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Extremely high energy neutrinos from cosmic strings
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Superstring theory and other supersymmetric theories predict the existence of relatively light, weakly
interacting scalar particles, called moduli, with a universal form of coupling to matter. Such particles can
be emitted from cusps of cosmic strings, where extremely large Lorentz factors are achieved momentarily.
Highly boosted modulus bursts emanating from cusps subsequently decay into gluons; they generate

parton cascades which in turn produce large numbers of pions and then neutrinos. Because of very large
Lorentz factors, extremely high energy neutrinos, up to the Planck scale and above, are produced.
For some model parameters, the predicted flux of neutrinos with energies = 102! eV is observable by
JEM-EUSO and by the future large radio detectors LOFAR and SKA.
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I. INTRODUCTION

Cosmic strings could be formed as topological defects in
the early universe. They are predicted in a wide class of
particle physics models and can produce a variety of ob-
servational effects. These include gravitational lensing,
linear discontinuities in the cosmic microwave back-
ground, and gravitational radiation, both in the form of a
stochastic background and localized bursts. (For a review
of cosmic strings, see, e.g., [1,2].)

Strings predicted in many grand unified models respond
to external electromagnetic fields as thin superconducting
wires [3]. As they move through cosmic magnetic fields,
such strings develop electric currents. Oscillating loops of
current-carrying string emit highly boosted charged parti-
cles from cusps—short segments where the string velocity
momentarily gets very close to the speed of light. The
emitted particles and their decay products can then be
observed as high-energy cosmic rays [4] and gamma-ray
bursts [5-7].

A phenomenon closely related to string superconductiv-
ity is the development of a bosonic condensate around the
string core [3]. For example, a condensate of standard
model Higgs particles could form around strings in some
models. The Higgses would then be copiously produced at
cusps, and their decay products could reach the Earth as
cosmic rays [8].

Here we shall discuss an alternative mechanism of cos-
mic ray production, which does not assume string super-
conductivity or Higgs condensates. It relies on the
existence of moduli—relatively light, weakly coupled sca-
lar fields, predicted in supersymmetric particle theories,
including string theory. Moduli would be copiously radi-
ated by oscillating loops of string at early cosmic times,
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when the loops are smaller than the modulus Compton
wavelength, L < 1/m, and their frequency of oscillation
is greater than the modulus mass. The emitted moduli may
affect the big bang nucleosynthesis as they decay into
photons and baryons, and contribute to dark matter and to
diffuse gamma-ray background, resulting in stringent con-
straints on both the cosmic string tension and the modulus
mass, when moduli are assumed to have gravitational-
strength couplings to matter [9-12]. However, the cou-
plings may in fact be much stronger, in which case the
constraints from moduli radiation may be significantly
relaxed [12]. Such strongly coupled moduli appear to be
quite generic in string theory landscape [13-18], and this
case is of particular interest for production of extremely
high energy (EHE) cosmic rays and neutrinos.

At later times, moduli can only be emitted from cusps,
resulting in sharp bursts of high-energy moduli. Eventually
moduli decay into standard model particles, and their
decay products can be observed as cosmic rays with
energies above 10%! eV.

The great interest of cosmic strings, and more generi-
cally topological defects, in high-energy neutrino astron-
omy is based on tremendous energies of neutrinos
accessible for these sources. While astrophysical sources
can accelerate particles to energies 102'-10?% eV at most,
topological defects can produce particles, including neu-
trinos, up to the Planck scale and above. Many observa-
tional methods of neutrino detection, in particular, radio
observations and observation of fluorescent light from
space, are possible only above ~10?° eV. Detection of
such high-energy neutrinos can by itself be considered as
a signature of neutrinos from topological defects or other
top-down scenarios. The production of EHE particles is a
very generic property of topological defects, cosmic
strings, in particular, but large fluxes of such particles are
produced only in exceptional cases [4,19-22].

In this paper, we shall treat the modulus mass and
coupling constant and the string tension as free parameters.
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We shall estimate the EHE neutrino flux resulting from
modulus decays and indicate some values of the parame-
ters that can yield observable fluxes. The paper is organ-
ized as follows. In Sec. II, we review modulus emission
from cosmic string cusps (a more detailed derivation is
given in the Appendix). In Sec. III, we discuss modulus
decay, EHE neutrino production, including beaming, and
propagation in the universe. In Sec. IV, we review the size
distribution of cosmic string loops and calculate the rate of
bursts and the diffuse flux of EHE neutrinos. We also
discuss here the upper bound on the neutrino flux, resulting
from the diffuse gamma-ray background observations. At
the end of that section we give two illustrative examples
of neutrino fluxes for different values of the model para-
meters. Finally, we discuss EHE neutrino detection.
Conclusions are presented in Sec. V.

II. MODULUS RADIATION FROM STRINGS

The effective action for a modulus field ¢ interacting
with a cosmic string of tension u is given by [9]

§=- [d‘*x[%(vmz + %mquz + \/Za ¢T5]
- ufd%r —, (1)

where vy is the determinant of the induced world sheet
metric Yo, = 8., XX, X*(o,7) is the string world
sheet, T is the trace of the energy momentum tensor of
the string, « is the modulus coupling constant, m is the
modulus mass, and m,, is the Planck mass. For a ~ 1, the
modulus coupling to matter is suppressed by the Planck
scale. Here, we treat « as a free parameter and are mainly
interested in « >> 1. Then, the mass scale characterizing
the modulus interactions is ~m,/a << m,,. Values as large
as a ~ 10% have been discussed in the literature [17].
The modulus field equation has the form

Vadma

P

(V2 = m*)p(x) = -

T2 (%), @)
with
() = —2u f drdo 73 (x — Xo(a, 7). (3)

The power spectrum of modulus radiation from an os-
cillating loop of string can be decomposed in Fourier
modes as [9]

dp, Ga?
dQ = ﬁwnle(kr wn)IZ) (4)

where G is the Newton’s constant, w, = Vk> + m> =
47qrn/L, L is the length of the loop,
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Tk, w,) =~ [d4x

X [da'dﬂ/—yﬁ“(x“ — X%(a, 7))k X7,
(%)

and k¥ = (w,, k).

We shall be interested in the modulus emission from
large loops of string, having length L > m~!. In this case,
the characteristic frequency of loop oscillation is
w ~ 1/L < m, so modulus production is suppressed, ex-
cept in the vicinity of cusps, where extremely high fre-
quencies can be reached in a localized portion of the loop
for a brief period of time. Lorentz factors greater than' y
are reached in a fraction of the loop of invariant length
AL~ L/vy.

The spectrum of resulting particle bursts can be found by
expanding X* (o, 7) near a cusp [8,10].> One finds that the
number of moduli emitted in a single burst with momenta k
in the interval dk (in the center of mass frame of the loop)
is given by

dN(k) ~ a>G u2L* k3 dk. (6)
This distribution applies for k > k.., where
1
k. ~ Zm\/mL. (7)
At smaller k the distribution is strongly suppressed,

dN = 0.
The dominant contribution to the modulus emission

comes from the lower momentum cutoff k,;, ~ k., so the
total number of moduli per burst is
203,,2
a G
N~22E ®)
m

The particles come from a portion of the loop that
reaches Lorentz factors in excess of

yc~kc/m~%\/r_n_l: 9

and are emitted into a narrow opening angle 4, around the
direction of the string velocity v at the cusp,

O~y ~4(mL)V/2 (10)

The total power of modulus radiation can be similarly
calculated as

a’Gu?

JmL

P, ~ a’GulL k.3 ~ (11)

'"From here on, and until Appendix, we use the notation y only
for the Lorentz factor.

%A detailed analysis of particle emission from cusps is given in
the Appendix, confirming the results obtained in [8,10].
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The loops also radiate gravitational waves with the
power

P, ~TGpu?, (12)

where I = 50 [1]. P, ~ P,, when L ~ L. which is given
by

L,~T2a*m™". (13)
The lifetime of a loop which mainly radiates gravitation-
ally is
mL L
I'Gu’

T
8
Pg

(14)

which implies that the characteristic size of the smallest
(and most numerous) loops surviving at time 7 is

L. ~TGut. (15)

min
On the other hand, modulus radiation dominates when
P, = P,, and the loop lifetime is given by

,LLL L3/2m1/2

Tm P &G (16)
The corresponding minimum loop size at time ¢ is
L~ a*3(Gu)Pm VPR, (17)
The transition between the two regimes occurs at
ot
t, ~ m (18)

Therefore, the minimum loop length is given by (15) for
t = t, and by (17) for ¢ < t... The redshift corresponding to
t. is given by

2o ~ D23 (G ) (m1g) 3, (19)
numerically
2o ~ 400m2 a3 u?3 (20)
where
ms=m/10° GeV,

a7 = a/107’ M—20 = Glu‘/lo_zo’

2

and the fiducial values have been chosen anticipating the
results in Sec. IV.

III. NEUTRINO PRODUCTION AND
PROPAGATION

In this section we address some problems in neutrino
physics relevant for future consideration, namely, the neu-
trino horizon, the energy spectrum of neutrinos produced
by a modulus decay, the boost of this spectrum by the cusp
Lorentz factor, and some others.

We start with a note about accuracy of our calculations.
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The main purpose of our work is a discussion of the
principle features of the phenomenon, i.e., EHE neutrino
production by moduli from cosmic strings, not an accurate
numerical evaluation of the neutrino fluxes and their de-
tection rates. In particular, our aim is to express the results
in the form of analytical formulas, so that the dependence
on input parameters can be easily seen. For this purpose we
make the following simplifying assumptions.

We use the cold dark matter cosmological model with
A=0and Q, +Q, =1 and use H, = 72 km/sMpc,
1 =43X10"7s, 1,4 =24X%X107s, 1+ z, = 3200,
the scale factor in the radiation- and matter-dominated
eras are a,(f) = t'/2 and a,,(r) = t*/3. The corresponding
time-redshift relations are, respectively, given by (¢/ty) =
(1 + 2¢g)2(1 + 2) 7% and (/1) = (1 + 2)7B/2.

For convenience of calculations we assume that at the
decay of a modulus at rest the neutrino spectrum is « E~2,
while in reality this spectrum is not power law and is
approximately proportional to £~ only for a very large
mass of the decaying particle.

A. Neutrino horizon

As they propagate through the universe, the ultrahigh-
energy (UHE) neutrinos v; (or antineutrino 7;) with i = e,
M, T are absorbed or lose energy in the following three
reactions [23]:

(i) 7, + v, = qo + Go (i) v, + 7, = 1+ 1,

where g = u,, dg, Sy, Cy» b, are quarks with @ = 1,2, 3
being color indices and [ = e, u, 7 are lepton flavors.
Reactions (i) include only s channel and (ii) may include
both s and ¢ channels. For a rough estimate we can use the
following approximation for the cross section,

N/m)G% at s < m?
ols) = | VMG At =y oy
(N/m)Gpmy, at s> my,

where Gp = 1.17 X 1073 GeV~? is the Fermi constant,
s(z) = 2E,m,(1 + z) is the center of mass energy squared
at redshift z, E,, is the neutrino energy at the present epoch,
m, ~ 0.1 —0.2 eV is the assumed neutrino mass, and
N~ 10— 15.

UHE neutrinos are absorbed or lose energy in collisions
with relic background neutrinos whose space number
density is n, = 56(1 + z)*> cm™? and kinetic energy is
€, =3.15T(1 +z) =529 X 107%(1 + z) eV.

The neutrino horizon, i.e., the maximum redshift z,,
from which a neutrino with the observed energy E, can
arrive, is calculated as

fzy dto,(2)n,(z) =1, (24)

where
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3
dt = 5to(l +7)7%%dz. (25)

At the highest neutrino energies, when o ~ o ~

(N/m)GEim3,, z,~ 15X 102 At energies below
2 X 10" GeV,
7, ~ 2.5 X 10%(E/10" GeV)~2/5. (26)

For energies of interest in this paper we shall use z,, ~ 200
at E, = 10?° eV. Detectable UHE and EHE neutrinos are
produced in the matter-dominated epoch.

It is interesting to note that the modulus-string model
allows us to probe the earliest universe with the help of
EHE neutrinos; e.g., for superconducting strings [4] the
maximum redshift is z,,,, ~ 3.

B. Modulus decay and neutrino spectrum

The rate of decay of a modulus into the standard model
(SM) gauge bosons can be estimated as

o \2
Ly~ ”5M<m—) m?, 27)
P

where ngy = 12 is the total number of spin degrees of
freedom for all SM gauge bosons, m is the modulus mass,
and we assume interaction of the form [14]

Lo~ pF,, FH”. (28)
my

The mean lifetime of the modulus in its rest frame is then
To ~ 8.1 X 10_17m;3a7_2 S. (29)

For a wide range of parameters ms and «, the lifetimes of
moduli are short even after a large Lorentz boost. In our
main scenario, the neutrino-producing moduli are born
within the neutrino horizon and decay almost momentarily
there.

However, in principle the redshifts z > z,, can also con-
tribute to the neutrino flux at z = 0, if the lifetime of
boosted moduli is long and they can decay at z < z,. In
the analysis below we argue that such a scenario is
disfavored.

The lifetimes of moduli emitted from cusps are boosted
by large Lorentz factors. A modulus emitted with a Lorentz
factor vy = k/m at redshift z and decaying at redshift z,
has a lifetime

1+Zd
1+z°

7(2) ~ To%0 (30)

In order for neutrinos to reach the Earth, they should be
produced within the neutrino horizon at redshifts z; < z,,.
Moduli emitted from cusps at z > z,, can therefore yield
observable events only if they have large enough lifetime,
allowing them to survive until they reach z,,. This gives the
condition
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1+z,
7(2) ~ ToYo——2 = 1(z,) = 11 +2,) ¥, 31)

1+z
where in the last step we used the fact that in the energy
range of interest z, =< Zeq-

For 7>z, and using ms = 1 and a; = | (which is
necessary for detectable neutrino flux; see Sec. IV), we
obtain

- tO/TO ~38X 1032 (32)
D= ) U+ )2 1z,

which is too large at any z,.

In what follows we shall consider only cusp events
occurring at z < z,, < z¢q. There are no restrictions on the
modulus lifetime in this case, except that it should be short
enough for a sufficient fraction of moduli to decay before
they reach the Earth. This is always satisfied in the
parameter range of interest.

The decay channel relevant for the neutrino production
is the decay into gluons, via the modulus-gluon interaction
of the form (28). The primary gluons from the modulus
decay initiate the quark-gluon cascade, which turns into
hadrons, mostly in pions, and then to neutrinos.

To simplify calculations and analysis, we shall assume
the neutrino production spectrum dN/dE « E~2, close to
the power-law approximation E~9 obtained for a large
mass of the decaying particle using Monte Carlo simula-
tion and the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) method [24].

The neutrino spectrum from a modulus at rest is then

dN*
dE.

m
L
E%’

1

where m is modulus mass, E, is neutrino energy, b, is
given in terms of the ratio of maximum &#** ~ 0.1m and

minimum &P" neutrino energy,

b, = [In(e™ /e, (34)

and f, ~ 1 and 1/2 are the fractions of energy transferred
from the modulus to pions and from pions to neutrinos,
respectively.

The spectrum of low-energy neutrinos is a model-
dependent feature, but generically suppression of this spec-
trum is provided by suppression of soft gluon emission due
to the coherence effect in the parton cascade. It results in
the Gaussian peak in the spectrum of pions, parents of
neutrinos. We describe effects of low-energy suppression
of the neutrino spectrum introducing formally the energy
£M" in Eq. (34), where the suppression starts, and refer to it
as “the minimal energy,” Determining the value of g
would require numerical calculations. Here, we shall
parametrize

e=€eM/1 GeV. (35)
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C. Lorentz boost and beaming

Emerging from a cusp segment, a modulus obtains very
large Lorentz factor vy corresponding to the point of exit.
The typical Lorentz factor, as it is calculated below,
reaches y ~ 10'> — 10'3. The neutrino energy E. in the
modulus rest system is boosted as

E = vyE.(1 + Bcostd,), (36)

where 8 = v/c, and 9, is the angle between the directions
of neutrino motion and of the boost in the rest frame of the
modulus.

First of all we calculate how the neutrino spectrum (33)
changes under the transformation (36). For this we use the
conservation of the number of particles before and after the
Lorentz boost:

1 dE. dQ.
dN.(E., O,) = =b.m— = dN(E, E.). 37
(E. 9.) = 5bom G TE=aNEE). (7)
Using
dE
dQ, = 2mdcost, =2 , (38)
YBE.
we obtain in terms of the new variables E and E.
2
Ny (39)
dEdE. 4yBE;
Integrating with respect to dE, we have
dN m 1
— =bi— =, 40
G~ SyB E o
where the minimum neutrino energy for a fixed E is
E 1+ if E=y(1+ min
Bamy=[FIEPVHEZ LB
gipn ifE<y(1+ B)shn,
Finally, we obtain for 8 = 1 and for decay at epoch z
dN 1 b, &k
— =¢,(E k7)== —, 42
IE &(E k z) T B (42)

if the neutrino energy at the present epoch is £ = v(1 +
B)eMt, For E < y(1 + B)e™", dN/dE does not depend
on the neutrino energy E:

dN 1 b, k1

o

— . 4
dE 8 14z y? (ghin)? (“43)

In both formulas above, k = ym is the modulus energy.
We now briefly discuss the effect of beaming. Strong
beaming of the produced particles is a remarkable feature
of the cusp models, which provides interesting observatio-
nal consequences. For moduli with the range of masses
considered here the beaming is very strong (see Sec. II).
When gravitational radiation dominates, the Lorentz factor
at z =0 can be estimated as y, = 4.5 X 10°%m}*uZ
When modulus radiation dominates, the Lorentz factor at
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Z. is y. = a?/4T =5 X 10'"a2. As a typical Lorentz
factor for neutrino production one may consider that at
neutrino horizon z, ~ 200, y. = 8.5 X IO“m;/z,ul_/zzo.

In the frame where the modulus is at rest, neutrinos are
emitted isotropically. After a Lorentz boost, most of them
move within a narrow cone with 9 ~ 1/ in the direction
of the boost, with energies E ~ yE,. However, neutrinos
which are emitted in the rest frame within a narrow cone
with .. = 1/ in the backward direction are moving after
the boost within a wide angle ¥ ~ 77/2 in the direction
opposite to the narrow high-energy jet and typically have
very low energies E ~ E,/v. The total number of these
neutrinos is 4y? times smaller than that in the high-energy
jet, and they are undetectable because of their small num-
ber and low energies. The typical neutrino energies in high-
energy beam is E ~ yE,, but low-energy neutrinos with
E ~ E./vy are also present there.

Formally, the minimum neutrino energy is extremely
low, E ~ ™" /vy, but the number of such neutrinos is very
small. However, when the neutrino spectrum is changing
from E~2 at high energies to dN /dE « const, as in Eq. (43),
the detectability of neutrinos is sharply decreased, and thus
E,in = y(z)€™" can be regarded as an effective low-energy
end of the spectrum at epoch z. To estimate the low-energy
spectrum cutoff for neutrinos generated at epoch z,, ~ 200
and observed now, we use the parametrization (35) and our

estimate for the Lorentz factor at z, ~ 200, vy.=

8.5 X 10" mY?u'2 ~ Taking into account the redshift
of the neutrino energy, we find E ;43X
109em§/ 2,LL1,/220 GeV. This estimate demonstrates the re-

markable feature of our model: the predominant generation
of the highest-energy neutrinos. A more realistic estimate of
E i, for the diffuse neutrino flux will be made in Sec. IV C.

EHE neutrinos propagate as a jet in a cone with an
opening angle 9 ~ 1/. The duration of the neutrino pulse
is very short, 7 ~ L/3, and all neutrinos reach the detector
almost simultaneously, due to the smallness of the neutrino
mass. The effective area illuminated by arriving neutrinos is
much larger than the area controlled by the detector, but the
simultaneous appearance of two to three showers in the field
of view of a large detector is possible for some parameter
values (see [4] for discussion and calculations).

Beaming is a property of all particles emitted from a
cusp, in particular, gamma rays. In some models part of
observed gamma-ray bursts may be produced by cosmic
strings [6]. Since the total number of strings in the Milky
Way is tremendously large (N ~ 10”), one may expect that
UHE gamma-ray bursts from the Milky Way may be ob-
servable. In fact, the rate of predicted bursts is too strongly
suppressed by the beaming factor (/47 = 1/(4v?) to be
detectable. The backward component is distributed within
a wide solid angle and is not suppressed by this factor, but
the total number of photons and their energies are too small
for detection.
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IV. NEUTRINO BURSTS FROM MODULI

A. Loop distribution

The predicted flux of EHE neutrinos depends on the
typical length of loops produced by the string network.
The typical loop sizes have been a subject of much recent
debate, with different simulations [25-32] and analytic
studies [33,34] yielding different answers. Here we shall
adopt the picture suggested by the largest and, in our view,
the most accurate string simulations performed to date
[32]. According to this picture, the characteristic length
of loops formed at cosmic time ¢ is given by the scaling
relation

L~ B, (44)

with 8 ~ 0.1.

The number density of loops with lengths in the interval
from L to L + dL can be expressed as n(L, t)dL. Of great-
est interest to us are the loops that formed during the
radiation era (1 <t.,) and still survive at t>t,,. The
density of such loops is given by

n(L, )dL ~ p~'{(Btey) "/t 2L7/2dL, (45)

where p is the string reconnection probability and { ~ 16
is the parameter characterizing the density of infinite
strings with p = 1, po, = Ju /1.

The dependence of the loop density on p is somewhat
uncertain and can only be determined by large-scale nu-
merical simulations. Here we have adopted the p~! depen-
dence suggested by simple arguments in, e.g., [35,36]. The
reconnection probability is p =1 for ordinary cosmic
strings. Its value for F- and D-strings of superstring theory
has been estimated as [37]

10 3=<p=1. (46)

The distribution (45) applies for L in the range from the
minimum length L, t0 Ly, ~ Bleq- The lower cutoff
L in depends on whether the energy dissipation of loops is
dominated by gravitational or by modulus radiation. It is
given by (15) for z < z, and by (17) for z. < z < z¢q, With
z. from Eq. (20). For z, > z., the dominant energy loss is
gravitational radiation and Eq. (15) for L, applies in the
entire range of interest.

The string motion is overdamped at early cosmic times,
as a result of friction due to particle scattering on moving
strings. The overdamped epoch ends at [1]

tdamp ~ (G:u“)_ztp; (47)

where 7,, is the Planck time. In the above analysis we have
assumed that loops of interest to us are formed at 7 > 74,-
The corresponding condition is

Lmin(t) = Btdamp’ (48)

This bound assumes that the strings have non-negligible
interactions with the standard model particles, so it may
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not apply to F- or D-strings of superstring theory. In any
case, we have verified that (48) is satisfied for parameter
values that give a detectable flux of neutrinos.

B. Gravity- and moduli-dominated regimes:
Restrictions imposed by z..

The value of z. given by Eq. (20) marks the boundary
between two regimes of string evolution. In the first re-
gime, at z < z,, the string energy loss is dominated by
gravitational radiation. This includes the entire relevant
range of z for z, >z, and the range 0 =z =<z, for
Z. < z,. We shall call it the gravity-dominated regime.

The second regime is dominated by the modulus radia-
tion; we shall call it the moduli-dominated regime. It
corresponds to the redshift interval z, = z = z,, and exists
only when z, < z,,.

It is often convenient to perform the calculations for the
fixed value of z., considering it as a free parameter. In this
case the space of three physical parameters a5, ms, and
is restricted by Eq. (20) as 400a; **m?? u*3, = z., which
we will use in the form

K0 = (2./400)32adms . (49)

Then our calculated quantities, such as neutrino fluxes and
characteristic energies, will depend on two parameters, a-
and ms, and the fixed value of z..

The value of fixed z, characterizes “the model.” One
should distinguish two major classes of models: with high
Z« > 7, wWhich corresponds to the gravity-dominated re-
gime, and with low z.<z,, which includes both
the gravity-dominated regime at 0 =z =z, and the
moduli-dominated regime at z, = 7 = z,,.

C. Neutrino flux

As we argued in Sec. IIIB, the neutrino-producing
moduli are born and decay within the neutrino horizon
at z = z,. We shall first consider the high z, models with
7« > 7, (gravity-dominated regime) and then study the
case z, < z,, which includes both the moduli-dominated
regime at z, = z =< z,, and the gravity-dominated regime
at 0 = z = z..

The neutrino flux can be most generally calculated as

Q1
477' riz(Z)

&,(E z, k),

(50)

L ofavi) .
J,(E, z)—ﬂf1 +ZdN,,dNX(k)

where the proper volume for the matter-dominated epoch is
dV(z) = 54mt)[(1 + )2 = 1P(1 + 2)7'"%dz,  (51)

the rate of bursts is dN, = n(L)dL/(L/2) with n(L)dL
being the number density of loops with length L in the
interval dL [see Eq. (45)], the number of moduli dN)’}
emitted in a burst with momenta k in the interval dk is
given by Eq. (6), /4 is the probability that a randomly

085006-6



EXTREMELY HIGH ENERGY NEUTRINOS FROM COSMIC ...

oriented burst is directed to the observer, ,7%(z) is the
area of the irradiated spot at the observer’s location, and
&,(E, z, k) is the spectrum of neutrinos from decay of a
modulus with momentum k, given by Eqgs. (42) and (43).

Integration in Eq. (50) goes over k, L, and z. For inte-
gration over k and L only lower limits are essential, and
they are given by k,;, = m~/mL and L, from Eq. (15) or
Eq. (17) for the gravity-dominated and moduli-dominated
regimes, respectively. In the case z. > z,,, we have z,,,, =
Z,, while z;. is determined by the rate of bursts or by
minimum energy of neutrino E;,(z) at epoch z as ex-
plained below.

Consider first the limit z,,;, imposed by the rate of bursts.
The average rate of bursts N, (<z) that occur in the redshift
interval between 0 and z is a growing function of z, and we
can define z,, as the redshift at which this rate is a few bursts
per year. No bursts will be detected from z < z;, so we
should introduce a lower cutoff of z integration at z,,;, = 2,
The rate of burst N, is calculated in Sec. IVD and z, is
found to be small in the parameter range that we are con-
sidering here. Hence, the condition z > z;, does not yield a
significant constraint for the z integration in Eq. (50).

Another constraint to consider is that the energy
E of neutrinos should be above the minimal energy,
E> Epin(2) = v.(2)e™/(1 +z), where 1y.(z) =1X
[mL,.;.(z)]'/? is the characteristic Lorentz factor for loops
of minimal length L,;,(z) at epoch z. For the gravity-
dominated regime we are considering here

y(2) = 45 X 108ml?u' 2 (1 + )34 (52)

To proceed, it will be convenient to use z. in place of the
string tension p as a free parameter. With the aid of
Eq. (49) we have

Enin(2) = Ega3(z./2,)3*(1 + 2) 774, (53)
where
E, =27 X 108¢ GeV, 54)

and ¢ is the parametrization factor introduced in Eq. (35).
The lower bound of z integration z,,;, can now be found as
the value of z for which E;,(z) = E,

1+ zpin(E) = (Eo/EY" 0% (2./2,)%7.  (55)

Integrating Eq. (50) over z from z.;,(E) to z,, since we
assumed above z, > z,, we obtain

200

1 +2,. (EN/2
X [1 - (1Z+()) ] GeV/cm2sst.  (56)
Zy

- 1/2
E*J,(E)=2.5%10"°p ' aZmj 1/2( Zy )

The calculated flux for a “‘normalizing” set of parame-
ters p = 1 (ordinary strings) and a7 = ms = z,/z, = 1 is
shown in Fig. 1 by curve “theor. 3.” This flux is low and
detectable only by SKA. The largest flux in Fig. 1 is
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FIG. 1 (color online). Calculated neutrino fluxes compared
with existing upper limits, the Antarctic Impulse Transient
Antenna—II (ANITA-II), Radio Ice Cerenkov Experiment
(RICE), ANITA 08, and with sensitivities of projects, Japanese
Experiment Module-Extreme Universe Space Observatory
(JEM-EUSO), Low Frequency Array (LOFAR), and Square
Kilometer Array (SKA). Line “E~? cascade” presents the upper
limit for cosmogenic neutrinos [40]. Curve “theor. 3" gives the
predicted neutrino flux for the gravity-dominated regime with a
normalizing set of parameters p = 1 (ordinary strings), and
a7 = ms = z./z7, = 1. This flux is detectable only by SKA.
Curve “‘theor. 2”° corresponds to the superstring-motivated ex-
ample in the gravity-dominated regime (see Sec. [V F) with p =
1, z./z, = 1, a7 = 3, and ms = 4. This flux is detectable by
SKA and LOFAR. Increasing further the product a2m; "/* the
flux can be made detectable by JEM-EUSO, though increasing
of a7 should be limited, because of increasing of E,;, due to this
factor. The curve “theor. 17 with parameters p = z,/z, = 1,
a; =2, and ms = 0.1 gives the flux detectable by all three
future instruments SKA, LOFAR, and JEM-EUSO. In the case
of the moduli-dominated regime with parameters considered in
Sec. IVG as ay; =2, ms = 0.1, and z. = 100, neutrino flux
is observable by all three detectors, SKA, LOFAR, and
JEM-EUSO.

presented by curve “theor. 1 for the parameters p = 1,
a; =2,ms = 0.1, z./z, = 1. Itis close to the upper limit
shown by curve “E~2 cascade,” and is detectable by JEM-
EUSO, LOFAR, and SKA. Here and everywhere below we
assume & = 1.

The maximum energy of neutrinos is determined by
Enax ~ 2v€er® at generation and can be extremely large,
but the flux of these neutrinos is suppressed as E~2.

We shall now consider the low z, models with z, = z,,,
and calculate first the neutrino flux generated in the
redshift interval z, =< z = z,, where energy losses are
moduli-dominated. Then we calculate flux in the interval
0 = z = z., where the gravitational radiation dominates.

For the interval z, = z = z, and fixed z,, the neutrino
flux is calculated using Eq. (50) and the parameter restric-
tion in the form u*3) = (z./400)ay/ *my 23 As a result
we have
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1
E2J,(E) = —Kp*'a7m5 V2(1 + z,) dz(1 + 2)73/2,

Zmin(E)

(37

with K = 1.8 X 1071° GeV/cm? s sr.

The lower limit of integration in Eq. (57) is obtained as
above from E,;,(z) = ¥.(2)&min/(1 + z). Using the condi-
tion E = E,;,(z) and 7., = z. one obtains

Za at E=E,,
Zmin(E) = (E/E ) 2/3CY‘7‘/3Z}</3 at Emin =E= Emin
Zy at £ = Emin’
(58)
with  Egp, = 1.3 X 10%ea3(2./50)"/2 eV,  Epp, =

1 X 10”ea3(50/z.)* eV,  and
Finally we have

E, =5 X 102 eV.

E?J,(E) =
(59)

Using in Eq. (59) zpin(E) = z. at E = E,;, [see Eq. (58)]
one finds the high-energy (HE) asymptotic of the flux in the
moduli-dominated regime

E2J,(E)=1.8X10"1p 1 aZm  "/3(1 + z,)1/2

1+ z.\1/2
X[l—( Z') ]Gchm*ZS*'srfl, (60)
1+z,

validat E = E ;..

We have to add also the neutrino flux generated in the
interval 0 = z = z, where the gravitational energy losses
dominate. In this case L, is given by Eq. (15). For the HE
asymptotic one finds

E2J,(E) = 1.8 X 107100 TaZmy 2(1 + z,)'/2

X GeVem 2s tsr ! (61)
For an easily understandable reason, the HE asymptotic
here is (z./z,)"/? lower than in the case z, > z, given by
Eq. (56). Less trivial is the coincidence of the HE asymp-
totic in the gravitational regime (0, z.) given by Eq. (61)
and in the moduli-dominated regime (z., z,) given by
Eq. (60). It is explained by the fact that dominant contri-
butions in both cases are given by epochs with redshift z..
The general conclusion about neutrino production is there-
fore increasing the flux with growth of z, until it reaches
Z,. Thus, the high z, models predict the largest neutrino
fluxes.

Apart from this, more efficient neutrino detection in high
z. models, follows from a lower cutoff energy FE|;,.
Indeed, the minimal energy of neutrinos for both regimes
(0, z..) and (z,, z,) is determined by the same expression

- 1+ z, 1+ 2z, \!/2
Kp_lcu7m5 172 ¢ [( < ) - 1].
(1 + Zy)l/z 1+ Zmin
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%(Z*) min 1 a? Sglin
Zx) = * = > 2
Enn(2) = 7o =y o (6

while for the gravity-dominated regime with z, > z,, it is
determined by z, as

() = Ye(20) _min
min ] + z * .

(63)
Increasing z. in Eq. (62) we decrease E,;,, which is
favorable for detection by JEM-EUSO.

One may also see that the moduli-dominated regime
gives a subdominant effect as compared with the gravity-
dominated one at z, > z,,.

D. The rate of bursts

The rate of bursts is not a physically measured quantity,
but it can serve as an indicator of detectability of the burst
radiation.

The rate of cusp bursts with their cones of radiation
directed to the observer is given by

dv(z) n(L,z) , Q
dL —,
1+z L/2 “ax

where dV(z) and n(L)dL are the same as in Eq. (50). The
quantity ) /47 gives the probability for the observer to be
located within the cone of the cusp radiation. Such a
location does not guarantee detection of this radiation,
because the area of irradiated spot Qr? is much bigger
than the size of the solar system, but a too low rate of bursts
means that the signal is undetectable. To calculate () =
9% we use O~ (k.L)~'/3 [see the discussion above
Eq. (A23) in the Appendix for details].

We calculate the rate of bursts for z < z,, when gravi-
tational radiation dominates. The rate integrated from
z = 0 up to redshift z is given by

N,= (64)

(teg/t0) 1
N, (= 24/3 —1pp1/2_Veq L
b( Z) gﬁ (FG )7/2 mt%
1(z) = 11X 107w 22m3 ' (z) yr ), (65)
where
I(Z) _ /OZ dzl[(l + Z/)1/2 _ 1]2(1 + Z')7/4. (66)

Numerical values of 1(z) are shown in Table I.

In Sec. IV C z,,, = z, is defined from condition N, (=
7,,) as a few per year. From Table I and Eq. (65) one can see
that the rate of bursts is large enough even at redshift as

TABLE I. Numerical values of integral I(z).
z 0.1 0.5 1.0 2.0
1(z) 9.12X 1073 0.015 0.165 1.99
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small as 0.1, and thus the condition z > z;, does not impose a
significant constraint for the integration of Eq. (50) over z.

E. Cascade upper bound

An upper bound on the neutrino flux follows from the
observed diffuse HE gamma-ray background, since neu-
trino production via pion/kaon decays is accompanied by
high-energy electron and photon production. These elec-
trons and photons, interacting with CMB and extragalactic
background light photons, produce an electromagnetic
cascade, whose energy density w.,, must not exceed that
of the observed diffuse gamma radiation. This results in the
upper limit on the diffuse neutrino flux [38]. With the
assumption of the E~2 generation spectrum of neutrinos
the cascade upper limit can be written as

max
c a)cas

EJ(E)=s— &
V( ) 4 ln(Emax/Emin)

(67)

where E_,, and E.;, are the maximum and minimum
neutrino energies, respectively, and wha* is the maximum
cascade energy density allowed by observation of the iso-
tropic diffuse gamma radiation.

According to recent Fermi-Large Area Telescope ob-
servations [39] this energy density is what = 5.8 X
1077 eV/cm?, as it follows from the analysis [40,41].
This limit results from a comparison of the cascade spec-
trum at 100 GeV with the Fermi data, while the lower
energies give a weaker limit. For our case we assume that
cosmological epochs with redshifts z = z.,,, when gamma
rays with E,, > 30 GeV are absorbed, make a negligible
contribution to the obtained upper limit. One can estimate
Zeas 10 the following way. At z = 0 a very sharp absorption
of gamma rays on CMB occurs at £2(0) = 100 TeV. At
epoch z this energy is (1 + z) lower. Taking into account
the redshift of these photons, we estimate 7., as Zcs ~
(E®s/E,)? ~ 60.

The energy density for the electromagnetic cascade
radiation resulting from modulus decays can be expressed
as

lf [ dt  n(L,z)dL
O =
W21+ L2

N(k)kdk, (68)

where f. ~ 1 and 1/2 are the fractions of energy trans-
ferred from the modulus to pions and from pions to elec-
trons and photons, respectively, dt is given by Eq. (25), the
density of the loops n(L) is given by Eq. (45), and the
number of moduli emitted per burst N(k) is given by
Eq. (6). The limits of integration in Eq. (68) are as follows:
Zmin = 07 Zmax — Zcas 60, kmin = (1/4)mm7 and Lmin
is given by Eqgs. (15) and (17) for the cases z. > z.,, and
Zw < Zeas» TESpPecCtively.

Consider first the case z. > z.,, when gravitational
radiation dominates. Performing the integration we obtain
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(teq/l‘O)l/2
(tm)"/?

=5.8X107p  a2my /3 (2¢s/60) /2 eV /cm3.  (69)

2

— — _ m
Weos =9 X271 BIAT 2 =TI+ 2! V?

0

For z. <z., we have to integrate over the interval
0 = z = z., where gravitational radiation dominates, and
over interval z, =z =z, Wwhere moduli radiation
prevails. For the first case (gravity-dominated regime at
0 = z = z.) one obtains

Weys = 4.7 X 10 °p " aZm; /*(2./40)/2 eV /em?. (70)

For the second case (moduli-dominated regime at z, =
7 = Z.4,) We have using Eq. (49)

Weps = 4.7 X 10_9p_1a%ms_l/z(z*/40)l/2
X [1 - (Z*/ans)l/z] CV/CI'I’IS. (71)

Note that this is the same as (70), apart from the last factor.
The reason is that in both cases the main contribution to z
integration comes from z ~ z,, like in case already dis-
cussed for neutrino fluxes.

For reasonable values of z,, all three w,, given by (69)—
(71) are less than maximally allowed w@2* = 5.8 X
1077 eV/cm?.

Two remarks about the cascade limit for our model are
now in order.

This limit is not strictly enforced because cascade pro-
duction occurs at very large redshifts, while o, is con-
strained mainly due to the highest-energy cascade photons
with E = 100 GeV (see Fig. 1 in [40]). These photons are
absorbed by the extragalactic background light at earlier
cosmological epochs, and therefore in cosmic string mod-
els, where the main part of the cascade energy density is
produced at large redshifts, the constraint on w, is weaker
and values higher than 5.8 X 1077 eV/cm? are allowed.
Therefore, neutrino fluxes above the E~2 cascade upper
limit taken from [40] and shown in Fig. 1 are not neces-
sarily excluded.

One may also expect that beaming of cascades may
reduce the efficiency of the cascade limit. The calculation
of beam widening in the ambient magnetic field shows that
narrow beaming survives only for very weak magnetic
fields of order 10715 G.

F. Superstring-motivated example
for high z. model with z. >z,

Because of the simplifying assumptions adopted in this
paper, we cannot reliably determine the domain in the
parameter space of «, m, and G, which yields detectable
fluxes of EHE neutrinos.

Instead, we shall discuss some illustrative examples of
parameter choices, for which neutrino detection in future
experiments is possible. Among such projects we shall
consider detectors aimed at the highest-energy neutrinos
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above 10%° eV: JEM-EUSO [42], Anita-II [43], LOFAR
[44,45], SKA [44,46], and the Lunar Orbit Radio Detector
(LORD) [47]. JEM-EUSO is based on space detection of
fluorescent light from the showers in the atmosphere. All
others are based on radio detection of the showers due to
the Askarian effect [48]. The sensitivities of three of these
experiments, JEM-EUSO (expected to be launched in
2015), LOFAR, and SKA, are shown in Fig. 1.

First we shall consider a superstring-motivated example
for cosmic strings evolving in the gravity-dominated re-
gime, assuming that z,. > z,. We fix plausible parameters,
both for strings and for particle physics. Specifically, we
consider the large volume string compactification model
[13], which is characterized by an intermediate string scale
m, ~ 10'" GeV and a TeV-scale supersymmetry breaking.
The hierarchy between the Planck and supersymmetry
breaking scales in this model is due to an exponentially
large volume of the compact extra dimensions, Viym, =
VI, where V ~ 10" and [, ~ m; ' is the string length
scale.

Apart from the volume modulus, which has
gravitational-strength couplings to ordinary matter, the
other Kahler moduli have large couplings of the order [14]

a~VYV. (72)
With V ~ 10'5, we have a ~ 107,

The modulus masses are given by [14]
In'vV
v

It is useful to parametrize m in terms of «. Since we are
interested in @ ~ 3 X 107, the factor [n "V can be replaced
by 35. Hence, we obtain for the mass

m~ 35m,a % (74)

m~ m (73)

P

For o ~ 3 X 107 we have m ~ 4 X 10° GeV, and we fix
M _oo ~ 10, to ensure z, > z,. The last condition means
choosing the basic cosmic string parameter, the symmetry
breaking string scale n = ./u ~3.9X 10° GeV, ie.,
Gu ~ 1 X107, With this choice of parameters, Zz.
from Eq. (20) is given by z. = 250; i.e it is larger than
zmax ~ 60 and than the neutrino horizon z,, ~ 200. For this
case, the neutrino flux is given by Eq. (56) and the cascade
energy density by Eq. (69). With the parameters «; and m;
as indicated above, the neutrino flux is E2J(E) = 1.3 X
1078p~! GeV/cm?ssr and the cascade energy density is
Weps = 2.6 X 1078p~ 1 eV/cm?.

This neutrino flux is shown in Fig. 1 by the curve
“theor. 2”. It is detectable by LOFAR and SKA, but
not by JEM-EUSO.

We can modify this model choosing parameters provid-
ing a larger neutrino flux. For this we fix a; = 2, ms = 0.1
and keep z. =250, ie., pm_r, =80 and n=1X
10'° GeV. The cascade energy density, @, =
7.3 X 107 3p~! eV/cm?, is safely below w™2*. This model
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satisfies the restrictions obtained in [12], and in fact we can
further increase the flux by decreasing ms. At the high-
energy limit the calculated neutrino flux is given by
E?J,(E) = 32X 107 %p~! GeV/cm?ssr. This flux is
shown in Fig. 1 by curve theor. 1; it is detectable by
JEM-EUSO, LOFAR, and SKA.

G. An illustrative example for low z.. model with z.. < z,,

Let us now assume that z, < z,. Then, in the redshift
interval z, = z = z,, the modulus radiation dominates. In
the remaining interval 0 =< z < z, the gravitational energy
losses are dominant. The total neutrino flux is given by the
sum of fluxes generated from both intervals. A value of z,
fixes a model. Here we try to find a model with a detectable
neutrino flux.

The neutrino flux from the moduli-dominated interval
(z4 z,), in the HE asymptotic regime, is given by Eq. (60).
This equation becomes valid just above the low-energy
steepening, i.e., at

E = Ep, =1 X 10%a2(50/z.)° eV. (75)
For the flux from the gravity-dominated interval (0, z,),
the HE asymptotic is given by Eq. (61), with a low-energy

cutoff approximately at the same energy as above.
Summing up both components, we obtain

E2J,(E)=18X10"10p 1a2m /> (1 +z,)1/

1+ z,\1/2
X[Z—( < ) ]Gchm_zs_lsr_l. (76)
1+z,

To maximize the flux without strongly increasing the
low-energy steepening threshold E,, given by Eq. (75),
one can use the parameters a; = 2, ms = 0.1, and z, =
100. As a result we obtain E,, = 1X 10" eV and
E?J,=29X10"% GeVem 25 'sr™!, close to the upper
limit “E~2 cascade” in Fig. 1. This flux is detectable by
JEM-EUSO, LOFAR, and SKA. The cascade energy den-
sity does not exceed wiy*.

For cosmic F- and D-strings, the p~! factor alone can
increase the flux and w,, to and above the “E~? cascade
limit”, keeping E,;, unchanged.

H. EHE neutrino detection

The calculated EHE neutrino fluxes are shown in Fig. 1,
together with the existing upper limits from ANITA 08
[43], ANITA-II [43], and RICE [49], and with the sensi-
tivity of the proposed experiments—JEM-EUSO [42] (to
be launched in 2015), LOFAR [45], and SKA [46]. The
predicted fluxes are presented for the gravity-dominated
regime with z,. > z,. As is discussed in Sec. IV G in the
moduli-dominated regime the neutrino fluxes can be also
detectable. The characteristic feature of all models is very
high minimal energy of neutrinos in spectrum E,;,.
Because of this, neutrino fluxes in some models are un-
detectable by JEM-EUSO.
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In all cases neutrino fluxes and cascade energy density
are scaled by factor p~'a2mg /2. The quantity aZm; />
alone can be increased by factor 10-30. In our models
neutrinos are produced at large redshifts, while wha* =
5.8 X 1077 eV/cm? is obtained mainly due to observation
of 100 GeV photons [40], which have a local origin.
Increasing the value of «5 is limited since E,;, is usually
proportional to @2 and these high-energy neutrinos be-
come undetectable by JEM-EUSO. The quantity p~! can
be easily increased by factor 10° for cosmic F- and
D-strings. This factor is limited by w,, only; E.;, does
not depend on p~ .

The characteristic feature of our model is the production
of EHE neutrinos due to tremendously large Lorentz fac-
tors. The neutrino-induced gigantic showers in the air or
lunar regolith produce a strong signal reliably detectable in
optical and radio emissions. The signature of EHE neutrinos
with energies above 102'-10?? eV is given by this energy
scale, which is inaccessible for astrophysical sources.

This model has another signature, already discussed in
[4]: the simultaneous appearance of a few showers in the
field of view of a detector. It is due to neutrino propagation
in the form of a very narrow jet and to the absence of time
delay in neutrino arrival, because of the tremendously large
neutrino Lorentz factors I'), = E,/m,. Compared to the
case of superconducting strings in [4], the rate of multiple
showers is strongly suppressed by higher energies of neu-
trinos, being partly compensated by the greater target mass
of gigantic radio detectors. We present some brief esti-
mates below.

The number of detected neutrinos from a jet in the
detector target is given by

(TVN(>E)

N

Ny (>E) = MgeiF,(>E), 77
where o,5(>E) is the neutrino-nucleon cross section for
neutrinos with energies greater than E, M, is the target
mass for the largest radio detectors, and F,(>E) is the
fluence of neutrinos with energy greater than E in a jet
from a source at redshift z. The fluence is calculated as

gv(k, Z, >Emin)

)
k

F,(>E) = [ dkN% (k)
where E;, is the minimum neutrino energy for a source
at redshift z. In numerical estimates we shall use o,y ~
1 X 1073 cm? and My, ~ 10%! g.

For the gravity-dominated regime, standard calculations
give the following expression for the neutrino fluence from
a loop of length L, at redshift z:

a’  f, I32(Gup)"?
37253 b, (tym)'/?

% 1 m
[(1 + Z)1/2 - 1]2(1 + 2)9/4 Emin

F,(>E) =

m3, (79
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where for z<1 E,,=45X 1022m;/2/¢_208 eV.
Estimating fluence for the illustrative case parameters o =
3X 107, m =4 X 10° GeV, u_py = 10, and using z ~ 1
and E,;, ~ 10'° GeV, we obtain F, ~3 X 10718 cm 2.
The number of neutrinos detected per burst is calculated
as N9t ~ 2 X 107*u3 5. The fact that N3¢ << 1 shows that
practically all detected neutrinos are single. This is mostly due
to the large value of E|;, in the gravity-dominated regime.

The situation is different for the moduli-dominated re-
gime at z, =z = z,. The fluence from a loop with
L ~ L., at redshift z, is given by

2—2/3 f7T

Gu)?

X ! at m—%l (80)

(1+ 2321 +z)V2 = 1P Ety
For the model with @7 = 10, ms = 1, and z, = 40, which
yields the electromagnetic cascade flux at the energy den-
sity bound w3*, and assuming the neutrino energy E =
1 X10° eV, we obtain numerically F,(>E)=
6.2 X 1075 ¢cm™2, and the mean number of neutrinos
detected in a burst is N9 ~ 0.4. The Poisson probability
to detect simultaneously n = 2 neutrinos at average N =
0.4 is 0.054.

V. CONCLUSIONS

Production of high-energy particles is a natural feature
and one of the signatures of topological defects, including
cosmic strings. It provides a method of searching for, e.g.,
cosmic strings, which complements other methods, based
on the gravitational effects of strings, such as structure
formation, CMB data, gravitational radiation, gravitational
lensing, and others. The strongest current bounds on strings
with a symmetry breaking energy scale n = ,/u are given
by Gu =< 1077 due to lensing effect [50] and Gu =< 4 X
107?, due to the millisecond pulsar observations [51]. With
more advanced gravitational wave detectors, the bound is
expected to improve to Gu ~ 107'? [35,52]. On the other
hand, UHE particles can be detected from strings with Gu
values as small as ~10720,

Cosmic strings can arise from a symmetry breaking
phase transition in the early universe. Fundamental strings
of superstring theory can also play the role of cosmic
strings in some models.

A characteristic feature of the string dynamics is the
periodic appearance of cusps, where very large Lorentz
factors are reached for brief periods of time. Particle emis-
sion from a cusp segment results in extremely high particle
energies. Astrophysical sources, at the present level of
knowledge, cannot accelerate particles to energies above
10?'-10?? eV, with the maximum neutrino energy an order
of magnitude lower. Thus, detection of neutrinos with £ =
10?! eV would be a signature of top-down models, with the
string-cusp model as a plausible candidate. An additional
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signature of this model is neutrino emission in the form of a
narrow jet with simultaneous detection of two or more
neutrinos possible in the field of view of the detector.
However, this possibility exists only for some values of
model parameters and only for large detectors.

EHE neutrino astronomy with E = 10! eV can probe
high-energy processes in the universe up to redshifts z, ~
200. At the same time these neutrinos have a large inter-
action cross section with nucleons, o,y ~ 1 X 1073! cm?,
favorable for detection.

Moduli are produced near cusps of oscillating string
loops, where the characteristic frequency of string motion
exceeds the modulus mass m. These particles are emitted
from a string segment with a Lorentz factor y,. ~ /mL/4,
where L is the length of the loop. Moduli and the products
of their decays move as a jet with an opening angle 9. ~
v- 1. A modulus decays into two gluons, which initiate a
quark-gluon cascade, which turns into hadrons, mostly
pions, and then to neutrinos. We assume that the neutrino
spectrum in the rest frame of the modulus is « E;’ 2 where
E, is the neutrino energy in this frame. We adopted this
spectrum in order to simplify the analysis and to obtain
transparent analytic results. In fact the neutrino spectrum is
not power law, and has a flattening at a low energy e,
which we call the minimum energy. This spectrum is
Lorentz boosted, as described in Sec. III C, and the boosted
spectrum also has a flattening at energy E;, ~ ¥.€™".
This energy can be considered as an effective low-energy
cutoff of the spectrum, because at E < E;, the detectabil-
ity of neutrinos is noticeably reduced.

Given the length distribution of loops at epoch z and the
spectrum of moduli emitted from a loop of a given length, it
is possible to calculate the neutrino flux E%J,(E), the cas-
cade energy density w.,s, which provides an upper limit on
the neutrino flux (see Sec. IV E), and the cutoff energy E,;,
in the neutrino spectrum. The results are given in terms of
three free parameters a; = /107, ms = m/10° GeV, and
W_20 = Gu/1072°, Another important parameter is the
redshift of the neutrino horizon, z, ~ 200.

The results of these calculations critically depend on the
redshift z, = 400a; 8/ 3m§/ ’ ,u2,/230. This redshift separates
two regimes in the string evolution: the gravity-dominated
regime at z = z,, when gravitational energy losses are
dominant, and the moduli-dominated regime at z = z,,
when modulus radiation energy losses dominate.

Apart from this selective role, fixing the value of z,. gives
a constraint in the parameter space (a7, ms, ®_5), in the
form z,.(ay, ms, _o9) = z, where z/ is the fixed z.. value.
This reduces the number of free parameters to two (at the
fixed z.), which we choose as a7 and ms. As a result all
calculated fluxes E2J,(E) and energy density w,, scale (at
fixed z,) as p’la%m;l/z.

In our calculations the fixed value of z,. plays the role of
the most important parameter, which determines what we
call “the model.” The high z, models, defined as z.. > z,,
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correspond to the gravity-dominated regime in the whole
allowed interval of redshifts (0, z,). The low z. models,
defined as z, < z,, are characterized by two regimes: the
gravity-dominated one at 0 = z = z, and the moduli-
dominated one at z, = z = z,,, with approximately equal
neutrino fluxes. The total neutrino flux is increasing with
growth of z. until it reaches z,, and models with z, = z,,
give the largest flux. This growth of flux with z, is accom-
panied by a decrease of E;, [see Eq. (62)], which is
favorable for neutrino detection by JEM-EUSO.

Three theoretical curves in Fig. 1 illustrate different
cases of neutrino detectability for the gravity-dominated
regime at z, = z,,. The predicted flux is detectable by SKA
only in case of a normalizing parameter set p = a; =
ms = z,/z, = 1 (curve “theor. 3”). The flux is detectable
by LOFAR and SKA in case of p = z./z, = 1, a7 = 3,
and ms = 4 (curve “‘theor. 2”). The flux is detectable by all
three detectors JEM-EUSO, LOFAR, and SKA if p =
2/2, = 1, a7 = 2, and ms = 0.1 (curve “theor. 17).

We considered the above ““ordinary” strings with p = 1.
For cosmic superstrings with reconnection probability
p < 1, the neutrino flux increases by a factor p~! without
increasing E,;,, and is detectable for a wider range of
model parameters.

The cascade upper limit on neutrino flux in Fig. 1 (E~2
curve) is given for cosmogenic neutrinos from [40]. It is
based on maximum energy density e allowed by Fermi
data [39]. For the considered model with the dominant
contribution from large redshifts this upper limit is higher
because of 100-GeV-neutrino absorption. Therefore, al-
lowed neutrino fluxes can be further increased.

The remarkable feature of moduli-produced strings is
strong beaming. The Lorentz factor at z = z, in the
gravity-dominated regime and at z, in the moduli-
dominated regime is I' ~ 10'2. The corresponding angle
of a beam is & ~'"! ~ 107!2. Neutrinos with these tre-
mendous energies arrive simultaneously at a detector and
can produce simultaneously two or more showers in the
field of view of the detector. The estimates made in
Sec. IV H show that such events are rare due to very high
energies of neutrinos.
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APPENDIX

In this section we shall derive the modulus radiation
spectrum in more detail. In a flat background, i.e., g, =
Nuy = diag(—1, 1, 1, 1), the equation of motion for the
string world sheet X# (o) is
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8a(\/—_'y'y“bX,’g) =0. (Al)
Using the conformal gauge and ¢ =7, ¢! = o one
obtains
X# —X'r =0, (A2)
and the gauge conditions are
X-X'=0, (A3)
X2+ X?%2=1. (A4)

In this gauge, the world sheet coordinate 7 can be identified
with the Minkowski time coordinate 7. The solution for
(A2) can be written in terms of the right moving and the left
moving waves as
X(0,7) = 3[X (o) +X ()] (A3)

where the light cone coordinates are defined as o, = o +
7, 0_ = o — 7. The corresponding gauge conditions are
X'? = X”? =1, where primes denote derivatives with
respect to the light cone coordinates.

Using the light cone coordinates, Eq. (5) can be written
in the form

y72 L L , /
Tk, w,) = )., do, . do_(1+X,-X")

X ei/2[(a)n0'+7k-x+)7(a)na',+k-X,)]' (A6)

Since we shall be mainly interested in modulus bursts
from cusps, we use the expansion of the string world sheet
about a cusp, which we take to be at o, = o_ = 0. The
functions in the integrand of (A6) can be calculated from
the expansions as

4 2
1+X, - X ~— Zzsam_, (A7)
and
2 2
k-X. ~ k(io-i - 3—2201), (A8)

where s is an O(1) parameter which depends on the loop
trajectory and Kk is assumed to be in the direction of the
string velocity at the cusp.

Equation (A6) can now be separated into two integrals as

(A9)
where
Ii — [L dO’i O-ieii[(‘”n_k01/2)+(772k/3l‘2)”3:]_ (AlO)
—L

After a change of variables, we obtain the integral
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L? 0 .
It(l/t) — ﬁ(% _ 1)[_ dxxetz(S/Z)u[x+(1/3)x3], (Al1)

where

Lk (w 3/2
u=s———>y\-">-1) , Al2)
3\/577'( k ) (
and we have approximated the upper and lower limits of
integration as *=oo. The real part of the integral is zero
since it is an odd function of x. The imaginary part can be

expressed in terms of the modified Bessel function,

L7 (w, 2
Then, (A9) can be calculated as
4Lps (w, 2
Tk, w,) = 3—:2<7 - 1) K2,(w) (A14)

and the power spectrum for the moduli radiation (4) from a
cusp is

dP, 8L?a’s’Gu? k<w"
—_ = 7&) —_—
dQ) 97 "\ k

The asymptotic form of the power spectrum for k > m
and w, = k,i.e., u <K 1, is®
dp, _ Fa?s?Guin=C/3),
dQ)
where T" ~ 1. This is the same as the power spectrum for
gravitons, except that for gravitons there is no additional
coupling constant & and the numerical coefficient is some-
what different.
The average rate of moduli radiation per solid angle is

dN _ ¢ 1 dpP,
dQ S, dQ

4
- 1) K. (ALS)

(A16)

(A17)

The sum over n can be converted into an integral over k by
using the relation w, = 7 = /k? + m?*:

L
L kdk
=— | ———. Al8
%“ 4ar f VE2 + m? ( )
Here we only consider the modulus bursts which have very
large Lorentz factors; thus we keep the leading order term
in the limit k> >m. In this limit, (A12) becomes u =

é:}:z. By substituting (A15) into (A17), using (A18), and

also by making a change of variable u = lé;’:;z , we obtain
. 202G 2
dN ~ TR g (iPdudQ. (A19)

The function K,/3(u) dies out exponentially at u = 1.
Hence, the main contribution to the rate comes from the
region u < 1 which corresponds to

3When u << 1, KV(M) ~ %(%)V
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1
k= kpin = k. ~ Zm\/mL. (A20)
For k > >k.;,, Eq. (A19) gives
dN ~ a®s*G u2LY3 k=53 dkd(). (A21)

From (A21), the number of moduli emitted from a cusp in a
single burst, into solid angle d(), having momentum be-
tween (k, k + dk) can be estimated as

dN ~ LdN ~ o2s2Gu*L* k=53 dkd(). (A22)
Here, we assumed one cusp event per oscillation period of
a loop.

Moduli are emitted into a narrow opening angle around
the direction of the string velocity v at the cusp. The
spectral expansion (A21) has been calculated for moduli
emitted in the direction of v. For moduli emitted at a small
angle ¥ relative to v, Eq. (A21) still applies, but now the
spectrum is cut off at k,,,, ~ 1/L9>. In other words, the
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opening angle for the emission of particles with momenta
= kis

& ~ (kL)~1/3, (A23)
Integration over () in (A21) gives a factor ~19,%,
dN ~ a?s2GurL =Pk dk. (A24)

The dominant contribution to the modulus emission comes
from k ~ k,;,, and the total emission rate is

. —1/3,-4/3
N~ 22 GulL ™ Pr . (A25)
The corresponding opening angle is
19(. -~ 7_1 ~ m/kmin- (A26)

The total power of the modulus radiation can be similarly
calculated as

P~ a?s2GurL~ '3k 13,

min

(A27)
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