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Introduction to Cosmic Defects

Topology of cosmic domains and strings

T W B Kibble

Blackett Laboratory, Imperial College, Prince Consort Road, London SW7 2BZ, UK

Received 11 March 1976

Abstract. The possible domain structures Wthh can arise in the universe ina spontaouslyk

‘monopoles depends on the homotopy groups of the manifold of degenerate vacua The
subsequent evolution of these structures is investigated. It is argued that while theories
generating domain walls can probably be eliminated (because of their unacceptable
gravitational effects), a cosmic network of strings may well have been formed and may have
had important cosmological effects.

Kibble pioneered the study of topological
defect generation in the early universe.
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2roup ) O(N ) and coupled in the usual

= (D,Ld:) (B.B*) (1)

with

The coupling constants g and e are not necessarily related, but we shall assume that they
are of a similar order of magnitude (and both small).

At zero temperature the O(N) symmetry here is spontaneously broken to O(N 1),
with ¢ acquiring a vacuum expectation of order 7. In the tree approximation,
(@)'=n’ (2)

so that the manifold of degenerate vacua is an (N —1) sphere SV 1.
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Higgs True V.E.V.

V() =3g°(¢"~ ") +asl(N )e’]
" asin the Landau—Ginsberg theory of superconductivity. (See for example Schrieffer

' 1964.) The minimum occurs at ¢ = 0 and so the symmetry is unbroken for T larger than
| the transition temperature

N+2 N-1e*\ 12 ..
Tc-n( TR 82) . Critical Temperature ©)

Y +H{N +2)g>+ 6N = D] T6?,

This is the normal phase. Below T, we have an ordered phase: ¢ acquires a vacuum
expectation value, which plays the role of the order parameter, and whose magnitude is
determined by

0y =n"[1-(T%/1%]. Higgs VEV vs Temp

T <T.)5

= = e ———
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'aum expectation vaue () \ restrit:ted to lie on some orbit of G. If H is the

isotropy sul 7 at onepont (¢), i.e. the sboor:ﬁlatxons leaving

(¢) unaltered, then the orbit may be identified with the coset space M= G/H.
&Ph sically H is_ te sb group of nrokens mmetrles and_ ﬁlS themamfoiﬁ of

Vacuum
M=G/H Manifold
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3. Formation of protodomains

For T near T, there will be large fluctuations in ¢. Once T has fallen well below T,
we may expect q& to have settled dow W1th 2 NON-Zero exf ectatla ue corres ondmg

s Curie point the choice will be determined by whatever
small fields happen to be present, arising from random fluctuations. Moreover this
choice will be made independently mtrentreonsof space, provided the are far

er, T 10N tC onma ‘more or less random y way. Of course for

e i T—————
B — — -

*energetlc Teasons a constant or slowly varying (¢) is preferred and so much of this

initially chaotic variation will quickly die away. The interesting question is whether any

residue remains—in particular whether normal regions can be ‘trapped’ like flux tubes
in a superconductor.

M= G/H
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| 6 Condusions and diséussion

is non- f it ha n connected components we find an n-phase emulsion. The
- formation of cosmic strings requires that 7;(M) be nontrivial, i.e. that M is not formed
of simply connected components. Finally, monopoles can formif m,(M) is nontr1v1al |

M= G/H
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| 6 Conclusions and diséussion

beexected to arlse "The

On thxs basis we showed that a domam S

is non- co
- formation of cosmic S
of simply connected cd

M= G/H
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Introduction to Cosmic Defects

U(1) Breaking (after Hybrid Inflation)

Higgs Dynamics

i IR W
’ 1 > }g
'Ix‘_"-'::7,: B <
3 P ol - 1
| L 4
g 1 e

Dufaux et al PRD 2010
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U(1) Breaking (after Hybrid Inflation)

SNAPSHOT OF THE HIGGS (mt = 17)

___‘ 2T

? - '
HIGGS ‘

STRINGS

(Higgs Min,
Pot. Energy Max)

2D SLICE:
HIGGS

PHASE ~ | I
0

Dufaux et al PRD 2010
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U(1) Breaking (after Hybrid Inflation)

MAGNETIC FIELD DYNAMICS

Magnetic Field energy density

Dufaux et al PRD 2010
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U(1) Breaking (after Hybrid Inflation)

Variable 1
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Magnetic Field
energy density

Dufaux et al PRD 2010
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Z0OOLOGY:

texture: (non-topological)

MICRO-PHYSICS ====p COSMIC DEFECTS
—— (M = G/H)
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Cosmic Strings

DEFECTS: Aftermath of PhT — < Cosmic Monopoles

( { Domain Walls

Non — Topological

\

CAUSALITY & MICROPHYSICS => Corr. Length: £(t) = A(t) H=1(t)

(Kibble’ 76)

SCALING: A(t) =comst. — A~ 1 => k/H ?kt
comoving momentum \'
conformal time
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pon(t) = ga=ges (hooe. s ()

v . — Volume Average
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Inflation:
1

Paw (t) = 321Ga2(t) <h’6] (X7t)hij (%, t)> ensemble/ QM

— > average \\_ Other:
Random
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pon(t) = ga=ges (hooe. s ()

1 Ik AKX )/ .
— ’LX(k—k) o >|< /
327Ga2(1) / (2n)° 21)° DI

<hij (k, t) i, (K t)> = (27)3P; (k, )6 (k — k)




Stochastic GW backgrounds

_ 1 % 3 dpGW
Pawt) = (4W)3Ga2(t)/ g F Pk / dlogk‘“o g R

_ 3.
dlogk ™Y = Grpaaza © Tk

<hij (k, t) i, (K t)> = (27)3P; (k, )6 (k — k)
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Stochastic GW backgrounds

dIOGW _ 1 3.
dlogk(k’t)  (47)3G a?(t) kP (k1)

<hij (k, t) hi; (K, t)> = (21)3 P; (k,1)0® (k — k')

Define: h;; (x,t) = a(t)h;; (x,1)
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dIOGW (k t) 1

__ 3D.
dlogk "’ 7 (47)3G a?(t) kP (k1)
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Stochastic GW backgrounds

dIOGW _ 1 3.
dlogk(k’t) - (4m)3G a?(t) K Palk, 1)

<hij (k, t) hi; (K, t)> = (21)3 P; (k,1)0® (k — k')

EOM: hi; (X,t)—<v2 : d(t)> hij (x,1) = 167G a(t)TTET (x, 1)

Green Function

7‘

. o /
s (K, £) = Z(g /t dt'a(t') G(k(t—t')) I (k, ¢)
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dIOGW _ 1 3.
dlogk "D = g ¥ Phk )

<hij (k, t) hi; (K, t)> = (21)3 P; (k,1)0® (k — k')

i (k, 1) = }ZS /t dt'a(t') Gk(t—')) TIE (k, ¢




Stochastic GW backgrounds

dIOGW (k t) 1

_ 3 D.
dlog kY = mpcaz) " Pilk.?)

<hij (k, t) hi; (K, t)> = (21)3 P; (k,1)0® (k — k')

167G : / / / TT /
- / dt'a(t") G(k(t—t')) T (k, )

tr

167TG
— dt" | dt"a(
P k2a2 /t . /t . a(t

k(t —t'))G(k(t —t") 1% (k, ¢, t"),

hij(k,t) =

(2m)3 112 (K, t,t') 63 (k — K/)

<H;5-T(k, t) H;.I]‘.T(k’, t'))
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dIOGW _ 1 3.
dlogk(k’t) - (4m)3G a?(t) K Palk, 1)

(g (,8) B (K, 1) ) = (27)* P (b, )0 (k — K)

i (k, 1) = gzg /t dt'a(t') G(k(t—t') 1T (k, t'
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Stochastic GW backgrounds

dIOGW (k t) 1

_ 3 D.
dlog kY = mpcaz) " Pilk.?)

(g (e, 1) B (1)) = (27)° P, (h, £)00) (k — K)

NIL' (k,t)
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dp ey
k.t
dlogk( )

1

T (47)3G a2(t)

k> P; (k,t)

<h (k, t) hi; (K, )>

T

= (27)® P; (k,1)6'® (k — k')

(1
_ (167G)° / dt’ / dt" a(t
2a°(t £ £

ycos[k(t' — ¢ II*(k, ', ")

kt > 1

<H;§T(k, t) H};T(k’, t'))

(2m)3 112 (K, t,t') 63 (k — K/)
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WPaw (k, 1) ! K3 P; (k. t)

dlogk" "~ (47)3G a2(t)

(i

(k, ) ht; (K, )> = (2m)3 P; (k, )6 (k — K')

T

167TG

2a°(t

/dt / dt" a(t’
tr tr

ycos[k(t' — ¢ II*(k, ', ")

kt > 1

<H;§T(k, t) H};T(k’, t'))

(2m)3 112 (K, t,t') 63 (k — K/)

2 GEk3
= G /dt / dt” a(t’
i1 tI

x cos[k(t' — ¢ II*(k,t', ")
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DEFECTS: GW Source — {T;,}TT « {0;¢0,¢, F;E;, B;B;}TT

UTC: (T5T(k, )T (K ) = (2m)3 112 (K, Ly, 2) 63(k — K)
(Unequal Time Correlator)

Stochastic Background of Gravitational Waves

GW spectrum: Expansion UTC

Ghew (I, ) ox Mglﬁ;(t) [ dtidts a(ti)a(ts) cos(k(ty —to)) 11%(k, t1,t2)

/\

Comoving Conformal
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DEFECTS: GW Source — {T;,}TT « {0;¢0,¢, F;E;, B;B;}TT

UTC: (TT(k)TT (K, ¢) = (2m)* 112 (K, 11, 2) 6°(k — k)

GW spectrum: Expansion UTC

R (k1) o gty [ dtidts alty)altz) cos(k(ty — t2)) T (kb t2)
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DEFECTS: GW Source — {T;,}TT « {0;¢0,¢, F;E;, B;B;}TT

C= (T (e, OTFT (K, 1)) = (2m)% S Ukt k)5 (k — k)

GW spectrum: Expansion UTC

4 A2
1) () 2t 775 s~ ) Ul

Rad. Dom SCALING |
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GW spectrum: (z; = kt;) R.D. and SCALING

4 ar2
jﬁ)(g}g“]; (k,t) X (Mlp> a4(2;) [f dil?ldilfz A/ L1L2 COS(QZ‘l — 5172) U(il?l,ili'g)]
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GW spectrum: (z; = kt;) R.D. and SCALING

4 M2
gll?gg“l; (k,t) o (Mlp) a4(2;5) Az drz /017 cos(y = 2) U(w@

Fi; ~ Const. (Dimensionless)

DGF, Hindmarsh, Urrestilla, PRL 2013



1) Theorem: GW from Evolution of Defect Networks

VEV :
GW today: Scaling @ RD

__ 32 (L>4 Q(O)

Fy, (SCALE INV.!)

rad

3 \ M,

Defect type

!

= / dridxo/r12x5c08(T1 — 22)U (21, 22)
0

DGF, Hindmarsh, Urrestilla, PRL 2013
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VEV :
GW today: Scaling @ RD

4
2(5) Q% Fu, (SCALEINV.Y)

Defect type

!

= / dridxo/r12x5c08(T1 — 22)U (21, 22)
0

s

V PhT (1st 2nd ) V Defects (top or non- top )

) DGF -H/ndmarsh Urrestllla PRL 2013
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GLOBAL PHASE TRANSITION

UNIVERSE EXPANDING
(CAUSAL HORIZON)

FIELD SELF-ORDERS
(&1 & <1/H)
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GLOBAL PHASE TRANSITION

S ¢2 = 12 (CONSTRAINT)

[0, + V@) =0 (EOM) '

O(N)— O(N-1):-

(Turok & Spergel 91)

.- L .
LARGE-N LIMIT: | 2(kn}= (kn)2~"C (k) im[ﬁ.;m
(N>>1)

(kn= L, Super-Horizon Scales)



2) Analytical Calculations: Large-N

1. ~.
LARGE-N LIMIT: | ¢(kmy= (kn)? ™7 Cy(k) J [kn)

(N>>1) (kn= 1. Super-Horizon Scales)
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2) Analytical Calculations: Large-N
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2) Analytical Calculations: Large-N

-1 ;Ji B¥s lpcw (k.
_ l‘gﬂé _ Jfﬂt:m[ T”dlﬂgk )

dlog k

SCALE
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SPECTRUM[R2d-D™
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Jones-Smith et al 2008, Fenu et al 2008



2) Analytical Calculations: Large-N

h2Qcw eLISA

10-20 t[Hz]

1072 1075 0.1 1000.0 107 107"



Irreducible GW emission
from a Defect Network

%) Theorem: GW from Evolution of Defect Networks

%) Analytical Calculations: Large-N
3) O(N) Lattice Simulations

4) Full Spectrum



Irreducible GW emission
from a Defect Network

%) Theorem: GW from Evolution of Defect Networks

%) Analytical Calculations: Large-N

e e e E— e e S

E) O(N) Lattice Simulations

e e S ————— S ————— e

4) Full Spectrum



3) O(N) Lattice Simulations

GW today: V PhT (1st, 2nd, ...), V Defects (top. or non-top.)

4
Oy = ( 3[@2)0 = 2(37) ) Fy, (SCALE INV.)



3) O(N) Lattice Simulations

GW today: V PhT (1st, 2nd, ...), V Defects (top. or non-top.)

4
Oy = ( gfg&)o = 2(30) ) Fy, (SCALE INV.)

VEV



3) O(N) Lattice Simulations

GW today: V PhT (1st, 2nd, ...), V Defects (top. or non-top.)

4
Oy = ( 3[@2)0 = 2(30) ) Fy, (SCALE INV.)

pe P /
VEV

= / dridro/r11x50c08(21 — 22)U (21, 22)
0



3) O(N) Lattice Simulations

GW today: V PhT (1st, 2nd, ...), V Defects (top. or non-top.)

4
0% = ( 3[@2)0 = 2(37) ) Fy, (SCALE INV.)

Pc /v \
VEV Scaling @ RD

= / dridro/r11x50c08(21 — 22)U (21, 22)
0



3) O(N) Lattice Simulations

GW today: V PhT (1st, 2nd, ...), V Defects (top. or non-top.)

4
WG =5 ( gfggv;)o _ ; () Q) Fu, (SCALE 1{\1\/.!)
VEV / Scaling @ RD

= / dridro/r11x50c08(21 — 22)U (21, 22)
0

Defect type ———» F((Jz), F[(JS), F((;l), F(S-N>4)

Strings, Monopoles, Textures, ...



3) O(N) Lattice Simulations

Defect type ——» F((JZ), F(SS), F(Sfl), F[(JN>4)

Strings, Monopoles, Textures, ...

Fy = / dridxo/r12x50c08(21 — 22)U (21, 22)
0
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4) General Features

vV PhT (1st, 2nd, ...), V Defects (top. or non-top.)

Qaw (f) o< 2, Qaw (f) oc f72, Qaw (f) o< f°

f<for~r107"®Hz, f,<f < foq~10"""Hz, foq < f < f. <10°Hz

hQQgr\l,f‘,X) ~5x 10713

(N,v) = (2,5 % 107°GeV)]

Large-N analytical, Global Lattice Sim’s, AH Lattice Sim's

Irreducible Background!
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Cosmic Strings Network: Loop configurations

A cosmic string network formed by:
1) ‘Infinite’ long cosmic strings
2) (subhorizon)Cosmic string loops

® Cosmic strings: p =1
e Cosmic superstrings: p € [107°2, 1]
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Cosmic Strings Network: Loop configurations

Loops once formed, decay by radiation emission

Extra emission of GWs !

— “ Boson emission (Vilenkin
* UHCR '81)

*

Assuming GW emission dominates ...

Given a loop number density n(4, t)
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Cosmic Strings Network: Loop configurations

Cosmic string loop (length /) oscillates under tension p

=3 emits GWs in a series of harmonic modes

Extra emission of GWs ! (Vilenkin ’81)

7 e / "t (a“))g /O " (1,0 P(aufa) 0

df A, \
’/. / \v GW power emission
expansion lenath number 1)
history g density x 1 / ( f [N T2

features
(kinks,cusps,...)
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Cosmic Strings Network: Loop configurations

Example of GW emission from Loops

loop

size
(relative to

horizon)

Sanidas et al 2012
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GW from string loops # GW from "Infinite"-Strings

(particular emission)

(irreducible emission)
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Cosmic Strings Network: Loop configurations

GW from string loops # GW from "Infinite"-Strings
(particular emission) (irreducible emission)

h?Qgw
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Vilenkin, Vachaspati, Bouchet, Siemens et al, DGF, Hindmarsh, Urrestilla,

Sanidas et al, Blanco-Pillado et al, ... 1981 - 2016 work in progress 2013-2016



Cosmic Strings Network: Loop configurations

Extra emission of GWs | (Vilenkin '81)

Results for 6 links, SNR=20 -=1
LISA Prospects;

Conservative limit: Gu/c* < 4.4 x 10719
Large loops: Gu/c? < 1.5 x 107 1°

Conservative limit: Gu/c® < 1.1 x 10719
Large loops: Gu/c? < 2.1 x 1017

Conservative limit: Gu/c? < 7.0 x 10~ 11
Large loops: Gu/c? < 1.3 x 10717

Conservative limit: G,u/c < 1.4 x 1071
Large loops: Gu/c? < 4.4 x 10718 v < 1010G6V .

(From Sanidas et al,LISA GW cosmology 3rd encounter)
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Early
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Coming Soon ...

* Caprini & Figueroa, REVIEW on GWs from Early Universe
(expected Sept 2017)

garly un
: rague Particle Cosmology school (1 week): Sep 4 - 8

http://www-ucif.troja.mff.cuni.cz/~iss2017/ISS2017_main.html

Inflation Antonio Riotto
Hot early Universe Rocky Kolb

Dark matter Thomas Schwetz-Mangold

I
I
| I
| Neutrinos 1n cosmology Sergio Pastor
I
| Gravitational waves Daniel Figueroa |
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|Temp-anisotropies
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Cosmic Microwave Background

Temp-anisotropies
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Cosmic Microwave Background

B-modes
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Cosmic Microwave Background

B-modes

(SOSF = Defects)
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