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Show history of our Universe and expalin basic stuff. BBN, CMB are the only direct 
Probes of our univere. Show Photo from google. Then say that well concentrate on
The very early universe, zoom in an switch to next slide.
Why are we so sure that the universe expands. What observations underpin that statement?
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GWs from the early universe
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GWs due to the tensor modes generated 
by quantum fluctuations during inflation

GWs from inflation

[Grishchuk,75], [Starobinskii, 79], 
[Rubakov, Sazhin, Veryaskin, 82]
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GWs from (p)reheating
[Khlebnikov, Tkachev, 97], [Lozanov, 2020]
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Cosmic strings
[Damour, Vilenkin, 20]

[Frolov, 2010]
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First order phase transitions
[Witten, 84], [Hogan, 86]

[Hindmarsh , Lüben, Lumma,  Pauly 2020]



 

GWs from the early universe
Energy

QCD crossoverEW crossover

radiation domination

0.1 GeV100 GeV1019 GeV

Planck Scale

inflation

Tmax



 

GWs from the thermal plasma
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[Weinberg 72] [Ghiglieri, Laine, 15] [Ghiglieri, Jackson, Laine, Zhu, 20] 
[Ringwald, JSE, Tamarit 20], [Ghiglieri, JSE, Speranza, 22],
[Laine, Ghiglieri, JSE, Speranza, 24]



 

GWs from the thermal plasma
Energy

QCD crossoverEW crossover

radiation domination

0.1 GeV100 GeV1019 GeV

Planck Scale

inflation

Tmax

[Weinberg 72] [Ghiglieri, Laine, 15] [Ghiglieri, Jackson, Laine, Zhu, 20] 
[Ringwald, JSE, Tamarit 20], [Ghiglieri, JSE, Speranza, 22],
[Laine, Ghiglieri, JSE, Speranza, 24]



 

GWs from the thermal plasma
Energy

QCD crossoverEW crossover

radiation domination

0.1 GeV100 GeV1019 GeV

Planck Scale

inflation

Tmax

[Weinberg 72] [Ghiglieri, Laine, 15] [Ghiglieri, Jackson, Laine, Zhu, 20] 
[Ringwald, JSE, Tamarit 20], [Ghiglieri, JSE, Speranza, 22],
[Laine, Ghiglieri, JSE, Speranza, 24]



 

GWs from the thermal plasma

[Weinberg 72] [Ghiglieri, Laine, 15] [Ghiglieri, Jackson, Laine, Zhu, 20] 
[Ringwald, JSE, Tamarit 20], [Ghiglieri, JSE, Speranza, 22],
[Laine, Ghiglieri, JSE, Speranza, 24]

Energy

QCD crossoverEW crossover

radiation domination

0.1 GeV100 GeV1019 GeV

Planck Scale

inflation

Tmax

[Weinberg 72] [Ghiglieri, Laine, 15] [Ghiglieri, Jackson, Laine, Zhu, 20] 
[Ringwald, JSE, Tamarit 20], [Ghiglieri, JSE, Speranza, 22],
[Laine, Ghiglieri, JSE, Speranza, 24]



 

GWs from the thermal plasma

Cosmic Gravitational Microwave Background (CGMB)

[Weinberg 72] [Ghiglieri, Laine, 15] [Ghiglieri, Jackson, Laine, Zhu, 20] 
[Ringwald, JSE, Tamarit 20], [Ghiglieri, JSE, Speranza, 22],
[Laine, Ghiglieri, JSE, Speranza, 24]
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Outline

● Scalar model:
● Standard Model (SM): 
● Beyond the SM (BSM) theories:



 



 



 



 



 

    -functions encode information about
microscopic particle physics model



 

Single graviton production dominates if



 

Quantum gravity effects are small 
corrections. They suppressed by a factor 



 
[Ghiglieri, JSE, Speranza, 22]



 

GWs from the thermal plasma in SM

SM gauge couplings



 

[Ghiglieri, Jackson, Laine, Zhu, 20] 

Single graviton production processes

GWs from the thermal plasma in SM



 

Graviton pair production processes

[Laine, Ghiglieri, JSE, Speranza, 22]

In SM double graviton production dominates if

GWs from the thermal plasma in SM



 

GWs from the thermal plasma

[Ringwald, JSE, Tamarit, 20]

From BBN and CMB:
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Conclusions
● CGMB is guaranteed stochastic GW background 

which peaks in GHz regime
● Powerful probe of particle physics models 
● Peak amplitude determines maximum temperature
● Quantum gravity effects are encoded as small 

corrections in the GW spectrum
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CGMB in modifierd cosmology

[Muia, Quevedo, Schachner, Villa 23]



 

Sensitivity to stochastic GWs

From BBN and CMB:

We can only constrain:

BUT

Graviton photon conversion in galactic or earth magnetic field seems more promising...



 

Astrophysical detection of Stochastic GWs

[He, Giri, Sharma, Mtchedlidze, Georgiev, 23]



 

[R. Hurt, Caltech-IPAC]



 



 

Pulsar timing arrays

[Tonia Klein / NANOGrav]

Possible sources:
- Supermassive black hole mergers
- First order phase transition
- etc.



 

Space and Earth based interferometers

[Gong, Luo, Wang, 21’]

Possible sources:
- Massive binaries
- Supernovae
- Stochastic background from 
   inflation
- GWs from early universe
- etc.
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High frequency GW regime
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VIRGO Why look into it? 
1. interesting sources
2. GWs exist and we probe unexplored 
    parameter-space. We see surprises in LIGO.   
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