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Cosmic strings that couple to neutrinos may account for a portion of the high-energy astrophysical

neutrino (HEAN) flux seen by IceCube. Here, we calculate the observed spectrum of neutrinos emitted

from a population of cosmic-string loops that contain quasicusps, quasikinks, or kink-kink collisions.

We consider two broad neutrino emission models: one where these string features emit a neutrino directly,

and one where they emit a scalar particle which then eventually decays to a neutrino. In either case, we find

the spectrum of cosmic-string neutrinos to follow a two-parameter model described by a power law with a
high-energy cutoff. While none of the models in question fully match the observed HEAN spectrum, we do
find that the maximum contribution of cosmic-string neutrinos can still be an O(1) fraction of the observed

flux in addition to producing a bump in the observed neutrino spectrum. Finally, for each of the models

presented, we present the viable parameter space for neutrino emission.

DOI: 10.1103/PhysRevD.107.123019

I. INTRODUCTION

IceCube routinely detects high-energy astrophysical neu-
trinos (HEANSs) with TeV-PeV energies that follow a power
law flux spectrum with spectral index y ~2.28 [1,2].
Explanations for the source of this flux have ranged from
gamma-ray bursts [3-9], to Fanaroff-Riley type O (FRO)
quasars [10], blazars [11-13], radio-bright active galactic
nuclei [14-16], choked jet supernovae [17,18], pulsar wind
nebulae [19], and more. However, none of these proposi-
tions have been confirmed as the dominant source of the
observed spectrum [20]. One additional possibility is that
cosmic-string loops source these neutrinos. More con-
cretely, the actual mechanism of emission could be due
to the radiation of particles from string features, known as
quasicusps, quasikinks, or kink-kink collisions, that generi-
cally occur during the evolution of cosmic-string loops.
These particles could either be the neutrinos themselves
(direct neutrino emission) or a parent particle which then
decays into neutrinos (indirect neutrino emission).

The emission of neutrinos due to the decay of a real
scalar radiated from cusps and kinks has previously been
considered in the ultrahigh energy range [21,22]. Moreover,

*creque@ jhu.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2023,/107(12)/123019(12)

123019-1

the energy spectrum of various Standard Model (SM)
particles near the string has been extensively computed
in the context of dark strings coupling through the Higgs
portal operator [23-25]. More generally, the program of
calculating emission from cosmic strings also includes
the radiation of gravitational waves, cosmic rays, and
more [26-31].

In this work we extend and refine these calculations in
several manners. First, we calculate the optical depth of
HEANs using all seven channels of Standard Model
neutrino self-interactions and thus including the energy
dependence of the neutrino horizon. Then, we perform this
calculation for all three types of string features: quasicusps,
quasikinks, and kink-kink collisions. Prior work has only
considered the first two in the scenario of neutrino
emission. In addition, we calculate the emission from a
real scalar not only in the scenario of a cascade (casc) of
particles, but also the direct decay into neutrinos.
Moreover, we present the first calculation for the emission
of neutrinos directly from cosmic strings via a two-body
decay interaction and the Aharonov-Bohm coupling.
Finally, we incorporate the shrinking of loops due to
particle radiation into the loop distribution function, a
factor ignored in earlier neutrino emission papers. Using
these calculations, we present the viable parameter space
for neutrino emission for each of the models chosen.
Moreover, we find that for these models, cosmic strings
can still contribute an O(1) fraction of the observed HEAN
flux. Since the models represent a wide selection of
possible emission mechanisms, we conclude it is unlikely

Published by the American Physical Society
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that a single population of cosmic strings can create the
entirety of the HEAN background. However, as a sub-
dominant component, cosmic strings may still contribute
enough to create a bump in the spectrum.

This paper is organized as follows. In Sec. II we present
the general formalism in order to calculate the differential
flux of neutrinos observed at IceCube from an arbitrary
source and then particularize to the case of a cosmic-string
loop population. For this population, we introduce four
interaction terms between cosmic strings and neutrinos
using an effective field theory approach in Sec. III. These
interactions cover both direct and indirect neutrino emis-
sion, each of which is split into two further cases. We use
these interaction terms to then calculate the energy spec-
trum of neutrinos emitted at the locality of the string in
Sec. IV. We follow up this calculation and then specify the
form of the cosmic-string loop number density in Sec. V.
Ultimately, we combine both the energy spectrum of
neutrinos with the cosmic-string loop number density to
calculate the observed differential flux of neutrinos through
the formalism presented in the beginning, shown in
Eq. (37). Using this flux, we constrain both the fraction
of neutrinos attributed to emission from cosmic strings in
the IceCube spectrum and the phenomenological parameter
space for neutrino emission in Sec. VI. We discuss and
conclude in Secs. VII and VIIL

II. NEUTRINO SPECIFIC FLUX

The specific flux ®;(z, E) of neutrinos v; (number of
astrophysical neutrinos per unit conformal time per unit
comoving area per unit energy) at cosmic time ¢ and
observed energy E from a source S; is [32]

CDI-(LE):/_I dr'la(t)/a(t)]e "B S {1 [a(r)/a(t)]E},
(1)

where a(t) is the scale factor and 7;(7, 1, E) is the optical
depth of a neutrino v; of energy E between times ¢ and z.

For a single cosmic-string loop, the spectrum of emitted
neutrinos is a function of the loop length L, and so the
source function is the integral over all loop contributions,

o dN¢,(t, L, E) dnjep(t, L)
S¢ (t,E) = dlL =" .2
ia(tE) za:C A AN oopdE dL (2)

with dnyq,p (2, L)/dL the number of cosmic-string loops per
comoving volume per loop length, and dN i a/ dN1oopdE the
number of neutrinos ultimately produced from string
feature a and emission model e per unit time per loop
per neutrino energy E. The string features we consider are
quasicusps, quasikinks, and kink-kink collisions, shown in
Fig. 1, so that the label a takes values a € {qc, gk, kk}. We
present the different emission models in Sec. III. In general,

kink — kink collision

quasikink

quasicusp

FIG. 1.
collisions.

Picture of quasicusps, quasikinks, and kink-kink

a loop can contain multiple features at once (e.g., a string
could have four kinks and a quasicusp). Here, for simplic-
ity, we assume that only a single feature exists on every
loop. However, we note that, for a given type of feature,
multiple features can be incorporated straightforwardly by
linearly scaling the amplitude of emission by the corre-
sponding number. We then write the emitted neutrino
spectrum as

dN¢,(t,LLE) 1 / dN¢(E.E,)dN4(E,.L)
- 4

dNowdE — [(L/2)/c] dN¢dE dE,

(3)

with [(L/2)/c] the period of oscillation for a cosmic-string
loop, dN¢/dN4dE the number of neutrinos emitted per
parent particle per unit neutrino energy E, and dN¢/dE,
the number of parent particles emitted from string feature a
per unit parent particle energy E,.

If neutrinos are emitted directly from the cosmic
string and there is no parent particle, we set
dN¢(E,E,)/dN$dE(E,E,) = §(E — E, )8, with §(x) the
Dirac delta function and 5{ the kronecker delta function that
determines if the neutrino i is the same as the emitted
particle in emission model e.

Roughly speaking, the cosmic-string phenomenology is
then encoded in the emitted neutrino spectrum, and the
cosmic-string population dynamics in its number density.

Neutrino self-interactions (vSI) in the SM induce scat-
tering between HEANSs and cosmic background neutrinos
and thus a nonzero HEAN optical depth. We evaluate the
total HEAN optical depth following Ref. [33], including all
seven channels of SM vSI. These channels lead to a sharply
defined neutrino horizon at redshift z, . That is, an observer
located at redshift z(#) will not see neutrinos of a given
energy E originating from a redshift z(¢) > z, (¢, E).
Therefore, in order to simplify our expressions, we will
take the following approximation,

D, (f.1.E) = B = Oz, (1.E) ~ ()], ()

for the damping factor, with z,, defined by the expression
D, {t[z,;(t.E)],t,E} = exp(—1). We show both the
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FIG.2. The HEAN damping factor D,.. The solid lines indicate
the complete damping factor, the dashed the approximation given
by Ref. [21], and the dotted are given by our approximation
in Eq. (4).

complete HEAN optical depth and our approximation in
Fig. 2 for some typical energies.

1. COSMIC-STRING PHENOMENOLOGY

Cosmic strings are topological defects formed after a
U(1) symmetry-breaking phase transition occurs in the
Universe and are characterized by their tension y. Then
there are two broad phenomenological categories by which
neutrinos may be emitted from this string. First, the string
may directly couple to neutrinos. Second, it may indirectly
couple to neutrinos; i.e., it may emit some intermediary
particle which then eventually converts to some number of
neutrinos. In either case, we model the free string loop
action using the Nambu-Goto action for an infinitely long
straight string, as locally the string loop is straight,
regardless of any features

cmz—%/d%wWww—wwn» (5)

where 7 is Planck’s constant, g = det g, is the determinant
of the spacetime metric g,,, and y the analogous quantity
for the induced worldsheet metric y,, = gﬂyX’_‘aX’fb with
worldsheet coordinates (o,7). We take the background
metric to be flat g,, = #,, = diag(=1,1,1,1).

This string has a stress-energy tensor

—HU avs,b
Ty (x# :—ﬁ/dzm/—wa X' X784 [x* = X#(o,7)]  (6)
St () = » X [ (0,7)]

with trace

Tult) = =2 [ doyTolat = X¥(a.0). (1)

where we neglect any backreaction of interactions onto the
string as for the models we consider they are small. When
considering interactions with this string we take an effec-
tive field theory approach and remain agnostic to any
particular ultraviolet theory constraints. We note that,
strictly speaking, the string tension is a function of such
interactions. However, in practice, the dependence is very
weak [23], and hence the tension can be considered an
independent parameter from the couplings we discuss in
the following.

A. Direct coupling

For simplicity, we consider only a single neutrino species
of mass m, = n/(c4,) and take it to be a Dirac fermion.
Thus its free Lagrangian is

— _(: -1

L. = —0(iy*0, — 4, ' )v, (8)

with y# the gamma matrices. There are two versions of

direct cosmic-string coupling we consider. First, the neu-

trinos may couple directly to the string worldsheet through
a two-body interaction, so that its interaction is

(2) # 1/2
2 g c _
ax:7;g9 Ty (9)

with ¢ the two-body interaction coupling. Second,
neutrinos may couple through some gauge flux that
permeates through the string in an Aharonov-Bohm
(AB) fashion [34]

L% = g,or"V v,

nt

(10)

with g, the charge of the neutrino under V,, V, a classical
background field induced by the flux ® = (27/g,)6, the
string carries, and 6, the AB phase around the string. In the
Lorentz gauge, this background field is written as [35]

o d4k pIJ —ik-[x*=X"(o,7
W:‘z<hyw/ﬁ%mk[x“l (11)

with  do,, = d’cePc?X% X" the worldsheet area

element and €/ the Levi-Civita symbol. Note that this
field has support outside of the string, unlike the purely
local interaction considered above.

B. Indirect coupling

For indirect emission of neutrinos, we consider the
intermediary particle to be a real scalar ¢ of mass
my, = h/(cA;). As aresult, there is only one cosmic-string
Lagrangian to write down:

¢
+ Line

L=Ly+ LY

free

(12)
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1 1
Vo <§ 0,0 + 51;2412), (13)

¢ a
‘Cint - (4/11’16‘)1/2 ¢Tstrv

with a as the scalar coupling constant.

In order to obtain neutrinos indirectly we consider two
scenarios. First, the scalar particle decays directly into
neutrinos via a Yukawa (Yu) interaction,

EYu = gyuu. (15)

Alternatively, the scalar particle couples to some gauge
boson—either a hidden sector gauge boson or the gluon,
and these gauge fields have interactions which lead to a
cascade of particles being emitted which end in neutrinos.
For example, if it is the gluon, hadronic cascades produce
pions which then lead to neutrino emission. For concrete-
ness, we write down an example Lagrangian as

‘Ccasc = afP(ﬁG;wlea (16)

with #, the Planck length and G,
tensor.

the gluon field strength

IV. PARTICLE EMISSION

Given a model for cosmic-string interactions with
neutrinos, we now write the number spectrum of particles
emitted from cosmic-string loops. However, this spectrum
depends not only on the phenomenology of the inter-
actions, but also the feature of the string that emits the
particle. Thus, in what follows, for each interaction
considered we specify the type of feature as well.

In order to calculate the spectrum of emitted particles we
take the leading-order S-matrix approach. Thus, we calcu-
late the probability of creating a state (ky,sy;...;ky, Sy|
with N particles with momenta k; and spin s; out of the
vacuum |0) given an interacting term,

A, (K, ) :i/d4x(k1,s1;...;kN,sN|£fm|O> (17)

dNg = ZZH k.s)>.  (18)

i=1 Sa; Jj= 1

with N, the number of particles with nonzero spins, N the
number of particles, a; the map from spin particle number
to particle number (e.g., a particle could be the first particle
with spin but the fifth overall particle in a list), and the sum
54, goes over the possible spin values of particle a;. Lower
bounds on the energy of the resulting spectrum arise from
integrating over the worldsheet. Upper bounds on the
energy of the spectrum arise from the requirement that

the energy of the particle be smaller than the string energy
scale. For more details we refer the reader to Ref. [24].
While both of these cutoffs in reality have a slight soft-
ening, they still decay rapidly, and so here we approximate
them as sharp discontinuous transitions.

The average power emitted from a cosmic string over
one period of oscillation is therefore

ar= /CZ;H (zwk)u (k.s)P.

(19)

In order to complete the description of the string feature,
several quantities must also be defined detailing the shape
of the string feature in question. Rather than defining
these quantities precisely, here we simply tabulate the
numerical constants that encode their behavior, assuming
that shape effects are O(1). Following this procedure, these
constants then take a range of values: ® € [0.42,3.6] and
w € [0.047,0.23]. We define the rest of these constants in
Table 1. For a first-principle definition of these parameters
and their values we refer the reader to Ref. [24].

A. Direct coupling

First, we present the spectrum of neutrinos directly
emitted from cosmic string loops with quasicusps, quasi-
kinks, and kink-kink collisions.

1. Two-body

For both quasicusps and quasikinks, the momenta of
both emitted (nearly massless) fermions are parallel to one
another, and thus the emission is helicity suppressed. For
kink-kink collisions that emit relativistic neutrinos,

(2) 2\ 1/27-3
dN ~2) E E /
=T 1 2
dE K uhe + uhc ’ (20)
2) _ 2 K€
P =T , (21
kk ke T /20 )

with m,c? < E < (uhc)'/? and 1;,(3() = 4[g¢'
I = (37/5)0) and €)= (he/u)'2.

2)]28kk/(3”2)’

TABLE I. Range of values for cosmic-string shape-dependent
amplitude, assuming the shape parameters are O(1).

a Quasicusp Quasikink Kink-kink
S, [0.2, 10] [0.1, 20] [1, 500]
7, [0.5, 50] [1, 200] [0.2, 200]
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2. Aharonov-Bohm

In AB emission, there are no obvious suppressions, and
so we write down the spectrum and power for all emission
types in the relativistic limit

dNB FAB <E> an®

dE L

! 1
) [(E +EMB) T T (E 4 EABe) et ]’ (22)
Py® = FQBLPAB’ (23)
(L/¢ )"
with T8 = (200, 7p 467/ 32(22) 1T o, T3P = BT 1/

(4T 1)) (2/@)FAR, TAB = (T /T ,.)(207) "1y T2, and

Zap = (hc/u)'/%. We define all other variables in Table II.

B. Indirect coupling

Now, we present the spectrum of neutrinos indirectly
emitted from cosmic string loops. More concretely, we first
present the spectrum of real scalar particles directly emitted
from string loops with quasicusps, quasikinks, and kink-
kink collisions. Then, we write the spectrum of neutrinos
emitted from a real scalar.

Once again, there are no obvious suppressions, and so
the string feature spectra and emitted power are

dN? ., (E,L\ 4 uh
B 0 (e /‘_SC (24)
)
JA— (25)

(L/qu)pf’

with E, the lab frame energy of the ¢ particle (different
from the neutrino energy E) and £y = Cy, = Ceae = Ap-
All other variable definitions are placed in Table III. After
the real scalar is emitted, we assume it emits neutrinos
instantaneously.

1. Yukawa

Through a Yukawa coupling, two neutrinos are emitted
from the heavy real scalar ¢ with an isotropic (i.e., flat
energy) spectrum

TABLE II. AB variable definitions.

a Quasicusp Quasikink Kink-kink
qh® 0 1/3 0

pALB 1/2 4/3 1

A8 log(16)I%8 18(1 271388 log(16)T38

Eﬁlﬁ‘“ wm,c?\/m,cL/h

En'  [(°L?)(uhc)]V

wm,c>\/mycL/h m,c*

(uhc)'? (uhe)'?

TABLE III. Variable definitions for the real scalar ¢.
a Quasicusp Quasikink Kink-kink
q? 2/3 1/3 0
p? 1/2 1 1
[0 285.0%/2(22)]  &*S5,0/[227)7 S}/ (2m)?
ry 6y~ /3T, 6y 2317, 217,
Eﬁ; wmyc?\/mycL/h ymyc*\/mycL/h my,c?
Ebs  [(WL?)(uhe)] (phe)'/? (phe)'?
dNY* 1
=—, (26)
dE E,

with m, < E < E.

Therefore, the total number of neutrinos emitted from a
cosmic string loop is also independent of the neutrino
energy,

dNYY A\t pd 1
4 _ [Yu b Htg - (27)
dE L fc myc

with all variable definitions in Table IV.

2. Cascade

After the heavy scalar decays, a cascade of particles
decays ensues, of which neutrinos are one of the end
products. In accordance with previous studies [36-39], we
assume that the decay spectra follows a power law with
index ~—2 and that approximately all of the energy is
transferred to pions, which then decay to give half of their
energy to neutrinos. After imposing conservation of energy
in the decay between neutrinos and the heavy real scalar we
obtain

d casc
dE 2 E2° (28)

with b, = log (ES%¢/E€%)~1 As a result, the total number

min
of neutrinos emitted from a cosmic string loop is

TABLE IV. Yukawa variable definitions.

a Quasicusp Quasikink Kink-kink
EIZU 1/2 0 0

e B/Tw P B8R (13,
E:ﬁt;a m,c? m,c? m,c?
Enist EhE ER Efi
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TABLE V. Cascade variable definitions, with Q;, = 1 GeV the
hadronization energy scale.

a Quasicusp Quasikink Kink-kink
e -1/2 0 0
e (1/4)r?, (1/4)r%, (1/4)17,
Ean™  (12)\fmpc?0s (1/2\/myc20,  (1/2)\/myc?0,
Emy® 0.1E%4¢ 0.1EL:3¢ 0.1ELKE

with all variable definitions in Table V.

V. STRING LOOP POPULATION

A loop of initial length L; at time #; will contract as it
radiates energy from various string features. For the string
interaction models presented here, this energy may either
be in the form of gravitational waves, neutrinos, or real
scalar fields. However, we do not consider emission via all
these channels at once. Instead, in order to determine the
evolution of the loop distribution function, we consider
emission in a pair of channels: first, from gravitational
waves and second, from a single specified particle model.
This choice is done because cosmic string loops are always
expected to radiate gravitationally, and our models are an
addition beyond the standard framework. As a result, the
center of mass energy uL of a loop decreases over time
according to

L - e
= TG = P, (30)

U
with I, € [50, 100]. The first term encodes loop emission
of gravitational waves, while the second term specifies the
emission e from string feature a. Moreover, loops with
length L > Lg=¢,[(T%/T,)/(Guc™)]"/P¢ emit more
energy in the form of gravitational waves than from
emission e from string feature a.

In general, Eq. (30) does not have an analytic solution for
arbitrary initial loop length. However, loops with L; < L¢
will always emit more particles than gravitational waves,
and those with L; > L¢ more gravitational waves than
particles. Therefore we solve for the evolution of loop
length with these two conditions. Moreover, in practice, the
condition L; > L¢ is relaxed to L; > L¢, so that there are
only two regimes:

PP = (L) EO(LG - L)
+[L; = TyGue™ (1 = 1;)]0(L; = L), (31)

L(tiv Z, Ll) = [LPFPZ -

which can be piecewise inverted to solve for L; as a function
of L. Here, L& = [(1 + p&)Téc(t — ti)ffg]l/(HpZ).

min

While some cosmic string loops are present at the initial
U(1) phase transition, most are formed after string segments
intersect and commute, breaking off into smaller loops.
Here, we assume this string loop population has relaxed to a
steady-state self-similar solution. As a result, we neglect
terms that involve string collision and string self-
interactions. While these loops are produced both during
periods of radiation and matter domination, those produced

during matter domination are less abundant [40]. Therefore,

we write the loop distribution as dn'°?/dL = dn'°?/dL,
with

dn®® (1, L)

¢ adq (5)17
dL 2 [a(teq ) (teq)1*Ly/* \Lo
{Q(ﬂr_% t< [eq
X L
G(ﬂr_ eq) r> z‘eq

2cteq

(32)

the distribution of loops created during radiation-domination
atatime 7 [41]. Moreover, 7 is the time of matter-radiation
equality, y the comoving horizon distance, {, = 1.04 a
normalization factor, #, = 0.05 the typical scale of loops
produced radiation domination relative to the size of the
horizon. Finally, Ly = L;(0,#,L) and Leq = L;(teq. . L)
are the lengths of a loop at r = 0 and 7,,. We show some
example distributions for cosmic string loops in Figs. 3
and 4.

1092 L
1086 L
1080 L
1074 L
1068 L
1062 L

1056 -

Differential Loop Number LdNigop,/dL

106 107 10 10*° 106 10° 10"
Loop Length L [km]

FIG.3. The differential loop number dN,y.,/dL = % dnieop/ dL,
with y the size of the comoving horizon, evaluated at z = 0. The
solid black line is the number assuming only gravitational
emission, while the solid orange (blue) [green] line is due to
both gravitational emission and AB emission from quasicusps
(quasikinks) [kink-kink collisions]. The vertical dotted lines
indicate the length L¢

min*
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25 [
105 —
107 ¢ ok
1017 L

1013 -

109} _/ ]

Loop Number Nyyop
=

—_
o
T

H
2

1071 10° 10 102 103 104
Redshift z

FIG. 4. The number of loops Nie, = 7 Njoops With y the size of
the comoving horizon, as a function of redshift. The label and
color scheme follow that of Fig. 3. Hence, loop distributions with
smaller L ;, have higher numbers.

VI. RESULTS

Given the emission spectra of neutrinos from a single
cosmic string loop, as well as the distribution of cosmic
string loops, we now present both the source function and
flux for each phenomenological case. We then use the
dominant flux to place an upper bound on the fraction f% of
HEAN sourced by cosmic string loops. The bounds are
obtained in the following manner.

First, evaluating Eq. (2), we obtain

ANG[E. Ly, (1)] ditoop 0, Ly (7)]

S5t E) = cAg 4= i - . (33)
,_ 4 TGER
R AN )
Fill+s +32p; ; iiZ : +22i722:;2q2 b
(34)

with T'(n) the gamma function, and ,F;(a,b,c,d) a
hypergeometric function. In this expression, we recall that
a € {qc, gk, kk} and e € {(2), AB, Yu, casc}.

We define the index of the local energy spectrum through
the expression dN¢/dE « E7«. Using Eqs. (4) and (33),
we evaluate Eq. (1), after changing variables from time to
redshift via dt/dz = —1/[H(z)(1 + z)], to obtain

2 dNS[E, L (1)] dnigop 0, Ly (1
q)Z(I, E) _ IZ(I, E)C_ a[ m1n( )] nloop[ mm( )]
H, dE dL

(35)

l/(l'E) d e e e
I4(t,E) = A¢ /Z 71(1 + 2) e f(z)~(@atD/ (PitD)

(o E(2)
(36)

TABLE VI. Tabulated values for 7¢(#y, Emin)> Emin = 16 TeV,
with a specified by the column and e by the row. For emission of
type (2), quasicusps and quasikinks are helicity suppressed, and
so we do not consider them here.

I Quasicusp Quasikink Kink-kink
2) N/A N/A 4.35 x 1010
AB 94900 15.2 241
Yu 3.25 x 10" 2.40 x 10° 2.40 x 10°
casc 2.56 2.04 2.04

with H(z) = HyE(z) the Hubble parameter, H, Hubble’s
constant, E(z) = [Q,,(1 +z2)*+ (1 - Q,,) + Q,(1 + 2)*]"/?
for A cold dark matter (ACDM), Q,, the matter-density
parameter, €2, the radiation-density parameter, and
f(z) = t(z)/t. We present the values for I4(fy, Ep,) in
Table VI using Planck 2018 parameters [42].

As indicated by Fig. 5 all spectra follow a power law
with a sharp cutoff. As a result, to make an easy connection
with observation, we reparametrize the neutrino spectrum
D4 (1), E) today as the following two-parameter model,

D (19, E) = CoBG(E/ Eo) 7" O(E—Exin)O(E-Ef). (37)
with Cy=2x10""8GeV~'ecm™2s~!sr™! and E,=100TeV.
Note that, for most cosmic string parameter values, E ¢ is
much smaller than observed HEAN energies, and so the
low-energy cutoff can be ignored. We write this equation as
an approximate equality as the spectral index f¢ has a
nonzero running with energy, df¢/dE # 0. However, this
running is small, and so we average its value over the

10—7 L
T
(5.,.41 1078 L
T
w0
[\

—91
‘E 10
3]
%
O 10710,
XS -~
;\'e; m— standard AB, kk case, qc
= 1071 2d, kk —Yu, qc == casc, ¢k
AB, qc == Yu, gk = casc, kk
AB, ¢k = Yu, kk
10—12 L ]
10° 106
Neutrino Energy E [GeV]
FIG. 5. Spectra of HEAN emitted from cosmic strings using

Eq. (37) compared with the observed HEAN spectrum (in solid
black) using Eq. (39). The orange (blue) [green] {red} line
indicates HEAN emission via the (2) (AB) [Yu] {casc} model.
Moreover, solid (dashed) [dotted] lines indicate that the string
population contains quasicusps (quasikinks) [kink-kink colli-
sions]. We choose Ef, = 10° GeV. For large enough amplitude
values, the spectrum may appear as a bump before the sharp cutoff.
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TABLE VII. Tabulated values for f¢, with a specified by the
column and e by the row.

i Quasicusp Quasikink Kink-kink
2) N/A N/A -0.27
AB 1.37 1.38 1.14
Yu 0.855 0.439 0.439
casc 2 2 2

observed energy range. Moreover, note that ¢ # y¢ as the
energy dependence of the neutrino horizon shifts the
spectral index, which we show in Table VII. We show
the dependence of the amplitude B¢ on our model param-
eters in Table VIII. In order to save space in the table, we
include a scaling of the b, parameter in Eq. (38). Using the
new parametrization of Eq. (37), we plot some example
spectra in Fig. 5:

Guc™ \'2[ myc® \'2
b,) = 1640 . (38
exp(b.) (4.5 X 10—24> 107 GeV (38)

We now identify the viable parameter space of
cosmic string HEAN emission subject to the constraint that
it is not greater than the observed HEAN spectrum,
D¢ (E) < Pypan(E), forall energies. We model the observed
HEAN spectrum as a power law with spectral index
y =228 [1],

Oypan(E) = Co®y(E/Ey) 7, (39)

with @, = 1.66. We take the observed HEAN energy range
to be E;, = 16 TeV < E < E,, = 2.6 PeV. As a result,
the three equations

B¢ < o (EqS Eo)Vi, (40)
Epin < Eiix < Enax (41)
ES! < Enex (42)

define a region in the cosmic-string parameter space that is
viable to contribute to the HEAN flux and whose upper

TABLE VIII. Tabulated values for B¢

w T 2
Q  10%F
(5]
=
=]
= 10'F
o
E

0L
= 10
<t
=]
T o107t
o0
=}
E
@n 107%F 2d, kk Yu, ge = casc, qC \\\
.8 AB, qc == Yu, ¢k = = casc, gk
% 3 AB, qk ===« Yu, kk ==== casc, kk
510 AB, kk

10° 106

Maximum Energy ES% [GeV]

max

FIG. 6. The maximum amplitude B¢ of HEANs that come from
a population of cosmic-string loops using Eq. (40). The orange
(blue) [green] {red} line indicates HEAN emission via the
(2) (AB) [Yu] {casc} model. Moreover, solid (dashed) [dotted]
lines indicate that the string population contains quasicusps
(quasikinks) [kink-kink collisions]. All lines intersect at Efgx =
E\ by construction of our parametrization. Values of B¢ above a
given line are ruled out. Table VIII translates these amplitudes
into cosmic-string parameters.

bound we show in Fig. 6. Parameters that are above this upper
bound are ruled out, as they would lead to a HEAN spectrum
larger than what we observe. In order to relate these equations
to the original parameters, one can use the formulas listed in
Tables VII and VIII, along with the definition of Er;qx listed in
the Tables in Sec. IV.

We note that, for the chosen loop distribution model of
Ref. [41], the strongest constraints on the string tension
come from pulsar timing arrays, which set the limit
Guc™* < 10710 [43,44]. Hence, in Table VIII, we always
choose smaller fiducial tension values that are not ruled
out by such observations. We find that, for the largest
possible string tensions, direct kink-kink couplings require
amplitudes 1:,(3() ~ 10" to make a sizeable fraction of the
observed HEAN spectrum. These values are much larger
than expected from Table I. That is, such amplitudes require
Sk ~ 500 and a population of strings with a large number
of features [i.e., O(10'!) kinks]. Therefore, we expect such

¢, with a specified by the column and e by the row. The scaling of b, is shown in Eq. (38). Fiducial

values are chosen so that they are not ruled out by HEAN spectra observations.

B¢ Quasicusp Quasikink Kink-kink
2) N/A N/A 4 FOONTVAL Gt \-3/8
1.09x10 (3.16>k<k10”) (4.5:100-“)
AB [AB \ —2/3 4 \5/12 = ABY -4\ 17/21 ~ AR -4 \5/8
0.383 (10125) (4.56510*26) 2'71(F21?) i (1,265100*27) 0.0212(1“?,33) i (4.565160730)
Yu e\ -1 Guc™ myc? \ —5/2 = ~1/4( Guc™ myc® \=7/4 _ Guc™ myct \ =7/4
0.569 (leg) (4.5:160*26) (1054(}6\/) 9'28(F21{1?) Y (1.451048) (lOSpGeV) 62'8(@{1?) v (44551073') (105pcev)

casc 3.42 (b, (frease\ 713 (_Guc myc? \1/6 b\ (fease\ V4 ([ Guc myc® \ 1/4 b\ (Fcase\ =14 ([ Guet myc® \1/4
1000 (ﬁ) (F Zi'c) (4.55 10724) (107¢Gev) 282 (ﬁ) (F ffli C) (4.6:: 160724) (107¢Gev) 307 (ﬁ) (Fi‘;:c) (4.5: 10*24) (107¢G3V)
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10°
2‘):
5 1071
=
151
g
&
Z 10—2,
<
€3
=
=Y —3L
2 10
o
=
[9p]
9 . 2d, kk = Yu, qc casc, qc
% 1077k AB, qc == Yu, gk == casc, gk |
Q AB, ¢k = Yu, kk = casc, kk
© . AB, kk

1077k .

10° 108

Maximum Energy ES% [GeV]

FIG. 7. The maximum fraction of HEANs that come from a
population of cosmic-string loops using Eq. (43) with Egs. (37)
and (39). The orange (blue) [green] {red} line indicates HEAN
emission via the (2) (AB) [Yu] {casc} model. Moreover, solid
(dashed) [dotted] lines indicate that the string population contains
quasicusps (quasikinks) [kink-kink collisions].

direct couplings cannot give rise to a sizeable fraction of
observed HEANS. All other cases are still viable.

More precisely, the fraction f% of observed neutrinos
associated with a cosmic-string spectrum given by emission
model e and string feature a is then

fo— fg: dEA 4 (E)D; (9, E) @)
’ fb{:": dEA 4t (E)®@ypan(E)

with A, (E) the effective area of IceCube for muon
neutrinos, which we take from Ref. [45]. We plot the
maximum contribution of cosmic string loops [i.e., when
D¢ (19, Emax) = Pupan(Emax )] in Fig. 7 and find that with
the parameters chosen, f¢ < 59%.

VII. DISCUSSION

We clarify five assumptions and present seven com-
ments. First, in each model of neutrino emission we assume
a single neutrino. If there are multiple neutrino species
coupled to the string, then energy extracted from the loop
will be a sum over all neutrino emission channels.
Moreover, since cosmic strings are distant objects, then
the observed spectrum of neutrinos will be a sum of the
spectrum of each neutrino channel weighed by the corre-
sponding probability of oscillating into that neutrino. Note
that even if there is only one neutrino coupled, then flavor
oscillations will decrease the spectral amplitude in that
flavor. Regardless, the effects of oscillations can always be
absorbed into a redefinition of I, and so our results can be
scaled appropriately to include them.

Second, if the neutrino is a Majorana fermion instead of a
Dirac fermion, then o = v"C with C the charge conjugation

matrix. This replacement will not change the spectral index,
and should not change the amplitude of emission by more
than an O(1) coefficient.

Third, for the indirect emission models, we assume the
heavy real scalar instantaneously decays into neutrinos.

Fourth, we did not consider cosmic-string loop populations
with multiple features (e.g., loops that have both quasikinks
and quasicusps). Current simulations, without considering
backreaction effects, estimate that ~40% of the string loops
contain cusps and O(1) have on average four kinks [46].
Since cusps extract more energy from the string than kinks
and quasikinks, but typically have smaller amplitudes, we
expect that the presence of cusps would decrease the expected
amplitude in the HEAN energy range (or alternatively, the
presence of kinks to increase the amplitude). Thus, our results
safely represent an upper limit on the possible contribution of
cosmic strings to the HEAN spectrum.

Fifth, we assume that the population of cosmic string is
characterized by a single string tension value. Instead, it is
possible that there exist multiple varieties of cosmic strings
in the Universe, with each cosmic string characterized by a
different string tension, and thus the resulting spectrum
would be the sum of these two types of strings. In addition,
the string tension may have some time dependence [47],
leading to a HEAN spectrum that would be average over
the distribution of tension values. Both of these cases are
beyond the scope of this work.

While we do consider a wide variety of emission models
here, the list is not exhaustive. For example, we did not
consider two-body emission of real scalars from cosmic
strings that then decay in HEAN. In the case of two-body
emission of real scalars, this model would not change the
spectrum index of emission relative to its one-body
counterpart. This similarity is because the index is con-
trolled by the Yukawa and cascade decays. Therefore, while
the precise values for the amplitude I" may change, the
maximum contribution to the HEAN spectrum will not.

In addition to emission models, it is also possible that
cosmic strings collide and annihilate with one another into
neutrinos. However, cosmic strings are very thin, and so
their annihilation cross section is very small. Thus, we do
not expect such a process to contribute greatly.

Even though we find that the models presented are a
subdominant portion of the total spectrum, the presence of
a sharp cutoff implies that HEANSs from cosmic strings may
present as a distinct bump in the observed HEAN spectrum,
opening up the possibility for their detection. Moreover, if
cosmic strings exist, their gravitational wells would alter
energies of traversing photons. Hence, in principle, cross
correlations of HEAN maps with the cosmic microwave
background would be able to distinguish cosmic strings
from other subdominant contributions, although we expect
such a signal to be very small.

In each of our plots in Sec. VI, the region to the right of
the orange dashed line requires either values of the

123019-9



CREQUE-SARBINOWSKI, HYDE, and KAMIONKOW S SKI

PHYS. REV. D 107, 123019 (2023)

coupling constant or string feature parameters that are
greater than O(1). It is both difficult to create such a theory
and at odds with the perturbative approach we took to
calculate the spectra. Despite this, we leave this region in
our plots as it may be the case other models with similar
effective parameters and spectral indices are viable.

Moreover, in these plots, we only consider the con-
straints on the effective parameters describing HEAN
emission from cosmic strings. At higher neutrino energies,
where current and future experiments like ANITA [48]
and POEMMA [49] can observe neutrinos, there will be
additional constraints. The future upgrade of IceCube-
Gen2 [20] will also allow detections of HEANs at lower
energies, thus extending the range of our plots. In addition,
in the cascade case, there will be an emission of gamma
rays that go along with the neutrinos. Treatment of both of
these effects are a work in progress and beyond the scope of
this work.

While Fig. 7 shows that cosmic strings can contribute no
more than 59% of the entire HEAN flux, this result holds
only if the spectral index of HEAN is precisely y = 2.28.
The uncertainty in this parameter leads to a variation in the
maximum contribution. Moreover, cascade neutrino events
indicate that y = 2.53 [2]. However, for the 1o uncertainties
around a central value in either cascade or track observa-
tions, we find that the maximum contribution always lies in
an O(1) fraction.

Finally, we note that since we took an effective field
theory approach to our problem, the parameter spaces we
have identified may be constrained once they are linked to a
corresponding UV completion. However, it is not incon-
ceivable that these UV completions will still have uncon-
strained parameter spaces for HEAN emission. Moreover,
the effective models we presented also most likely have
parameter constraints due to experiments and astrophysical
effects. However, we suspect such constraints can be
balanced by a suitable choice of amplitude string param-
eters. Regardless, for both cases, such an investigation is
beyond the scope of this work.

VIII. CONCLUSION

In this paper we quantified the possible contribution of
cosmic strings to the HEAN spectrum for a wide variety of
models. First, we presented the general formula for
calculating neutrino emission from distant sources and
updated the calculation for the HEAN optical depth
compared to previous works on cosmic-string emission.
In doing so, we both employed a more accurate numerical
approach and included all seven channels of Standard
Model neutrino self-interactions.

Then, in order to classify possible models, we took an
effective field theory approach and delineated two avenues

of HEAN production: direct and indirect. In direct emis-
sion, the cosmic string emits HEANs through a direct
coupling of neutrinos to the cosmic string, while in indirect
emission the cosmic string emits a particle which then
decays into HEANS. For both direct and indirect emission
we consider two models each. That is, we considered direct
emission of HEANs via a two-body emission and a
Aharonov-Bohm coupling. For indirect emission, we con-
sidered the emission of a heavy real scalar which then
decays into HEANs either from a Yukawa coupling or
through a hadronic cascade. Aside from the cascade case,
none of the other calculations have been done before.

In addition to the particular cosmic string phenomenol-
ogy, the energy spectrum of HEANS is also determined by
the geometry of the string. In particular, efficient cosmic-
string particle emission must come either from quasicusps,
quasikinks, or kink-kink collisions on the string. Previous
work has not considered emission from kink-kink colli-
sions. Therefore, for each emission model and string
feature, we then calculated the local energy spectrum of
HEANSs emitted from the cosmic string.

Next, we calculated the distribution of cosmic-string
loops that emit both gravitational waves and a given
neutrino emission model that specifies a string feature.
These loops are created during radiation domination and
then shrink as they emit energy. We note again that the
shrinking due to nongravitational emission has not been
considered in previous works. In doing this calculation, we
then also identified the dominant forms of energy emission
in cosmic-string loops and delineated their corresponding
regimes.

With the local energy spectrum and cosmic-string loop
distribution specified, we then calculated the HEAN energy
spectrum today using the Boltzmann equation for each
emission model and string feature and obtained a simple
power law with a sharp cutoff in Eq. (37), i.e., a two-
parameter model. With these spectra, we then required each
one must be less than the observed HEAN spectrum. This
requirement led us to identify and constrain the corre-
sponding parameter space of HEAN emission. As a result,
we found that, with the models presented, cosmic strings
can contribute an O(1) fraction of HEANS.
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