PHYSICAL REVIEW D, VOLUME 61, 123501

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 Witkran. 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.

PACS numbs(s): 98.80.Cq, 11.27%d

I. INTRODUCTION completely changes the cosmology of such strings and could

. . . . . ._render the theory cosmologically unacceptable. The reason
There is considerable interest in supersymmetric theone%r this bold statement is the following. An initially weak

both from a theoretical and phenomenological viewpoint. In- . . o
.current on a string loop is amplified as the loop contracts.

deed, current expe_riments seem to SqueSt.that the ipclga%e current becomes sufficiently strong to halt the loop con-
of supersymmetry is necessary for the couplings to unify in %raction preventing it from decaying. A stable state, or vor-

grand unified theory and to solve the hierarchy problem. Su'Eon [3], is formed. Chiral vortons belong to the category that

persymmetry also underpins superstring theory. It is thus Imi_ﬁ classically stabld4], though their quantum mechanical

rtan xplore th mological con n f oo . . L
Fhoe;a;ietsto explore the cosmological consequences o SUed ability is an open question. The density of vortons is tightly
. . ._constrained by cosmological requirements. For example, if
Recently it was shown that many supersymmetric theories e ) .
) . . . . : vortons are sufficiently stable to survive until the present
admit cosmic string§l,2]. The microphysics of such strings . ; . .
. ) ; -~ time, then their density must be such that the universe does
were investigated and it was shown that they necessarily re- . )
i . . . ; not become vorton dominated. On a more conservative note,
sult in fermion zero modes in the string core. The importance : . . )
. . . .. _1f the vortons only live a few minutes, then their density
of this result is that the fermion zero modes can be excite . . . .
; : : must be such that the universe is radiation dominated at nu-
and move along the string. This completely changes its prop- . : . . .
. o2 . . cleosynthesis. This enables us to constrain theories that give
erties, resulting in it becoming a current-carrying strig fise 1o CUrTent-carrving strinas
Both Abelian[1] and non-Abeliari 2] theories were consid- ying gs.

ered, and similar results found in both cases. For the Abelian Wh'le [1,2] showeq that ".’1" Supersymmetric theories Te‘
case symmetry breaking by both &nterm and aD term sult in current-carrying strings, supersymmetry breaking

were considered. For the theory with Brierm it was found ~ could destroy the zero modes in theterm theories. Thus,
that there is a pair of fermion zero modes, one left mover and® vorton problem could solve itself here. However, for
one right mover. However, in thB-term case there was a Abelian theories with symmetry breaking implemented with
single fermion zero mode, either a left mover or a righta D term, the zero mode survives, resulting in a potential
mover. vorton problem. In a previous paper we constrained particle
Since supersymmetry is not observed in nature the effedihysics theories giving rise to current-carrying string$
of supersymmetry breaking was also consid¢@ddin most ~ The constraints applied to cases where the string became
cases supersymmetry breaking enables the left and riglsurrent carrying at formation or else at a subsequent phase
movers to mix, destroying the zero modes, However, for theéransition, and led to fairly stringent bounds on current-
D-term theory the chiral zero mode survives supersymmetrgarrying strings. However, the problem in the chiral theory is
breaking because there is no other zero mode for it to mixnore serious than the theories previously considered. This is
with. This theory is of importance because many superstringpecause we previously considered a random current on the
compactifications result in &(1) symmetry being broken cosmic string. However, in the chiral case, the fermion zero
with a D term, hence giving rise to the cosmic strings con-mode can travel in one direction only, resulting in a maximal
sidered in1]. However, the presence of fermion zero modescurrent and consequently a maximum vorton density.
In this paper we revise our previous estimates for this
chiral case. Since these cosmic strings arise in a wide class of
*Electronic address: Brandon.Carter@obspm.fr supersymmetric and superstring theories our results are po-
"Electronic address: a.c.davis@damtp.cam.ac.uk tentially important.
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[l. COSMIC VORTONS A loop that failed to satisfy this requirement would not be
A. The case of strictly chiral vorton states destined to survive as a vorton.
In a previous papdi5] we considered the generic case of

. . R . B. The underlying cosmological scenario
cosmological vorton production, which is characterized by ying g

two independent quantum numbelksandZ. The circumfer- Like its predecessdi5], the present analysis will be car-
ence of the vorton is given approximately by ried out within the framework of a simple big bang theory of
the usual type in which the universe evolves in approximate
l,=(2m)YINZ|m, 1, (1) thermal equilibrium with a cosmological background tem-

peratureT. The effective massless degrees of freedom at
wherem, is the relevant Kibble mass scale, which is definedtemperaturer is denoted byg*, whereg*~1 at low tem-

as the square root of the string tensidin the low current  peratures but that in the range where vorton production is

limit. This results in the vorton energy, likely to occur, from electroweak unification through to
5 grand unification, something likg*=10? is a reasonable
E,=I,m. (2 estimate.

) . All likely vorton formation processes occurred during the
Since even in the general case one would expect the tWgydiation-dominated era and ended when the universe

quantum numbers to have comparable magnitude, the typicglropped below the Rydberg energy scale, of the order of
vorton mass would be 10 8 GeV and became effectively transparent. According to
the Friedmann formula, the ag®f the universe is given by
E,~Nm,. ) t~H"1, and H is the Hubble parameter. During the

Here we will consider the more specific case where the Cur[adlatlon-dommated era, the cosmological time is given by

rent is strictly chiral, so that only one of the numbérsind Me

Z can be chosen independently, while the other will be given t~ ——, 9)
by the exact equality Jg* T2
Z=N. (4)  wheremp=G*?is the Planck mass.

As discussed in the following sections, any string loops
As in the earlier worK5], the present work is carried out present at the epoch of the current condensation process at
within a scheme depending on two basic mass scales chaine temperature given ) will be endowed by the ambient
acterizing the temperatures of two distinct condensation prothermal fluctuations with corresponding quantum numbers

cesses. The first is the temperature, and Z that will necessarily be equal in the chiral case, and
that subsequently, at lower temperatures, will be conserved
Ty~=my, 5 in between loop chopping and recombination processes un-

) ) ~less or until the loop length gets below the quantum stability
at which the strings themselves are formed. The second is thgnit (7). In the long run the loops with quantum numbers

comparable or lower temperature given by large enough for the corresponding stability requireni@t
to be satisfied will be predestined to become stationary vor-
To~mg, (6) tons; we refer to these gwotovortons

, ) . In the strictly chiral case the relevant quantum numbers
wherem, is the relevant carrier mass scale characterizing @, pe expected to be considerably larger than in the generic
current that condenses on the string in the manner described,ce considered before. This implies that, as in the generic
by Witten[6]. _ _ _ . case, soa fortiori in the chiral case, whenever the carrier

In the strictly chiral casg7], which will be our main  hqensation occurs during the friction-dominated regime, a
concern, the current can only be fermionic and must be elecmajority of the loops already present at the temperalyre
tromagnetically decoupled. However, whether strictly chiral )¢ the "carrier condensation will qualify as protovortons.
or otherwise, the requirement that the current be able to P'%owever, in other caseghose for which the condensation
vide the centrifugal support for an effectively stable classical,.crs at a relatively low temperatiirié will only be at a
vorton state requires that the relevant vorton circumferencg,iq, stage that the protovorton loops get sufficiently free
l, should be large compared with the Compton wavelengthyqm the surrounding tangle of string for subsequent quan-
associated with the carrier mass,. This requirement, y,m number changing intersections to be negligible. The cor-
namely, respondingly lower temperatur@;<T,, at which this oc-
curs will be referred to as the protovorton formation
temperature. The protovortons will not become vortons in
the strict sense until what may be an even lower temperature,
the vorton relaxation temperatulle, say(whose value will
T not be relevant for our present purppsece the loops must
INZ| V2 X (g)  first lose their excess energy. Whereas frictional drag and

Ty particle production will commonly ensure fairly rapid relax-

|, >m ! (7)

v g

will only be satisfied if
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ation, there may be cases in which the only losses are due t@iggles segments extending over a radial distance greater
the much weaker mechanism of gravitational radiation. thanR> ¢ will be given by an expression of the form

The raw material for vorton production is provided by the
process whereby, as the string distribution rarifies due to v
friction and radiation damping, not all of its lost energy goes n~g3 1D
directly into frictional heating of the background or emitted
radiation. Instead there will always be a certain fracion in which v is a dimensionless coefficient. Note that an indi-
say, that goes into autonomous loops, meaning loops smafqual closed loop characterized by a radial extension of or-

enough to evolve without subsequent collisions with theger R will typically have a much longer total random walk
main string distribution. Since these loops cannot greatly extength given by

ceed the smoothing length scale they will not have much fine

substructure and their subsequent evolution is very likely to L~R?/¢. (12)
satisfy the condition of avoiding quantum number changing
self-intersections as they subsequently contract. When the string distribution is first formed, at the tempera-

When the condensation occurs during the friction-tyre T, one expect§8] that the spectrum will be of the
dominated epoch, the autonomous loops that emerge at thgmple Brownian type for whichy has a constant value,
condensation temperatufig, will satisfy the condition(8)  say of order unity. By causality the spectrum must always
and '[hUS be deSCI’ibab|e as prOIOVOI’tOI’lS. HOWeVer, fOI’ |0quetain a Simp'e Brownian form for values Bfexceeding the
values ofT, the majority of the loops that emerge during the horizon length scalé The Brownian spectrum will be pre-
period immediately following the carrier condensation will served even in the intermediate rangeR<t throughout
be too small to have aquired sufficiently large quantum numthe friction-dominated regime. However, as discussed below,
bers, and therefore will not be viable in the long run. Nev-the sjtuation becomes more complicated in the subsequent
ertheless, even in such unfavorable circumstances, the mongsgime of locally free string motion whose description re-

tonic increase of the damping length scéleill ensure that  quires the use of a variable coefficienthat will depend on
at some lower temperaturg;<T,, a later—but therefore poth R andt.
less prOlifiC—generation of emerging |OOpS will after all be Whereas on |arger scales closed |00ps and W|gg|es on
able to qualify as protovortons. very long string segments will be tangled together, on the
The small autonomously evolving loops that we refer toghortest scales characterized by the lower cugoffops of a
as protovortons are supposed to be sufficiently small comre|atively smooth form lead a comparatively autonomous ex-
pared with the ever expanding length scales characterizingtence, passing between the meshes of the ambient tangle
the rest of the string distribution and sufficiently smotthe  ith only occasional collisions. It is these smallest loops that
to previous dampingto avoid destructive fragmentation by are of interest as candidates for subsequent transformation
self-collisions. Thus in most individual cases, with reason-nto vortons. If one adopts the convention that these autono-
ably high accuracy when averaged, the relevant quantutfhous loops are to be counted apart from the main string
numbersN and Z will be conserved. As a consequence, thedistribution, the extrapolation of the spectrufr) to wave-
statistical properties of the future vorton population will be lengths small compared withwill be describable by a dras-
predetermined by those of the corresponding protovortoic reduction ofv to a negligibly small value in this range, so
loops at the time of their emergence at the temperalyte  that the overall spectrurfiLl) will peak at the valueR~é.
Alternatively, if one adopts the convention that not only
wiggles but also the autonomous small loops are to be in-
] ) ) cluded in the count, then there will still be a reductiongn
The scenario summarized above is based on the acceptggit of a more moderate nature, so that instead of a peak the
understanding of the Kibble mechanidi@], according to  gyerall spectrum will just have a plateau fRr &.

C. The smoothing length scale

which, after the temperature has dropped beTgvthe effect The total number density of the small autonomous loops
of various damping mechanisms will remove most of theyith |ength and radial extension of the orderéofill (due to
structure below an effective smoothing lengtiwhich will  the rapid falloff of the spectrum that is expected for larger

increase monotonically as a function of time, so that nearlcales be not much less than the number density of all

all the surviving loops will have a length=¢dl that satis-  closed loopgincluding those that exist ephemerally pending

fies the inequality string intersections at larger scaleand so will be given by
L=¢ (10) an expression of the form

n~v¢ 3, (13
There will thus be a distribution of string loops, of which the
most numerous will be relatively short ones, with- ¢, that ~ wherev is the value ofv for values ofR of the order ofé. In
are on the verge of emerging, or that have already emergetliew of the expected falloff of the spectrum, this valuwiill
as autonomous protovortons or as loops that are about @so be interpretable as an appropriately averaged value of
contract and disappear, as the case may be. Above thia particular, for the Brownian case in whighhas a constant
smoothing length there will be a spectrum of tangled strucvalue v, over the rangeR<¢, we shall evidently have~
ture, in which the number density say, of closed loops and ~v, .
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lll. THE VORTON POPULATION will not hold for condensation later on in the radiation damp-
ing regime. In the latter case, typical small loops that free
themselves from the main string distribution at or soon after
The standard theory reviewed above was originally develthe time of current condensation will ultimately disappear,
oped on the assumption that the string evolution is governedince they acquire their autonomy too soon to be viable in
by Nambu-Goto-type dynamics. However, this will changethe long run. However, there will always be a minority of

after the current carrier condensation, at the temperatyre longer loops, namely, those exceeding a minimum given by
The reason why the strings not only can but will carry a

potentially significant current is that the typical length scale mi(
of the string loops at the transition temperatiligewill gen- L~ 1, (20
erally have a value$,,, say, that is considerably greater than 7

the relevant valuemtﬁT;1 of the wavelength\ characteriz- for which (8) will be satisfied.

ing the local current fluctuations induced on the string by the 11, condition(20) is still not quite sufficient to qualify all

thermal background. of these loops as protovortons since such exceptionally long

In the generic case studied previoug] the numbemMN 4455 will be very wiggly and collision prone. In such cases
~L/\ of such fluctuation lengths around any loop of CircUm-i; is not until a later time at a lower temperatufe that free

ferencel = ¢ will overestimate the corresponding total quan- protovorton loops will emerge. By this stage, instead of its

tum number associated with the loop, which by a “randomgigina| value(17), the typical wavelength of the carrier field
walk™ argument can be expected to be only of the order of | pe given by an expression of the form

the corresponding square root, namelys +L/\. However,
in the strictly chiral case, in which only riglor left) moving A~ Z T (21)
null modes are allowed, the partially cancelling backwards 7

steps in the “walk” are not allowed, so the naive estimate,yhich involves a blueshift factag; whose value is not im-
N~L/\ will be valid. Both possibilities can be allowed for megiately obvious but is needed to allow for the net effect on
simultaneously by using the formula the string of weak stretching due to the cosmological expan-
1/ sion and stronger shrinking due to wiggle damping during
, (14) the intervening period as the temperature cools fibmto
Ts.
o , ) . , In the earlier friction-dominated regimg; is identifiable
with i=1 for the str!ctly chlrgl case, arig= 2 for the generic with T, so the problem does not arise, and triviafly=1. In
case that was studied pr_ewously. . the radiation damping era, for which the evaluationZfis
Since the loop length is bounded below by a smoothing e deq, cosmological stretching will in fact be negligible, so
Ieng_thg that will be large compared with the relevant fluc- obviously the net effect is thag; will be small compared
tuation wavelength with unity. The hard part of the problem is to estimate by
how much so. It is also obvious that since, during the same
period, the smoothing lengthican only increase, the corre-
ﬁponding final value

A. The chiral amplification effect

|Z|”N”(X

Ee>No (19

when the current first condenses, it can be seen that even
the generic case= 2, anda fortiori in the strictly chiral case

i =1, the quantum numbers provided by the form@d) will

be large compared with unity. A typical loop at that time will
be characterized by

of the length of a typical loop cannot be less than the original
value (16). It therefore follows that the new estimate

L~¢&, (16)

nga' U
and lZI=N ( 2z ) @3
)\%T;]', (17) obtained from(14) will certainly be larger than the previous
value (18). More specifically, the value given b§23) will
so that one obtains the estimate increase monotonically as the value of the final temperature
T; for which it is evaluated diminishes.
|Z|~N=~(&,T,)Y. (18 The required value of ;—at which the formation of the

protovorton loops occurs—is that for which the monotonic
For current condensation during the friction-dominatedfunction (23) reaches the minimum qualifying value given
regime this will always be enough to fulfill the requirement by (8). This value is thus obtainable in principle by solving

(8), but this condition, namely, the equation
m! & m
£,> ?Tl (19 Z =T (24)
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but this can only be done in practice when we have found thetring network will at first be dominated by the frictional

dependence oif; not only of &, which is comparatively
easy, but also o£; which is rather more difficult.

drag of the thermal background. It has been predicted that
the relevant dynamical damping time scalduring this pe-

The number density of the protovorton loops when theyriod will be approximately given by

are first formed at the temperatuig will be comparable
with the total loop number density at the time. By8) it will
be expressible as

ni=eviéy (25
wheree is an efficiency factor of order unity, and whergis
the value of the dimensionless parameteat that time. This
will also simply have an order of unity value;~ v, , say, if

Tx 30
™ 5T (30
where B is a dimensionless drag coefficient that depends on
the details of the underlying field theory, but that is typically
expected 9,10] to be roughly of the order of unity3~1.
The effect of the damping is to freeze the large scale struc-
ture, so that it retains the Brownian random walk form de-

the current condenses in the friction-dominated regime, fogcriped by(11) with a fixed order of unity valuer, , say, for

whichT;~T,_. However,v; can be expected to have a lower

the dimensionless coefficiemt while it smooths out the mi-

value if the condensation does not occur until later on in theyrostructure below a correlation length scélgiven by

radiation-dominated era.

In all cases, since the number of protovorton loops in a
comoving volume will be approximately conserved during

g~t,

(31)

their subsequent damping-dominated evolution, then thevheret is the Hubble time scale, which is given £§). The

number density, of the resulting vortons later on at a lower
temperaturel will be given in terms of the number density
n; of the protovorton loops at the time of condensation by

n, f[T\3
T_f’

— (26)

required correlation length scale is thus finally found to be
given in order of magnitude by

3

(neglecting the very wealf* dependence that would be con-

1/2
Tx
T572

Mp

(32

wheref is a dimensionless adjustment factor that we expecained in a factog* ¥4 on the assumption that this factor
to be small but not very small compared with unity, and thatyij| not be far from unity.

will be given by

eg*

f_ 1
of

(27)

where gf is the value ofg* at the protovorton formation
temperaturer; .

It follows from (3) that the corresponding mass density

will be given by

p,~Nmn, . (28)

The validity of the above derivation is of course based on
the supposition that the cosmological time sdale longer
than 7, so that the damping process can actually be effective.
It can be seen from the preceding formulas tf@nd 7 that
this condition will indeed be satisfied just as long as the
temperaturel remains above a critical valuk, given by

2
pmp’

So long as the condensation temperature exceeds this

T,

(33

Using the preceding estimates, the temperature dependeng@tical value, i.e., provided it lies in the friction-drag-
of the mass density is found to be given by the general fordominated regime

mula

3
: (29)

T

Ts

moTY
X' o

in which we shall simply hav@;~T, and thereforeZ;~1

whenever(8) is satisfied by(18). It is now necessary to

evaluate this in the friction and radiation damping regimes.

po=frs

B. Condensation in the friction damping regime

If the current condensation occurs during the friction-
dominated epoch, the evaluation of the quantities involved in
(29) is comparatively straightforward. According to the stan-

dard picturg[9], as the background temperaturalrops be-
low the string formation temperatufig, of the relevant sym-

T,=T=T,, (34
it can be verified that the majority of the small string loops
already present at the time will satisfy the conditi@ for
qualification as protovortons, which means that the appropri-
ate value ofL for substitution in(18) will be given by (16).
It can be thus seen froif25) and(32) that the number den-
sity of these protovorton loops will be given at the time of
their formation by

ﬂT 3/2 T2 3
ol e
wherev, is the constant order of unity value that is retained,
during the friction-dominated era, by the coefficienn (13)

metry breaking phase transition, the evolution of the cosmi@and hence by, in (25). It follows from (26) that at later
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times the number density of their mature vorton successorsnly one that needs to be considered. However, for strings
will be given in order of magnitude by formed at much higher energies, in particular for the com-
monly considered case of grand unified thed@UT)
BT,\*"? strings, there will be an extensive temperature range below
Mp the Kibble transition valud, at which friction becomes un-
important during which the current condensation could ocur.
Thus, after the temperature has fallen below the vdlue = Since we saw that the minimum length requirement was only
the order of magnitude of the resulting mass dengjtyof  marginally satisfied by typical loops when the condensation
the relic vorton population, to which the cosmic string loop occurred near the end of the friction-dominated regime, it is

T,T\°

Tx

(36)

nU%V*f(

distribution will have been reduced, will be to be expected that in the cases to be considered here for
a2 ) which the condensation temperatufe occurs below the
~ fN(BTU) (E) T.73 transition temperatur€, given by(33), typical loops present
Pu™ Vs ST°. (37) h " ) ;
P Ty during the transition will not be long enough to qualify as

_ ) ) ) protovortons. This means that the vorton formation tempera-
SettingT equal toT,; in (32) in order to obtain the relevant yre T, will not coincide with T,, as it did in the friction-

value of §,, and using(18), the required expectation value gominated regime, but that it will have a distinctly lower
for the quantum numbeN in the previous formula can be yajye, so the scenarios to be considered in this section will
estimated as be characterized by

N%( me )1/2mx)lﬁ

BTy T
. _ . In such a scenario the final stage of protovorton formation
It follows from (3) and (1) that a typical vorton in this  will be preceeded by a period of evolution in the temperature

T.>T,>T;. (42)

(39

[oa

relic distribution will have a mass energy given by rangeT,=T=T; during which the effect of friction will be
Uz U negligible, so that the string motion will be effectively free,
E ~<ﬂ (%) m (39  Which means that the only significant dissipation mechanism
v\ BT, T, X will be that of radiation reaction. Moreover, during the first

] ) part of this period, in the rangg,>T>T,,, the only radia-
It can thus be confirmed using3) that, as stated above, the tjon mechanism will be gravitational, which is so weak that
postulateT,>T, automatically ensures that these vortonstg pegin with it will have no perceptible effect at all, so that
will indeed satisfy the minimum length requiremej by a  there will be an interval during which the smoothing length
considerable margin in the strictly chiral case, though onlyiemains roughly constant at the valggit attained at the end

marginally whenT is at the lower end of this range. _ of the friction-dominated era, which will be given, according
For the resulting distribution of vortons, the mass densitytg (32) and (33) by

obtained by substitutin¢B8) in (37) is found to be given by

312 1/2 2-1f BZm3
IBT(J' B Ta’ - 3 &* 4 (43)
pv~v*f( e Hx T,T°. (40 Ty

In the strictly chiral casé=1, this result will be express- The effect of string intersections might even cause the effec-
ible by tive smoothing length to creep downwards slightly, but there
is another weak effect with an opposite tendency. In an ac-

0, ,,*f/g-ri curate analysis the global damping mechanism of the cosmo-

S fa— 47 logical expansion needs to be taken into account, whose ef-

pitix

fect is closely analogous to that of friction considered in the

Itis to be remarked that unlike its absolute value, the relativdr€ceding regime, though with a damping time scefleat is
augmentation factor of the mass density does not depend ¢t the same order of magnitude as the Hubble time scale
the as yet rather uncertain efficiency factotwhich seems SO that the effect of this “Hubble damping” is only mar-
likely to be very small in the friction-dominated epoch, but 9@l

perhaps nearer the order of unity in the radiation-reaction- DUring the last stage before the protovortons are formed,
dominated epodhlt can be seen that in comparison with the I the rangeT,>T>T;, there will already be currents on
previously studied generic case=2, the mass density is the strings, which means that if they are electromagnetically

augmented for the strictly chiral cases 1, by a factor thatis COUPIed(@s is often taken for granted though it is not neces-
simply expressible asif, /T,)Y(mep/8T,) " sarily the casethen the mechanism of gravitational radiation
X [op . *

damping may in principle be reinforced by the potentially
much stronger mechanism of electromagnetic radiation
damping. However in practice even in the coupled case, the

For strings that may have been formed in sqmanstand- expected currents will be too weak for this be important, so
ard, e.g., supersymmetjielectroweak symmetry breaking throughout the rang€,>T>T; the gravitational radiation is
transition, the scenario of the preceding subsection is théhe only kind that actually matters.

C. Condensation in the radiation damping regime
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The resulting gravitational smoothing scalevill be the  the “doldrum” regime and decreasing to the very low value
length of the shortest loop for which the cosmological time(49) at which it levels off after the end of this transition
scale(9) is exceeded by the relevant radiation survival timeregime atT~Tj.
scale, for which the usual order of magnitude estimate has Insofar as the quantity in (11) is concerned, it can be

the form expected that, although it will have a more complicated tran-
) sitional behavior near the lower cutoff vallRét~ «, where
t~ mpé (44) x is the gravitational damping constant given (@#9), it is
erxz’ resonable to expect that in the intermediate rargeR/t

<1 it should be given by a simple power scaling law of the
whereI" is a dimensionless coefficient of order unity, andform
where, for the heavy GUT strings—the kind most commonly
considered in cosmology—the gravitational factor will be R\*
given by (m,/mp)?~10"°. The validity of the formulg44) V= V*(T) : (50
has been confirmed in many particular cases by numerical
simulations[8], though the value of the coefficient turns out for constant values of the indek and the coeficient, ,
to be typically where the latter must necessarily be identified with the order
of unity constanty, that characterized the earlier, friction-
r~10. (45  dominated regime, in order to ensure continuous matching at
the horizon scaleR/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 concerned
here there are reasons to expect that the appropriate value of

Equating(44) to the cosmological time scal®), the corre-
sponding cutoff length scale can be estimated as

2
g~ T E) ) (46) the index should be close to but perhaps slightly greater than
Vormp | T a lower limit given by
This formula(46) will determine the scale of the smallest 3
surviving structure after the temperature has fallen below a {= PR (59

critical valueT+<T, at which this value o€ becomes larger
than the valug43). It can be seen fron6) that this value (The analogue for the matter era in which we are situated

will be given by today is a value slightly greater than a lower limit given by
{=2)
1/2
T~ r T3 4 Assuming that the formulés0) still gives the right order
L \/g—* lgmzp' (47) of magnitude at the lower end of its rangehere for higher
accuracy a less simple fomula would be negdib@ aver-
The relation(46) is equivalently expressible in the form aged valuer in the formula(13) for the number density of
small autonomous loops will be given in the radiation damp-
&~ «t, (48)  ing dominated regimd@<T; by the constant value
wherek is a constant given by T~ K, (52)
~T L 2 (49) with « given by (49), which means that the corresponding
mp/ ’ value of the loop number density itself will be given accord-

ing to (48) hy
which in the case of GUT strings mears-10 4.

As was discussed in more detail in the preceeding work n~v,k* 3t 3. (53
[5], formulas ressembling48) have been commonly em- _ _ . o
ployed in published discussions of string simulatig8 but Having thus obtained a reasonably plausible provisional

there is some confusion arising from the use of various defiestimate for the number density, the only thing that remains
nitions of x which lead to correspondingly diverse numerical t0 be done to obtain all the elements wanted for working out
values, usually larger tha@#9) for the practical reason that the required resul29) is to obtain the valud of T at which

the simulations in question have limited resolution and inthe protovorton formation actually takes place. To do this we
any case neglect the gravitational reaction mechanism froiave to solve the equatiof24) that results from the mini-
which (49) is derived. To avoid ambiguity we can of course Mum length requirement, which can be seen fret6) to
simply use the formul&48) as a defining relation to specify reduce to the simple form

the parametek during the Hubble damping “doldrum” re- it1

gime T,=T=T; (to which most of the simulations are re- z 2. KMe T (54)
stricted, that is to say, after friction has become negligible b g* m,

but before radiation reaction has had time to be effective, but

with this conventionx will have to be considered as a func- However, before we can solve this deceptively simple equa-
tion of time, starting with unit valug~1 at the begining of tion in practice, we need to know the dependence of the

X
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factor Z. According to the reasoning described in the pre-It can be see that in comparison with the previously studied
ceeding work 5], this factor can be expected to be given by generic casei=2, the result for this strictly chiral case is
an expression of the form augmented by a factom( /T,,)%2).
It is to be remarked that whereas in the case of conden-
T\t® sation in the friction-dominated epoch the augmentation is
Z”(T_) ' (55 attributable to an increase in the typical md88) of the
7 vortons, whose number density is not affected, on the other

wheree is a dimensionless loop production efficiency factor@nd in the case of condensation in the radiation-reaction-
somewhere in the range<G: <1. It is to be remarked that if dominated regime the augmentation is attributable to an in-
the efficiencys of loop production were zero, this would crease in the number density of the vortons, whose typical

mean that the carrier field would be blueshifted by a factomass(57) is unaffected.

that would be just the inverse of that by which the back-

ground radiation is redshifted. In practice, the fairly high IV. THE NUCLEOSYNTHESIS CONSTRAINT
loop production that is expected in the radiation damping
regime implies that although there will still be a blueshift it o
will only be by a much more moderate factor.

The formula(55) provides what we need in principle to
solve the equatioii54) to obtain the valud'; of T at which
the protovorton loops in which we are interested actuall
form. In practice, assumingas is necessary for the scaling
hypothesis to be justifigdhat there is no major phase tran- Ty~e'mp~10"*GeV. (62)
sition significantly affecting the particle number weighting
factorg* characterizing the cosmological background in theAn essential ingredient of nucleosynthesis calculations is the
temperature range under consideration—so that it can beurrent expansion rate of the universe, as determined by the
taken to have the fixed valug’—the solution is conve- cosmological background density which, in the accepted
niently obtainable in the explicit form picture, was at that time still strongly radiation dominated, so

that it would have had an order of magnituglg given by

One of the most robust predictions of the standard cosmo-
gical model is the abundance of the light elements that
were fabricated during primordial nucleosynthesis that oc-
curred when the background temperature had a valye,
say, that is given roughly by the energy needed for tunneling
ythrough the Coulomb barrier between two protons, by

- m T {11(3-¢)
o L(_> (56) on=0*Th. (62
To | VorT, | My

In order to preserve this well-established picture, it is nec-

For the resulting distribution of vortons, typically having essary that the vorton distribution should satigly<pyn
the minimum size compatible with the criterid8) which ~ whenT~Ty, which for the case of carrier condensation in

gives the friction-dominated epoch is expressible as the condition
~m?2 SV*BTi
Ey=mid T &7 T <, (63
goMpmy Ty

the estimate$46) and(52) can be used in conjunction with N o o .
(56) to evaluate the formulé29) so that the mass density of ~ The condition of condensation in the friction-dominated

the vorton distribution is finally found to be given by regime will automatically be satisfied in the important case
for which the carrier condensation occurs immediately after

\Emp 2-e/(3=e) |1 | (Bi-e)/(3—¢) the string forming. phase transjtion itself, i.e., for which one

po~fv; g 7 T 78 hasT,~m,. In this casg63) gives
v I'm, m, 7
(58) grmpTy| Y2
ng(”—PN> ) (64)
ev,f

or equivalently

- el(3—) Substituting the expressidi61) for Ty into this, takingg?
\/imp) ~10? and assuming that the factas#,) and the drag factor

Py ~eg* v, 12

T3 * I'm, B are of the order of unity yields the inequality
T

X (—"

rnX

T,<e?(gimpm,)*?~10° GeV (65)

(3i—e)l(3—¢) mXTlT
( Mp )

(59
as the condition that must be satisfied by the formation tem-
For the strictly chiral case=1 this expression reduces to Perature ofcosmic strings in which a strictly chiral current
condenses immediatelsubject to the rather conservative as-
\/g—*m —el(3=e) [ 2 sumption that the resulting vortons last for at least a few
p_gwsg* V*FI/Z( L) (_U) (60)  Minutes. Itis to be observed that this condition is only mar-
T I'my Mp ginally more severe than what was obtained for the nonchiral
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generic cas¢5] and that while it rules out the formation of pc~10"°gmem 3 (68)
such strings during any conceivable GUT transition, it is
consistent by a wide margin with their formation at tempera{which is about % 10~*?% in dimensionless Planck unjts
tures close to that of the electroweak symmetry breakingextrapolating back, as a function of the cosmological tem-
transition. peratureT, this maximum cold dark matter contribution will

If instead of supposing that the current condensation wascale like the entropy density so that it will be given by the
immediate, we now suppose that the strings were formed aixpression
the GUT transition, i.e.m,~Tgur~10°GeV, but that the
condensation temperatufie, is very much lower than this, pe~g*m.T3, (69
then the analogous limit is obtained for a valueTof that
lies in the radiation-reaction-dominated range governed byvhere m; is a constant mass factor. Singg~1 at the
(60) so that as the analogue (63) we shall obtain present epoch, the required valuerof (which is roughly

interpretable as the critical mass per black body photam
( \Emp) el@me) be estimated as
ev, I Y 2 —

I“I—GUT

2

o

mpTy

)51. (66)
m.~10 ®mp~1eV. (70)

To find the highest temperature at which GUT strings can ) ] ) o )
become chirally conducting without violating the nucleosyn-  The constraint to which this dark matter limit leads is
thesis constraints, we now St equal toT gy in (63). Since ~ €Xpressible as
e is small compared to 3 its effect in the index can be ne-

glected. We thereby obtain Q,= %sl. (71)
—& —& ¢
TY2meTy\ [ TTayr| ¢ 7]
To= = ~10° GeV, In the case of vortons formed as a result of condensation
Elx Vg, Mp

during the friction damping regime, which {83) requires

(67)

where, in the last step, we have used the estimgfesI’
~10% and Tgur~10 3mp GeV, and have neglected the de-
pendence on the rather uncertain but supposedly order
unity quantities €v,) and B. This limit is considerably
lower (by a factor of the order of a thousarttian the analo- 3

gous limit[5] for the generic nonchiral case, and consistently 0 ~ v.fBT, (73)

BMpT =T, (72)

6lpe relevant estimate for the vortonic dark matter fraction is
obtainable from(41) as

with what was postulated in its derivation, it can be seen to ’ mpmemc’
be well within the radiation-reaction-dominated range.

The upshot is that subject again to the rather conservative In particular this formula applies to the casg~m, in
assumption that the resulting vortons survive until the timewhich the carrier condensation occurs very soon after the
of element formation, which occurs within only a few min- strings themselves are formed, for which one obtains
utes, a theory in which GUT cosmic strings become chirally

: o . . 1/2
conducting above f0GeV is inconsistent with the observa- MpM,
tional data. Toe=\ 5| ~ 10°GeV. (74)
V. THE DARK MATTER CONSTRAINT However, if we are concerned with the general category

of strings formed at the GUT level, then we shall be obliged

We now consider the rather stronger constraints that cag, consider the case of vortons formed as a result of conden-
be obtained if at least a substantial fraction of the vortons argation during the gravitational radiation damping regimes

sufficiently stable to last until the present epoch. On the basis

of the standardEinstein theory of gravity, it is generally T2
accepted that the virial equilibrium of galaxies and particu- T,< = (75
larly of clusters of galaxies requires the existence of a cos- Bmp

mological distribution of “dark” matter with density consid-
erably in excess of the baryonic matter that is directly
observed, mainly in the form of stars, with densipy
~10 3 gm/cn?. On the other hand, on the same basis, it is

for which by (60), the relevant estimate for the vortonic dark
matter fraction is obtained as

. . [* —&l(3~e¢) 2
also generally accepted that to be consistent with the forma- Q,~eg*v, T~ 12 9,Mp o (76)
tion of structures such as galaxies, starting from initially v * I'm, mpm,)

small inhomogeneities in an approximately homogeneous

background, it is necessary that the total amount of thiSettingT, equal toTgyt in this formula, and dropping the
“dark” matter should not greatly exceed the critical closure order of unity coefficients in view of the low indices in-
density, namely, volved, we obtain the corresponding limit as
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I Teur —el(3=¢)71/2 able decay modes as in the case of generic nonchiral Witten
~10°GeV, (77)  currents means that these strictly chiral vortons can be ex-
@mp pected to be very much more stable than most other kinds. It
- therefore seems highly plausible that they would survive not
where, as for the analogous nucleosynthesis li®m, the  arely 10 the time of nucleosynthesis but to the present cos-
last step ' based on use of the estimajps-I'~10" and mological epoch, which means that it is the rather severe
Teur~10""mp GeV, and on neglect of the dependence onjimits (74) and (77) that are relevant. In both of these cases
the rather uncertain but supposed order of unity quantiies the ypper limit for the energy of the chiral current forming
andv,). phase transitiofwhether the strings themselves were formed
in the same transition or much earlier at the GUT transjtion
VI. CONCLUSIONS is found to be of the order of 2@eV, which happens to be

In this paper we have constrained particle physics theorieSc o the upper limit of the range considered likely to char-

that give rise to chiral current-carrying strings. Such chiralacterlze the elgctroweak phase transition. . .
strings arise in a class of supersymmetric theories where the T_he precedlng concluspn hgs b.Oth hegative and positive
symmetry is broken with ® term. Our bounds apply to all ".“p".ca“on.s- On _the negative side it seems 1o exclude th_eo-
such theories, including those derived from superstring theg S 1N which chiral string currents are formed at energies
much larger than the electroweak level. On the positive side

ries. We have derived these bounds from cosmological con suggests that vortons supported by strictly chiral currents

siderations, requiring that the resulting stable loops, or VOrs ~t condensed durina. or iust above. the electroweak phase
tons, do not dominate the energy density of the universe. W ransition might concgivabjl form a :si nificant fractionpof
have considered two possibilities. Either the vortons live 9 y 9

only a few minutes, in which case we demanded that théhe dark matter in the universe. Such considerations could

universe be radiation dominated at the time of nucleosynthev—ve” be relevant to superstring theories with large extra di-

T,

MpM,

sis. If the vortons are stable enough to survive to the preseﬁpensmns.
;cll(ranrzéthen we demanded that they do not overclose the uni- ACKNOWLEDGMENTS
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