
cluster of Excellence
Quantum universe 

Exploring the Cosmic History 
with Gravitational Waves 

Andreas Ringwald
SEWM 2022
IPhT, Saclay – Université Paris VI
Paris, France 
23 June 2022

[AR, Jan Schütte-Engel, Carlos Tamarit, arXiv:2011.04731]

[AR, Kenichi Saikawa, Carlos Tamarit, arXiv:2009.02050]

[AR, Carlos Tamarit, arXiv:2203.00621]



Page 2

Introduction

| Exploring the Cosmic History with Gravitational Waves | Andreas Ringwald, SEWM 2022, IPhT Sacla - Université Paris VI, Paris, 23 June, 2022, France

• Big Bang cosmology describes how the universe expanded from an initial state of extremely high density into 
the cosmos we currently inhabit
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• Big Bang cosmology describes how the universe expanded from an initial state of extremely high density into 
the cosmos we currently inhabit

• It comprehensively explains a broad range of observed phenomena, including the abundance of light ele-
ments, the Cosmic Microwave Background (CMB) radiation, and the large-scale structure 

[ESO]
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adapted from [Schmitz ‘12]

Cosmic history prior to Big Bang Nucleosynthesis (BBN)?

?
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adapted from [Schmitz ‘12]

Cosmic history prior to BBN may be probed directly by Gravitational Waves (GWs)

?
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• An eventual measurement of the complete spect-
rum of stochastic GWs may inform us in particular 
about three cosmological events supposed to oc-
cur, according to the Standard Model of Cosmolo-
gy, in the very early universe:
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• An eventual measurement of the complete spect-
rum of stochastic GWs may inform us in particular 
about three cosmological events supposed to oc-
cur, according to the Standard Model of Cosmolo-
gy, in the very early universe:

1. A stage of inflationary expansion preceding the radia-
tion-dominated era 

2. The subsequent reheating stage 
3. The beginning of the hot thermal radiation-dominated 

era after reheating

• This is exemplified with a well-motivated and pre-
dictive extension of the Standard Model (SM), 
providing a complete model 

• for particle physics - up to the Planck scale  
• for cosmology - back to inflation

• Has been dubbed SM*A*S*H model  
[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]
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Minimal model of particle physics and cosmology

SMASH extends the SM 

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]
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Minimal model of particle physics and cosmology

SMASH extends the SM by

• 3 right-handed SM singlet neutrinos

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]
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Minimal model of particle physics and cosmology

SMASH extends the SM by

• 3 right-handed SM singlet neutrinos

• a SM singlet complex scalar field
• a vector-like extra quark

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]
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Minimal model of particle physics and cosmology

SMASH extends the SM by

• 3 right-handed SM singlet neutrinos

• a SM singlet complex scalar field
• a vector-like extra quark

all charged under a new global U(1)PQ symmetry, that is
spontaneously broken by vev

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]
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Minimal model of particle physics and cosmology

SMASH extends the SM by

• 3 right-handed SM singlet neutrinos

• a SM singlet complex scalar field
• a vector-like extra quark

all charged under a new global U(1)PQ symmetry, that is
spontaneously broken by vev

It solves five puzzles in particle physics and cosmology
in one smash

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]
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Minimal model of particle physics and cosmology

SMASH extends the SM by

• 3 right-handed SM singlet neutrinos

• a SM singlet complex scalar field
• a vector-like extra quark

all charged under a new global U(1)PQ symmetry, that is
spontaneously broken by vev

It solves five puzzles in particle physics and cosmology
in one smash: 

1. Strong CP problem (Peccei Quinn (PQ) mechanism)
2. Dark matter (Axion)

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]
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Minimal model of particle physics and cosmology

SMASH extends the SM by

• 3 right-handed SM singlet neutrinos

• a SM singlet complex scalar field
• a vector-like extra quark

all charged under a new global U(1)PQ symmetry, that is
spontaneously broken by vev

It solves five puzzles in particle physics and cosmology
in one smash: 

1. Strong CP problem (Peccei Quinn (PQ) mechanism)
2. Dark matter (Axion)
3. Neutrino masses and mixing (Typ I seesaw mech.)

4. Baryon asymmetry (Thermal leptogenesis)

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]
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Minimal model of particle physics and cosmology

SMASH extends the SM by

• 3 right-handed SM singlet neutrinos

• a SM singlet complex scalar field
• a vector-like extra quark

all charged under a new global U(1)PQ symmetry, that is
spontaneously broken by vev

It solves five puzzles in particle physics and cosmology
in one smash: 

1. Strong CP problem (Peccei Quinn (PQ) mechanism)
2. Dark matter (Axion)
3. Neutrino masses and mixing (Typ I seesaw mech.)

4. Baryon asymmetry (Thermal leptogenesis)
5. Inflation (Higgs-portal inflation)

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]
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Higgs-Peccei-Quinn inflation

Mixture of the modulus                       of the Peccei-Quinn (PQ) field with 
the modulus of the Higgs field is a perfect inflaton candidate 

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]
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Higgs-Peccei-Quinn inflation

Mixture of the modulus                       of the Peccei-Quinn (PQ) field with 
the modulus of the Higgs field is a perfect inflaton candidate 

• Exploit unavoidable non-minimal coupling of Higgs and PQ field to gravity,

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]
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Higgs-Peccei-Quinn inflation

Mixture of the modulus                       of the Peccei-Quinn (PQ) field with 
the modulus of the Higgs field is a perfect inflaton candidate 

• Exploit unavoidable non-minimal coupling of Higgs and PQ field to gravity,

• Non-minimal couplings stretch scalar potential in Einstein frame; make it 
convex and asymptotically flat at large field values

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]

[Spokoiny 84; Futamase,Maeda 89; Salopek et al. 89; Fakir,Unruh 90; Bezrukov,Shaposhnikov 08; Fairbairn et al.. 14]
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Higgs-Peccei-Quinn inflation

Mixture of the modulus                       of the Peccei-Quinn (PQ) field with 
the modulus of the Higgs field is a perfect inflaton candidate 

• Exploit unavoidable non-minimal coupling of Higgs and PQ field to gravity,

• Non-minimal couplings stretch scalar potential in Einstein frame; make it 
convex and asymptotically flat at large field values

• Require                           , to avoid problems with perturbative unitarity

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]
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Higgs-Peccei-Quinn inflation

Mixture of the modulus                       of the Peccei-Quinn (PQ) field with 
the modulus of the Higgs field is a perfect inflaton candidate 

• Exploit unavoidable non-minimal coupling of Higgs and PQ field to gravity,

• Non-minimal couplings stretch scalar potential in Einstein frame; make it 
convex and asymptotically flat at large field values

• Require                           , to avoid problems with perturbative unitarity
• For negative portal coupling,               , the scalar potential in Einstein 

frame has a valley = attractor for inflation along the line     

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]
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Higgs-Peccei-Quinn inflation

Mixture of the modulus                       of the Peccei-Quinn (PQ) field with 
the modulus of the Higgs field is a perfect inflaton candidate 

• Exploit unavoidable non-minimal coupling of Higgs and PQ field to gravity,

• Non-minimal couplings stretch scalar potential in Einstein frame; make it 
convex and asymptotically flat at large field values

• Require                           , to avoid problems with perturbative unitarity
• For negative portal coupling,               , the scalar potential in Einstein 

frame has a valley = attractor for inflation along the line     

• Effectively single field inflation with potential (in Einstein frame) 

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]
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Density waves and GWs

Quantum fluctuations during slow-roll inflation 
along this potential produce 

• power spectra of density waves (scalar 
metric perturbations) and GWs (tensor 
metric perturbations)
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Density waves and GWs

Quantum fluctuations during slow-roll inflation 
along this potential produce 

• power spectra of density waves (scalar 
metric perturbations) and GWs (tensor 
metric perturbations)

• consistent with CMB temperature

[PLANCK Collaboration, arXiv:1807.06205]
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Density waves and GWs

Quantum fluctuations during slow-roll inflation 
along this potential produce 

• power spectra of density waves (scalar 
metric perturbations) and GWs (tensor 
metric perturbations)

• consistent with CMB temperature and             
polarization data

[PLANCK Collaboration, arXiv:1807.06205]
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Density waves and GWs

Quantum fluctuations during slow-roll inflation 
along this potential produce 

• power spectra of density waves (scalar 
metric perturbations) and GWs (tensor 
metric perturbations)

• consistent with CMB temperature and             
polarization data for

• tensor to scalar ratio,                                 
which is bounded from below at a level 
which is observable at next generation 
CMB polarization experiments      

[AR,Tamarit, arXiv:2203.00621]

[BICEP Array, CMB-S4, LiteBIRD, Simons Obervatory]
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Density waves and GWs

Quantum fluctuations during slow-roll inflation 
along this potential produce 

• power spectra of density waves (scalar 
metric perturbations) and GWs (tensor 
metric perturbations)

• consistent with CMB temperature and             
polarization data for

• tensor to scalar ratio,                                 
which is bounded from below at a level 
which is observable at next generation 
CMB polarization experiments     

[AR,Tamarit, arXiv:2203.00621]

[CMB data on r probe GW background from 
quantum fluctuations during inflation (iGWB) 
at a pivot scale around 0.002 Mpc-1, corres-
ponding to a frequency around 10-17 Hz]
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Predicted spectrum [AR, Saikawa, Tamarit, arXiv:2009.02050]
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Predicted spectrum [AR, Saikawa, Tamarit, arXiv:2009.02050]

• Power spectrum of GWs generated during inflation expressed in terms of the present frequency:
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Predicted spectrum [AR, Saikawa, Tamarit, arXiv:2009.02050]

• Power spectrum of GWs generated during inflation expressed in terms of the present frequency:

• Transfer function accounts for evolution of GWs after modes re-enter the horizon after inflation
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Predicted spectrum [AR, Saikawa, Tamarit, arXiv:2009.02050]

• Power spectrum of GWs generated during inflation expressed in terms of the present frequency:

• Transfer function accounts for evolution of GWs after their modes re-enter the horizon after inflation

• Spectrum of primordial GWs from inflation almost flat up to dips and steps at frequencies corre-
sponding to temperatures at which EOS changes considerably,

• : Temperature at which mode corresponding to frequency re-entered horizon after reheating:
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Cosmic history imprinted in primordial GW spectrum

photon last scattering

matter-radiation equality

e+e- annihilation

neutrino decoupling

QCD crossover

electroweak crossover

axion decoupling

PQ phase transition
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[AR, Saikawa, Tamarit, arXiv:2009.02050]
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Can be probed directly by future space-born interferometer [AR, Saikawa, Tamarit, arXiv:2009.02050]
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[AR, Saikawa, Tamarit, arXiv:2009.02050]

Standard Model EOS

SMASH

ultimate
DECIGO
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Ultimate DECIGO sensitive to step in primordial spectrum due to PQ phase transition

[Hiramatsu et al. 11,12,13; Kawasaki,Saikawa,Segikuchi 15; AR,Saikawa `16; 
Klaer,Moore `17; Gorghetto,Hardy,Villadoro `18; Buschmann et al. 19; Hindmarsh 19; 
Gorghetto,Hardy,Villadoro ’20; Buschmann et al. 21]

Axion 100% DM:
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The bigger picture
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The bigger picture
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Reheating after inflation
• Inflation ends when 

[Ballesteros,Redondo, AR,Tamarit, 1610.01639]
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Reheating after inflation
• Inflation ends when 

• Preheating 

[Garcia-Bellido 99]
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Reheating after inflation
• Inflation ends when 

• Preheating 

• Violent decay of inflaton and copious production 
of fluctuations of bosonic fields coupled to it 

• Exponentially rapid growth of small inhomo-
geneities emerging from vacuum fluctuations 

• Growth stopped by violent backreaction and 
rescattering of waves

0 100 200 300 400
0.0

0.2

0.4

0.6

0.8

1.0

[Ballesteros, Redondo, AR, Tamarit, arXiv:1610.01639]
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Reheating after inflation
• Inflation ends when 

• Preheating 

• Violent decay of inflaton and copious production 
of fluctuations of bosonic fields coupled to it 

• Exponentially rapid growth of small inhomo-
geneities emerging from vacuum fluctuations 

• Growth stopped by violent backreaction and 
rescattering of waves

• Inflaton fragmentation: nonlinear formation 
and collision of bubble-like large value field 
regions 

• Collisions of bubbles generate gravitational 
waves

[Khlebnikov,Tkachev 97; Easther, Lim 06; Easther, Giblin, Lim 06,  Felder,Kofman 07; Dufaux et al. 07; 
Garcia-Bellido, Figueroa 07; Garcia-Bellido, Figueroa, Sastre 08; Easther, Giblin, Lim 08; Dufaux et al. 09]

[Frolov, https://arxiv.org/abs/0809.4904]
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GW spectrum
• Determine GW spectrum at end of preheating by solving linearized GW equation in momentum space in a 

FRW background using Green's function methods:

• denotes conformal time (with current value     and satisfying                    ), V is the 3D spatial volume,              are 
the Fourier transforms of the spatial components of the transverse-traceless projection of the stress-energy tensor,

• denotes the unit vector in the direction of the 3-momentum    , while                                      are transverse projectors, and the sum 
over    runs over all real scalar fields

[Dufaux et al. 07]
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GW spectrum
• Determine GW spectrum at end of preheating by solving linearized GW equation in momentum space in a 

FRW background using Green's function methods:

• denotes conformal time (with current value     and satisfying                    ), V is the 3D spatial volume,              are 
the Fourier transforms of the spatial components of the transverse-traceless projection of the stress-energy tensor,

• denotes the unit vector in the direction of the 3-momentum    , while                                      are transverse projectors, and the sum 
over    runs over all real scalar fields

• Current spectrum of stochastic GW background from preheating is then 

• is the current energy fraction of radiation, while         is the total energy density,       is the moment 
at which the time-averaged stress-energy tensor reaches a well defined equation of state             ;        denotes the 
time at which the light particles produced by the inflaton's fragmentation dominate the energy density. 

[Dufaux et al. 07]
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Lattice simulations
• Simulated 3 real scalars,                                                                     ,  with    decaying into a relativistic bath 

of SM particles with energy density            , in an expanding FRW universe:



Page 51

GWs from Stochastic Scalar Fluctuations during Reheating

| Exploring the Cosmic History with Gravitational Waves | Andreas Ringwald, SEWM 2022, IPhT Sacla - Université Paris VI, Paris, 23 June, 2022, France

Lattice simulations
• Simulated 3 real scalars,                                                                     ,  with    decaying into a relativistic bath 

of SM particles with energy density            , in an expanding FRW universe:

• Used modified version of “CLUSTEREASY”                           . Changes account for Higgs decay, SM radia-
tion and impact on scale factor evolution, modified initial conditions for super-horizon modes

• Used lattices with 2563 points 

• Used 8 powerful CPU cores running for ~7 days, 

• Computed up to  tau = 2000 (rescaled conformal time in program units) 

[Felder, Tkachev 08]

[Ballesteros,AR,Tamarit,Welling,  arXiv:2104.13847; AR,Tamarit, arXiv: 2203.00621]
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Power spectra obtained by lattice simulations [AR, Carlos Tamarit, arXiv: 2203.00621]

Power spectra of         (left) and         (right) for BP1, as a function of today's frequency for subsequent values of the conformal 
time. The red line corresponds to the final time of the simulation.
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Power spectra obtained by lattice simulations [AR, Carlos Tamarit, arXiv: 2203.00621]

Present energy density of GWs for BP1, with the source integrated up to different times. The red line corresponds to the 
final time of the simulation.
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The bigger picture [AR, Carlos Tamarit, arXiv: 2203.00621]
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The bigger picture [AR, Carlos Tamarit, arXiv: 2203.00621]
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Reheating temperature in SM*A*S*H predicted [AR, Carlos Tamarit, arXiv: 2203.00621]

Evolution of the mean energy densities of the scalars (blue) and radiation bath (orange) for BP1, giving                     
captured within the simulation.
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Cosmic Gravitational Microwave Background (CGMB)
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• At large wavelengths, corresponding to small wave numbers,           , CGMB sourced by macroscopic hy-
drodynamic fluctuations, described by the shear viscosity of the plasma:

Cosmic Gravitational Microwave Background (CGMB)
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• At large wavelengths, corresponding to small wave numbers,           , CGMB sourced by macroscopic hy-
drodynamic fluctuations, described by the shear viscosity of the plasma:

• At small wavelengths, corresponding to large wave numbers,           , CGMB sourced by particle collisions. 

Cosmic Gravitational Microwave Background (CGMB)
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• At large wavelengths, corresponding to small wave numbers,           , CGMB sourced by macroscopic hy-
drodynamic fluctuations, described by the shear viscosity of the plasma:

• At small wavelengths, corresponding to large wave numbers,           , CGMB sourced by particle collisions. 

• Corresponding source term suppressed by gauge couplings and Boltzmann factor:

Cosmic Gravitational Microwave Background (CGMB)
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• At large wavelengths, corresponding to small wave numbers,           , CGMB sourced by macroscopic hy-
drodynamic fluctuations, described by the shear viscosity of the plasma:

• At small wavelengths, corresponding to large wave numbers,           , CGMB sourced by particle collisions. 

• Corresponding source term suppressed by gauge couplings and Boltzmann factor:

• Known to complete leading order for generic weakly interacting BSM extension (gauge fields, fermions, scalars)

• For N=4 SUSY YM known also for strong coupling  

Cosmic Gravitational Microwave Background (CGMB)

[Ghiglieri,Laine ’15; Ghiglieri,Jackson,Laine,Zhu ’20; AR,Schütte-Engel,Tamarit ‘20]
[Castells-Tiestos, Casalderrey-Solana ´22]
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CGMB for SM*A*S*H [AR, Carlos Tamarit, arXiv:2203.00621]
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CGMB for SM*A*S*H [AR, Carlos Tamarit, arXiv:2203.00621]
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Current bounds on characteristic amplitude of stochastic GWs   [AR, Carlos Tamarit, arXiv:2203.00621]
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Prospected sensitivity on characteristic amplitude of stochastic GWs   [AR, Carlos Tamarit, arXiv:2203.00621]
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• Presented state-of-the-art predictions for the 
complete spectrum of primordial stochastical
GWs in a well-motivated and highly predictive 
minimal model of particle physics 

• Can be seen as a conservative benchmark for 
the expected GWs from the early universe 
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GW interferometers such as Ultimate DECIGO 
and for the development of new GW detectors 
sensitive at MHz to GHz frequencies 

• Currently, a community is forming which se-
riously considers the search for ultra-high fre-
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Summary 
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• Presented state-of-the-art predictions for the 
complete spectrum of primordial stochastical
GWs in a well-motivated and highly predictive 
minimal model of particle physics 

• Can be seen as a conservative benchmark for 
the expected GWs from the early universe 

• Provides strong motivation for future space-born 
GW interferometers such as Ultimate DECIGO 
and for the development of new GW detectors 
sensitive at MHz to GHz frequencies 

• Currently, a community is forming which se-
riously considers the search for ultra-high fre-
quency GWs

• Revealing the cosmic history sets an ambi-
tious, but rewarding goal for this enterprise

https://indico.cern.ch/event/1074510/
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Backup: Resonant Cavity Detector
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• Based on conversion of GWs to EMWs in magnetic field background through inverse Gertsensthein effect
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