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It’s time to compare 

some models!

[See talk by Kai Schmitz] [See talk by Felix Kahlhoefer]
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The working principle of a pulsar timing array
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Timing residuals δt

Pulses expected 
from timing model

Pulses recorded by 
radio telescopes

Galactic millisecond pulsars

δt
A gravitational wave 

backgrounds imprints 
itself in the common 

evolution of the timing 
residuals over time

Pulsar 2

Pulsar 1

Time
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Learning to play the violin
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Each „violin“ in the Bayesian 
spectrogram can be understood as a 
data point with non-Gaussian error 

bar, describing the Fourier amplitude 
at a given frequency.
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Which phase transitions can fit the PTA data?
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Many small 
bubbles

Few big 
bubbles

Weak transitions Strong transitions

PTA data requires very 
strong transitions with 

extremely large bubbles!

BSM models typically 
predict weak transitions 

with small bubbles…

Robust predictions of the 
GW signal in that regime 

are difficult…

Let’s start with this problem
RH ∼

1
β/H
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Γ ∝ eβt−γt2

The bubble nucleation rate has to 
become a Gaussian, i.e.  has to 

become small or negative!
β/H

Larger 
bubbles
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Model classes for the PTA signal
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Abelian dark Higgs Conformal dark Higgs Dark flipflop

V(ϕ) = λϕ4V(ϕ) = − μ2ϕ2 + λϕ4 V(ϕ1, ϕ2)
Thermally induced barrier Loop-induced barrier Transition-induced barrier
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Large bubbles in the Abelian dark Higgs model
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Benchmark point: g = 1, v = 100 MeV

Γ ∝ e−S3/T

The transition rate 
is exponentially 

dependent on the 
bounce action

Only for fine-tuned 
quartic couplings , 

large bubbles can be 
achieved! Generically, 

.

λ

β/H > 103
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is off by 51% and only 
holds where signals are 
typically unobservable!

β/H = (8π)1/3/RH

Benchmark point: g = 1, v = 100 MeV

(used in LISA pipeline, Athron review, …)

 can become very negative! This 

is where the strongest GW signals are.

T
d

dT
S3

T

  is the true-
vacuum fraction at 

percolation

fperc = 0.29
[Derivation: See appendix 

of 2605.15259]

A comment on  and β/H RH

https://inspirehep.net/literature/2765842
https://inspirehep.net/literature/2656620
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Generic model predictions for the Abelian dark Higgs
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* based on a random scan with flat priors

, , g/λ1/4 ∈ [0.8, 3.2] λ ∈ [10−5, 1] v ∈ [1 MeV, 1 GeV]

Typically, the phase 
transitions in the Abelian 
dark Higgs model are too 

weak and too fast to 
explain the PTA data*
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Generic predictions in the conformal dark Higgs model
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If the potential barrier is 
loop-generated, the 

bounce action becomes 
log T-dependent, such 
that  is huge and  

small by default
α β/H

, g ∈ [0.5, 2] v ∈ [1 MeV, 1 GeV]

Veff = Vtree + VCW + Vthermal + . . .
Ensure conformality at scale  in renormalization: 

 picks up a logarithmic temperature dependence!
Λ = v

Veff

[See talk by Cristina 
Puchades Ibáñez]
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The dark flipflop
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Setup: Two real scalars with a potential
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Generally, the bubbles are far too small, 
but for specific parameter choices, the 

PTA-favored region can be reached. , , , 

, ,  

λ0 ∈ [10−3, 1] λ1 ∈ [10−3, 1] λ12 ∈ [10−3, 1]
v ∈ [10, 104] MeV y ∈ [0.1, 4π] γ ∈ [0.5, 2]
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So… which model explains the PTA data best?
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Required tuning: 

one significant digit in g

Two significant 

digits in λ

Four significant digits 
in four couplings…

The goodness of fit is identical for all model classes (and better than SMBHBs), but 
the amount of required tuning depends strongly on the mechanism with which the 

potential barrier is generated!
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Which phase transitions can fit the PTA data?
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Many small 
bubbles

Few big 
bubbles

Weak transitions Strong transitions

PTA data requires very 
strong transitions with 

extremely large bubbles!

BSM models typically 
predict weak transitions 

with small bubbles…

Robust predictions of the 
GW signal in that regime 

are difficult…

RH ∼
1

β/H

WHAT ABOUT THIS PROBLEM?
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SKA 5yr
SKA 10 yr
SKA 20 yr
NANOGrav 15 yr
LISA
BBO
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•  

•  

•  

•

β/H ≈ (8π)1/3/RH
S3(Tnuc)/Tnuc = 140
Treh ≈ Tperc(1 + α)1/4

α ≈ ΔV/ρrad

•  

• Permanent radiation domination 
• No false-vacuum fraction 

feedback on Hubble rate 
• Outdated GW spectra

c2
s = 1/3 🫣

🤩
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ℒ = 1
2 (∂μϕ)†(∂μϕ) − V(ϕ) Quantum & finite-

temperature corrections

ϕ

Veff(ϕ)
High T

Low T

⟨ϕ⟩T

T

Phase tracing and 
finding possible 

transitions

T

Γ/H4 Nucleation Bubble nucleation 
vs. Hubble rate 

Evolution of the 
false vacuum

Percolation

T

Pt f

ΩGW

Mapping to GW templates from 
hydrodynamic simulations via 

α, β/H, Treh, vw, . . .

Evaluation of 
observability
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Easy to install! Pretty plots!

Interfaced with PTArcade!
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Comparison BSMPT vs. TransitionListener, 2HDM benchmark
BSMPT v3.1.8 TL v2.0.0 (default precision) TL v2.0.0 (increased precision)

Validated against BSMPT!
Numerically stable over 

12 orders of magnitude 

in frequency!

Comes with dark sector models and 2HDM!
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www.tasillo.de/TransitionListener

Well-documented and 
in active use!

Click here!

pip install 
transitionlistener

Just try:

http://www.tasillo.de/TransitionListener
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Summary and outlook

22

The violins are tuned (at least a bit)! Without tuning, 
thermally & transition-induced barriers don’t produce 
strong GW signals. Radiative symmetry breaking: 👑 
All models can fit the PTA data better than SMBHBs.

> >

Presented TransitionListener 
v2.0, which remains 

numerically stable and 
physically accurate for  

and .
α ≫ 1

β/H ≪ 100

Even if the IPTA DR3 will find an 
astrophysical origin of the PTA signal, our 

tuning arguments will remain for future GW  
background studies, e.g. at LISA. 

What about dark matter and the collider 
complementarity? Check 2606.09092 

and Felix Kahlhoefer’s talk or just ask me!

 RHperc = ( 8π
fperc )

1/3
max(vw, cs)

β/H

only holds for .β/H ≫ 100



Backup slides.
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Bubble nucleation rates for the three model classes
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[BP: best-fit points for NANOGrav 15yr data set, 2602.09092, CT+]
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Robust and self-consistent predictions for Treh
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[2605.15259, CT+]
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Structure of TransitionListener v2.0
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[2605.15259, CT+]
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An elegant trick to compute the percolation integral
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[2605.15259, CT+]
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An example config file for TransitionListener
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[2605.15259, CT+]
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Automated action plot in TransitionListener
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[2605.15259, CT+]
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Automated profile plot in TransitionListener
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[2605.15259, CT+]
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Automated percolation plot in TransitionListener
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[2605.15259, CT+]
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Automated overview plot for line scans in TransitionListener

32
[2605.15259, CT+]
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Automated overview plot for grid scans in TransitionListener
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[2605.15259, CT+]
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Comparison of TransitionListener with other packages
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[2605.15259, CT+]
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Derivation of the relationship between  and RH β/H
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[2605.15259, CT+]
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Error classes in TLv2
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[2605.15259, CT+]
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Selection of the implemented sensitivity curves in TLv2
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Monopolar correlations,
e.g. clock errors

Dipolar correlations,
e.g. ephemeris errors

HD correlation,
i.e. a GW background
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Searching for the Hellings-Downs correlation

38

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

• Signal could have many sources: 

‣ Pulsars themselves, Clock errors, 
Ephemeris errors: 
All ruled out with >  significance 

‣ Gravitational wave background: 
 evidence

𝒪(70)

5σ

3 − 4σ [NANOGrav, 2023]
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Merging supermassive black holes
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Observed signal follows a power-law 
spectrum with amplitude  and slope   

Astrophysical simulations based on 
realistic BH populations predict much 
weaker signals with higher  (more 
power in low frequencies)

A γ

γ

[NANOGrav, 2306.16213]
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Parametrization of the GW signal
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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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A brief history of time
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How to be supercool 😎
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Vtree(ϕ) = λϕ4

Veff(ϕ, T) ⊃ λϕ4 log ( T
v )

Quantum and 
thermal corrections

Loop-induced barrier down until very low 
temperatures, i.e. strong supercooling
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Portal couplings

A minimal dark sector setup

43

SM

Dark sector

ϕ A′￼

Higgs mixing λhϕ

Kinetic mixing κ

V(ϕ) = μ2ϕ2 + λϕ4 + λhϕv2ϕ2 ℒ ⊃ κF′￼μνFμν

Se
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  is suppressed by …ϕ → ēe κ4

Changes the dark Higgs 
potential…
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A conformal dark sector incl. dark matter candidate
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SM

Dark sector

ϕ A′￼

V(ϕ) = μ2ϕ2 + λϕ4 + λhϕv2ϕ2

χ
Thermalization becomes easy!

Kinetic mixing κ

CT+ [JCAP 08 (2025) 062]
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All constraints can be circumvented
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Global fit found parameter space with 

• 100% of observed DM relic density 

• Loud phase transition on top of 
„standard“ SMBH background 

• Negligible impact on BBN and CMB 

• No relevant direct + indirect 
detection + bullet cluster constraints 

• Testable LDMX/Belle-II/NA64  
prediction:  

, mA′￼
= 100 − 200 MeV κ ≃ 10−4

CT+ [JCAP 08 (2025) 062]
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How does our scenario evade all available constraints?
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CT+ [JCAP 08 (2025) 062]
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How does our scenario evade all available constraints?
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BelleII NA64μ

LDMX

Expected 
sensitivities

CT+ [JCAP 08 (2025) 062]
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Coupled DS scenario: incl dim-6 operator for  ϕ → ee
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mχ − mϕ

mχ

CT+ [JCAP 08 (2025) 062]
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Coupled DS scenario: incl dim-6 operator for  ϕ → ee
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mχ − mϕ

mχ

 decays through a dim-6 
operator open up the parameter 
space and save the model from 

potential future constraints

ϕ → ee

CT+ [JCAP 08 (2025) 062]
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Different models for the GW spectrum from a FOPT
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[JCAP02(2023)011, Jinno, 
Konstandin, Rubira, Stomberg]

[Yann Gouttenoire: Beyond 
the Standard Model Cocktail]



Carlo Tasillo — Are the violins tuned?

Quo vadis pulsar timing?
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We are here

Continuous 
wave signals?

✔✘
Anisotropies?

✔

✘

Supermassive black 
hole binaries

Supermassive black 
hole binaries

An early universe 
source?
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Detecting GW anisotropies from SMBHBs
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[2407.08705, Lemke, Mitridate, Gersbach]
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How to make the dark sector models viable: dark photons
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[2602.09092, CT+]
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How to make the dark sector models viable: dark Higgs
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[2602.09092, CT+]


