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My research in a nutshell.

Research questions What’s the
origin of the nHz gravitational
waves? Astrophysics or the Big
Bang? What’s the origin of dark
matter? Can it be produced in
a phase transition? Will GW
observatories help?
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GW background from supermassive black hole binaries.

[NANOGrav collaboration, 2023]

• Expect supermassive black hole

mergers after galaxy mergers
 Astrophysical simulations with

realistic BH populations generate GW
spectra that are in tension with the
observed GW spectrum!

What other signal sources
are thinkable?
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Gravitational waves from dark

sector phase transitions.



Cross-over and first-order phase transitions.
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Cross-over phase transition

A scalar field “rolls down” from φ = 0 to
φ = v, when the bath cools from high
temperatures to low temperatures.
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First-order phase transition

A scalar field tunnels to the true
potential minimum (φ 6= 0) to minimize

its action (∼ free energy).
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Gravitational waves from first-order phase transitions.

Bubbles of the new phase nucleate,
collide and perturb the plasma...
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... giving rise to a stochastic gravitational
wave background which can be observed.
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Global fits.

NG12.5, sound waves, stable dark sector, β/H > 1

NG12.5, sound waves, stable dark sector, β/H > 10

β/H < 3: Super-Hubble bubbles

β/H < 10: GWB is overestimated
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Global fit = compute global maximum of

Lglob(~θPSR, ~θPT) =
LPTA(~θPSR, ~θPT)× Lcosmo(∆Neff(~θPT))

Find:
• β/H > 1: would be a good fit, if the
GW spectrum were reliable

• β/H > 10: Lglob starts preferring to
not have a phase transition over
violating BBN and CMB bounds!
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Decays to the rescue.

NG12.5, sound waves, decaying dark sector

β/H < 3: Super-Hubble bubbles

β/H < 10: GWB is overestimated
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Decays save the fit...

... since more energy can be used to
reheat the DS and emit GWs. They only
need to happen before neutrino
decoupling, TSM & 2MeV, corresponding
to fast decays, τ . 0.1 s.
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The evidence for a dark sector phase transition.

1.0σ

0.5σ

0.0σ

0.5σ

1.0σ

1.5σ

2.0σ

2.5σ

3.0σ

Z
-s

co
re

1 3 5 7 9 11

Lower boundary of β/H prior

10−1

100

101

102

103

B
ay

es
fa

ct
o
r

Bayes factors for a phase transition vs. only pulsar-intrinsic red noise

Negative

Barely worth
mentioning

Substantial

Strong

Very Strong

Decisive

Super-Hubble
bubbles

Sound waves, decaying dark sector

Sound waves, stable dark sector

Bubble wall collisions, stable dark sector

8



[image credit: Olena Shmahalo, NANOGrav]

Take-home messages.

• We are for the first time able to probe
the early Universe before BBN!

• Stable dark sector phase transition
explanations for PTA data are in tension
with precision cosmology.

• Decaying dark sectors can compete with
the SMBHB explanation and can even fit
the data better

• Stay tuned for a follow-up incl. the
latest PTA data
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Thank you very

much for your

attention!

Do you have any
questions?
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Backup slides.



How can we be sure it’s actually gravitational waves?
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Monopolar correlations,
e.g. clock errors

Dipolar correlations,
e.g. ephemeris errors

Quadrupolar correlations,
i.e. a GW background

Red noise spectra can have many sources:
• Pulsars: no common red noise, B < 10−12

• Clock errors: monopole, B < 10−8

• Ephemeris errors: dipole, B < 10−7

• GWs: Hellings-Downs curve, B = 200 − 1000
 Decisive evidence for GWs!
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A brief history of time: LCDM.
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Electromagnetic scalar decays at MeV temperatures.

[Depta et al., JCAP 04 (2021) 011]
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The out-of-equilibrium decay of a dark mediator.
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Particle content sets
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 ...

Six phases:

I Relativistic mediator
II Cannibalistic mediator
III Non-relativistic mediator
IV Early matter domination
V Entropy injection
VI Mediator decay
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How the choice of priors changes a Bayes factor.
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Why violins shouldn’t be used for fits including cosmological constraints.
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