremsstrahlung. The use of the
T-matrix formalism over the standard one-pion exchange
treatment systematically increases the heavy-lepton neu-
trino energy by ∼5% which we infer is due to the reduced
interaction strength of the T-matrix kernel at larger densities
compared the one-pion exchange kernel. This causes the
heavy-lepton neutrinos to begin to decouple deeper into the
PNS core, where the temperature is higher.
For cases where the dynamics can sensitively depend on

the neutrino physics, for example with the 9.6M⊙ progen-
itor studied here, we find that the different interactions
explored can impact the heating enough at the earlier stages
to quantitatively effect the development of the explosion,
including the ultimate explosion time and the explosion
energy. To what extent this carries over to multidimensional
simulations remains to be seen, although it is important to
note that even in multidimensional simulations we know
there is sensitivity to the neutrino physics at the ∼10% level
demonstrated here [58,59].
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