PHYSICAL REVIEW D 109, 083020 (2024)

Effects of annihilation with low-energy neutrinos on high-energy neutrinos
from binary neutron star mergers and rare core-collapse supernovae

Gang Guo®,' Yong-Zhong Qian 2 and Meng-Ru Wu 345
'School of Mathematics and Physics, China University of Geosciences, Wuhan 430074, China
*School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455, USA
3Institute of Physics, Academia Sinica, Taipei, 11529, Taiwan
*Institute of Astronomy and Astrophysics, Academia Sinica, Taipei, 10617, Taiwan
5Physics Division, National Center for Theoretical Sciences, Taipei 10617, Taiwan

® (Received 8 October 2023; accepted 25 March 2024; published 15 April 2024)

We explore the possibility that high-energy (HE) neutrinos produced from choked jets can be annihilated
with low-energy neutrinos emitted from the accretion disk around a black hole in binary neutron star
mergers and rare core-collapse supernovae. For HE neutrinos produced close to the stellar center
(<10°-10" cm), we find that the emerging all-flavor spectrum for neutrinos of £ = 0.1-1 PeV could be
modified by a factor E7" with n 2 0.4-0.5 under realistic conditions. Flavor evolution of low-energy
neutrinos does not affect this result but can change the emerging flavor composition of HE neutrinos. As a
consequence, the above annihilation effect may need to be considered for HE neutrinos produced from
choked jets at small radii. We briefly discuss the annihilation effects for different HE neutrino production
models and point out that such effects could be tested through precise measurements of the diffuse neutrino

spectrum and flavor composition.
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I. INTRODUCTION

The detection of cosmic high-energy (HE) neutrinos by
IceCube [1-4] ushered in a new era of neutrino astronomy.
While some IceCube events are correlated with the blazar
TXS 0506 + 056 [5,6], three tidal disrupted events [7-9],
and an active galaxy [10], the sources of TeV-PeV
neutrinos remain mostly unidentified. Nevertheless, there
are many constraints on contributions from various
sources and the associated models. For instance, lack
of direction and time correlation with gamma-ray bursts
(GRBs) [11-15] limited their contribution to be less than
1%" and hence led to reconsideration of HE neutrino
production in GRBs [21-23]. Because both HE neutrinos
and y rays are produced from meson decay, sources are
likely opaque to y rays in order to avoid overproducing the
observed diffuse y-ray background [24-28]. While current
data allow a wide range of flavor composition, sources
with the standard pion or neutron decay scenarios are
constrained [29-33].

Many other issues regarding HE neutrino production
and propagation are worth exploring. For example, in
specific astrophysical environments, microscopic proc-
esses beyond those included in the current models may be

'"The nondetection of HE neutrinos from the brightest GRB,
GRB 221009A, sets a limit comparable to that from the stacked
searches [16-20].
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important. New physics beyond the standard model such
as nonstandard interaction of neutrinos can alter the
spectrum and flavor content of the HE neutrinos reaching
the Earth [34-40]. By accumulating statistics on the
diffuse flux, IceCube, and especially IceCube-Gen2,
can provide even better probes of the sources and related
neutrino physics [41-44]. Detection of many events from
a single nearby source would also give powerful con-
straints. With the above considerations in mind, here we
discuss low-energy (LE) neutrino emission associated
with the central engines of GRBs and rare core-collapse
supernovae (CCSNe) that produce HE neutrinos, and
explore how annihilation with these LE neutrinos may
affect the spectrum and flavor composition of the HE
neutrinos emerging from these sources.

Short GRBs lasting ~0.1-1 s are associated with binary
neutron star mergers (BNSMs) while long GRBs lasting a
few seconds are mostly associated with rare CCSNe, the so-
called collapsars or hypernovae. In both cases, an accreting
black hole is widely considered as one of the primary
candidates for the central engine of GRBs [45]. The
accretion disk associated with the black hole can emit
profuse fluxes of nearly thermal LE neutrinos of
O(10) MeV, mainly v, and 7,. Relativistic jets may be
powered either by annihilation of these LE v, and 7, or by
extracting the rotational energy of the black hole through
the Blandford-Znajek mechanism [46]. Shocks can occur at
different stages of jet propagation, leading to different

© 2024 American Physical Society
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scenarios for HE neutrino production2 [65]. As the jet
propagates through the ejecta from a BNSM or the
envelope of a CCSN, HE neutrinos can be produced at
internal shocks before jet collimation, at collimation
shocks, and at forward and reverse shocks driven by the
mildly relativistic or nonrelativistic jet head [66-90]. In the
case of rare CCSNe, it may be more common that the jet is
not energetic enough to penetrate the whole stellar
envelope, and the resulting choked jet is dark in electro-
magnetic radiation but bright in HE neutrinos. In addition,
both successful and failed jets may transfer energy to stellar
matter, driving a mildly relativistic cocoon that produces
low-luminosity GRBs [74,91] accompanied by HE neu-
trinos during shock breakout [92-94]. If the jets are
magnetically dominated, then magnetic reconnection can
act as another mechanism for particle acceleration [95-97].
Because we are interested in HE neutrinos and their
annihilation with LE neutrinos, we focus on those
BNSMs and rare CCSNe that can produce both types of
neutrinos regardless of any associated GRBs.

The impact of annihilation with LE neutrinos on HE
neutrinos received little attention in previous studies. The
only exception is our recent study [98], where we
considered collapsars as sources for both HE neutrinos
and r-process nuclei. The r-process nuclei are synthesized
in the nonrelativistic winds from the accretion disk
[99-101]. The p decay of these radioactive nuclei pro-
duces LE 7,, which first oscillate into 7, and then can
annihilate HE v, produced by shocks associated with jet
propagation. We demonstrated that such annihilation
could leave imprints on the spectrum and flavor compo-
sition of the emerging HE neutrino flux [98]. In this work,
we conduct a similar study, but as stated above, our focus
is on the LE neutrinos emitted by the accretion disk. Given
the complexity of HE neutrino production in different
sites and the extensive studies already available in the
literature, we choose to present a largely parametric study
on how annihilation with LE neutrinos affects the emerg-
ing HE neutrino flux. Our results can be used to assess the
significance of such annihilation for specific scenarios of
HE neutrino production.

This paper is organized as follows. In Sec. II we discuss
emission of LE neutrinos by an accretion disk in BNSMs or
rare CCSNe and the flavor evolution of both LE and HE
neutrinos. Without addressing the detailed mechanism of
HE neutrino production, we present in Sec. III a parametric
study on how annihilation with LE neutrinos may affect
HE neutrinos. We then briefly discuss such effects on

>The internal and external shocks, which are responsible for
the prompt radiation and afterglow of GRBs, respectively, can
generate prompt neutrinos [21-23,47-52] and neutrino afterglow
[53-62]. Furthermore, HE neutrinos associated with x-ray flares
and late rebrightening, which cannot be well explained by the
standard afterglow theory, have also been investigated [63,64].

HE neutrinos produced by choked jets from BNSMs and
CCSNe within various models, and conclude in Sec. IV.

II. EMISSION OF LE NEUTRINOS AND FLAVOR
EVOLUTION OF LE AND HE NEUTRINOS

A. Luminosity and duration

Abundant fluxes of MeV-scale v, and 7, can be emitted
from accretion disks mainly via e* captures on nucleons.
For hyperaccreting rate of M ~ 0.001-10M /s, the frac-
tion of energy converted to neutrinos, €, = L,/Mc?, can
vary widely from ~0.01-0.3, depending on the initial
mass and spin of the black hole, the accretion rates, and
the viscosity of accretion disk [46,102-105]. Generally,
lower viscosity and higher black hole spin give rise to
higher values of €,. For M > 0.1M /s, €, can reach 0.05
for both a nonrotating (Schwarzschild) and a fast rotating
(Kerr) black hole [103,106]. The corresponding neutrino
luminosity can be as high as 10°3 erg/s for M = 1M /s,
and even higher for accretion rates of 10M/s, which
could occur in the case of compact object mergers
[103,107]. The jet luminosity is related to L, if the jet
is powered by pair annihilation of accretion disk neu-
trinos. Previous studies indicated that the pair annihilation
luminosity is Ly, ~ (107 — 107")L, [46,102,104], which
is consistent with the observed luminosity for classical
GRBs with L., ~10°! erg/s. The mean energies of
accretion disk neutrinos are typically ~10-20 MeV
[106]. The duration of the accretion process and neutrino
emission could be similar to that of the associated GRBs,
which are ~0.1-1 s and ~ a few seconds for short [106]
and long GRBs [99], respectively.

Instead of using any specific numerical models, we
simply assume that the neutrino luminosities from the
accretion disk are constant over time, and choose a standard
Fermi-Dirac distribution with the same effective 7, and
zero chemical potential for v, and 7, to describe the spectra.
For thermal neutrinos emitted from a surface area of S ~
27zR? with an effective emission radius R, = 107 cm, we
have L, ~oT:S, with ¢ being the Stefan-Boltzmann
constant. For 7, = 5 MeV, the corresponding luminosity
is L, ~ 10 erg/s. Without referring to specific models,
we vary T, in the range from 3 to 8 MeV for the parametric
study. Correspondingly, the total neutrino luminosity varies
from 10°% to 10°* erg/s, which is broadly consistent with
numerical simulations [108-111].

It is crucial to consider the contemporaneity of LE
neutrino emission by the accretion disk and HE neutrino
production by the jets. Shortly after the onset of thermal
neutrino emission, jets are launched immediately from the
accretion disk. With the jet velocity f3;c and Lorentz factor
;= (1—f3)7"/2, the time lag A for the jets to reach the
shock formation site at radius Rg, relative to the thermal
neutrinos is ~Rgy,/ (ZFJZ-C) for mildly relativistic or
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TABLE 1. Flavor evolution scenarios for LE neutrinos.

Adiabatic evolution
assuming NO
(NO)

No evolution
(NE)

Adiabatic evolution
assuming 10

Flavor
Exotic evolution equipartition
10) (EE) (FE)

fﬂ(r):fﬁ(r)zcs/se f/)‘(r)le/)’ZP’ J"/;(r)=|l7/;3\2

fs(r)=1Up*,

J-cﬂ(r):\[_]ﬂﬂz f/s(r)Zj_”/;(r)zéﬂ” fe=1p=1/3

relativistic jets, and ~Ry,/(f;c) for nonrelativistic
jets. To ensure that the HE neutrinos meet the LE
neutrinos, the time lag needs to be smaller than the duration
of thermal neutrino emission AT7. In the case of mildly
relativistic or relativistic jets, this indicates that
Ry, S 6 x10'(T";/3)*(AT/s) cm. For nonrelativistic jets,
Ry, should be smaller than ~3 x 10'°4;(AT/s) cm. Our
study focuses on cases where HE neutrinos are produced
close to the center at Ry, ~ 10°~10'> ¢cm so that a signifi-
cant impact of the LE neutrinos could be expected [see,
e.g., Eq. (4) below]. Given the above considerations, LE
and HE neutrinos can meet for annihilation except for cases
with f; < 1 and AT < 1 s.

B. Flavor evolution of LE and HE neutrinos

For studying their effects on jet-produced HE neutrinos,
the flavor evolution of the thermal neutrinos due to different
mechanisms, including the collective oscillations [112—
115] and the Mikheyev-Smirnov-Wolfenstein (MSW)
effect [116,117], is a crucial input. For simplicity, we
assume that only v, and v, [46,112] are emitted from the
accretion disk, and the probability for an initial v, (7,) to
become a vy (Uy; p = e, u, 7) at radius r > R, outside the
accretion disk is parametrized as f4(r) [f4(r)]. Instead of
solving the detailed flavor evolution of thermal neutrinos,
we consider the following five different flavor evolution
scenarios for accretion disk neutrinos (see Table I): (1) no
evolution (NE), for which f4(r) = fs(r) =54, in the
Kronecker & notation; (2) adiabatic evolution with
normal mass ordering (NO), for which f4(r) = |Ug|*
and f5(r) = |Up|* in terms of vacuum mixing matrix
elements Uy, and U si (i =1,2,3); (3) adiabatic evolution
with inverted mass ordering (I0), for which f4(r) = |Up|*
and f5(r) = |Ug|*; (4) exotic evolution (EE), for which
f5(r) = f5(r) = 5p,; and (5) flavor equipartition (FE) with
fs=rp=1 /3. We use appropriate best-fit values of
mixing parameters from [118] to evaluate Uy and Ug;.

The above five scenarios may be realized in CCSNe and
BNSMs under different physical conditions. For a neutrino
of energy E,, the MSW effect takes place at a resonance
density pres7 & 1.3E; Loy (6m? /€V?) cos 20, where Sm? is
the vacuum-mass-squared difference and 6, is the vacuum
mixing angle. Here and below, we use subscripts to
indicate eV-based units and powers of 10 in cgs
units, i.e., a, =a/10*. For accretion disk neutrinos of

E,~ 10 MeV, two resonances occur at high and low
densities of py3~3 and p, ~4 for (6m*/eV2,0,) =
(24 x1073,8.5°) and (7.5 x107°,33.5°), respectively
[118]. As p > py at the accretion disk, both resonances
are relevant if p < p; at r ~ Rg,. Such a condition can be
fulfilled for CCSNe with Ry, 19 = 3 [78] and for BNSMs
[119]. Assuming that the collective oscillations are
neglected and the flavor evolution through both resonances
are adiabatic, this corresponds to the scenario NO or 10,
depending on the yet-unknown neutrino mass ordering. For
the scenario NE, it may occur in CCSNe with Ry, 9 ~ 3,
where the accretion disk neutrinos do not go through MSW
resonances before reaching r ~ Ry, with p > py [78] when
collective oscillations are ignored. For the collective
oscillations expected to occur near the accretion disk where
the neutrino densities are high [112-115], the effect can be
complicated and is under intense investigation. If it
happens, then it will lead to different flavor evolution
history from the above three scenarios, and we use the
scenarios EE and FE to represent the range of possible
outcomes. In short, the exact flavor evolution of accretion
disk neutrinos for specific models requires more detailed
treatment but we expect the outcome to be within the range
covered by the above five representative scenarios.

For the HE neutrinos, the adiabaticity is typically broken.
As a consequence, HE neutrinos with E, ~1-30 TeV
propagating inside the stars or the ejecta from the
BNSMs can undergo substantial nonadiabatic flavor con-
version [120-124]. The resulting flavor composition of HE
neutrinos at sites relevant for neutrino pair annihilation
depends on both the initial flavor composition produced
and the density profile that HE neutrinos traverse. For even
higher energies, the flavor evolution of HE neutrinos could
be neglected (see Ref. [125] for discussion on how LE
neutrinos might induce flavor evolution of HE neutrinos).
Given our focus on the effects of neutrino pair annihilation
in this study, we choose not to take into account the flavor
evolution of HE neutrinos in discussing their annihilation
with LE accretion disk neutrinos. It is also worth noting
that, under realistic conditions, only neutrinos with E, 2
10 TeV can be significantly affected by pair annihilation,
as demonstrated later.

III. Z7v ANNIHILATION OF LE AND HE
NEUTRINOS

In this section we study how the flux and flavor
composition of HE neutrinos are modified by annihilation
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FIG. 1. Sketch of interaction between HE v, and LE 7.

with the LE neutrinos. Without referring to specific models,
we simply assume that the HE neutrinos are produced at a
radius Ry, representative of shocks accelerating protons.’
Consider a HE v, of energy E emitted with an angle 6,
relative to the jet propagation direction (Fig. 1) and assume
that the HE neutrino can always meet the thermal neutrinos
along its trajectory. When it interacts with an LE 7 of
energy E’ at radius r, the main processes are

_ ff, a=p
yayﬁ_){lafﬂ, a#p’ M

where f stands for the relevant quarks and leptons and / for
the charged leptons. The corresponding cross sections
0y,5,(s) [128] are functions of s = 2EE'(1 — cos 0)), where
0 is the intersection angle between v, and g The
probability for the HE v, to survive annihilation,
P, (E.6,) = exp|-1, (E.6))], is determined by the “opti-
cal” depth

7, (E.0)) = Z/(l —cos8)o, 5, (s)dns, (E', r)dt, (2)
7

where ¢ is the path length of v,

E"dFE' R2cos® -
= v , 3
exp(E'/T,) +1 8z*r? Fp(r). B

dng,(E',r)

is the energy-differential number density of Uy at radius r,
and @' = 0, — 0. Note that 9 and r can be solved from Ry,
6y, and 7 (Fig. 1).

Taking 0 ~ 0y < 1, £ ~r ~ Ry, and 6, 5, ~ GFs, where
Gr is the Fermi coupling constant, we can estimate

’In addition to shock acceleration, protons can also be
accelerated through the neutron-proton-converter mechanism
[126,127] or magnetic reconnections. Note that we focus on
the shock case but our parametric study applies equally to the
other cases.

2 24 4

T G2E R;T;0; ’

1920 Ry,

~ 25Epey R2 T ey O3 R G- (4)

Ty, (E7 60) ~

The above estimate shows that P, (E,6,) is sensitive to
the emission angle 6, of v, relative to the jet propagation
direction. In general, the typical value of 6, depends on the
jet geometry during propagation. We first consider a simple
scenario where jets with a finite opening angle move along
the radial direction (with the black hole sitting at the
center). This scenario includes conic jets initially launched
from the center before being collimated, or collimated jets
influenced by stellar matter. Assuming that HE neutrinos
are emitted isotropically in the rest frame of the shocked
fluid at radius Ry, the corresponding normalized distribu-
tion of Oy [ 1, gr(69)d cos @y = 1] can be obtained after a
Lorentz boost to the stellar rest frame as

where v is the bulk velocity of the shocked fluid with I'y, =
(1 = v?)~1/2 and Ty, is the Lorentz factor as observed in the
stellar rest frame. Since the typical value of 6, is of order
I';! for this scenario, we expect that only HE neutrinos
emitted from mildly relativistic jets (with I'y, < 10; see
below) can undergo a significant annihilation effect.

The interaction with stellar matter or ejecta from BNSMs
could impact the jet structure and dynamics, causing them
to deviate from a strictly radial trajectory. Depending on
where HE neutrinos are produced and emitted, the values of
0, could avoid the constraint set by the I';!, allowing HE
neutrinos emitted from even ultrarelativistic shocked fluid
to experience substantial annihilation with LE neutrinos. A
notable example occurs when jets, initially collimated,
would undergo a rapid lateral expansion upon breaking out
of the stellar matter or the ejecta from a BNSM, reaching an
opening angle ranging from a few to tens of degrees
[129,130]. If HE neutrinos are generated by jets after
breakout, then the corresponding values of 8, would be of
the order of the jet opening angle, regardless of I'y,. A
similar situation arises when the shock driven by the jet and
cocoon breaks out, transforming into a collisionless shock
capable of accelerating protons and producing HE neu-
trinos [80,86,91]. Typically, this shock can span an opening
angle considerably wider than that of the jets. For the
scenario discussed above, we simply consider a normalized
distribution:

1

0y) =——.
90(6h) 1 — cos by,

90 < esh s (6)

which corresponds to a uniform distribution of cos 6,
with 90 S gsh'
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107! 1 10
E (PeV)

FIG. 2. The fit of (P

b}((E)) to Eq. (8) (solid lines), with x
representing the numerically calculated (

P, ) from Eq. (7) at
specific values of E for the NO scenario of LE neutrino
flavor evolution. For cases A, B, and C, gr(6y) is used,

and (T, mev, Reno-T'sn) = (3,10,5), (6,10,5), and (8,3,3),
respectively. For cases D, E, and F, ¢y4(6,) is used,
and (T, niev. Rynor 0n) = (6.100,10°),  (6,100,20°), and

(6,100, 30°), respectively.

As we aim to estimate the effect of annihilation on the
diffuse HE neutrino flux from similar sources, we average
P, (E,6,) over 6, considering both distributions given by
Egs. (5) and (6) to obtain

(P,.(E)) = / expl=r,, (E. 00)lgr-0(6)d cos 6. (7)

For quantitative estimates, we take Ry, ¢ = 3, 10, 30, 100,
and I'y, = 3, 5, 10 when gr(0y) is applied. For gy(0,), we
consider slightly larger Ry, with Ry, ¢ = 30, 100, 300 and
take Oy, = 10°, 20°, and 30°. In both cases, we take
R,;=1,and Ty =3, 4,5, 6,7, and 8. For all these

s E ‘
wE@ ¢,
10° R
E “ %**
10 LI

coa b b b A vl vl vl vl vl vl 1

0.6
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o *
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10° 10° 10° 107 10" 1 10 10*

|
FIG. 3.

conditions and all five LE neutrino flavor evolution
scenarios, we find that

(P, (E)) = [1+ (E/Ep)"]"! (8)

is a good fit over E = 100 TeV to 10 PeV, as demonstrated
by Fig. 2 for (P, (E)) with selected parameter sets. The
same form of fit with slightly different £, and » also applies
to (P, (E)).

The parameter E, is a characteristic energy for which
annihilation with thermal neutrinos is significant. For the
case where 6 follows the distribution gr-(6,) with 6 ~ 'yl
we expect from Eq. (4) that E, should inversely scale with

n =R ;T ey Ryl 9)

Similarly, if 6, ~ 6y, under the distribution gy(6,), the
corresponding # is given by

=0. 25R2 7TD MeVRsh19esh (10)
For illustration, Fig. 3 shows E; and n as functions of
n for (P, (E)) in the NO scenario of LE neutrino flavor

evolution. It can be seen that Eyp.y ~0.1/5 for all
combinations of T,, Ry, and I'y, or 6 considered, in
agreement with Eq. (4). [The effect of R, is as in Eq. (4) but
not shown.] The behavior of n is more complex. It clearly
scales with 7 for fixed I'y, or 8, but the trend varies with
Iy, or 6,. However, when annihilation of 1 PeV neutrinos
becomes significant for # 2 0.1 (see the dashed horizontal
line of Fig. 3), n lies in a narrow range of ~0.4-0.5 for gr
and ranges from 0.7-1.3 for g, [see Figs. 3(b) and 3(d)].

The explicit dependence of n on Iy, can be traced to the
contribution from v,7, annihilation. In contrast to the
approximate linear scaling with s for the cross section of

0 E(© L
wE o 1
;% 10 é % o **gg* &*% *ﬁg é
= L 3 B
= 1% 3‘%**&%** E
10"; """""""""""""""""" AR E
107 =
i it T :

r )« # S ]

1.5 o xx —

= et 1
i * *, * % * *i ]

1.0~ * Ky Kk F -

- ok s ok i

- ** ,

057 R R T | ol | N
0° 10 10° 10° 107 1 10 10

Fitting parameters E, and n as functions of 5 for (Pyﬂ (E)) in the NO scenario of LE neutrino flavor evolution. Left panel: the

three trends for E(, and n are for I'y, = 10 (blue), 5 (green), and 3 (red), respectively. Right panel: the three trends are for 8y, = 10° (red),
20° (green), and 30° (blue), respectively. The dashed line corresponds to E, = 0.1 PeV.
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Vo Vg (B # ) annihilation, the cross section of v,b, anni-
hilation has a resonant form
GZM%s
o, ~ )
e M)+ TS

(11)

where M is the mass of the Z boson and I'; is its decay
width. Taking E' ~3T, and s~ E'EQ*~3T,EQ’~
6T,E/T2 , one would naively estimate that the Z resonance
occurs for
EPeV ~ 3T17,11VICV98_112 ~ T;.ll\/[evrgh‘ (12)
The above estimate indicates that the resonance has little
effect on HE neutrinos of PeV and below for the case of
Iy, = 10, but may affect (P, (E)) for I'; =3 and 5. In
fact, for the latter cases, the resonance starts to play a role
for HE neutrinos with energies lower than that given
by Eq. (12) because the intersection angle 6, follows a
broader distribution [Eq. (5)] for smaller I'y,. The resonance
significantly affects (P, (E)) at E 0.1 PeV and X1 PeV
for I'y, = 3 and 5, respectively. Consequently, n increases
with decreasing # at 7 < 1 (corresponding to E 2 0.1 PeV)
for I'y, = 3 and stays approximately constant at 1 < 0.1
(corresponding to Ey = 1 PeV) for Iy, = 5.
In the scenario where 6, follows the distribution gy(6,),
n tends to decrease with x. With a smaller 7, and
correspondingly, a higher Ej,, the softening of the HE
neutrino spectrum will be more dominated by the Z
resonance, as the “optical” depth at energies far from the
resonance region is small [Eq. (4)]. The dominance of the Z
resonance leads to a larger n for a smaller . When 7 is large
enough (i.e., n 2 0.1), HE neutrinos with energy around
and above the resonance energy undergo efficient annihi-

lation. Consequently, only HE neutrinos emitted at 6, <

-1/2 -1/2 . . . S
O ~ Ty.]\éeVEPe\// can effectively survive pair annihilation,

leading to (P, (E)) « 1 — cos 0 x 63  E~'. This is con-
sistent with n ~ 1 for = 0.1, as depicted in Fig. 3(d).
The above results can be used along with models of HE
neutrino production to estimate signals from a nearby
source or contributions to the diffuse flux at IceCube. A
proper calculation should include flavor evolution from the
source to IceCube and detailed detector response. To
estimate effects of annihilation with LE neutrinos, we
focus on the all-flavor spectrum and flavor composition
emerging from a source. Simply for illustration, we con-
sider a case frequently discussed in the literature, where HE
Vys Uy, U, and 1, are produced initially in ratios of 2:2:1:1
with an all-flavor flux spectrum ¢*)(E). In this case, the
emerging all-flavor flux spectrum ¢(E) can be estimated by

¢ (P, (E)+(Py(E)) (P, (E)) + (Py,(E))
o0 3 - 6

, (13)

and the corresponding flavor ratio is*

Ry ot = . (14)

It is apparent that Eqgs. (13) and (14) can be straightfor-
wardly extended to accommodate other scenarios as well.

The parameters 7', Ry, I'y,, and 8, could span relatively
wide ranges. To illustrate a significant annihilation effect
when 6, follows gr-(6,), we focus on cases with mildly
relativistic jets [see Eq. (9)], and take the following three
representative parameter sets with (7, ey, Rgno. I'sn) =
(3,10,5), (6,10,5), and (8,3,3) for cases A, B, and C,
respectively (see also Fig. 2). In the scenario
where 6, follows the distribution gy(6,), we take
(T, Mevs Rano. Ogn) = (6,100,10°),  (6,100,20°), and
(6,100,30°) for cases D, E, and F, respectively. The
corresponding values of 5 are 0.013, 0.21, 16.9, 0.003,
0.048, and 0.243 for cases A, B, C, D, E, and F, respectively
[see Egs. (9) and (10)]. We show ¢/ qﬁ(o) as functions of FE
for different flavor evolution scenarios of LE neutrinos in
Figs. 4(a) and 4(d). For each parameter set, qb/qb(o) is not
sensitive to flavor evolution of LE neutrinos and follows the
form of (P, (E)) in Eq. (8). As Ej is ~1 PeV for n = 0.1
and decreases for larger # [Figs. 3(a) and 3(c)], annihilation
of ~100 TeV to 1 PeV neutrinos is significant for cases B,
C, and F. For cases A, D, and E, the effects become
important for HE neutrinos above PeV. In the two most
optimistic cases C and F, (P, (E)) ~ (P; (E)) « E™" with
n=0.4-0.5 and ~1 at £ 2 0.1 PeV [Eq. (8) and Fig. 3].

Effects of flavor evolution of LE neutrinos are more
evident for R, /. as shown in Figs. 4(b), 4(c), 4(e), and 4(f)
for cases B, C, D, and F, respectively. In particular, R/, for
scenarios NE and EE differs substantially from 2 for the
case without annihilation of HE neutrinos. Because anni-
hilation is more efficient for v and o of the same flavor,
more HE v, and 7, are annihilated than v, and 7, in
scenario NE, where thermal 7, and v, remain unchanged.
This preferential destruction of HE v, and 7, will be
typically enhanced when annihilation probability increases.
Across all considered cases, the average survival proba-
bilities initially decrease with E, resulting in an increasing
R/, with E in scenario NE.

For cases C, E, and F with relatively large #, the majority
of all HE neutrinos emitted at different values of 6, would
be annihilated, leaving the survival probabilities mainly
determined by the fractions of HE neutrinos emitted at
small 6. In such cases, (P, (E)) and (P; (E)) tend to get

close to (P, (E)) and (P;_(E)), indicating a decreasing of

*It should be pointed out that Egs. (13) and (14) neglect the
secondary HE neutrinos produced from vv annihilation via the Z
resonance. It is well justified as the branching ratio of the Z boson
decay into each neutrino flavor is only ~6%.
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FIG. 4. Left panel: (a) effects of v annihilation on ¢/¢(°) for (T, yeys Rgno, Tn) = (3,10, 5), (6,10,5), and (8,3,3) corresponding to
cases A, B, and C, respectively. (b) Effects of vv annihilation on R,,/, for case B. (¢) Same as (b) but for case C. Right panel: (d) effects of

v annihilation on ¢/¢©) for (T, yeys Reno»0sn) = (6,100, 10°), (6,100, 20°), and (6, 100, 30°) corresponding to cases D, E, and F,

respectively. (e) Effects of vv annihilation on R/,

for case E. (f) Same as (e) but for case F. In each case, the curves from top to bottom

are for LE neutrino flavor evolution scenarios NE, NO, 10, and EE, respectively.

R/, towards 2 at high E in scenario NE, as observed in
Figs. 4(c), 4(e), and 4(f). Note that this behavior is more
evident for cases E [Fig. 4(e)] and F [Fig. 4(f)] where the
distribution gg(6,) has been applied. In addition, the
Z-resonance effect starts at a higher E for the distribution
gr(6p), which peaks at §, = 0. Therefore, R, for case C
in scenario NE starts to decrease at a higher E [Fig. 4(c)].
The maximal values of R,,, shown in Figs. 4(b), 4(c),
4(e), and 4(f) are 3.5, 4, 2.7, and 3.2 for cases B, C, E and F,
respectively.

In scenario EE, all thermal 7, (v,) are converted into 7,
(v,). Therefore, the preferential destruction of HE v, (7,)
results in a reduced R, /.. In scenarios NO and IO, thermal
neutrinos evolve into combinations of three flavors, for
which annihilation of HE v, and 1, is comparable to that of
v, and 7,. This reduces R, /, from 2 by significantly smaller
amounts than scenario EE [Figs. 4(b), 4(c), 4(e), and 4(f)].
For scenario FE (not shown), the flavor composition of HE

neutrinos is not affected and R/, is always equal to 2.

IV. DISCUSSION AND SUMMARY

We have conducted a parametric and largely model-
independent study to investigate the impacts of annihilation

with LE neutrinos on HE neutrinos. In this section, we
briefly discuss the potential significance of the annihilation
effects on HE neutrinos generated by choked jets in
massive stars or BNSMs within various models.

The jets, especially those (partly) powered by the
annihilation of accretion disk neutrinos, will propagate
within the LE neutrino bath. The effects of these LE
neutrinos on the jet dynamics and particle acceleration
in jet-induced shocks need to be estimated. Taking a typical
cross section of 107%2 cm? for LE neutrinos of 10 MeV, the
associated optical depth for nucleons within the jet at radius
ris ~107°L, s3r74. However, the interaction between LE
neutrinos and HE protons may become significant during
acceleration, as the cross section of the pv process
increases with the proton energy. It can potentially compete
with the py process and thus have a notable impact on
proton acceleration and HE neutrino production. For a
proton of 1 PeV, a neutrino of 10 MeV, and a substantial
intersection angle between their momenta, the pv cross
section is about 1073* cm?, which is about six orders of
magnitude lower than that of the py process. Assuming
that a fraction, €,, of the jet energy is converted into
thermal radiation, the number density of thermal photons
in the comoving frame of shocks can be estimated as
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n,~10%e, 01 Liso 52/ (R, 10T %.05)]*/* cm™ [68,70], where
L;,, is the jet isotropic luminosity, and Iy, and Ry,
are the shock Lorentz factor and radius, respectively.
For comparison, the LE neutrino density is n, ~6x
10%0L, 530, 0 5sR 370 cm™. Under the conditions explored
in this study, the pv process is always unimportant relative
to the py process and can be safely ignored.

Production of HE neutrinos at internal shocks
(Tgy ~3-10 and Ry, ~ 10°-10'" cm) caused by slow jets
inside a star has been extensively studied [66-70,73,75,78—
81,83-89]. It was shown that neutrinos from the slow jet
model including charm decays could dominate the TeV—
PeV neutirno flux observed at IceCube [72,77,131] (see
also [132,133]). Based on the quantitative studies presented
in Sec. III for the case where 6 follows gr-(6,), the resulting
HE neutrino spectrum above ~0.1 PeV could be softened
with a spectral index change of 0.4-0.5 due to neutrino pair
annihilation. Additionally, the emerging flavor composition
can be modified, depending on the oscillation scenarios of
LE neutrinos. An accurate measurement of the flavor
composition of HE neutrinos may provide a test of the
slow jet model and the annihilation effect.

It was stressed, however, that shocks generated deep
inside a star are likely radiation-mediated and particle
acceleration at such shocks tends to be inefficient
[74,134]. Such radiation constraints are particularly relevant
for the slow jet model discussed above. Moreover, the slow
jet model has been tightly constrained by IceCube searches
[15]. To form a collisionless shock that facilitates efficient
particle acceleration, Ref. [74] considered low-power and
relativistic choked jets in blue supergiants with large shock
radius >10'! cm, and found they could contribute signifi-
cantly to the diffuse flux (see also [124]). Note that the jet
luminosity might exhibit a positive correlation with the LE
neutrino luminosity. In cases of low-luminosity and long-
duration jets, the annihilation effect may be insignificant due
to an inadequate flux of LE neutrinos.

Another intriguing possibility involves choked jets inside
an extended wind surrounding a Wolf-Rayet star [80,135].
The associated jets could share similar luminosity, Lorentz
factor, and duration as the classical GRB jets. HE neutrinos
are anticipated either from the internal shocks in the
extended wind at » > 10! cm, or from the shock breakout
from the wind driven by the choked jets at larger radii (see
also [136]). If the wind density is low enough, collisionless
shocks could emerge at the edge of a Wolf-Rayet star,
supporting both particle acceleration and HE neutrino
production [137]. Typically, the emission angle of HE
neutrinos from shock breakout can extend to tens of degrees.
Similar discussions also apply to the case of jets propagating
inside the ejecta from BNSMs. The generation of HE
neutrinos from shock breakout driven by jets in BNSMs
at r ~ 10'" cm has been explored [86]. For these models, our
parametric study assuming a uniform distribution of cos 6,
with 6, < 6, is relevant, indicating a notable steepening in

the emerging spectrum and variations in the flavor content of
HE neutrinos above a few hundred TeV [Figs. 4(d)—4(f)].

Although with a lower flux expected, HE neutrinos
produced at mildly relativistic collimation shocks inside a
star [74] or the ejecta from BNSMs [126] could undergo
pair annihilation with the LE neutrinos, resulting in further
suppression above 0.1 PeV. In cases of highly magnetized
jets, particles can also be accelerated through magnetic
reconnection close to the stellar center (see, e.g., [88]). Pair
annihilation could also affect the spectrum and flavor
composition of the HE neutrinos produced in these cases.

We have studied the annihilation of HE and LE neutrinos
in BNSMs and CCSNe and how this process can affect the
spectra and flavor ratio of HE neutrinos emerging from
these sources. Assuming that the emission angle 6, of HE
neutrino is constrained by the Lorentz factor of the shocked
fluid or simply follows a uniform distribution of cos 6,
within some opening angle, we show that the potential
effect can be characterized by a single parameter # [Egs. (9)
and (10)], which captures the key dependence on astro-
physical conditions relevant to HE neutrino production.
Annihilation probability increases with # and starts to be
significant for neutrinos of Z0.1 PeV (1 PeV) at n~1
(0.1). For a specific #, annihilation probability increases
with energy, which modifies the emerging spectra. For
n Z 0.1-1, the all-flavor spectrum at E Z 0.1-1 PeV is
modified by a factor E~" with n 2 0.4-0.5. Moreover, we
have found that although the flavor evolution of the
accretion disk neutrinos does not affect the above modi-
fication of the spectral index, it can change the emerging
flavor composition of HE neutrinos. Among the five flavor
evolution scenarios that we have considered (see Table I),
scenarios NE and EE are particularly interesting as they can
lead to large increases and decreases, respectively, of the
emerging y-to-e flavor ratio R, from the canonical values
and do so in an energy-dependent manner. The spectral
change and the variations and energy dependence of R, /,
may be tested at the next-generation large neutrino observa-
tories such as IceCube-Gen2 [41-43,132].

Note that the HE neutrinos produced inside stars may
also experience absorption by stellar material. This would
result in a cutoff in the HE neutrino spectrum, while
retaining the same flavor composition. This effect can be
ignored for BNSMs and for HE neutrinos produced at
R > 10" cm. In particular, for Wolf-Rayet stars with the
hydrogen envelope stripped off, the stellar radius can be as
small as 3 x 10'° cm [138]. However, the absorption effect
can be significant for CCSNe if Ry, < 10'° cm. It is also
possible that the stellar matter is pushed away by the earlier
jets [139] or the winds from the protoneutron star prior to
the formation of the black-hole accretion disk, and, there-
fore, the matter absorption effect is suppressed. These and
other relevant details should be addressed by specific
models or simulations. Finally, the central engine driving
relativistic jets or winds could be a magnetar [140,141],
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which also emits substantial fluxes of HE neutrinos
[142-144] and LE neutrinos. We expect that the potential
presence of vv annihilation would similarly impact the HE
neutrino flux for the magnetar case as well.
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