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Introduction

Stringdefects
a

maybeformedatphasetransitionsintheearlyUniverse

•Thermal
b

•Endofhybridinflation
c

•(D-D̄)-branecollisions
d

aHindmarsh&Kibble(1994);Vilenkin&Shellard(1994);Kibble(2004)
bKibble(1976);Zurek(1996);Rajantie(2002)
cYokoyama(1989);Kofman,Linde,Starobinski(1996)
dJones,Stoica,Tye(2002);Sarangi&Tye(2003);Copeland,Myers,Polchinski(2003)
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...introduction

Observationalconsequences:

•Gravitationalperturbations(scalar,vector&tensor)
a

•Baryonasymmetry
b

•Cosmicrays
c

Networkdynamicsnotwellunderstood:

Energylostto(loops→gravitationalwaves)OR(classicalradiation→particles)?

Significantuncertaintyinquantitativecalculations(notoftenacknowledged)

aZel’dovich(1980);Vilenkin(1981);Kaiser&Stebbins(1984);...
bBhattarcharjee,Kibble,Turok(1982);Brandenburger,Davis,Hindmarsh(1991);Brandenburger,

David,Trodden(1994);Sahu,Bhattarcharjee,Yajnik(2004)
cBhattarcharjee(1990);Sigl(1996);Protheroe(1996);Berezhinksi(1997);Vincent,M.H.,Sakellari-

adou(1998)
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Newstringsforold

Recentrevivalofinterest:

•CosmicF-andD-strings:M-theoryallowsmanytypesofstringnetwork
a

•CSL1:
b

aJones,Stoica,Tye(2002);Sarangi&Tye(2003);Copeland,Myers,Polchinski(2003)
bSazhinetal(2003)



CMBpowerspectrumfromcosmicstringsMarkHindmarsh(Sussex)5

Topologicaldefectsincosmology

•Global“defects”:
a

–Spontaneousbreakingofglobalsymmetry

–Low-energydynamics:non-linearsigmamodel

–GravitationalperturbationssourcedbyGoldstonemodes

•Cosmicstrings
b

–Spontaneousbreakingofglobalorgaugesymmetry

–Topologyofvacuummanifoldallowsstring-likesolitonsin3D

–e.g.AbelianHiggsmodel(gaugecosmicstrings)

aDürrer,Kunz,MelchiorriarXiv:astro-ph/0110348]
bMH&Kibble[arXiv:hep-ph/9411342];KibblearXiv:astro-ph/0410073;PolchinskiarXiv:hep-th/0412244
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Globaldefects:temperaturepowerspectrum

O(4)non-linearsigmamodel
a

Normalisation:

C
(NLSM)
`=0.13C

(ad.scal.)
`

C
(tensor)
`=0.19C

(scal.)
`.

Cosmologicalparameters:
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aBevis,Hindmarsh,Kunz[arXiv:astro-ph/0403029]
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LiftingtheΩbh
2
-fddegeneracywithBigBangNucleosynthesis

•Marginalisedlikelihooodfrom

WMAP

•68%and95%confidencelevels.

•Verticallines:68%and95%con-

fidencelimitsonΩbh
2
(Kirkman

etal)
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SDSSandglobaldefects:matterdoesn’tmatter

Solid:AdiabaticHZscalar

Dashed:Scalar+fd=0.4

Dot-dashed:defectcontribution
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Globaldefects:headlineresult

Globaldefectscontributelessthan13%
a

at`=9(95%confidence).

a(theoreticaluncertainty2%)
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Calculatingperturbationsfromdefects:UETCmethod

hα(τ,k):linearperturbation(metric,matter,temperature...)

Sα(τ,k):source(energy-momentum,separatelyconserved)

Dαβ(τ,k):timedependentdifferentialoperator

Perturbationequation:Dαβ(τ,k)hβ(τ,k)=Sα(τ.k)

Powerspectrum:
a
〈

|hα(τ0,k)|
2
〉

=
∫∫

D−1
D−1

〈Sα(τ,k)S∗
α(τ′,k)〉

Needunequal-timecorrelators(UETCs)ofsourceorenergy-momentumtensor

Cµνρλ(k,τ,τ
′
)=

〈

Tµν(k,τ)T
∗
ρλ(k,τ

′
)
〉

aPen,Seljak,Turok(1997);Dürrer,Kunz,Melchiorri(1998,2002)
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...UETCmethod

Isotropy+EMconservation+parity:Cµνρλ:3scalar,1vector,1tensor

(S,V,T)correlatorscanbediagonalised:C(kτ,kτ
′
)=

∑

n

λnvn(kτ)v
∗
n(kτ

′
)

Eigenvectorsvn(kτ)assources:h
n
α(τ,k)=

∫

τ

τiD
−1
αβ(τ,τ′,k)vn(τ′,k)

Reconstructcompletepowerspectrum:

C`=
∑

n

λ
(S)
nC

(S)n
`+

∑

n

λ
(V)
nC

(V)n
`+

∑

n

λ
(T)
nC

(T)n
`



CMBpowerspectrumfromcosmicstringsMarkHindmarsh(Sussex)12

UETCmethodforpowerspectrum:summary

CalculateUETCs

↓
DiagonaliseUETCs

↓
Solveperturbationequationswitheigenfunctionsassources

↓

Square(e.g.)(∆T)
(S,V,T)n
`andsum
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Energymomentumtensordecomposition

Scalar(S),Vector(V)andTensor(T)under3Drotationgroup
a

T
(S)
00=v

2
fρT

(S)
j0=iv

2
kjfvT

(S)
jl=v

2

[

(fp+
1

3
k

2
fπ)δjl−kjklfπ

]

T
(V)
j0=v

2
w

(v)
jT

(V)
jl=iv

21

2

(

kjw
(π)
l+klw

(π)
j

)

T
(T)
jl=v

2
τ

(π)
ij

visv.e.v.ofscalarfield:V(φ)=
1
2λ(|φ|

2
−v

2
)
2

aNotationofDürrer,Kunz,Melchiorri[arXiv:astro-ph/0110348]
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LinearisedEinsteinequationsfordefect“seeds”

Gaugeinvariantformalism
a

Scalar:Φ
(s)

,Ψ
(s)

Vector:Σ
(s)
iTensor:H

(s)
ij

k
2
Φ

(s)
=ε(fρ+3

ȧ

a
fv)

Φ
(s)

+Ψ
(s)

=−2εfπ

−k
2
Σ

(s)
i=4εw

(v)
i

Ḧ
(s)
ij+2

ȧ

a
Ḣ

(s)
ij+k

2
H

(s)
ij=2ετ

(π)
ij.

ε=4πGv
2

,wherevisv.e.v.ofscalarfield
aNotationofDürrer,Kunz,Melchiorri[arXiv:astro-ph/0110348]
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Unequaltimecorrelators:scaling

Donothavetotraceentirehistoryofnetwork

Defectnetworksexhibitscaling

Scaling:correlatorsdependonlyontimeτandwavenumberk

E.g.scalar:
a

(x=kτ)

〈Φs(k,τ)Φ∗
s(k,τ′)〉=

1
k
4
√

ττ
′C11(x,x′)

〈Φs(k,τ)Ψ∗
s(k,τ′)〉=

1
k
4
√

ττ
′C12(x,x′)

〈Ψs(k,τ)Ψ∗
s(k,τ′)〉=

1
k
4
√

ττ
′C22(x,x′)

NBscalingfailsduringachangeinexpansionrate

aNotationofDürrer,Kunz,Melchiorri[arXiv:astro-ph/0110348]
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CMBpowerspectrumfrom(gauge)cosmicstrings:previouswork

AuthorsStringmodelCOBEGµ

Perivolaropoulos(1995)Movingsegmentmodel∼1.6×10−6

Allenetal(1997)Idealstrings(FRW)1.05
+0.35
−0.20×10−6

Albrecht,Battye,Robinson(1997)Movingsegmentmodel∼2×10−6

Contaldi,Hindmarsh,Magueijo(1998)Idealstrings(Minkowski)–

Landriau&Shellard(2004)Idealstrings(FRW)∼0.7×10−6

Wyman,Pogosian,Wasserman(2005)Movingsegmentmodel∼2×10−6

MSM:movingsegmentsofincreasinglengthwithrandomvelocities
a

IdealStrings:1Dobjects,Nambu-Gotoaction

aVincent,Hindmarsh,Sakellariadou(1997);Albrecht,Battye,Robinson(1997)
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Approximations

Quantumfieldtheory

↓(Largeoccupationnumber,bosons)

Classicalfieldtheory

↓(Smooth,lowcurvaturestringconfigurations)

“Ideal”(Nambu-Goto)strings

↓(Phenomenological)

Movingsegmentmodel
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AbelianHiggsmodel

S=−
∫

d
4
x√−g

(

g
µν

Dµφ
∗
Dνφ+V(φ)+

1

4e2g
µρ

g
νσ

FµνFρσ

)

,

Complexscalarfieldφ(x,t),vectorfieldAµ(x,t)

CovariantderivativeDµ=∂µ−iAµ.

PotentialV(φ)=
1
2λ(|φ|

2
−v

2
)
2
.

Metricgµν=a
2
(τ)ηµν

c

T<T

T=T

T>T

c

2

1

φ

T

c

φ

V

Temporalgauge(A0=0)fieldequations(indexraisedwithMinkowskimetric).

φ̈+2
ȧ

a
φ̇−D

2
φ+λa

2
(|φ|

2
−v

2
)φ=0,

∂
µ

(

1

e2Fµν

)

−ia
2
(φ

∗
Dνφ−Dνφ

∗
φ)=0,
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AbelianHiggsmodel:shrinkingstringproblem

Comovingwidthofstringshrinksasa−1
(a∼τ−2

inmatterera)

Modifyfieldequations
a

φ̈+2
ȧ

a
φ̇−D

2
φ+λa

2s
(|φ|

2
−v

2
)φ=0,

∂
µ

(

a
2(1−s)

e2Fµν

)

−ia
2
(φ

∗
Dνφ−Dνφ

∗
φ)=0,

Physicalwidthofstring“fattens”ifs<1

PreservesGauss’sLaw(currentconservation)butviolatesEMconservation

Takes=0.3(checkwiths=0)

aPress,Ryden,Spergel(1989);Bevisetalinprep.
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Parallelsimulationsoffieldtheories:LATfield

•C++libraryofobjectsforclassicallatticesimulation
a

•InspiredbyMDP/FermiQCD
b

•Objects:

Lattice:Takescareofboundaryconditionsanddomaindecomposition

Field:Template-canhavereal,complex,user-definedobject.

Site:Accesseselementsoffield

•Parallelisation:compilerswitch-DPARALLELMPI

aBevis&Hindmarsh,inpreparation
bMassimodiPierrohttp://www.fermiqcd.net/
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Stringsin3D(Minkowskispace)

ClassicalAbelianHiggsmodel

Isosurfacesofconstantφ

(φ=0atstringcentre).

Nambu-Gotostrings
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AbelianHiggsmodelsimulations1:stringlengthscale

Totallengthofstring:L

Scaling:L/V∝τ−2

Networkscale:ξ=√(V/L)∝τ

Latticespacing:∆x=0.5

Volume512
3

Couplingconstants:λ=e=1

Matterera,“fattening”stringal-

gorithm.

Noteξ=x(τ+τo)
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ΦΦequaltimecorrelator:applytimeoffsetτo,startatτ=64

C11(k(τ+τo),k(τ+τo))=k
4
(τ+τo)〈Φs(k,τ)Φ∗

s(k,τ)〉
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C=scalar11
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Simulations2:ΦΦunequaltimecorrelator

Plotagainstk
√

ττ′,τ′/τinsteadofkτ,kτ′.
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WMAP-normalisedC`sfromstringsPRELIMINARY!
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WMAP-normalisedC`sfromO(4)NLSM
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PreviouscalculationsofcosmicstringC`s
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Conclusions

•CosmicstringsmaybedetectedasasubdominantcontributiontoCMBsignal

•NEW:fieldtheorysimulations:

–lessmodelling,morephysics

–includecontributionstoEMtensorfromdecayproducts

•Technologyspin-offs:

–parallelN-dimensionalfieldtheorysimulations:LATfield

–codesforUETCsandsourcedperturbations(modifiedCMBeasy)

•Preliminaryresults:

–Largervectorcontribution

–broader,lower,peak

•Tobedone:

–MCMCparameterestimationtoboundsymmetry-breakingscale

–Statistical,finitesize,andmodelerrorestimates


