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Chiral vortons and cosmological constraints on particle physics
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We investigate the cosmological consequences of particle physics theories that admit stable loops of current-
carrying string—vortons. In particular, we consider chiral theories where a single fermion zero mode is excited
in the string core, such as those arising in supersymmetric theories with aD term. The resulting vortons formed
in such theories are expected to be more stable than their nonchiral cousins. General symmetry breaking
schemes are considered in which strings formed at one symmetry breaking scale become current carrying at a
subsequent phase transition. The vorton abundance is estimated and constraints placed on the underlying
particle physics theories from cosmological observations. Our constraints on the chiral theory are considerably
more stringent than the previous estimates for more general theories.
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I. INTRODUCTION

There is considerable interest in supersymmetric theor
both from a theoretical and phenomenological viewpoint.
deed, current experiments seem to suggest that the inclu
of supersymmetry is necessary for the couplings to unify i
grand unified theory and to solve the hierarchy problem.
persymmetry also underpins superstring theory. It is thus
portant to explore the cosmological consequences of s
theories.

Recently it was shown that many supersymmetric theo
admit cosmic strings@1,2#. The microphysics of such string
were investigated and it was shown that they necessarily
sult in fermion zero modes in the string core. The importan
of this result is that the fermion zero modes can be exc
and move along the string. This completely changes its pr
erties, resulting in it becoming a current-carrying string@6#.
Both Abelian@1# and non-Abelian@2# theories were consid
ered, and similar results found in both cases. For the Abe
case symmetry breaking by both anF term and aD term
were considered. For the theory with anF term it was found
that there is a pair of fermion zero modes, one left mover
one right mover. However, in theD-term case there was
single fermion zero mode, either a left mover or a rig
mover.

Since supersymmetry is not observed in nature the ef
of supersymmetry breaking was also considered@2#. In most
cases supersymmetry breaking enables the left and
movers to mix, destroying the zero modes, However, for
D-term theory the chiral zero mode survives supersymm
breaking because there is no other zero mode for it to
with. This theory is of importance because many superst
compactifications result in aU(1) symmetry being broken
with a D term, hence giving rise to the cosmic strings co
sidered in@1#. However, the presence of fermion zero mod
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completely changes the cosmology of such strings and co
render the theory cosmologically unacceptable. The rea
for this bold statement is the following. An initially wea
current on a string loop is amplified as the loop contrac
The current becomes sufficiently strong to halt the loop c
traction, preventing it from decaying. A stable state, or v
ton @3#, is formed. Chiral vortons belong to the category th
is classically stable@4#, though their quantum mechanica
stability is an open question. The density of vortons is tigh
constrained by cosmological requirements. For example
vortons are sufficiently stable to survive until the prese
time, then their density must be such that the universe d
not become vorton dominated. On a more conservative n
if the vortons only live a few minutes, then their densi
must be such that the universe is radiation dominated at
cleosynthesis. This enables us to constrain theories that
rise to current-carrying strings.

While @1,2# showed that all supersymmetric theories r
sult in current-carrying strings, supersymmetry break
could destroy the zero modes in theF-term theories. Thus
the vorton problem could solve itself here. However, f
Abelian theories with symmetry breaking implemented w
a D term, the zero mode survives, resulting in a poten
vorton problem. In a previous paper we constrained part
physics theories giving rise to current-carrying strings@5#.
The constraints applied to cases where the string bec
current carrying at formation or else at a subsequent ph
transition, and led to fairly stringent bounds on curre
carrying strings. However, the problem in the chiral theory
more serious than the theories previously considered. Th
because we previously considered a random current on
cosmic string. However, in the chiral case, the fermion z
mode can travel in one direction only, resulting in a maxim
current and consequently a maximum vorton density.

In this paper we revise our previous estimates for t
chiral case. Since these cosmic strings arise in a wide clas
supersymmetric and superstring theories our results are
tentially important.
©2000 The American Physical Society01-1
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II. COSMIC VORTONS

A. The case of strictly chiral vorton states

In a previous paper@5# we considered the generic case
cosmological vorton production, which is characterized
two independent quantum numbers,N andZ. The circumfer-
ence of the vorton is given approximately by

l v.~2p!1/2uNZu1/2mx
21, ~1!

wheremx is the relevant Kibble mass scale, which is defin
as the square root of the string tensionT in the low current
limit. This results in the vorton energy,

Ev. l vmx
2. ~2!

Since even in the general case one would expect the
quantum numbers to have comparable magnitude, the typ
vorton mass would be

Ev'Nmx . ~3!

Here we will consider the more specific case where the c
rent is strictly chiral, so that only one of the numbersN and
Z can be chosen independently, while the other will be giv
by the exact equality

Z5N. ~4!

As in the earlier work@5#, the present work is carried ou
within a scheme depending on two basic mass scales c
acterizing the temperatures of two distinct condensation p
cesses. The first is the temperature,

Tx'mx , ~5!

at which the strings themselves are formed. The second is
comparable or lower temperature given by

Ts'ms , ~6!

wherems is the relevant carrier mass scale characterizin
current that condenses on the string in the manner descr
by Witten @6#.

In the strictly chiral case@7#, which will be our main
concern, the current can only be fermionic and must be e
tromagnetically decoupled. However, whether strictly chi
or otherwise, the requirement that the current be able to
vide the centrifugal support for an effectively stable classi
vorton state requires that the relevant vorton circumfere
l v should be large compared with the Compton wavelen
associated with the carrier massms . This requirement,
namely,

l v@ms
21, ~7!

will only be satisfied if

uNZu1/2@
Tx

Ts
. ~8!
12350
y

d

o
al

r-

n

ar-
o-

he

a
ed

c-
l
o-
l
e
h

A loop that failed to satisfy this requirement would not b
destined to survive as a vorton.

B. The underlying cosmological scenario

Like its predecessor@5#, the present analysis will be car
ried out within the framework of a simple big bang theory
the usual type in which the universe evolves in approxim
thermal equilibrium with a cosmological background tem
peratureT. The effective massless degrees of freedom
temperatureT is denoted byg* , whereg* '1 at low tem-
peratures but that in the range where vorton production
likely to occur, from electroweak unification through t
grand unification, something likeg* >102 is a reasonable
estimate.

All likely vorton formation processes occurred during th
radiation-dominated era and ended when the unive
dropped below the Rydberg energy scale, of the order
1028 GeV and became effectively transparent. According
the Friedmann formula, the aget of the universe is given by
t'H21, and H is the Hubble parameter. During th
radiation-dominated era, the cosmological time is given b

t'
mP

Ag* T2
, ~9!

wheremP5G21/2 is the Planck mass.
As discussed in the following sections, any string loo

present at the epoch of the current condensation proce
the temperature given by~6! will be endowed by the ambien
thermal fluctuations with corresponding quantum numberN
and Z that will necessarily be equal in the chiral case, a
that subsequently, at lower temperatures, will be conser
in between loop chopping and recombination processes
less or until the loop length gets below the quantum stabi
limit ~7!. In the long run the loops with quantum numbe
large enough for the corresponding stability requirement~8!
to be satisfied will be predestined to become stationary v
tons; we refer to these asprotovortons.

In the strictly chiral case the relevant quantum numb
can be expected to be considerably larger than in the gen
case considered before. This implies that, as in the gen
case, soa fortiori in the chiral case, whenever the carri
condensation occurs during the friction-dominated regime
majority of the loops already present at the temperatureTs

of the carrier condensation will qualify as protovorton
However, in other cases~those for which the condensatio
occurs at a relatively low temperature! it will only be at a
later stage that the protovorton loops get sufficiently fr
from the surrounding tangle of string for subsequent qu
tum number changing intersections to be negligible. The c
respondingly lower temperature,Tf&Ts , at which this oc-
curs will be referred to as the protovorton formatio
temperature. The protovortons will not become vortons
the strict sense until what may be an even lower temperat
the vorton relaxation temperatureTr , say~whose value will
not be relevant for our present purpose! since the loops mus
first lose their excess energy. Whereas frictional drag
particle production will commonly ensure fairly rapid rela
1-2
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CHIRAL VORTONS AND COSMOLOGICAL CONSTRAINTS . . . PHYSICAL REVIEW D 61 123501
ation, there may be cases in which the only losses are du
the much weaker mechanism of gravitational radiation.

The raw material for vorton production is provided by t
process whereby, as the string distribution rarifies due
friction and radiation damping, not all of its lost energy go
directly into frictional heating of the background or emitte
radiation. Instead there will always be a certain fraction«,
say, that goes into autonomous loops, meaning loops s
enough to evolve without subsequent collisions with
main string distribution. Since these loops cannot greatly
ceed the smoothing length scale they will not have much
substructure and their subsequent evolution is very likely
satisfy the condition of avoiding quantum number chang
self-intersections as they subsequently contract.

When the condensation occurs during the frictio
dominated epoch, the autonomous loops that emerge a
condensation temperatureTs will satisfy the condition~8!
and thus be describable as protovortons. However, for lo
values ofTs the majority of the loops that emerge during t
period immediately following the carrier condensation w
be too small to have aquired sufficiently large quantum nu
bers, and therefore will not be viable in the long run. Ne
ertheless, even in such unfavorable circumstances, the m
tonic increase of the damping length scalej will ensure that
at some lower temperature,Tf,Ts , a later—but therefore
less prolific—generation of emerging loops will after all b
able to qualify as protovortons.

The small autonomously evolving loops that we refer
as protovortons are supposed to be sufficiently small c
pared with the ever expanding length scales characteri
the rest of the string distribution and sufficiently smooth~due
to previous damping! to avoid destructive fragmentation b
self-collisions. Thus in most individual cases, with reaso
ably high accuracy when averaged, the relevant quan
numbersN andZ will be conserved. As a consequence, t
statistical properties of the future vorton population will
predetermined by those of the corresponding protovor
loops at the time of their emergence at the temperatureTf .

C. The smoothing length scale

The scenario summarized above is based on the acce
understanding of the Kibble mechanism@8#, according to
which, after the temperature has dropped belowTx the effect
of various damping mechanisms will remove most of t
structure below an effective smoothing lengthj which will
increase monotonically as a function of time, so that nea
all the surviving loops will have a lengthL5rdl that satis-
fies the inequality

L*j. ~10!

There will thus be a distribution of string loops, of which th
most numerous will be relatively short ones, withL'j, that
are on the verge of emerging, or that have already emer
as autonomous protovortons or as loops that are abou
contract and disappear, as the case may be. Above
smoothing length there will be a spectrum of tangled str
ture, in which the number densityn, say, of closed loops an
12350
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wiggles segments extending over a radial distance gre
thanR.j will be given by an expression of the form

n'
n

R3 , ~11!

in which n is a dimensionless coefficient. Note that an ind
vidual closed loop characterized by a radial extension of
der R will typically have a much longer total random wal
length given by

L'R2/j. ~12!

When the string distribution is first formed, at the tempe
ture Tx , one expects@8# that the spectrum will be of the
simple Brownian type for whichn has a constant valuen*
say of order unity. By causality the spectrum must alwa
retain a simple Brownian form for values ofR exceeding the
horizon length scalet. The Brownian spectrum will be pre
served even in the intermediate rangej,R,t throughout
the friction-dominated regime. However, as discussed bel
the situation becomes more complicated in the subseq
regime of locally free string motion whose description r
quires the use of a variable coefficientn that will depend on
both R and t.

Whereas on larger scales closed loops and wiggles
very long string segments will be tangled together, on
shortest scales characterized by the lower cutoffj, loops of a
relatively smooth form lead a comparatively autonomous
istence, passing between the meshes of the ambient ta
with only occasional collisions. It is these smallest loops t
are of interest as candidates for subsequent transforma
into vortons. If one adopts the convention that these auto
mous loops are to be counted apart from the main str
distribution, the extrapolation of the spectrum~11! to wave-
lengths small compared withj will be describable by a dras
tic reduction ofn to a negligibly small value in this range, s
that the overall spectrum~11! will peak at the valueR'j.
Alternatively, if one adopts the convention that not on
wiggles but also the autonomous small loops are to be
cluded in the count, then there will still be a reduction onn,
but of a more moderate nature, so that instead of a peak
overall spectrum will just have a plateau forR&j.

The total number density of the small autonomous loo
with length and radial extension of the order ofj will ~due to
the rapid falloff of the spectrum that is expected for larg
scales! be not much less than the number density of
closed loops~including those that exist ephemerally pendi
string intersections at larger scales!, and so will be given by
an expression of the form

n'n̄j23, ~13!

wheren̄ is the value ofn for values ofR of the order ofj. In
view of the expected falloff of the spectrum, this valuen̄ will
also be interpretable as an appropriately averaged valuen.
In particular, for the Brownian case in whichn has a constan
value n* over the rangeR&j, we shall evidently haven̄
'n* .
1-3
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III. THE VORTON POPULATION

A. The chiral amplification effect

The standard theory reviewed above was originally dev
oped on the assumption that the string evolution is gover
by Nambu-Goto-type dynamics. However, this will chan
after the current carrier condensation, at the temperatureTs .
The reason why the strings not only can but will carry
potentially significant current is that the typical length scalj
of the string loops at the transition temperatureTs will gen-
erally have a value,js , say, that is considerably greater th
the relevant valuels'Ts

21 of the wavelengthl characteriz-
ing the local current fluctuations induced on the string by
thermal background.

In the generic case studied previously@5# the numberN
'L/l of such fluctuation lengths around any loop of circu
ferenceL*j will overestimate the corresponding total qua
tum number associated with the loop, which by a ‘‘rando
walk’’ argument can be expected to be only of the order
the corresponding square root, namely,N'AL/l. However,
in the strictly chiral case, in which only right~or left! moving
null modes are allowed, the partially cancelling backwa
steps in the ‘‘walk’’ are not allowed, so the naive estima
N'L/l will be valid. Both possibilities can be allowed fo
simultaneously by using the formula

uZu'N'S L

l D 1/i

, ~14!

with i 51 for the strictly chiral case, andi 52 for the generic
case that was studied previously.

Since the loop lengthL is bounded below by a smoothin
length j that will be large compared with the relevant flu
tuation wavelength

js@ls , ~15!

when the current first condenses, it can be seen that eve
the generic casei 52, anda fortiori in the strictly chiral case
i 51, the quantum numbers provided by the formula~14! will
be large compared with unity. A typical loop at that time w
be characterized by

L'js ~16!

and

l'Ts
21, ~17!

so that one obtains the estimate

uZu'N'~jsTs!1/i . ~18!

For current condensation during the friction-dominat
regime this will always be enough to fulfill the requireme
~8!, but this condition, namely,

js@
mx

i

Ts
i 11 , ~19!
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will not hold for condensation later on in the radiation dam
ing regime. In the latter case, typical small loops that fr
themselves from the main string distribution at or soon a
the time of current condensation will ultimately disappe
since they acquire their autonomy too soon to be viable
the long run. However, there will always be a minority
longer loops, namely, those exceeding a minimum given

L'
mx

i

Ts
i 11 , ~20!

for which ~8! will be satisfied.
The condition~20! is still not quite sufficient to qualify all

of these loops as protovortons since such exceptionally l
loops will be very wiggly and collision prone. In such cas
it is not until a later time at a lower temperatureTf that free
protovorton loops will emerge. By this stage, instead of
original value~17!, the typical wavelength of the carrier fiel
will be given by an expression of the form

l'ZfTs
21, ~21!

which involves a blueshift factorZf whose value is not im-
mediately obvious but is needed to allow for the net effect
the string of weak stretching due to the cosmological exp
sion and stronger shrinking due to wiggle damping dur
the intervening period as the temperature cools fromTs to
Tf .

In the earlier friction-dominated regimeTf is identifiable
with Ts so the problem does not arise, and triviallyZf51. In
the radiation damping era, for which the evaluation ofZf is
needed, cosmological stretching will in fact be negligible,
obviously the net effect is thatZf will be small compared
with unity. The hard part of the problem is to estimate
how much so. It is also obvious that since, during the sa
period, the smoothing lengthj can only increase, the corre
sponding final value

L'j f ~22!

of the length of a typical loop cannot be less than the origi
value ~16!. It therefore follows that the new estimate

uZu'N'S j fTs

Zf
D 1/i

, ~23!

obtained from~14! will certainly be larger than the previou
value ~18!. More specifically, the value given by~23! will
increase monotonically as the value of the final tempera
Tf for which it is evaluated diminishes.

The required value ofTf—at which the formation of the
protovorton loops occurs—is that for which the monoton
function ~23! reaches the minimum qualifying value give
by ~8!. This value is thus obtainable in principle by solvin
the equation

j f

Zf
'

mx
i

Ts
i 11 , ~24!
1-4
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but this can only be done in practice when we have found
dependence onTf not only of j f , which is comparatively
easy, but also ofZf which is rather more difficult.

The number density of the protovorton loops when th
are first formed at the temperatureTf will be comparable
with the total loop number density at the time. By~13! it will
be expressible as

nf'«n fj f
23, ~25!

where« is an efficiency factor of order unity, and wheren f is
the value of the dimensionless parametern̄ at that time. This
will also simply have an order of unity value,n f'n! , say, if
the current condenses in the friction-dominated regime,
which Tf'Ts . However,n f can be expected to have a low
value if the condensation does not occur until later on in
radiation-dominated era.

In all cases, since the number of protovorton loops in
comoving volume will be approximately conserved duri
their subsequent damping-dominated evolution, then
number densitynv of the resulting vortons later on at a lowe
temperatureT will be given in terms of the number densit
nf of the protovorton loops at the time of condensation b

nv

nf
'

f

« S T

Tf
D 3

, ~26!

wheref is a dimensionless adjustment factor that we exp
to be small but not very small compared with unity, and th
will be given by

f .
«g*

gf*
, ~27!

where gf* is the value ofg* at the protovorton formation
temperatureTf .

It follows from ~3! that the corresponding mass dens
will be given by

rv'Nmxnv . ~28!

Using the preceding estimates, the temperature depend
of the mass density is found to be given by the general
mula

rv' f n f

mxTs
1/i

Zf
1/ij f

~3i 21!/ i S T

Tf
D 3

, ~29!

in which we shall simply haveTf'Ts and thereforeZf'1
whenever~8! is satisfied by~18!. It is now necessary to
evaluate this in the friction and radiation damping regime

B. Condensation in the friction damping regime

If the current condensation occurs during the frictio
dominated epoch, the evaluation of the quantities involve
~29! is comparatively straightforward. According to the sta
dard picture@9#, as the background temperatureT drops be-
low the string formation temperatureTx of the relevant sym-
metry breaking phase transition, the evolution of the cos
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string network will at first be dominated by the frictiona
drag of the thermal background. It has been predicted
the relevant dynamical damping time scalet during this pe-
riod will be approximately given by

t'
Tx

2

bT3 , ~30!

whereb is a dimensionless drag coefficient that depends
the details of the underlying field theory, but that is typica
expected@9,10# to be roughly of the order of unity,b'1.
The effect of the damping is to freeze the large scale str
ture, so that it retains the Brownian random walk form d
scribed by~11! with a fixed order of unity valuen! , say, for
the dimensionless coefficientn, while it smooths out the mi-
crostructure below a correlation length scalej given by

j'Att, ~31!

wheret is the Hubble time scale, which is given by~9!. The
required correlation length scale is thus finally found to
given in order of magnitude by

j'S mP

b D 1/2 Tx

T5/2 ~32!

~neglecting the very weakg* dependence that would be con
tained in a factorg* 1/4, on the assumption that this facto
will not be far from unity!.

The validity of the above derivation is of course based
the supposition that the cosmological time scalet is longer
thant, so that the damping process can actually be effect
It can be seen from the preceding formulas fort and t that
this condition will indeed be satisfied just as long as t
temperatureT remains above a critical valueT! given by

T!'
Tx

2

bmP
. ~33!

So long as the condensation temperature exceeds
critical value, i.e., provided it lies in the friction-drag
dominated regime

Tx*T*T! , ~34!

it can be verified that the majority of the small string loo
already present at the time will satisfy the condition~8! for
qualification as protovortons, which means that the appro
ate value ofL for substitution in~18! will be given by ~16!.
It can be thus seen from~25! and ~32! that the number den
sity of these protovorton loops will be given at the time
their formation by

nf'«n!S bTs

mP
D 3/2S Ts

2

Tx
D 3

, ~35!

wheren! is the constant order of unity value that is retaine
during the friction-dominated era, by the coefficientn̄ in ~13!
and hence byn f in ~25!. It follows from ~26! that at later
1-5
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BRANDON CARTER AND ANNE-CHRISTINE DAVIS PHYSICAL REVIEW D61 123501
times the number density of their mature vorton succes
will be given in order of magnitude by

nv'n! f S bTs

mP
D 3/2S TsT

Tx
D 3

. ~36!

Thus, after the temperature has fallen below the valueTr
the order of magnitude of the resulting mass densityrv of
the relic vorton population, to which the cosmic string lo
distribution will have been reduced, will be

rv'n! f NS bTs

mP
D 3/2S Ts

Tx
D 2

TsT3. ~37!

SettingT equal toTs in ~32! in order to obtain the relevan
value of js , and using~18!, the required expectation valu
for the quantum numberN in the previous formula can b
estimated as

N'XS mP

bTs
D 1/2mx

Ts
C1/i

. ~38!

It follows from ~3! and ~1! that a typical vorton in this
relic distribution will have a mass energy given by

Ev'S mP

bTs
D 1/2i S mx

Ts
D 1/i

mx . ~39!

It can thus be confirmed using~33! that, as stated above, th
postulateTs.T! automatically ensures that these vorto
will indeed satisfy the minimum length requirement~7! by a
considerable margin in the strictly chiral case, though o
marginally whenT is at the lower end of this range.

For the resulting distribution of vortons, the mass dens
obtained by substituting~38! in ~37! is found to be given by

rv'n! f S bTs

mP
D 3/221/2i S Ts

mx
D 221/i

TsT3. ~40!

In the strictly chiral casei 51, this result will be express
ible by

rv

T3 '
n! f bTs

3

mPmx
. ~41!

It is to be remarked that unlike its absolute value, the rela
augmentation factor of the mass density does not depen
the as yet rather uncertain efficiency factor« ~which seems
likely to be very small in the friction-dominated epoch, b
perhaps nearer the order of unity in the radiation-reacti
dominated epoch!. It can be seen that in comparison with th
previously studied generic case,i 52, the mass density is
augmented for the strictly chiral case,i 51, by a factor that is
simply expressible as (mx /Ts)1/2(mP /bTs)1/4.

C. Condensation in the radiation damping regime

For strings that may have been formed in some~nonstand-
ard, e.g., supersymmetric! electroweak symmetry breakin
transition, the scenario of the preceding subsection is
12350
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only one that needs to be considered. However, for stri
formed at much higher energies, in particular for the co
monly considered case of grand unified theory~GUT!
strings, there will be an extensive temperature range be
the Kibble transition valueT! at which friction becomes un
important during which the current condensation could oc
Since we saw that the minimum length requirement was o
marginally satisfied by typical loops when the condensat
occurred near the end of the friction-dominated regime, i
to be expected that in the cases to be considered here
which the condensation temperatureTs occurs below the
transition temperatureT! given by~33!, typical loops present
during the transition will not be long enough to qualify a
protovortons. This means that the vorton formation tempe
ture Tf will not coincide with Ts as it did in the friction-
dominated regime, but that it will have a distinctly lowe
value, so the scenarios to be considered in this section
be characterized by

T!.Ts.Tf . ~42!

In such a scenario the final stage of protovorton format
will be preceeded by a period of evolution in the temperat
rangeT!*T*Tf during which the effect of friction will be
negligible, so that the string motion will be effectively fre
which means that the only significant dissipation mechan
will be that of radiation reaction. Moreover, during the fir
part of this period, in the rangeT!.T.Ts , the only radia-
tion mechanism will be gravitational, which is so weak th
to begin with it will have no perceptible effect at all, so th
there will be an interval during which the smoothing lengthj
remains roughly constant at the valuej! it attained at the end
of the friction-dominated era, which will be given, accordin
to ~32! and ~33! by

j!'
b2mP

3

Tx
4 . ~43!

The effect of string intersections might even cause the ef
tive smoothing length to creep downwards slightly, but the
is another weak effect with an opposite tendency. In an
curate analysis the global damping mechanism of the cos
logical expansion needs to be taken into account, whose
fect is closely analogous to that of friction considered in t
preceding regime, though with a damping time scalet that is
of the same order of magnitude as the Hubble time scalt,
so that the effect of this ‘‘Hubble damping’’ is only mar
ginal.

During the last stage before the protovortons are form
in the rangeTs.T.Tf , there will already be currents o
the strings, which means that if they are electromagnetic
coupled~as is often taken for granted though it is not nec
sarily the case! then the mechanism of gravitational radiatio
damping may in principle be reinforced by the potentia
much stronger mechanism of electromagnetic radiat
damping. However in practice even in the coupled case,
expected currents will be too weak for this be important,
throughout the rangeT!.T.Tf the gravitational radiation is
the only kind that actually matters.
1-6
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The resulting gravitational smoothing scalej will be the
length of the shortest loop for which the cosmological tim
scale~9! is exceeded by the relevant radiation survival tim
scale, for which the usual order of magnitude estimate
the form

t'
mP

2j

GGmx
2 , ~44!

where G is a dimensionless coefficient of order unity, a
where, for the heavy GUT strings—the kind most commo
considered in cosmology—the gravitational factor will
given by (mx /mP)2'1026. The validity of the formula~44!
has been confirmed in many particular cases by nume
simulations@8#, though the value of the coefficient turns o
to be typically

G'102. ~45!

Equating~44! to the cosmological time scale~9!, the corre-
sponding cutoff length scale can be estimated as

j'
G

Ag* mP
S Tx

T D 2

. ~46!

This formula~46! will determine the scale of the smalle
surviving structure after the temperature has fallen belo
critical valueT†,T! at which this value ofj becomes larger
than the value~43!. It can be seen from~46! that this value
will be given by

T†'S G

Ag*
D 1/2

Tx
3

bmP
2 . ~47!

The relation~46! is equivalently expressible in the form

j'kt, ~48!

wherek is a constant given by

k'GS Tx

mP
D 2

, ~49!

which in the case of GUT strings meansk'1024.
As was discussed in more detail in the preceeding w

@5#, formulas ressembling~48! have been commonly em
ployed in published discussions of string simulations@8#, but
there is some confusion arising from the use of various d
nitions ofk which lead to correspondingly diverse numeric
values, usually larger than~49! for the practical reason tha
the simulations in question have limited resolution and
any case neglect the gravitational reaction mechanism f
which ~49! is derived. To avoid ambiguity we can of cours
simply use the formula~48! as a defining relation to specif
the parameterk during the Hubble damping ‘‘doldrum’’ re-
gime T!*T*T† ~to which most of the simulations are re
stricted!, that is to say, after friction has become negligib
but before radiation reaction has had time to be effective,
with this conventionk will have to be considered as a fun
tion of time, starting with unit valuek'1 at the begining of
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the ‘‘doldrum’’ regime and decreasing to the very low valu
~49! at which it levels off after the end of this transitio
regime atT'T† .

Insofar as the quantityn in ~11! is concerned, it can be
expected that, although it will have a more complicated tr
sitional behavior near the lower cutoff valueR/t'k, where
k is the gravitational damping constant given by~49!, it is
resonable to expect that in the intermediate rangek!R/t
!1 it should be given by a simple power scaling law of t
form

n'n!S R

t D z

, ~50!

for constant values of the indexz and the coeficientn! ,
where the latter must necessarily be identified with the or
of unity constantn! that characterized the earlier, friction
dominated regime, in order to ensure continuous matchin
the horizon scale,R/t'1, above which the Brownian de
scription will still prevail. It is shown in@11# that in the
radiation-dominated regime with which we are concern
here there are reasons to expect that the appropriate valu
the index should be close to but perhaps slightly greater t
a lower limit given by

z5
3

2
. ~51!

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

Assuming that the formula~50! still gives the right order
of magnitude at the lower end of its range~where for higher
accuracy a less simple fomula would be needed! the aver-
aged valuen̄ in the formula~13! for the number densityn of
small autonomous loops will be given in the radiation dam
ing dominated regimeT&T† by the constant value

n̄'n!kz, ~52!

with k given by ~49!, which means that the correspondin
value of the loop number density itself will be given accor
ing to ~48! by

n'n!kz23t23. ~53!

Having thus obtained a reasonably plausible provisio
estimate for the number density, the only thing that rema
to be done to obtain all the elements wanted for working
the required result~29! is to obtain the valueTf of T at which
the protovorton formation actually takes place. To do this
have to solve the equation~24! that results from the mini-
mum length requirement, which can be seen from~46! to
reduce to the simple form

ZfTf
2'

kmP

Ag*

Ts
i 11

mx
i . ~54!

However, before we can solve this deceptively simple eq
tion in practice, we need to know theT dependence of the
1-7



re
by

to
f
d
to
k

gh
in
it

o

ll
g

n-
g
he

g

h
f

o

ied
s

en-
is

ther
ion-
in-

ical

mo-
hat
oc-

ling

the
the

so

ec-

in
ion

ed
se
fter
ne

m-
t
s-
ew
ar-
iral
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factor Z. According to the reasoning described in the p
ceeding work@5#, this factor can be expected to be given
an expression of the form

Z'S T

Ts
D 12«

, ~55!

where« is a dimensionless loop production efficiency fac
somewhere in the range 0,«&1. It is to be remarked that i
the efficiency« of loop production were zero, this woul
mean that the carrier field would be blueshifted by a fac
that would be just the inverse of that by which the bac
ground radiation is redshifted. In practice, the fairly hi
loop production that is expected in the radiation damp
regime implies that although there will still be a blueshift
will only be by a much more moderate factor.

The formula~55! provides what we need in principle t
solve the equation~54! to obtain the valueTf of T at which
the protovorton loops in which we are interested actua
form. In practice, assuming~as is necessary for the scalin
hypothesis to be justified! that there is no major phase tra
sition significantly affecting the particle number weightin
factor g* characterizing the cosmological background in t
temperature range under consideration—so that it can
taken to have the fixed valuegs* —the solution is conve-
niently obtainable in the explicit form

Tf

Ts
5F kmP

Ags* Ts
S Ts

mx
D i G 1/~32«!

. ~56!

For the resulting distribution of vortons, typically havin
the minimum size compatible with the criterion~8! which
gives

Ev'mx
2/Ts , ~57!

the estimates~46! and ~52! can be used in conjunction wit
~56! to evaluate the formula~29! so that the mass density o
the vorton distribution is finally found to be given by

rv' f n f SAgs* mP

Gmx
D 22«/~32«!S Ts

mx
D ~3i 2«!/~32«!

TsT3

~58!

or equivalently

rv

T3 '«g* n!G21/2SAgs* mP

Gmx
D 2«/~32«!

3S Ts

mx
D ~3i 2«!/~32«!S mxTs

mP
D . ~59!

For the strictly chiral casei 51 this expression reduces t

rv

T3 '«g* n!G21/2SAgs* mP

Gmx
D 2«/~32«!S Ts

2

mP
D . ~60!
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It can be see that in comparison with the previously stud
generic case,i 52, the result for this strictly chiral case i
augmented by a factor (mx /Ts)3/(32«).

It is to be remarked that whereas in the case of cond
sation in the friction-dominated epoch the augmentation
attributable to an increase in the typical mass~39! of the
vortons, whose number density is not affected, on the o
hand in the case of condensation in the radiation-react
dominated regime the augmentation is attributable to an
crease in the number density of the vortons, whose typ
mass~57! is unaffected.

IV. THE NUCLEOSYNTHESIS CONSTRAINT

One of the most robust predictions of the standard cos
logical model is the abundance of the light elements t
were fabricated during primordial nucleosynthesis that
curred when the background temperature had a value,TN ,
say, that is given roughly by the energy needed for tunne
through the Coulomb barrier between two protons, by

TN'e4mP'1024 GeV. ~61!

An essential ingredient of nucleosynthesis calculations is
current expansion rate of the universe, as determined by
cosmological background densityr, which, in the accepted
picture, was at that time still strongly radiation dominated,
that it would have had an order of magnituderN given by

rN'g* TN
4 . ~62!

In order to preserve this well-established picture, it is n
essary that the vorton distribution should satisfyrv&rN
whenT'TN , which for the case of carrier condensation
the friction-dominated epoch is expressible as the condit

«n!bTs
3

gs* mPmxTN
&1. ~63!

The condition of condensation in the friction-dominat
regime will automatically be satisfied in the important ca
for which the carrier condensation occurs immediately a
the string forming phase transition itself, i.e., for which o
hasTs'mx . In this case~63! gives

Ts&S gs* mPTN

«n!b D 1/2

. ~64!

Substituting the expression~61! for TN into this, takinggs*
'102 and assuming that the factor («n!) and the drag factor
b are of the order of unity yields the inequality

Ts&e2~gs* mPmp!1/2'108 GeV ~65!

as the condition that must be satisfied by the formation te
perature ofcosmic strings in which a strictly chiral curren
condenses immediately, subject to the rather conservative a
sumption that the resulting vortons last for at least a f
minutes. It is to be observed that this condition is only m
ginally more severe than what was obtained for the nonch
1-8
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generic case@5# and that while it rules out the formation o
such strings during any conceivable GUT transition, it
consistent by a wide margin with their formation at tempe
tures close to that of the electroweak symmetry break
transition.

If instead of supposing that the current condensation
immediate, we now suppose that the strings were forme
the GUT transition, i.e.,mx'TGUT'1016GeV, but that the
condensation temperatureTs is very much lower than this
then the analogous limit is obtained for a value ofTs that
lies in the radiation-reaction-dominated range governed
~60! so that as the analogue of~63! we shall obtain

«n!G21/2SAgs* mP

GTGUT
D 2«/~32«!S Ts

2

mPTN
D &1. ~66!

To find the highest temperature at which GUT strings c
become chirally conducting without violating the nucleosy
thesis constraints, we now setTx equal toTGUT in ~63!. Since
« is small compared to 3 its effect in the index can be
glected. We thereby obtain

Ts&F S G1/2mPTN

«n!
D S GTGUT

Ags* mP
D 2«/~32«!G 1/2

'109 GeV,

~67!

where, in the last step, we have used the estimatesgs* 'G
'102 andTGUT'1023mP GeV, and have neglected the d
pendence on the rather uncertain but supposedly orde
unity quantities («n!) and b. This limit is considerably
lower ~by a factor of the order of a thousand! than the analo-
gous limit@5# for the generic nonchiral case, and consisten
with what was postulated in its derivation, it can be seen
be well within the radiation-reaction-dominated range.

The upshot is that subject again to the rather conserva
assumption that the resulting vortons survive until the ti
of element formation, which occurs within only a few min
utes, a theory in which GUT cosmic strings become chira
conducting above 109 GeV is inconsistent with the observa
tional data.

V. THE DARK MATTER CONSTRAINT

We now consider the rather stronger constraints that
be obtained if at least a substantial fraction of the vortons
sufficiently stable to last until the present epoch. On the b
of the standard~Einstein! theory of gravity, it is generally
accepted that the virial equilibrium of galaxies and partic
larly of clusters of galaxies requires the existence of a c
mological distribution of ‘‘dark’’ matter with density consid
erably in excess of the baryonic matter that is direc
observed, mainly in the form of stars, with densityrb
'10231gm/cm3. On the other hand, on the same basis, i
also generally accepted that to be consistent with the for
tion of structures such as galaxies, starting from initia
small inhomogeneities in an approximately homogene
background, it is necessary that the total amount of
‘‘dark’’ matter should not greatly exceed the critical closu
density, namely,
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rc'10229gm cm23 ~68!

~which is about 23102123 in dimensionless Planck units!.
Extrapolating back, as a function of the cosmological te
peratureT, this maximum cold dark matter contribution wi
scale like the entropy density so that it will be given by t
expression

rc'g* mcT
3, ~69!

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

mc'10228mP'1 eV. ~70!

The constraint to which this dark matter limit leads
expressible as

Vv[
rv

rc
&1. ~71!

In the case of vortons formed as a result of condensa
during the friction damping regime, which by~33! requires

bmPTs*Tx
2, ~72!

the relevant estimate for the vortonic dark matter fraction
obtainable from~41! as

Vv'
n! f bTs

3

mPmxmc
. ~73!

In particular this formula applies to the caseTs'mx in
which the carrier condensation occurs very soon after
strings themselves are formed, for which one obtains

Ts&S mPmc

n! f D 1/2

'105 GeV. ~74!

However, if we are concerned with the general categ
of strings formed at the GUT level, then we shall be oblig
to consider the case of vortons formed as a result of cond
sation during the gravitational radiation damping regimes

Ts!
Tx

2

bmP
, ~75!

for which by ~60!, the relevant estimate for the vortonic da
matter fraction is obtained as

Vv;«g* n!G21/2SAgs* mP

Gmx
D 2«/~32«!S Ts

2

mPmc
D . ~76!

SettingTx equal toTGUT in this formula, and dropping the
order of unity coefficients in view of the low indices in
volved, we obtain the corresponding limit as
1-9
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Ts&FmPmcS GTGUT

Ags* mP
D 2«/~32«!G 1/2

'105 GeV, ~77!

where, as for the analogous nucleosynthesis limit~67!, the
last step is based on use of the estimatesgs* 'G'102 and
TGUT'1023mP GeV, and on neglect of the dependence
the rather uncertain but supposed order of unity quantitie~«
andn!!.

VI. CONCLUSIONS

In this paper we have constrained particle physics theo
that give rise to chiral current-carrying strings. Such chi
strings arise in a class of supersymmetric theories where
symmetry is broken with aD term. Our bounds apply to al
such theories, including those derived from superstring th
ries. We have derived these bounds from cosmological c
siderations, requiring that the resulting stable loops, or v
tons, do not dominate the energy density of the universe.
have considered two possibilities. Either the vortons l
only a few minutes, in which case we demanded that
universe be radiation dominated at the time of nucleosyn
sis. If the vortons are stable enough to survive to the pre
time, then we demanded that they do not overclose the
verse.

The especially simple dynamical behavior@7# of strictly
chiral strings and the related consideration that their vor
states will have only half as many degrees of freedom
internal excitation, and therefore only half as many conce
en
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able decay modes as in the case of generic nonchiral W
currents means that these strictly chiral vortons can be
pected to be very much more stable than most other kind
therefore seems highly plausible that they would survive
merely to the time of nucleosynthesis but to the present c
mological epoch, which means that it is the rather sev
limits ~74! and ~77! that are relevant. In both of these cas
the upper limit for the energy of the chiral current formin
phase transition~whether the strings themselves were form
in the same transition or much earlier at the GUT transitio!
is found to be of the order of 105 GeV, which happens to be
near the upper limit of the range considered likely to ch
acterize the electroweak phase transition.

The preceding conclusion has both negative and posi
implications. On the negative side it seems to exclude th
ries in which chiral string currents are formed at energ
much larger than the electroweak level. On the positive s
it suggests that vortons supported by strictly chiral curre
that condensed during, or just above, the electroweak ph
transition might conceivably form a significant fraction
the dark matter in the universe. Such considerations co
well be relevant to superstring theories with large extra
mensions.
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