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Outline 

PGW from global phase transitions after Inflation 

•  Self ordering of Goldstone modes 
•  Scale invariant spectrum subhorizon scales 
•  Detection in B-mode Polarization of CMB 

Primordial Gravitational Waves from preheating 

•  Hybrid Inflation (tachyonic preheating) 
•  Abelian-Higgs Model (cosmic strings+fields) 
•  Detection with laser interferometers 
•  Anisotropic maps of PGW background 





Preheating 
Very rich phenomenology after inflation 

•  Non-thermal production of particles (CDM) 
•  Production of topological defects  
•  EW baryogenesis & leptogenesis 
•  Production of gravitational waves 
•  Production of primordial magnetic fields 
•  etc. 
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Tachyonic preheating 
Spinodal growth of long wave Higgs modes 

• At the end of Hybrid Inflation 
• Higgs couples to gauge fields 
• Strong production of fermions 
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The Abelian Higgs-Inflaton model 



Hybrid Inflation 
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e.g. U(1) vacuum manifold 



Lattice Simulations 
Quantum averages = Ensemble averages 

Initial conditions: Highly occupied modes 

Rayleigh distribution: Gaussian random field 



High peaks of Higgs field 





Formation of Higgs bubbles 
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Histogram of  Re Φ  and  Im Φ 



String 
production 

@ end 
inflation 

How many  
Infinite strings? 
Is there scaling? 
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Time evolution after inflation 
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ρGW
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Gravitational Wave detectors in the world 
LISA, LCGT 
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Backgrounds, Bounds & Sensitivity 
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The Abelian Higgs-Inflaton model 

� 

gµν = ηµν + hµν , hµ0 = 0, ∇ihij = 0, hi
i = 0

including backreaction 



Evolution of Higgs histograms 



Evolution of Higgs histograms 



Evolution of Higgs histograms 













Evolution of GW background 



Higgs covariant gradient energy 



Magnetic energy density 



Gravitational waves energy density 



Gravitational waves energy density 
Dufaux, Figueroa, JGB  arXiv:1006.02171 



Gravitational waves sky maps 
Thrane et al. PRD80, 122002 (2009) 
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Gravitational waves sky maps 
Thrane et al. PRD80, 122002 (2009) 
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Galactic injection 
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Another 
source of GW 
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Effective scalar global SB potential 

Higgs mode tachyonic preheating on small scales 

Non-linear sigma model 

self-ordering of Goldstone modes on large scales 





GW multiple origins for hybrid models 

•  small scales (subhorizon) 
•  anisotropic stresses from 
  bubble collisions and  
  kinetic turbulence 
•  GW power peaked at k~m 
•  relevant d.o.f. is Higgs 
•  spinodal growth of modes 
•  exact tachyonic solutions 
•  lasts for short time of SB 
•  don’t induce density pert. 
  on large scales 
•  can be observed @ BBO 

•  large scales (superhorizon) 
•  anisotropic stresses from  
  field realignment and   
  spatial gradients 
•  GW power peaked at k~H 
•  d.o.f. Goldstone modes 
•  self-ordering fields 
•  exact scaling solutions 
•  never stops 
•  produces also scalar and  
  vector perturbations 
•  can be observed @ CMB 

preheating self-ordering 



Gravitational wave power spectrum 

scale invariant 
spectrum 



GW density parameter today 
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Observational bounds on GW 



Distinguishing 
GWs in  CMB 
polarization 
anisotropies 



Polarization basics 



linear circular elliptical 

polarization  
types 









The CMB sky: spherical harmonics 



Inflation (adiabatic) 

Inflation 



Non-local E- and B-modes 



Local E- and B-modes ~ ~ 



Power spectra and correlation functions 

Also for local B-modes ~ 



Contribution of 
defects to CMB 

polarization 
anisotropies 





Cosmic Strings components: S, V, T 



Angular power spectra Cosmic Strings 



Real unbinned WMAP data (TT) 



Planck (2012) 



Lensing cleaning of B-modes 
Seljak & Hirata (2004) 



Gaussian smoothing 

Planck  
CMBpol 



Angular Power Spectrum  B-modes ~ 

JGB, Durrer, Fenu, Figueroa, Kunz  arXiv:1003.0299 



Correlation function with Noise 
JGB, Durrer, Fenu, Figueroa, Kunz  arXiv:1003.0299 



Angular correlation function B-modes ~ 
JGB, Durrer, Fenu, Figueroa, Kunz  arXiv:1003.0299 



Signal to noise ratio (BB) 



Signal to Noise ratio for defects 
JGB, Durrer, Fenu, Figueroa, Kunz  arXiv:1003.0299 



Comparison local vs non-local modes 
JGB, Durrer, Fenu, Figueroa, Kunz  arXiv:1003.0299 



Limits on defects and inflation 

Particle Physics connection 



Conclusions 
•  Inflation produces scalar and tensor perturb. 
•  CMB anisotropies and LSS consistent with it 
•  Production of PGW at preheating (Big Bang)  
•  Different sources of GW during/after inflation 
•  Topological & non-top. defect prod. @ preh.  
•  Can distinguish between different sources 
•  Key observable: local B-modes 
•  Connection to high energy particle physics 


