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Friction domination with superconducting strings
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We investigate the evolution of a superconducting string network with arbitrary, constant string current in
the friction dominated regime. In the absence of an external magnetic field the network always reaches a
scaling solution. However, for string current stronger than a critical value, it is different than the usual horizon
scaling of the nonsuperconducting string case. In this case the friction domination era never ends. Whilst the
superconducting string network can be much denser than usually assumed, it can never dominate the universe
energy density. It can, however, influence the cosmic microwave background radiation and the formation of
large scale structure. When embedded in a primordial magnetic field of sufficient strength, the network never
reaches scaling and, thus, eventually dominates the universe evo[&{566-282(98)00402-0

PACS numbd(s): 98.80.Cq, 98.65.Dx

[. INTRODUCTION consider the string damping time and the evolution of the
curvature radius. We compare and contrast the situation for
The microphysics of cosmic strings has received considordinary strings and superconducting strings assuming a con-
erable attention. In particular, Wittéa] showed that cosmic stant string current. Section Il addresses the form of the
strings become superconducting as a result of boson condescaling solution. We show that, in the absence of a primor-
sates or fermion zero modes in the string core. Such stringdial magnetic field, there is a critical current about which the
are capable of carrying a sizeable current, with the maximunffiction dominated period never ends. Instead, the string
current being about B A for a grand unified scale string. reaches a so-called plasma scaling solution, where the den-
Inevitably, such currents have cosmological and astrophysgity of strings is considerably greater than the usual horizon
cal[2] consequences. The consequences for emission of syﬁcaling. In contrast, below this critical current the string net-
chrotron radiatiorj3] and for high energy rays[4—6] have  Work reaches the usual horizon scaling solution of the ordi-
been explored. nary cosmic strings. The cosmological consequences of the
Unlike non-conducting strings, loops of superconductingPlasma scaling solution are investigated in Sec. IV. Despite
string can be stabilized from collapse by the angular momenthe more dense scaling solution we show that the strings
tum of the current carriers, forming vortofig]. If vortons  never dominate the energy density of the universe. We also
are sufficiently stable then consistency with standard cosmoBhow that the overall large scale structure and microwave
0gy puts severe constraints on theories giving rise to suchackground anisotropy are of the same magnitude as pro-
strings. However, such constraints have been derived assurfitced by ordinary cosmic strings. However, the imprint may
ing that the evolution of a network of superconductingProduce a richer, more filamentary structure. In Sec. V we
strings is similar to that of ordinary strings. Early studies€mbed the string network in a primordial magnetic field. For
using both analyti8] and numerical technique9—11] a magnetic field of magnitude greater than a critical value a
showed that the string evolution was indeed similar to that oftring dominated universe results. Finally, the validity of the
ordinary cosmic strings. However, these studies neglectedssumptions used is investigated in Sec. VI. We first study
the very early times when the string is interacting stronglythe magnetocylinder around the string and the extent to
with the surrounding plasma. During this friction dominatedWhich this can be penetrated by plasma particles. We then
period the string correlation length grows until it catches upanalyze current conservation and show that the coherent cur-
with the horizon and a scaling solution sets in. rent is indeed constant for a scaling solution. Finally, we
Since the interaction of particles with a superconductingnvestigate the effects on our results in case where the cur-
string[3,12] is very different from that of an ordinary string rent is switched on at a later phase transition. In the final
[13], there is every reason to expect that the friction domi-Section we discuss our conclusions. Unless stated otherwise,
nated period could be vastly different. Thus, it is importantwe use natural unitsfi(=c=1).
to investigate this and ascertain whether or not the supercon-

ducting string network really does reach a scaling solution.  |I. FRICTION ON SUPERCONDUCTING COSMIC
Even if the network does reach a scaling solution it could STRINGS
still be very different from that of the non-conducting case. ) ) o

In this paper we address this issue. In Sec. Il we discuss A. Cosmic string friction

the interaction of the plasma particles with the string. We  Friction on a cosmic string is caused by particle interac-
tion with the string as it moves through the plasma. The
friction force per unit length is
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57 FRICTION DOMINATION WITH SUPERCONDUCTING STRINGS 693

wherep is the energy density of the plasma,is the inter-  evolution of the string curvature radius. For this, a closer
action cross-section; is the velocity of the string segment look at the superconducting string system is required.

andv =Ap/m is given by
B. The superconducting string system

v =maxv,vin}, 2 The current of a charged-current carrying superconduct-
i ) , ing string creates a magnetic field around the string core.
whereAp is the particle’s momentum ch_angf;}h~ VZT/m 'S Trgis fiel(? is very strong %ear the string and does no? allow
the thermal velocity of the plasma particles;=my+aT®  he plasma particles to approach. As the charged particles
IS t2he mass of a plasma particle with rest masg «  encounter the magnetic field their motion is diverted in such
=g°/4m with g the gauge couplingand T is the plasma g way that they create a surface current of opposite orienta-
temperature. Alsanp=1.22< 10" GeV is the Planck mass. tjon than the string currerf8], which screens the magnetic
Curves and wiggles on the strings tend to untangle due tge|d. Thus, while the string moves in the plasma it is
string tension, which results in oscillations of the curvedghijelded by a magnetocylinder, which contains the magnetic
string segments on scales smaller than the causal horizon afd|d and does not allow the plasma to penetrate.
larger than their curvature radii. Friction dissipates the en- The flow of the plasma around the string creates a shock
ergy of these oscillations and leads to their gradual dampingyont, which is the border of the magnetocylind8t, whose
Thus, the strings become smooth on larger and larger scalggstance from the string is determined by the pressure bal-
with their curvature radius growing accordingly. The charac-gnce between the magnetic field and the plasma. The string

teristic damping timescale {44, magnetic field is given by the Biot-Savart [aw
2 2J
1% 1%
ty= o~ B 3 By(r)="—, (6)
E f pov

where  is the string mass per unit length afie- fu, is the whereJ is the string current and is the distance from the
energy loss per unit time per unit length. The above timeString. All through thls_paper, unlless stated otherw[se.z, we
scale corresponds to a length-scale called the friction lengtiill assume that the string curreditis constant. The validity
[15,16. This is the smoothing length of the strings over Of this assumption will be discussed later but here we can

which the strings are conformally stretched by the universduSt mention that it is primarily based on dynamical reasons.
expansion. The magnitude of the current will be treated as a free param-
Kibble [14] has shown that the growth of long wavelength €ter and can have any value updQa,~evu~ 7, wheree

perturbationgor the straightening of the kinken a string is = V47 aen is the charge of the current carriera, is the
described by fine structure constanand we have used that,~ 7> with 7

being the scale of the symmetry breaking that produced the
2. 2 string network. We also assume, for simplicity, that the cur-
l+ t—g— —{= 0, (4 rent switches on at the phase transition that creates the string
R network.

The pressure balancBé(rS)~p7 suggests that the di-

where( is the normal displacemerR is the string curvature mensions of the magnetocylinder are of order

radius and the dots signify derivation with respect to time.
The timescale of the growth & is roughly equal to that of

the long wavelength perturbatiots, ,* i.e. RIR~ty,~ /<. . J )
Initially the friction length is smaller than the curvature s \/Ev—
radius. In this case Ed4) suggests that the growth of the
string curvature radius is The magnetocylinder cross-section is not circular of
course[18] but Eq.(7) is a good estimate of the minimum
d_R~ ty 5) distance of the shock front from the strifi@]. We can use,
dt R therefore,rg as the superconducting, charged-current carry-

ing string cross-section per unit length. From K@) it is
If the growth of the friction length is faster than thatRf  evident that the linear cross-section increases with the string

then at some point it will catch up with the curvature radiuscurrent, in agreement witfil.2].

and Eq.(5) will cease to be valid. This occurs when the  The above linear cross-sectiophas to be compared with

curvature radius reaches the horidd4] and the strings be- the usual linear cross section for a cosmic string:

come smooth on horizon scales. From then on(Bpgives,

R~t, the friction domination era ends and the string network oo~k L, (8

satisfies the well-known horizon-scaling solution. Thus, in

order to see whether a network of superconducting cosmiec———

strings ever reaches a scaling solution one has to study the€ror temperatures higher than the electroweak energy scale the
electroweak symmetry is unbroken and the “magnetic” field of the
string is actually due to the hypercharge generator. However, as

INote that fort,,, we haveR~v t,,,, which impliesv ~R. shown in[17], its magnitude still followsB~J/r as in Eq.(6).
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wherek~mu is the momentum of the incident particle in for~Jvp. (12)

the frame of the string13].
Note that the friction forces are not affected by the tran-

Il EVOLUTION OF THE NETWORK sition from the radiation to the matter era, singe
~(mp/t)? at all times.
A. The one-scale model Inserting the above into E43) one finds
The one-scale model gives a reliable, order of magnitude
description of the evolution of a string network according to ths~ Am (13
the behavior of one parameter only, the curvature raBius P

[14]. As suggested by numerical simulatidrii®], the inter-

commuting process of superconducting strings is very simi- and

lar to the non-superconducting string case, i.e. the probability

of producing string loops is of order unity. This suggg4t4] £Pl Nl (14)

that the typical inter-string distance of the network~iR. d Jp

Then, the numbeP of string intersections of a string seg-

ment during a time intervalt is P~vAt/R. Thus, the num- From the above it can be inferred that the temperature
ber density of loops produced is dependence of the damping time is changed only due to the

variation of the particle mass. This has an effect only when

: P v n v the plasma friction force is subdominant. In this case, using
Mo~ AVAT REn LR ©  Eq.(5) we obtain

where AV~R® is the volume elementin order not to R. .~ itsm (15)

double-count string segment intersectipasdn~R ™3 is the ns m3p’4

loop number density.

The string energy density may be estimated @s and

~ uRIAV~ u/R?. Thus, for scales larger than the curvature

radius, conformal stretching suggests that~ 2, wherea is , n 12,3

the scale factor of the expansion of the univeraet*? in Rns™ JMemp tm 1, (16)

MMp

the radiation erp The initial size of the loops produced is
also ~R and, thus, the mass of a loop is approximatelywhere Eqs(15) and(16) correspond to temperatures higher
~uR. Therefore, Eq(9) suggests that the rate of energy and lower thanT (t,;) ~m,, respectivel§ (my~1 GeV).
density loss of the open-string network due to loop produc-  Similarly, in the case of plasma friction domination, for
tion is ppr~,uv/R3, wherev~R. Thus, overally, the net- all temperatures, we have
work density evolves according®o

a v pl™
5——25—§. (10) Vv me

t. (17)

Ps
The above suggest that, if the plasma friction is subdomi-

From the above it can be inferred that the network wouldnant, the curvature radius grows more rapidly than the hori-
satisfy a scaling solutioms/p=const, providedr=t for the  zon and will reach the horizon size at
radiation era. IfR manages to grow up to horizon size then

scaling is ensured sincR~t. In this case the inter-string ) m:’,; 18)
e~

distance is the horizon size and the string velocity is1. 7"
We will refer to this scaling solution as horizon scaling.
or at
B. Friction and network scaling )
2
Whether the string network reaches a scaling solution or t ~ me 7 ¢ (19)
over-closes the universe instead is determined by the evolu- * m | Jmemp] ¢

tion of the string curvature radius. From E@$) and (8) we
find that the friction force for non-superconducting strings isfor high and low temperatures, respectively. Comparing with
ty, we find
pv

fs™ - (13) n=ymmpet, St st (20)

Similarly, from Eqgs.(1) and(7) we obtain, for the plasma Thus, for »>\mymp~10° GeV the network would
friction force, reach horizon scaling befotg, .

3A similar result has been derived independently6]. “The prime when used denotes the low temperature case.
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If, on the other hand, plasma friction dominates, tlien etratable to plasma particles and, thus, JgrxJ<mjq, the
follows Eq.(17) and the curvature radius will always remain above analysis is not entirely reliable.
in constant proportion to the horizon size. Also, the strings of

the network assume a constant, terminal velocity of order IV. THE PLASMA-SCALING SOLUTION
& N o1 A. Open-string energy density
T NE mp' (21) Let us now estimate the string network’s energy density

during plasma scaling. In the case of horizon scalidg (
Both the friction forces Eqq11) and(12) are decreasing =J.) the energy density of the network of open strings can
with time. However, the plasma friction force decreases lespe easily found to be
rapidly, for all temperatures. Thus, there is always a time )
when plasma friction will come to dominate. By comparing Ps U
the forces, for a given string velocity and for high and low p ( )
temperatures, respectively, we find

~Gu. (27)

The above result is the usual estimate for a non-

Mp superconducting string network energy deng§i9].
te~ ? (22) Now, if friction continues to dominateJ&J.) then the
network reaches plasma scaling and the energy density of the
and open string network is larger. Indeed, usingv,u/R;, we
find
RLLL ( ) )t (23)
© T med  (mg) ps <
> ™ JC(GM)<1. (28

However, the evolution of the network will be affected by
this only if t;<t, (or t;<t,). In the opposite casé,; re- The above shows thée current carrying string network
mains dominant until the curvature radius increases up tgan never dominate the universe energy density over-
horizon size and the horizon-scaling solution begins. Comeritical currents the network density and the string terminal
paring the two critical times gives the critical string current velocity are

2

I o~ TG 24 I == Ima
_ _ 1=v=(Gu) ¥4, (29)
for all temperatures, wher& is Newton’s gravity constant
— -2 ; _
(G=mp"). Note that, for high temperature$,=T(t.)~J Gu<pslp< ’_G,u-
andJ.~T,=T(t,).
If the string current is smaller thak, then the evolution From the above it can be inferred that the larger the cur-

of the curvature radius follows the usual pattern described ipent the slower the strings move. Thus, the inter-string dis-
the literature[19]. If, however,J>J, the curvature radius tance and the curvature radius are smalkince R~ut).
grows more rapidly than the horizon untjl (or t;). After  This is because low-velocity strings untangle slowly and
that, it follows Eq.(17). Since,Ry=t, the network evolves have a small intercommuting range. As a result, although the
again in a self-similar way but with typical inter-string dis- number of intercommutations per unit time per unit volume
tance smaller than the usual horizon scaling by a factor cor~y/R [20] is not reduced, as also suggested by . the
responding to the terminal velocity. We will call this scaling loops produced by the network are smaller and, therefore,

solutionplasma scaling _ less string length is lost. This results in a larger open string
Using Eq.(24) we can rewrite Eq(21) as energy density. However, even the maximyyg cannot
3 dominate the overall energy density of the universe.
v~ \/ = (25)
J B. Cosmological consequences
Also, from the above we find Even so, the existence of an over-dense string network
could have other observable consequences. Indeed, were
J=2mpet St sSt,. (26)  such a network to seed the large scale structure, it would

produce structure of a smaller correlation. However, we
Thus, if 3>J. and J>mj, the network reaches plasma show that it wouldnot create density inhomogeneities that
scaling before, . may be incompatible with the galaxy formation scenaria nei-
Summing up, the above suggest that §erJ., the net-  ther will it generate excessive cosmic microwave back-
work always reaches horizon scalirg t=min{t, ,t,}, and  ground anisotropies.
for J=J., the network always reaches plasma scalatg
=min{t;,t.}-
For currents weaker thad~my~1 GeV, it will be SFrom Eq.(24) it follows that this regime can only be realized
shown later that the magnetocylinder system is not impenwhen, < \myme.
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1. Density inhomogeneities wherey~1 is the Lorentz facto?.

However, the overall anisotropy includes contributions of
odll the strings that have crossed the line of sight until the
mains inside the horizon is (H~Y/R)3, with H~*~t being present time. A_n analytical model to_calculate the rms a_nisot-
the Hubble radius. Strings are expected to lie in the bound@PY from a string network is described [82], where it is
aries of the correlated domains. However, the open stringghown that, 8T/T)ms=(Gu) yv N Thus, using Eq(30)
are one-dimensional objects and extend throughout the entif8€ rMms temperature anisotropy in the case of a plasma scal-
Hubble volume. Thus, the same string lies between thé"d String network is
boundaries of ~(H Y/R) domains while crossing the
Hubble volume. Thus, the number of open strings inside the 1

on i AT H
horizon is (—) =(Gu)yvr—=—~Gpu. (39
T R
rms pl

The numberM of open strings inside a horizon volume
may be estimated as follows. The number of correlated d

(30) The above shows that the rms anisotropy is again inde-

pendent of the string velocity. Thus, GUT superconducting
] ] . strings could generate the observed anisotropy regardless of
~ The density contrast, due to strings on the horizon scalgneir current. The only effect that a denser network would
is, Sp~M(ut/t’)~ps, where ps~u/R®. Therefore, the have on the pattern of temperature fluctuations would be to
fractional density f|uctuati0n of the String network at horizon h|de |ts non_Gaussian prof”e in Sma”er angu|ar Sca|es than
crossing is(see alsd19], p. 318, the usual estimates of 23], since the inter-string distance
would be smaller than the horizon size at decoupling.
Superconducting strings could add to the temperature
(@) _ G_MBG (31) anisotropies by emitting radiation themselves, mostly due to
plg v2 He the decay of loops or small scale structure. However, as
shown in[3], the radiational contribution of the open string
network is of minor importance. The latter could have an
However, the over-densities generated by the strings areffect only on ultra high energy radiatigd] and be ay-ray
smaller. Indeed, while moving through the plasma, the operource.
strings generate wakes of over-dense matter due to the coni- The plasma-scaling solution for the open string network is
cal string metric[21]. The over-density inside a newly a direct consequence of assuming that intercommuting pro-
formed wake is of the order ofp\/p=1, its length isly,  duces loops with efficiency of order unity. This scaling so-
~vqt and its thickness isdy=vrttan(A/2)~(Gu)vst, Ilution, however, is much different from the usual horizon
where A=87Gu is the deficit angle of the string metric. scaling of non-superconducting strings, since the network is
The linear mass over-density of a wakedigy= dpwdwlw  denser with slower moving strings. Note that, in this case,
~p(Gu)(vtt)?. Thus, sinceRy,~vt, the total over-density the friction force never becomes negligible, itke friction
due to open string wakes is domination era never endsee also Sec. VI B)2
In the above calculations we have implicitly assumed that
the overall energy density is not dominated by the loops
produced by the network. This is not a trivial assumption
since current carrying string loops can avoid total collapse by
forming stable vortons which could have lethal consequences

. to the universe evolutiofi’]. However, vorton production is
The above shows that the over-densities generated by “’Eﬁ‘ayond the scope of thi[;]paper. P

string network are independent of the string velocity. This is

so, because, although a denser network will create more—
wakes per horizon volume the length of such wakes will be ¢
shorter corresponding to filaments of small linear mass deq;e
sity. Thus, superconducting strings in grand unified theorie
(GUT’s) could still account for the large scale structure ob-
served even if they carry substantial currents.

1) 16
2] <22, 32
Plw P Ry

The inequality in Eq(33) could be reversed for ultra-relativistic
locities. However, in order for this to occur one requifes=1
WWhich gives v=1/\2~0.7. Simulations of cosmic strings have
shown that the typical string velocity is=0.2 for ordinary non-
superconducting strind49]. This is due to the fact that such strings
develop substantial microstructumiggly stringg. In our treatment
we do not consider such microstructure because, for current-
Similar results are obtained for the temperature anisotroearrying strings, it is suppressed due to electromagnetic radiation.
pies in the microwave sky. The latter are produced due to th&hus, although, in fact, wiggly strings are the limit of current-
boost of radiation from the string deficit angle. The anisot-carrying strings fordJ—0, we estimate the non-superconducting
ropy generated by a single string is given by string velocity to be of order unity. Even so, it is realistic to assume
that the average coherent open-string velocity is never ultra-
relativistic, especially in the case af>J; in which we are inter-
~(Gu)yv=Gu, (33 ested, wherv; can be several orders of magnitude smaller than
S unity.

2. Temperature anisotropies

AT
T
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V. IN A PRIMORDIAL MAGNETIC FIELD than the coherence scale of the magnetic fieid Indeed,

It would be interesting to embed the whole network in a>nee t.he string tension Is do‘r‘nlnaj[ed by”the magnetic force,
there is no driving force to “straighten” the strings over

primordial magnetic field and observe how its evolution ISIarger scales. The incoherence of the magnetic field would

going to be(if at all) affected. It is obvious that, in principle, twist the strings and curve them over scales of ofigt

the current carrying strings do interact with an external magy | ith di ) | h il not
netic field, since, at a distance, they appear not too different S0, any joops wi h |mens||0ns arger fm r\N'. ?O d
from current carrying wires. Thus, the magnetic force percontrgct. So, overt ese scaes, no string length Is lost and,
unit length on the strings is effectively, there is no loop production. ThuRxa and we

have string dominatiof24]. The above have been calculated

fg~JBsing, (35  in the high temperature case only. We expect similar results
in low temperatures.
whereB is the magnitude of the external field afds the The ratio of energy densities is

angle between the magnetic field lines and the string seg-
ment. Depending o the above force can accelerate or de-

t )2
celerate the string. %~(an ) . (39
sMp

A. Magnetic force domination

The magnetic force can be compared wifh andf,, in Thus, string domination could be avoided only if

order to determine under which conditions it will be the
dominating one. For simplicity, we will consider the high
temperature case only.

If f,sis the dominant friction force then by comparing
Egs. (11) and (35 (with sinf=1) it can be found that the
magnetic force will dominate at

n
>_
Re™>1r R (40)

where Ry~t is the horizon size. For current valué¥;
~1 kpc andRy~10* Mpc we find that we can avoid string

12 domination if <10 GeV.
tCB~ —_— (36) The above is dependent on the assumption that the string
(BoJd)"mp currentJ remains constant. However, if the external mag-

. . I netic field is strong enough, it would affect the string
}’;?;raeti%'s the magnitude of the magnetic field at network current! Still, even by taking into account the back-reaction

: . : . of the external field on the string current, the qualitative pic-
The magnetic force will never dominate provided the net- . -
; . . ture is not significantly changed.
work reaches horizon scaling beforg. The condition for

this is
VI. THE VALIDITY OF THE ASSUMPTIONS
J .
BO<(—C) 7 (37) Our results are based on two assumptions. We have as-
J sumed that the magnetocylinder is impenetratable and free of

plasma. Also, we assumed that the string current is constant
and generated at the formation of the string network. These
assumptions hold firmly in some regimes but could be unre-
liable in other. In what follows we try to explore their valid-

Bo< 37 (38
A. The magnetocylinder

In order for the magnetic field energy densifys In our description of the magnetocylinder in Sec. Il B we
~B?/8m not to dominate the overall energy density of the have assumed that it is essentially free of plasma. Here we
universe, we requirBo=< 7. In view of Eqs.(37) and(38)  investigate whether substantial plasma can be trapped or
this constraint implies thal<J. ensures that the magnetic generated inside the magnetocylinder and whether it can en-
field will never dominate the forces acting on the strings.ter the latter by penetrating the magnetic shock front. We
Thus,a weak current &J. suggests that the string network consider the casé@=J, only since, in the opposite case, the
will follow the standard non-superconducting string network magnetocylinder is irrelevant to the string kinetics.
evolution regardless of the existence of a primordial mag-
netic field On the other hand, in the case of a strong current 1. Trapped plasma in the magnetocylinder
the magnetic field can influence the network evolution pro-
vided it is stronger than the constrai®8).

If f, is the dominant friction force, then by comparing
Eq. (12) with Eg. (35 we find that the magnetic force is
subdominant if

One question that needs to be addressed is whether any
possible “blocked” plasma inside the magnetocylinder

B. String domination

If the magnetic force was dominant then the network ’One could argue that, since the current growslawB [1], it
would evolve according to its action on the strings. In thiswill eventually reach its maximum valugd,, .~ 7 and from then
case however, the curvature radius would not grow largeon remain constant.
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would have any effect on the dynamics of the string. Suchmagnetocylindef. However, even with high conductivity,
blocked plasma could conceivably arise at the initiation ofthe dimensions of the magnetocylinder could be small
the string current. If this is the case, the addition to theenough for diffusion to be important.
string’s mass per unit length would be The diffusion length is| 4~ vt/ o, [25], whereo .~ T/e?
is the plasma conductivity at high temperatures. By compar-
prpr~p(T~ ) rg(T~ ) ~J2. (42) ing |d.WIth rs, it can be r—_:a_sny _shown that the tirhgss when
diffusion becomes negligible is
Thus, sincel</u, Mpi IS, in general, negligible com- e\
pared to the string linear density. Also, E41) suggests that tdiff~(j) m:’,;. (46)
the density of the magnetocylinder plasma would Ayg(t)
~,up,/r5(t)2~p(t). Thus, the plasma density inside the i ) )
magnetocylinder does not disturb the pressure balance since BY comparing the above witty andt. we see thadiffu-
the magnetic pressure inside the magnetocylinder is domg'ON becomes negligible only after a scaling solution is
nant. Thereforethe existence of initially trapped plasma in- @chieved.This could be a very serious problem to our con-

side the magnetocylinder does not seriously affect the string'drations. Fortunately, it can be shown that, even if diffu-
system. Sion allowed the plasma particles to penetrate, in most cases

The situation is not as clear in the case of particle produclheir Larmor rotation would eject them outwards before they

tion from the string. Indeed, for fermionic charge carrfgry ~ c0uld significantly penetrate the magnetic shield.
in the presence of an external magnetic field, after the string 'ndeed, as shown ih26], for a head-on collision of a
current assumes its maximum value, the string produces paP@rticle with the magnetocylinder's magnetic field we have

ticles at the rate
2
r
In2( —

I's

J

m

J
S

T mAr’

d?N _ m2r2
~e?yB. (42)

wherev is the initial velocity of the in-falling particle and

Thus, ifmy is the particle mass, the plasma mass per unif ='s- ] ) _
length inside the magnetocylinder increases as In the above the coupling of the particle spin to the mag-
netic field has been taken into account. All the angular mo-

mentum and spin components have been taken to be of the

fpi~€°Mou B. (43 order ofi=1.
If r¢>1/J, then the dominant term in E47) is the loga-
Taking B=a 2t~ and using Eq(41) we obtain rithmic gne(apart from very nears where there is a poten-
tial well®). By solving Eq.(47) we obtain
myMp
~J2 muv
Hp~ I+ Bo 72 (44) rmm~rseXp(—9. (49
Thus, the linear mass density of the string system would Given that J=J., when »>\{mym, we have J>m
be influenced only if =mo during the plasma scaling solution. Thus, the penetra-
tion in the magnetocylinder is always negligible. On the
, 7 2 other hand, ifp<m me then penetration is negligible only
By> 45 "
0~ 7 \/m if IJ>muv.

If, r<1/J, then, nearg, the dominant term in Eq47) is
the inverse square one. By solving E47) we find
For »>\mymp, the above suggests that we can never
have up, domination overu. Fo~(mo) =t (49)
Additional particle production inside the magnetocylinder mn ’
may be generated by an ac component of the string current—
[11,33, created by .the string small scale structure. a.c _cur- 80ne possible caveat to this argument is that, at early times, i.e.
rents, though, are likely to be suppressed due to radlatlon%l

back tiof5.9 11. M th I le struct f efore the electroweak phase transition, the existence of non-
ack-reactioij5,9,11. Moreover, the small scale structure o Abelian terms in the field equations may destroy the freezing con-

t_he S'[I’II’!gS_IS expected to decay due to electromagnetic rad'%?tion even for a high conductivity. Ii25] it has been shown that
tion emission 8]. the criterion for the freezing condition to hold is roughly?
=B,. Itis easy to see that the above is indeed satisfied outside the
magnetocylinder. Thus, provided the conductivity is high, the in-

Usually, it is assumed that the plasma, being a perfectalling, non-Abelian plasma is frozen into the magnetic field.
conductor, is frozen into the magnetic field lines and, thus, °This potential well around, corresponds to quasi-bound states
could never penetrate the shock front of theof plasma particles temporarily trapped by the stifiag].

2. Penetration of plasma in the magnetocylinder
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which is, in fact the non-superconducting string linear crossent current inside a correlated string segment. Current con-
section(8). servation, suggests that the overall curtgpi; remains con-

In view of Eq.(7), r << 1/J implies thatypv /J?>1. How-  stant if the string length is unaltered. Therefore, the local

ever, from Eqs(11) and (12) we have,f,>f > po/J?  current has to diminish with time aggrows° It is important
o . il ns to note that in our calculations we are dealing with the local
<muv/J. Combining these two we see thatJ. and rq

= currentJ, since it is this current that generates the magnetic

<1/J can both be true only #<mv. field responsible for the existence of the string magnetocyl-
Thus, we have shown that, far=J., penetration of inder and, thus, determines the magnitude of the plasma fric-

plasma particles in the magnetocylinder is possible only ifjon force.

J<muv and p<{mgmp. When this happens, the particles  Another important point is the fact that Brownian contrac-

“see” the string core as implied by Eq49). In all cases] tion gradually decreases the string lendgthbetween two

>m, is sufficient to ensure that the particles cannot penetratdistant fixed points on the string. Thus,, L =const and

the string magnetocylinder during plasma friction and, thered, ¢ is expected to increase. Sinde;d?/R [19] whered is

fore, in this regime, our assumption is valid. The cdse the distance between the points, this process suggests that,

<mj, could arise in non-realistic systems, but not in the usuap, /3, .~R/R. Putting together the two effects described
particle theories. above we see that the increaselgfs due to Brownian con-
traction may be enough to hold the local curréntnore or
B. The string current less constant, although its coherence length would grow.

In the above we have assumed that the current switches The balance between the two effects depends delicately

on at the time of formation of the string network and remains®" the growth rate of the current coherence length, which is

constant during the subsequent network evolution. In thi$S ygt unknown. A reaspnable guess WO.UId be_ that _thg cor-
paragraph we take a closer look at these assumptions. relatlor_1 lengthl grows with .the speed of light, since, inside
the string, the charge carriers are massless. Now, from Eq.
1. Current conservation (5) we haveR<1. Thus, ifl grows with light-speedthe
ﬁurrent will always be coherent over smooth string segments
}e. segments of length<<R. This justifies the fact that we
use the local, coherent current for our calculations since the
rms current is relevant only for scales larger thani.e.
much larger than the dimensions of the magnetocylinder.
Balancing the above effects gived,,sL~\LtJ. Thus,

Witten has suggested that the superconducting strings wi
most probably carry a strong dc current, which would persis
due to topological index theorerp$]. Indeed, the current in
this case i§1,19,2§

Ja:e_v\/’?a‘ﬁ’ 50 the time dependence of the current is
whereW=2In(AR)~100 is the self-inductance of the string J 1 R
(with A ~* being the string width an®R a suitable cut-off “23°7{ R (53

radius identified with the inter-string distancand ¢ is the

phase of the scalar field that breaks electromagnetism inside The above suggests that the current is indeed constant at a

the string. Since the latter cannot unwind for topological reascaling solution, whefRx=t. Thus, although the current will

sons the gradient is kept constant and the current is come time dependent durinig,s domination our results are un-

served. affected since, in this period, the existence of a current does
In general, current conservation is a direct outcome of the,ot influence the evolution of the network.

field equations for a straight superconducting string. This can By means of Eq(53), the initial critical current for the

be immediately deduced from the string action, which due thetwork can be found with the use of E¢$8) and(24) as

the current includes the terf®,29-373

AS=—c f d2¢\— y32, (52)

0~ (Gu)/e (54)

for both low and high temperatures.
where¢ are the string world-sheet coordinatesijs the de- _The _evol_ut|on of the current magnitude on the open
strings is still unclear. If the current was not kept constant,

terminant of the world-sheet metric, adis a constant re- 4 S . .
- . then its variation could destabilise the delicate balance of the
lated to the charge of the current carriers. Varying the above

L . . . .~ _plasma-scaling solution. In the case that the string current
action immediately gives the current conservation equation 2 ;
decreased with timef,, would become less effective, the

9,J2=0. (52) curvayure radius would grow faster than in I?(q.7) and,.
thus, it would eventually catch up with the horizon resulting
The above correspond to a straight, infinite string. How-in horizon scaling. If the opposite was true and the current
ever, realistic strings are much more complicated, since theincreased with time, then plasma friction would become
are irregularly tangled and carry random-walk currents. larger and the curvature radius would not be able to follow
The string current on such strings has its own correlation
lengthl. The orientation of the current on larger scales fol-
lows a one-dimensional random walk pattern. Thus, betweenThe growth of the current coherence length is due to the alge-
two points with string length distanck>|, the average braic addition of the current at the interface between two initially
string current is),;,s~J/V(L/l), whered is the local, coher- uncorrelated domains, as have been shown numerically0h
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the growth of the horizon at a constant ratio. Instead the VII. DISCUSSION AND CONCLUSIONS
strings would become slower and the network denser. How-

ever, the growth of] would have to end when it reached h d i : . K We h
Jmax- Then, the network would assume the plasma-scalin arged-current carrying, open string network. We have

solution at its maximum density case. In all cases, thoug ,hown that, in the absence of a_primordial mag.netic field, the
we still manage to avoid domination of the universe energ)petwork always reaches a scaling solution. This ensures that

In conclusion, we have investigated the evolution of a

density from the open string network. the network does not dominate the energy density of the uni-
verse If the network is embedded in a strong enough mag-

2. Initiation of the current netic field, then it is possible that it will never reach a scaling

Although we have assumed that the current switches on Eﬁolution and will dominate the energy density of the uni-

network formation, in general, this could occur at a laterVErSe-

stage. However, even if the network evolves initially without W& have also demonstrated that, in all cases considered,
the presence of a current, the final picture is not severelj€ existence of a current on the strings will have an effect
altered. only if the current is larger than a critical valdg, given in

Indeed, were this the case, the network would initially E- (24). We have found a similar critical value for the pos-
evolve according to the standard cosmic string evolution scesSible influence of a primordial magnetic field. It is interesting
nario. Thus, the curvature radius would grow as in Bd)  thatJ. is also the critical current with respect to radiation
until it reached horizon scaling. If, <t., or equivalently —emission from the string, over which electromagnetic radia-
J<J., the network would reach horizon scaling regardlesdion dominates gravitational radiatigB4].
of when the current switches on since the latter would have For string current stronger thai, we have shown that
no effect of the network dynamics. If, howevef,=t., or  friction never ends and the scaling solution is very different
equivalently J=J., the plasma friction force will always than the standard cosmic string horizon scaling, regardless of
eventually dominate, as mentioned in Sec. IV. Indeed, in thishe time the string current initiates. The curvature radius and
case, if the timetg, when current switched on, is beforg  the inter-string distance follow the horizon growth in con-
then the evolution is identical to the one described in Sec. llstant proportion, but they could be much smaller than the
for J=J.. If, however,t;>t., then the string network re- horizon size. As a consequence, the string network would be
mains comovingly frozen due to excessive plasma frictiona lot denser. Inside a horizon volume the strings would be
until the length-scale given by Eq17) reaches the size of more curved and twisted and would move much slower.
the network curvature radius. From then on the evolutionThus, the loops produced by the network are smaller, al-
continues again as described earlier. This is expected regarthough the intercommuting rates are unaffected. Therefore,
less of whether the network has reached horizon scaling beven though the network is denser, it loses less mass by loop
fore tg or not. Thus, forJ>J., in case t>t, the horizon- production and this is why so much of the string length is
scaling solution is terminated and the network remainskept in the open strings. We called this scaling solution
comovingly frozen until the plasma-scaling solution begins plasma scaling.

Switching on the current in later times could have an ef- If the network reached plasma scaling then there are a
fect on the magnitude af, since the latter cannot be larger number of consequences that may have observational impor-
than the energy scale at the time. Indeed, suppose that tii@nce. First of all, production of smaller loops could relax the
current switched on at the temperatufie,~ {7, where ¢ vorton constraint$7]. Also, a denser network would gener-
<1. Then, over a string segment of dimensions of the ordeéte large scale structure with much different features than the
of the curvature radiuR(t,), the maximum average current one produced by a horizon scaling network. Indeed, the slow
at the current initiation timets would be, (,momax  MOVing strings would create filaments instead of thin wakes,
Ngn/\/ﬁ, wheren~R(tJ)/({7) L. SinceR, until ty, would ~ Whose separating distances could be much smaller than the

evolve according to Eq15), the current would be horizon. Also the imprint of the strings on the microwave
sky would be Gaussian in smaller angular scales than the
e [ 7 1/a horizon scale at decoupling. However, neither the magnitude
(Jrms)max~ &7 m_P (59 of the overall density perturbations or the rms temperature

fluctuations will be affected. Therefore, GUT superconduct-
Assuming that the coherence length of the current grow#ng strings can still satisfy observations even if they carry a
with light-speed, after some time the current in the segmensubstantial current.
considered will become coherent with magnitutie J, . The plasma scaling solution could also have important
Thus, Eq.(55) will be the maximum possible string current. astrophysical effects. Indeed, a denser superconducting string
Comparing withd, of Eq. (24) we find that, in order for the network would result in substantial generation of high en-
current to affect the string network evolutighhas to be —ergy radiation[2,4—6. Agreement with observations by ad-

greater than justing accordingly the parameters of the model could pro-
vide information on the underlying theory.

| m 3 The evolution of the open string network described in our

{c= m_P (56) paper is expected to be modified in the matter era due to

streaming velocities developed by the plasma during the
For GUT strings{.~10"2. Thus, the evolution of GUT gravitational collapse of the protogalaxies. Such streaming
strings that become current carrying at the electroweak transelocities will tangle the strings since, if friction is dominant,
sition [33] ({~10" % cannot be affected by their current. the latter are more or less “glued” to the plasi&6]. The
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situation resembles the case of a dominant primordial magion. We have argued that the local string dc current would
netic field. The network curvature radius and inter-string distemain more or less constant. However, more work is re-
tance would follow the scale of the plasma streaming andjuired here, particularly on the evolution of the current’s
this could lead to string domination. coherence length and the current’s ac component. However,
In our treatment we have made a number of assumptionglthough a variable current may influence our results, it
Since, in order to explore the evolution of the curvature rawould never lead to string domination.
dius, we were primarily interested in larger scales, we chose
to ignore the small scale structure of the strings and its con-
sequencesgac currents, string linear energy density and ten-
sion renormalisationsince it is likely to be substantially This work was partly supported by PPARC, the E.U. un-
suppressed by radiation back-reaction and particle produder the HCM progranfCHRX-CT94-0423, the Isaac New-
tion. We have also assumed that the string magnetocylinddéon Fund(Trinity College, Cambridge and the Greek State
is impenetratable and free of plasma. We showed that thiScholarships FoundatighK.Y.). We would like to thank B.
assumption is valid fod=my~1 GeV. Carter, P. Peter, and N. Turok for discussions. Finally, we
One fundamental assumption concerns current conservéiank Observatoire de Parisleudon) for hospitality.
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