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Cosmic Strings

Stable line-like objects
Energy per unit length µ

Observational constraints:
Gravity waves/pulsar timing ⇒ Gµ <∼ few × 10−7

CMB: Strings with Gµ ∼ 2 × 10−6? (Hindmarsh)

Field theory
Topological defects (vortices) with integer winding number NW

Depending on couplings NW > 1 may be unstable
Generally exist in GUTs with inflation (Jeannerot et al 2004)
GUT strings Gµ ∼ 10−6

Superstring theory
(p, q)-strings: Bound states of p F-strings and q D-strings
Lower tension Gµ ∼ 10−9 (Copeland et al 2004)

http://cosmo06.ucdavis.edu/talks/hindmarsh.ppt
http://link.aps.org/abstract/PRD/V68/E103514/
http://jhep.sissa.it/stdsearch?paper=06(2004)013
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Cosmological Evolution

Scaling hypothesis
The network grows with the horizon
Constant fraction of energy in strings
Neither dominant nor negligible
Scale-invariant perturbations

Support from numerical simulations
Initial conditions given by the Kibble mechanism
- Only one string species
- Particular spatial distribution
Is this assumption valid?

Not generally
Different scaling?
Sensitive to initial conditions?
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String Formation: Kibble Mechanism

Spontaneous Symmetry Breaking: Must choose a direction
Choice uncorrelated in different domains/bubbles
Finite probability to form a string (Kibble 1976)

⇒ Number density per unit area n ∼ R−2

http://stacks.iop.org/0305-4470/9/1387
http://link.aps.org/abstract/PRD/V69/E103525/
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String Formation: Kibble Mechanism

Spontaneous Symmetry Breaking: Must choose a direction
Choice uncorrelated in different domains/bubbles
Finite probability to form a string (Kibble 1976)

⇒ Number density per unit area n ∼ R−2

Negative correlation: Antivortex near each vortex
Confirmed in liquid crystal (!) experiments
(Ray&Srivastava 2004)

Local process: No correlation at long distances

http://stacks.iop.org/0305-4470/9/1387
http://link.aps.org/abstract/PRD/V69/E103525/
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String Formation: Kibble Mechanism

Spontaneous Symmetry Breaking: Must choose a direction
Choice uncorrelated in different domains/bubbles
Finite probability to form a string (Kibble 1976)

⇒ Number density per unit area n ∼ R−2

Negative correlation: Antivortex near each vortex
Confirmed in liquid crystal (!) experiments
(Ray&Srivastava 2004)

Local process: No correlation at long distances

Winding 2 requires five bubbles
Must meet at the same point at the same time!
Probability suppressed by wall thickness/R

⇒ Practically always winding 1

http://stacks.iop.org/0305-4470/9/1387
http://link.aps.org/abstract/PRD/V69/E103525/
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Gauge Symmetry

Gauge field theories (QED, EW theory, QCD, GUTs,. . . )
⇒ "Direction" of symmetry breaking not a physical quantity

- 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?

Not so! Gauge field plays as important role (Hindmarsh&Rajantie 2000)
“Magnetic” flux conserved
Fluctuations get trapped and form strings

http://link.aps.org/abstract/PRL/V85/P4660
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Vortex Clusters
Second-order (continuous) phase transition

Thermal initial state

Long-wavelength fluctuations get trapped ⇒ clusters

B_gauge_slow_0_01.mov
Media File (video/quicktime)
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First-order phase transitions

?

Magnetic flux trapped in region between bubbles
Thermal fluctuations
Winding NW ≈ flux Φ ∼ e

√
TR
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2D Simulations

Phase angle Magnetic field
Winding numbers of up to 10
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3D Simulations

Faster cooling Slower cooling
Slower cooling: Lower nucleation rate, bigger bubbles, fewer strings

Strings with |NW | = 2

http://www3.imperial.ac.uk/portal/pls/portallive/docs/1/4792079.MOV
http://www3.imperial.ac.uk/portal/pls/portallive/docs/1/4792080.MOV
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Large-Scale Effects

Any pre-existing flux correlations survive in string network
Thermal initial state ⇒ Power-law correlations
(Kibble: Exponentially decaying correlations)

Super-horizon correlations survive until they enter horizon
Could be measured in principle
May well affect scaling

Diluted by inflation - but the total flux is conserved
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Flux Trapping after Inflation

Large-scale distribution fixed 50 e-foldings before the end of inflation
If fluctuations were present, we would be able to see them

Example: 50 e-foldings of inflation
Initially thermal equilibrium at Tini ∼ V

1/4

ini

Flux through horizon Φini ∼ Tini/Hini ∼ MPl/V
1/4

ini

During inflation the flux through the same comoving patch is conserved
Minimal amount of inflation ⇒ This patch is our observable universe
Flux was trapped into ∼ eMPl/V

1/4

ini strings
Potentially ≫ 1
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Conclusions

Global strings: Kibble mechanism
Single-winding strings
Local ⇒ No long-range correlations
Negative correlations at short distances

Gauged strings: Flux trapping
First-order transitions: Heavy strings with NW > 1
Second-order transitions: Clusters
Long-range correlations from fluctuations
- Thermal
- Inflation: Snapshot of the universe 50 e-foldings before the end of inflation

Scaling?

Cosmic superstrings?
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http://www.imperial.ac.uk/theoreticalphysics/pascos07

	Cosmic Strings
	Cosmological Evolution
	String Formation: Kibble Mechanism
	String Formation: Kibble Mechanism
	String Formation: Kibble Mechanism
	String Formation: Kibble Mechanism
	String Formation: Kibble Mechanism
	String Formation: Kibble Mechanism

	Gauge Symmetry
	Vortex Clusters
	First-order phase transitions
	2D Simulations
	3D Simulations
	Large-Scale Effects
	Flux Trapping after Inflation
	Conclusions

