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We argue that due to various restrictions cosmic strings and monopole-string networks are not likely to
produce the observed flux of ultrahigh energy cosmic rays~UHECR!. Among the topological defects studied
so far, the most promising UHECR sources are necklaces and monopolonia. Other viable sources which are
similar to topological defects are relic superheavy particles. All these sources have an excess of pions~and thus
photons! over nucleons at production. We demonstrate that in the case of necklaces the diffuse proton flux can
be larger than the photon flux, due to absorption of the latter on the radio background, while monopolonia and
relic particles are concentrated in the galactic halo, and the photon flux dominates. Another signature of the
latter sources is anisotropy imposed by the asymmetric position of the Sun in the galactic halo. In all cases
considered so far, including necklaces, photons must be present in ultrahigh energy radiation observed from
topological defects, and experimental discrimination between photon-induced and proton-induced extensive air
showers can give a clue to the origin of ultrahigh energy cosmic rays.@S0556-2821~98!09220-0#

PACS number~s!: 98.80.Cq, 11.27.1d, 98.70.Sa
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I. INTRODUCTION

The observation of cosmic ray particles with energ
higher than 1011 GeV @1# gives a serious challenge to th
known mechanisms of acceleration. The shock accelera
in various astrophysical objects typically gives a maxim
energy of accelerated protons less than (123)31010 GeV
@2# ~see however@3#!. The unipolar induction can provide
maximum energy of 131011 GeV only for extreme values
of the parameters@4#. Much attention has recently been give
to acceleration by ultrarelativistic shocks@5,6#. The particles
here can gain a tremendous increase in energy, equal toG2,
at a single reflection, whereG is the Lorentz factor of the
shock. However, it is known~see, e.g., the simulation fo
pulsar relativistic wind in@7#! that particles entering the
shock region are captured there or at least have a small p
ability to escape.

Topological defects~TD! ~for a review see@8#! can natu-
rally produce particles of ultrahigh energies~UHE! well in
excess of those observed in cosmic rays~CR!. In most cases
the problem with topological defects is not the maximu
energy but the fluxes. However, in some cases the predi
fluxes are comparable with observations.

Usually, UHE particles appear at the decays of sup
heavy ~SH! particles produced by TD.~We shall refer to
these SH particles asX particles.! Examples discussed in th
literature include ejection of X particles from supercondu
ing strings, emission of X particles from cusps or inters
tions of ‘‘ordinary’’ strings, and production of such particle
in monopole-antimonopole annihilations. Metastable SH p
ticles can also be relics of an earlier epoch, produced b
0556-2821/98/58~10!/103515~12!/$15.00 58 1035
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thermal or some other mechanism in the early Universe.
A rather exceptional mechanism of UHE particle produ

tion is given by radiation of accelerated monopoles co
nected by strings. In this case a monopole can radiate glu
with very large Lorentz factors and with virtualities of th
order of the monopole acceleration.

A common signature of all extragalactic UHE cosmic ra
~UHECR! is the Greisen-Zatsepin-Kuzmin~GZK! cutoff @9#.
It reveals itself as a steepening of the spectrum of UHE p
tons and nuclei due to their interaction with microwave
diation. The steepening starts atE'331010 GeV. Apart
from this steepening there is another signature of interac
of extragalactic CR with microwave radiation: a bump in t
spectrum preceeding the cutoff. The bump is a conseque
of the proton number conservation in the spectrum: prot
loose energy and are accumulated before the cutoff.

In this paper we will discuss the signatures of UHEC
from TD distinguishing them from particles produced by a
trophysical accelerators.

We will confine ourselves here to the case of the conv
tional primary particles, protons and photons, and will n
consider the other UHE signal carriers discussed in the
erature such as neutrinos@10,11#, lightest supersymmetric
particles @12,13#, relativistic monopoles@14# and vortons
@15#.

Throughout the paper we shall use the following nume
cal values and abbreviations: the dimensionless Hubble c
stanth50.65, the cold dark matter density in terms of cri
cal densityVCDM50.2h2, the size of dark matter haloRh
5100 kpc, UHECR for ultra high energy cosmic rays a
UHE for ultra high energy, TD for topological defect, SH fo
©1998 The American Physical Society15-1
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superheavy, CDM for cold dark matter, SUSY for supersy
metry, LLA for leading logarithmic approximation, AGN fo
active galactic nucleus, and GC and AC for galactic cen
and anticenter, respectively.

II. CONSTRAINTS AND SIGNATURES

A common characteristic feature of UHE particle produ
tion in TD is an excess of pions over nucleons@16,17#. As a
result in many cases the observed UHE gamma-ray
dominates over proton flux and it makesg/p ratio ‘‘a diag-
nostic tool’’ @16# for TD. We shall discuss this signatur
quantitatively for various sources, such as cosmic neckla
monopolonia and superheavy relic particles.

An excess of photons over protonsat generation is
present in all known mechanisms of high energy parti
generation: decay of SH particles produced by strings
cusps, annihilation of monopoles and radiation of UHE p
ticles by accelerated monopoles. The order of magnitud
this excess can be estimated from the ratio of energy tr
ferred to pions and nucleons in the QCD cascade. For
ample, N/p ratio for the decayZ0→hadrons is about
5% (N includes p,p̄,n,n̄ and p—charged and neutra
pions!. To estimateg/N-ratio at energy of interest, on
should take into account two photons produced by e
p0-decay, the fraction~1/3! of neutral pions relative to al
pions and the energy spectrum of produced hadrons. It g
roughly g/N;10 at production. However, in the observe
diffuse flux at E.106 GeV the proton component1 can
dominate because of the strong absorption of high ene
photons on the background photon radiation. UHE phot
are absorbed mainly on radio background@18,19# and the
absorption length is sensitive to low-frequency cutoff in th
background.

The pion dominance of hadron production by TD has t
consequences.~i! A large part of hadron energy is tran
ferred, due to pion decays, to an electromagnetic casc
This can be used to derive an upper bound on the U
proton flux.~ii ! TD localized inside the sphere of gamma-r
absorption give a direct flux of UHE photons at the Ear
producing thus an observable anisotropy.

The e-m cascade upper limiton UHECR arises due to
cascading of electrons and photons in the Universe dow
the observed energies 10 MeV–100 GeV. The flux of
cascade photons at these energies must be lower tha
extragalactic flux measured by Energetic Gamma Ray
periment Telescope~EGRET! @20#. The cascade photon flu
is below the EGRET extragalactic flux at 10 MeV–100 Ge
if the energy density of the cascade photons isvcas<2
31026 eV/cm3. This result follows from Monte Carlo
simulation in@21,22# and from our own estimates based
analytic calculations in@4,23#!. This limit ~which will be
used in our calculations! is rather rigorous: due to uncertain
ties in infra-red flux and intergalactic magnetic field the

1Here and below we shall refer to thep1 p̄ diffuse flux from TD
as toproton flux.
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lowed density of the cascade radiation can be as high a
25)31026 eV/cm3.

The energy density of e-m cascades can be readily ca
lated as

vcas5
1

2
f pmXE

0

t0
dtṅX~ t !~11z!24, ~1!

whereṅX(t) is the rate of X-particle production at the epoc
t ~redshift z), t052.0631017h21 s is the age of the Uni-
verse,h is the dimensionless Hubble constant,f p is the frac-
tion of energy transferred to pions at the decay of X partic
and 1/2 takes into account that half of this energy goes
e-m cascade. One can parametrize the effect of the e
lution of TD on X-particle production as@24# ṅX(t)
5ṅX(t0)(t/t0)2m. In most cases, e.g., ordinary strings, m
nopolonium, and necklaces,m53. In this case the integral in
Eq. ~1! reduces to*dz/(11z)2, i.e., the evolutionary effects
are absent. In the case of superconducting strings,m is
model-dependent and it can bem54 or larger. Weak cos-
mological effects are present in this case.

With vcas from Eq. ~1! and the diffuse proton flux being
determined byf NṅX(t0), wheref N is a fraction ofmX trans-
ferred to UHE nucleons, one can obtain an upper bound
the diffuse flux of UHE~for another approach see@21#!.

It is easy to generalize the calculations above to the c
when X particles are produced with a large Lorentz factorG.

Another general restriction on TD models is given by t
distance between the topological defects,D. There are three
distance scales in our problem: the distance between TDD,
the photon absorption length,Rg(E), and the proton attenu
ation length,Rp(E)5c(E21dE/dt)21, wheredE/dt is the
energy loss of UHE proton on microwave radiation. We sh
analyze the caseRg,Rp , though at very high energies,E
.1012 GeV, they can be comparable.

For TD with D.Rp(E) the diffuse flux at a representa
tive point between TD is exponentially suppressed. Fo
power-law generation spectrum with exponentgg and the
distanceD/2 to the nearest source, the suppression factor
rectilinear propagation is

exp„2~gg21!D/2Rp~E!…. ~2!

In the case of diffusive propagation,D/2 should be replaced
by the propagation time. Such TD are disfavored as sou
of UHECR, because their spectrum either has an expone
cutoff at energy whereRp(E),D or, in case of accidenta
proximity of a source, the flux is anisotropic. The anisotro
can be estimated asd; l /2ct, wherel is the distance to the
source andt is the propagation time.

In the other extreme case,D,Rg(E), a TD located inside
the photonic sphereRg creates a direct UHE photon flux
Fg5Qg/4pr 2 at the point of observation. The produced e
tensive atmospheric showers~EAS! can be identified as
photon-induced EAS in the direction of the source.

The proton-inducedshowers can dominate in the ca
Rg(E),D,Rp(E). The sources might be absent inside t
photonic sphere with radiusRg and thus, if magnetic field is
5-2
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SIGNATURES OF TOPOLOGICAL DEFECTS PHYSICAL REVIEW D58 103515
strong enough, no source is seen directly. The proton s
trum exhibits the usual GZK cutoff, due to energy losses
the nucleons produced by the sources beyond the dist
Rp . Since at extremely high energiesRp and Rg are not
much different, the number of sources inside the GZK sph
of radiusRp is not large and some anisotropy is expected

Finally let us turn to the caseD!Rg(E). Generically, this
is a case of uniformly distributed sources. The proton sho
ers dominate whenRp(E).Rg(E); their spectrum has the
usual GZK cutoff. A certain fraction of showers,;Rg /Rp ,
are the photon-induced ones, and they correspond to th
rect arrival of the photons. Theg/p-ratio depends thus on th
calculations of attenuation lengths of photons and proto
We shall analyze this case quantitatively.

A special situation arises when the sources are con
trated in the galactic halo. This happens in the case of r
superheavy particles@25#. Here we point out that the sam
phenomenon of galactic enhancement occurs for monop
nium and decaying vortons.

The energy losses and absorption are negligible for
halo model and thus photons strongly dominate.

Another signature of this model was indicated recently
@26#: because of asymmetric position of the Sun in the
lactic halo, there is a considerable anisotropy of UHE pho
flux.

III. FLUXES

In this section we shall give the formulas for UHE proto
and photon fluxes from extragalactic space and from the h
~for the case of SH relic particles and monopolonia!. The
basic quantity which determines these fluxes is the rate
X-particles productionṅX . In the case of an extragalact
flux we assume that sources are uniformly distributed
space andṅX does not depend on time. For the galac
model we assume thatṅX is a function of the distance from
galactic centerR.

X particles can be produced by TD at rest or with a Lo
entz factorG. The decay of an X particle results in a parto
cascade. The energy spectrum of hadrons outside the
finement radius is described by fragmentation functio
WN(x,mX) for nucleons andWp(x,mX) for pions, wherex
52E/mX and E is the energy of a proton or a photon. F
fragmentation functions we use the supersymmetric gene
zation @28# of the LLA limiting spectrum of QCD cascad
@27# normalized by the fraction of energy transferred to t
nucleonsf N , and pionsf p , respectively:

E
0

1

dxxWi~x,mX!52 f i ~3!

with i 5N,p. In all calculations below we shall us
f p'0.5, as suggested by calculations@13#, which show that
about half of energy of SUSY-QCD cascade is taken aw
by neutralinos and high-energy leptons. For the ratiof N / f p

we shall use 0.05 inspired by data onZ0 decay. The SUSY-
QCD fragmentation function considerably differs from th
of ordinary QCD@28#: the maximum of the Gaussian peak
10351
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shifted towards smallerx, and the peak is much highe
while at largerx SUSY-QCD spectrum is below the ordinar
QCD spectrum. Sincevcas is determined by largex, there
are more UHE particles at fixedvcas in case of SUSY-QCD
fragmentation function, as compared with ordinary QC
spectrum.

As it is discussed in@27–29# the normalization of analytic
solutions by conservation of total energy, results in lar
uncertainty in the normalization constant. On the other ha
the ordinary QCD spectrum~used, e.g., in@29#! has the
shape of the spectrum much different from SUSY-QC
spectrum. One needs SUSY-QCD Monte Carlo simulat
for properly normalized SUSY-QCD spectrum.

The spectra of extragalactic UHE protons and photons
be calculated as

I p
extr~E!5

ṅX
extrc

2pmX
E

0

`

dtWN~xg ,mX!
dEg~E,t !

dE
, ~4!

I g
extr~E!5Rg~E!

ṅX
extr

pmX
E

2E/mX

1 dx

x
Wp0~x,mX!, ~5!

dEg~E,zg!

dE
5~11zg!expS E

0

zg dz

H0
~11z!1/2

3„db~E,0!/dE…E5Eg~z!D , ~6!

wherexg52Eg /mX andEg(E,t) is the energy of generation
at time t for a proton with energyE now. The energyEg is
determined by proton energy losses on microwave radia
dE/dt5b(E,z) and due to redshift. The expressio
dEg /dE, given by Eq.~6!, is taken from@30#.

The photon absorption length,Rg(E), at very high ener-
gies is determined mostly by pair production on radio ba
ground. For our calculations we use the absorption leng
from @19#. The photon absorption lengths from@18# and@19#
are plotted in Fig. 1.

As one can see from Eq.~4!, the proton flux is calculated
with recoil protons taken into account, while for photons w
neglect multiplication due to cascade on background p
tons. The reason is that electron-positron pairs produced
result of absorption of primary photons on radio-photons,
losing their energies on radiobackground practically conti
ously and most of their energy is lost before a collision w
a microwave photon—the process responsible for the c
cade development.

The ratiosg/p5I g(E)/I p(E) as determined by Eqs.~4!,
~5! are plotted in Fig. 2 as functions of energy for two e
treme cases of absorption length from@19#. One can see tha
even for the exceptional case of lowg/p ratio considered
here (D!Rg), it becomes appreciable, 0.5<g/p<2.5, at en-
ergy 331011 GeV and increases further with energy.

Let us consider now the halo model. In cases of SH re
particles@25# and monopolonia, their density is everywhe
proportional to the density of cold dark matter~CDM!. Thus,
5-3
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BEREZINSKY, BLASI, AND VILENKIN PHYSICAL REVIEW D 58 103515
the ratio of the rates of X-particle production in the ha
ṅX

h(r (), and in extragalactic space,ṅX
extr , is given by

ṅX
h~r (!

ṅX
extr

5
rCDM

h ~r (!

VCDMrcr
, ~7!

where r ( is the distance between the Sun and the gala
center,VCDM is the CDM density in the extragalactic spa
in units of critical density rcr and rCDM

h (r ()
'0.3 GeV/cm3 is the local CDM density in the halo.

The fluxes of UHE protons (i 5p) and photons (i 5g)
from the halo can be calculated as

I i
h~E!5

Wi~E!

4p E
0

p

cosud cosuE
0

r max
drṅX

h~R!, ~8!

whereu is an angle relative to the direction of GC and

FIG. 1. Gamma-ray absorption length as a function of ener
The solid line and the dotted line reproduce the upper and lo
case of Ref.@19#, while the dash-dotted line is taken from Ref.@18#
and drawn here for comparison.

FIG. 2. Theg/p ratio for different values ofmX ~indicated in the
figure! as a function of the gamma-ray energy. High (g-high! and
low (g-low! photon fluxes correspond to two extreme cases
gamma-ray absorption from@19#.
10351
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The rate of particle production,ṅX
h(R), is parametrized here

as density of DM@31#,

ṅX
h~R!5

ṅ0
h

~R/r 0!g@11~R/r 0!a#~b2g!/a
, ~9!

whereṅ0
h is the normalizing rate,R is the distance from the

galactic center,a,b,g5(2,2,0) correspond to isotherma
profile, a,b,g5(2,3,0.2) gives, according to@31#, the best
fit to observational data, anda,b,g5(1,3,1) describes the
numerical simulations of Ref.@32#.

The functionsWp(E) andWg(E) in Eq. ~8! can be given
in terms of fragmentation functions,WN(x,mX) and
Wp0(x,mX), as

Wp~E!5
1

mX
WN~x,mX!,

Wg~E!5
2

mX
E

2E/mX

1 dx

x
Wp0~x,mX!. ~10!

Relic particles and monopolonia fill also extragalac
space with space density proportional toVCDMrcr . The de-
cay rateṅX

extr is given by Eq.~7! and the fluxes by Eqs.~4!
and ~5!.

IV. SOURCES

The following topological defects have been discussed
potential sources of UHE particles:~i! superconducting
strings @33#; ~ii ! ordinary strings@34#, including the cusp
radiation @35#; ~iii ! networks of monopoles connected b
strings @36,37#; ~iv! necklaces@38#, hybrid topological de-
fects, where each monopole is attached to two strings;~v!
magnetic monopoles, or more precisely bound monopo
antimonopole pairs~monopolonium @39,40#!; ~vi! vortons
@41#: small loops of superconducting string stabilized
their angular momentum.

Finally we include in this list SH quasistable relic pa
ticles produced in the early Universe@42,25,43–45,29#. Here
we shall apply the criteria discussed in the previous sec
to each of these sources.

i. Superconducting strings. Superconducting strings pro
duce SH particles when the electric current in the strin
reaches the critical value,i 5 i c . In some scenarios, e.g.,@46#
where the current is induced by primordial magnetic fie
the critical current produces strong magnetic field, in wh
all high energy particles degrade catastrophically in ene
@47#. However, for ac currents there are portions of the str
with large electric charge and small current. High ener
particles can escape from there.

Large ac currents can be induced in string loops as t
oscillate in galactic or extragalactic magnetic fields. Even
the string current is typically well below critical, supercrit
cal currents can be reached in the vicinity of cusps, where
string shrinks by a large factor and density of charge carr

.
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f
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SIGNATURES OF TOPOLOGICAL DEFECTS PHYSICAL REVIEW D58 103515
is greatly enhanced. In this case, SH particles are em
with large Lorentz factors.

Loops can also acquire dc currents at the time of form
tion, when they are chopped off the infinite strings. As t
loops lose their energy by gravitational radiation, th
shrink, the dc currents grow, and eventually become ov
critical. There could be a variety of astrophysical mech
nisms for excitation of the electric current in supercondu
ing strings, but for all mechanisms considered so far the
of UHE particles is smaller than the observed flux@48#.
However, the number of possibilities to be explored here
very large, and more work is needed to reach a defini
conclusion.

ii. Ordinary strings. There are several mechanisms
which ordinary strings can produce UHE particles.

For a special choice of initial conditions, an ordinary lo
can collapse to a double line, releasing its total energy in
form of X particles @34#. However, as noted in@34#, the
probability of this mode of collapse is extremely small, a
its contribution to the overall flux of UHE particles is neg
gible.

String loops can also produce X particles when they s
intersect~e.g.,@49#!. Each intersection, however, gives on
a few particles, and the corresponding flux is very small@50#.

Superheavy particles with large Lorentz factors can
produced in the annihilation of cusps, when the two cu
segments overlap@35#. The energy released in a single cu
event can be quite large, but again, the resulting flux of U
particles is too small to account for the observations@55,50#.

One effect which was not considered in@50# and @35#
could increase the production of UHE particles@51,34#. As a
nonintersecting closed loop oscillates and radiates awa
energy, the loop configuration is gradually changing. Af
the loop has lost a substantial part of its energy, it is likely
self-intersect and fragment into several smaller loops. Th
daughter loops will go through the same cycle, and the p
cess will continue until the size of the fragments becom
comparable to the string thickness, at which point the fr
ment loops disintegrate into relativistic particles. UHE rad
tion is also emitted from cusps on the daughter loops.

The process of loop fragmentation is not well understo
We do not know, for example, the number and size distri
tion of the fragments. The only numerical simulation of t
fragmentation process that we are aware of, Ref.@52#, used
initial loops of arbitrary shape, and it is not at all clear th
the results are relevant for loops produced in a reali
evolving network. To address this problem, we used a sim
analytic model~see Appendix A! which assumes that, in
each round of fragmentation, a loop looses a fixed fract
(12 f 1) of its energy to gravitational waves and breaks in
a fixed number (N111) of daughter loops of roughly equa
size. The daughter loops move with Lorentz factorsG1 in the
rest frame of the parent loop. This model, which is similar
that introduced in Ref.@51#, is analyzed in Appendix A, with
the conclusion that, for reasonable values of the parame
f 1 , N1 , andG1 , the UHECR flux from fragmenting loops i
still too small. While these results are suggestive, a deta
numerical simulation of loop fragmentation with gravit
tional back-reaction will be needed to reach a more defini
10351
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conclusion. However, there is one general argument aga
this model of UHECR production. In the chain of fragme
tation the Lorentz factor of the daughter loops increases m
tiplicatively, e.g., in our model asG1

n , and at the moment o
collapse, reaches a large value. The large maximum en
of X particle results, for the observed UHECR flux, in a
unacceptably high cascade gamma radiation. This fact,
served in all calculations~see for example@21#! is easy to
understand. The total energy of decaying X-particle is
leased mostly in the particles of highest energies. When
fixes the flux of UHECR at a given energy, e.g.,E51.0
31020 eV, and increasesEmax, the energy transferred to
e-m cascades increases. This argument works espec
strongly in case of cusps, where the Lorentz factor can re
tremendous values, e.g.,G;101521017 in @35#.

It has been recently argued@53# that long strings lose
most of their energy not by production of closed loops, a
is generally believed, but by direct emission of heavy X p
ticles. If correct, this claim will change dramatically the sta
dard picture of string evolution. It has been also sugges
that the decay products of particles produced in this way
explain the observed flux of UHE cosmic rays@53,54#. How-
ever, we are not convinced that the conclusions of Ref.@53#
are justified. In fact, we believe that numerical simulatio
described in@53# allow an alternative interpretation. The in
tial string separation in these simulations is comparable
the string thickness. As a result, string intersections and
connections can generate a large amount of energy in
form of short-wavelength perturbations on the strings. Th
perturbations may then be released in the form of partic
from portions of the string that undergo contraction in t
course of the following evolution.

Even if the conclusions of@53# were correct, the particle
production mechanism suggested in that paper cannot
plain the observed flux of UHE particles. If particles a
emitted directly from long strings, then the distance betwe
UHE particle sources is of the order of the Hubble distan
D;t0@Rp . According to the discussion in the precedin
section, the flux of UHE particles in this case is expone
tially suppressed, or, in the case of accidental proximity o
string to the observer, the flux is strongly anisotropic.
fine-tuning in the position of the observer is needed to r
oncile both requirements, because long strings are sepa
by a Hubble distance.

iii. Network of monopoles connected by strings. The se-
quence of phase transitions

G→H3U~1!→H3ZN ~11!

results in the formation of monopole-string networks
which each monopole is attached to N strings. Most of
monopoles and most of the strings belong to one infin
network. The evolution of networks is expected to be sca
invariant with a characteristic scale

d5kt, ~12!

wherek5const. The scaled gives the average distance b
tween monopoles and the typical length of string segme
Each string attached to a monopole pulls it with a force eq
5-5
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BEREZINSKY, BLASI, AND VILENKIN PHYSICAL REVIEW D 58 103515
to the string tension,m;hs
2 , where hs is the symmetry

breaking VEV of strings. The monopoles are accelerated
radiate gauge quanta at the rate

dE

dt
;

h2

6p
a2;

m2

g2m2
, ~13!

whereh;2p/g and m are the monopole charge and ma
respectively, g is the gauge coupling anda;m/m is the
monopole acceleration. The GUT monopole has magn
and chromomagnetic charges,hm;2p/e and hs;2p/3gs ,
respectively, wheree is the e-m coupling constant andgs is
the color coupling constant. From Eq.~13! it follows that the
energy losses are dominated by e-m radiation. Then a sim
energy balance analysis gives the value ofk in Eq. ~12! @36#,

k;m/e2m2. ~14!

The energy of gauge quanta~practically photons and gluons!
radiated by monopoles can be estimated assuming a ro
energy equipartition between the monopole and string s
systems. Then the monopoles have a typical energyE;md
and Lorentz factorGM;md/m. If the mass of gauge quant
~or the virtualityQ2 in the case of gluon! is smaller than the
monopole accelerationa, the typical energy of gauge quan
is e;GMa @37#; otherwise the production rate of massi
gauge quanta is exponentially suppressed. Gluon produc
is also suppressed unlessa.LQCD , that is,

m/m.1 GeV. ~15!

Thus we have for both photons and gluons withQ2<a2

e;~m/em2!2mt. ~16!

The production rate~per unit volume! of these particles is

ṅi;nM~ t !e21~dE/dt! i , ~17!

where subscripti runs throughg for photon andg for gluon.
In particular for gluons we obtain

ṅg;
1

4

e8

gs
2S m2

mt D
4

. ~18!

Let us assume that each gluon with energye fragments to
hadrons with a power-law energy spectrumKE2q. If we
takeq51.5 the cascade limit will be somewhat weaker th
in the case of a more realistic QCD fragmentation functi
Let us proceed with this favorable case. Using the norm
ized fragmentation function

Np~e,E!dE5
f N

2
AeE21.5dE ~19!

and the rate of gluon productionṅg given by Eq.~18!, one
obtains for the diffuse proton flux
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I p~E!dE5
1

32p
f N

e8

gs
2

Rp~E!

t0
4 S m2

m D 4S E

e D 21.5dE

e
. ~20!

The cascade energy density is determined by the e-m ra
tion of monopoles and can be estimated as

vcas54pe4
m4

m

1

t0
2

. ~21!

Requiring thatvcas<vobs, the proton flux at energyE;1
31011 GeV is bounded by

E3I p~E!,3.731014m6
21 m22 s21sr21 eV2, ~22!

where m65m/106 GeV2. The symmetry breaking scale o
strings is unlikely to be below the electroweak scale,m
.104 GeV2, and the flux~22! is considerably lower than
that observed.

iv. Necklaces.Necklaces are hybrid TD corresponding
the caseN52 in Eq.~11!, i.e., to the case when each mon
pole is attached to two strings. This system resembles ‘
dinary’’ cosmic strings, except the strings look like nec
laces with monopoles playing the role of beads. T
evolution of necklaces depends strongly on the paramete

r 5m/md, ~23!

where d is the average separation between monopoles
antimonopoles along the strings. As it is argued in Ref.@38#,
necklaces might evolve to configurations withr @1, though
numerical simulations are needed to confirm this conclus
Monopoles and antimonopoles trapped in the necklaces
evitably annihilate in the end, producing first the hea
Higgs and gauge bosons (X particles! and then hadrons. The
rate ofX-particle production is easy to estimate as@38#

ṅX;
r 2m

t3mX

. ~24!

Using Eqs.~4! and ~5! one can calculate the fluxes o
UHE protons and gammas taking into account the restric
due to cascade radiation

vcas5
1

2
f pr 2mE

0

t0dt

t3

1

~11z!4
5

3

4
f pr 2

m

t0
2

. ~25!

The separation between necklaces is given by@38# D
;r 21/2t0 for larger . Sincer 2m is limited by cascade radia
tion, Eq.~25!, one can obtain a lower limit on the separatio
D between necklaces as

D;S 3 f pm

4t0
2vcas

D 1/4

t0.10~m/106 GeV2!1/4 kpc, ~26!

where we usedf p'0.5. Another~weaker! constraint on the
parameters of the model follows from the conditiond>ds ,
whereds;1/(ehs) is the string width andhs is the string
symmetry breaking scale. This condition givesr max
5-6
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SIGNATURES OF TOPOLOGICAL DEFECTS PHYSICAL REVIEW D58 103515
;hm/hs, where hm is the monopole symmetry breakin
scale. Forhm;1016 GeV andhs;103 GeV, one obtains
r max;1013, which corresponds toDmin;1 kpc.

Thus, necklaces can give a realistic example of the c
D!Rg , when the Universe is uniformly filled by th
sources. The proton-induced EAS from necklaces stron
dominate over those induced by photons at all energies
cept E.331011 GeV ~see Fig. 3!, where photon-induced
showers can comprise an appreciable fraction of the t
rate.

The spectra of protons and photons from necklaces
shown in Fig. 3. The calculations were performed with t
help of Eq.~4! and Eq.~5! using the SUSY-QCD fragmen
tation functions. The dashed, dotted, and solid lines co
spond to the masses of X particles 1014 GeV, 1015 GeV,
and 1016 GeV, respectively. The values ofr 2m used to fit
these curves to the data are 7.131027 GeV2, 6.0
31027 GeV2, and 6.331027 GeV2, respectively. They cor-
respond to the cascade densityvcas equal to 1.5
31026 eV/cm3, 1.231026 eV/cm3, and 1.331026

eV/cm3, respectively, all less than the allowed cascade
ergy density for which we adopt the conservative va
vcas5231026 eV/cm3.

The absorption of gamma-radiation on the radio ba
ground is taken according with the upper and lower limits
@19#, shown in Fig. 2. The agreement with observational d
at the highest energies is improved when the photon flu
added to the proton flux.

Two following effects are expected to improve the agre
ment with the data atE.131011 GeV.

The fluctuations in energy losses increase the fluxes. T
effect is significant when the fraction of energy lost in o
collision becomes appreciable, i.e., atE.131011 GeV.
This effect can be accounted for in Monte Carlo simulatio

The local enhancement of the density of sources, e
within local supercluster~LS!, makes the spectrum atE.3
31010 GeV flatter~see calculations in@56#!. The accumula-

FIG. 3. Proton and gamma-ray fluxes from necklaces. H
(g-high! and low (g-low! photon fluxes correspond to two extrem
cases of gamma-ray absorption from@19#. The fluxes are given for
mX5131014 GeV ~dashed lines!, mX5131015 GeV ~dotted
lines!, andmX5131016 GeV ~solid lines!. The fluxes are normal-
ized to the observed data.
10351
se

ly
x-

al

re

e-

-
e

-
f
a
is

-

is

.

.,

tion of necklaces within LS is expected for larger . Indeed,
for sufficiently larger , the typical velocity of necklacesv
5c/Ar is less than the escape velocity from the local sup
cluster and thus necklaces are confined within LS. For
.107 necklaces can also cluster on the galactic scale.

For energy lower than 131010 GeV we assume the pres
ence of another component with a cutoff atE;1
31010 GeV. It can be generated, for example, by jets fro
AGN @57#, which naturally have a cutoff at this energy.

v. Monopolonium and SH relic particles.These two
sources exhibit the same clustering property: they act as n
dissipative matter which clusters in the Universe in the sa
way as cold dark matter. As a result the density of the
particles in the galactic halo is enhanced according to
~7!.2 The spectra of UHE protons and photons from dec
of relic particles in the halo are calculated using Eq.~8! for
the different distributions of X particles in the halo given b
Eq. ~9!. The results are displayed in Fig. 4. The mass of
particle ismX5131014 GeV. The solid, dotted, and dashe
curves correspond to the distribution~9! with (a,b,g) equal
to ~2,2,0!, ~2,3,0.2!, and ~1,3,1!, respectively. The shape o
the spectra is naturally the same for all three curves. Si
we normalize the spectra by the valueṅ0

h to fit the observa-

2Clustering of free monopoles in the galactic halo has been bri
discussed in Ref.@26#. The authors argue that the monopole dens
nM is proportional to the dark matter density and that theX particle

production rate due to monopole-antimonopole annihilation isṅX

}nM
2 . There are, however, some problems with this picture. T

motion of free monopoles is strongly affected by the galactic m
netic field, and their density is not likely to follow that of CDM
Moreover, the probability for annihilation of free monopoles in t
galactic halo is extremely small, and the resulting flux of cosm
rays is negligible for all reasonable values of the monopole den
nM .

h FIG. 4. Predicted fluxes from relic SH particles (mX51
31014 GeV) or from monopolonia producing X-particles with th
same masses: nucleons from the halo~curves labelled as ‘‘pro-
tons’’!, gamma-rays from the halo~curves labelled ‘‘gammas’’!,
and extragalactic protons~as indicated!. The solid, dotted and
dashed curves correspond to (a,b,g)5(2,2,0),(2,3,0.2), and
(1,3,1) respectively~see text!.
5-7
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BEREZINSKY, BLASI, AND VILENKIN PHYSICAL REVIEW D 58 103515
tional data atEg;1010 GeV, the fluxes are the same in a

three cases. The corresponding values ofṅ0
h are 6.3

310242 cm23 s21, 1.3310241 cm23 s21, and 1.6
310241 cm23 s21, respectively. These values also norm
ize, through relation Eq.~7!, the flux of extragalactic protons
given by Eq.~4!. The obtained results do not significant
differ from those in@25#. The photon flux is greater than th
proton flux by a factor of 6.

Another signature of this model is the anisotropy cau
by asymmetric position of the Sun in the galactic halo@26#.
The anisotropy reveals itself most significantly as the la
ratio of fluxes in the directions of the galactic center~GC!
and the galactic anticenter~GA!. We define the anisotropy
A(u) as this ratio with the fluxes measured within a so
angle limited by angleu with the line connecting the Su
and the GC. This can be readily calculated using the dis
bution of the sources in the halo given by Eq.~9!.

The anisotropyA(u) is plotted in Fig. 5 as a function ofu
for all three density profiles given by Eq.~9! with r 0
55 kpc ~solid curves! andr 510 kpc~dashed curves!. The
estimated anisotropy is relevant for energiesE.1
31010 GeV, where the contribution of the isotropic lowe
energy component is small.

There is one more signature for this model, given by
direct flux of protons from the Virgo cluster, provided th
they are weakly deflected by magnetic fields in the lo
supercluster~see @25#!. Note that UHE photons from this
source are absorbed, and cascade radiation does not p
gate rectilinearly because of the cascade electron deflec
in the magnetic field.

vi. Vortons.Vortons are charge and current carrying loo
of superconducting string stabilized by their angular mom
tum @41#. Although classically stable, vortons decay
gradually losing charge carriers through quantum tunnel

FIG. 5. AnisotropyA(u) as a function of the angleu. A(u) is
defined as a ratio of fluxes in the direction of the GC and AC. T
fluxes are calculated within solid angles limited by angleu with the
line connecting the Sun and GC. Anisotropy is given for three d
sity profiles: (a,b,g)5(2,2,0): ‘‘isothermal’’ curve, ~2,3,0.2!:
‘‘best fit’’ curve, and ~1,3,1!: for numerical simulation shape. Th
solid lines correspond tor 055 kpc and the dashed lines tor 0

510 kpc.
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Their lifetime, however, can be greater than the present
of the universe, in which case the escapingX particles will
produce a flux of cosmic rays. TheX-particle mass is set by
the energy scalehX of string superconductivity.

The number density of vortons formed in the early u
verse is rather uncertain. According to the analysis in R
@58#, vortons are overproduced in models withhX
.109 GeV, so all such models have to be ruled out. In th
case, vortons cannot contribute to the flux of UHECR. Ho
ever, an alternative analysis@59# suggests that the exclude
range is 109 GeV,hX,1012 GeV, while for hX
@1012 GeV vorton formation is strongly suppressed. Th
allows a window for potentially interesting vorton densiti
with3 hX;101221013 GeV. Production of UHE particles by
decaying vortons was studied in Ref.@60#. As we already
mentioned above, vortons cluster in the galactic halo and
discussion in the preceding subsection is therefore dire
applicable to this case as well.

V. DISCUSSION

We studied observational constraints on various TD m
els, as well as possible signatures of TD as sources of
observed UHE radiation (E>1010 GeV).

The most stringent constraint is due to electromagn
cascades. It depends on the energy spectrum of part
from decays and on astrophysical quantities which determ
the development of the cascade~most notably on the flux of
intergalactic infrared/optical radiation and on intergalac
magnetic field!. The SUSY-QCD spectrum makes the ca
cade constraint weaker, because this spectrum predicts
higher energy particles and more low energy particles
compared with ordinary QCD spectrum. In case of very la
mX it means that for a given UHECR flux, less energy
transferred to the e-m cascade radiation. There are cons
able uncertainties in the extragalactic flux of infrared rad
tion and extragalactic magnetic field. The conservative lim
on the energy density of the cascade radiation imposed
the latest EGRET data isvcas'231026 eV/cm3. It could
be (325)31026 eV/cm3 with astrophysical uncertaintie
mentioned above. The further progress in the study of ori
of EGRET extragalactic flux and in calculation of SUSY
QCD spectrum, in the pessimistic case, can exclude such
as, e.g., necklaces as the sources of observed UHECR.

Another important constraint arises from the fact that
ultrahigh energies, the proton attenuation lengthRp(E) and
the photon absorption lengthRg(E) are both small compared
to the Hubble radius. Models in which the typical distan
between defects isD@Rp are disfavored. In such models
the observed spectrum would have an exponential cut
unless a source is accidentally close to the observer. In
latter case the flux would be strongly anisotropic.

3These numbers assume that strings are formed in a first-o
phase transition and thathX is comparable to the string symmetr
breaking scalehs . For a second-order phase transition, the forb
den range widens and the allowed window moves towards hig
energies@59#.
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SIGNATURES OF TOPOLOGICAL DEFECTS PHYSICAL REVIEW D58 103515
Finally, in many cases TD give UHECR fluxes lower th
the observed ones. We showed here that this is the cas
monopole-string networks. Superconducting and ordin
cosmic strings probably belong to this category as well,
though some loopholes still remain to be closed.

With all these constraints taken into account, it appe
that only necklaces, monopolonium and relic SH partic
survive as potential UHE sources.

The most important observational signature of TD
sources of UHE CR is the presence of photon-induced E
For all known mechanisms of UHE particle production t
pions ~and thus photons! dominate over nucleons. At ene
gies lower than 131012 GeV, protons have considerab
larger attenuation length than photons and the observed
ton flux can be dominant. Nevertheless, even in this c
photons reach an observer from sources located inside
sphere of radiusRg(E) ~assuming thatRg.D). Unlike pro-
tons, photons propagate rectilinearly, indicating the direct
to the sources.

Necklaceswith a large value ofr 5m/md.107 have a
small separationD,Rg . They are characterized by a sma
fraction, Rg /Rp , of photon-induced EAS at energies 1010

21011 GeV. This fraction increases with energy and b
comes considerable at the highest energies. For smaller
ues of r;1042106, when the separation is larger thanRg
but still smaller thanRp , most of UHE particles are expecte
to be protons~with a chance of incidental proximity of a
source, seen as a direct gamma-ray source!. Thus, in all cases
necklaces are characterized by an excess of proton-ind
showers. However, some fraction of photon-induced show
is always present, and it can be large at the highest ener

Monopolonium, decaying vortonsand SH relic particles
are characterized by an enhanced density in the galactic h
They give a photon-dominated flux without a GZK cuto
Because of the asymmetric position of the Earth in the G
axy, this flux is anisotropic. The largest flux is expected fro
the direction of the galactic center, where the density
sources is the largest. Unfortunately, the galactic cente
not seen by gigantic arrays, such as Akeno, Fly’s Eye, H
erah Park, and Yakutsk array. However, these detectors
observe a minimum in the direction of the galactic anticen
in particles with energiesE.131010 GeV, as compared
with the direction perpendicular to the galactic plane.

A flux from the Virgo cluster might be another signatu
of this model.

The search for photon induced showers is not an e
experimental task. It is known~see, e.g., Ref.@61#! that in the
UHE photon-induced showers the muon content is very si
lar to that in proton-induced showers. However, some diff
ence in the muon content between these two cases is
pected and may be used to distinguish between th
observationally. A detailed analysis would be needed to
termine this difference.

The Landau-Pomeranchuk-Migdal~LPM! effect @62# and
the absorption of photons in the geomagnetic field are
other important phenomena which affect the detection
UHE photons@61,63#; ~see@21# for a recent discussion!. The
LPM effect reduces the cross-sections of electromagnetic
teractions at very high energies. However, if the prima
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photon approaches the Earth in a direction characterized
large perpendicular component of the geomagnetic field,
photon is likely to decay into electron and positron@61,63#.
Each of them emits a synchrotron photon, and as a resu
bunch of photons strikes the Earth atmosphere. The L
effect, which strongly depends on energy, is thus suppres
If on the other hand a photon moves along the magn
field, it does not decay, and LPM effect makes shower
velopment in the atmosphere very slow. At extremely hi
energies the maximum of the showers can be so close to
Earth surface that it becomes ‘‘unobservable’’@21#.

We suggest that for all energies above the GZK cutoff
showers be analyzed as candidates for being induced
UHE photons, with the probability of photon splitting in th
geomagnetic field determined from the observed direction
propagation, and with the LPM effect taken into accou
The search for photon-induced showers can be espec
effective in the case of Fly’s Eye detector which can meas
the longitudinal development of EAS. The future Auger d
tector will have, probably, the highest potentiality to resol
this problem.
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APPENDIX A: UHE PARTICLE PRODUCTION DUE TO
MULTIPLE LOOP FRAGMENTATION

We shall adopt the following simple model of loop frag
mentation~It is somewhat similar to the model introduced
Ref. @51#!. Each loop fragments into (N111) daughter loops
after it radiated away a fraction (12 f 1) of its energy. The
Lorentz factor of the daughters in the center-of-mass fra
of the parent loop isG1 . If the initial mass of the loop isM ,
then aftern rounds of fragmentation, the number of daug
ters is

Nn;N1
n , ~A1!

and their energy, rest mass and Lorentz factor are, res
tively,

En;~ f 1 /N1!nM , ~A2!

Mn;~ f 1 /N1G1!nM , ~A3!

Gn;G1
n . ~A4!
5-9
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BEREZINSKY, BLASI, AND VILENKIN PHYSICAL REVIEW D 58 103515
The fragmentation process stops at roundn* when Mn
*

;h, whereh is the symmetry breaking scale of strings, th
is, when the size of the fragments becomes comparable to
string thickness,

n* ;
ln~M /h!

ln~N1G1 / f 1!
. ~A5!

Loops decaying at the present timet0 have massesM
;102Gm2t0 and

M /h;1055h16
3 , ~A6!

whereh16[h/1016 GeV. The typical values off 1 , N1 , and
G1 are not known. Numerical simulations of loop fragme
tation in Ref.@52# foundN1;3210 andG1;1.3. However,
these simulations used loops of arbitrary shape, and the
rameter values for loops in a realistic network may be qu
different. It seems reasonable to assume that on averag
loop has to lose at least 30% of its energy to initiate the n
round of fragmentation, that is,f 1,0.7. As we shall see
from Eq. ~A9!, the energy output of loops in the form o
cosmic rays is maximized for the largest possible values
N1 and f 1 . In the estimates below, we shall adoptN1;10,
f 1;0.7, andG1;1.3. The values ofN1 and f 1 appear some-
what large, and we shall keep in mind that we have mad
rather optimistic choice of the parameters. With these valu

n* '441 lnh16. ~A7!

Each fragmenting loop gives;N1 particles of energy
;hG1 in the rest frame of the loop (;1 particle per inter-
section!. The fractionF of the total energy of the initial loop
that ends up in the form of UHE particles can be estimated

F;
h

M (
n51

n
*

NnGn . ~A8!

The dominant contribution to the sum is given by the l
term ~that is, by the last round of fragmentation!, and we can
write

F;
h

M
~N1G1!n

* ; f 1
n
* , ~A9!

where in the last step we have used the definition ofn* .
Using Eq. ~A7! and f 1'0.7, we have for the fraction o
energy transferred to X particles

F;231027h16
20.4. ~A10!

Most of the particles are emitted at energies

EX;G1
n
* h;931020h16

0.7 GeV. ~A11!

The X-particle injection rate is given by

ṅX;F
m

EXt0
3;3310255h16

0.9 cm23 s21. ~A12!
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To maximize the diffuse proton flux,I p(E), we shall assume
a power-law fragmentation functionKEr

2p with p51.5 in
the system where the X particle is at rest. After simple c
culations using the Lorentz-transformation to the laborat
system, one obtains the diffuse flux as

I p~E!5
~22p! f N

4pp

ṅX

EX
S E

EX
D 2p

Rp~E!, ~A13!

where Rp(E) is the proton attenuation length. ForE56.3
31019 eV, using Eqs.~A11!,~A12!, we obtainE3I p(E)'3
31018h16

1.25 eV2 m22 s21 sr21 to be compared with the
observed value 331024 eV2 m22 s21 sr21. Thus the cal-
culated flux is too small by a factor of 106. This discrepancy
is difficult to resolve by stretching the range of the para
etersf 1 andN1 . For example, withf 1;0.9 ~which appears
unreasonably large!, the proton flux is E3I p(E)'3
31023h16

1.5 eV/m2 s sr, but the cascade energy density is t
large due to increase ofEX :

vcas'~1/2!EXṅXt0'7.431023h16
1.9 eV/cm3.

We next consider particle production by cusp evaporat
in the fragmenting loops. Assuming that cusps are perio
cally repeated and completely ‘‘evaporated’’ into particle
the energy rate of particle production~in the rest frame of the
loop! is @35#

Ėp;mS M

h D 21/3

. ~A14!

Compared to the gravitational radiation power,Ėg
;102Gm2, this is

Ėp / Ėg;1022~Gm!21S M

h D 21/3

. ~A15!

The Lorentz factor at the cusp is

Gc;S M

h D 1/3

. ~A16!

The fraction of energy lost by a fragmenting loop in the for
of particles is

F51022~Gm!21~12 f 1! (
n50

nc

Nn

En

M S Mn

h D 21/3

~A17!

51022~Gm!21~12 f 1!S M

h D 21/3

(
n50

nc

~ f 1
2N1G1!n/3,

~A18!

where

nc;3213lnh16 ~A19!

is the value of n at whichĖp; Ėg .
5-10
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For our choice of parameters,f 1
2N1G1.1 and the domi-

nant contribution to Eq.~A18! is given byn;nc . Then

F;~12 f 1! f 1
nc;331026h16

21 , ~A20!

which is comparable to Eq.~A10!. The energy of the emitted
particles is
s

-

-
s

n,

r
e,
.

,

y

y

ev

v.

10351
EX;hG1
ncGc;431023h16

20.2 GeV. ~A21!

This energy is too high: the observed flux cannot be obtai
for any reasonable value ofh without violating the cascade
bound.
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