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Gravitational wave cosmology 
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Our Solar System

The observable universe.

[Pablo Carlos Budassi]



Our galaxy

The observable universe.

[Pablo Carlos Budassi]



Other galaxies

The observable universe.

[Pablo Carlos Budassi]



The CMB…  
and the CGWB?

The observable universe.

[Pablo Carlos Budassi]
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We only understand 5%.

[PBS spacetime]

5

We need 

of cold dark matter in order 
to explain the CMB, galaxy 
clustering, the bullet cluster, 
galactic rotation curves, … 

<latexit sha1_base64="y4qz/l5QwWJHYXmHqIMNcUPuLTY="></latexit>

!DMh2 = 0.12

Cirelli+ [2406.01705]

https://www.pbs.org/video/do-we-need-a-new-dark-matter-model-5rahk9/
https://arxiv.org/pdf/2406.01705




We live in the age of GW 

cosmology!
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Pulsar timing arrays.

7



DESY. Carlo Tasillo — PhD defense, October 14th 2024

Pulsar timing arrays.

7

Pulses expected 
from timing model



DESY. Carlo Tasillo — PhD defense, October 14th 2024

Pulsar timing arrays.

7

Pulses expected 
from timing model

Pulses recorded by 
radio telescopes



DESY. Carlo Tasillo — PhD defense, October 14th 2024

Pulsar timing arrays.

7

Pulses expected 
from timing model

Pulses recorded by 
radio telescopes

Timing residuals
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Searching for the Hellings-Downs correlation.

8

• Fourier analysis of timing residuals in 
enterprise 

• PTAs found an underlying „common red 
process“ among  pulsars 

• Signal could have many sources: 

‣ Pulsars themselves:  

‣ Clock errors:  

‣ Ephemeris errors:  

‣ GWs:  

𝒪(70)

ℬ < 10−12

ℬ < 10−8

ℬ < 10−7

ℬ = 200 − 1000

Monopolar correlations,
e.g. clock errors

Dipolar correlations,
e.g. ephemeris errors

HD correlation,
i.e. a GW background
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Merging supermassive black holes.

9

• Observed signal follows a power-law 
spectrum with amplitude  and slope   

• Astrophysical simulations based on 
realistic BH populations predict much 
weaker signals with higher 

A γ

γ

[NANOGrav, 2306.16213]
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Merging supermassive black holes.

9

• Observed signal follows a power-law 
spectrum with amplitude  and slope   

• Astrophysical simulations based on 
realistic BH populations predict much 
weaker signals with higher 

A γ

γ

Are there other signal sources?

[NANOGrav, 2306.16213]



Do PTAs observe a dark sector 
phase transition?



DESY. Carlo Tasillo — PhD defense, October 14th 2024

First-order phase transitions produce GW backgrounds.

11
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Phase transition
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Bubbles of the new phase nucleate, 
collide and perturb the plasma...

… giving rise to an observable 
gravitational wave background.
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Parametrization of the GW signal.

12
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To fit the new pulsar timing data: 

• Strong transitions,  

• Slow transitions,  

• Percolation around 

α ≈ 1

β/H ≈ 10

T ≈ 10 MeV

SMBHB: , A = 10−15.5 γ = 13/3
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To fit the new pulsar timing data: 

• Strong transitions,  

• Slow transitions,  

• Percolation around 

α ≈ 1

β/H ≈ 10

T ≈ 10 MeV

But there’s no phase transition in 

the SM at 10 MeV?!

SMBHB: , A = 10−15.5 γ = 13/3
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Big Bang Nucleosynthesis and the Cosmic Microwave Background.

13

• Observation of primordial 
light element abundances in 
good agreement with 
standard BBN 

• NBBN
eff = 2.898 ± 0.141

[Paul Frederik Depta]
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Big Bang Nucleosynthesis and the Cosmic Microwave Background.

13

• Observation of primordial 
light element abundances in 
good agreement with 
standard BBN 

• NBBN
eff = 2.898 ± 0.141

•  

• Consistent with  

from 3  generations

NCMB
eff = 2.99 ± 0.17

NSM
eff = 3.044

ν
[Planck collaboration]
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Big Bang Nucleosynthesis and the Cosmic Microwave Background.

13

• Observation of primordial 
light element abundances in 
good agreement with 
standard BBN 

• NBBN
eff = 2.898 ± 0.141

•  

• Consistent with  

from 3  generations

NCMB
eff = 2.99 ± 0.17

NSM
eff = 3.044

ν

Thermalized BSM species at T < 1 MeV 

are ruled out. Before: no constraints.

[Planck collaboration]
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Adding more Higgs bosons to the Standard model.

14

There’s no strong 
first-order phase transition at 
10 MeV in the Standard Model. 

:(

Don’t worry, just put it in a 
dark sector! 

:)
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Turning on the light in a dark sector.

15

Stable dark sector 

Additional DS energy density 
accelerates Hubble expansion via 

 

But we need … 

 

ΔNeff ≳ 6 × α

α ≃ 1

ΔNeff < 0.22 @95 % C.L.

Decaying dark sector 

Can the dark sector decay quickly 
enough to the SM to get around 

BBN and CMB constraints?
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Stable dark sector phase transition: A naive fit.

16

NG12.5, sound waves, stable dark sector,
ignoring cosmological constraints

¢NeÆ > 0.22: excluded by
BBN and CMB at 95 % C.L.

Ø/H < 3: Super-Hubble bubbles

Ø/H < 10: GWB is overestimated
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NG12.5, sound waves, stable dark sector,
ignoring cosmological constraints

¢NeÆ > 0.22: excluded by
BBN and CMB at 95 % C.L.

Ø/H < 3: Super-Hubble bubbles

Ø/H < 10: GWB is overestimated
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NG12.5, sound waves, stable dark sector,
ignoring cosmological constraints

¢NeÆ > 0.22: excluded by
BBN and CMB at 95 % C.L.

Ø/H < 3: Super-Hubble bubbles

Ø/H < 10: GWB is overestimated
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¢NeÆA good fit would require 
enormous  ΔNeff ≫ 0.22

Giant bubble sizes would be needed, violating 
causality & questioning validity of GW predictions
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Global fits.

17

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

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

Ø/H < 3: Super-Hubble bubbles

Ø/H < 10: GWB is overestimated
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• Combined PTA and BBN/CMB 
likelihoods in enterprise 

• : Would fit the data if 
GW spectrum were reliable 

• : Shot noise 
because not explaining PTA 
data is better than messing 
up BBN + CMB

β/H > 1

β/H > 10
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Global fits.
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NG12.5, sound waves, stable dark sector, Ø/H > 1

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

Ø/H < 3: Super-Hubble bubbles

Ø/H < 10: GWB is overestimated
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• Combined PTA and BBN/CMB 
likelihoods in enterprise 

• : Would fit the data if 
GW spectrum were reliable 

• : Shot noise 
because not explaining PTA 
data is better than messing 
up BBN + CMB

β/H > 1

β/H > 10 A stable dark sector phase transition is 

in strong tension with BBN & CMB!
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Decays to the rescue.

18

NG12.5, sound waves, decaying dark sector

Ø/H < 3: Super-Hubble bubbles

Ø/H < 10: GWB is overestimated
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If the dark sector decays quickly 
( ) before neutrino 

decoupling ( ), a great 
fit to PTA data can be achieved!

τϕ ≲ 0.1 s

T ≳ 2 MeV



Do PTAs observe primordial black 
hole mergers?
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Supermassive primordial black holes.

20
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• Inflation leaves large super-
Hubble density perturbations 

• BHs form when these come into 
causal contact again, long before 
first stars form 

• Described by mass  and 

DM fraction 

mPBH
fPBH
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Homogeneously distributed PBHs cannot explain PTA data.

21

Parameter space favored by PTAs is 
excluded by astrophysical bounds 

Crucial: excluded regions with small 
merger numbers. Atal et al. came to 

the wrong conclusion.
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PBH clustering.

22

δdc = 1 +
δn
n̄

≫ 1

δdc = 1
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Clustered PBHs can explain the PTA data.

23

Clustering increases merger 
rate and shifts the best fit 
region below constraints: 

Good fit is possible! *

* Caveats: -distortion constraints from PBH 
production need to be circumvented & 
astrophysical constraints are expected to 
weaken/shift with clustering

μ



The (first) LISA miracle.
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The WIMP miracle.

25

Increasing hævi
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If DM can annihilate into SM 
particles with a cross 

section  …⟨σv⟩

… the DM abundance can freeze out to 
the observed relic abundance for weak 

interactions and .mDM ≃ 𝒪(TeV)
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Rage, rage against the dying of the WIMP.

26

Direct detection 
experiments put 

this scenario under 
pressure, excluding 

„vanilla“ WIMPs.

Ci
re

lli
+ 

[2
40

6.
01

70
5]

[Lindner+ 2403.15860]

https://arxiv.org/abs/2403.15860
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The nightmare scenario.

27

What if WIMPs evade our 
detection because they never 

were in contact with the SM and 
froze out of a secluded dark 

sector?
Pospelov+ [0711.4866]

😱

https://arxiv.org/pdf/0711.4866
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The nightmare scenario.

27

What if WIMPs evade our 
detection because they never 

were in contact with the SM and 
froze out of a secluded dark 

sector?
Pospelov+ [0711.4866]

😱
Don’t panic! GWs can help.

https://arxiv.org/pdf/0711.4866
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Our model setup.

28

SM

Dark sector

λhϕ

mϕ = 0

mχ = 0

mA′￼
= 0 Higgs mixing

Before the phase transition

Dark sector is in 
equilibrium
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Our model setup.

29

SM

Dark sector

λhϕ

mϕ = λv

mχ = yv

mA′￼
= gv Higgs mixing

PT triggers chemical 
decoupling of the DM 

fermion, i.e. freeze-out 

GWs

After the phase transition
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A first glance at our punchline.

30

Theorem: 
There is a correlation between the GW peak 
frequency and the DM abundance. 

Proof: 
 and  for a transition with 

vacuum expectation value . 

Lemma: 
      . If DM 

freeze-out is triggered by a strong phase 
transition, it is observable using LISA.

fpeak ∝ v ΩDM ∝ v2

v

ΩDMh2 = 0.12 ⟹ fpeak ≃ 𝒪(mHz)
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The miracle at work.

31

Assuming that dominant annihilation 
channel is : χχ → ϕϕ

⟨σv⟩ ∼
y4

m2
χ

∼
y2

v2

Since Yukawa coupling  is a-priori arbitrary: no correlation expected…y

Peak frequency:    fpeak ≃ 10 mHz ( β/H
100 ) ( T

1 TeV ) ≃ 10 mHz ( 1 TeV )vv

v2
DM abundance:    ΩDMh2 ≃ 0.1

10−8 GeV−2

⟨σv⟩
∝

y2
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Intermediate Yukawa couplings.

32
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Intermediate Yukawa couplings.

32

Freeze-out condition: 
DM cannot be lightest dark sector 
state:  or mϕ < mχ mA′￼

< mχ
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Intermediate Yukawa couplings.
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Freeze-out condition: 
DM cannot be lightest dark sector 
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Conclusion: 

≲ ≲

Yukawa couplings are bounded and 
. Miracles can happen! 🤩𝒪(0.1)
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You shouldn’t be convinced, yet.

33

So far we skipped over several potential issues: 

• Sizable Yukawa couplings vs. vacuum stability 

• What about the  and  annihilations? 

• Influence of temperature ratio  on  and ? 

• : Collider bounds? Early matter domination?

χχ → A′￼A′￼ χχ → ϕA′￼

ξ = TDS/TSM ΩGW( f ) ΩDM

λhϕ
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You shouldn’t be convinced, yet.
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So far we skipped over several potential issues: 

• Sizable Yukawa couplings vs. vacuum stability 

• What about the  and  annihilations? 

• Influence of temperature ratio  on  and ? 

• : Collider bounds? Early matter domination?

χχ → A′￼A′￼ χχ → ϕA′￼

ξ = TDS/TSM ΩGW( f ) ΩDM

λhϕ

We performed full model scans* over 
 and 

confirmed the LISA miracle!
λ, g, y, v, ξ, λhϕ

* TransitionListener & DarkSUSY [Ertas+ 
2109.06208, Bringmann+ 1802.03399]

https://arxiv.org/abs/2109.06208
https://arxiv.org/abs/2109.06208
https://arxiv.org/abs/1802.03399
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Results of our scans.

34
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Results of our scans.

34
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Now, you should be convinced.

35
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Conclusions.

36

• We are only at the dawn of GW cosmology, but 
can already probe the pre-BBN universe! 

• PTAs could have observed a dark sector phase 
transition or merging supermassive PBHs 

➡ Dark sector phase transitions cannot be too 
strong & quick: Need  and  

or (better) quick decays ( ) 

➡ PBHs need to be clustered, no -distortions at 
production 

• A future LISA detection of a GW background 
would hint towards secluded DS freeze-out

α ≲ 0.1 β/H ≲ 10
τϕ ≲ 0.1 s

μ
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Thank you!
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Sensitivity for cosmic GW backgrounds.
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Model details.

39
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In any case: Novel PBH bounds.

40
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GWB details.

41
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Effect of Yukawa coupling on effective potential.
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Grid scans over couplings.
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Comparison with hot dark sector phase transition.
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Evolution of energy densities.
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Out-of-equilibrium fraction of the dark sector.
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Dilution effect.
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Effect of  and .λhϕ ξ
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Temperature evolution in the dark sector.
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Detection probabilities.
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Bödeker-Moore criterion.
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A brief history of time.
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A brief history of time.

52
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Possible cosmological sources of the PTA signal.
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Topological defects 
Cosmic strings and domain walls

Inflation 
Reentering of tensor fluctuations

Primordial black holes 
But only if they are clustered

Phase transitions 
Connection to dark matter?
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The impact of cosmic variance on PTA anisotropy searches.
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2408.07741, Konstandin, Lemke, Mitridate, Perboni
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Gravitational waves from decaying sources in strong PTs.
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2409.03651, Caprini, Jinno, Konstandin, Roper Pol, Rubira, Stomberg



DESY. Carlo Tasillo — PhD defense, October 14th 2024

Detecting GW anisotropies from SMBHBs.
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2407.08705, Lemke, Mitridate, Gersbach
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Turn up the volume.

57

2109.06208, Ertas, Kahlhöfer, CT
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Turn up the volume.
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Turn up the volume.
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Turn up the volume.

60

2109.06208, Ertas, Kahlhöfer, CT
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Do PTAs observe a dark sector phase transition?

2306.09411, Bringmann, Depta, Konstandin, Schmidt-Hoberg, CT
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Number of effective degrees of freedom at BBN.

63
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BBN limits on MeV-scale electromagnetic scalar decays.

64

[Paul Frederik Depta]
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Quo vadis pulsar timing?

65

We are here

Continuous 
wave signals?

✔✘
Anisotropies?

✔

✘

Supermassive black 
hole binaries

Supermassive black 
hole binaries

An early universe 
source?
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Polarization of a GW.

66

[Stephen Taylor et al., 2019]
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Cosmological perturbation theory.

67
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Conversion of different GW spectra.

68
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NANOGrav 15yr new physics analysis.
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NG15
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First-order phase transitions vs. cross-overs.
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Einstein Telescope science case.
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GW spectrum in characteristic strain.

73
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New physics interpretation of the NANOGrav 15yr data.

74

Cosmological constraints have not 
been included in the analysis.
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Influence of eccentricity on SMBHB signals.

75

[Adapted from: Kelley+, 1702.02180]
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NANOGrav 15yr data analysis.

76



DESY. Carlo Tasillo — PhD defense, October 14th 2024

Daisy-improved effective potential.
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Computation of the bounce.
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GWs from PBH mergers.
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Expected number of PBH pairs contributing to GWB.
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Evidence in favor of a stochastic GW background.
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Modeling SMBHBs.

82

The Astrophysical Journal 
Letters, 952:L37 (30pp), 2023 

August 1 
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Uncertainties of the GWB amplitude from SMBHBs.

83

The Astrophysical Journal 
Letters, 952:L37 (30pp), 

2023 August 1 
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Continuous waves in the NANOGrav 15yr data set.

84

Astrophys.J.Lett. 951 
(2023) 2, L50
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NANOGrav 15yr data limits on anisotropy.
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The Astrophysical Journal Letters, 956:L3 (15pp), 2023 October 10 
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Different models for the GW spectrum from a FOPT.

86

JCAP02(2023)011, Jinno, 
Konstandin, Rubira, Stomberg

Yann Gouttenoire: Beyond the 
Standard Model Cocktail


