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We describe the electromagnetic and gravitational radiation from cosmic string loops with an electromagnetic current
and their evolution to the stationary (vorton) state. The upper bounds on gravitational and electromagnetic radiation
are found and the oscillation damping time of closed chiral strings is estimated. The analytical dependence of energy
of the string with time is obtained in the case of radially oscillating ring. We found the minimal length of string that
oscillates up to the present time and discuss some astrophysical applications of vortons.
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Cosmic strings could be created as one-dimensional topological defects at the phase transi-
tions in the early Universe (Kibble, 1976; Zel’dovich, 1980; Vilenkin, 1980; 1985; Kibble
et al., 1982). Witten (1985) has shown that strings could carry a superconducting current
in certain particle physics models. The presence of a current on a string leads to the principal
effect; the superconducting string loop may form a stable stationary configuration (Copeland
et al., 1988; Davis and Shellard, 1988; Haws et al., 1988). Cosmic strings lose their energy
on gravitational and electromagnetic radiation (if the string is superconducting). As a result,
the ‘ordinary’ and not extremely long cosmic strings without a current evaporate completely
during cosmological time. On the contrary the superconducting string loops could survive
owing to the presence of conserved ‘charge’ and tend to the stable configuration which is
called the chiral vorton (Davis and Shellard, 1988).

The study of properties of chiral cosmic string loops is necessary to understand the role of
such strings in important physical processes: the mechanism of formation of galaxies, the
generation of cosmic rays of ultrahigh energy and the explanation of structure and the proper-
ties of dark matter. We examine here the properties of gravitational and electromagnetic
radiation and the evolution of strings due to losses of energy. Numerous studies have been
devoted to calculations of the gravitational and electromagnetic radiation by cosmic strings
(see reviews and references given by Shellard and Vilenkin (1994) and Hindmarsh and
Kibble (1990). Similar calculations for radiation by strings with a current were performed
by Blanco-Pillado and Olum (2001) and Babichev and Dokuchaev (2002). Unfortunately
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the general problem of the motion of a superconducting cosmic string coupled to the electro-
magnetic field is not solved analytically. The using of the Nambu—Goto equations of string
motion in the general case results in the singular cusp formation and the divergence of the
electromagnetic power radiated by the string. Nevertheless equations of motion can be solved
precisely (Blanco-Pillado et al., 1988; Davis and Shellard, 1988; Haws et al., 1988) if, firstly,
the gauge field influence on the string motion is negligible, for example, when the supercon-
ducting current is neutral, and, secondly, the string current J#is chiral, that is J8J, = 0, where
J? is a two-dimensional current on the string world surface. The equations of motion of such
a string are given by

R =t x(t, o) = 1[0 + b)) (1)

where a(&) and b(x) are the vector functions of ¢ = (2n/L)(c —t) and # = (2n/L)(c + 1)
obeying the constraints:

a?=1 b?=k*<1. )

It turns out that the electromagnetic power radiated by the cusp of chiral cosmic strings is
finite.

In this report we consider the electromagnetic and gravitational radiation by chiral strings
loops which are close to the stationary vorton state (when amplitude of loop oscillations is
very small). In this case the supposition that all string oscillations are faded out is physically
justified. Using the general expressions for gravitational and electromagnetic radiation from
the relativistic periodic source and the smallness of the parameter k we can find the upper
bounds radiation of nearly stationary chiral loops:

|E¥| <327%03Gu?, |E®™| < 2nblau, (3)

where u is the energy of a string per unit length, q is the coupling constant of the fields in the
string and bs is a maximum value [b”(1)| on the segment 1 € (0, 2x). If the current is con-
stant along the string, then for nearly stationary loops the corresponding gravitational and
electromagnetic power can be generally written in the following form:

Egr — Knguzkz, Eem — Kequlukz. (4)

For some simple configurations (Fig. 1) of the string loops we make the calculations for both
types of radiation. For a radially oscillating loop with a = (cos¢, —siné, 0),
b = k(cosn, —siny, 0), we have K9 = 4.73 and K*™ = 2.28. The corresponding coeffi-
cients for the second example with

A(e-3),  os<ésn

a—=
A<—5+37n>, n<E<2n,
®)
T
kB<17_§)' 0<n<m,

b=
3
kB(—n+7n), n<n<2m,
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FIGURE 1 Three examples of oscillating cosmic string loops are shown: an oscillating ring, a kinky loop and a
stretched loop (Babichev and Dokuchaev, 2000). When oscillating, strings are in successive sequence positions with
the T/4 step, where the oscillation period T=L/2.

are K9 = 28.3 and K®™ = 4. For the third example of a stretched loop with
T
A(e-3)  o<ésnm
a—=
A(—€+37n), n<E{<2r, (6)
b = k(sinn, — cosy, 0)

we have K9 = 7.63 and K™ = 3. On the basis of these calculations we can say that for
closed loops of arbitrary configuration with a small current we have K9 ~ 10 and K*" ~ 1.

When oscillating, the string loops lose their energy but, because of the presence of con-
served charge, do not evaporate completely. Based on the symmetries of the problem in
the case of a radially oscillating string loop and using the conservation law we can find
the analytical formulae for behaviour in time of the string loop energy and current
(Babichev and Dokuchaev, 2000):

2
K? A kG e RN E & Ev<1 +'%° e—t(l/rs'+1/rsm>>, @)

where kg = k(t = 0), and the damping times due to gravitational and electromagnetic radi-
ation are respectively

Tgr = Kng’u' Tim = KemqZ' (8)
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where Ly, is the physical length of the vorton. For some other less symmetric examples of
loops we can estimate the damping time of small amplitude oscillations:

Kng,u + KemqZ !

IS

©)

It turns out that, in all the examples considered, the oscillation damping time of chiral strings
due to gravitational radiation is an order of magnitude longer than the known lifetime estima-
tions for the ‘ordinary’ cosmic strings without a current. It is interesting to determine what
kind of radiation is stronger. To do this we estimate the ratio of damping times:

o N q2 Kem

2 Kem
~ T B a1t ®E
M Guh K9 x 10 Ug K9

(10)

If q2/p6 2 1.4 x 1073, then electromagnetic radiation prevails in the chiral loop evolution.
Therefore, for a cosmic string with the standard values of energy-per-unit-length parameter
Ug ~ 1 and charge parameter g, ~ 1, the electromagnetic radiation is three orders higher than
gravitational radiation. If, on the contrary, g2/us <1.4 x 1072 (e.g. if a current is neutral and
there is no electromagnetic radiation at all), then pure gravitational radiation determines the
evolution. From the damping time estimation it follows that only sufficiently long supercon-
ducting cosmic strings oscillate up to the present time. On the contrary the small-scale chiral
loops transformed into the stationary vortons owing to the oscillation damping. That is, the
minimal length of presently oscillating chiral loop varies from LY ~ 104 kpc for gravita-
tional radiation domination to L& ~ 70q2 Mpc for electromagnetic radiation domination
depending on the relations between the parameters u and g.

Acknowledgements

This work was supported in part by the Russian Foundation for Basic Research through
Grants 00-15-96632 and 00-15-96697 and by INTAS through Grant 99-1065.

References

Babichey, E. and Dokuchaev, V. (2000). Phys. Rev. D, 66, 025 007.

Babichev, E. and Dokuchaev, V. (2002). Nucl. Phys. B (in press).

Blanco-Pillado, J. J. and Olum, K. D. (2001). Nucl. Phys. B, 599, 435.

Blanco-Pillado, J. J., Olum, K. D. and Vilenkin, A. (2000). Phys. Rev. D, 63, 103-513.

Carter, B. and Peter, P. (1999). Phys. Lett. B, 466, 41.

Copeland, E., Haws, D., Hindmarsh, M. and Turok, N. (1988). Nucl. Phys. B, 306, 908.

Davis, A. C., Kibble, T. W. B., Pickles, M. and Steer, D. A. (2000). Phys. Rev. D, 62, 083 516.

Davis, R. L. and Shellard, E. P. S. (1988). Phys. Lett. B, 209, 485.

Haws, D., Hindmarsh, M. and Turok, N. (1988). Phys. Lett. B, 209, 255.

Hindmarsh, M. B. and Kibble, T. W. B. (1995). Rep. Prog. Phys., 58, 477.

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

Kibble, T. W. B., Lazarides, G. and Shafi, Q. (1982). Phys. Rev. D, 26, 435.

Shellard, E. P. S. and Vilenkin, A. (1994). Cosmic Strings and other Topological Defects, Cambridge University
Press, Cambridge.

Vilenkin, A. (1981). Phys. Rev. D, 24, 2082.

Vilenkin, A. (1985). Phys. Rev., 121, 263.

Witten, E. (1985). Nucl. Phys. B, 249, 557.

Zeldovich, Y. B. (1980). Mon. Not. R. Astron. Soc., 192, 663.



