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Common thread
Where should we seek direct probes 

of early Universe physics ?
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Seeing ONE astrophysical event = Nobel prize… but worth it to look even harder ?

Detection Access to inflation energy scale

Why should cosmology care about GWs?

[Credits: C. Caprini]

DIRECT probe of pre-CMB physics ! (!!!!)
Frequency  Energy scale to probe

(after inflation)
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Our target?
Inflation

Amplification

Gravitational wave production

Amplified waves from vacuum

Planck constraint =  
best constraint

almost scale invariant
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 What is the new slope        ?
 Can we learn on the content?
 Is this detectable?

Our target: sourced gravitational waves

Amplified waves from vacuum

Planck constraint =  
best constraint

almost scale invariant

Inflation

Density fluctuations of other
fields (scalars, spin-1…) 

Amplification

Amplification

Gravitational wave production

GW equation
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Model-independent estimation of 

Green function               anisotropic stress tensor

Vastly studied [Caprini, Domcke, Domenech…], but can we claim properties on the resulting GW 
spectrum with little to no knowledge on the source ? 
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Model-independent estimation of 

Green function               anisotropic stress tensor

Vastly studied [Caprini, Domcke, Domenech…], but can we claim properties on the resulting GW 
spectrum with little to no knowledge on the source ? 
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Parameter Equation of state if slow-roll

Slope of source’s spectrumParameter

Simple 
parametrization:



When can scales source gravitational waves?

For each frequency k:

Vacuum 
fluctuations

source

Try:

 Divergent ! (vacuum energy-like problem)

Careful treatment of sub-Hubble modes!
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Try:

 Divergent ! (vacuum energy-like problem)

Adiabatic regularization scheme [Parker, Durrer]

 Modes need to be populated to source GWs!

When can scales source gravitational waves?

For each frequency k:
source

(& close to proper renormalization schemes [Marozzi et al. ‘11, Braglia&Pinol ’25])

Careful treatment of sub-Hubble modes!
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Model-independent estimation of 
& few 

assumptions
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Slow-roll inflation: so

GW spectral index almost
independent of that of the source

(« dilution compensates small
scale »)

Model-independent estimation of 
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Slow-roll inflation: so

GW spectral index almost
independent of that of the source

Model-independent estimation of 

 corrections [Caprini et al.]

 Use: fast estimation for
model-building

We have slope.
Next: AMPLITUDE 

https://arxiv.org/abs/2512.14670
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Cosmological magnetic fields
 Evidence for magnetic fields in the intergalactic voids (from GeV photon deviation) 

primordial origin?
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Cosmological
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Cosmological magnetic fields

Inflation

Cosmological
magnetic fields

« Primordial 
magnetogenesis »

Gravitational
waves
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Cosmological magnetic fields

Inflation

« Primordial 
magnetogenesis »

Gravitational
waves

GW signal produced by primordial magnetic
fields combined direct probes

 Evidence for magnetic fields in the intergalactic voids (from GeV photon deviation) 

primordial origin?

Cosmological
magnetic fields
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Minimally-coupled scalars:

tensors:

To amplify or not to amplify, that is the question

spacetime geometry      inflaton 

 vacuum perturbations get 
amplified 9
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To amplify or not to amplify, that is the question

spacetime geometry      inflaton electromagnetism “kinetic” coupling                           “chiral” coupling

Coupling-dependent
amplification!

 vacuum perturbations get 
amplified

No amplification!

Conformal invariance (in 4D)
Specific to force carriers

Massless gauge field:Minimally-coupled scalars:

tensors:

[Fleury et al. ‘14: most general couplings]
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Model’s parameters

Parameter

Slow-roll:

Theory
interpretation

Phenomenological
effect
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Model’s parameters

Controls spectral index

Parameter

(Blue
Fields)

Slow-roll:

Theory
interpretation

Phenomenological
effect

Electric charge
renormalization

[Sobol, Durrer]
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Model’s parameters

Controls spectral index

Parameter

Slow-roll:

Theory
interpretation

Phenomenological
effect

Electric charge
renormalization

Controls polarization (P-odd) and amplitude

Axion inflation:
[Barnaby et al.]
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Roadmap
Interaction

model
Action coupling 𝜑

to the 𝐴𝜇 field

Anisotropies
Π𝑖𝑗 anisotropic
part of 𝑇𝜇𝜈(𝐵, 𝐸)

Observables
Tensor power 

spectrum 𝑃𝑇, energy 
density Ω𝑔𝑤

Electro-
magnetism
Power spectra of 

𝐵𝑘 and 𝐸𝑘

Constraints
Allowed coupling 
parameters from 

known data

Polarized 
gravity waves
ℎ𝑖𝑗
± is sourced by Π𝑖𝑗
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Do you see anything?
1) Nearly scale-invariant GW power spectrum (alike std. inflation)
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Do you see anything?

Observationally 
hot zone

Exponential 
growth

1) Nearly scale-invariant GW power spectrum (alike std. inflation)
2) Polarized (unlike std. inflation)
3)

12



Secondary v.s. primary background
Standard inflation:

GW

vacuum
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Secondary v.s. primary background
Standard inflation:

Here:

GW

vacuum

GW

vacuum

Naively less signal, but exponential
boost can reverse 
this trend!
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Conclusion

Gravitational waves = powerful direct probes Take-away 1
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Conclusion

Gravitational waves = powerful direct probes Take-away 1

Take-away 2 New formula to estimate GW slope index

great for model building

Take-away 3 Do not under-estimate secondary GW!

Can easily overcome « primary » GW signal
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https://arxiv.org/abs/2512.14670
https://arxiv.org/abs/2510.00869


Thank you!

[Credits: xkcd]



List of assumptions

Universal scaling of GW power spectrum as soon as:
 Blue enough source (n>0)
 Accelerated expansion (w<-1/3, w constant)
 Cutoff = Hubble horizon
 Conclusion: if slow-roll, scale invariant spectrum



List of assumptions (2)

 Corrections exist if the amplitude changes with k :

[C. Caprini 1801.04268]

 If xi cannot be treated as independent of expansion:

Our formula’s prediction Corrections, but 
still generically
close to zero!



Conclusion
 Lots of possible improvements:

include back-reaction [Durrer, Sobol, Vilchinskii], non-gaussianities [Caprini, Sorbo], post-inflation 
contributions, numerical treatment [Schober]… 
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Polarization: antisymmetric power spectrum



Extra equations



Extra equations



Compact analytical transfer function
Propagates GWs through any arbitrary number of eras with 𝑤1, 𝑤2, … , 𝑤𝑛!



Evidence for extra-galactic magnetic fields

POV : you look 
at a TeV blazar

[Neronov&Vovk]

inverse Compton

Measure GeV shower depending on line of sight angle 
 Information on deflection

We see too little abundance of GeV shower
 particles must have been deflected away  B-fields ?

TeVblazar
GeV shower

[Neronov et al.]
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Evidence for extra-galactic magnetic fields

Measure GeV shower depending on line of sight angle 
 Information on deflection

We see too little abundance of GeV shower
 particles must have been deflected away  B-fields ?

Hot question: how can B-fields have been created
in the utter void?

[Neronov&Vovk]

inverse Compton

TeVblazar
GeV shower

[Neronov et al.]



Measurements extragalactic B-fields

[Credits: Durrer & 
Neronov]



Evolution of extragalactic B-fields

[Credits: Jedamzik, Sigl, Kahniashvili, 
Durrer, Neronov,…]



Positive kernels



Super-horizon limits
Problem: untractable analytical form  super-horizon approximation 

Exact analytical solution

Naive superhorizon limit

Our analytical 
approximation



1 – Self-consistency constraint
Standard slow-roll evolution was assumed!

1a – NO change in the Friedmann equation

1b – NO change in the e.o.m. for φ

Untrustable
analysis

𝑇𝑒𝑛𝑑 = 1015GeV
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Energy scale dependence & parameter space



2 – Observational constraint
Neat & useful analytical formalism for the transfer function!

Scale-invariant power spectrum  Planck is just the best 

 Through arbitrary number of eras 𝑤1, 𝑤2, … , 𝑤𝑛!
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2 – Observational constraint
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Analytics v.s. numerics



Cosmic voids from inflation 

Inflation Initial density fluctuations of matter

Collapse

Clusters
abundance

Voids
abundance
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