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The experimental context

What about
high frequencies??

High freqs probe high-energy processes in early universe: inflation, reheating, plasma

Weak interactions              waves travel undisturbed: direct probe of primordial physics

There are no known astrophysical sources at very high-frequencies
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Current constraints at high frequencies

dark rad. (current)
dark rad. (future)

BAWs
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The aim

Motivate search for high-frequency gravitational waves (GWs)

Provide a benchmark by computing  the complete spectrum of stochastical GWs 
in a minimal and predictive extension of the SM, SMASH

The novelty

We are not aware of other calculations accounting for GWs from inflation, 
preheating and thermal fluctuations in a single model 

                                                                                   (see however [Buchmüller et al])

The plan

              SMASH

 GW production in the early universe

          Inflation
Reheating                                                                                                               
Thermal fluctuations
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                             Overview of SMASH



  

 

                                                        

                                            
 

               Single new mass scale, predictive cosmological history

               Addresses 6 problems in minimal, falsifiable package

S M A S H* * *

u d e ν1
c s μ ν2
t b τ ν3

Q N1
N2
N3

H A ρ

g W Z γ

Dark matter

Neutrino masses

Baryogenesis

Inflation

Higgs stability

Strong CP problem
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        Most general, renormalizable Lagrangian compatible with global PQ symmetry 

IN
FL

AT
IO

N STABILITY

 CP, DARK MATTER

SEESAW AND LEPTOGENESIS
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For ξHξσ, approx. 1 free scalar parameter
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CMB temp
fluctuations

DM abundance Higgs stability
+perturbativity

         Features of GW spectra in SMASH mainly determined by bosonic BSM couplings
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68/95 % c.l., Planck 2018+BICEP/KECK 2021
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CMB predictions in SMASH
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Can choose     as free bosonic parameter. Will compute GW spectra for extremal values
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                         Gravity waves in SMASH



  

 
Excitations of the metric field sourced by anisotropies in the stress-energy 
momentum tensor. In local Minkowski frame

What are gravitational waves?
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Inflation

 (Almost) no source term

Reheating

Nonperturbative scalar field fuctuations (inflaton fragmentation) contribute to

Need lattice simulations

Thermal excitations
   
        Additional contributions to          from viscosity and  quasi-particle excitations

Sources of GWs in the SMASHY universe
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Inflation

 sets the initial conditions for

Reheating

which fixes the value of the reheating temperature and the scale of

Thermal excitations

            We expect correlations within SMASH of spectra coming from different sources

Interdependence between sources
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                                 GWs from inflation



  

GWs from inflation: the bigger picture
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Inflationary power spectrum (nearly flat)

Sudden changes in  g*ρ , g*s  (as in PQ transition) can lead to steps in power spectrum



  

GWs from inflation: the bigger picture

Spectrum tied to Hubble scale during inflation
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The PQ transition affects inflationary GWs

[Ringwald, Saikawa, CT]
18Carlos Tamarit,

frequency

E
n

e
rg

y 
fr

a
ct

io
n



  

   
    
                               GWs from preheating



  

Results of lattice simulations
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Hubble scale during inflation

Hubble scale at inflation’s end, length scale of inflaton fragmentation
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GWs from preheating: the bigger picture
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Reheating temperature from simulations
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                 GWs from thermal fluctuations
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 Linear effect: A Big Bang thermometer!

Peak frequency depending on the 
number of relativistic degrees of 
freedom at the Big Bang!

                         [Ghiglieri et al]
[Ringwald, Schütte-Engel, CT]



  

Hubble scale during inflation
Hubble scale at inflation’s end, length scale of inflaton fragmentation
Tmax and number of d.o.f. in hot Big Bang
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GWs from thermal plasma: the bigger picture
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Confronting with current and future experiments
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                                            Conclusions
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High-frequency GWs can tell us about:

                   Hubble scale during and at the end of inflation

                   Scale of inflaton fragmentation

    Reheating temperature and number of d.o.f.s in the primordial plasma

    Second-order phase transitions in the early universe

SMASH provides a conservative benchmark that can hopefully motivate further 
efforts in the exploration of high-frequency GWs
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                                               Thank you!
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