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Can we detect the Gravitational Wave  
Background from preheating after inflation? 



Zel’dovich Conference, IUCAA, Pune (1995) 





Outline 
•  Stochastic inflation 
•  Multiple-field inflation (isocurvature modes) 
•  Open inflation 
•  Brane worlds 
•  CMB polarization anisotropies 
•  Large void LTB models 

Most fields I have worked on are also fields in which Misao-san has worked: 

•  Higgs (-Dilaton) Inflation 
•  Deep Galaxy Surveys (e.g. DES, Euclid, …) 
•  Gravitational Waves from preheating  

It is difficult to find fields in which Misao-san has not worked on: 



LHC @ CERN 
4th July 2012 

The Higgs is found! 







Higgs Landau Pole 
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λ → 0 a coincidence?
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Non-minimal grav. coupling 

Bezrukov-Shaposhnikov (2008) 



Einstein frame metric 

Spontaneous breaking of scale invariance    massless dilaton 

Noether current of scale invariance in E-frame 

JGB, Rubio, Shaposhnikov, Zenhausern (2011) 



JGB, Rubio, Shaposhnikov, Zenhausern (2011) 

Scale Invariant 
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JGB, Rubio, Shaposhnikov, Zenhausern (2011) 



Thawing Quintessence 



WMAP-7 



•  Gravitational lensing 
•  Supernovae luminosities 
•  Galaxy cluster mass function & no. counts 
•  Baryon Acoustic Oscillations 

Four main probes 



Purely geometric effect, 
only depends on the 
matter distribution  
between the source & us. 
Allow us to model the 
matter distributions and 
measure its content.  
Clean & reliable probe.   



Supernova-Ia are stars that explode violently and whose light 
can be seen from cosmological distances.  
They can be callibrated and used as standard candels.  

� 

w = −0.997−0.054
+0.050 (stat)−0.082

+0.077(stat + syst)

� 

⇒ Dark Energy = Λ



They are the largest 
virializaed structures in 
the Universe.  

Their X-ray emission 
allow us to estimate 
their total mass and 
thus determine their 
mass function. 

Their number density 
in the Universe is 
specially sensitive  
to cosmological 
parameters like Λ. 

DARK MATTER 

Gravitational attraction 
slows down the 
Universe expansion 

DARK ENERGY 

Something makes galaxies 
escape form each other 



The plasma before photon 
decoupling has fluctuations 
that propagate as sound 
waves.  

At decoupling a characteristic 
scale is fixed, the sonic 
horizon, which acts as a 
standard ruler.  

Its evolution with redshift  
since then allows us to use it 
as a comic probe.  

Seen both at the CMB and in 
the galaxy distribution today. 



4m Blanco 
Telescope  
Cerro Tololo 
Chile 

500 million galaxies 
5000 deg sq. 
Δzphoto = 0.05 (1+z) 
20 bins z range [0.2,1.5] 

Cost: 100M$ 

Dark Energy Survey 



Blanco Telescope at Cerro Tololo International Observatory, Chile   

First light, 12 September 2012  



Large Magellanic Cloud, which lies about 2 million light years from Earth.   

First light, 12 September 2012  

Credit: Dark Energy  Survey Collaboration 



DES inauguration – 8 November 2012, Cerro Tololo, Chile  



DES inauguration – 8 November 2012, Cerro Tololo, Chile  

Credit: Dark Energy  Survey Collaboration 



Four	
  Probes	
  of	
  Dark	
  Energy	
  
•  Galaxy	
  Clusters	
  

•  ~100,000	
  clusters	
  to	
  z>1	
  
•  Synergy	
  with	
  SPT,	
  VHS	
  
•  Sensi;ve	
  to	
  growth	
  of	
  structure	
  and	
  

geometry	
  
•  Weak	
  Lensing	
  

•  Shape	
  measurements	
  of	
  200	
  million	
  
galaxies	
  	
  

•  Sensi;ve	
  to	
  growth	
  of	
  structure	
  and	
  
geometry	
  

•  Baryon	
  Acous7c	
  Oscilla7ons	
  
•  300	
  million	
  galaxies	
  to	
  z	
  =	
  1	
  and	
  beyond	
  
•  Sensi;ve	
  to	
  geometry	
  

•  Supernovae	
  
•  30	
  sq	
  deg	
  ;me-­‐domain	
  survey	
  
•  ~4000	
  well-­‐sampled	
  SNe	
  Ia	
  to	
  z	
  ~1	
  
•  Sensi;ve	
  to	
  geometry	
  

Forecast Constraints on DE 
Equation of State 

Factor 3-5 improvement over  
Stage II DETF Figure of Merit 

Planck prior assumed 

DES 

DES Science Reach 



PAU photometric survey 

100 million galaxies 
200 – 1000 deg sq. 
Δzphoto = 0.0035 (1+z) 
100 bins z range [0.2,1.5] 
“Tomography” 

Cost: 10M$ 



Spectroscopic	
  survey	
  

Imaging survey 

100 million galaxies 
15,000 sq. deg 
Δzspec = 0.001 (1+z) 
8 bins z range [0.5,2.1] 

Cost: 1B$ 

1000 million galaxies 
15,000 deg sq. 
Δzphoto = 0.05 (1+z) 
5 bins z range [0.5,3.0] 



	
  	
  

PAU 

Euclid 

Higgs-dilaton 



            Gravitational Waves produced  
            at the Big Bang could open a  

         New Window into the Early Universe 

End of Inflation 
(Big Bang   
   10-35 Seconds) 

Big Bang plus  
380,000 Years 

gravitational waves 

Big Bang plus  
13.7 Billion Years 

light 

Now 
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The Higgs-Inflaton model + GWs 

� 

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

including backreaction 
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JGB, Figueroa (2007) 



Time evolution after inflation 

� 

ρGW



Gravitational wave spectrum 



1 Mpc 

20 Mpc 

200 Mpc 

Andromeda 

Virgo cluster 

Hercules cluster 

GEO600, TAMA200 

LIGO 

VIRGO 

Gravitational Wave detectors in the world 
LISA, LCGT, DECIGO, BBO 



Backgrounds, Bounds & Sensitivity 

DECIGO 

BBO 



Phys.Rev.D82, 083518 (2010) 
     ArXiv:1006.0217 

J. G.-B.    
Daniel G. Figueroa 
Jeff Dufaux 
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The Abelian Higgs-Inflaton model 

� 

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

including backreaction 

Dufaux, Figueroa, JGB (2007) 







Evolution of GW background 



Higgs covariant gradient energy 



Gravitational waves energy density 



Dufaux, Figueroa, JGB  (2010) 
Gravitational waves energy density 



Phys.Rev.D79,063531(2009) 

Phys.Rev.D84,123504(2011) 

Phys.Lett.B718,507(2012) 

J. G.-B., D. G. Figueroa, J. Rubio 

J. G.-B., J. Rubio, D. Zenhausern, M. Shaposhnikov 

J. G.-B., J. Rubio, M. Shaposhnikov   
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The SU(2)xU(1) Higgs-Dilaton model 

Bezrukov, Shaposhnikov (2008) 
Shaposhnikov, Zenhausern (2009) 

+SM couplings 

� 

−hΦΨΨ

JGB, Rubio, Shaposhnikov, Zenhausern (2011) 



W Z 

H 

e, q µ, ν 

SM particles 

JGB, Figueroa, Rubio (2009) 



JGB, Figueroa, Rubio (2009) 



JGB, Figueroa, Rubio (2009) 



•  Peaked at GHz frequencies 
•  Amplitude much larger than GW from inflation 
•  Several featured due to gauge fields 
•  Possibly defect structures seen in the 
  GW Background as anisotropies  

Search for its gravitational wave backg. 



Dufaux, Figueroa, JGB  (2010) 

Gravitational waves energy density 

Quantum Shot Noise 



De Logi, Michelson (1977) 

Inverse Gertsenshtein effect 

Gertsenshtein (1961) 

gw µw 

B 

@ GHz frequencies 





Conclusions 
We live through a fascinating era in which 
theoretical ideas in Cosmology can be  
tested with next generation experiments. 

•  Higgs-dilaton inflation connection between  
  Early and Late Universe:  1-ns =3(w+1) 

•  Wide galaxy surveys: DES, PAU, Euclid 

•  The violent process of reheating after inflation  
  produces a background of gravitational waves 



年寄りの冷や水 
(toshiyori no hiyamizu) 

Old Japanese Proverb 

Meaning: An old person acting like a child. 

Translation: An old person’s cold water. 

  Mísao-san, may you drink cold water  
for many years to come! 


