
PHYSICAL REVIEW D, VOLUME 63, 083512
Cosmic string induced sheetlike baryon inhomogeneities at the quark-hadron transition
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Cosmic strings moving through matter produce wakes where the density is higher than the background
density. We investigate the effects of such wakes occurring at the time of a first order quark-hadron transition
in the early universe and show that they can lead to a separation of the quark-gluon plasma phase in the wake
region, while the region outside the wake converts to the hadronic phase. Moving interfaces then trap large
baryon densities in sheetlike regions which can extend across the entire horizon. A typical separation between
such sheets, at formation, is of the order of 1 km. Regions of baryon inhomogeneity of this nature, i.e., having
a planar geometry and separated by such large distance scales, appear to be well suited for recent models of
inhomogeneous nucleosynthesis to reconcile the large baryon to photon ratio implied by the recent measure-
ments of the cosmic microwave background power spectrum.
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I. INTRODUCTION

The generation of baryon inhomogeneities during
quark-hadron transition is an important issue due to its c
sequences for nucleosynthesis and the possibility of crea
compact baryon rich objects@1#. Recently, there has bee
renewed interest in the investigation of nucleosynthesis
the presence of baryon number inhomogeneities, the
called inhomogeneous big bang nucleosynthesis~IBBN!
@2,3#. This originates from recent measurements of the an
lar power spectrum of the cosmic microwave backgrou
radiation~CMBR! by the BOOMERANG and MAXIMA ex-
periments@4#, which lead to a value of baryon density
critical density ratioVb which is larger than the value a
lowed by conventional models of homogeneous nucleos
thesis. Earlier, there were numerous investigations of the
ture of baryon inhomogeneities generated during a first o
quark-hadron phase transition@5# and its effects on the abun
dances of various elements@6#. In these investigations
baryon inhomogeneities arise due to moving bubble wall
the transition, with baryons getting concentrated in the
maining localized quark-gluon plasma~QGP! regions. A
typical separationl inhm between such localized baryon
lumps is of the order of separation between the nuclea
sites of the hadronic bubbles, which is at most of the orde
a few cm at the end of the quark-hadron transition for hom
geneous nucleation@5,7#. In order that these baryonic lump
survive various dissipative processes, such as baryon d
sion, neutrino inflation, etc., up to the time of nucleosynth
sis, the required separation of these lumps is of the orde
a few meters@5#.

There have been some attempts to get a larger separ
between baryon inhomogeneity regions,l inhm , by deviating
from the homogeneous nucleation theory. Christiansen
Madsen have argued@7# that sufficiently large values ofl inhm
can arise in the presence of impurities due to heterogen
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nucleation of hadronic bubbles. It is mentioned in Ref.@7#
that possible sources of such impurities could be primord
black holes, cosmic strings, magnetic monopoles, or r
fluctuations from the electroweak scale. Hadronic bubb
are expected to nucleate at these impurities with enhan
rates, leading to a separation between baryon rich reg
being of the order of typical separation between impuriti
Recently, Ignatius and Schwarz have proposed@8# that the
presence of density fluctuations~which could arise at the
time of inflation! at the quark-hadron transition will lead to
splitting of the region in hot and cold regions with cold r
gions converting to the hadronic phase first. Baryons w
then get trapped in the~initially ! hotter regions. Estimates o
the sizes and separations of such density fluctuations w
made in Ref. @8# using Cosmic Background Explore
~COBE! measurements of the temperature fluctuations in
cosmic microwave background radiation arising from t
density fluctuations responsible for the structure formation
the universe. It was argued in Ref.@8# that it is possible to
get l inhm as large as a few meters.

There are many possible sources of density fluctuation
the early universe, inflation being one such possibility. C
mic defects~strings, monopoles, textures! also lead to den-
sity fluctuations in the universe. There has been exten
study of the density fluctuations generated by cosmic stri
from the point of view of structure formation@9#. In this
paper we study the influence of density fluctuations produ
by cosmic strings on the dynamics of the quark-hadron tr
sition. Though recent measurements of temperature aniso
pies in the microwave background by BOOMERANG a
MAXIMA experiments @4# at angular scales ofl .200 dis-
favor models of structure formation based exclusively
cosmic strings@10,11#, still, as a result of many uncertaintie
in the scaling models of cosmic string network evolutio
one cannot rule them out as candidates of the sources o
required density fluctuations. Some feature of the evolv
string network, which is capable of introducing superhoriz
string correlations, may be able to make these models c
patible with recent observations. Further, even with
present models, it is not ruled out that cosmic strings m
contribute to some part in the structure formation in the u
©2001 The American Physical Society12-1
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verse. Above all, cosmic strings generically arise in ma
grand unified theory~GUT! models. If the GUT scale is
somewhat lower than 1016 GeV, then the resulting cosmi
strings will not be relevant for structure formation, but th
will still affect various stages of the evolution of the univer
in important ways.~For a discussion of these issues, s
@11#.! It is in this spirit that we undertake a study of th
effects of cosmic strings on the quark-hadron phase tra
tion.

We will show that very interesting effects can arise due
cosmic strings, such as the generation of sheetlike bary
inhomogeneities spreading across the horizon. The typ
separation between such sheets will be of the order of 1
at the quark-hadron transition stage.~For simplicity we do
not consider here the effects of density fluctuations due
oscillating string loops. These will give rise to localized r
gions of baryon inhomogeneity.! There is no other mode
known which can lead to such large values of separati
between baryon inhomogeneity regions. Such inhomoge
ities will have important effects on the nucleosynthesis. O
could also reverse the argument and study the constraint
various cosmic string parameters which will arise from va
ous elemental abundances from inhomogeneous nucleo
thesis in such a model.

As we mentioned above, a reconsideration of the mod
of IBBN is well motivated at the present stage due to rec
measurements of the angular power spectrum of the CM
@4#. These results imply a value ofVb which is larger than
that allowed by conventional homogeneous nucleosynthe
In this context we mention that a recent analysis by Kur
Suonio and Sihvola@2# shows that the results of IBBN ma
be ~marginally! compatible with this large value ofVb as
required by recent CMBR measurements@4#. However, as
pointed out in Ref.@2#, this agreement can be achieved on
if regions of baryon inhomogeneity are separated by a
tance scale of about 35–70 km~at T51 MeV! and if these
regions have a more planar structure with high surface
volume ratio. It is intriguing that the baryon inhomogeneiti
generated by cosmic strings in our model satisfy both th
criteria. These are clearly planar structures. Further, the
tance between these sheets at the quark-hadron transitio
ing of the order of 1 km~or somewhat smaller! will translate
to about a 100 km distance scale atT51 MeV.

II. COSMIC STRING WAKES IN A RELATIVISTIC FLUID

We first briefly review the structure of density fluctuatio
produced by a cosmic string moving through a relativis
fluid. The space-time around a straight cosmic string~along
the z axis! is given by the following metric@12#:

ds25dt22dz22dr22~124Gm!2r 2 df2, ~1!

wherem is the string tension. This metric describes a coni
space, with a deficit angle of 8pGm. This metric can be pu
in the form of the Minkowski metric by defining the ang
f85(124Gm)f. However, nowf8 varies between 0 and
(124Gm)2p; that is, a wedge of opening angle 8pGm is
removed from the Minkowski space, with the two boundar
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of the wedge being identified. It is well known that in th
space-time, two geodesics going along opposite sides of
string bend towards each other@13#. This results in binary
images of distant objects, and can lead to planar density fl
tuations. These wakes arise as the string moves through
background medium, giving rise to a velocity impulse for t
particles in the direction of the surface swept by the mov
string. For collisionless cold dark matter particles the res
ing velocity impulse is@14#, v impls.4pGmvstgst ~wherevst
is the transverse velocity of the string!. This leads to a
wedgelike region of overdensity, with the wedge angle be
of the order of the deficit angle, i.e., 8pGm (;1025 for
GUT strings!. The density fluctuation in the wake is of orde
1. The subsequent growth of this wake by gravitational
stability has been analyzed in great detail in the literat
@14#.

The structure of this wake is easy to see for collisionle
particles ~whether nonrelativistic or relativistic!. Each par-
ticle trajectory passing by the string bends by an angle of
order of 4pGm towards the string. In the string rest fram
take the string to be at the origin, aligned along thez axis,
such that the particles are moving along the2x axis. Then it
is easy to see that particles coming from positivex axis in the
upper~lower! half plane will all be above~below! the line,
making an angle74pGm from the negativex axis. This
implies that the particles will overlap in the wedge of ang
8pGm behind the string, leading to a wake with dens
twice the background density. One thus expects a wake w
half angleuw and an overdensitydr/r where@14#

uw;4pGm,
dr

r
;1. ~2!

However, our interest is in the density fluctuations gen
ated by the strings at the quark-hadron transition in the e
universe. At that stage, it is not proper to take matter
consisting of collisionless particles. A suitable description
matter at that stage is in terms of a relativistic fluid which w
will take to be an ideal fluid consisting of elementary pa
ticles in the QGP phase and consisting of hadrons in
hadronic phase. The generation of density fluctuations du
a cosmic string moving through a relativistic fluid has be
analyzed in the literature@15–17#. The study in Ref.@15#
focused on the properties of shock formed due to supers
motion of the string through the fluid. In the weak sho
approximation, one finds a wake of overdensity behind
string. In this treatment one cannot get very strong sho
with large overdensities. In Refs.@16,17#, a general relativ-
istic treatment of the shock was given which is also app
cable for ultrarelativistic string velocities. The treatment
Ref. @17# is more complete in the sense that the equations
motion of a relativistic fluid are solved in the string spac
time @Eq. ~1!#, and both subsonic and supersonic flows a
analyzed. One finds that for supersonic flow, a shock de
ops behind the string, just as in the study of Refs.@15,16#. In
the treatment of Ref.@17# one recovers the usual wake stru
ture of overdensity~with the wake angle being of the orde
Gm) as the string approaches ultrarelativistic velocities. A
2-2
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COSMIC STRING INDUCED SHEETLIKE BARYON . . . PHYSICAL REVIEW D63 083512
the overdensity becomes of order 1 in this regime. F
smaller string velocities, the results of@15# and @16,17# are
roughly in agreement.

In the following we will reproduce some of the releva
results from these papers. It is not expected that the st
will move with ultrarelativistic velocities in the early uni
verse. Various simulations have shown that the rms velo
of string segments is about 0.6@18# for which the shock will
be weak. In this situation, any of the approaches of R
@15–17# can be followed. We will briefly discuss the prop
erties of shock, along the lines of discussion in Ref.@15#. We
will also reproduce some relevant results from Ref.@17#.
These two sets of results will span the range of various
rameters of interest for us.

The basic idea in the study of Ref.@15# is that the situa-
tion of a string moving through the fluid is the same as
situation when the fluid flows past a wedge with the wed
angle being the same as the deficit angle associated with
cosmic string. If the string velocity exceeds the sound sp
in the fluid, then one gets shock waves. The properties of
shock can be determined following the standard treatmen
shocks@19#.

Figure 1 shows the two-dimensional spatial slice, with
string being perpendicular to the plane and located at
point markedO. The direction of fluid flow is shown by
arrows. The dark shaded region denotes the region of
shock with overdensity. The fluid region in the front of th
shock has background energy density. The wedge with w
interior denotes the deficit space, with the upper edge id
tified with the lower edge. As a result of the reflection sy
metry of the problem and of identification of the upper a
lower wedge boundaries, it is easy to see@15# that the direc-
tion of flow must be parallel to the upper and lower wed
boundaries, respectively~forming the deficit region!. The
situation is thus indistinguishable from the situation of flu
flow past a wedge with the wedge angle being the sam
the deficit angle, i.e., 8pGm. We will denote the fluid vari-
ables in front of the shock and in the back of the shock
using the subscripts 1 and 2, respectively.

The energy-momentum tensor of the fluid is taken to be
the perfect fluid form

FIG. 1. Fluid flow past the cosmic string. The dark shaded
gion denotes the region of the shock with overdensity. The fl
region in the front of the shock has background energy density.
wedge with white interior denotes the deficit space, with the up
edge identified with the lower edge. Arrows denote the direction
fluid flow.
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Tmn5wumun1phmn. ~3!

Herew5r1p, andr andp are energy density and pres
sure, respectively.m,n50,1,2,3. Note that we use the fla
metrichmn here as the problem of conical space-time is n
mapped to that of fluid flow past a wedge in the Minkows
space-time.

Certain continuity conditions must be satisfied at the s
face of the shock. These are@19#

T1
0n5T2

0n , T1
nn5T2

nn. ~4!

Here the superscriptn denotes the direction normal to th
shock surface and subscripts 1 and 2 denote preshock
postshock regions. These conditions give@using Eq.~3!#

g1n
2 ~r11p1!v1n5g2n

2 ~r21p2!v2n , ~5!

g1n
2 ~r1v1n

2 1p1!5g2n
2 ~r2v2n

2 1p2!. ~6!

Here g1n51/A12v1n
2 is the relativisticg factor corre-

sponding to velocityv1n ~similarly for g2n). In the rest frame
of the shock surface, we have

v1n5v f sin~u14pGm!, v2n5v2 sin~u!. ~7!

Herev f is the velocity of the fluid in the cosmic string re
frame in region 1. Thus,v f is the string velocityvstring in the
background plasma rest frame. Now, in addition to the c
tinuity conditions in Eqs.~5!,~6!, we also require continuity
of the component of velocity parallel to the shock. That i

v2 cos~u!5v1 cos~u14pGm!. ~8!

By writing the overdensityDr5r22r1 and overpressure
Dp5p22p1 ~and using theGm!1), one can determine
various properties of the shock using the above set of eq
tions. We get

dr

r1

.
16pGmv f

2

3Av f
22vs

2
, sinu.

vs

v f

. ~9!

For the first equation above we have usedp15r1/3 ap-
propriate for a relativistic ideal fluid. For the second equat
we have usedDp/Dr5vs

2 wherevs51/A3 is the isentropic
sound speed.~To show that the shock is isentropic, on
needs to consider an additional continuity condition for p
ticle number; see@15,19#.!

Equation~9! contains all the relevant information for th
overdense region behind the string. The regime of validity
these equations isDr/r,Dp/p!1. For the ultrarelativistic
case, we use the expressions from Ref.@17#. These are ex-
pressed in terms of fluid and sound four-velocities~in weak
shock limit!:

dr

r1

.
16pGmuf

2~11us
2!

3usAuf
22us

2
, sinu.

us

uf

, ~10!
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BISWANATH LAYEK, SOMA SANYAL, AND AJIT M. SRIVASTAVA PHYSICAL REVIEW D 63 083512
whereuf5v f /A12v f
2 and us5vs /A12vs

2. We see that in
the nonrelativistic regime Eqs.~9! and ~10! give roughly
similar results. However, in the ultrarelativistic regime t
shock properties obtained from these two sets of equat
are very different~still within the regime of validity of the
two treatments!. The parameters of relevance for us areu
and dr/r. In Fig. 2 we have given plots of the values
these as obtained by the above two sets of equations. A
are interested in temperatures close toTc , in a close enough
neighborhood ofTc , the speed of sound becomes very sm
@20#. Thus, in Fig. 2 we give plots for the value of the spe
of soundvs51/A3 ~shown by thick curves!, as well asvs
50.1 ~thin curves! @20#.

When the string velocity is ultrarelativistic, then one c
get strong overdensities~of order 1! and the angle of the
wake approaches the deficit angle.8pGm. For string ve-
locities in the range of 0.6–0.9 the predictions of the two s
are roughly similar~within a factor of order 1!. We will use
a sample value corresponding to a string velocity of 0.9
which we take

uw.20°, dr/r.331025. ~11!

These values correspond to those obtained from Eq.~10!
for vs51/A3. As mentioned earlier, the overdensities e
pected of collisionless matter are of order 1, with the wa
angle being of order of the deficit angle@as given in Eq.~2!#.
This is what one also gets from the treatment in@17# for
ultrarelativistic string velocities. Thus we will also consid
this set of values. With this, we are now set to get back
our problem of understanding the effects of these den
fluctuations on the quark-hadron transition in the univers

FIG. 2. Plots ofu ~in degrees! and dr/r for a range of string
velocities as obtained from Eqs.~9! ~solid curves! and Eqs.~10!
~dashed curves!. Thick curves denote the values corresponding
vs51/A3, while thin curves correspond tovs50.1.
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III. EFFECT OF STRING WAKES ON THE QUARK-
HADRON TRANSITION

In the conventional picture of the quark-hadron transitio
the transition proceeds as follows@1#. As the universe cools
below the critical temperatureTc of the transition, hadronic
bubbles of size larger than a certain critical size can nucle
in the QGP background. These bubbles will then grow, c
lesce, and eventually convert the QGP phase to the hadr
phase. The details of this transition lead to an interesting
complex picture@1,20–23,7,8#. Very close toTc the critical
size of the bubbles is too large, and their nucleation rate
small, to be relevant for the transition. The universe m
supercool down to a temperatureTsc when the nucleation
rate becomes significant. The actual duration of supercoo
depends on various parameters such as the values of the
face tensions and the latent heatL. We take the values o
these parameters as in Ref.@8# ~motivated by lattice simula-
tions@24#!, s50.015Tc

3 andL.3T c
4 . With these values, one

can estimate the amount of supercooling to be@8,22# ~we
takeTc5150 MeV!,

DTsc[12
Tsc

Tc
.1024. ~12!

As the universe cools belowTsc , bubbles keep getting
nucleated and keep expanding. This nucleation proces
very rapid and lasts only for a temperature range ofDTn
.1026, for a time duration of the order ofDtn.1025tH (tH
is the Hubble time! @23,8#. The latent heat released in th
process of bubble expansion reheats the universe. Eve
ally, the universe is reheated enough so that no further nu
ation can take place. Further conversion of the QGP phas
the hadronic phase happens only by expansion of the bub
which have been already nucleated. Even this expansio
controlled by how the latent heat is dissipated away from
bubble walls. Essentially, the universe cools a little bit,
lowing bubbles to expand and release more latent heat. A
the phase of rapid bubble nucleation, the universe enters
a slow combustion phase@1#. As we will show below, the
picture of this slow combustion phase is very different in o
model. Here, in the wake region of the cosmic string, t
conversion of the QGP phase to the hadronic phase proc
by moving macroscopic planar boundaries. First, let us re
@21# the estimate of duration of this slow combustion pha

Energy density, entropy density, and pressure (rq ,sq ,pq)
in the QGP phase and (rh ,sh ,ph) in the hadronic phase ar

rq5gqaT 41B, sq5
4

3
gqaT3, pq5

gq

3
aT 42B,

~13!

rh5ghaT 4, sh5
4

3
ghaT3, ph5

gh

3
aT 4. ~14!

Heregq.51 andgh.17 are the degrees of freedom re
evant for the two phases, respectively~taking two massless
quark flavors in the QGP phase and counting other li
2-4
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COSMIC STRING INDUCED SHEETLIKE BARYON . . . PHYSICAL REVIEW D63 083512
particles! @21#. At the transition temperature, we must ha
pq5ph which relatesTc and the bag constantB:

B5
1

3
aTc

4~gq2gh!. ~15!

For the transition occurring at the temperatureT.Tc , the
latent heat isL5Tc(sq2sh)54B. For the time evolution of
the scale factorR of the universe, Einstein’s equations giv

Ṙ~ t !

R~ t !
5A8pGr~ t !

3
5AAr

B
, ~16!

whereA21 gives the typical time scale at the quark-hadr
transition. ForTc5150 MeV, A21.64 msec. Now, conser-
vation of the energy-momentum tensor gives

R~ t !3
dp~ t !

dt
5

d

dt
$R~ t !3@r~ t !1p~ t !#%. ~17!

For the mixed phase, we write the average value of
energy density asr5 f rq1(12 f )rh , wheref is the fraction
of volume in the QGP phase. Now, during the transitionT
andp are approximately constant. Thus Eq.~17! gives

Ṙ

R
5

2@ ḟ ~sq2sh!

3@ f ~sq2sh!1sh#
. ~18!

From Eqs.~16!,~18!, we can write down the evolution
equation for the fractionf:

ḟ 1
A

~x21! F4 f 1
3

x21G1/2

$3 f ~x21!13%50, ~19!

where we have definedx5gq /gh.3. From this equation
one can estimate the total duration of the quark-hadron t
sition Dt trnsn , that is, the time in which the fractionf de-
creases from the initial value 1~QGP phase! to a final value
0 ~hadronic phase!. We find that Dt trnsn.14 msec @21#.
Compared to this the Hubble scale at the time whenT5Tc is
tH.50 msec.

Let us now see how density fluctuations in the sho
created by cosmic strings affect the dynamics of the qua
hadron transition. We first take the parameters of the den
fluctuations as given in Eq.~11!. The density fluctuation
dr/r.331025 translates to a temperature fluctuation of t
order of DTwake[dT/T.1025. We note that this tempera
ture fluctuation is larger thanDTn.1026. This means that
the nucleation of hadronic bubbles will get completed in
QGP region outside the wake of the string, while no nuc
ation can take place in the wake region during that sta
SinceDTsc is of similar order asDTwake, one can conclude
that the outside region will enter a slow combustion ph
before any bubbles can nucleate in the region of overden
in the wake. For this it is required that the overdensity in
wake should not decrease at the time scale ofDtn
.1025tH . The typical average thickness of the overden
region in the shockdshk will be ~for a wake extending acros
the horizon!
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dshk.sinur H.5 km. ~20!

A density fluctuation of this length scale~which is smaller
than the horizon size! primarily propagates as a plane wav
~though, sincedshk is not too small compared tor h , the
evolution of this overdense region will have two modes, o
propagating like plane wave and the other growing asR2

@25#!. The typical time scale for the evolution of the ove
density in this region,tshk, will be governed by the sound
velocity vs which becomes very small close to the transiti
temperature@8,20#. Takingvs.0.1 we get

tshk.
dshk

vs
.tH . ~21!

Thus the density~and hence temperature! evolution in the
shock region happens on a time scale which is too la
compared toDtn . It is also larger~by a factor of about 4!
thanDt trnsn during which the quark phase is completely co
verted to the hadronic phase in the region outside the wa
We mention that in our picture, we consider the time wh
the universe has just started going through the quark-had
transition, and we focus on a region in which a wake
density fluctuation of the size of the order ofr H has been
created by the moving string. Essentially the region of stu
for us is the horizon volume from which the string is ju
exiting at the time when the universe temperatureT5Tsc .
The formation of most of the region of shock thus happe
when the temperature is still large enough compared toTc so
that the speed of sound is close to the value 1/A3. However,
some portion of the wake will certainly form when the tem
perature is close enough toTc that the relevant sound spee
is small, say,vs.0.1. At that stage the parameters of t
shock will be determined by the plots shown by thin curv
in Fig. 2. The extent of the overdense region will be go
erned by the time scaletshk. Thus, if tshk is much smaller
than tH , then the wake will not extend across the horizon

The precise time durationDt lag by which the process o
bubble nucleation in the shock region lags behind that in
region outside the wake is given by@8,23#

Dt lag.
DTwaketH

3vs
2

.1025tH , ~22!

with vs51/A3. Here Dt lag will be larger if we takevs
50.1, andDt lag is the extra time in which the temperature
the wake decreases toTsc compared to the time when th
temperature drops toT5Tsc in the region outside the wake
SinceDt lag is of same order asDtn , we conclude that the
region outside the wake enters the slow combustion ph
before any bubbles can nucleate in the wake region. It is t
reasonable to conclude that the latent heat released in
region outside the wake will suppress any bubble nuclea
in the wake especially near the boundaries of the wake. If
heat propagates to the interior of the wake, then bubble s
pression may extend to the interior of the wake also, imp
ing that there will simply be no bubbles in the entire wa
region. In that case, hadronic bubbles which have b
nucleated outside the wake will all coalesce and convert
2-5
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entire outside region to the hadronic phase~with occasional
QGP localized regions embedded in it!. This hadronic region
will be separated from the QGP region inside the wake
the interfaces at the boundaries of the wake, as shown in
3~a!.

Further completion of the phase transition will happ
when these interfaces move inward from the wake bou
aries. Clearly, these moving, macroscopic interfaces will t
most of the baryon number in the entire region of the wa
~and some neighborhood! towards the inner region of th
wake. Finally the interfaces will merge, completing t
phase transition and leading to a sheet of very large bar
number density, extending across the horizon. Actual va
of baryon density in these sheets will depend on what fr
tion of baryon number is trapped in the QGP phase by m
ing interfaces. It is possible that a large fraction of the to
baryon number in the wake region may get trapped in th
sheets, resulting in sheets of extremely high baryon dens
@5#. The baryon number density on the sheet may vary b
factor of 2, from one end of the sheet to the other end, si
the shock region has the form of a wedge~though the portion
of the shock region formed later may have different para
eters as compared to the portion formed in the beginning
to different sound speeds!.

The second possibility is that bubble nucleation is n
entirely suppressed near the center of the shock reg
While the region outside the wake converts to the hadro
phase, the same may happen at the center of the wak
well. In that case the hadronic phase will spread from ins
the wake at the same time when the hadronic phase is m
ing in from outside the wake through the wake bounda
These two sets of interfaces will then lead to a concentra
of baryon number in two different sheetlike regions, with t
separation between the two sheets being of the order of 1
or so. This type of evolution is shown in Fig. 3~b!. @Note,
from Eq. ~19! that the total time duration of the transitio
still remains the same, irrespective of the fact that now
transition is happening by moving planar boundaries, rat
than by expansion of bubbles.# The final result is that string

FIG. 3. These figures show portions of the overdense sh
region.Q andH denote QGP and hadronic phases, respectively,
solid lines denote the interfaces separating the two phases.~a! Situ-
ation when no hadronic bubbles nucleate inside the overdense
region. ~b! If hadronic bubbles can nucleate in the inner region
the wake also, then there will be two sets of interfaces trapp
QGP regions in two separate sheets. Shaded regions, markedB,
denote the sheetlike baryon inhomogeneities expected in the
cases.
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induced shocks will lead to either a single sheet of h
baryon concentration spreading across the horizon or a
of sheets again spreading across the horizon.

The typical separation between such structures will
governed by the number of long strings in a given horizo
which is expected to be about 15~from numerical simula-
tions @26#!. Thus these sheets~or pairs of sheets! will be
separated by a typical distance of the order of 1 km which
far too large compared to any other relevant scale at that t
which could dissipate such inhomogeneities@5#. These struc-
tures will then certainly survive until the time of nucleosy
thesis and will affect the abundances of elements@5,6#. We
mention here that we are not considering the effect of den
fluctuations produced by string loops. These will also lead
baryon number inhomogeneities via the effects discus
here. However, these structures will be on a more locali
scale. It is more complicated to calculate the effects of d
sity fluctuations by oscillating loops~especially when time
scales are of crucial importance!. Still, a more complete in-
vestigation of the effects of cosmic strings on the qua
hadron transition should include this contribution also.

We now discuss the situation if the shock behind t
string is strong. In that situation one expects a wake of op
ing angle of about 1025 with overdensities of order 1. Thes
overdensities will lead to temperature fluctuations of orde
behind the string. This temperature fluctuation is far t
large compared to the temperature interval of bubble nu
ation DTn , or evenDTsc . In such a situation, even if the
transition to the hadronic phase has been~just! completed, as
the string moves through the hot hadronic medium, the ov
density in the wake will force the temperature in the wa
region to rise aboveTc , forcing that region to convert to the
QGP phase. The evolution of this region will be complicat
due to the tension of the interfaces at the boundaries of
region. ~Otherwise an overdensity of wavelengths mu
smaller than the horizon simply propagates as plane wav!
If we assume that the region primarily cools due to the u
verse expansion, then a wake of the QGP region extend
across the horizon will form before the interfaces close
and convert this temporary QGP phase back to the hadr
phase. The end result will again be a sheet of large bar
density spreading across the horizon.@In this case, the sepa
ration between the two sheets for the case of Fig. 3~b! will be
of the order of a few cm, as the average thickness of
wake is about 0.531025315 km.8 cm. Thus, by the time
of nucleosynthesis, effectively only one sheet may survi
Also, as a result of a smaller wake thickness, the bar
density on these sheets in this case will be smaller.# If the
region cools at a faster rate, then the sheets will be o
smaller length.

IV. CONCLUSION

We conclude by reemphasizing that cosmic string defe
are generic in GUT models, irrespective of their role in stru
ture formation, and it is important to study how they c
affect the dynamics of the universe. The dynamics of ph
transitions, especially for a first order transition, can be
tremely sensitive to temperature variations. Density fluct
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tions, and hence temperature fluctuations, produced du
cosmic strings, even if they are of small magnitude, can
fect the phase transition dynamics in crucial ways. In t
paper we have shown that the presence of cosmic strings
dramatically alter the dynamics of a first order quark-had
transition leading to horizon size sheets or pairs of she
with large baryon number densities. These will have stro
effects on the abundances of elements as calculated du
the epoch of nucleosynthesis. This becomes importan
view of the recent measurements of the angular power s
trum of the CMBR @4# which imply a large value ofVb
which is not compatible with calculations of convention
homogeneous nucleosynthesis. Our model leads to a
specific structure of baryon inhomogeneities. These are
nar structure~with large surface to volume ratio!, and are
separated by a distance scale of about 1 km at the qu
hadron transition~which translates to a distance scale
about 100 km whenT51 MeV!. Baryon inhomogeneities o
this nature seem to be what is required to make the resul
IBBN ~marginally! compatible with the large value ofVb
v.

v.
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required by recent CMBR measurements@4#.
Observations of these abundances may also be use

constrain the cosmic string parameters as well as the mo
of cosmic string network evolution. Since the baryon numb
density in these sheets will be very large, it will be intere
ing to check whether such sheetlike regions can survive u
the present stage. Finally, we mention that the effects
scribed here can lead to interesting consequences for e
troweak~EW! phase transitions. For example, just after t
EW transition, EW symmetry may get restored in the ov
dense wake region behind the cosmic string. For a str
shock, that region may cool rapidly, breaking the EW sy
metry spontaneously and generating baryon number in
process~even for a second order EW phase transition!. We
will discuss this in a future work.
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