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Cosmic strings are one of the types of topological defects which can
appear during appropriate phase transitions in the expanding early
Universe. Of a particular interest are the superconducting cosmic
strings, in which the massless carriers of charge can move with-
out any resistance. It is shown that the superconducting cosmic
strings in an intergalactic magnetic field can be powerful sources
of nonthermal radiation. We have calculated the spectra of the
synchrotron, self-Compton, and inverse Compton emissions of rel-
ativistic electrons accelerated on the leading edge of a shock wave
around the string. The modern X-ray and gamma-telescopes can
register the loops of cosmic strings at a relatively small distance
of about 0.1 Mpc. Nevertheless, the near-cusp regions can gener-
ate much powerful but appreciably collimated and therefore more
scarce impulses.

1. Introduction

Cosmic strings [1-3] represent one of the types of topo-
logical defects which can be formed under phase transi-
tions in the early Universe. The last years, a great at-
tention is paid to macroscopic fundamental superstrings
with properties close to those of topological defects [4, 5].
Such superstrings can be formed, for example, as residu-
als of the annihilation of branes in models of brane infla-
tion [6]. In many models of elementary particle physics,
the cosmic strings are formed after the inflation, which
leads to their influence on the formation of a large-scale
structure of the Universe [7, 8|.

In the older cosmological models of the formation of a
large-scale structure of the Universe, the strings were
considered as ones of the candidates causing the for-
mation of initial perturbations [9-12]. In contemporary
models, where the cosmic strings arise at the end of the
inflation period, the strings contribute insignificantly to
the total spectrum of fluctuations of the density [13, 14].
Their contribution is essentially limited by observable
data. For example, the fluctuations of the temperature
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of the cosmic microwave background (CMB) can be a re-
sult of some combinations of quantum fluctuations in the
Universe and the perturbations caused by cosmic strings
[15-18]. However, no direct observations of strings in
fluctuations of the microwave emission are available till
now, which imposes some restrictions on the parameters
of strings, in particular Gu/c? < 3.2 x 1077, where p is
the tension (or the mass per unit length) of a string, G is
the gravitational constant, and ¢ is the light velocity [19].

For the time of their existence, the strings have formed
entangled networks which are composed of loops and in-
finite strings [20, 21]. The strings oscillate and move
with relativistic velocities. When the strings cross one
another, they are reclosed; the self-intersection leads to
the creation of closed loops. The numerical calculations
of the evolution of strings indicate that the network of
strings evolves in a scale-invariant way which is charac-
terized by the presence of several infinite (in the limits
of the horizon) segments and a collection of loops with
various lengths in each Hubble volume [22, 23].

An important direction of studies is the gravitational
lensing on cosmic strings [24, 25]. In particular, the
lensing on infinite cosmic strings gives two identical im-
ages of a background object [26, 27]. The lenses-loops
of strings can induce a rather strong increase in the lu-
minosity of background stars and can be observed due
to this phenomenon [25]. In 2000, F. Bernardeau and J.
Uzan [28] notices one more specific feature of the lensing
by cosmic strings related to small oscillations on a string.
In the vicinity of such a string, a sequence of bright im-
ages appearing at the lensing on its substructures will
be seen.

In 2003, M. Sazhin et al. [29] claimed on the possi-
ble discovery of the first case of the lensing on a cosmic
string. They observed two galaxies very similar by form
and by spectrum which seem to be the images of a single
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galaxy formed by the gravitational lensing on a straight
cosmic string. However, the special program of observa-
tions on the Hubble telescope revealed that these images
correspond to two different galaxies [30].

At the present time, several communications about
a possible experimental discovery of cosmic strings are
known. For example, the authors of work [31] analyzed
fluctuations of the brightness of the well-known gravita-
tionally lensed quasar Q0957+561. The object is com-
posed of two images of the quasar which are positioned
at a distance of about 6" and are formed due to the
gravitational lensing on a massive galaxy. Due to the
difference in the paths of rays from different images, the
fluctuations in objects A and B are shifted in the time
by 412 days. However, on a certain section of the curve
of brightness, the synchronous fluctuations of the bright-
ness of both images were revealed. The synchronism of
fluctuations of the brightness is explained in [31] by the
motion of the loop of a cosmic string near the way of rays
from the images to the observer. The gravitational field
of loops is periodically varied, due to oscillations, and
introduces synchronous fluctuations of the brightness of
the quasar image.

There exist also the superconducting cosmic strings,
inside of which the massless carriers of charge (zero
modes) are present and move, by undergoing no resis-
tance [32-34]. A significant attention is given to the
electrodynamic properties of such strings and to their
interaction with the cosmic plasma. In the presence of
a current along a string, these objects become sources
of electromagnetic emission. In this case, the important
role is played by the emission of the so-called cusps on
a string. Cusps are periodically appearing nonsmooth
(like a break) regions of a string, whose vertices reach
almost instantaneously the velocity of light. The cusps
generate sparks of the electromagnetic emission directed
along their motion [35] which can serve a source of en-
ergy for some cosmological gamma-sparks [36]. Work
[37] reported on the discovery of a millisecond radiospark
which was interpreted in [38] as a spark from the cusp
on a superconducting cosmic string.

It was shown in [39] that if a superconducting string
moves through the cosmic plasma, the former can be
observed as a source of the synchrotron emission. In
[39], a nonrelativistic string was considered. At the same
time, the loops of cosmic strings or separate segments
can move with relativistic velocities. In the present work,
we will consider the nonthermal (synchrotron and inverse
Compton) emission of particles (electrons) of the cosmic
plasma accelerated on the front of a relativistic shock
wave around a string.
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2. Cosmic Strings in a Local Universe

The energy scale of a phase transition is characterized
[40, 41] by some dimensionless parameter 7 related to the
mass per unit length (tension) p of a string by p ~ n?.
The energy loss rate by a string due to the gravitational
emission is determined by the parameter

o FG,u7 (1)

c2

where T" ~ 50 is the dimensionless parameter [42]. The
typical length of loops is determined by the relation [ =
act, where t is the cosmological time moment. Since
we consider a close region of the Universe, we may take
t=ty=13.6 x 10° yr.

The dependence of the concentration distribution
function for the loops of strings on the time looks as

1
n=-—w—. 2
a(ct)? @)
For a given «, the average distance, on which the loops
can be positioned, is dy = n~/3 = a'/3¢t. The mean

angle 6 ~ /ds = a*/3, at which the Earth’s observer sees

a loop, depends only on the type (tension) of a string (see
Table 1).

3. Superconducting Strings in Plasma

The motion of strings and loops in the intergalactic
plasma is characterized by the parameters: the con-
centration of protons and electrons n, ~ n, = n; =
10""n_7 ecm™3, B; = Bigm = 1077B_; Gs is the mag-
netic field, and IGM means the intergalactic medium.
Let a superconducting string move in the intergalactic
medium with a Lorentz-factor ;.

During oscillations of a loop in the intergalactic mag-
netic field, an electric current is generated in it with the
mean amplitude

1= k’iquIGMl/h. (3)

The current generates the proper magnetic field near the
string [43]

Brag(r) = 2i/cr, (4)
Table 1. Characteristics of strings with various
tensions
o Parameters of strings
Lp) | dilpe) [ 0

10-6 4.2 x 103 4.2 x 107 21"

10-8 42 9.1 x 108 1

10— 11 0.042 9.1 x 10° 0.01”
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where r is the distance from the string, g, is the electron
charge, h is the Planck constant, and k; ~ 1 is a constant.

The ionized cosmic plasma cannot penetrate into the
region with a strong magnetic field near the string.
Therefore, at the circumfluence of the string, a shock
wave is formed at some distance rg from it. Behind its
front, the flow of the intergalactic plasma in the reference
system of the string is decelerated and flows around the
“magnetosphere” of the string which is a region with the
high pressure of the magnetic field balancing the dynam-
ical pressure of a plasma in the after-shock region on the
string. We note that the pressure does not vary on the
tangent break (the boundary of the magnetosphere and
the after-shock region), and the size (radius) of the mag-
netosphere is close to the size (radius) of the shock wave,
whose velocity relative to the magnetosphere plasma is
equal to the velocity of the string. Therefore, the radius
of a shock wave can be determined from the condition
of equality of the pressure of the magnetic field of the
magnetosphere Py, and the pressure behind the front
of the relativistic wave Py, in the reference system of
the string: B2, /87 = nim,c~2,, where yg, = 75 is the
Lorentz-factor of the shock wave. With the accepted no-
tations (a_g = /1078, B_y = B/1077, n_; = n/1077),
we get

kiq? Bigml

T‘ = —
© T 2hcRyen /TR,

=31x 1015]@"}/8_}113_705_87’1,:%/2 cm. (5)

The geometry of the problem allows us to separate the
following regions (see Fig. 1): I — unperturbed cos-
mic plasma, 2 — the plasma behind the front of a shock
wave, 8 — behind the boundary of the magnetosphere,
the plasma is absent.

4. Acceleration of Electrons on the Front of a
Shock Wave

The characteristics of a shock wave (its Lorentz-factor
7sn and the Lorentz-factor of the plasma behind the front
of the wave 79; both are considered in the laboratory ref-
erence system) satisfy the relation (Blandford & McKee,
1976)

Yo~/ (VA +1)/2. (6)

So, for an ultrarelativistic shock wave (vg, > 1), we have
Y2 >~ Ysh/ V2, and the concentration of particles no and
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Fig. 1. Schematic diagram of a flow of the cosmic plasma near a
superconducting string. The trajectories of particles of the plasma
are marked by lines with arrows

the energy density e, behind the front of a shock wave
are

ng ~ 4yany, (7)

2 2 2
€2 = ot ™ €p = YaNaMpC~ & 4yanimyc”. (8)

The main contribution to the energy density behind the
front of a relativistic shock wave is given by relativistic
protons with e, ~ ey. It is known from the analysis of
data on ultrarelativistic waves in cosmological gamma-
sparks [44] that the magneto-hydrodynamic (MHD) pro-
cesses behind the front of a shock wave lead to the trans-
fer of some part of the thermal energy of protons to
electrons (so that e, = €ce2) and to the generation of a
turbulent magnetic field (ep = eges), whose value

By = 27y94/8mc2egmpn, =

=3.9x 10790 Pelf? | Gs (9)

exceeds significantly the value of the expected field in
the case of its freezing. In this case, the energy densities
of electrons and the magnetic field are essentially less
than the energy density of protons (ep < 1, €, < 1).

Continuing the analogy with ultrarelativistic shock
waves in gamma-ray bursts, we assume that the distri-
bution of relativistic electrons in the after-shock region
is a power one:

N(ve) = K'v. 7, (10)
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(N(E.) = KE;P). We set p > 2 (p =~ 2.25 for gamma-
ray bursts).
The mean value of . is
m m
<'Ye> = pGe’YQ ~ P
m

€ e

(11)

€eVsh-

In this case, the concentration of electrons and the den-
sity of thermal energy of electrons are as follows:

(oo}
K
Ne,2 = / N(E.)dE. = PRIV (12)
B i (P = D min
€e2 = 66’)/2nmpc2 = / N(Ee)Ee dE, =
Ee min

K

TR 1

From the formulas for e. o (p =~ 2.2, ysn = 2), we deter-
mined K:

1 _ (’Ye,min )p—2

Ye,max

= 2
(P — 2)(Ve,minMec?)P2 = €Y2N2MmpCT,

K~ 66472(17 - 2)72n1mp02(m602'76,min>p =

=15 x 107243 n_rel?, -3, (14)

erg'Zcm

K' = K/(mec®)P~1 =3 x 10_57§'Qn,7ei;31 cm ™. (15)
The minimum Lorentz-factor of electrons
m,p—2
Ye,min = Jp V2€e = 3172667—1' (16)
mep—1

The maximum Lorentz-factor can be estimated from the
equality of the durations of the acceleration t,.. and the
synchrotron cooling ¢y, [46]:

R
tace = CTL7 (17)
UVa
2
YeTleC
tsyn = Psyn b (18)

where R; = 7yemcc?/q.Bs is the Larmor radius of an
electron in the magnetic field Bs, v, is the Alfvén ve-
locity, (v%/c* ~ 2ep), Pyn = %aTceB’yg is the emis-
sion power of one electron in a local coordinate system
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(the after-shock plasma), and o is the Thompson cross-
section. Finally, we get

[12mepq - —1/4 1/4
Ve, max = WT@ =8.1 X% 10972 1/277,_;/ elB/’,l-

Another limitation for . max accounts for the geometric
boundedness of the acceleration region (~ rs): Fe max =
QeTsB2 or

(19)

Ve max = qerng/mec2 ~T.1x 10772’75_}11]%3—704—86113/,2—1-

(20)

Thus, due to the passage of a plasma across the front
of a shock wave, we obtain the power spectrum of rela-
tivistic electrons with characteristics (10) and (15) and
the maximum energy (19) or (20) behind the front.
These electrons will manifest themselves due to the non-
thermal emission from the after-shock region. Such an
emission is one of the main manifestations of supercon-
ducting cosmic strings in the intergalactic plasma.

5. Synchrotron Emission of Electrons

The typical energy of synchrotron photons depends on
the Lorentz-factor v, of relativistic electrons and on a
magnetic field strength and is equal to (in a local coor-
dinate system)

hgeBo 9

e’

hwgyn = (21)

mec
whereas the observed duration of the cooling is given by
formula (18). Therefore, the duration of the cooling as
a function of the energy of photons can be written as

3 [2memeqe
aor BS Vsyn ’

The critical parameter determining the mode of cool-
ing (fast or slow) is the Lorentz-factor 7. . of electrons
which are cooled for the hydrodynamic time. We will
find it from the comparison of the hydrodynamic time
of the system tyyq ~ 7sn/c  and the time of the syn-
chrotron cooling tgyy:

(22)

tsyn (Vsyn) =

3Mmec
Yee = 7 ——— =
4oreptnyd

—-1/2 —1

~ 7 x 10"y kT a BT n " el (23)

ISSN 2071-0194. Ukr. J. Phys. 2009. Vol. 5/, No. 10



ELECTROMAGNETIC EMISSION OF COSMIC STRINGS

The fast cooling is realized if Ve c < Ve, min, i-e. all elec-
trons rapidly loss their energy for the emission. But if
Ye,c > 7Ye,min, then only a part of electrons above 7. .
is efficiently cooled, and the main amount of electrons is
in the mode of slow cooling.

As was shown in [46], the synchrotron emission from
the power distribution can be approximated by the bro-
ken energy spectrum with three characteristic frequen-
cies of breaks. The first is the self-absorption frequency
V,, below which the system becomes optically thick. At
the frequencies v, > v, the self-absorption is important,
and the emission flow is proportional to 2. Two other
characteristic frequencies v, and v, correspond to the
emission of electrons with the Lorentz-factor e min and
e, respectively. In our case, v, < v, < V..

For the energy spectrum of electrons (11), the energy
of the synchrotron emission from unit volume per unit
frequency interval (spectral emissive ability) for slow
cooling can be written as

I//Vm)2ju,maxa if Vg 2 v,

V/Vm)1/3ju,maX7 if Um >v> Vg

(
(
(V/Vm)i(pil)/ZjV,ma)m
( m)f(pfl)/2(L

Ve

jl/ ~ .
ifve >v>vp;

)7p/2ju,max7 if v > Ve.
(24)

In a local reference system, the characteristic fre-
quency of the synchrotron emission of an electron which
moves with 7,

qu2 2
syn — . 25
Yoy 27rmec% (25)

The emission power maximum is observed at the fre-
quency (for an electron with e min)

GeBo 2
e,min
dmmec

Ui A =5.3x1003n' 7 _ el | Ha. (26)

For the mode of slow cooling (here and below, we take

T able 2. Maxima of the flows of the synchrotron, syn-
chrotron self-Compton, and inverse Compton emissions
from loops at the mean distance from the observer (for

p=22),

—(p—1)
jl/,max = AK/Vm 2 =

=3.6 x 107%45 277,3/726}3/2 61 2 erg/cm®-Hz-c, (27)
where we used the formula [47]
1 1 3nT(EE2)q
oG B - ) A,
4 12 4 12155 (p - l)mec
9 —(p—1)
TMeC 2
28
% ( SqGBQ ) ( )
The spectral flow of the synchrotron emission
VemJv
v = ’ 2
4d? (29)

where Vi, is the volume of the radiating region, and
ds is the mean distance from the Earth’s observer to
the string. Let the cross-section and the length of the
radiating region be ry and [, respectively. Then Vg, =
Srril a2 x 1074y, 2k2 B2 ;a3 ¢n” 7 ped.

The maximum of a synchrotron emission flow
(erg/cm? - Hz - s) (see Tables 2, 3 and Fig. 2):

2;2p2 7/3 1/2 1/2 1.2
'Yshk BZralgn” 7€B,—1€¢,—1-

(30)

Fymax = 2.1 x 1073143

6. Synchrotron Self~-Compton Emission

New-born synchrotron photons can scattered by rela-
tivistic electrons behind the front of a shock wave. With
regard for the fact that the electrons are ultrarelativis-
tic (their energy > the energy of photons), the in-
verse Compton effect will be observed under the scat-
tering: the electrons will transfer the energy to photons.
The inverse Compton scattering by “own” synchrotron

T able 3. Estimation of the flow in unit logarith-
mic frequency interval vy, Fy max, V, fnscFl,S?n%x, ICFJCI:nax

from strings at the mean distance from the observer (for

ny = 1007 cm™3, By = 1077 Gs, €¢ = 0.1, eg = 0.1, n; = 1007 cm™3, B; = 107 Gs, e« = 0.1, eg = 0.1,
Ysh = 2) Ysh = 2)
e Flows, (erg/cm? - Hz - s) @ Flows, (erg/cm? - s)
Fu,max ‘ FI/S%%X ‘ Fgcrnax Vm Fy,max SSCFE?HC&X ‘ ICFgcmdx
10—6 1.1 x 10—26 1.5 x 10—40 2.1 x 10~40 10—6 2.4 x 10~21 3.4 x 10731 4.4 x10~26
108 2.4 x 10~31 3.3 x 10~47 4.5 x 1045 108 5.1 x 1026 7.4 x 10738 9.4 x 10~31
10— 2.4 x 10~38 3.3 x 10757 4.5 x 10752 10— 1 5.1 x 10733 7.4 x 10~48 9.4 x 10~38
ISSN 2071-0194. Ukr. J. Phys. 2009. Vol. 54, No. 10 1045
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Fig. 2. Expected flows of the synchrotron, synchrotron self-

Compton, and inverse Compton emissions of relativistic electrons
behind the front of a shock wave for loops with various tensions
(linear density) at the mean distance from the Earth’s observer
(formy =107 em™3, B; = 1077 Gs, ¢¢ = 0.1, eg = 0.1, v, = 2)

photons is called the synchrotron self-Compton emis-
sion (as distinct, e.g., from “ordinary” inverse Comp-
ton scattering by relic photons). There are known
the different modes of the inverse Compton effect [46]:
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1) EsynVemin < mec? — Thompson limit, for which
Eic = Esynv?; 2) EsynYemin > mec® — Klein-Nishina
limit, for which Eic = 5 EsynYe-

By using the synchrotron spectrum, we can calculate
the spectrum of the self-Compton emission, by integrat-
ing the former over the distribution of electrons [46]:

FSSC—TSUT / dvyeN (e /de x), (31)

Ye,min

where © = v/472Vsyn (zo = 0.5). Analogously to the
spectrum of the synchrotron emission, the spectrum
of the self-Compton emission with characteristic values
VS5C = 472 vgyno is composed of several segments with
breaks.

For the mode of slow cooling, we have

FVSSC - xOTSOTnzFV(VSyH('Ye,min)) X (32)

NN VC .

%EZ-FB (i) VLSLT) s ifv< I/SSC;
_ /3

%(z(fil}?s) e  if 1SSC < < 1SS,

1—p

-1 ( v \ = [M—F

(p+1) \ v55€ P (p-1/3)

+ln(l,sysc) ) fUSC<1/<\/W;

X m

®t2) GG T

i SSC,,SSC SSC.
, i \/uPCrsC <y < p2Rv

9 (2p+3)

)
|
)T [2 @pt3) 2
|
)

(p—1) v
(p+1) (V?-;,SC (p+2) + (p+2)2+
+ Egi;g In (Vs”sc )} ifv> Z/SSC

The maximum of the emission flow (erg/cm?-Hz-s) (see
Tables 2, 3 and Fig. 2):

(p—1)(p+1/3)

SSC
d (—1/3)(p+1)?

v,max

)

~407TsNoTo F,syn(vB) =

_ - 10/3 1/2
= 3.7 x 107432 3k B2 ol Pn_qe)f? 12, (33)
in the case where v55¢ <« 155C « 1/35C.
The emission frequency:
€ = 4y2 iVim = 21 x 10%5n 26l _ e/ | Ha. (34)
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7. Inverse Compton Effect on CMB photons

High-energy electrons of the cosmic plasma can be also
scattered on CMB photons, by transferring them a part
of their energy. We now calculate the spectrum of Comp-
ton photons under the scattering of relativistic elec-
trons on the black-body emission with the temperature
T = 2.7 K (on photons of the cosmic microwave emis-
sion).

Under the inverse Compton emission in the Thompson
mode, the spectral emissive ability can be written as [48]

2
8mrs

2
30 = K (RT) P2 F (p) (har) =00/, (35)

Here, h = 2nwh, k — Boltzmann’s constant, r. — electron
radius (1. = ¢?/me.c?), and the function

p?+4p+11

b 3RG )+ 1) (p?) ‘ (p;S) |
(36)

F(p) =2v+?

The frequency corresponding to the emissive ability
maximum:

3kT
viC = ’yimin% =8.1x10"43€2 _, Haz. (37)
The emissive ability maximum for the inverse Compton
emission:
-I1C (VIC

Jumax(Vm ) = 1.9 X 107" yyn_7 erg/em® - Hz 5. (38)
The maximum of the emission flow from the string at the
mean distance from the Earth’s observer (erg/cm?-Hz-s)
(see Tables 1, 2 and Fig. 2):

7/3

FIC i) = 1.1 x 107997 2k7 B2 a5

v,max

(39)

Since the maximum energy of accelerated electrons
of the order of 10'® eV, the maximum energy of syn-
chrotron emission is of the order of 10° eV. That is, the
synchrotron spectrum extends to the hard X-ray- and
gamma-ranges with the maximum flow vpaxFy (Vmax) ~
1071 (erg/cm? - s). At the same time, the sensitiv-
ity of modern X-ray telescopes in this range is also
of the order vF, ~ 1071° (erg/cm? - s) (for compar-
ison, ACIS on Chandra can registered flows less than
4 x 1071 (erg/cm? - s) for the energies of 0.4-6 keV).
The result allows one to see a cosmic loop with v = 1076
in the X-ray-range even at the mean distance from the
observer.

In our model, the maximum energy of inverse Comp-
ton emission is of the order of 10'® eV. That is, the

ISSN 2071-019/. Ukr. J. Phys. 2009. Vol. 54, No. 10

spectrum extends to the TeV-range with the maximum
flow v1C FIC(WIC ) ~ 10720 (erg/cm? - s). At the same
time, the sensitivity of modern Cherenkov telescopes in
this range is of the order vF, ~ 10713 (erg/cm? - s).
Therefore, a cosmic loop can be seen in the TeV-range

only from a distance less than 100 kpc.

Generally, the flows of the synchrotron and inverse
Compton emissions from a cosmic loop at the typical
distance from the Earth which are calculated in the
present work are lower the sensitivity of available fa-
cilities. Therefore, we may hope for the observation of
a loop only if it is sufficiently close to the Earth. At
the same time, we do not consider the possible collima-
tion and increase of the flow from sections of loops which
move with a high Lorentz-factor. In particular, the near-
cusp regions will emit significantly more powerful flows.

8. Conclusions

In the present work, we have considered the astrophysi-
cal manifestations of superconducting cosmic strings due
to the nonthermal emission of electrons of the cosmic
plasma accelerated on the front of a shock wave near the
magnetosphere of a string. It is shown that the supercon-
ducting strings in the magnetized intergalactic medium
can be powerful sources of the nonthermal emission. We
have calculated the flows and spectra of the synchrotron,
synchrotron self-Compton, and inverse Compton emis-
sions of relativistic electrons under their scattering on
relict photons. Modern X-ray- and gamma-telescopes
can register such loops at a relatively small distance
from the Earth, about 0.1 Mpc. However, the near-
cusp regions can generate significantly more powerful,
though, respectively, essentially collimated and therefore
less frequent impulses, whose study will be performed
elsewhere.
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gram SCOPES. The work of B. Hnatyk was supported
by program “Kosmomikrofizyka” of the NASU.

1. T.W.B. Kibble, J. Phys. A 9, 1387 (1976).

2. Ya.B. Zeldovich, Mon. Not. Roy. Astron. Soc. 192, 663
(1980).

3. A. Vilenkin, Phys. Rev. Lett. 46, 1169 (1981) [Erratum:
Ibid. 46, 1496 (1981)]

4. E. Witten, Phys. Lett. B 153, 243 (1985).

1047



. ZADOROZHNA, B.I. HNATYK

10.
11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.
26.

27.
28.
29.

. R. Jeannerot,

. E.J. Copeland, R.C. Myers, and J. Polchinski, JHEP

0406, 013 (2004) [arXiv:hep-th/0312067].

. S. Sarangi and S.H.H. Tye, Phys. Lett. B 536, 185 (2002)

[arXiv:hep-th/0204074].

Phys.
[arXiv:hep-ph/9509365].

Rev. D 53, 5426 (1996)

. R. Jeannerot, J. Rocher, and M. Sakellariadou, Phys.

Rev. D 68, 103514 (2003) |arXiv:hep-ph/0308134].

. N. Turok and R.H. Brandenberger, Phys. Rev. D 33,

2175 (1986).
H. Sato, Prog. Theor. Phys. 75, 1342 (1986).
A. Stebbins, Ap. J. (Lett.) 303, L21 (1986).

R.H. Brandenberger, Int. J. Mod. Phys. A 9, 2117 (1994)
[arXiv:astro-ph/9310041].

M. Wyman, L. Pogosian, and I. Wasserman, Phys. Rev. D
72, 023513 (2005) [Erratum: Ibid. D 73, 089905 (2006)]
[arXiv:astro-ph/0503364].

A.A. Fraisse, [arXiv:astro-ph/0503402].

S. Amsel, J. Berger, and R.H. Brandenberger,
[arXiv:astro-ph/0709.0982].

A.A. Fraisse, C. Ringeval, D.N. Spergel, and F.R. Bou-
chet, [arXiv:astro-ph/0708.1162].

L. Pogosian, S.-H.H. Tye, I. Wasserman, and M. Wyman,
[arXiv:astro-ph/0804.0810v1].

A.A. Fraisse, C. Ringevaly, D.N. Spergelz, and F.R. Bou-
chetx, [arXiv:astro-ph/0708.1162v1].

A.A. Fraisse, JCAP 0703, 008, (2007), [arXiv:astro-
ph/0603589v2].

F. Dubath, J. Polchinski, and J.V. Rocha, [arXiv:astro-
ph/0711.0994v2].

V. Vanchurin, [arXiv:gr-qc/0712.2236v2].

A. Vilenkin and E.P.S. Shellard; Cosmic Strings and
Other Topological Defects, (Cambridge Univ. Press,
Cambridge, 1994).

T. Damour and A. Vilenkin, Phys. Rev. D 71, N063510
(2005).

A. Vilenkin, Astrophys. J. 282, L51 (1984).
C. Hogan and R. Narayan, MNRAS 211, 575 (1984).

L. Cowie and E. Hu, Astrophys. J. (Lett.) 318, L33
(1987).

A. A. de Laix, [arXiv:astro-ph/9705223v1].
F. Bernardeau and J. Uzan, [arXiv:astro-ph/0004102].

M. Sazhin et al., Mon. Not. Roy. Astron. Soc. 343, 353
(2003), [arXiv:astro-ph/0302547].

1048

30.

31.

32.
33.

34.
35.

36.

37.

38.
39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

M.V. Sazhin, M. Capaccioli, G. Longo, M. Paolillo, and
O. S. Khovanskaya, [arXiv:astro-ph/0601494].

R. Schild, I.S. Masnyak, and B.I. Hnatyk, [arXiv:astro-
ph/0406434].

C. Ringeval, [arXiv:hep-ph/0106179].

F. Ferrer, H. Mathur, T. Vachaspati, and G. Starkman,
[arXiv:hep-th /0602132 v1].

P. Peter, (DAMTP-93/34) [arXiv:hep-th/9312280].

A. Vilenkin and T. Vachaspati, Phys. Rev. Lett. 58, 1041
(1987).

V. Berezinsky, B. Hnatyk, and A. Vilenkin, Phys. Rev.
D 64, 3004 (2001).

D.R. Lorimer, M. Bailes, M.A. McLaughlin, D.J. Narke-
vic, and F. Crawford, [arXiv:astro-ph/0709.4301].

T. Vachaspati, [arXiv:astro-ph/0802.0711v3].

E.M.Chudnovsky, G.B. Field, D.N. Spergel, and A.
Vilenkin, Phys. Rev. D 34, 4 (1986).

M. Sakellariadou, [arXiv:hep-th/0802.3379v1].

C. Ringeval, M. Sakellariadou, and F. Bouchet, JCAP
0702, 023 (2007) [arXiv:astro-ph/0511646].

X. Siemens, J. Creighton, Ir. Maor, S.R. Majumder, K.
Cannon, and J. Read, Phys. Rev. D 73, 10, 105001,
(2006), [arXiv:gr-qc/0603115v1].

E. Witten, Nuclear Physics B 249, 557 (1985).

G.V. Bicknell, S.J. Wagner, and B.A. Groves,
[arXiv:astro-ph/0103200].

T. Piran, Phys. Rep. 314, 575 (1999); [arXiv:astro-
ph/9810256].

R. Sari and A.A. Esin, ApJ 548, 787 (2001); [arXiv:astro-
ph/0005253).

G. B. Rybicki and A. P. Lightman, it Radiative Processes
in Astrophysics (Wiley, New York, 1979).

B. Katz and E. Waxman, JCAP 0801, 018 (2008),
[arXiv:astro-ph/0706.3485v3].

Onepxxano 16.08.08.
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EJIEKTPOMATHITHE BUITPOMIHIOBAHHS$I
KOCMIYHUX CTPYH

JI.B. Badopooicna, B.I. I'namux

Peszowme

KocMmivuni crpyHM — OofuH 3 BHJIB TOIOJIONYHUX JeMEKTIB, IO
YTBOPIOIOTHCS Mmif dac (Ha30BUX MEPEXOIB IOMIB 31 CHOHTAHHEM
MOpyILIeHHsAM cuMeTpil y panHboMmy Bceecsiti. OcobiuBuii inTepec

ISSN 2071-0194. Ukr. J. Phys. 2009. Vol. 5/, No. 10



ELECTROMAGNETIC EMISSION OF COSMIC STRINGS

[IPEJICTABJISIOTh HAAIIPOBiAHI KOCMIYHI CTPYHH, BCEPEIMHI KOTPUX
0e3 onopy pyxaroTbcsi be3macoBi Hocil 3apsity. B poboTi nokasano,
III0 HAAIIPOBIHI KOCMIiYHI CTPpYHHU y MiXKraJaKTUYHOMY MarHiTHO-
My MOJI MOXKYTb OyTH JpKepesiaMy IIOTY>KHOT'O HETEIJIOBOI'O BU-
npomiHoBaHHs. PO3paxoBaHO CIIEKTPH CHHXPOTPOHHOIO, CHHXPO-
TPOHHOI'O CaMO-KOMIITOHIBCBKOI'O Ta 06EPHEHOIO KOMIITOHIBCHKOT'O

ISSN 2071-019/. Ukr. J. Phys. 2009. Vol. 5/, No. 10

BUIIPOMIHIOBaHHSI PeJIITUBICTCHKUX €JIEKTPOHIB, IPUCKOPEHUX Ha
dpouTi ymapHoi xBuii HaBKOIO cTpyHH. CydacCHUMU DPEHTIeHiB-
CBKUMH Ta raMa-TeJIeCKOIIaMU MOXKJIMBO BUSIBUTH IIETJI HA JOCUTDH
HeBesnKiil Bigcrani — 1o 0,1 Mnk. Tum He MeHIe, BiJi IpUKaCIIO-
BUX OOJ1acTell MOXKYTh OYiKyBaTHUCs HabAraTo MOTYXKHIII, IpoTe
CYTTEBO KOJIIMOBaHI iMITyJIHLCH.
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