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We have earlier shown that cosmic strings moving through the plasma at the time of a first order quark-
hadron transition in the early universe can generate large scale baryon inhomogeneities. In this paper, we
calculate detailed structure of these inhomogeneities at the quark-hadron transition. Our calculations show that
the inhomogeneities generated by cosmic string wakes can strongly affect nucleosynthesis calculations. A
comparison with observational data suggests that such baryon inhomogeneities should not have existed at the
nucleosynthesis epoch. If this disagreement holds with more accurate observations, then it will lead to the
conclusions that cosmic string formation scales aboVé-1@> GeV may not be consistent with nucleosyn-
thesis and CMBR observations. Alternatively, some other input in our calculation should be constrained, for
example, if the average string velocity remains sufficiently small so that significant density perturbations are
never produced at the QCD scale, or if strings move ultrarelativistically so that string wakes are very thin,
trapping negligible amount of baryons. Finally, if the quark-hadron transition is not of first order then our
calculations do not apply.
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I. INTRODUCTION formation of structure we see todayhen the resulting tem-
perature fluctuations, even if they are of a small magnitude,
Recent measurements of the cosmic microwave backsan affect the dynamics of a first order phase transition in
ground radiatiolCMBR) anisotropy have reached a suffi- crucial ways. There have been many discussions of the ef-
ciently high level of precision that stringent bounds can befects of inhomogeneities on the dynamics of a first order
put on various cosmological parameters such as the barydiHark-hadron transition in the univerfe,7]. For example,
to entropy ratioz. It is certainly quite remarkable that the Christiansen and Madsen have discusiiicheterogeneous
calculations of standard big-bang nucleosynthéSBBN) nucleatl_on of hadronic bubbles due to presence of impurities.
are reasonably consistent with these stringent bounds, on Hadronic bubbles are expected to nucleate at these impurities

though several modifications to SBBN are still being consid—Wlth enhanced rates. Recently, Ignatius and Schwarz have

ered to better account for the abundances of light elememgrpposec{?] Fhat t.he presence of density fl'u.ctuat|lc(|tlsose
RSN X . . -arising from inflation at quark-hadron transition will lead to
One such possibility discussed extensively in the literature is__.... S ) .
£s§alltt|ng of the region in hot and cold regions with cold re-

tTE?Blflo 1czazlledh mhomolgeneouhs p'g Il()angl nuc!eoiynthe5| ions converting to hadronic phase first. Baryons will then
( ) [1,2] where nucleosynthesis takes place in the pres; et trapped in thé@nitially) hotter regions. Estimates of sizes

ence of baryon number inhomogeneities. Various model§q separations of such density fluctuations were made in
have been worked out where inhomogeneities of a particulages [7] using Cosmic Background ExploréEOBE) mea-
shape and size are taken and their effects on nucleosynthegjgrements of the temperature fluctuations in CMBR. In Ref.
are calculated. Different values of the light elemental abun[5]' we considered the effect of cosmic string induced den-
dances are calculated and compared with the observed valuggy fluctuations on quark-hadron transition and showed that
[2]. These calculations are supplemented with the investiggt can lead to formation of extended planar regions of baryon
tions of baryon inhomogeneity generation during a first ordeinhomogeneity.
guark-hadron phase transiti¢8,4]. Though, it is fair to say We mention here again, as discussed in R&f.that there
that current observations do not support any strong deviatiohas been extensive study of density fluctuations generated by
from the SBBN calculations. Calculations of IBBN, such ascosmic strings from the point of view of structure formation
those in Refs[1,2], therefore, can be used to constrain the[8], and it is reasonably clear that recent measurements of
presence of baryon fluctuations in the early universe. temperature anisotropies in the microwave background by
In a previous papel5], we showed that baryon inhomo- BOOMERANG, and MAXIMA experimentg§9] at angular
geneities on large scales will be generated by cosmic stringcales of ¢ =200 disfavor models of structure formation
wakes during the quark-hadron transition. This arises due thased exclusively on cosmic strinff0,11]. However, even
the fact that when there are density fluctuations present in th@ith present models of cosmic string network evolution, it is
universe (for example, those which eventually lead to the not ruled out that cosmic strings may contribute to some part
in the structure formation in the universe. Further, cosmic
strings generically arise in many grand unified the@yT)
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[11]). However, they may still affect various stages of thefluctuations. These wakes arise as the string moves through
evolution of the universe in important ways. Our study inthe background medium, giving rise to velocity impulse for
Ref.[5] (see, also Ref.12]), and the present study are mo- the particles in the direction of the surface swept by the
tivated from this point of view. moving string. For collisionless particles the resulting veloc-

In this paper we determine the detailed structure of théty impulse is[8,15], vimpis=47Guv sy (Wherevg, is the
baryon inhomogeneities created by the cosmic string wakesansverse velocity of the stringThis leads to a wedge like
[5]. We find that the magnitude and length scale of theseegion of overdensity, with the wedge angle being of order of
inhomogeneities are such that they should survive until thehe deficit angle, i.e., 8Gu (~10 ° for 10 GeV GUT
stage of nucleosynthesis, affecting the calculations of aburstringg. The density fluctuation in the wake is of order one.
dances of light elements. A comparison with observational The structure of this wake is easy to see for collisionless
data suggests that such baryon inhomogeneities should nparticles(whether non-relativistic, or relativisticEach par-
have existed at the nucleosynthesis epoch. If this disagredicle trajectory passing by the string bends by an angle of
ment holds with more accurate observations then it will leacbrder 47Gu towards the string. In the string rest frame, take
to the conclusion that cosmic string formation scales abovéhe string to be at the origin, aligned along thaxis, such
10“-10" GeV may not be consistent with nucleosynthesisthat the particles are moving along thex axis. Then it is
and CMBR observations. Alternatively, some other input ineasy to see that particles coming from positivaxis in the
our calculation should be constrained, for example, if theupper(lower) half plane will all be abovebelow) the line
average string velocity remains sufficiently small so that sigimaking an angle~47Gu from the negativex axis. This
nificant density perturbations are never produced at the QClimplies that the particles will overlap in the wedge of angle
scale, or if strings move ultrarelativistically so that string 87Gu behind the string leading to a wake with density
wakes are very thin, trapping negligible amount of baryonstwice of the background density. One thus expects a wake
Of course entire discussion of this paper is applicable onlyyith half angleé,, and an overdensitgp/p where[8,15]
when quark-hadron transition is of first order.

The paper is organized in the following manner. In Sec. Il, s
we briefly discuss the nature of density fluctuations as ex- 0, ~4mGu, _pwl_ 2)
pected from cosmic strings moving through a relativistic P
fluid. In Sec. lll we discuss the dynamics of quark-hadron
transition in the presence of string wakes, and discuss how pgwever, the case of relevance for us is cosmic strings
baryons are concentrated in sheet like regions inside thesgoying through a relativistic plasma of elementary particles
wakes. Section IV discusses the results of our calculationg; temperatures of order 100 MeV. At that stage, it is not
where we present the detailed structure of the baryon inhGsroper to take the matter as consisting of collisionless par-
mogeneities. In Sec. V we discuss the effects, these barygfyles, A suitable description of matter at that stage is in
inhomogeneities surviving until the nucleosynthesis stageerms of a relativistic fluid which we will take to be an ideal
can have on the abundances of light elements, and discuggid consisting of elementary particles. Generation of den-

the constraints on the cosmic string models arising from obg;jty flyctuations due to a cosmic string moving through a
servations of various abundances. Conclusions are presem?éfétivistic fluid has been analyzed in the literat{t6—1§.

in Sec. VI. The study in Ref[16] focused on the properties of shock
formed due to supersonic motion of the string through the
Il. DENSITY FLUCTUATIONS ARISING fluid. In the weak shock approximation, one finds a wake of
DUE TO STRAIGHT COSMIC STRINGS overdensity behind the string. In this treatment one can not

) ) ) ] _get very strong shocks with large overdensities. In Refs.
In this section we briefly review the structure of density[17 18, a general relativistic treatment of the shock was
fluctuations produced by a cosmic string moving through &iven which is also applicable for ultrarelativistic string ve-
relativistic fluid. The space-time around a straight cosmiqqcities. The treatment in Ref18] is more complete in the
string (along thez axis) is given by the following metric  senge that the equations of motion of a relativistic fluid are
[13], solved in the string space-tim&q. (1)], and both subsonic
and supersonic flows are analyzed. One finds that for super-
ds’=dt?—dZ>—dr?—(1-4Gu)*r’dy?, (1) sonic flow, a shock develops behind the string, just as in the
study of Refs.[16,17. In the treatment of Ref[18] one
wherep is the string tension. This metric describes a conicakecovers the usual wake structure of overden&itith the
space, with a deficit angle off8G . This metric can be put wake angle being of ordeGu) as the string approaches
in the form of the Minkowski metric by defining angl¢’ ultrarelativistic velocities. Also the overdensity becomes of
=(1-4Gu) . However, nowy' varies between 0 and (1 order one in this regime.
—4Gu)2, that is, a wedge of opening angler&u is However, it is not expected that the string will move with
removed from the Minkowski space, with the two boundariesultrarelativistic velocities in the early universe. Various simu-
of the wedge being identified. It is well known that in this lations have showfil9] that rms velocity of string segments
space-time, two geodesics going along the opposite sides @& about 0.6 for which the shock will be weak. For this case,
the string, bend towards each otlé#]. This results in bi- the half angle of the wedgé,, will also be large. We use
nary images of distant objects, and can lead to planar densigxpressions from Ref.18] which are also valid for the ul-
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trarelativistic case. Resulting density fluctuation in the waketake place. Further conversion of the QGP phase to the had-
of the moving string is expressed in terms of fluid and soundonic phase happens only by the expansion of bubbles which

four velocities, have been already nucleated. Even this expansion is con-
trolled by how the latent heat is dissipated away from the
Sp 16mGuuf(1+ud) ST @ bubble walls. Essentially, the universe cools little bit, allow-
—= . Sinfy=—, i
P 3u, r—z—zuf —2 LTS ing bubbles to expand and release more latent heat. After the

phase of rapid bubble nucleation, the universe enters into the
slow combustion phasf20]. As was discussed in Ref5],
the picture of this slow combustion phase is very different

the soun_d. speed. In this case, when string velpplftms when cosmic string wakes are present. In the following we
ultrarelativistic, then one can get strong overdensitgr- briefly review this discussion from Ref5]

ieé ])GandX;erﬁgglﬂeo?;ghienwsgfigp?I:O;Zr\;vezfti?ﬁ?ag%'ér?ngIe We take the parameters of the density fluctuations as
%smﬂtsﬂ\/‘ve will use a sample vaIL,Je corresponding to strin iven in Eq.(4). Density fluctuationsp/p=3x10"" trans-
’ b P 9 ates to a temperature fluctuation of ord®il,, e=05T/T

velocity of 0.9 for which we take =10"°. We note that this temperature fluctuation is larger
0,=20°, Splp=3x105. (4) thanAT,=10"©. This means that the nucleation of hadronic
v ' bubbles will get completed in the QGP region outside the

These values correspond to those obtained from(8q. wake of the string, while nucleation in the wake region dur-
for vs=1/\/3. In the next section, we will study the effects of INg that stage will be suppressed. Sinkcés. is not too dif-

such wakes on the dynamics of a first order quark-hadroferent fromAT, ., one can conclude that the outside re-
transition. gion will enter a slow combustion phase before any

significant bubble nucleation can take place in the region of
overdensity in the wake. For this it is required that the over-
density in the wake should not decrease in the time scale of
At,=10"°t,. The typical average thickness of the over-
In the conventional picture of the quark-hadron transition,dense region in the shod, will be (for a wake extending
the transition proceeds as folloW&0]. As the universe cools across the horizon
below the critical temperatur€; of the transition, hadronic
bubbles of size larger than a certain critical size can nucleate dshk=siné,, ry=3 km, (6)
in the quark gluon plasm@GP background. These bubbles
will then grow, coalesce, and eventually convert the QGRvhere ry=2ty=10 km is the horizon size andy
phase to the hadronic phd@9—24,6,7. Very close toT . the ~ =30usec is the age of the universéat T=T,
critical size of the bubbles is too large, and their nucleation=150 MeV). The typical time scal, for the evolution of
rate too small, to be relevant for the transition. Universethe overdensity in this regiofwhich is smaller than the ho-
must supercool down to a temperatdtg, when the nucle- rizon size[27]) will be governed by the sound velocitys
ation rate becomes significant. The actual duration of supewhich becomes very small close to the transition temperature
cooling depends on various parameters such as the values €%9.,vs=0.1) [7,21]. We get
surface tensiow and the latent hedt. We take the values of
these parameters as in RET] (motivated by lattice simula- . ds_hg t @
tions[25]), 0=0.015T2 andL=3T¢. With these values, one Sk g 71
can estimate the amount of supercooling to[Be3] (we
take T,=150 MeV) Thus the densityand hence temperatyrevolution in the
shock region happens in a time scale which is too large
compared to At,. It is also much larger than
Atinsn(=14 psec) during which the quark phase is com-
pletely converted to the hadronic phase in the region outside
[We mention here that it has been argued in the literaturéhe wake. We mention that in our picture, we consider the
that the amount of supercooling may be smaller by manyime when the universe has just started going through the
orders of magnitudg26]. In that situation, the density fluc- quark-hadron transition, and we focus on a region in which a
tuations of magnitude given in E¢4) will have even more wake of density fluctuation of size of ordef, has been
prominent effect on the dynamics of quark-hadron transicreated by the moving string. Essentially the region of study
tion.] for us is the horizon volume from which the string is just
As the universe cools beloW,., bubbles keep getting exiting at the time when the universe temperatlireT..
nucleated and keep expanding. This nucleation process Ehe formation of most of the region of shock thus happens
very rapid and lasts only for a temperature rangeAdf,  when the temperature is still large enough comparer;. tso
=105, for a time duration of ordeAt,=10"5t,(ty is the that the speed of sound is close to the valug3l/However,
Hubble time [24,7]. The latent heat released in the processsome portion of the wake will certainly form when the tem-
of bubble expansion re-heats the universe. Eventually, thperature is close enough 1@, that the relevant sound speed
universe is reheated enough so that no further nucleation cas small, say,vs=0.1. The extent of the overdense region

whereufzvf/\/l—vzf and USZUS/\/l—vSZ, with vg being

Ill. EFFECT OF STRING WAKES ON QUARK-HADRON
TRANSITION

T
ATSCEl—T—Sczlo"‘. (5)

c
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Finally the interfaces will merge, completing the phase tran-
sition, and leading to a sheet of very large baryon number
H density, extending across the horizon. Actual value of baryon
density in these sheets will depend on what fraction of
baryon number is trapped in the QGP phase by moving in-

Q terfaces, and we will determine that in the following.
It is also possible that the bubble nucleation is not entirely
suppressed near the center of the shock region as the latent
[r——— Y — heat released by moving interfaces will have dominant effect

locally. While the region outside the wake converts to the
hadronic phase, same may happen at the center of the wake
as well. In that case the hadronic phase will spread from
inside the wake at the same time when the hadronic phase is
H moving in from outside the wake through the wake bound-
ary. These two sets of interfaces will then lead to concentra-
tion of baryon number in two different sheet like regions,
with the separation between the two sheets being of the order
FIG. 1. This figure shows a portion of the overdense shockof a km or so. However, even in such a situation, the mag-
region. Q and H denote QGP and hadronic phases, respectively, amitude of the amplitude and the length scale of baryon inho-
solid lines denote the interfaces separating the two phases. Shadgtbgeneity, as we determine below, will change only by a
region, marked as B, denotes resulting sheetlike baryon inhomogéactor of about 2. Therefore, for simplicity of presentation,
neity. we will not consider this situation, and will only consider the
case when only one sheet of baryon inhomogeneity is formed
will be governed by the time scatgy,. Thus, ifts,cis much  within the string wake. We also mention here that we are not
smaller thant,, then the wake will not extend across the considering the effect of density fluctuations produced by
horizon. string loops. These will also lead to baryon number inhomo-
The precise time duration\t,4, by which the process of geneities via the effects discussed here. However, these
bubble nucleation in the shock region lags behind that in thetructures will be on a more localized scale. It is more com-

region outside the wake is given py,24] plicated to calculate the effects of density fluctuations by
oscillating loops(especially when time scales are of crucial
ATyakdn - importance. Still, a more complete investigation of the ef-
Atjqq= >—=10 Sty (8)  fects of cosmic strings on quark-hadron transition should in-
Us clude this contribution also.

We now determine the detailed profile of the baryon in-
with vs=1/\/3. Atj,y will be much larger if we takews  homogeneity resulting from the above picture. For this, we
=0.1. At),q is the extra time in which the temperature in the have to calculate the evolution of baryon densities in the
wake decreases fbs, compared to the time when the tem- QGP phase and in the hadron phase as the transition pro-
perature drops tdl =T in the region outside the wake. ceeds. First, we note that typical separation between string
SinceAty,q is at least of same order ast,,, we conclude wakes(and hence resulting baryonic sheetsl be governed
that the region outside the wake enters the slow combustioby the number of long strings in a given horizon, which is
phase before any significant bubble nucleation can take placexpected to be about 1Bom numerical simulation§28]).
in the wake region. It is then reasonable to conclude that th&he exact structure of these wakes in a given horizon volume
latent heat released in the region outside the wake will supreeds to be known in order to study the concentration of
press any bubble nucleation in the wake especially near thiearyons by advancing interfaces as the transition to hadronic
boundaries of the wake. If the heat propagates to the interiqgshase proceeds. For example, if the string wakes are reason-
of the wake, then the bubble suppression may extend to thably parallel, then they will span most of the horizon vol-
interior of the wake also, implying that there will simply be ume, as the average thickness of a wpkith parameters in
no bubbles in the entire wake region. In that case, hadroni&g. (4)] will be order 1-2 km(a single string wake will not
bubbles which have been nucleated outside the wake will albe expected to extend over the entire horjzdn such a
coalesce and convert the entire outside region to the hadrongituation, the hadronic phase will first appear in the regions
phase(with occasional QGP localized regions embedded irbetween the wakes, which may cover a very small fraction of
it). This hadronic region will be separated from the QGPthe horizon volume initially. The initial value of the fraction
region inside the wake by the interfaces at the boundaries dfof the QGP phase to the hadronic phase will then be close
the wake, as shown in Fig. 1. to 1. f will then slowly decrease to zero as the planar inter-

Further completion of the phase transition will happenfaces(formed by the coalescence of bubbles in the region in
when these interfaces move inward from the wake boundbetween the overdense wak@sove inward, converting the
aries. These moving, macroscopic, interfaces may trap mofGP region inside the wake into the hadronic phase. Cer-
of the baryon number in the entire region of the wakad tainly, the actual situation will be more complicated than
some neighborhogdowards the inner region of the wake. this, with string wakes extending in random directions, and
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often even overlapping. In such a situation, even the initial Now, conservation of the energy-momentum tensor gives

value off, when bubble coalescenga the regions between i) d

the wakeg forming planar interfaces, may be smaller than 1 p(t

(though not much smaller However, again, this does not R(t)® dt_:a{R(t)g[P(t)er(t)]}- (13

affect the order of magnitude estimate of the profile of the

resulting baryon inhomogeneity as we determine below. During the transitionT andp are approximately constant.

Therefore, we use a simple picture, by focusing on the regioiWith this, Eq.(13) can be rewritten as

relevant for only one string, covering about 1/15 of the ho- _ _

rizon volume. Further, we take the initial value bto be R(t) f(x—=1)

almost 1. o _ Rt 3f(x—1)+3°
The baryon evolution in this overdense wake region and

outside of this region will depend on the detailed dynamics Equation(12) and Eq.(14) along with the transport rate

of the phase boundary and the expansion of the universequations, which will be discussed bellow, will give the evo-

during this epoch. To study this we will follow the calcula- |ution of baryon densities in the quark gluon plasma phase

tions of Fulleret al.[22] who have studied the evolution of and in the hadron phase. The evolution of baryon density can

the baryon fluctuations which might have been produced ape studied in each phase as the interfaces move forward and

the end of nucleation epoch during the QCD phase tranSitiOfbaryons are transported from one phase to anothag aind

In Ref. [22], the evolution of baryon density in the QGP p! are the net baryon densities in the QGP phase and the

phase and in the hadron phase has been calculated as figqron phase, respectively, then their evolution equations are
hadronic region expands at the cost of the volume of theg follows[22]

QGP phase during the coexistence temperature epoch. The

(14)

main difference between their model and our model is that _ vit) f
the QGP regions of interest for them are expected to be ng=—ng\q+ Ny — N v il (15
spherical, while in our case it is a thick sheetlike region, with (t)
planar interfaces separating the QGP region from the had- : v
ic regi : t
ronic region. h_ _ah q hl|_h
Let us first recall the effect of the expansion of the Uni- M= 1% Mon+ nb)\‘4+r]t’f nbV(t)’ (16)

verse on the dynamics of the phase transif@®,5]. If R(t)
is the scale factor of Robertson-Walker metric, then Ein-where the overdot denotes the rate of change of the baryon

stein’s equations givg22,5| density with time and\,, N, are characteristic baryon
_ transfer rate$22] from the QGP to hadron phase and hadron
R(t) 8mGp(t) to QGP phase respectively. The definitions of these two
RO N— 3 9 quantities are discussed belowi(t) is the volume of the

region under consideration. The tekt)/V(t) arises due to
wherep is the average energy density of the mixed phaseexpansion of the universe and is given by
The energy density, entropy density, and pressure

(pq.Sq.Pg) in the QGP phase and,sy,py) in the had- V(1) _SR(t) .
ronic phase are vV RO’ (17)
4 , N ,
pq=0qaT*+B, snggqaﬁ, pqz%aT“—B, Now in our model, each cosmic string forms wake like

overdensity leading the trapping of the QGP region in be-
(10 tween two planar interfaces. Collapse of these two interfaces
4 towards each other leads to the concentration of baryons
pn=0gnaT4 s,==gpaT?, phz%aﬂ_ (11)  which is the subject of study here. Numerical simulations
3 3 have shown that in the scaling regime, there @re—15
strings [28] per horizon. For any reasonable GUT scale,
strings are definitely in the scaling regime by the stage of the
guark hadron phase transition epoch. Initial time relevant for
bis is the stage when planar interfaces have forthgdcoa-

Hereg,=51 andg,=17 are the degrees of freedom rel-
evant for the two phases respectivétgking two massless
quark flavors in the QGP phase, and counting other ligh

. _ 2 .
particles [22] anda=m/30. At the transition temperature |ogcance of hadronic bubbles in the regions in between the

we havep, = py, which relatesT. and the bag constaBas,  \yakes of different stringsat the two boundaries of over-

B=3aT¢(gy—0n). We definex=g,/gy to be the ratio of dense wakes. At this stage, we take the initial volume rel-
degrees of freedom between the two phases. For the mixed,ant for each string as

phase, we write the average value of energy densitypas,
=fpyt+(1—1)py. Heref denotes the fraction of the volume 1),
in the QGP phase. With this, E9) can be written as Vo=|1g| > (18

wherer (= 2t) is the size of the horizon at this initial time
to. Note that we take the wakelike overdense regions to be

R(t)_(SwGB)”Z{f 3 |2
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well formed at the time,. We take the simple picture that whereg=2n¢n. is the statistical weight, and,, n; are the
baryon concentration in each such volume is determined bpumber of colors and the number of flavors, respectively.
the collapse of two interfaces at the boundary of wake of &ollowing the phase-space arguments the recombination rate
single string, without getting significantly affected by the per unit area of the quark as it approaches towards the inter-
presence of wakes in the region outside the relevant comovace separating the two phases has been defined i Z2gf.

ing region. As mentioned earlier, this approximation shouldas

be okay for determining the order of magnitude of baryon

overdensities etc. Thus our representative volume/(s) A=0%,, (24)
=Vo(R(t)/Ro)*.

Now let us define the term&;g)\q and n{])\h which appear
in the transport rate equatiofiss) and(16). In our model the
interface of the QGP region inside the string wake consists
two planar sheetgThis is in contrast to the situation in Ref.

[22] where the interface was a spherical surfatée area of 2o=(1.4x 10‘5)2q[
each interface sheet /&~ V(t)?, assuming the planar inter-

face extending over the region with volun¥{t). nf\q i whereS, characterizes the probability of transmission across
Ref.[22] is defined as the total baryon number swept by thenhe phase boundary. From E@4) and Eq.(25) we get the

sheets in the overdense region, and pushed through the Ugstal baryon recombination rate across the bound2#y as
derdense region, divided by the total volume in the over-

where®9 is the net flux of quarks andlq is the probability
of combining three quarks at the front into a color singlet,
0\fvhich can be estimated §82]

9

100 MeV| '’ @9

dense region which i§(t)V(t). Recall thatf(t) is the frac- 5 T 12 .
tion of the volume in the QGP phase. We get A~(3.3x10%) 100 MeVl 2qcm™° 579, (26)
oA d_Z End where Eq(23) has been used for the net flux of quarks. If we
q dt b define¢ as the ratio of the net number of baryons over anti-
VT (19 baryons to the total number of baryons, then
Here, F is a filter factor which we will discuss below. _ M~ Ny 0.61up 27
(dz/dt)=v, is the speed of the interfaces. The factor 2 in the B néot T

right hand side arises due to the fact there is a pair of sheets
bounding the QGP region, which are collapsing towards eactvhere the net baryon number densityn, np)
other. We write Eq(19) as =(n¢n¢/27)T3(u,/T). Therefore, the net baryon transport
B rate is given by[22] A =A¢, i.e.,

2V(t) *(v,)Fng

NoAq . (20) 12
f _ 2 Mp 2 1
Ag=(2x10* )Eq{—loo vev X T|em s,
Similarly, nl\, is defined a$22] (28
) 1 nBv wShl [ 2A The filter factor F in Eq(19) is c_Jefined as the ratio of the
NpAp= 3= W (21 net baryon numberXN,) recombined to the net number of

baryons encountered\() at the front per unit area in time
At. With v, being the front velocity, the expression Nf, is

) V() 1), (22) given as

_ 2 (ngvih

EIANE;
Here,2,, is the baryon transmission probability across the ] )

phase boundary from the hadron phase to the QGP phase, Similarly the expression ofN,) can be written as

andv,=(3T/m)? is typical thermal velocity of baryons in AN 2)Z A At

the hadron phasen is the mass of a nucleon. In these equa- p(CM %) =Aq

tions, baryon transmission across the interface is character-

ized by two parameters; (from QGP to hadronic phage =(2X 1036)2(‘{

Np(cm™2)=(n,—np)v,At. (29

12

and3, (from the hadronic phase to the QGP phaseter- 100 MeV|
mination of these parameters does not depend on the geom-
etry of the interfaces, which is the main difference between x[ﬂ} At _ (30)
our model and the one discussed in R22]. For the sake of T]l10°6 s
completeness, we reproduce below some of the steps from
Ref. [22] for the determination oF and3, . So the filter factor is given by

We start with the number density of the quarkq 29] AN 9

_ b_ — 6 -1
ng=0.3gaT?, (23) F=N, ~ (23100150 Mey| Y0z - GD
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So far we have considered the baryon transport rate frortion of baryon density in the trapped QGP region inside the
the QGP phase to hadron phase. Following the similar argustring wake as well as in the region outside. Baryon inhomo-
ments baryon transport rate for the reverse process, i.e., frogeneity will be produced as baryons are left behind in the
the hadron phase to the QGP phase, can be calculated hadronic phase as the interfaces collapse. We now study the
follows. The net flux of baryons directed at the wall from the profile of the resulting baryon overdensity after the interfaces

hadron phase is taken g2&2] collapse away. LeN(t) be the total baryon number in the
2 QGP region at a particular time Ny(t) is related to the
P~ %ngvb: %g sz[$ e T (32) baryon densityn] as
Ng(t) =ng() V(D F(1). (37)

where agairm andv,, are the mass and mean velocity of a

nucleon. With X, defined above as the probability of a  Taking the center of the wake as the origin and consider-

baryon to pass through the phase boundary, we can writgig motion of the interface alongdirection, we can write
baryon transport rate from the hadron phase to the quark-

gluon plasma phase §22] f(HV(t)=2A(t)z(t). (39
T ? [ o i [ [
~ bl (-m/T) From this we get the evolution of the thicknexs) as
Ap~(1.1x10%) 00 vievl < T le Sh. (33
. . f(1) g RO
The value ofX;, depends upon the detailed dynamics of z(t)=—FVy 7 —=—. (39

the phase boundary which can be calculdi@d| by using 2 Ro

chromoelectric flux tube model. Sumiyoskt al. [30] have

shown that depending upon temperature this value may var,
from 102 to 103 at the transition temperaturd
<200 MeV. The ratio of the two quantiti€s, and2, can
be obtained from the detailed balan@2] across the phase N.(2)—N.(z+dz)=Adzo(z 40
boundary for a situation when there is chemical equilibrium a(2) = N ) %(2), (40

between the two phases. For this case, baryon transport rajéere the time dependence ofs given in Eq.(39). We get
in both directions are samge., Aq=Ay), and one gets

1o _ANg_ (2) (41)
e(=m/T), (34) dz P

To get the profile of the baryon inhomogeneities,déz)
e the baryon density which is left behind at positias the
interfaces collapse. We get

2 T
—q~(5.4>< 106)[m

Zh

Using the expression for the filter factbrin terms of2,
from Eq. (31) and using Eqgs(19),(22), we can write the
equations of the baryon transport rés.(15),(16)] in both 5

o . ) _ Ro
regions in terms of a single paramel&y as follows: p(z)=Vg 2/3)( )

R(t)
vg‘l’”zh( Ro
f R(t)

Thus we finally get the density of baryop$z) left be-
hind by the collapsing interfaces as

dN,

- E . (42)

q
Np=2

9
m) Note here that derivation of this equation assumes that
baryons left behind by the collapsing interfaces remain in the
f 3Rt same region of, and do not diffuse away. On the other hand,
0 (t)
—ng ’

)[—(2.3><10—6)

1
X=nd+ Zvpnh

2h 3

RO (35  the derivation of equations for baryon transpdggs.

(35),(36)] was based on the assumption that baryons in both
fvEs R phases homogenize, so that baryon transport equations can
) ( )[(2_3>< 1079) be written only in terms of two baryon densities, one for

f R(1) each phase. If baryons do not homogenize in the hadronic
T 9 phasd as was assumed for E@L2)], then it will increase the
:

reverse baryon transport rate, i.e., from the hadronic phase to
the QGP phase. This will only increase the baryon inhomo-

X

100 Me
s 1 ; R(1) geneity produced. Also, as mentione_d above, value_§hof
_q) nﬁ—(—)vbnﬂ _> —3——nl are expected to be very small. We find that even with two
2 3 R(t) orders of magnitude increase in the valuegf, the relevant
(36) width of the profile of baryon overdensity(z) only in-
creases by one order of magnitude. Thus, within this uncer-

Here R, is the initial (when the two planar interfaces at tainty, we will use Eq(42) to determine the baryon inhomo-
the boundaries of the string wake just start collapssmale  geneity profile. Finally we mention that baryon diffusion
factor, andX /2, is given in Eq.(34). length for the relevant overdensities here always remains less

These two equations along with E@L2) and Eq.(14) than a few cm, while the length scales of inhomogeneities of
have to be solved simultaneously to get the detailed evoluinterest to us are at least one order of magnitude larger.

X
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FIG. 2. These figures show plots of baryon densifyin the 10-8'_ 0 1 2
QGP phase inside the wake, as a function of tifyehere is 102
Top figure is for T,=150 MeV and bottom figure is fofT. :
=170 MeV. Here and in Fig. 37 is in fm~3, while time is given 101°F
in us. L . .
500 7 1000 1500

IV. RESULTS

FIG. 4. These figures show profiles of baryon inhomogeneities
p(2) generated by collapsing planar interfacgs, here is 102.
Top figure is forT,=150 MeV and the bottom figure is foF,
=170 MeV. Here, and in Fig. 5 is in units of fm 3 while z is

Equations(12),(14),(35),(36) are numerically solved si-
multaneously to get the evolution of baryon densitigs
andn!) in the two phases for two different values of critical

temperaturer .= 17510 MeV andTEg: 17_0 MeV, and for two given in meters. Insets show expanded plots of the region where

values of%,=10"" and X;=10"". Figures 2 and 3 ShoW pecomes larger than 1000 times the asymptotic value. We have

plots ofny for these cases. Resulting profiles of baryon over-siimated the error in numerical evaluation gfiz) (here, and in

densityp(z) are calculated using E¢37) and Eq.(42), and  Fig. 5). Largest error is about 20% and occurs where wiggles are

are shown in Figs. 4 and 5. Note that in Fig. 5 there ar&een in Fig. 5. At other parts of plots, error remains below about
5%.

wiggles in the plot ofp(z). This is due to numerical errors in
calculatingNg(t). As ng(t) increasesf(t)V(t) decreases,
leading to extremely slow variation iN,(t) for most of the

1073

o2 10°°
1077
107°

1073
721077
1077
107?

10 14

2

4

6
t

8 10

time duration. Thus, as variations my(t) and in f(t)V(t)
compensate for each other, the errors become relatively
large, as seen in Fig. 5. We have checked that these errors are
in better control for other parameters where the change in
Nq(t) is larger. For example, change My, will be expected

to be larger ifX, (which determines baryon transport rate
from the QGP phase through the interface to the hadronic
phase is made larger while keeping,, (determining baryon
transport from hadronic to QGP phadixed. This could be
achieved by taking the nucleon massin Eq. (34) to be
smaller. We have verified that indeed this happens. For
smaller values ofm errors become much lower. Of course, as
m is not a free parameter, we do not give plots for different
values ofm. Also, for most of time duration, baryon flow
from the QGP phase to hadronic phase dominates over the
reverse flow. Withm fixed, whenX,, is increased, also

increases proportionally via E¢34). Therefore, a largek,
again leads to a more rapid variation Nf;, giving better
control of errors. This can be seen from plots in Fig. 4 which

FIG. 3. Plots ofnf! as a function of time3, here is 103. Top
figure is for T,=150 MeV and the bottom figure is foil.
=170 MeV.
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FIG. 5. Plots ofp(z) vs z for the case whett,, is 10 3. Top
figure is for T.=150 MeV and the bottom figure is fofl
=170 MeV.

correspond ta%,=10"1. No wiggles are seen here, com-
pared to the situation in Fig. 5 which corresponds3tp
=103

We have usedvATHEMATICA routines for numerically

solving these coupled differential equations. Due to very

wide range of numerical values of various parameters in
volved, time step for solving differential equation had to be
chosen judiciously. For example, for initial times, when dis-

PHYSICAL REVIEW D67, 083508 (2003

p(2), as shown in the plots below, should also be less than
about 5%. Apart from this error, there is also a random com-
ponent in the errorfagain, resulting from extremely slow
variation of N,), leading to random wiggles in the plots of
p(2) as visible in Fig. 5. The largest magnitude of this error
in p(z) is about 20%.This error is negligible for plots in
Fig. 4, and also much smaller than 5% at other parts of plots
in Fig. 5 where wiggles are not segis our interest is in
order of magnitude estimates of the baryon overder(gy
magnitude, as well as its spatial profjleven the largest
possible error of 20% here does not affect our results and
conclusions.

As we will discuss in the next section, relevant values of
the overdensityn{/n, for us is about 1000. Hens), andn,,
are baryon densities in the overdense and the background
regions, respectively. From the above plots we see that for
3,=10"1, the thickness of the region inside whicty/n,
>1000 is about 5 meters far,= 150 and about 4 meters for
T.=170 MeV. For 3,=10"2 this thickness varies from
about 0.5 meters to about 4 metersfazhanges from 170 to
150 MeV. As baryon density sharply rises for smallit is
more appropriate to calculate the largest value of the width
of the inhomogeneity region within which average value of
baryon density is 1000 times larger than the asymptotic
baryon density. We find that this width is at least an order of
magnitude larger than the values mentioned above.3ror
=101 this width is about 100 m fol .= 150 MeV and is
about 60 m forT,=170 MeV. For,=10 3 the values of
this width are about 120 m and 90 m fog= 150 MeV and
170 MeV, respectively. As we will see below this type of
baryon overdensities can strongly affect abundances of light
elements, thereby constraining various parameters of cosmic
string models.

V. NUCLEOSYNTHESIS CONSTRAINTS

With the baryon inhomogeneity profile determined as
above at the QCD scale, we need to know the amplitude and

tance scale of region in between the interfaces is about 1 kntength scale of this inhomogeneity at the epoch of nucleo-

large values of time step is chosen. As the distance sca

eynthesis. For this we use results of Rdfl. where evolution

decreases, the time step is decreased by factors of 100, rarmgf-baryon inhomogeneities of varying amplitude and length

ing from 0.1usec to 10° usec. This gives a good overall
control on the accuracy. An indicator for the error in the
numerical solution we obtain is the value of total baryon
numberN;=Ny+Nj,. As the interfaces collapse, converting
the QGP phase to the hadronic phadsgdecreases whildl,
increases. Howevel; must remain constant. We find that

scales has been analyzed in detail. From REfone can see
that baryon inhomogeneities of initial magnitudg/n,
~1000 at the QCD scale should survive relatively without
any dissipation until the stage when temperatufe
~1 MeV for all the values of length scales relevant for us,
i.e., few tens of cm up to about 100 metefBor example

the value ofN, remains reasonably constant over the entirinhomogeneities with baryon to entropy ratio of about 10

range of integration relevant to @as shown in Figs. 4 and
5). There is a tendency of small net increaseNp as a
function of time. The net increase in the valueMyf(which
indicates error in the numerical evolutjoremains less than
5% of the net change in the value Nf, over the range of
integration in the plots. From E¢42), we see that the value
of p(z) is directly proportional t@N,/dz. Only time depen-
dence in the proportionality factor is R(t), which changes
little over the entire time period, and its evolution is smooth,
without any random errors. Similarly, the evolutionzgf) is

almost do not change during their evolution. Inhomogene-
ities with larger amplitude eventually dissipate to this value.
See Ref[4].) Though, the length scales in R¢4] are taken

to be comoving at 100 MeV, the results there should apply
relatively unchanged for the the valuesTf we have con-
sidered, i.e.Tc=150 and 170 MeV.

To study the effects of these resulting inhomogeneities at
the nucleosynthesis epoch, we use the results of the calcula-
tions of the IBBN model developed by Kainulainenal.[2].

The four crucial parameters in this model are, the average

smooth, without any random errors. Thus, resulting error irbaryon density ,,4), the density contrastR=ny/ny), the
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volume fractionf, of the high density region, and the dis- maximum effect, the value dRf, should be much greater
tance scale of the inhomogeneity at the onset of nucleosyn-than about Athe SBBN proton/neutron ratio at the onset of
thesis. Out of these, the last three parameters characterize thecleosynthesjs The smallest value oRf, considered in
properties of baryon inhomogeneity regions. We obtain thesRef. [2] is 23. In our case for smaller estimates fgf the
three parameters from our model and check them with thealue ofRf, is 2.5. However, when we take average baryon
numerical results in Refl2] to determine their effects on density, then the value d®f, ranges from about 30 to 60
nucleosynthesis results. Though, the geometry in our case hich is similar to the values considered in R].
not exactly the same as the spherically symmetric geometries Next thing we note is that the typical separation between
that have been considered in Rgf]. However, note that the the inhomogeneities, i.e., the paramateis about 1-2 km
planar sheet like inhomogeneities of our model should beor our case. This corresponds to about 100—200 km length
similar to the geometry of spherical shé8S considered in  scale at the nucleosynthesis epoch. Importantly, this is pre-
[2]. Therefore, for rough estimates, we will simply take thecisely the range of values offor having optimum effects on
results of inhomogeneities of the shape of spherical shelucleosynthesis calculations in REE]. Even with the varia-
from Ref.[2], and apply it to our case, making sure of usingtions in f, as discussed above, one can conclude that with
the corresponding values of the parametrs$,,, andr. R=1000, and with values of, corresponding to different
The results in Refl2] for the SS geometry were given for cases in Figs. 4 and 5, the length scales of inhomogeneities
a fixed value ofR=1000, withf, varying from about 0.023 in our model(interinhomogeneity separatipis roughly in
to 0.578. In order to be able to use the results of R&f.we  the right range to have optimum effects on nucleosynthesis
therefore determine the thicknessd hence the value f) calculations.
of the baryon inhomogeneity regions from Figs. 4 and 5 We now apply observational constraints on the abun-
within which R>1000. Again, note that the plots in Figs. 4 dances of various elements. The most basic constraint is on
and 5 are given for baryon inhomogeneities at the QCDthe abundance ofHe by mass, denoted by. If we take a
scale. However, results of Refi4] show that there is no liberal range of values o¥ =0.238—0.244(see Ref.[9]),
significant dissipation of these inhomogeneities upto the nuthen using the results of IBBN calculations in REZ], we
cleosynthesis scale. Thus, with length suitably scaled witlsee that for inhomogeneities with optimum value @ivhich
the scale factor of the universe, profiles in Figs. 4 and 5 cawe have argued to be the case hgtlee corresponding value
be used at the nucleosynthesis stage. We note from Fig. 4, fef 7 is between about %107 1° to about 8<10 . (We
3,=10"! that the region of baryon inhomogeneity within mention that most plots in Ref2] have been given for a
which R>1000 has a value df,=5/2000=0.0025 for both  different, centrally condensed geometry of the inhomogene-
values of T,=150 and 170 MeV. Here the relevant size of ities. However, it has been mentioned there that for SS ge-
the whole region is taken to be about 2 km. This valué of ometry also results are not too differgrithese values are
is smaller than the smallest value fgf=0.023 considered in  about a factor 2 larger than the allowed valuesyofor the
Ref.[2] for the SS geometry case. However, above estimatesase of SBBN(Abundance of’Li for IBBN models favors
for f, are clearly an underestimate as the baryon density isomewhat smaller values af. One needs a careful and de-
sharply peaked inside the overdense region. As discussediled comparison of abundances of various elements,
earlier, if we calculate the largest value of the width of the*He, “Li, and D. However, in view of various uncertainties
inhomogeneity region inside which tleveragevalue of the  of our model we will only consider the case ®fle here)
baryon density is 1000 times larger than the asymptotic value An independent estimate of comes from the cosmic
then the resulting widths are very large, varying from aboutmicrowave backgroundCMBR) anisotropy measurements.
60 meters to about 100 meters. This will then lead to a valu€onstraints coming from various experiments seem to con-
of f, of about 0.03-0.05 which are sufficiently large. Note strain 7 to be less than 810 % If one takes large esti-
also that crucial parameter for our case, using which one camates of*He, then IBBN calculations suggest that the cor-
determine the order of magnitude effects of baryon densityesponding value of; will not be consistent with the value
fluctuations on element abundances, is the optimum value @ptained from CMBR measurements. Note that SBBN esti-
the parameter. This value depends very weakly dp for  mates of for the above range of are in very comfortable
the SS geometry, Wi'ﬂnopthU_l/3 for f,<1 (see Ref[2]).  agreement with CMBR measurements. With this, we con-
Thus, even with smaller estimates ff, the value ofr,,;  clude that it is suggestive that the baryon inhomogeneities of
relevant for our case will be only about factor 2 larger thanthe type produced by cosmic strings as discussed above are
the value in Ref[2] for the casef,=0.023. Similarly, from  not consistent with the combined observations'de abun-
Fig. 5 for the cas& =103, we see that thickness of the dance and CMBR anisotropy measurements. Therefore,
inhomogeneity within whichR>1000 is abotu4 m for T,  some of the parameters of the cosmic string model may have
=150 MeV, and about 0.5 m fof,=170 MeV. Corre- to be constrained, so that such inhomogeneities are not pro-
sponding values of, are about 10° and 10 * respectively. duced at the QCD scale. Of course, this is assuming that
In these cases, value of,; will be increased by about one quark-hadron transition is a first order transition. If the tran-
order of magnitude. Again note that if we take the averagesition is of second order, or a crossov@s suggested by
baryon density then the relevant width is much larger, aboumany studiel then our calculations do not apply.
90 meters to 120 meters. This then leads to a large value of If the transition remains of first order, then there are sev-
f,, about 0.045 to 0.06, and hence estimate Qf remains  eral ways in which production of such inhomogeneities can
unchanged. Note also that in REZ] it is mentioned that for be avoided. First, if the value of string scale is smaller, say
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~10% GeV, then from Eq(3) we see that resulting value of istic motion of strings. Of course entire discussion of this
Splp will be smaller by one order of magnitude. This im- paper(as well as in Ref]5]) is applicable only when quark-
plies that the excess temperature inside the string wake réadron transition is of first order.

gion ST/T will be about 10°. This value is much smaller

than the value ofATg. required for the supercooling for VI. CONCLUSION

bubble nucleation to start in the outside region. In such a We have calculated the detailed structure of the baryon

situation, bubble nucleation inside the wake will not be N~ omoaeneities created by the cosmic strin wdds\We
tirely suppressed, though it may still lag behind the nucle-, 9 y 9

) X . . L find that the magnitude and length scale of these inhomoge-
ation of bubbles in the outside region. Therefore, itis stillnot_ ..~ "~ h that th . ih I
excluded that some sort of large scale baryon inhomogen pieities is such that they survive until the stage of nucieosyn-
g : i : 1 ?he5|s, affecting the calculations of abundances of light ele-
ities will get produced even with string scale of*3@GeV. If

this string scale was smaller than't@eV, then resulting ments. A comparison with observational data suggests that
value of 5T/T will be even smaller thalT,~10-°. It is such baryon inhomogeneities should not have existed at the

extremely unlikely that in such a case any significant eﬁec{;uclgosynthesis_epoch. If this disagreement hOIdS.’ with more
will be there on the dynamics of quark-hadron phase transic (_etalled calculations and_more accurate_ obsgrvanons, then it
tion due to the presence of string wakes. will lead to the conclusion that cgsmlc string forma_tlon
Yet another possibility is that string velocity is either scales_ above a value of_aboutlié)lol GeVare not consis-
. tent with nucleosynthesis and CMBR observations. Alterna-
much smaller, or extremely close to the speed of light. In th

first situation, resulting value afp/p is very small, So no e[ivelly, some other input in our caIcuIatilon shoult_j be con-
effect will be, there on the transitiofjust as the c,ase for stra_ln_ed, for example, th.e average str!ng VeIOCIty. can be
small Guz). For the second situation, when strings move uI_sufﬂmently small so that significant densﬂy perturbations are

I ) ’ never produced at the QCD scale, or strings may move ul-
trarelativistically, 5p/p will be very large (of order 1, so

k-had i ition d . Il be st \ affected trarelativistically so that resulting wakes are very thin, and
quark-nadron transition dynamics will bé strongly arecte 'trap a negligible amount of baryon number. Finally, all these
producing sheet like baryon inhomogeneities. However, i

"tonsiderations are valid only when quark-hadron transition is
this case the wake angle, will be very small (of order y g

2 ; of first order.
8m7Gu). In such a situation, for the region relevant for a There are many uncertainties in our model, for example
single cosmic string, string wake will cover a very small treatment of multiple wakes is rathad hoc Sim’ilarly we
fraction of the total volume. Thus, when the region outsid ave tried to use results from RéR] adopting them fc;r our
the wake undergoes hadronization, many localized regions ase even though detailed geometry of baryon inhomogene-
baryon inhomogeneities will form just as in the conventional. y in our case is different. A more careful, detailed calcula-
models of homogeneous nucleation. Planar interfaces wi@[ y X

. , ion of abundances of elements is needed for the present
still form, but they will be able to concentrate baryons from ase

only a very small fraction of the total volume. Thus, resulting THe uncertainties in various observations of abundances

fk;ar¥ont_|nhom(zgene|tles will contribute to negligible baryon ¢ elements, as well as CMBR anisotropy will be reduced as
uctuation on the average. recision of various measurements gets better. Then one will

f n sgmn&ary, wefli'oncludéa éhl\:;ll}ggbservanonal constraintyg apje 1o say with a greater certainty whether IBBN results
rom abundance of'He, an anisotropy measure- o o strong restriction on the density fluctuations, and

ments may constrain the cosmic siring scale to. b.e Ie§s th nce on cosmic string parameters, or the order of quark-
10'*-10'° GeV. Though there are many uncertainties in our,,q4ron phase transition

model. Alternatively, string velocities, either need to be very
small or very large. Though as strings are not in the friction
dominated regiméfor relevant values of GUT scalgt may

be harder to decrease average string velocity sufficiently. We are very thankful to Rajiv Gavai and Rajarshi Ray for
Similarly, due to random velocity components of different many useful suggestions and comments. We also thank Mark
string segments, it may not be easy to argue for ultrarelativirodden for very useful discussions and suggestions.
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