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Robert Brandenberger,1,* Brandon Carter,2,† Anne-Christine Davis,3,‡ and Mark Trodden4,§
1Physics Department, Brown University, Providence, Rhode Island 02912

2D.A.R.C., Centre National de la Recherche Scientifique, Observatoire de Paris-Meudon, 92 195 Meudon, France
3Department of Applied Mathematics and Theoretical Physics, University of Cambridge, Silver Street,

Cambridge, CB3 9EW, United Kingdom
4Center for Theoretical Physics, Laboratory for Nuclear Science and Department of Physics, Massachusetts Institute of Techno

Cambridge, Massachusetts 02139
~Received 23 May 1996!

We investigate the cosmological consequences of particle physics theories that admit stable loops of super-
conducting cosmic string—vortons. General symmetry-breaking schemes are considered, in which strings are
formed at one energy scale and subsequently become superconducting in a secondary phase transition at what
may be a considerably lower energy scale. We estimate the abundances of the ensuing vortons, and thereby
derive constraints on the relevant particle physics models from cosmological observations. For a range of
values of the dimensionless parameters in the analysis, these constraints significantly restrict the category of
admissible grand unified theories. However, we demonstrate that the constraints are quite compatible with
recently proposed effects whereby superconducting strings may have been formed close to the electroweak
phase transition.@S0556-2821~96!00922-8#

PACS number~s!: 98.80.Cq, 11.27.1d
I. INTRODUCTION

In the past few years it has become clear that topologi
defects produced in the early Universe may have a consid
ably richer microstructure than what had previously be
imagined@1#. In particular, the core of a defect acquires ad
ditional features at each subsequent symmetry break
which preserves the topology of the object. The new micr
physics associated with additional core structure has be
exploited by several authors to provide a new, defect-bas
scenario for electroweak baryogenesis@2,3#.

The purpose of the present paper is to constrain gene
particle physics theories by demanding that the microphys
of defects in these models be consistent with the requi
ments of the standard cosmology. The basic idea, due or
nally to Davis and Shellard@4–6#, is as follows. If a sponta-
neously broken field theory admits linear topological defec
cosmic strings, which subsequently become superconduc
ing, then an initially weak current on a closed string loo
will automatically tend to amplify as the loop undergoes di
sipative contraction. This current may become sufficient
strong to modify the dynamics and halt the contraction
that the loop settles down in an equilibrium state known as
vorton.

The population of vorton states produced by such
mechanism is tightly constrained by empirical cosmologic
considerations. It was first pointed out by Davis and Shella
that to avoid obtaining a present-day cosmological closu
factor V greatly exceeding unity, any theory giving rise t
stable vorton creation by superconductivity that sets in du
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ing string formation is ruled out if the symmetry-breaking
scale is above some critical value. One of the first attempts to
estimate this critical scale@7# indicated that it probably could
not exceed that of electroweak symmetry breaking at about
102 GeV by more than a few orders of magnitude. Such
strong limits are, of course, dependent on the supposition
that the vortons are absolutely stable on time scales as long
as the present age of the Universe. However, even if the
vortons only survive for a few minutes, this would be suffi-
cient to significantly affect primordial nucleosynthesis and
hence provide limits of a weaker but nevertheless still inter-
esting kind@8#.

In all previous works it was supposed that the relevant
superconductivity sets in during or very soon after the pri-
mary phase transition in which the strings are formed. What
is new in the present work is an examination of the extent to
which the limits discussed above are weakened if it is sup-
posed that superconductivity sets in during a distinct second-
ary phase transition occurring at what may be a very much
lower temperature than the string formation scale@9#.

The structure of the paper is as follows. In Sec. II A we
shall, for completeness, give a brief introductory review of
string superconductivity. In Sec. II B we describe the mecha-
nism of formation of a vorton from an originally distended
string loop and in Sec. II C we summarize the basic proper-
ties of vorton equilibrium states. In Sec. III A we first com-
ment on how it can be that the formation scale and the su-
perconductivity scale be separated by many orders of
magnitude. We then demonstrate, using a suitably simplified
statistical description of the string network, how to estimate
the vorton abundance for a generic theory as a function of
the temperature and the symmetry-breaking scales. In Sec.
III B we apply this procedure to the relatively simple case
when the superconductivity develops during the early period
when dissipation is mainly due to the friction of the ambient
medium. In Sec. III C we go on to treat the more compli-
6059 © 1996 The American Physical Society
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cated situation that arises if the superconductivity does
develop until the much later stage in which dissipation
mainly due to gravitational radiation, and in Sec. III D w
briefly comment on stability issues. In Sec. IV we consid
the comparatively weak bounds that are obtained if it is s
posed that the vortons are stable only for a few minut
Finally, in Sec. V we consider rather the stronger bounds t
are obtained if the vortons are of a kind that is sufficien
stable to survive as a constituent of the dark matter in
Universe at the present epoch. We conclude in Sec. VI.

II. CONSEQUENCES OF COSMIC STRING
SUPERCONDUCTIVITY

A. Currents in the Witten model

In so far as it has been developed at the present time,
quantitative theory of vorton structure has been entir
based on the supposition that the essential features are
scribable in terms of a simple bosonic superconductiv
model of the kind introduced by Witten@10#. This category
of models consists of spontaneously broken gaug
U(1)3U(1) field theories, which generalize the even sim
pler category of spontaneously broken gauged U~1! field
theories on which the standard Kibble description of non
perconducting cosmic strings is based.

The Kibble model is characterized by a potentialV with a
quartic dependence on a complex Higgs fieldf of the famil-
iar form l̃(ufu22v2)2. Here,l̃ is a dimensionless coupling
andv is a mass scale of order the ‘‘Kibble mass’’mx , whose
square is identifiable with the string tensionT, which is ~in
this model! constant and equal to the mass per unit leng
The string is defined as the region in whichufu is topologi-
cally excluded from its vacuum value as given byv.mx .

In addition to f, the Witten model contains a secon
complex scalar fields and is characterized by a quartic po
tential depending on several dimensionless parameters
such asl̃, are assumed to be of order unity. Witten’s pote
tial function also depends on a second mass parameter
ms , which determines the temperature scale below wh
s gives rise to a current carrying condensate on the vor
In the Witten model the vortex defects are cosmic strings
which the tensionT is no longer constant but variable, as
function of the current magnitudeu j u, attaining its maximum
~Kibble! value only when the current magnitude vanishes,
that in general one hasT<mx

2 .
In earlier discussions@4–8# of vorton physics it was im-

plicitly or explicitly supposed that the magnitude ofms was
not very different from that of the original symmetry
breaking mass parametermx . In that case, the formation o
thes condensate could be considered as a part of the s
symmetry-breaking phase transition as that by which
strings themselves were formed. Our purpose here is to c
sider scenarios in whichms may be very much smaller tha
mx , as will occur when successive phase transitions at
entirely distinct cosmological epochs are involved@9#. It is
only after the second phase transition that a condensate
amplitudeusu and angular variable phase, sayu, will form
on the string world sheet. There then exists an identica
conserved world sheet phase current with components
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where«ab are the components of the antisymmetric unit sur-
face element tensor induced on the two-dimensional world
sheet. As well as this topologically conserved phase current
there will also be a dynamically conserved particle number
current with components given@6# by

j a52S̃~]au2eAa!, ~2!

whereS̃ is the surface integral ofusu2 over the vortex core
cross section. Here,Aa are the induced components of the
electomagnetic background potential ande is the coupling
constant associated with the carrier field if it is gauged.
When e is nonzero,j̃ a will be gauge dependent, butj a is
physically well defined and will determine a corresponding
electric surface current given by

I a5e ja. ~3!

B. Formation of vorton states

In the case of a closed string loop the conserved surface
currents characterized above will determine a corresponding
pair of integral quantum numbers that are expressible in
terms of circuit integration round the loop. These are given
by

N5 R j̃ adl a , Z5 R j adl a , ~4!

wheredl a are the components of the length element normal
to the circuit in the world sheet. Note that even whenj̃ a is
gauge dependent,N is well defined. A nonconducting
Kibble-type string loop must ultimately decay by radiative
and frictional drag processes until it disappears completely
However, since a Witten-type conducting string loop is char-
acterized by the classically conserved quantum numbersN
and Z, such a loop may be saved from disappearance by
reaching a state in which the energy attains a minimum for
given nonzero values of these numbers.

In view of a widespread misunderstanding about this
point, it is to be emphasized that the existence of such energ
minimizing ‘‘vorton’’ states does not require that the carrier
field be gauge coupled. If there is indeed a nonvanishing
charge coupling then the loop will, of course, be character-
ized by a corresponding total electric charge

Q5 R I adl a , ~5!

in terms of which the particle number will be expressible
directly asZ5Q/e. However, the important point is that
even in the uncoupled case, for whichI a, and hence also
Q, vanish, the quantum numberZ will nevertheless remain
perfectly well defined.

Although the essential physical properties of a vorton
state will be fully determined by the specification of the rel-
evant pair of integersN andZ, it is not true that any arbitrary
choice of these two numbers will characterize a viable vorton
configuration. This is because the requirement that the
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strictly classical string description should remain valid tur
out to be rather restrictive. To start with, it is evident that
avoid decaying completely like a nonconducting loop, a co
ducting loop must have a nonzero value for at least one
the numbersN andZ. In fact, one would expect that both
these numbers should be reasonably large compared
unity to diminish the likelihood of quantum decay by barrie
tunneling. However, even for moderately large values ofN
and Z there will be further restrictions on the admissib
values of their ratioZ/N due to the necessity of avoiding
spontaneous particle emission as a result of current sat
tion.

The existence of a maximum amplitude for the string cu
rent was originally predicted by Witten himself@10#. How-
ever, quantitative knowledge about the current saturat
phenomenon remained undeveloped until the appearanc
an important pioneering investigation by Babul, Piran, a
Spergel@11# who undertook a detailed numerical analysis
the mechanism whereby the presence of a current tend
diminish the string tensionT. In a nonconducting string, the
tensionT is identifiable with the energy per unit lengthE, but
in the conducting case the diminution ofT is accompanied by
an augmentation ofE such that

T<mx
2<E. ~6!

The analysis of@11# provided an empirical ‘‘equation of
state’’ specifyingT as a nonlinear function of the curren
magnitudeu j u and hence of the energy densityE. The mini-
mum of T, and hence the maximum allowed value forE, is
obtained when the current amplitudeu j u reaches a critical
saturation value with order of magnitude

u j u2'E2T&ms
2 . ~7!

Such knowledge of the equation of state is precisely wha
required for investigating string dynamics.

We now apply this to vorton equilibrium states. The pha
angleu is expressible in terms of the background time coo
dinatet and a coordinatel representing arc length round th
loop by

u5vt2kl , ~8!

wherev andk are constants. If the total circumference of th
vorton configuration is denoted byl v then it can be seen tha
these constants will be given in terms of the correspond
quantum numbers by

v5
Z

2S̃l v

, k5
2pN

l v
. ~9!

The general condition@13# for purely centrifugally supported
equilibrium is that the rotation velocity should be given by
formula of the same simple form as the one@12# for the
speed of extrinsic wiggle propagation: namely,

v25
T
E . ~10!
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Note that this relationship applies when the electrical cou-
pling is absent or, as will commonly be the case, negligible
because of the smallness of the fine structure constant@14#.

C. Properties of vortons

The random distribution of initial values of the quantum
numbersN andZ leads to the formation of a range of quali-
tatively different kinds of vorton states. We shall now briefly
review the reasons why it is to be expected that initially the
most numerous will be of approximatelychiral-type, mean-
ing that their rotation velocity is comparable with the speed
of light as given byv51. Note, however, that it may be that
vortons of the very differentsubsonic-type, with v!1, will
be favored by natural selection in the long run.

In the case of aspacelikecurrent, withv2,k2 ~the only
possibility envisaged in@11#!, the velocity given by Eq.~10!
is to be interpreted simply as thephase speed:

v5
v

k
5

pZ

S̃N
. ~11!

Since we are assuming thatms is small compared with
mx , the saturation limit~7! implies

E2T
T !1, ~12!

which obviously, by Eq.~10!, implies the property of ap-
proximate chirality,v.1. It is expected on dimensional
grounds that, although the sectional integralS̃ is a function
of the current, it will not get extremely far from the order
unity. This behavior has been observed numerically in par-
ticular cases@11,15# ~see also@16–18#!. It can, therefore, be
deduced that approximate chirality requires the vorton to be
characterized by a pair of quantum numbers having roughly
comparable orders of magnitude,

uZu'N, ~13!

where we use an orientation convention such thatN is al-
ways positive.

On purely statistical grounds one would expect that the
two quantum numbers would most commonly be formed
with comparable order of magnitude, so as to satisfy Eq.
~13!, though not necessarily with an exact ratio small enough
to give a spacelike vorton current. In fact, although the limit
~7! definitely excludes the possibility of vorton states with
N@uZu, it turns out that there is nothing to prevent the ex-
istence of nonchiral vortons having a current that is not just
marginally timelike (v2.k2), but which haveuZu@N. In the
timelikecase the velocityv in Eq. ~10! is not the phase speed
but thecurrent velocitygiven by

v5k/v. ~14!

A preliminary application@19# of the principles described
in the following sections suggests that subsonic vortons,
which will necessarily be characterized byuZu@N, will ini-
tially be formed in much smaller numbers than those of the
more familiar chiral variety described by Eq.~13!. This
means that if ordinary chiral vortons are sufficiently stable to
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survive over cosmologically significant time scales~a ques-
tion that must be left open for future research! then they can
provide us with much stronger constraints on admissible p
ticle theories than the more exotic subsonic variety. In ord
to keep our discussion as clear and simple as possible,
shall, therefore, say no more about subsonic vortons and
strict our attention to the chiral variety.

Chiral vortons are only marginally affected by the ele
tromagnetic couplinge @14#. Therefore, they can be de
scribed by the simplest kind of elastic string formalism
which electromagnetic effects are ignored altogether. T
means@13# that the mass energyEv of such a vorton will be
given in terms of its circumferencel v by

Ev5l v~E1T!.l vmx
2. ~15!

In order to evaluate this quantity all that remains is to wo
out l v . In the earliest work on vorton states it was alwa
presumed that they would be circular, with radius, therefo
given byRv5l v/2p and angular momentum quantum num
ber J given @13# by J5NZ or equivalently by
J25ETl v

4/4p2. Thus, eliminatingJ, one obtains the required
result as

l v5~2p!1/2uNZu1/2~ET!21/4.~2p!1/2uNZu1/2mx
21.

~16!

More recent work@20# has established that even in cas
where the vorton configuration is strongly distorted, the e
pression~16! will remain perfectly valid. Combining this
with Eq. ~15!, and recalling that for chiral vortonsuZu'N,
we thus obtain a final estimate of the vorton mass energy

Ev.~2p!1/2uNZu1/2mx'Nmx . ~17!

The preceding formulas are based on a classical desc
tion of the string dynamics. This is valid only if the lengt
l v is large compared with the relevant quantum wav
lengths, of which the longest is the Compton waveleng
associated with the carrier massms . It can be seen from Eq.
~16! that this condition, namely,

l v@ms
21 , ~18!

will only be satisfied if the product of the quantum numbe
N andZ is sufficiently large. A loop that does not satisfy th
requirement will never stabilize as a vorton. After its leng
has been reduced to the order of magnitude~18! by a classi-
cal contraction process, it will presumably undergo a rap
quantum decay whereby it will finally disappear complete
just as if there were no current.

III. THE VORTON ABUNDANCE

A. Basic postulates: A scheme based on two mass scales

The present analysis will be carried out within the fram
work of the usual FRW model in which the Universe evolv
in approximate thermal equilibrium with a cosmologic
background temperatureT. The effective number of massles
degrees of freedom at temperatureT is denoted byg* . Note
that g*'1 at low temperatures but that in the range whe
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vorton production is likely to occur, from the electroweak
scale through to grand unification,g*.102 is a reasonable
estimate.

Any vorton formation process must occur during the
radiation-dominated era which ended when the temperatur
of the Universe dropped below 1022 GeV and became ef-
fectively transparent. The relevant cosmological quantities
are the age of the Universe, given byt'H21 whereH is the
Hubble parameter, and the radiation-dominated, time-
temperature relationship

t'
mP

Ag*T2
, ~19!

wheremP is the Planck mass.
During this cosmological evolution, the particle physics

gauge group is assumed to undergo a series of successiv
spontaneous symmetry-breaking phase transitions, expres
ible schematically as

G
GUT

°•••H•••°G
EW

°SU~3!3U~1!. ~20!

Here,G
GUT

is the ‘‘grand unified’’ group,H is some hypo-
thetical intermediate symmetry group~such as that of the
axion phase!, and G

EW
is the standard model group

SU(3)3SU(2)3U(1) or one of its nonstandard~e.g., super-
symmetric! extensions. The role of the Witten model is to
provide an approximate description of an evolution process
dominated by two distinct steps in this chain.

When a semisimple symmetry group, sayG , is broken
down to a subgroup, sayH, the topological criterion for
cosmic string formation is that the first homotopy group of
the quotient should be nontrivial:

p1$G/H%Þ1. ~21!

Our primary supposition is that such a process occurs a
some particular cosmological temperatureTx , which we as-
sume to be of the same order of magnitude as the relevan
Kibble mass scalemx . This mass scale is interpretable as
being of the order of the mass of the Higgs particle respon-
sible for the symmetry breaking according to the simple
model discussed in the previous section.

Our next basic postulate is that a current-carrying field,
characterized by the independent mass scalems , condenses
on the ensuing string defect at a subsequent stage, when th
background temperature has dropped to a lower valueTs ,
which we assume to have the same order of magnitude as th
mass scalems .

The formation of a condensate with finite amplitude char-
acterized by the dimensionless sectional integralS̃ does not
in itself imply a nonzero expectation value for the corre-
sponding local current vectorj . However, one expects that
thermal fluctuations will give rise to a nonzero value for its
squared magnitudeu j u2 and hence a random walk process
will result in a spectrum of finite values for the correspond-
ing string loop quantum numbersN andZ. Therefore, in the
long run, those loops for which these numbers satisfy the
minimum length condition~18!, are predestined to become
stationary vortons, provided of course that the quantum num
bers are strictly conserved during the subsequent motion,
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requirement whose validity depends on the condition t
string crossing processes later on are statistically negligi
We describe these loops asprotovortons.

Note that the protovortons will not become vortons in t
strict sense until a lower temperature, the vorton relaxat
temperature, sayTr ~whose value will not be relevant for ou
present purpose!, since the loops must first lose their exce
energy. Whereas frictional drag and electromagnetic ra
tion losses will commonly ensure rapid relaxation, there m
be cases in which the only losses are due to the much we
mechanism of gravitational radiation.

As the string network evolves, the distribution rarifies d
to damping out of its fine structure first by friction and lat
by radiation reaction. However, not all of its lost energy go
directly into the corresponding frictional heating of the bac
ground or emitted radiation. There will always be a certa
fraction, say«, that goes into loops which evolve withou
subsequent collisions with the main string distribution. It
this process that provides the raw material for vorton prod
tion. Such loops will ultimately be able to survive as vorto
if the current induced by random fluctuations during the c
rier condensation process is sufficient for the condition~16!
to be satisfied, i.e., provided its winding number and parti
number are large enough to satisfy

uNZu1/2@
Tx
Ts

. ~22!

Any loop that fails to satisfy this condition is doomed to lo
all its energy and disappear.

In favorable circumstances~namely, those considered i
Sec. III B!, most of the loops that emerge in this way atTs

will satisfy the condition~22! and thus be describable a
protovortons. However, in other cases~namely, those consid-
ered in Sec. III C!, the majority of the loops that emerg
during the period immediately following the carrier conde
sation will be too small to have acquired sufficiently larg
quantum numbers by this stochastic mechanism. These lo
will, therefore, not be viable in the long run and are classifi
asdoomed loops. Nevertheless, even in such unfavorable c
cumstances, the monotonic increase of the damping len
Lmin will ensure that at a lower temperatureTf,Ts a later,
and less prolific, generation of emerging loops will after
be able to qualify as protovortons. We refer toTf as the
protovorton formation temperature.

The scenario summarized above is based on the acce
understanding of the Kibble mechanism@6#, according to
which, after the temperature has dropped belowTx , the ef-
fect of various damping mechanisms will remove most of t
structure below an effective smoothing lengthLmin , which
will increase monotonically as a function of time, so th
nearly all the surviving loops will have a lengthL5rdl that
satisfies the inequality

L*Lmin . ~23!

There will thus be a distribution of string loops, of which th
most numerous will be relatively short ones, withL'Lmin ,
that are on the verge of emerging, or that have alre
emerged, as protovortons or doomed loops as the case
be.
hat
ble.

he
ion
r
ss
dia-
ay
aker

ue
er
es
k-
in
t
is
uc-
ns
ar-

cle

se

n

s

e
n-
e
ops
ed
ir-
gth

all

pted

he

at

e

ady
may

Whereas on larger scales closed loops and wiggles on
very long string segments will be tangled together, on the
shortest scales, characterized by the lower cutoffLmin , loops
will be of a relatively smooth form. It is these smallest loops
that are candidates for subsequent transformation into vor
tons.

The total number density of small loops with length and
radial extension of the order ofLmin will ~due to the rapid
falloff of the spectrum that is expected for larger scales! be
not much less than the number density of all closed loops
and so will be given by an expression of the form

n'nLmin
23, ~24!

wheren is a time-dependent parameter which we will dis-
cuss later.

The theory reviewed above was originally developed on
the assumption that the string evolution is governed by Goto-
Nambu-type dynamics. In the kind of scenario we are con-
sidering, this condition will obviously be satisfied as long as
the cosmological temperatureT is greater than or compa-
rable to the carrier condensation temperatureTs . Moreover,
the usual Goto-Nambu–type description, and its conse
quences as described above, will remain valid for a while
after the strings have become superconducting since the cu
rents will initially be too weak to have any significant dy-
namical effect. The Goto-Nambu theory inevitably breaks
down at some temperature aboveTr . However, there may be
cases for which such a description will break down even
before the protovorton formation temperatureTf is reached.

The typical length scale of string loops at the transition
temperatureLmin(Ts) is considerably greater than relevant
thermal correlation lengthTs

21 , that will presumably char-
acterize the local current fluctuations at that time. It is be-
cause of this that string loop evolution is modified after cur-
rent carrier condensation. The inequality

Lmin~Ts!@Ts
21 , ~25!

and the fact that, by Eq.~23!, the length of any loop present
at the time of the condensation will satisfyL*Lmin(Ts),
means that the random walk effect can build up reasonably
large, and typically comparable initial values of the quantum
numbersuZu andN. The reason is that for a loop of length
L, the expected root mean square values produced in thi
way from carrier field fluctuations of wavelengthl can be
estimated as

uZu'N'AL

l
. ~26!

At the time of the condensation, a typical loop is character-
ized by

L'Lmin~Ts! ~27!

and

l'Ts
21 ~28!

so that one obtains the estimate

uZu'N'ALmin~Ts!Ts, ~29!
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which, by Eq.~25!, is large compared with unity.
For current condensation during the friction-dominat

regime discussed in Sec. III B, we shall see that this w
always be sufficient to satisfy the requirement Eq.~22!.
However, this condition will not hold for condensation lat
on in the radiation damping regime discussed in Sec. III
In the latter case, typical small loops that free themsel
from the main string distribution at or soon after the time
current condensation will be doomed loops since they do
satisfy Eq.~22!. However, there will always be a minority o
longer loops for which Eq.~22! will be satisfied, namely,
those exceeding a minimum length given, according to
~29!, by

L'
Tx

2

Ts
3 . ~30!

This condition is still not quite sufficient to qualify them a
protovortons since such exceptionally long loops will
very wiggly and collision prone. It is not until a later time a
a lower temperatureTf that free protovorton loops will
emerge. In this case, the typical wavelength of the car
field will be given by Eq.~28! and the final value of the
length of a typical loop is

L'Lmin~Tf!. ~31!

The new estimate for the values of the quantum number

uZu'N'ALmin~Tf!Ts

Zf
, ~32!

where we have included a blueshift factorZf , whose value is
not immediately obvious but that is needed to allow for t
net effect on the string of weak stretching due to the cosm
logical expansion and stronger shrinking due to wigg
damping during the period as the temperature cools fr
Ts to Tf . In the earlier friction-dominated regimeTf is iden-
tifiable with Ts so the problem does not arise, and in t
radiation damping era cosmological stretching will in fact
negligible. Therefore, the net effect is thatZf will be small
compared with unity, the hard part of the problem being
estimate how much so.

The value given by Eq.~32! will increase monotonically
as Tf diminishes. The required value ofTf , at which the
formation of the protovorton loops will actually occur, is th
for which the function in Eq.~32! reaches the minimum
qualifying value given by Eq.~22!. This value is thus obtain-
able in principle by solving the equation

Lmin~Tf!

Zf
'
Tx
2

Ts
3 , ~33!

but this can only be done in practice when we have found
Tf dependence ofLmin(Tf) andZf . We discuss theTf depen-
dence ofZf shortly.

The number density of protovorton loops at the tempe
tureTf will be comparable to the total loop number density
the time, so that by Eq.~24! it will be expressible as

nf'«n fLmin~Tf!
23, ~34!
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where« is an efficiency factor of order unity, andn f is the
value of the dimensionless parametern at that time. If the
current condenses in the friction-dominated regimen f will
simply have an order of unity value. However, if the conden-
sation does not occur until later on, in the radiation-
dominated era,n f will have a lower value which is not so
easy to evaluate.

The number of protovorton loops in a comoving volume
will be approximately conserved during their subsequent
evolution. Therefore, since volumes will scale proportionally
to the inverse of the entropy density it follows that the num-
ber densitynv of the resulting vortons at a lower temperature
T will be given in terms of the number densitynf of the
protovorton loops at the time of condensation by

nv
nf

' f S TTfD
3

. ~35!

Here, f is a dimensionless adjustment factor that we expect
to be small but not very small compared with unity, and that
will be given by

f.
«g*

gf*
, ~36!

wheregf* is the value ofg* at the protovorton formation
temperatureTf .

Using Eq. ~17! the corresponding mass density will be
given by

rv'Nmxnv . ~37!

Thus, the mass density of the distribution of the protovortons
in the rangeTf*T*Tr , and of the mature vortons after their
formation in the rangeT&Tr , is given by the general for-
mula

rv' fn f
TxTs

1/2

Zf1/2Lmin~Tf!5/2
S TTfD

3

. ~38!

When the dependences ofn f , Lmin(Tf), and Tf on the
fundamental parametersTx andTs are known, the formula
~38! will allow us to place limits onTs by determining how
the presence of the corresponding population of remnant vor-
tons would affect the course of cosmic evolution. In the fol-
lowing sections we shall derive several constraints on such a
population by demanding that it not significantly interfere
with the cornerstones of the standard cosmology. However,
before we can do so it remains to obtain at least rough esti-
mates of the required values of the dependent variables. This
turns out to be fairly easy in the case of condensation during
the friction-dominated era that will be discussed in the next
section. However, the derivation of firm conclusions is less
straightforward for the kind of scenario discussed in Sec.
III C, in which the current condensation occurs in the
radiation-dominated regime.

B. Condensation in the friction damping regime

According to the standard picture@21#, the evolution of a
cosmic string network is initially dominated by the frictional
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drag of the thermal background. The relevant dynamic
damping time scalet during this period is approximately
given by

t'
Tx
2

bT3
, ~39!

whereb is a dimensionless drag coefficient that depends
the details of the underlying field theory but that is typicall
expected@21,22# to be of order unity. In this regime the large
scale structure is frozen and retains the Brownian rand
walk form ~24!. However, the microstructure is smoothe
out below a correlation lengthLmin given by

Lmin'Att, ~40!

where t is the Hubble time. Neglecting the very weakg*
dependence, the required correlation length is thus found
be given by

Lmin'SmP

b D 1/2 TxT 5/2. ~41!

The friction-dominated regime continues until the tem
peratureT drops below a critical valueT! given by

T!'
Tx
2

bmP
, ~42!

at whicht is comparable tot.
SettingT equal toTs in Eq. ~41! in order to obtain the

relevant value ofLmin(Ts), and using Eqs.~29! and~27!, the
required expectation value for the quantum numberN can be
estimated as

N'S mP

bTs
D 1/4S TxTs

D 1/2. ~43!

It follows from Eqs.~17! and~16! that a typical vorton in this
relic distribution will have a mass energy given by

Ev'S mP

bTs
D 1/4S Tx3Ts

D 1/2, ~44!

which corresponds to a vorton circumference

l v'S mP

bTs
D 1/4~TxTs!21/2. ~45!

It can thus be confirmed using Eq.~42! that the postulate
Ts.T! automatically ensures that these vortons will indee
satisfy the minimum length requirement~18!, though only
marginally whenT is at the lower end of this range.

From Eqs.~34! and~41! the number density of these pro
tovorton loops, at formation, is

nf'n!S bTs

mP
D 3/2S Ts

2

Tx
D 3. ~46!

It follows from Eq. ~35! that at later times the number den
sity of their mature vorton successors will be
al
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nv'n! f S bTs

mP
D 3/2S TsT

Tx
D 3. ~47!

Thus, after the temperature has fallen below the valueTr , the
resulting mass density of the relic vorton population will be

rv'n! fNS bTs

mP
D 3/2S Ts

Tx
D 2TsT

3, ~48!

which by Eq.~43! gives our final estimate as

rv'n! f S bTs

mP
D 5/4S Ts

Tx
D 3/2TsT

3. ~49!

C. Condensation in the radiation damping regime

For strings formed at low energies, for example in some
nonstandard electroweak symmetry-breaking transition, th
scenario of the preceding subsection is the only one tha
needs to be considered. However, for strings formed at muc
higher energies, in particular for the commonly considered
case of grand unified theory~GUT! strings, current conden-
sation could occur during the extensive temperature rang
belowT!. The minimum length requirement is only margin-
ally satisfied by typical loops when condensation occurs nea
the end of the friction-dominated regime. Therefore, if
Ts,T!, typical loops present during the transition will not
be long enough to qualify as protovortons. This means tha
the vorton formation temperatureTf will not coincide with
Ts as it did in the friction-dominated regime, but rather will
have a distinctly lower value.

In these scenarios the final stage of protovorton formatio
will be preceded by a period of evolution in the temperature
rangeT!*T*Tf . During this interval friction will be neg-
ligible and the only significant dissipation mechanism will be
that of radiation reaction. Moreover, during the first part of
this period, in the rangeT!.T.Ts , the only radiation
mechanism will be gravitational, which is so weak that to
begin with it will have no perceptible effect at all. Thus,
there will be an interval during which the smoothing length
remains roughly constant at its value at the end of the
friction-dominated era, given, according to Eqs.~41! and
~42!, by

Lmin~T!!'
b2mP

3

Tx
4 . ~50!

During the last stage before the protovortons are formed
in the rangeTs.T.Tf , there will already be currents on the
strings. However, in practice, even in the coupled case th
expected currents will be too weak for electromagnetic ra
diation damping to be important. Therefore, gravitational ra
diation is the only important effect throughout the range
T!.T.Tf .

The resulting gravitational smoothing scale will be the
length of the shortest loop for which the survival time ex-
ceeds the cosmological time scale~19!. From dimensional
considerations this can be estimated by the expression

t'
Lmin
GGE , ~51!
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where E.T.Tx
2 is the mass-energy density of the strin

Here,G is a dimensionless coefficient of order unity and, f
the GUT strings, the gravitational factor will be given b
GE.(mx /mP)

2'1026. The validity of the formula~51! has
been confirmed in many particular cases by numerical sim
lations@6#, though the value of the coefficient turns out to
typically G'102.

Equating Eq.~51! to the cosmological time scale we hav

Lmin'
G

Ag*mP
S TxT D 2. ~52!

This formula is valid when its value becomes larger than t
given by Eq.~50!. This occurs at a critical valueT†,T!

which, from Eq.~52!, is given by

T†'S G

Ag* D
1/2

Tx
3

bmP
2. ~53!

The relation~52! may also be expressed as

Lmin'kt, ~54!

wherek is a constant given by

k'GS TxmP
D 2. ~55!

To avoid ambiguity we can, of course, simply use the fo
mula ~54! as a defining relation to specify the parameterk
during the Hubble damping ‘‘doldrum’’ regimeT!*T†.
However, with this conventionk will have to be considered
as a function of time, starting with unit value atT! and
decreasing to the very low value~55! at which it levels off at
T'T†. This description of the network evolution is illus
trated graphically in Fig. 1.

In order to apply the formula~38! for the final vorton
mass density we must evaluate the dimensionless coeffic
n that determines the protovorton number density. It w
easy to do this for the friction-dominated case for which w
could assume a constant valuen! of the order of unity. How-
ever,n may subsequently be reduced by an amount wh
estimation is not so clearly evident. It is reasonable to exp
that in the radiation-dominated regime the string distributi
tends towards a scale-invariant form, albeit one that will n
be quite so simple as the Brownian form that prevailed in
friction-dominated era. Although there may already be a
proximate scaling for large scales, it is clear that scaling
the smaller scales that matter for our present purpose
only be obtained after the parameterk defined by Eq.~54!
has settled down to a constant value. This occurs at temp
tures belowT† for which a detailed analysis is beyond th
scope of the simulations that have been achieved so far.
simplicity we shall use a crude, but we hope sufficien
robust, description based on simple and quite natural ph
cal considerations.

In so far asn is concerned, the plausible conjecture tha
should be describable by a scaling solution is to be int
preted as meaning that it should be a function only of
dimensionless ratioR/t ~where, it is to be recalled,R denotes
the radial scale under consideration andt is the Hubble
g.
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time!. It is reasonable to expect that for values ofR in the
rangek!R/t!1, the value ofn should be given by a simple
power law of the form

n'n!SRt D
z

, ~56!

with constant indexz. We expect that, in the radiation-
dominated regime, the appropriate value of the index should
be close to, but perhaps slightly greater than, a lower limit
given by @23#

z5
3

2
. ~57!

~The analogue for the matter era in which we are situated
today is a value slightly greater than a lower limit given by
z52.!

Assuming that the formula~56! still gives the right order
of magnitude at the lower end of its range,n will be given in
the radiation-dominated regime by the constant value

n'n!kz ~58!

with k given by Eq. (55#). This means that the correspond-
ing value of the loop-number density itself will be given
according to Eq.~54! by

n'n!kz23t23. ~59!

FIG. 1. The evolution of relevant physical quantities as a func-
tion of the thermal length scale in the early Universe.
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Before evaluating the required result~38!, it remains to ob-
tain the valueTf . To do this we have to solve Eq.~33! that
results from the minimum length requirement, which, from
Eq. ~52!, reduces to

ZfTf2'
GTs

3

Ag*mP

. ~60!

However, before we can solve this deceptively simple equ
tion in practice, we need to know theT dependence of the
factor Z. This is the most delicate part of the calculation
since it involves competing effects of comparable magn
tude.

As the string distribution evolves, the time-depende
blueshift factorZ is the factor by which the supporting string
length has shrunk since the time of the condensation at
temperatureTs . This shrinking can be accounted for as th
net result of three main effects, two of which are compar
tively easy to evaluate.

The weakest of these effects is the stretching due to
expansion of the Universe. This will always be more tha
compensated~except in the ‘‘doldrum’’ period in which
compensation is only marginal! by shrinking due to the
steady damping out of the short wavelength wiggles that g
the most important contribution to the total string length p
unit volume in the radiation-dominated era. If these two e
fects were the only ones it would be relatively easy to es
mateZ since it would simply be proportional to the tota
string length, sayS, in a comoving volume that can conve
niently be taken to be a cubic thermal wavelength. This
given by

S'LT23, ~61!

whereL is the total string length per unit volume. Now, not
that the main contribution to the total length of the strin
distribution is provided by short wavelength modes wit
scale of order the smoothing lengthLmin . Therefore,L can
be estimated as beingnLmin , wheren is given by Eq.~24!.
This implies

L'nLmin
22, ~62!

in which n is given by~58!.
If the only effect of the damping were to smooth out th

short wavelength wiggles on the main part of the string d
tribution, it would be possible to identifyZ with the ratio of
S to its valueSs at the time of the current condensation
However, this would not allow for a third important effect
namely, the losses of small loops which are continually li
erated from the string distribution at the lower end of th
spectrum. Whether these loops survive as vortons or dis
pear altogether, the effect on the main part of the string d
tribution is that the corresponding string lengths must
subtracted at each stage. Thus, the total shrinking factorZ
will be the ratio ofS, not to its original known valueSs ,
but to a value that is considerably reduced in such a way
to take account of this new effect.

In terms of the variationdS of S, the variationdZ of
Z is given by
a-
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dZ
Z .

dS1DS

S
, ~63!

whereDS is the length of string irreversibly chopped off in
the form of small loops per comoving thermal volume within
the short time intervaldt under consideration. The delicate
question is that of quantifyingDS. It is not hard to obtain an
order of magnitude estimate, but since the final result is
rather sensitively dependent on this quantity a more accurate
estimate would be desirable. In the absence of a detailed
numerical investigation, we expressDS as a fraction of the
total lost length

DS.2«dS, ~64!

where« is a dimensionless efficiency factor that must lie in
the range 0,«,1. This factor is roughly identifiable with
the coefficient introduced, using the same notation, in Eq.
~34!. However, in that context it was sufficient to know that
it should be of order unity.

Whatever the exact value of«, the substitution of Eq.~64!
in Eq. ~63! provides a differential equation that can be solved
to give

Z'S S

Ss
D 12«

~65!

and using Eqs.~52! and ~62! we finally obtain

Z'S TTs
D 12«

. ~66!

It is to be remarked that if the efficiency« of loop production
were zero, this would mean that the carrier field would be
blueshifted by a factor that would be precisely the inverse of
that by which the background radiation is redshifted. How-
ever, if substantial loop production occurs there will be a
blueshift by a moderate factor.

Assuming the particle number weighting factor can be
taken to have the fixed valuegs* , Eqs. ~60! and ~66! then
give

Tf
Ts

5S GTs

Ags*mP
D 1/~32«!

. ~67!

Using this result in conjunction with the estimates~52!
and ~58!, the formula ~38! gives the mass density of the
resulting vorton distribution as

rv'«g* 5/4n!Gz25/2SmP

Tx
D 522zS Ts

mP
D 5/2

3S GTs

Ags*mP
D ~31«!/~622«!

TxT
3. ~68!

If we adopt the value~57! for z, this simplifies to

rv
TxT

3'«g* 5/4n!G21SmP

Tx
D 2S Ts

mP
D 5/2S GTs

Ags*mP
D ~31«!/~622«!

,

~69!
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but there remains an unsatisfactory degree of sensitivity
the uncertain efficiency factor«. This is because although
this index will always be quite small, the factorTs /mP is
very tiny in the cases of interest.

D. Stability issues

Before we consider cosmological constraints we wou
like to say a few words about stability. One of our postulat
is that superconducting current conservation is sufficien
effective to allow the protovortons that emerge at the te
peratureTf&Ts to settle down as dynamically stable bodie
at a possibly lower relaxation temperatureTr&Tf . This does
not exclude the possibility that in the very long run they m
finally decay by quantum tunneling or other ‘‘secular’’ insta
bility mechanisms. In this case they would ultimately disa
pear when the thermal background reached a correspon
vorton death temperature with an even lower value, s
Td . This means that a complete analysis of vorton format
and evolution could involve five successive temperatu
scales related by

Tx*Ts*Tf*Tr*Td . ~70!

Protovortons are small compared with the ever-expand
scales characterizing the rest of the string distribution a
hence undergo few extrinsic collisions. Also, they are su
ciently smooth to avoid destructive fragmentation by se
collisions. It, therefore, follows that in most cases the r
evant quantum numbersN and Z will be conserved. As a
consequence, the statistical properties of the future vor
population will be predetermined by those of the correspon
ing protovorton loops at the time of their emergence at t
temperatureTf . It is, therefore, unnecessary for our prese
purpose to consider how long it takes for the protovort
loops to settle down and become proper stationary vorto
Thus, the value ofTr will not play any role in the discussion
that follows. This is convenient because the details of pro
vorton loop decay have not yet been adequately studied,
will obviously be sensitively dependent on whether the cu
rent is electromagnetically coupled, in which case would e
pect the later stages of the protovorton loop contraction to
relatively rapid.

The final decay temperatureTd is also absent from the
quantitative formulas that we will derive. Indeed, its on
role is to characterize the two principal kinds of scenario th
we consider. In Sec. V, we discuss vortons which surv
until the present epoch, which requires thatTd should not
much exceed 10212 GeV ~corresponding to the observe
3° radiation temperature!. However, in Sec. IV we adopt the
weaker supposition that the vortons survive at least till t
time of nucleosynthesis, which requires only thatTd should
not much exceed 1024 GeV. This means that the only tem
perature scales that remain as variable parameters in
analysis that follows are the Higgs-Kibble temperatureTx ,
the condensation temperatureTs , and the protovorton for-
mation temperatureTf which will not be truly independent
but is a function ofTs andTx .

IV. THE NUCLEOSYNTHESIS CONSTRAINT

One of the most robust predictions of the standard cosm
logical model is the abundances of the light elements t
to
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were fabricated during primordial nucleosynthesis at a tem
peratureT

N
'1024 GeV.

In order to preserve this well-established picture, it is nec-
essary that the energy density in vortons at that time
rv(TN

), should have been small compared with the back-

ground energy density in radiation,r
N
'g*T

N

4. Assuming
that carrier condensation occurs during the friction-damping
regime and thatg* has dropped to a value of order unity by
the time of nucleosynthesis, it can be seen from Eq.~49! that
this restriction,

rv~TN
!!r

N
, ~71!

is expressible as

«n!gs*
21b5/4mP

25/4Tx
23/2Ts

15/4!T
N
. ~72!

Below we apply this constraint to some specific examples.

A. Case Tx'Ts

The case for which carrier condensation occurs at or ver
soon after the time of string formation has been studied pre
viously and yields rather strong restrictions for very long-
lived vortons@7#. If it is only assumed that the vortons sur-
vive for a few minutes, which is all that is needed to reach
the nucleosynthesis epoch, we obtain a much weaker restri
tion. SettingTs equal toTx in Eq. ~72! gives

S «n!

gs*
D 4/9Tx!SmP

b D 5/9TN

4/9. ~73!

Takinggs*'102 yields the inequality

Tx&~«n!!24/9b25/93109 GeV. ~74!

This is the condition that must be satisfied by the formation
temperature ofcosmic strings that become superconducting
immediately, subject to the rather conservative assumption
that the resulting vortons last for at least a few minutes. It is
to be observed that, if we assume that the net efficienc
factor («n!)

24/9 and drag factorb25/9 are of order unity~in
view of the low value of the index!, this condition rules out
the formation of such strings during any conceivable GUT
transition, but is consistent by a wide margin with their for-
mation at temperatures close to that of the electrowea
symmetry-breaking transition.

B. CaseTx.T
GUT

'1016 GeV

Here, we wish to calculate the highest temperature a
which GUT strings can become superconducting withou
violating the nucleosynthesis constraints. SettingTx equal to
T
GUT

in Eq. ~72!, and again usinggs*'102, we obtain

Ts&~«n!!24/15~gs*TN
! 4/15T

GUT

2/5SmP

b D 1/3
'~«n!!24/15b21/331012 GeV. ~75!

It can be checked, using the Kibble formula Eq.~42!, that the
maximum value given by~75! is at least marginally consis-
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tent with the assumption that current condensation occur
the friction-dominated regime. The validity of our derivatio
is thereby confirmed. It follows that the nucleosynthesis co
straint will always be satisfied whenTs lies in the radiation
damping epoch.

Therefore, subject again to the rather conservative
sumption that the resulting vortons last for at least a fe
minutes and assuming order of unity values for«n! andb,
theories in which GUT cosmic strings become supercondu
ing above 1012 GeV are inconsistent with the observation
data.

V. THE DARK MATTER CONSTRAINT

In this section we consider the rather stronger constra
that can be obtained if at least a substantial fraction of
vortons are sufficiently stable to last until the present epo
It is generally accepted that the virial equilibrium of galaxie
and particularly of clusters of galaxies requires the existen
of a cosmological distribution of ‘‘dark’’ matter. This matte
must have a density considerably in excess of the baryo
matter density,rb'10231 g/cm3. On the other hand, on the
same basis, it is also generally accepted that to be consis
with the formation of structures such as galaxies it is nec
sary that the total amount of this ‘‘dark’’ matter should no
greatly exceed the critical closure density, namely,

rc'10229 g cm23. ~76!

As a function of temperature, the critical density scales li
the entropy density so that it is given by

rc~T!'g*mcT
3, ~77!

wheremc is a constant mass factor. Sinceg*'1 at the
present epoch, the required value ofmc ~which is roughly the
critical mass per black body photon! can be estimated as

mc'10228mP'1 eV. ~78!

However, for comparison with the density of vortons th
were formed as a result of current condensation at an ea
epoch characterized byTs , what one needs is the corre
sponding factorgs*mc , which can be estimated to be

gs*mc'10226mP'102 eV. ~79!

~This distinction was obscured in the previous derivations
the dark matter constraint@7,19#, in which the value quoted
for mc should be interpreted as meaning the value
gs*mc , which is what one actually needs.!

The general dark matter constraint is

Vv[
rv
rc

&1. ~80!

In the case of vortons formed as a result of condensat
during the friction-damping regime the relevant estimate
the vortonic dark matter fraction is obtainable from Eq.~49!
as

Vv'b5/4S «n!mP

gs*mc
D S Ts

mP
D 9/4S Ts

Tx
D 3/2. ~81!
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In particular, this formula applies to the case in which the
carrier condensation occurs very soon after the strings them
selves are formed, as was supposed in earlier work.

However, if we want to strengthen the nucleosynthesis
limit ~75! for the general category of strings formed at the
GUT scale, then we are obliged to consider the case of vor
tons formed as a result of condensation during the gravita
tional radiation damping regimes. In this case, Eq.~69! gives
the relevant estimate for the vortonic dark matter fraction as

Vv'«g* 1/4n!G21S mP
2

mcTx
D S Ts

mP
D 5/2S GTs

Ags*mP
D ~31«!/~622«!

.

~82!

Let us now again examine some specific examples.

A. CaseTx'Ts

The formula~81! is applicable to the case considered in
earlier work@7#, in which it was supposed that vortons suf-
ficiently stable to last until the present epoch were formed a
the result of the carrier condensation occurring at or very
soon after the time of string formation. This example pro-
vides the strongest limits onTx . SettingTs equal toTx in
Eq. ~81! one obtains

b5/9
Tx
mP

S «n!mP

gs*mc
D 4/9&1. ~83!

Substituting the estimates above we obtain

Tx&~«n!!24/9b25/93107 GeV. ~84!

This result is based on the assumptions that the vortons i
question are stable enough to survive until the present da
Thus, this constraint is naturally more severe than its ana
logue in the previous section. It is to be remarked that vor-
tons produced in a phase transition occurring at or near th
limit that has just been derived would give a significant con-
tribution to the elusive dark matter in the Universe. How-
ever, if they were produced at the electroweak scale, i.e
with Tx'Ts'T

EW
, whereT

EW
'102 GeV, then they would

constitute such a small dark matter fraction,Vv'1029, that
they would be very difficult to detect.

B. CaseTx.T
GUT

'1016 GeV

For the most commonly considered case, namely, that o
strings formed during the GUT transition, the nucleosynthe-
sis limit ~75! is already sufficient for the exclusion of carrier
condensation in the friction-damping regime. To obtain the
stronger limit that is applicable if the vortons are sufficiently
stable to survive as a dark matter constituent, we need t
consider the case in which the condensation occurs durin
the regime of gravitational damping. In this case, the relevan
dark matter fraction is given by Eq.~82!. SettingTx equal to
T
GUT

in this formula, and dropping the order of unity coeffi-
cients we obtain the corresponding limit

Ts

mP
&SmcTGUT

«n!mP
2 D ~32«!/~922«!

. ~85!
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If the loop production were extremely efficient,«.1, this
would already give the numerical limit

Ts&n!
22/731010 GeV, ~86!

which is significantly stronger than the more conservat
limit ~75! that pertains if the vortons only survive for a fe
minutes.

However, contrary to what one might have guessed,
highest conceivable loop production efficiency is not wh
maximizes ultimate vorton production. This is because
merely tends to enhance the charge and current loss rat
production not of protovortons but of doomed loops. Thus
instead of supposing that the loop production efficiency« is
close to a hundred percent, one makes the plausible su
sition that it does not much exceed fifty percent, then o
obtains

Ts&n!
25/163109 GeV. ~87!

This limit is still compatible by a very large margin with on
of the most obvious, albeit rather extreme, possibilities@9#
that come to mind, namely, that in which the strings a
formed at the GUT level,Tx'T

GUT
, but no current carrier

condenses until the electroweak level,Ts'T
EW
.

VI. CONCLUSIONS

We have explored the constraints and implications b
for particle physics and cosmology arising from the exi
ence of populations of remnant vortons of more gene
types than have previously been considered. Specifically,
have envisaged the possibility of cosmic string supercond
tivity by condensation of the relevant carrier field at ener
scales significantly below that of the string formation. W
have seen that there are two qualitatively very different p
sibilities. In scenarios for which the carrier condensation
curs at comparatively high energy, during the frictio
damping regime, a substantial majority of th
superconducting string loops will ultimately survive as vo
tons. Such scenarios are more easily excluded on obse
tional grounds than the alternative possibility, which is th
superconductivity does not set in until a later stage, in wh
case only a minority of the loops initially present ultimate
becomes vortons.

We have shown that large classes of particle physics m
els can provisionally be ruled out as incompatible by the
cosmological considerations, and in particular, we ha
shown that models admitting GUT strings must not allo
any string superconductivity giving stable vortons to set
much above 109 GeV ~for order of unity dimensionless pa
rameters!. The excluded regions of parameter space
shown in Fig. 2.

Our conclusions are, however, dependent on a numbe
more or less ‘‘conventional’’ assumptions, whose validi
will need to be systematically scrutinized in future wor
ive
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Invalidation of these conventional assumptions, particular
those concerning the long term stability of the vortons,
specific theoretical contexts would mean that in such circu
stances the constraints given here might need to be con
erably relaxed. On the other hand, our constraints may
considerably tightened by the use of more detailed obser
tional data and the ensuing limits on the populations of va
ous kinds of vortons that can exist today. On the constructi
side, we have shown that it is possible for various conce
able symmetry-breaking schemes to give rise to a remn
vorton density sufficient to make up a significant portion o
the dark matter in the Universe.
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FIG. 2. A summary of our results. This diagram shows how th
appropriate length scales in particle physics theories are c
strained. Both the nucleosynthesis and dark matter bounds
shown for the case where the undetermined parameters«, n!, and
b are set to unity. If the values of these parameters are mu
smaller than unity then the bounds above are relaxed.
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