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The high-redshift gamma-ray bursts (GRBs), GRBs 080913 and 090423, challenge the conventional
GRB progenitor models by their short durations, typical for short GRBs, and their high energy releases,
typical for long GRBs. Meanwhile, the GRB rate inferred from high-redshift GRBs also remarkably
exceeds the prediction of the collapsar model, with an ordinary star formation history. We show that all
these contradictions could be eliminated naturally, if we ascribe some high-redshift GRBs to electro-
magnetic bursts of superconducting cosmic strings. High-redshift GRBs could become a reasonable way
to test the superconducting cosmic string model because the event rate of cosmic string bursts increases

rapidly with increasing redshifts, whereas the collapsar rate decreases.
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Introduction.—Cosmological gamma-ray bursts (GRBs;
see [1] for a review) are usually classified phenomenolog-
ically into two classes: i.e., the long-duration, soft-
spectrum class, and the short duration, hard-spectrum class
[2]. An observer-frame duration ~2 s is traditionally taken
as the separation line. For long GRBs, their host galaxies
are typically irregular (in a few cases spiral) galaxies with
intense star formation and, especially, a handful of long
GRBs are firmly associated with Type Ib/c supernovae. So
it is nearly confirmed that most (if not all) of long GRBs
are produced during the core collapse of massive stars
(called collapsars). In contrast, short GRBs are usually
found at nearby early-type galaxies, with little star forma-
tion. All deep supernova searches for them have led to
nondetections. These facts are in good agreement with the
conjecture that short GRBs could originate from mergers
of compact binaries. Although this simple classification
looks so solid, it is challenged by a few unusual GRBs,
most notably, the two highest redshift GRBs (GRBs
080913 and 090423, with z = 6.7 [3] and 8.2 [4], respec-
tively). On one hand, both GRBs 080913 and 090423 have
an intrinsic duration shorter than 2 s, and a hard spectrum.
On the other hand, they are quite unlikely to be short
GRBs, in view of their high energy releases, and their
consistency with the Amati relation [5], which is only
fulfilled by long GRBs. These contradictions make these
high-redshift GRBs very difficult to be understood in both
progenitor models of collapsars and mergers of compact
binaries.

It is usually suggested to use long GRBs as cosmological
tools to probe the star formation history of the Universe.
The rapidly increasing number of GRBs with known red-
shifts has motivated several such attempts, under the as-
sumption that the GRB rate traces the star formation rate
(SFR), either with a constant ratio [6], or more probably
with an additional evolution [7,8]. Using a sample includ-
ing GRBs 080913 and 090423, and assuming all of the
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high-redshift GRBs are collapsar GRBs, the SFR determi-
nation was extended to a redshift interval never explored
before (only ~630 Myr after the big bang) [9]. While the
SFR at 4 < z <5 is in basic agreement with earlier mea-
surements, the SFR inferred from the high-redshift (z > 6)
GRBs seems to be too high in comparison with the one
obtained from some high-redshift galaxy surveys [10,11]
although the missing of the faint end of the galaxy lumi-
nosity function could also suppress the corresponding es-
timations [11]. The overestimation of the high-redshift
SFR from the GRB counts naturally makes us consider
the possibility that the high-redshift GRB sample could be
seriously polluted by a fair number of noncollapsar GRBs,
which correspond to a new, intrinsically different GRB
origin. In the very early Universe, superconducting cosmic
strings could be the most plausible candidates.

Cosmic strings are linear topological defects that could
be formed at a symmetry breaking phase transition in the
early Universe, as predicted in most grand unified models.
Strings can respond to external electromagnetic fields as
thin superconducting wires [12], and thus be able to de-
velop electric currents as they move through cosmic mag-
netic fields. Therefore, due to the oscillating loops of the
superconducting strings, highly beamed, short electromag-
netic bursts would be emitted from small string segments,
centering at some peculiar points (i.e., cusps), where the
velocity nearly reaches the speed of light [13,14].
Observational evidence for such cosmic string bursts has
probably been provided by an observed millisecond radio
burst [15], as argued by Vachaspati [16]. The possibility
that strings can serve as GRB engines was first suggested in
[17,18] and further carefully investigated in [19,20]. The
powerful electromagnetic radiation from a cusp eventually
produces a jet of accelerated particles, whose internal
dissipations and terminational shock are possibly respon-
sible for the GRB prompt and afterglow emissions, respec-
tively. Before the Swift era, it was almost impossible to
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distinguish cosmic string GRBs (CSGRBs) from conven-
tional collapsar GRBs at relatively low redshifts, because
the event rate of the CSGRBs decreases dramatically with
the expansion of the Universe. Presently, such a situation
may be essentially changed by the discovery of GRBs with
very high redshifts.

GRBs from superconducting cosmic strings.—At any
time ¢, a horizon-size volume contains a few long strings
stretching across the volume, and a large number of small
scale wiggles. The typical distance between the long
strings and their characteristic curvature radius are both
on the order of ~ct, while the wavelengths of the wiggles
are down to [ ~ act, where c is the speed of light. In this
Letter we treat, for simplicity, the value of « as a constant,
as it is usually done, although in principle it could decrease
with time due to string radiation [16]. The exact value of «
is not known, but numerical simulations still gave an upper
bound, @ < 1073, while a lower bound a = 50Gu/c* ~
5 X 1077 is determined by the gravitational radiation back-
reaction [20] with G being the Newton’s constant and u ~
10'8 gcm™! being the mass per unit length of string. The
string can be treated as a series of closed loops that
oscillate with a period T; ~ [/2c. The number density of
the loops can be estimated as n; ~ 1/ac’t’. Oscillating
loops tend to form cusps, where the string segment rapidly
reaches a speed very close to the speed of light. Near a
cusp, the string gets contracted by a large factor, and its rest
energy is converted into kinetic energy.

As shown by Witten [12], strings predicted in a wide
class of elementary particle models behave as supercon-
ducting wires. If an electric field E is present on the axis of
a superconducting string, the string generates an electric
current I at the rate dI/dt ~ (ce?/h)E, where e is the
electron charge. Then, for a string segment moving with
velocity ~c in an external magnetic field B, we can get the
current increase rate as dI/dt ~ (ce*/h)B. Hence, a super-
conducting loop oscillating in a magnetic field can act as an
alternating current generator, developing a current of am-
plitude I, ~ (e*>/h)BI [13]. Because of the large current, a
powerful electromagnetic radiation is generated, and the
emitted power can be estimated with the use of the mag-
netic dipole radiation formula as Py ~ m*w*/c’ ~ I3 /c
[13], where m ~ I,I?/c is the magnetic moment of the
loop and @ ~ T; ! is the typical frequency of the oscilla-
tion. Taking the direction of the string velocity at the cusp
as 6 = 0 and considering the radiation from all segments
nearby the cusp, the radiation from the angle 6 would be
mainly contributed by the segment with Lorentz factor
vy ~ 67!, As a result, the angular distribution of the total
power of the loop is given by dP/dQ ~ kP,/6> [13],
where k ~ 10.

For a viewing angle 6 with respect to the string ve-
locity at the cusp, the radiation received by observers is
from the string segment with Lorentz factor y ~ #~!. Then
the observational luminosity would be determined by
[17,21]

L~ 735—5 ~ kPyy® ~10% ergs 'a? 4B} ;¥Sf.1 (1)
where f, = (1 + z) and hereafter the convention Q, =
Q/10" is adopted for the cgs units. The duration of this
radiation in the local inertial frame can be estimated to be
Tioc ~ T;/7. Considering the Doppler effect and the cos-
mological time dilation further, the duration as seen by
observers can be calculated by

T _
T Tloc(l - B)fz -~ y_éfz ~1 Sa787373fzy11/2, 2)

where B = (1 — y72)!/2, See Ref. [17] for a detailed dis-
cussion on this timing estimation. In the above calcula-
tions, the time is approximated by ¢ =~ (1/H,)f- */?, with
Hy, =73 kms~ ' Mpc~!, and the magnetic field, assumed
to be frozen in the cosmic plasma, is simply calculated as
B(z) = Byf? with B, being the magnetic field strength at
the present time. From Eq. (1), the Lorentz factor can be
inferred from the observational luminosities as

y ~10% g B, PLYer /6, 3)

Substituting this expression into Eq. (2) and using 7 = Ty
(the observational duration Ty is the period in which 90%
of the burst’s energy is emitted), the main model parame-
ters can be constrained by

a’ 4By _7 ~ 9T90,1L;42, 4

which is independent of the unknown 7y or 6.
Implications from the observed high-redshift GRBs.—
There are three types of sites in the Universe where mag-
netic fields can induce sufficiently large electric currents in
the strings—galaxies and clusters of galaxies, voids, and
walls (filaments and sheets). In this Letter CSGRBs are
assumed to mainly come from the walls, which occupy a
fraction of f ~ 0.1 of the space. Then the event rate of the
CSGRBs with luminosities >L can be estimated by [20]

. 02 n;
Res(>L) ~ = 1
CS 4 B Tl

~ 740 Gpe 3 yr ta Ty B LG PR ()

zl

where 6 ~ y~! can be determined by Eq. (3). The depen-
dence of R on a shows that, if a possible decrease of a
with time is taken into account, the increase of Rcg with
increasing redshift would become slower. Anyway, for the
Swift satellite, with an angular sky coverage of AQ /47 ~
0.1, and for a five-year observation period (7" ~ 5 yr), the
expected number of CSGRBs between redshifts z and z +
Az can be calculated as [20]

AQ z+A

NEGL) =PT “Resf AV, (), (6)

Z

where the factor fz_,1 is due to the cosmological time
dilation of the observed rate, and 0 < P <1 indicates
the ability both to detect the initial burst of gamma rays,
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and to obtain a redshift from the optical afterglow. The
proper volume element is given by [20] dV,(z) =
[47d2(c/Ho)(f3 Y, + Qp)"2dZ']/f3 with the comov-
ing distance given by d. = (c/H,) fg(fg,,Qm +
Q,)""2d7". The cosmological parameters are (), =
0.27 and Q, = 0.73, respectively. Considering that the
two highest-redshift GRBs (GRBs 080913 and 090423)
are CSGRBs due to their unusual properties, the integral
in Eq. (6) over 6.5 <z<8.5 leads to the constraint
NEP(>L) ~ 1504 BY/?,L5*P = 2. Combining this
result with Eq. (4), we can further obtain o =4 X
1078754, and By =7x 1078 G LY’Ty);, which is
close to the equipartition magnetic field strength of
~1077 G [22].

Finally, let us return to the question asked at the begin-
ning of this Letter—how the SFR estimation by the high-
redshift GRB sample is influenced by the CSGRBs.
Following [7-9], we define an effective SFR pS, due to
the CSGRBs, as

NCCXSP(>L) _ f§+Az fpifffglch(z’)
NPS(>L)  [Hépafitav@)

where & x ff, with & ~ 1.5 giving the fraction of stars that
produce GRBs, and additional evolution effects. Different
from the CSGRB rate Rqs(z') that is defined at the time of
t, the SFR p..(z') here is measured at the present time 7, S0
the integral of p..(z’) should be over the comoving volume
as dV (7)) = fg,de(z’ ) [7-9]. For the observed GRBs
within 1 < z <4, we still consider that the overwhelming
majority of them originate from collapsars. So the obser-
vational counts N, (>L) can be estimated by integrat-
ing following star formation history [10] over 1 < z <4:

(N

M 2<097,
p(z) o 4 f702 0.97 <z<4.48, (8)
fI718, 448 <z

with p,(0) = 0.02 Myyr~! Mpc~3. The actual values of
NS, (>L) for different luminosities can be found from
Fig. 3 in [9]. For convenience, here we fit the data by
NS, (>L) ~ 15L5° with 8 ~ 0.78. Substituting Eq. (6)
into Eq. (7), we can obtain the effective SFR as

s eff _ T [1pof27'dVe AQ  Res(>Ly,)

TORN®GLy) 4rT
1/2 3
_ - L3 a—s4pff T — 1\2B-1/3)
= A Mgoyr ' Mpc 3 f7 (T) i

where the prefactor A ~ 0.025ai§/333(,7f’5g1/3?. The
luminosity threshold at redshift z can be calculated as
Ly, = 4md,(z)*F for a given flux sensitivity F and a lu-
minosity distance d,= f.d. =~ (3¢/H,) V212 1) 1201
With different values of A, we plot the effective star for-
mation history inferred from the CSGRBs in Fig. 1 using

dash-dotted lines. As shown by the solid line, the SFR data
(diamonds) inferred from the high-redshift GRBs [9] can
be well explained by combining Eq. (9) for A ~ 0.1 (thick
dash-dotted line) with Eq. (8) (dashed line).

Conclusion and discussions.—The analysis in this Letter
shows that all of the observed luminosities, durations, and
the event rate of high-redshift GRBs can be reasonably
explained by ascribing some high-redshift GRBs to super-
conducting cosmic string bursts. Therefore, in the future
SFR determinations using high-redshift GRB sample, the
possible pollution from CSGRBs must be eliminated care-
fully. In contrast to conventional GRBs, CSGRBs may
have some unique features, e.g., a high luminosity accom-
panied by a very short duration, no association with super-
nova, and probably no host galaxy. More importantly, such
an ascription inevitably suggests a new GRB original
mechanism, in addition to the conventional progenitor
models as collapsars and mergers of compact binaries. In
other words, we can somewhat regard GRBs 080913 and
090423 as new evidence for the existence of superconduct-
ing cosmic strings in the early Universe.

The superconducting cosmic string model may be tested
in a variety of ways. First, some high-frequency (e.g., GHz)
electromagnetic waves directly radiated by a cusp at rela-
tively low redshift can penetrate the surrounding medium
and then be detected as a cosmic spark [16]. Second, due to
the quench of the current on the strings, superconducting
cosmic strings could be a source for positrons, and thus the

=

FIG. 1. The cosmic star formation history. The SFR data
(diamonds) inferred from the high-redshift GRBs [9] obviously
deviate from the star formation history (dashed line) given by
[10], which is obtained by fitting the compiled SFR data inferred
from galaxies (circles). For a comparison, we also exhibit the
newer data inferred from the high-redshift Lyman break galaxies
(triangles) [11] and Lyman-« emitters (crosses) [27]. The dash-
dotted lines represent the effective star formation history inferred
from the CSGRBs with different values of A and the solid line
represents the combination of the dash and dash-dotted line for
A=0.1.
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observed 511 keV emission from electron-positron annihi-
lation in the Galactic bulge can be explained by the exis-
tence of a tangle of light superconducting strings in the
Milky Way [23]. Third, oscillating string loops can also
contribute to gravitational wave (GW) background. The
background spectrum has two main features: i.e., the “red
noise” portion spanning the frequency range 1073 Hz =
f=10'"Hz and the peak in the spectrum near f ~
10712 Hz [24]. Gravitational waves in the frequency
band 107!> Hz = f = 10~® Hz produced by a cusp for
string tensions as small as Gu/c?> ~ 107'° could stand
above the GW background [25], which might be detectable
by the planned GW detectors such as LIGO, VIRGO, and
LISA.

Finally, the ascription of some high-redshift GRBs to
CSGRBs enables us to use high-redshift GRBs as a cos-
mological tool to constrain the primordial cosmic magnetic
fields. At present, the magnetic fields on large scales are
usually limited by the cosmic microwave background and
by Faraday rotation measures of light from high-redshift
quasars. As a result, some upper limits (from 107° G to
1077 G [26]) for By have been suggested. However, in
view of the simplification of the CSGRB model and the
smallness of the high-redshift GRB sample, the numerical
results in this Letter are not yet sufficiently solid. Anyway,
the CSGRB method at least provides a potentially effective
complement to the cosmic microwave background and the
Faraday rotation methods. The combination of all these
methods can give a more precise estimation on the strength
of the primordial cosmic magnetic fields.
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