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A new mechanism of formation of topological defects
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Abstract. In this talk we discussa new mechanismof formation of topologicaldefectsdue to
enhancedmagnitudeoscillationsof acomplex scalarorder-parameter(OP)field duringbubblecolli-
sionsin a first orderphasetransition.
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1. Introduction

Topologicaldefectssuchascosmicstringsand texturesarebelieved to play a very im-
portantrole in structureformation in the early Universe;on the otherhand,topological
defectssuchasmonopoleswhich arebelievedto beproducedin copiousamountsduring
GUT phasetransitions,arein conflict with observationandsomemechanismsuchasin-
flation mustbeinvokedto getrid of thesedefects[1]. Cosmicstringshave alsobeenused
to generatetheobservedbaryonasymmetryof theUniversein certainmodelsof Baryoge-
nesis.In view of their importantcosmologicalconsequences,it is necessaryto understand
thevariousmechanismsby which thesedefectscanbeformed.

Theplanof thetalk is asfollows. We first discussthephysicalpictureof thenew mech-
anism(which we call the ‘flipping’ mechanism)andthendiscusstheresultsof numerical
simulationsin (2 � 1) dimensions[2]. This work wasdonein collaborationwith S Digal
andA M Srivastava.

2. The Kibble mechanism of topological defect formation

Conventionally, formation of topologicaldefectsis thought to occur either via thermal
fluctuationsor via theso-called‘Kibble mechanism’which hasbeendescribedin detail in
thetalk by RajarshiRayin thisconference.

An importantaspectof Kibble mechanismis thatthedynamicsof thefield doesnotplay
an importantrole in the determinationof the probability of defectper domain. We now
describea new mechanismwherethedynamicsof fieldsplaysa verycrucialrole in defect
formation.
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3. Physical picture of the new mechanism and results of numerical simulations

The mechanismof flipping canbe easilyunderstoodfrom the two figuresshown below.
Figure1ashows a region of physicalspacewith spatiallyvaryingOPfield � . Thelength
of thearrow indicatesthefield magnitudewhile thedirection(measuredw.r.t. theX-axis)
indicatesthephaseof theOPfield � with thephasevaryingfrom ����� to ���
	 asshown.
Now supposelarge magnitudeoscillationof the OP field leadsto flipping of the field in
thecentralregion(within thedottedloop)causing� to passoncethrough ���
� ; asshown
in figure 1b. (Large magnitudeoscillationscan ariseduring highly energetic collision
of bubblesduring a first orderphasetransitionandalsoduring a quench form very high
temperatures.)It is clearthatwhen � passesthrough0, it amountsto discontinuouschange
in � by 
 , asshown in figure1b. We call it the flipping of � . (For simplicity, we take �
to beuniform insidetheflippedregion.) Now considerthevariationof � alongtheclosed
pathAOBCD (shown by thesolid curve in figure1b). On moving alongthis solid curve,
we take � to vary smoothly(asshown by thedottedarrows) aswe crossthedottedcurve.
It is theneasyto seethat � windsby ��
 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)in a systemhaving a global ������� symmetryandundergoinga first orderphase
transition. The modelLagrangianwhich describesthe systemin which the global �������
symmetryis spontaneouslybroken(expressedin termsof a dimensionlessfield � andap-
propriatelyscaledcoordinates)is

� �������������! #"$�&%'�(�) " �&�+*
������,#�.-0/1�!-2*3����/4�65'-07 (1)

where �3�8-:9;�=<�- / .
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Figure 1. (a) A regionof spacewith > varyinguniformly from ? at thebottomto some
value @ at the top. (b) Flipping of A in the center(enclosedby the dottedloop) has
changed>&BDC to >&BDCFEHG resultingin a pair production.
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Figure 2. (a) Initial field configuration.(b) Field configurationat IJB3K�L1M N showing a
vortex-antivortex pair.
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This is the form of the Lagrangianusedin our numericalsimulations. Note that the
presenceof the cubic term in - indicatesthat the phasetransition(in this caseocurring
at zero temperature)is of first order. Thereexists a local minimum of the potentialat
-D�O� andphasetransitionoccursbecauseof tunnelingof thefield (originally trappedin
the local minimum dueto supercooling)from the falsevacuum(local minimum) to true
vacuum(global minimum). The tunnelingprocessmanifestsitself throughnucleationof
bubblesof truevacuumin afalsevacuumbackground.If thenucleatedbubblesaregreater
thansomecritical radius,thenit is energeticallyfavourablefor themto grow. Thegrowing
bubblesultimatelycoalesceandphasetransitionis completewhenthefractionof volume
in truevacuumapproachesunity.

As discussedearlier, flipping of theOPfield canoccurduringhigly energeticbubblecol-
lisions. Bubblesgrow by convertingfalsevacuumto truevacuum.During theprocessof
bubblegrowth, theenergy differencebetweenfalseandtruevacuumis convertedto theki-
neticenergyof thebubblewalls. Whenthebubblescollide,thiskineticenergy is dissipated
into magnitudeoscillationsandphasewaves.Theconditionsnecessaryfor sufficiently en-
ergeticfield oscillationsleadingto flipping of � andformationof a vortex-antivortex pair
are:

1. Largeinitial bubbleseparation.

2. Regionof spatiallyvaryingphase.

3. Smallphasedifferencebetweenthecolliding bubbles.

Figure2ashows theinitial field configurationcontaining3 half-bubbleswith phasesas
indicated. Note, that the choiceof phasesaresuchthat no vorticescanform via Kibble
mechanism.Figure2b shows thefield configurationat somelater time afterbubblecolli-
sion.Onecanclearlyseethatthefield in thecentralregion(regionin betweenthecolliding
bubbles)has‘flipped’ leadingto theformationof a vortex-antivortex pair.

To ascertaintherelativeimportanceof theflipping mechanismit is necessaryto simulate
arealisticphasetransitionin whichbubblesarerandomlynucleatedwith randomchoiceof
phasesinsidethem.Resultsof suchsimulationsshow thatdueto therequirementof strong
field oscillations,

1. Formationof vorticesby flipping mechanismis suppressedfor largebubblenucle-
ationrate.Wefoundthatfor verysmallnucleationrates,thismechanismis themost
dominant.

2. Dampingsuppressesthismodeof defectformationby suppressingfield oscillations.

We havealsostudieddefectformationin systemswherethesymmetryis spontaneously
aswell asexplicitly broken. In thatcase,theflipping mechanismis thedominantmodeof
vortex formation[3].

In conclusionwe have demonstrateda novel mechanismof topologicaldefectforma-
tion in which field oscillationsbroughtaboutby bubblecollisionsmayleadto flipping of
thefield resultingin the formationof a vortex-antivortex pair. This mechanismof defect
formationshouldalsobevalid in secondordertransitionsbroughtaboutby quenching the
systemfrom very high temperatures.This mechanismis alsoapplicableto formationof
otherdefectssuchasmonopolesandtextures.
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