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A new mechanism of formation of topological defects
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Abstract. In this talk we discussa nev mechanismof formation of topological defectsdue to
enhancednagnitudeoscillationsof a comple scalarorderparamete(OP)field duringbubblecolli-
sionsin afirst orderphaseransition.
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1. Introduction

Topologicaldefectssuchas cosmicstringsand texturesare believed to play a very im-
portantrole in structureformationin the early Universe;on the otherhand,topological
defectssuchasmonopoleswvhich arebelievedto be producedn copiousamountsduring
GUT phasetransitions,arein conflict with obsenationandsomemechanisnmsuchasin-
flation mustbeinvokedto getrid of thesedefectg1]. Cosmicstringshave alsobeenused
to generatéhe obsenedbaryonasymmetryof the Universein certainmodelsof Baryoge-
nesis.In view of theirimportantcosmologicatonsequenceg, is necessaryo understand
thevariousmechanism$y which thesedefectscanbe formed.

Theplanof thetalk is asfollows. We first discusghe physicalpictureof thenew mech-
anism(which we call the ‘flipping mechanismpandthendiscusshe resultsof numerical
simulationsin (2+1) dimensiong2]. This work wasdonein collaborationwith S Digal
andA M Srivastaa.

2. TheKibble mechanism of topological defect formation

Corventionally formation of topologicaldefectsis thoughtto occur either via thermal
fluctuationsor via the so-calledKibble mechanismivhich hasbeendescribedn detailin
thetalk by RajarshiRayin this conference.

An importantaspecbf Kibble mechanisnis thatthe dynamicsof thefield doesnot play
animportantrole in the determinatiorof the probability of defectper domain. We now
describea new mechanisnwherethe dynamicsof fieldsplaysa very crucialrole in defect
formation.
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3. Physical picture of the new mechanism and results of numerical simulations

The mechanisnof flipping canbe easily understoodrom the two figuresshovn below.
Figure lashows a region of physicalspacewith spatiallyvarying OPfield ®. Thelength
of thearrow indicatesthe field magnitudewhile the direction(measuredv.r.t. the X-axis)
indicateghephaseof the OPfield ® with thephasevaryingfrom 6 = ato8 = 3 asshawn.
Now supposdarge magnitudeoscillation of the OP field leadsto flipping of the field in
the centralregion(withinthedottedloop) causing® to passoncethrough® = 0; asshovn
in figure 1b. (Large magnitudeoscillationscan arise during highly enegetic collision
of bubblesduring a first order phasetransitionand alsoduring a quend form very high
temperatures.lf is clearthatwhen® passeshroughO, it amountgo discontinuoushange
in 8 by 7, asshown in figure 1b. We call it the flipping of ®. (For simplicity, we take 0
to be uniform insidetheflippedregion.) Now considerthe variationof 8 alongthe closed
pathAOBCD (shawvn by the solid curve in figure 1b). On moving alongthis solid curve,
we take 0 to vary smoothly(asshavn by the dottedarrons) aswe crossthe dottedcurve.
It is theneasyto seethatd winds by 27 aswe go aroundthis closedpathimplying thata
vortex hasformedinsideit. Similarly, we canconcludethatan antivortex hasformedin
theotherhalf of this region.

One can easily generalizethis picture for the formation of other defectssuch as
monopolesandtextures[2].

We now describethe resultsof numericalsimulationof vortex formation (in 2+1 di-
mensions)n asystemhaving aglobal U (1) symmetryandundegoinga first orderphase
transition. The model Lagrangianwhich describeghe systemin which the global U (1)
symmetryis spontaneouslproken (expressedn termsof a dimensionleséield & andap-
propriatelyscaledcoordinates)s

L£=(1/2)(8,9")(8"®) — (1/4)¢*(¢ — 1)* + €4® (1)
where® = ¢ + igo.
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Figure 1. (a) A region of spacewith 8 varyinguniformly from « atthebottomto some
value 3 at thetop. (b) Flipping of @ in the center(enclosedby the dottedloop) has
changed = v to § = v + = resultingin a pair production.
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Initial Field Configuration
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Figure 2. (a) Initial field configuration.(b) Field configurationatt = 49.2 shaving a

vortex-antivortex pair.



Supm@tim Sengupta

This is the form of the Lagrangianusedin our numericalsimulations. Note that the
presenceof the cubictermin ¢ indicatesthat the phasetransition(in this caseocurring
at zerotemperature)s of first order. Thereexists a local minimum of the potentialat
¢ = 0 andphasetransitionoccursbecausef tunnelingof thefield (originally trappedin
the local minimum dueto supercooling¥rom the falsevacuum(local minimum) to true
vacuum(global minimum). The tunnelingprocesananifeststself throughnucleationof
bubblesof truevacuumin afalsevacuumbackground!f thenucleatedubblesaregreater
thansomecritical radius,thenit is enegeticallyfavourablefor themto grow. Thegrowing
bubblesultimately coalesceandphaseransitionis completewhenthe fraction of volume
in truevacuumapproachesnity.

Asdiscusseearlier, flipping of the OPfield canoccurduringhigly enegeticbubblecol-
lisions. Bubblesgrow by cornvertingfalsevacuumto true vacuum.During the processof
bubblegrowth, the enegy differencebetweerfalseandtrue vacuumis corvertedto theki-
neticenegy of thebubblewalls. Whenthebubblescollide, thiskineticenegy is dissipated
into magnitudeoscillationsandphasewaves. The conditionsnecessarjor sufficiently en-
ergeticfield oscillationsleadingto flipping of ® andformationof a vortex-antivortex pair
are:

1. Largeinitial bubbleseparation.
2. Region of spatiallyvaryingphase.
3. Smallphasdifferencebetweerthe colliding bubbles.

Figure2ashaws theinitial field configurationcontaining3 half-bubbleswith phasesas
indicated. Note, that the choiceof phasesare suchthat no vorticescanform via Kibble
mechanismFigure2b shaws thefield configurationat somelater time after bubblecolli-
sion. Onecanclearlyseethatthefield in thecentralregion (regionin betweerthe colliding
bubbles)has'flipped’ leadingto theformationof a vortex-antivortex pair.

To ascertairtherelativeimportanceof theflipping mechanisnit is necessarjo simulate
arealisticphasdransitionin which bubblesarerandomlynucleatedvith randomchoiceof
phasesnsidethem.Resultsof suchsimulationsshawv thatdueto therequiremenof strong
field oscillations,

1. Formationof vorticesby flipping mechanisnis suppressetbr large bubblenucle-
ationrate.We foundthatfor very smallnucleatiorrates this mechanisnis the most
dominant.

2. Dampingsuppressethis modeof defectformationby suppressingdield oscillations.

We have alsostudieddefectformationin systemsvherethe symmetryis spontaneously
aswell asexplicitly broken. In thatcase theflipping mechanisms the dominantmodeof
vortex formation[3].

In conclusionwe have demonstrate@ novel mechanisnof topologicaldefectforma-
tion in which field oscillationsbroughtaboutby bubblecollisionsmay leadto flipping of
thefield resultingin the formationof a vortex-antivortex pair. This mechanisnof defect
formationshouldalsobevalid in secondbrdertransitionsbroughtaboutby quendingthe
systemfrom very high temperaturesThis mechanisnis alsoapplicableto formation of
otherdefectssuchasmonopolesandtextures.
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