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My research since 2023: Phase transitions and PTAs
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It’s time to recap what happened since then and what the next challenges will be
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June 2023 2023 — 2026 The future
• NANOGrav, EPTA, 

PPTA, and CPTA find 
strong evidence for a 
nHz background 

• New physics 
ambulance chasing 

• Astrophysical 
predictions span 
orders of magnitude 

• No consensus on 
SMBHBs vs. new 
physics

• Meerkat PTA and 
InPTA. IPTA DR3? 

• First global fits 

• Conformal models in 
dimensional reduction 

• Errata: no evidence 
for SMBHBs, broken 
PTA analysis pipeline 

• Still no consensus on 
SMBHBs vs. new 
physics

• IPTA DR3?! 

• Global fits with 
control over modeling 
uncertainties and 
astrophysical 
nuisance 

• The absence of PTA 
discreteness as an 
argument for phase 
transitions? 

• Preparation for 
analogous LISA case
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June 2023 2023 — 2026 The future
• NANOGrav, EPTA, 

PPTA, and CPTA find 
strong evidence for a 
nHz background 

• New physics 
ambulance chasing 

• Astrophysical 
predictions span 
orders of magnitude 

• No consensus on 
SMBHBs vs. new 
physics

• Meerkat PTA and 
InPTA. IPTA DR3? 

• First global fits 

• Conformal models in 
dimensional reduction 

• Errata: no evidence 
for SMBHBs, broken 
PTA analysis pipeline 

• Still no consensus on 
SMBHBs vs. new 
physics

• IPTA DR3?! 

• Global fits with 
control over modeling 
uncertainties and 
astrophysical 
nuisance 

• The absence of PTA 
discreteness as an 
argument for phase 
transitions? 

• Preparation for 
analogous LISA case

But let’s start slowly and see what the data tells already
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The working principle of a pulsar timing array
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Galactic millisecond pulsars
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The working principle of a pulsar timing array

4

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 of a 

given frequency.
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Learning to play the violin

5

  log f

PTA data

The inferred spectral shape 
of the GWB is to first 

approximation a power law
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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 of a 

given frequency.
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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

6

• 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]

Next IPTA data release should 
reach  GW detection!5σ



What is the source of the PTA signal?

?
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Merging supermassive black holes

8

Observed signal roughly 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]

* The shown astro contours are basically an overly optimistic upper bound on 
the GW amplitude, assuming 1) negligible binary hardening times (whereas 
naively they should be around the age of the universe) and 2) an artificially 
widened prior on the observed black hole masses. We’ll come back to this…
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Merging supermassive black holes

8

Observed signal roughly 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

Are there other signal sources?

[NANOGrav, 2306.16213]

* The shown astro contours are basically an overly optimistic upper bound on 
the GW amplitude, assuming 1) negligible binary hardening times (whereas 
naively they should be around the age of the universe) and 2) an artificially 
widened prior on the observed black hole masses. We’ll come back to this…
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Parametrization of the GW signal of a phase transition
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β/H ≈ 10

T ≈ 10 MeV
SMBHB: , A = 10−15.5 γ = 13/3

Very roughly (we’ll get more precise):
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s 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

Very roughly (we’ll get more precise):

Clearly not featured in the SM. So, 
necessarily, we have to consider a BSM 
„dark“ sector active just before BBN



Carlo Tasillo — Robust phase transition predictions for PTAs and LISA

Big Bang Nucleosynthesis and the CMB

11

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

• NBBN
eff = 2.898 ± 0.141

•  

• Consistent with 3 SM neutrinos

NCMB
eff = 2.99 ± 0.17

[Planck collaboration]

As long as we reheat to temperatures 

above some MeV, and there’s no 

abundant dark relics: All good. 

Time to get more precise.
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Which phase transitions can fit the PTA data?

12

Many small 
bubbles

Few big 
bubbles

Weak transitions Strong transitions

PTA data requires very 
strong transitions with 

extremely large bubbles!
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Which phase transitions can fit the PTA data?

12

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
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Why is it so difficult to get big bubbles?
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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

14

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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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 (and better than SMBHBs), but the amount of required 
tuning depends strongly on the mechanism with which the barrier is generated!
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Large bubbles in the Abelian dark Higgs model
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Benchmark point: g = 1, v = 100 MeV
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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
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Large bubbles in the Abelian dark Higgs model

16

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 

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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The tuning needed for strong GW signals

18

[B
P

: b
es

t-
fi

t 
po

in
ts

 fo
r 

N
A

N
O

G
ra

v 
15

yr
 d

at
a 

se
t]

The required amount of tuning comes directly from the typical 
transition temperature: The higher it is, the larger the bubbles have to 

be, and the more the bubble nucleation rate has to be tuned.
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Which phase transitions can fit the PTA data?

19

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…

WHAT ABOUT THIS PROBLEM?
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What is required for robust phase transition predictions for PTAs?
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Numerical stability 

Perturbative control over 
bubble nucleation rate

GW templates valid for 
strong supercooling and 

Hubble-sized bubbles

Consistent cosmological 
evolution Numerical stability 
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Commercial break
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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 spectral templates

c2
s = 1/3 🫣

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

temperature corrections
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Phase tracing and 
finding possible 

transitions
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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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Commercial break
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Easy to install! Beautiful plots!

Interfaced with PTArcade!
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www.tasillo.de/TransitionListener

Well-documented and 

in active use!

Click here!

pip install 
transitionlistener

Just try:

Validated against BSMPT!

Numerically robust and reliable!
Comes with dark sector 

models and 2HDM!

http://www.tasillo.de/TransitionListener
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The next 
challenges
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The return of „the binaries do not really follow a power law…“

28

„… the implied GWB 
amplitude necessitates 
either a large number of 
parameters to be at the 
edges of expected values, 
or a small number of 
parameters to be notably 
different from standard 
expectations.“

NANOGrav collaboration, 2306.16220
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or a small number of 
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Each binary foreground computation takes about 2 min using holodeck. Profiling over the 6D 
astro nuisance hence takes roughly 1 year per cosmological background.  :(
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The return of „the binaries do not really follow a power law…“

28

„… the implied GWB 
amplitude necessitates 
either a large number of 
parameters to be at the 
edges of expected values, 
or a small number of 
parameters to be notably 
different from standard 
expectations.“

NANOGrav collaboration, 2306.16220

Each binary foreground computation takes about 2 min using holodeck. Profiling over the 6D 
astro nuisance hence takes roughly 1 year per cosmological background.  :(

We wrote a small surrogate which is a 

million times faster, thus allowing 6D 

profiling in roughly 1 min per phase 

transition prediction.



Carlo Tasillo — Robust phase transition predictions for PTAs and LISA

A binary foreground opens up the FOPT parameter space

29

Preliminary

With a population-based binary contribution, the preference for a transition 
drops from  to below  and the  contours become unbounded3σ 2σ 2σ
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Two more PTA data analysis issues

30

2306.16213

The dispersion measure 
variations have a strong effect 

on the inferred GW signal

There were errors in the PTA 
likelihood…
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Effect of the PTA data analysis choices on the preferred phase transition speeds

31

Prelim
inary



How do all these modeling choices 
impact parameter inference?













Let’s go through the modeling choices one after the other
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Use dimensional reduction! 
LO or NLO or even incl. dim-6 
don’t impact the results much.

Preliminary

[See also talks by J. Hirvonen, O. Gould, P. Schicho; 2610.12284 
by Bernardo+, 2609.12098 by Puchades-Ibáñez+]
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Be sure that your transitions 
actually complete and that you 
use the right  definitionβ/H

Preliminary Use dimensional reduction! 
LO or NLO or even incl. dim-6 
don’t impact the results much.

[See also talks by J. Hirvonen, O. Gould, P. Schicho; 2610.12284 
by Bernardo+, 2609.12098 by Puchades-Ibáñez+]
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Be sure that your transitions 
actually complete and that you 
use the right  definitionβ/H

Preliminary

Use valid GW templates. Clearly 
more work needed here.

Use dimensional reduction! 
LO or NLO or even incl. dim-6 
don’t impact the results much.

[See also talks by J. Hirvonen, O. Gould, P. Schicho; 2610.12284 
by Bernardo+, 2609.12098 by Puchades-Ibáñez+]
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Be sure that your transitions 
actually complete and that you 
use the right  definitionβ/H

Use valid GW templates. Clearly 
more work needed here.

Include binaries (!), use the 
latest likelihoods and state 
which dispersion measure 
noise modeling you chose.

Preliminary Use dimensional reduction! 
LO or NLO or even incl. dim-6 
don’t impact the results much.

[See also talks by J. Hirvonen, O. Gould, P. Schicho; 2610.12284 
by Bernardo+, 2609.12098 by Puchades-Ibáñez+]
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The next step: Put all of this in a global fit

42

Slide by C. Balázs @ SUSY 2021

Relevant constraints: BBN 
and CMB, but also dark 

matter (in)direct 
detection, beam dumps, 

scalar power spectrum, …

[See also new BBN isocurvature 
constraints by Elahi et al, 2609.25950]
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Previous global fits: PTA interpretation can be probed in labs!

43

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

*This fit still used a pre-release version of TransitionListener, binaries 
following a power law, pre-erratum PTA likelihoods and a 4D+Daisy 
bubble nucleation rate



LISA is blind!



LISA is blind!
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Revisiting the 2HDM

[Image credit: Kateryna Radchenko]

In the SM the EWPT is a 
crossover. To get a GW signal 
and baryogengesis* we need 

to extend it. One example: 
2HDM.

* We only care about the GWs in this work. We 
therefore assume the CP-conserving 2HDM
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Why study the 2HDM?
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Why study the 2HDM?

46

+ the possibility to study large parts of the parameter space at colliders; SUSY and QCD 
axions also require a second Higgs doublet; the 2HDM features DM candidates itself; …
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Observational constraints leave two options for strong LISA signals

48

We find that only two regions can give strong LISA signals 
and perform MC parameter scans in those.
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Decays of the Heavy CP-even Higgs to ZZ

49

Standard-custodial Twisted-custodial

Essentially all 
LISA-observable 

type-I 2HDM 
points can already 

be excluded by 
HL-LHC! *

* And given that that’s a big claim we reran all BSMPT points with TransitionListener, also allow for 
electroweak symmetry non-restoration at high-T, and cross-check wall velocities with WallGo.
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The violins are tuned (at least a bit)! Without tuning, 
thermally & transition-induced barriers don’t produce 
strong GW signals. Radiative symmetry breaking: 👑 

Transitions can fit the data better than SMBHBs.

TransitionListener v2.0 remains 
numerically stable and physically 

accurate under strong supercooling 
and large bubbles. Soon: NLO rates.

I consider all of the PTA searches for phase 
transitions also a big playground for LISA, since the 

lessons can be directly transferred there.

LISA is (> 95%) blind: If the HL-LHC 
does not find any  events, 

we should be safe to expect no 
observable type-I 2HDM GWs.

H → ZZ

Global fits are needed to find good 
transition models which respect 
additional constrains and don’t 
underestimate the flexibility of 

astrophysics.

We need not only a controlled perturbative 
expansion in the bubble nucleation rate, but 
also spectral templates valid where signals 

are interesting, consistent cosmological 
histories, and should treat astrophysical 

foregrounds as nuisance. 

🏆
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Prelim
inary
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Prelim
inary



Carlo Tasillo — Robust phase transition predictions for PTAs and LISA 54

Prelim
inary
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Prelim
inary
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Prelim
inary
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Prelim
inary
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Prelim
inary
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A conformal dark sector incl. dark matter candidate

59

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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How does our scenario evade all available constraints?

60
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How does our scenario evade all available constraints?

60

BelleII NA64μ

LDMX

Expected 
sensitivities
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How does our scenario evade all available constraints?

60

BelleII NA64μ

LDMX

Expected 
sensitivities

A dim-6 operator boosting  can 
open up the parameter space, saving the 

scenario if LDMX rules out the vanilla case.

ϕ → ee
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Coupled DS scenario: incl dim-6 operator for  ϕ → ee

61

mχ − mϕ

mχ
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Coupled DS scenario: incl dim-6 operator for  ϕ → ee

61

mχ − mϕ

mχ

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

potential future constraints

ϕ → ee



Carlo Tasillo — Robust phase transition predictions for PTAs and LISA

A dark sector without portal couplings

62

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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The liberated vacuum 
energy remains in the dark 

sector. A good fit would 
require enormous 

 ΔNeff ≫ 0.22

Giant „Hubble“ bubble sizes would be needed, violating 
causality & questioning validity of GW predictions

⚠

[CT et al, JCAP 11 (2023) 053]

⚠

A very naive fit

https://inspirehep.net/literature/2669369
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ϕ
τ ≲ 0.1 s

The dark sector must die for the GWs to live…
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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 before BBN, a 

great fit to PTA data can be achieved!

[CT et al, JCAP 11 (2023) 053]

https://inspirehep.net/literature/2669369
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Robust and self-consistent predictions for Treh
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Structure of TransitionListener v2.0
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An elegant trick to compute the percolation integral
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An example config file for TransitionListener
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Automated action plot in TransitionListener

68



Carlo Tasillo — Robust phase transition predictions for PTAs and LISA

Automated profile plot in TransitionListener
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Automated percolation plot in TransitionListener
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Automated overview plot for line scans in TransitionListener
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Automated overview plot for grid scans in TransitionListener
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Comparison of TransitionListener with other packages
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Derivation of the relationship between  and RH β/H
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Error classes in TLv2
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Selection of the implemented sensitivity curves in TLv2
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SKA 10 yr
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How to be supercool 😎

77

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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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
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Quo vadis pulsar timing?

79

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


