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Outline

o Global symmetry: Kibble mechanism
o Gauge symmetry: Flux trapping
o Thermal phase transitions:
» \ortex clusters
» Long-range correlations
» Cosmological consequences
o Quantum phase transitions

Page 2 Arttu Rajantie

25 February 2008



Imperial College

Cosmic Strings
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Kibble Mechanism

e Continuous global symmetry, e.g., » — ¢*“¢ in

L =08,6"0"¢ —m?¢"¢ — \(¢"¢)”

o From m? > 0tom? < 0:
Spontaneous symmetry breaking
@ Decreasing temperature,

end of inflation,
brane collision
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e Continuous global symmetry, e.g., » — ¢*“¢ in
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o From m? > 0tom? < 0:
Spontaneous symmetry breaking
o Decreasing temperature,

end of inflation,
brane collision
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Kibble Mechanism

@ Spontaneous symmetry breaking:

Field has to “choose” a direction
o Finite correlation length &

o Cosmology: £ < 1/H

o Choice uncorrelated at distances >¢ N
= Domains of size ~ ¢

» Finite probability to form a vortex

whenever three domains meet
> Roughly one vortex per domain
» Number density per cross-sectional area:

n,m,g—Q
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Kibble Mechanism

@ Spontaneous symmetry breaking:
Field has to “choose” a direction
o Finite correlation length &
o Cosmology: £ < 1/H
@ Choice uncorrelated at distances >¢
= Domains of size ~ ¢
» Finite probability to form a vortex

whenever three domains meet (Kibble 19/6)
» Roughly one vortex per domain
» Number density per cross-sectional area:

n,me_Q
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Gauge Symmetry

L =08,0"0"p —m?¢"¢ — \¢"¢)”
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Gauge Symmetry

£ = —2 B 4 (D,0)" D6 — m*6"6 — X670

° D,=0,+1A,, F,, =0,A, —0,4,
o Invariant under ¢(z) — e*@¢p(x), A, — A, — (1/e)0,«
@ Meissner effect in the broken phase:
» Magnetic field confined into vortices
o Flux quantum ®, = 27 /e per vortex
o "Direction” of symmetry breaking not a physical quantity
o Can be rotated at any point independently of all others
» Kibble mechanism based on it — Is it still valid?
» Just fix the gauge and then it works?

Page 6 Arttu Rajantie 25 February 2008



Imperial College

Flux Trapping

o Just fix the gauge and then it works?
@ No! Gauge field plays an important role

- “Magnetic” flux ® = [, dS - B = §, ., di - A conserved:

d
P = —
dt

]{ di - E
oC

» Long-wavelength fluctuations do not have time to decay:

magnetic field
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Flux Trapping

o Just fix the gauge and then it works?
@ No! Gauge field plays an important role

- “Magnetic” flux ® = [, dS - B = §, ., di - A conserved:

icb:—jq{ di - E
dt .

» Long-wavelength fluctuations do not have time to decay:

A
L

magnetic field
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Flux Trapping

e Two-point correlator

(B(F) B (@) = (20 + ) (8~ 2 ) 60

@ Thermal initial state

G(k)~T

log G(K)

log k
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Flux Trapping

o Two-point correlator

(B(F) B @) = ()8 -+ ) (8~ 557 ) 60

@ Thermal initial state

Gk)=T .
— Broken phase T
Tk? < | e
G(k) ~ 25— 5 /
+ m5 3 /
/
/
/
/
/
/
o/ Lol
m,
log k
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Flux Trapping

o Two-point correlator

(B(F) B @) = ()8 -+ ) (8~ 557 ) 60

@ Thermal initial state

Gk)~T .
— Broken phase
Tk? <
k) = ]
G(k) k? +m2 g

® | ongest wavelengths £ <k. freeze out

o Critical wavelength k. depends on the cooling
rate

Page 8

Arttu Rajantie

25 February 2008



Imperial College

Flux Trapping

log G(K)

® |Long-wavelength modes k <k. freeze out
o Meissner effect: Get trapped in strings

— Winding number @ (k) = (e/27)B(k) at k < k.
o Correlator G, (k):

(03B (@) = (2mP5(E + ) (3 -~ 52 ) Gulh

o Local dynamics (such as Kibble) can only give G, (k) ~ k* at low k
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2D Simulation
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2D Simulation
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B_gauge_slow_0_01.mov
Media File (video/quicktime)
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2D Simulation

o Clusters of equal-sign vortices:

o N = eT'/2EP272 per cluster

» Kibble mechanism: No clusters
o Short-distance effect
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2D Simulation

o Clusters of equal-sign vortices:

o N = eT'/2EP272 per cluster

» Kibble mechanism: No clusters
o Short-distance effect
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2D Simulation

o Clusters of equal-sign vortices:
o N ~ eT/2EP/*72 per cluster
» Kibble mechanism: No clusters

o Short-distance effect
@ Can be tested with superconductors

gauge
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2D Simulation

o Clusters of equal-sign vortices:
o N = eT'/2EP272 per cluster
» Kibble mechanism: No clusters

@ Short-distance effect
@ Also presentin 3D
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3D Simulation

o 256x256x256 lattice, spacing éz = 1
@ Thermal initial conditions with 7},,; = 0.5
o Radiation dominated with H;,; = 0.1: Evolve until ¢ = 2
@ Scalar coupling A =1,
m? such that transition takes place at « = /2
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3D Simulation
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3D Simulation

0.1F

G, (K

0.01-

| | | | 1111 | | | | | 11 11 |
0.01 0.1 1
k

o Winding number correlator (smoothed with gradient flow):

(03B (@) = (2mP5(E + ) (3 ~ 52 ) Gtk
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3D Simulation

1:
o ___-__% _ = E
3
S
o—e =05
O —e c=0.1
— prediction e=0.5
— prediction e=0.1
0.01F E
| . |
0.01 0.1 1
k

o Flux trapping prediction:

(wn Ry (@) = (o ) (BalF) B (@)
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3D Simulation

1r
< i
(Dg e e=05
0.1~ e (e=0.1)+flux trapping
1 1 1 1 1 111 | 1 1 1 1 1 L 11 |
0.01 0.1 1

o Total=Kibble+Flux trapping
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Long-Range Correlations

o Pre-existing flux correlations survive in string network
o Thermal initial state:
o Massless photon = Infinite correlation length
(cf. Kibble: Exponentially decaying correlations)
@ Cosmology: Super-horizon correlations frozen until they enter horizon

o Acoustic peaks?
» Net number of strings

N — |Gw(0) | €e*T,
S aH  V 2n2aH

- Changes as the universe expands: No scaling
. Today: Npt ~ \/Tems/Ho ~ 10, Qgrings ~ NerGp
- 70 e-foldings of inflation needed to dilute these away
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Zero-Temperature Phase Transition

o End of (long) period of inflation: Hybrid, brane etc.

o Superhorizon modes after reheating
o Classical approximation:
B is a Gaussian random field with G (k) = ’
o Flux trapping: G, (k) = (e/2m)?G (k) ~ k
o Local dynamics (such as Kibble) can only give ~ k?
o Apparently different long-distance behaviour
» |s this correct: Where did these correlations come from?
o Naively Npt ~ (e/27)+/In(T./aH) ~ 10e today
» Potentially observable if e ~ 1

o Proper quantum field theory calculation needed!
o Hard: 2PI does not work with defects!
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Conclusions

o Global strings: Kibble mechanism
» Local process = No long-range correlations
o Gauged strings: Kibble+Flux trapping

o Short distance: Clusters
o Flux trapping dominates at long distances: Long-range correlations

- Thermal: Ruled out!
- Pre-inflation: Potentially observable
- Quantum: Are they real?

o Also valid in

» Brane collisions
o Superconductors
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