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Cusps of superconducting strings can serve as GRB engines. A powerful beamed pulse of electromagnetic
radiation from a cusp produces a jet of accelerated particles, whose propagation is terminated by the shock
responsible for GRB. A single free parameter, the string scale of symmetry breaking** GeV, together
with reasonable assumptions about the magnitude of cosmic magnetic fields and the fraction of volume that
they occupy, explains the GRB rate, duration, and fluence, as well as the observed ranges of these quantities.
The wiggles on the string can drive the short-time structures of GRB. This model predicts that GRBs are
accompanied by strong bursts of gravitational radiation which should be detectable by LIGO, VIRGO, and
LISA detectors. Another prediction is the diffuse x- and gamma-ray radiation at 8 MeV-100 GeV with a
spectrum and flux comparable to the observed. The weakness of the model is the prediction of too low a rate
of GRBs from galaxies, as compared with observations. This suggests that either the capture rate of string
loops by galaxies is underestimated in our model or that GRBs from cusps are responsible for only a subset of
the observed GRBs not associated with galaxies.
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[. INTRODUCTION quires the existence of a strong primordial magnetic field to
generate the string currents.
Existing models of gamma-ray burst&RB9 face the As it stands, the BPS model does not agree with observa-

problem of explaining the tremendous energy released by thigons. The observed GRB redshifts are in the rangé&, and
central enging1]. In the case of isotropic emission, the total the observed duration of the bursts (£0s<7<10° s) is
energy output should be as high asX #0>* ergs, in the case significantly longer than that predicted by the model. On the
of GRB 990123 with a redshifz=1.6. Strongly beamed theoretical side, our understanding of cosmic string evolution
emission is needed for all known engine models, such aand of the GRB generation in relativistic jets has consider-
mergers and hypernovas, but such extreme beaming is diffably evolved since the BPS papers were written. Our goal in
cult to arrange(see the recent discussion by Blandf¢®]  this paper is to revive the BPS idea, taking stock of these
and Ree$3)). In this paper we show that emission of pulsedrecent advances.
electromagnetic radiation from cusps of superconducting As inthe BPS model we shall use the cusp of a supercon-
cosmic strings naturally solves this problem and explains thelucting string as the central engine in GRB. It provides the
observational GRB data using only one engine paranidter tremendous engine energy naturally beamed. Our main ob-
Cosmic strings are linear defects that could be formed at aervation is that putting superconducting cusps in a different
symmetry breaking phase transition in the early univgs$e  environment, the magnetized plasma at a relatively small
Strings predicted in most grand unified models respond teedshiftz, results in a different mechanism of gamma radia-
external electromagnetic fields as thin superconducting wireson, which leads to a good agreement with GRB observa-
[6]. As they move through cosmic magnetic fields, suchtional data.
strings develop electric currents. Oscillating loops of super- GRB radiation in our model arises as follows. Low-
conducting string emit short bursts of highly beamed electrofrequency electromagnetic radiation from a cusp loses its en-
magnetic radiation through small string segments, centereergy by accelerating particles of the plasma to very large
at peculiar points on a string, cusps, where the velocityorentz factors. Like the initial electromagnetic pulse, the
reaches the speed of light,8]. particles are beamed and give rise to a hydrodynamical flow
The idea that GRBs could be produced at cusps of supein the surrounding gas, terminated by a shock, as in the stan-
conducting strings was first suggested by Babul, Paczynskdard fireball theory of GRBE11] (for a review seg1]).
and Sperge[9] (BPS and further explored by Paczynski ~ The string symmetry breaking scalg will be the only
[10]. They assumed that the bursts originate at very higtstring parameter used in our calculations. With reasonable
redshifts ¢~100-1000), with GRB photons produced either assumptions about the magnitude of cosmic magnetic fields
directly or in electromagnetic cascades developing due tand the fraction of volume in the universe that they occupy,
interaction with the microwave background. This model re-this parameter is sufficient to account for all main GRB ob-
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servational quantities: the duratioirg, the rate of events a~Kky,Gpu. (4)

Ngre, and the fluenc&

We begin in the next section with a brief review of cosmic Note that in this case the loops decay within about one
String properties and evolution, with an emphasis on thé"ubble time of their formation. Then, most of the IOOpS at
physics of cusps and on the generation and dissipation dfme t have length ~at, and their number density is given
electric current in superconducting stringhe discussion by
of the latter topic in the existing literature is often oversim- 13
plified and sometimes incorrect, so we review it in more n(t)~a "t ®)
detail than we otherwise wouldThe GRB characteristics in . . . . .
our model are calculated in Sec. Ill, and the hydrodynamic _Analy5|s of string equations of motion reveal_s that .OSC'I'
aspects of the model are discussed in Sec. IV. In Sec. V wi ting loops tend to form cusps, where for a brief period of

discuss the diffuse x-ray angray backgrounds predicted by time the string reaches a speed very close to the speed of

the model, as well as other observational predictions, whic _'ght. Near a cusp, the string gets c'ontr'acted by a large fagtor,
: ' S rest energy being turned into kinetic energy. For a string

include GRB repeaters, bursts of gravitational radiation, an _ ; ) ;
ultrahigh-energy particles segment of invariant lengthl <I, the maximum contraction
' factor is~1/4l, resulting in a Lorentz factor
Il. STRING OVERVIEW y~118l. (6)

A. String properties and evolution . . L
To avoid confusion, we note that cusps were originally

Here we briefly review some aspects of cosmic stringyefined[16] as points of infinite contraction, where the string
properties and evqut_lon, Wh.ICh are relevant for the d'SCUS'momentarin reaches the speed of light. Strictly speaking,
sion below(for a detailed review and references $89. such cusps can be formed only on idealized infinitely thin

Strings are characterized by the energy scale of symmetiyiings. For realistic strings, the cusp development is trun-
breakingz, which is given by the expectation value of the cated either by the annihilation of overlapping string seg-
corresponding Higgs field) = ». The mass per unitlength  ments at the tip of the cugd7—19 or for superconducting
of string is given by strings, by the back reaction of charge carriers or of the

2 (1) electromagnetic radiation. However, unless the string current
r= is very large, so that the energy of the charge carriers is

An important dimensionless parameter characterizing th&€omparable to that of the string itself, the truncation occurs

gravitational interactions of strings is at a very large Lorentz factor and the string exhibits cusplike
behavior. Below we shall use the word “cusps” to refer to
Gu~(7/mp)?, (2 such ultrarelativistic string segments.

Cusps typically form a few times during an oscillation
whereG is Newton’s constant anahp is the Planck mass. In  period, but it is possible to constru@tomewhat contrived
many models this is the only relevant string parameter. loop configurations exhibiting no cusps. Apart from various

Numerical simulations of cosmic string evolution indicate backreaction effects, the motion of loops is strictly periodic,
that strings evolve in a self-similar manngt2—-14. A and thus cusps reappear at nearly the same locations on the
horizon-size volume at any tintecontains a few long strings  string in each oscillation period.
stretching across the volume and a large number of small Another peculiar feature that one can expect to find on
closed loops. The typical distance between long strings angtring loops is a kink20]. It is characterized by a sharp
their characteristic curvature radius are beth, but, in ad-  bend, where the string direction changes discontinuously.
dition, the strings have small-scale wiggles of wavelengthTwo oppositely moving kinks are produced on a loop at the
down to moment when the loop is disconnected from a long string.

| at The kinks then run around the loop at the speed of light.
~at,
with a<1. The typical length of loops being chopped off the B. String superconductivity
long strings is comparable to the scale of the smallest As first shown by Witterf6], strings predicted in a wide
wiggles (3). class of elementary particle models behave as superconduct-

The loops oscillate periodically and lose their energy,ing wires. If some fermions acquire their mass as a result of
mostly by gravitational radiation. For a loop of invariant the same symmetry breaking that is responsible for the string
lengthl [15], the oscillation period i, =1/2 and the lifetime  formation, then these fermions are massive outside the string
is 71~ 1/kyGu, wherek,~50 is a numerical coefficient. but are massless inside. If in addition some of these fermions

The exact value of the parameter in Eq. (3) is not are electrically charged, then the strings have massless
known. Numerical simulations give only an upper bound,charge carriers which travel along the string at the speed of
a=10"3, while the analysis of gravitational radiation back- light. The fermion mass outside the stringnis=X\ », where
reaction indicates that=k,Gu. We shall assume, follow- \ is the Yukawa coupling of the fermion to the Higgs field of
ing [12], that« is determined by the gravitational backreac- the string. Yukawa couplings in particle physics models are
tion, so that often very small, so it is not unusual to hame< 7. String
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superconductivity can also be bosonic, with charge carriermovers and right movers usually differ by flavor, lepton
being either spin-0 bosons or spin-1 gauge particles. Hereyumber, or some other conserved or weakly violated quan-
we shall consider only fermionic superconductivity. tum number.

An electric fieldE applied along a superconducting string  In the absence of an external electromagnetic field, the
generates an electric current. The Fermi momentum of theurrent in an oscillating loop decays due to various dissipa-
charge carriers grows with time @5 =eE, wheree is the  tion mechanisms. These include scattering of left and right
elementary charge, and the number of fermions per unifnovers[23,24), electromagnetic back reactig@5,26|, and

length, n=pg/27, also growsn~eE. The resulting current plasma effect$_27]. . .
J~?an grovI\?sF atTrthe ratg n 9 Charge carrier loss due to scattering of left and right mov-

ers is highly model dependent. If the scattering is mediated
dJ/dt~e’E. 7) by superheavy gauge bosons of maésg~ 10" GeV, then
the characteristic scattering time[23]
A superconducting loop oscillating in a magnetic fiéd
acts as an ac generator and develops an ac current of ampli- To~3X 10°
tude

J -5
100 GeV) yr. (12

Jo~e?Bl. (8)  For J<10* GeV this time is greater than the age of the
universe, butrg. decreases rapidly with the growth of the
This loop current is not homogeneous; it changes directiogurrent and becomes comparable to the typical oscillation
along the string and is more accurately described as currenperiod of loops T;~100 yr for |~30 pg for J~3x10°
charge oscillations. Some portions of the loop developGeV. In near-cusp regions, wheie-10° GeV, charge carrier
charge densities-J,. For typical values used in the calcula- scattering becomes very efficient.

tions below,B=1x10"' G andl=aty~30 pc, witha=1 We note, however, that this current loss mechanism has an
x 10" 8 andt,~ 10 yr the present age of the universe, oneimportant limitation. The densities of left- and right-moving
obtainsJy~2x10° GeV. charge carriers are typically not equal, and even if scattering

The local value of the string current can be greatly en-were 100% efficient, it would stop after eliminating the mi-
hanced in the vicinity of cusps. The portion of the string thatnority charge carriers, leaving the string with a chiral current
attains a Lorentz factoy is contracted by a factor 1/y. The  (that is, with a current consisting of only left or right mov-
charge carrier density and, thus, the current are enhanced yS- This is what we expect to happen in the vicinity of

the same factor, so the current becontiesthe local rest ~ CUSps. _ . .
frame of the striny The electromagnetic backreaction typically damps the

loop current on a time scate.,~1/e?>~ 100, which is much
J,~vdo. 9 shorter than the loop’s lifetime. It tends to damp the spatial
component of the current, with the total charge of the loop
The growth of electric current at the cusp is terminated aremaining the same, so in the absence of other effects the end
a critical valueJ,,,, when the energy of charge carriers be-result would be left- and right-moving currents of the same
comes comparable to that of the string itseld/€)?~ u. magnitude and the same chafg€ombined with scattering

This givesJ ax and ymay as[21] of charge carriers, this mechanism can dissipate loop charges
and currents, even in the chiral case. Moreover, the string
Jmax~ €7, Ymax~ (€7/30). (10)  charge is almost completely screened by a vacuum conden-

sate[28], so the string is effectively neutral even if the scat-
Alternatively, the cusp development can be terminated byering rate is low and there is some residual charge. It should
small-scale wiggles on the string2]. If the wiggles contrib- be noted that the physics of the electromagnetic backreaction
ute a fractione<1 to the total energy of the string, then the can be significantly modified by plasma effects, which are

maximum Lorentz factor is less than E@.0), and is given presently not well understood. Thompsfi7] has argued
by that current damping becomes more efficient in the presence

of plasma.
Ymax~ € 2. (12) Another mechanism that can dissipate a large chiral cur-
rent operates when a loop oscillates in an external magnetic
The actua| Va|ue Ofymax iS not important for most Of the f|e|d The emf induced |nthe IOOp OSCi”ates W|th the same
following discussion. period. Suppose for definiteness that the loop initially has a

In realistic models, the strings have several fermion spechiral currentJ; consisting of positively charged right mov-
cies as charge carriers. It can be shown that fermions of &rs- When the emf is directed oppositely to this current, the
given species can move only in a certain direction along the
string. Thus, the charge carrier species can be divided into
left movers and right movers. If, for example, the applied ispergelet al. [26] argued that the dc component of the current
electric field is directed to the right, it produces positively cannot be changed by the electromagnéit) backreaction. How-
charged right movers and negatively charged left moversver, their Eq(11) which they quote in support of this statement is
(and vice versa for the opposite direction Bf. The left  in fact an expression of charge conservation.
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magnitude of the right-moving current is reduced byl, dominated by nonrelativistic matter, and has age 0.87
and a positively charged left-moving current of magnitudex 10'° yr, which corresponds to dimensionless Hubble con-
~J, is generated, witld, from Eq.(8). Left and right mov-  stanth=0.75.
ers can now scatter off the string, andrif.<T,, the chiral
component of the current will be reduced tyl,. The initial A. GRB rate and fluence
current will then be dissipated ir J; /Jg oscillations.
The effect of all these dissipation mechanisms is to damp Because of the large current, the cusp produces a power-

the loop’s charge and current on a time scale ful pulse of electromagnetic radiation. The total energy of the
pulse is given by[7,8] £~ 2Kemdodmad» Wherel~at is
g~ (1—100)!. (13) the length of the loop, and the coefficiekt,,~ 10 is taken

from numerical calculation$7]. This radiation is emitted
within a very narrow cone of opening ang,in~ 1/vmax-

This means in particular that the loop quickly forgets any. o ; .
initial charge or current that it inherits when it is chopped off Tir:;r?rg%u[I?ajr distribution of radiated energy at larger angles is

the long-string network. The magnitude of the current in ad
loop is determined mainly by the local magnitude of the A€, /A~ ke, J21/ 63, (16)
cosmic magnetic field, as in E¢). em emo

We note finally that Eq(8) for the current is modified For a GRB originating at redshift and seen at anglé

when the loop has an appreciable center-of-mass velocity , - : :
- . o th t to the st locity at th , h , f

[8]. In this case, the amplitude of current-charge OSCI||atI0n§VEV(|:]S Eg)sf(efs) 0 fhe string veloctly at the cusp, we have, from
grows linearly with time, until the growth is hampered by the ' '
damping processes. The resulting amplitude is dE. 1A~k me4a3t883(l+z)*1’20*3 17

em e .

a2
Jo~eBuy. (14 The Lorentz factor of the relevant string segment near the

) . ) cusp isy~1/6. The duration of the cusp event as seen by a
Loops can have high center-of-mass velocities1, but in  jistant observer i£9]

view of the uncertainty in the damping ting&€3) we shall use
the estimatd8) for the current. T~ (1+2)(atl2) y 3~ (atg2)(1+2)"Y26%. (18

Ill. GRB ENGINE One can expect that the observed duration of GRBgisg

There are three types of sites in the universe where magg 7. This expectation will be justified by the hydrodynami-

Lz ) . ; . al analysis in Sec. IV.
netic fields can induce large electric currents in the strings. The fluence, defined as the total energy per unit area of
They are compact structurégalaxies and clusters of galax- the detector i$,10]
ies), voids, and wallgfilaments and sheetsf the large-scale '
structures. The total rate of GRBs is dominated by the walls,
and further on we shall concentrate on these structures only.
Magnetic fields in our scenario are assumed to be gener- , .
ated in young galaxies during the bright phase of their evoWhered, (2)=3to(1+2)"4(1+2)"~1] is the luminosity
lution [29] and then dispersed by galactic winds in the inter-diStance. o , "
galactic space. Then at present the fields are concentrated jn 1h€ raté of GRBs originating at cusps in the redshift in-
the filaments and sheets of the large-scale struBe31. tervaldz and seen at an angtein the intervald 6 is given by
Assuming that magnetic fields were generated at spme 1
~zg (galaxy formation epoghand then remained frozen in R 1
theBex%raga)I/actic plasmaf)we obtain dNere™fe7 0d0(1+2) "(2)dV(z). (20

S~(1+2)(dEem/dQ)d; 2(2), (19

B(2)=By(1+2)?, (150 Here, v(t)~n(t)/T,~2a %" * is the number of cusp
events per unit spacetime volunig,~ at/2 is the oscillation
where the characteristic field strength at the present Bge, Period of aloopdV="54t3[ (1+2)"*— 1]%(1+2) Vdzis
can be estimated from the equipartition condition B  the proper volume between redshiftsand z+dz, and we
~1077 G [30]. have used the relatiodt,= (1 + z)dt.

With sheets of characteristic sidze~(20-50h"* Mpc Since different cusp events originate at different redshifts
and thicknes® ~5h~! Mpc, we can estimate the fraction of and are seen at different angles, our model automatically
the space occupied by the walls with magnetized plasma gdves a distribution of durations and fluences of GRBs. The
fg~D/L~0.1. For numerical estimates below we shall use@ngled is related to the Lorentz factor of the relevant portion
Zz~4. of the string as#~ 1/, and from Eqs(17),(19) we have

We shall now estimate the physical quantities characteriz-
ing GRBs powered by cusps of superconducting strings. In (2,9~ yoa_3S*3B- 29 (V1+2z—1)2J1+ 2]
what follows we assume that the universe is spatially flat, is (21)
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Here, yo~190, a_g=a/10 8, and the fluenceS and the  The distribution of GRB durations is found by integrating
magnetic fieldB, are expressed &8=S_gx 10 8 erg/cnf  this overz The integration is restricted by<zg and S
andBy=B_;x10"7 G. >S.,in~3%x10 8 erg/cnt. The latter condition can be ex-
Very large values ofy~ ynax, Which correspondfor a  pressed ag<7z(r), wherez(7) is the solution of Eq(23) for
given redshift to largest fluences, may not be seen at ally with S~Shin-
because the radiation is emitted into a too narrow solid angle The distribution changes its form at the characteristic
and the observed rates of these events are too small. The
minimum valuey(z; S, is determined by the smallest flu-
ence that is observed, e.g., for GRBszatl with S;,;,~3
x 108 erglent, ymin=170. Another lower limit onvy,
which dominates at sma#, follows from the condition of . .
compactnesfl] and is given byy=100 (see Sec. IV. For <7, we have dN=7**d7/7, and for r>r,, dN
The total rate of GRBs with fluence |arger th&ns ob- “T75/6d7'/7'. We thus see that the distribution is peaked at

tained by integrating Eq(20) over 6 from y;;,g(z) to T~ Ty

lue 7, defined byz(r,)=zg. With zg=4, Eq.(23) gives

7. ~8.7a* gB2, s. (25)

v~ Yz;S) and overz from 0 to mirfz,;zs], with z,, from The largest value of in our model is obtained from Eg.
YmadZm) = ¥(zm:S). For relatively small fluenceS_g<S,  (18) With 6~ 65a,~1072, 7635~ 10%_g s. There is no
=0.03 Ymad0)a_g/01°B2 5, z5<zn, and we obtain sharp lower cutoff, but very small values efwill not be

observed due to the low rate of events. With the rate
~10? yr ! near the peak of the distribution, the rate of

. f Z
Ngre(>9S)~ Z4f BdV(z)(1+z)5~y*2(z;S) events withT~10" 47, is about 0.1 yrl.
2a°ty/0 A lower bound onr is also set by the detector resolution
~10 2 )
~3x% 1028:?38‘1’3; yr L, 22 (~10 s for BATSE. Hence, we have 7y,

~maxX10 *r,,10 2 s}

Remarkably, this rate in our model does not depend on any The observed distribution of GRB durations extends from

Y so-2 " S T .

string parameters and is determingar a given value ofS) 10"* s to~10° s. The distribution is bimodal, with pgaks

almost entirely by the magnetic fielly. It agrees with the at .0'5_3 and 15 $33], and there are some obs'ervatlona'l

observed rate foB 1 (formally, the observed ratél indications that short and long GRBs may have different ori-
-7 i

N 1 ~ ) - gins. Our model is probably better suited to describe the
30_0 yr = atS>1x10 erg_/g/r;?_glves B,_7—3.2). The  ghort GRB population(see Sec. Y. With 7, ~0.5 s and

predicted slopeNgrg(>S)<S <~ is also in reasonable B_,~3, Eq.(25) gives a_g~0.3. This corresponds to the

agreement with the observed oNg,(>S)*S %*®at rela-  string symmetry breaking scalg~1x 10'* GeV. The range

tively small fluence$32]. of GRB durations is then given bymin~10"2 s, 708%
For large fluenceS_g>S., integration of Eq(20) gives ~10® s.
Ngre(>S) =S %2 Observationally, the transition to this re- It should be noted that the validity of our simple one-

gime occurs aB_g~10°—1C. This can be accounted for if parameter model does not extend beyond rough order-of-
the cusp development is terminated by small-scale wigglesiagnitude estimategsee Sec. V)L In particular, it is not
with fractional energy in the wiggles~ 10’7a%88f’3;. Al- expected to give the correct duration distributigr), and
ternatively, if ynay IS determined by the backreaction of the identifying the peaks of the theoretical and observed distri-
charge carriers, Eq(10), then the regimg22) holds for  butions may therefore exceed the accuracy of the model. A
largerS_g, and the observed steepening of the distribution atore conservative approach is to require that the character-
large S can be due to the reduced efficiency of BATSE toistic durationr, lie within the observed range of GRB du-
detect bursts with large. Indeed, a largey results in a large rations. This gives 02a_g=<3.
Lorentz factorycp of the emitting regior(see Sec. 1Y, and
at ycp=10® photons start to escape from the BATSE range. IV. ACCELERATION AND HYDRODYNAMICS
B. GRB duration A beam of low-frequency em radiation propagating in a
plasma produces a beam of accelerated particles.

The characteristic frequency of em radiation in a pulse
produced by a cusp segment with Lorentz facyos

The duration of GRBs originating at redshifand having
fluenceS is readily calculated from Eq$18) and(21) as

4 2
a” B
TGRsmzoo%(Hz)—l(\/uz—1)—2 s. (23

4
S wen - V(1+2) V=4840 (1+2)%a "} 5L
0
From Egs.(20) and (18) we find the rate of GRBs with (26)

durations in the intervadl = and redshifts in the intervalz: ] ) ) ]
The plasma frequency in an intergalactic gas of density

_ ;|23 dr =n_g10 ° cm 3,
dN~102a2tol(I) (\/1+z—1)2(1+z)’1’6d27.
0

(24) wp=1.8X 10°n*2 57, (27)
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is higher thanwe, when y=3.4x10°nYa3(1+2)Y2  two hydrodynamical parametefs]. They are the thickness

Therefore, low-frequency radiation from the cusp cannotf the shellA and the Sedov length, defined as the distance
propagate in plasma. In fact, the energy density of the ertraveled by the shell when the mass of the snow-ploughed
beam is much larger than that of the plasma, and the beagas becomes comparable to the initial energy of the beam.

would push the plasma away even in the cagg>w, .  The latter is given bYsea~ (Eiso/p) >
This process occurs due to the acceleration of plasma par- The reverse shock enters the shell and, as it propagates
ticles. there, it strongly decelerates the shell. The synchrotron radia-

Let us consider the propagation of a charged test particlgon occurs mainly in the shocked regions of the shell and of
in a strong, low-frequency em wave. For a time intervalthe external plasma. The surface separating these two re-
much shorter than the period of the wat&1/w.,, the em  gions, the contact discontinuityCD) surface, propagates
field of the wave can be approximated by static, orthogonawith the same velocity as the shocked plasma, where the
electric and magnetic fields of equal magnitude. Solution ofGRB radiation is produced.
the equations of motiofsee, e.g.[34]) shows that both posi- The synchrotron radiation ceases when the reverse shock
tive and negative charges are accelerated mainly in the dire¢eaches the inner boundary of the shell. This occurs at a
tion of wave propagatiom= (EXB)/EB, with their Lorentz  distanceR,~1¥2 A4 when the Lorentz factor of the CD

factor increasing with time as surface is
2/3 _
_[3eB Yoo~ (Ised A)¥8~0.1BYIn" %1+ 2)12%2  (30)
Yo(t) = t) (29
J2 m

Note that these values do not depend on the Lorentz factor of
wherem is the particle’s mass. The synchrotron energy losshe beamy, and are determined by the cusp Lorentz factor
of an accelerated particle is small, because when it moves ig. The size of the synchrotron emitting region is of the order
the direction of wave propagation, the electric forceeE R, , and the Lorentz factor of this region is equalygp .
and the magnetic forcevXB almost exactly compensate The compactness conditidi] requiresycp=10?, and Eq.
each otherg(E+vnXB)~0. This regime of acceleration is (30) yields y=10* which we used earlier in Sec. lll. The
practically the same as in the Gunn-Ostriker mechanismgjuration of GRBs is given by
[35].

For an em wave in vacuum, a test particle would be ac- Tore~ Ral2vEp~11297; (31)
celerated at~ 1/w., Up to a very large Lorentz factor. But
the maximum Lorentz factor of theeamis saturated at the i.e., it is equal to the duration of the cusp event given by Eq.

valuey, , when the energy of the beam reaches the energy Ctf18). The energy that goes into synchrotron radiation is com-

the original em pulseNymyy,~&em. This results in the Lor- parable to the energy of the electromagnetic pulse.
entz factor of the beam

Yo~ 4X 10PB% ;n_3(1+2)*(y/100)°. (29 V. PREDICTIONS AND PROBLEMS

Let us now turn to the hydrodynamical phenomena in N this section we shall considgr a number of predictions
which the gamma radiation of the burst is actually generated?f our model. Some of these predictions pose potential prob-
The beam of accelerated particles pushes the gas with tH@ms.
frozen magnetic field ahead of it, producing an external
shock in the surrounding plasma and a reverse shock in the A. Short-time structure of GRBs
beam material, as in the case of an “ordinary” fireh@ir a
review se€/1]). The difference is that the beam propagatesTh

with a very large Lorentz factoy,> y, wherey is the Lor- [1,37]. In the cusp model they can be naturally produced by

entz factor of the cusfthe precise value ofy, is not impor- . . L .
tant for our discussion Another difference is that the beam ngg]es. V\(lg_gles are amplified in near-cusp regions a_nd, act-
ng like minicusps, produce a sequence of successive fire-

propagates in a very-low-density gas. The beam can be r%

garded as a narrow shell of relativistic particles of width a”S.' A quantitative analy_sis_of this effect WOUId re_quire a
~1/273 in the observer’s frame detailed study of the gravitational backreaction, which con-

The gamma radiation of the burst is produced as synchrot—rOIS the amplitude of the wiggles.

tron radiation of electrons accelerated by external and re-
verse shocks. Naively, the duration of synchrotron radiation,
i.e., 7gre, IS determined by the thickness of the shell as Cusps reappear on a loop with a period of loop oscilla-
Tere~A. This is confirmed by a more detailed analysis, astion, producing nearly identical GRBs. In our model, where
follows. The reverse shock in our case is ultrarelativisticall loops have the same lengdtk at at a given cosmological
[36,1]. The necessary condition for thai,/p<yz, is satis- epoch t, the recurrence timeT,~ (1+z)at/2~50a_g(1

fied with a wide margir(herep,, is the baryon density in the +2z) %2 yr is too long to be observed by BATSE and other
beam and is the density of unperturbed gasn this case, detectors. In more realistic models, some fraction of loops
the shock dynamics and the GRB duration are determined byould have lengths smaller thart and thus shorter recur-

Most of GRBs exhibit a complex short-time structure.
ese variations must be a property of the inner engine

B. Repeaters

043004-6



GAMMA RAY BURSTS FROM SUPERCONDUCTING . .. PHYSICAL REVIEW B4 043004

rence periods. This fraction is model dependent. Moreover, D. Bursts of gravitational radiation

GRBs from repeaters with<at must be weak and have  oyr model predicts that GRBs should be accompanied by
short durations. strong bursts of gravitational radiatiqgsee alsd42]). The
The GRB fluence from a loop of lengthproduced by a  angyjar distribution of the gravitational wave energy around
string segment with Lorentz factoy can be readily calcu- q direction of the cusp i3] dé‘g/dQ~G,u2I/0, and the
lated as dimensionless amplitude of a burst of duratiowriginating

2 4 at redshiftz can be estimated as
Bg (1+2)

o 43.3_ Y~ =
S gkeme b4 tg [(1+Z)1/2_ 1]2 (32) h"“kal/2a5/3(T/to)l/3(1+2)71/3271, (34)

After a change of variables frony and| to 7ggg and the  or h~102a®3z-%(#/1s)'? for z<1. Here, we have used

recurrence periode.=1(1+2)/2, we obtain the relation Fy~h?Gr?~(1+2)(d&,/dQ)/dir for the
gravitational wave flux and Eq18) for the burst duratiorr.
2 4 These gravitational wave bursts are much stronger than ex-
N 4& (1+2) Trec pected from more conventional sources and should be detect-
TerE™ Ken€ (33

able by the planned Laser Interferometric Gravitational Wave
Observatory (LIGO), VIRGO, and Laser Interferometer
space AntenndLISA) detectors. It has been shown [#2]

A search for repeaters witli,ec<5 yr requires, according that gravitational wave bursts from strings are linearly polar-
Eq. (33), low fluencesS<10 ' erg/cn‘? and short durations jzed and have a characteristic Wavefdm(n)octl/3_

Tcre=40 ms. The BATSE efficiency is low for such events

[38] and the repeating burst could easily have been lost. The

total number of GRBs shorter than 40 ms in the BATSE 3B E. X- and y-ray diffuse radiation

catalog is less than B9].

t5 [(1+2)"-1]7 S~

Tremendous energlsee Eq.(16)] released in a narrow
angle 6~ 1/ymax is Not seen in GRBs because of the small-
C. Host galaxies ness of this angle. The beam of particles accelerated by em

radiation in this narrow cone has a very large Lorentz factor,

The discovery of GRB afterglows revealed an associationyhq the emitted photons have energies in excess of 1 TeV.
of long-duration GRBs with galaxigsee[40] for areview.  These photons are absorbed in collisions with infraiiéy
Nineteen GRBs with long durations are found to be undoubty, microwave photons, collectively denoted &s y+ v,

edly hosted by normal galaxigél]. For ten of them red- _ o+ o= Electrons and positrons start em cascades on mi-

shifts are found to be typically 1-3. For many bright bursts,.;.,ove photons ¥,;) due to inverse Compton scattering
which are most probably at small distances, no host galaxie%jL vop—€+7y) and pair production §+ yp,—e” +e").

have been found. For example, for 16 bright bursts observedq ey degrade in energy, cascade electrons are effectively
by th? Interplanetary Networ'k with small error boxgs, NOdeflected in the extragalactic magnetic field, and the pro-
galaxies are found with magnitudes from 20 to 24. Th'_s SU93uced diffuse gamma radiation is isotropic. The spectrum of
gests that some of the GRBs are not hosted by galaxies. remaining cascade photons was calculated analytically in

In our model, the fraction of loops captured by galaxes is[44] (for recent Monte Carlo simulation see Rp45]). The

expected to be small, due to the high velocities of the 100ps, 5 \vtic spectrum is described in terms of three parameters
The most straightforward way to reconcile the model with

bservations is t that ible only fop " nde,-
observations IS to assume that cusps are responsioie only To €, is the minimum energy of absorption, i.e., the smallest

a subset of the observed GRBs not associated with gaIaXieéhergy of a photon absorbed on IR radiatian ¢ m2/ e
e/ ©IR

Such a subset could include the short-duration GRBs, fo\r/vith the exact value dependent on the spectrum of IR radia-
which no host galaxies have yet been detected. With th P b

choice of parameterB_;~3, a_g~0.3, as in Sec. Ill, the %on). €x is the eneigy of an IC photon produced by an
T . . electron of energy.=e€,/2, i.e., by an electron created by

distribution of GRB durations is peaked atgg~0.5 s. At 2 photon of enen yHere is the enerav density of

the same time, the tail of the distribution extends all the way P ENETgHE,y . @y 9y y

cascade radiation.

to 7gre~10° s, and thus the model can account $omeof The space density of cascade photongE), is given b

the long GRBs as well. This particular possibility meets an- P y photongg), is g y

other problem, since short GRBs do not show deviation frorr{44]

a Euclidean djstribution. However, it is often suggested that K(Elex) 32 if E=ey,
GRBs comprise a few subclasses, and the existence of a EPR. e
no-host subclass remains plausible. ny(E)={ K(E/ex) it ex<BE<e,, (39

An alternative possibility should be also mentioned. In 0 if E>e,,
string evolution models withe>k Gu, the lifetime of the
loops is 7;>t, so the loops will be slowed down by the
expansion of the universe and a substantial fraction of therwhereK is a normalization constant which can be expressed
can be captured in galaxies. in terms of wg,s @s
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o scenario will be given elsewhere.
cas

== 36
€2+ Ine,/ey) 39

VI. DISCUSSION AND CONCLUSIONS

The cascade energy densiéy,s can be calculated as the  The nature of GRB engines is still unknown. There are
total energy release in em radiation of cusps integrated ovejbservational indications that they are astrophysical objects:

redshifts from O up t@g=4. This gives about 25 GRBs are reliably found to be located in galaxies,
_ 3 probably in regions of star formation; at least in one case
wcas= S gKen€”7Bo o (37 GRBis identified with a superno@N 1998 bvy. The most

popular now are astrophysical models, with binary neutron
star mergerg50], failed supernova$s1], hypernovag52],
and supranovags3] being the front runnersfor a critical
review seg54]). All these models, however, are not devel-

Assuminge,~100 GeV due to absorption on IR radiation,
we obtainex~8.1 MeV. Then the predicted spectrum in the
energy range 8 Me¥E=<100 GeV is

ltheod E)~2.5X 10" %412 oped enough to give quantitative predictions. They also share
the difficulty of explaining the large beaming factor required
E —2 1 ) for GRBs.
X 10 Mev cm “s “sr-MeV " In contrast, the cosmic string model presented here allows

one to obtain quantitative predictions for the main observa-
(38) tional characteristics of GRBs. In this paper we developed a
deliberately simplified model, which is characterized by a
This is to be compared with the EGRET fl{#6] for the  single free parametdthe energy scaley of symmetry break-
energy range 5 Me¥E<100 GeV: ing or a=k,G7? and by three other physical quantities,
relatively well restrictedthe magnetic field in filaments and
sheetB,, the epoch of galaxy formatiary , and the density
~2.1+0.03 of baryonic matter in the filaments and sheets, a quantity not
cm2s lsriMev—L. critical for the predictions Nevertheless, the model cor-
rectly accounts for the GRB rate and for the range of GRB
fluences and durations. It may also explain the short-time
structure of GRBs, the diffuse x- andray backgrounds, and

With @_g~0.3 andB_,~3 the predicted flux differs from the ultrahigh-energy cosmic rays. .
the observed one by a factor of 3. This can be regarded as '€ string model predicts the recurrence of GRBs with a

. . . i ~ -12
agreement for an order-of-magnitude estimate of our simpl@eriod of T\~50a_g(1+2) yr. Very short bursts may
model. have much shorter recurrence periods, perhaps as short as a

few years. Observation of these repeaters is a challenge for
future detectors with a high efficiency for the detection of
short bursts.

GRBs have been suggested as possible sources of the ob-Another testable prediction of the model is that GRBs
served ultrahigh-energy cosmic ray®/HECRS [47,48.  should be accompanied by strong bursts of gravitational ra-
This idea encounters two difficulties. First, if GRBs are dis-diation with a characteristic waveform.
tributed uniformly in the universe, UHECRs have a classical It must be emphasized that our model involves a number
Greisen-Zatsepin-KuzmifGZK) cutoff, absent in the obser- of simplifying assumptions. All loops at cosmic timevere
vations. Second, the acceleration by an ultrarelativistic shockssumed to have the same lendgithat with a~kyG 7,
is possible only in the one-loop reginfiee., due to a single while in reality there should be a distributian(l,t). The
reflection from the shog49]. For a standard GRB with a evolution law (15 for B(z) and the assumption ofg
Lorentz factor ysp,~300 it results in a maximum energy =const are also oversimplified. A more realistic model
Emax~ ¥anM,~ 10 eV, far too low for UHECRSs. should also account for a spatial variationBfBeing basi-

Our model can resolve both of these difficulties, assumingally a one-parameter model, our model may predict spuri-
that ynmaxis determined by the current backreaction, Bd).  ous correlations between the GRB characteristics. In particu-

If the magnetic field in the Local SuperclustérS) is lar, the Sx7g4g correlation, suggested by E¢R3), holds
considerably stronger than outside, then the cusps in the Lénly at a fixed redshift and tends to be washed out when the
are more powerful and the GZK cutoff is less pronounced. redshift distribution, the loop length distributior(l,t), and

Cusp segments with large Lorentz factors produce hydrothe inhomogeneous spatial distribution of the magnetic field
dynamical flows with large Lorentz factors; e.gy~2  are taken into account.

X 10* corresponds toycp~3X10° and Eq .~ yéDmpfvl Our model meets basically one difficulty: it predicts a too
x10%° eV. Protons with such energies are deflected in thdow GRB rate from galaxies. This discrepancy could be ex-
magnetic field of the LS and can be observed, while protonglained if our model strongly underestimates the capture rate
with much _higher energies caused by near-cusp segments string loops by galaxies. For example,dtk,Gu, then
with y=10° are propagating rectilinearly and generally arethe loops are nonrelativistic and may be effectively captured
not seen. A quantitative analysis of the UHECR flux in thisby galaxies. Another possibility is that our model could de-

lop E)=1.38x10"°

X ( _
10’3 MeV
(39)

F. Ultrahigh-energy cosmic rays
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scribe some subclass of sources not associated with galaxidew decades for the majority of GRBs and on the scale of a

Such a subclass could include short-duration GRBs fofew years for faint bursts§<10 8 erg/cnf) with short du-

which host galaxies are not found. In this case, the modefation 7grg=20 ms. The next generation of GRB detectors

needs a smallew, as discussed in Sec. Il B. In contrast to can examine this prediction.

the prediction of our model, short bursts do not show a

strong deviation from the Euclidean distribution. This could

be due to observational selection effects, since the faint ACKNOWLEDGMENTS

short-duration GRBs which form this subclass have a low
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