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What are gravitational waves?

field sourced by anisotropies in the stress-energy
momentum tensor. In local Minkowski frame
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Andreas’ vision: high frequency GWs

 High frequencies probe high-energy processes in early universe

 Weak interactions waves travel undisturbed: direct probe of primordial
physics!

 There are no known astrophysical sources at very high-frequencies!

Can we “see” the Big Bang with GWs?
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Andreas’ vision: high frequency GWs
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Gravitational waves plotter

Gravitational waves plotter
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Andreas’ vision: a complete spectrum?

Given a model with a consistent cosmological history, its spectrum of GWs
becomes predictable

Andreas was excited from the beginning by the idea of calculating the first
complete spectrum of GWs, from inflation until today, in a consistent model

Can we calculate the complete spectrum of GWs in SMASH?

[cf. work by Buchmdiller et al]
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Gravitational waves plotter
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Gravity waves in SMASH



Sources of GWs in the SMASHY universe
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Sources of GWs in the SMASHY universe
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Energy scale

No source term in wave eqgn.
Initial conditions matched to quantum field in Minkowski well inside horizon
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Sources of GWs in the SMASHY universe
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Sources of GWs in the SMASHY universe
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Contributions to TgT from thermal plasma:

Transport/viscosity

! i o Cosmic Gravitational Microwave Background (CGMB)
Quasi-particle excitations
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Interdependence between sources

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

(Dragons are not arbitrary! Approx. 1 free parameter for GWs)

Carlos Tamarit

13



Carlos Tamarit

GWs from inflation
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Computing g., 9.across PQ phase transition
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The PQ transition affects inflationary GWs
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GWs from inflation: the bigger picture
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Spectrum tied to Hubble scale during inflation
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GWs from preheating
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[Dufaux et al]
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Results of simulations
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GWs from preheating: the bigger picture
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Hubble scale during inflation

Hubble scale at inflation’s end, length scale of inflaton fragmentation
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Reheating temperature from simulations
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GWs from thermal fluctuations
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[Laine & Ghiglieri]
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CGMB: the bigger picture
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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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The dragon vs current and future experiments

Gravitational waves plotter
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Further visions: a new g

Gravitational Waves Plotter

Gravitational Waves Plotter

Edited and maintained by Francesco Muia, Andreas Ringwald, and Carlos Tamarit

Plot characteristic strain h.  Plot energy fraction h?
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EDGES 1: Comment on EDGEstrong.
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Selection of bounds and signals
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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 which can hopefully motivate further
efforts in high-freq. GWs
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Andreas’ bold physics visions have been a constant source of inspiration, and will

also spur future generations like those who will get to measure the CGMB, as
Andreas named it!

Thanks Andreas for the honour, privilege and fun of our collaboration

Thank you Guillermo Ballesteros for connecting me to Andreas, and thanks to all
the wonderful additional collaborators | got to engage with as a result:

Luca Di Luzio, Anne Ernst, Francesco Muia, Javier Redondo,
Ken’ichi Saikawa, Jan Schiitte-Engel, Yvette Welling
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Always curious
Always eager
Always young
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