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It's the end of the world as we know it (and | feel fine)

The CMB...
and the CGWB?
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Plan for today:

Dark sector
phase transitions

The need for robust phase
transition predictions

Is there dark matter

in the dark sector? Are the
violins tuned?




The working principle of a pulsar timing array

Galactic millisecond pulsars

-,




The working principle of a pulsar timing array

Galactic millisecond pulsars

Pulses expected

Ppr om timing model
' S
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The working principle of a pulsar timing array
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LB from timing model
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Galactic millisecond pulsars

F 1
o

Timing residuals ot

The working principle of a pulsar timing array
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Galactic millisecond pulsars

The working principle of a pulsar timing array
Timing residuals 5t l \
( / \ f \\ fL/\ A\
— ., Pulses expected
om timing model
N A S

Pulsar 1

"

,5

Pulsar 2 A gravitational wave

backgrounds imprints
itself in the common
evolution of the timing
residuals over time

Time



Searching for the Hellings-Downs correlation

| | | | PTAs found an underlying ,common red
_ SN e process” among O(70) pulsars
~ 05 : Signal could have many sources:
S
T > Pulsars themselves,
5 ol ] Ephemeris errors:
= All ruled out with >5¢ significance
O = HD correlation, -
g v G backgronnd - Gravitational wave background: ¥ =
S —0.5¢ - | -
® 3 — 40 evidence [NANOGrav, 2023] ‘
i Dipolar correlations, )
L e.g. ephemeris errors
- . . . Next IPTA data release should
0 us z 3m T

4 2 4
Pulsar separation angle 6,

reach S50 GW detection!

p pu=
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Learning to play the violin

PTA data

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.

log f

F
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Learning to play the violin

The inferred spectral shape
of the GWB is well-described
by a power law

PTA data

” ’

log Qv

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.

log f

p p=
( r‘ - Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions 7/




What is the source of the PTA signal?

N AAAL P




Merging supermassive black holes

NANOGrav 15-year

IOLODECK Sims

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

Astrophysical simulations based on
realistic BH populations predict much

weaker signals with higher y (more
power in low frequencies)

Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions 9
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Possible cosmological sources of the PTA signal
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First-order phase transitions vs. cross-overs

Cross-over phase transition First-order phase transition

Vet () — Verr (0)

¢

A scalar field “rolls down" from ¢ = 0

to ¢ = v, when the plasma cools from
to low temperatures.

¢

A scalar field tunnels to the true

potential minimum ¢ # 0 to minimize
its free energy.

p pu=
( r' - Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions 11



First-order phase transitions produce GWs

Bubbles of the new phase
nucleate, collide and
perturb the plasma... -

y f/////////I/I////I(//I’//i‘

i

10

SKA 5yr
. SKA 10yr
QN SKA 20yr
Bl NANOGrav 15yr
BN LISA

= L% BBO

1 AW ET

3 A pAres

| EEE LIGO-VIRGO 02
Bl NG15 (violins)
&4 Ng

kHz

mHz

f / Hz

.. giving rise to an observable stochastic
gravitational wave background.

p p=
( r‘ - Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions 12



Parametrization of the GW signal

O ——

2 1,2
2NSW,0W ~ —6 (87 E ’ f
o010 (551) (5) 9 ()
B T

With  fheak =~ 0.1 nHz X 7 X MoV

NANOGrav 15yr

To fit the new pulsar timing data:

RS
10~12 Strong transitions, a 2 1
>
1014 S Slow transitions, f/H ~ 10
0-° 10—  10-° 107 _ 10-° Percolation around 7'~ 10 MeV
7/ 1

NB: The actual signal prediction is a more

A — 10155 ., —
SMBHB: A = 10 v =13/3 complicated function. This is just to give an intuition.

p pu=
( r' - Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions 13



Parametrization of the GW signal

15, T
., ~ 0.1 nHz X 7 X VIS,

10~  10-°  10-® 107 _ 10-© Percolation arounar ~ 10 MeV

f/ Hz

SMBHB: A = 10715, y = 13/3 NB: The actual signal prediction is a more

complicated function. This is just to give an intuition.

p pu=
( r' - Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions 13



Big Bang Nucleosynthesis and the CMB

Nuclear abundances

10! g
100
101

102

Observation of primordial
light element abundances in

good agreement with
standard BBN

NEECN — 2.898 + 0.141

n/'H

y ™~

("Li +\Be) /'H

—10 oy
10 101

[Paul Frederik Depta]

1ddl'l |

1d:il.ll | 10_5. T 10~7
T [MeV]
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Big Bang Nucleosynthesis and the CMB

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

NEECN — 2.898 + 0.141

Ng]'}]ﬁ'B — 299+ (.17

[Planck collaboration]

Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions
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Big Bang Nucleosynthesis and the CMB

q0rdial
ances In

» QObserve

»  Consistent with 3 SM neutrinos

p p=
T ™- Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions 14



Which phase transitions can fit the PTA data?

Many small

bubbles o | PTA data requires very
| strong transitions with
extremely large bubbles!
1
RH ~ ——
BIH
Few big
bubbles

Weak transitions Strong transitions

p pu=
( r' - Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions



Which phase transitions can fit the PTA data?

Many small
bubbles

Few big
bubbles

—— FOPT
- —— FOPT + SMBHBs

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...

Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions
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Which phase transitions can fit the PTA data?

Many small

bubbl | — |1 :
ubbles . || PTA data requires very
| strong transitions with
extremely large bubbles!
. 1 Let's start with this problem
BIH
BSM models typically
predict weak transitions
with small bubbles...
Few big Robu§t pre.dictions of.the
bubbles ' GW signal in that regime
[

are difficult...

Weak transitions Strong transitions

p pu=
( r' - Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions 15



Why is it so difficult to get big bubbles?

Bubble
nucleation rate
GW amplitude

Time

Frequency

F
r‘ - Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions
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Why is it so difficult to get big bubbles?

Larger
bubbles

Bubble
nucleation rate

GW amplitude

Time

Frequency

I o eft—1rt°

The bubble nucleation rate has to

become a Gaussian, i.e. //H has to
become small or negative!

Bubble
nucleation rate

Time
p pu=
( r' - Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions 16



Model classes for the PTA signal

Abelian dark Higgs Conformal dark Higgs

=2

V(@) = — u*p* + A* V(g) = Ap*

Thermally induced barrier Loop-induced barrier

F
r‘ - Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions
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Large bubbles in the Abelian dark Higgs model

1e9

Al T=0.050GeV i | —— T=0.030GeV ] i T=0.025GeV i
—— T=0.045GeV —— T=0.025GeV T=0.015GeV
,| —— T=0.040Gev ﬁ i T =0.020GeV i T =0.005 GeV _

V(g, T)/ GeV*
o

_2 | - | - | -
-4 A=0.05 T - A=0.019 T - T
0.00 0.05 0.10 0.00 0.05 0.10 0.00 0.05 0.10
¢ /GeV ¢ /GeV ¢/GeV

pm  Benchmark point: g = 1, v = 100 MeV
r‘ - Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions 18



Large bubbles in the Abelian dark Higgs model

1e9

Al T =0.050GeV i | —— T=0.030GeV i i T=0.025GeV
—— T=0.045GeV —— T=0.025GeV T=0.015GeV
,| —— T=0.040Gev ﬁ i T =0.020GeV i T =0.005 GeV _
The transition rate

— - is exponentially
dependent on the
bounce action

V(g, T)/ GeV*
o

I
N
T

-4 A=0.05 T - A=0.019
0.00 0.05 0.10 0.00 0.05 0.10 0.00 0.05 0.10 I ' _S3/T
¢/ GeV ¢/ GeV ¢/ GeV OC e
; Inefficient bubble
i nucleation
102 |

S3/GeV
—_
<

Efficient bubble
nucleation
!

[

0.01 0.02 0.03 0.04 0.05
T/GeV

[ pm  Benchmark point: g = 1, v = 100 MeV
' r‘ - Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions 18



Large bubbles in the Abelian dark Higgs model

1e9

T=0.050GeV i | —— T=0.030GeV ] i T=0.025GeV
—— T=0.045GeV — T=0.025GeV T=0.015GeV
T=0.040GeV | i T=0.020GeV i T=0.005GeV

V(g, T)/ GeV*

-4 2=0.05 T - A=0.019
0.00 0.05 0.10 0.00 0.05 0.10 0.00 0.05 0.10
¢ /GeV ¢ /GeV ¢/GeV
103 ¢ 104 ¢ . . . . —
E ¥ . i *.———"—x_
- Inefficient bubble Y
( nucleation ' -—"
102 ¢ 103 o /,a-)('
S -
NS
2 LS A=0.01803
I < ]
O 10! S 107 2 A=0.019
W S I A=0.02
YR\ A=0.03
100 & /. 1otk S A=0.04
: Efficient bubble : X A=0.05
nucleation ] _ | A=0.06
10—1 ! ! ! I II I | 100 I ! ! ) ! !
0.01 0.02 0.03 0.04 0.05 0.01 0.02 0.03 0.04 0.05 0.06
T/GeV A

Benchmark point: g = 1, v = 100 MeV

The transition rate
is exponentially

dependent on the
bounce action

Only for fine-tuned
quartic couplings A,
large bubbles can be
achieved! Generically,

pIH > 10°.

p pu=
( r‘ - Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions 18



A comment on //H and RH

e
-
N

100 5
The common relation

\
\
\
\
\

p—
S

p—
-
oy
'l

pIH = (87)'°/RH

(used in LISA pipeline, Athron review, ...)

|
ek
I

m—(B/H)s; = T%(%)

)1/3
= (B/H)gpy = (8R)H

_ _ (87/fpere)'/?

| (/B/H)RH =I RH _100

0.02 0.04 0.06
A

perc —

ek
-
\V)
|
ek
-

Transition speed 8/H
N\
Transition speed 8/H

-

is off by 51% and only
holds where signals are

0.0181 0.0182 0.0183 unobservablel
A

e
-
[

]iaerc = (.29 is the true-

Benchmark point: g = 1, v = 100 MeV vacuum fraction at d S3

- T can become very negative! This
percolation dT T

[Derivation: See appendix
of 2605.15259]

iIs where the strongest GW signals are.

F
r' - Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions 19
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https://inspirehep.net/literature/2656620

Generic model predictions for the Abelian dark Higgs =2

10° eI
(i
105 _'.= “-. i. Thermally induced barrier, R
= B ﬁ random scan ]
o Typically, the phase
10% 3 T 2 transitions in the Abelian
- - PR : dark Higgs model are too
Tl N .'E- L, 075 2 weak and too fast to
P s | W explain the PTA data*
1021 hr "ot . b?{vlg{: data;: |
: o . -.-." L . ~1.25
' .l * based on a random scan with flat priors
1015_ l'" !‘. ; ~1.50
104 102 0 102 104 105 108 1610

(04

p p=
( r‘ - Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions 20



Generic predictions in the conformal dark Higgs model

Veff — Viree + VCW T Vthermal T ... | | .

. . - ' \ ' - 0.2
Ensure conformality at scale A = v in renormalization: X%k Loop-induced barrier, _

V¢ picks up a logarithmic temperature dependence! 10° random scan

If the potential barrier is s | ovored by pra dote | BN .5
loop-generated, the i e | )
bounce action becomes | .
log T-dependent, such
that a is huge and //H 4
small by default ‘]

Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions 21



The dark flipflop

Setup: Two real scalars with a potential

/10 2 /11 /112
V(dy, hy) = n (¢12 + 72¢22 - V2) — 7V2€b12 + B 12 22 0.030
and a fermion that only couples to ¢, 0.025
| I 0.021
—
-= ¢ Tl
<= > 0.013 ¢
1o & %
= = 0.008 =
_ (Ll_% _é\'_ . N
¥ S \ | 0.004
\ 13-
\ "“ih | [0
]
. . 1.5 2.0 (_;I?bal -0.004
Minimum /
-0.009
i |

0.00 025 050 075 1.00 1.25
1/ GeV

F
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The dark flipflop

Setup: Two real scalars with a potential

Aq ) A A
2 2 42 2 1 242 12 42 42
V(dy, pp) = — (¢1 TV Cbz —V ) ——V Cbl +_€b1¢2
4 2 2 0.2
and a fermion that only couples to ¢,
0.0
CHS . Two-step transition,
R random scan —0.2
3 s
2 Tz 5
- (;é? . -0.4 c'c_';
|l -
- —0.6
Favored by PTA data
—0.8
Generally, the bubbles are far too small,
but for specific parameter choices, the | _ ~1.0
PTA region can be reached 106 108 10%
Qa Ao € [1072,1], 4, € [1072,1], 4;, € [107, 1],

Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions

y € [10, 101 MeV, y € [0.1,4/4x], y € [0.5, 2]
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So... which model explains the PTA data best?

10°

Transition speed B/H

SSERALL B LR LLL B R B L AL B I LELL B R ELLLL B AL L AL B B L
Random
scan
Flip-Flop

Two-step transition

Abelian dark Higgs |
Thermally induced barrier :

Conformal U(1)
Loop-induced barrier

PTA data

1 |mu] ool 3 sl

ol 1 vl

109 103 106 10°

Transition strength a

10°

PTA fit

Transition strength a

103

Required tuning:
one significant digitin g

Two significant
digits in A

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!

Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions
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The origin of tuning to get strong GW signals

104 ———~ T
- - Barrier from two-step transition

| —— Thermally induced barrier
| = Loop-induced barrier

" S3/T =200

T/MeV

10-1 10° 101 10°

1023F ° 7 N\ k L.
Efficient bubble ansiion
1015 1 nucleation Sibalil
107 }
[=H*
107\ (PP dddryVYeo?dIyrodddTyddyYyys
1079 - g
10-17 |- Inefficient bubble p
nucleation
10—25 R S R R A A TR W LBy R
101 109 10! 102

T/MeV

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.

p pu=
( r‘ - Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions

[BP: best-fit points for NANOGrav 15yr data set]
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Which phase transitions can fit the PTA data?

Many small

bubbl | — |1 i
ubbles . || PTA data requires very
| strong transitions with
extremely large bubbles!
1
RH ~ ——
BIH
BSM models typically
' predict weak transitions
- with small bubbles...
Few big Robu§t pre.dictions of.the
bubbles GW signal in that regime

are difficult...

Weak transitions Strong transitions

WHAT ABOUT THIS PROBLEM?

p pu=
( r' - Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions 25
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1
2 = E(Gﬂqﬁ)T(@”qb) - V(¢)

Mapping to GW templates from / ~—7—
hydrodynamic simulations via f 0
 SEGW
a,fIH, T, Vs - - . \

Phase tracing and
finding possible
transitions

Evaluation of
observability

t \ Bubble nucleation \
\ \
.\ Vs. Hubble rate

\
B\

Evolution of the
false vacuum

p p—
( r' - Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions



Commercial break \
a\

& SinglePoint
Model models/TL_conformal_dark_ul.py
Output scans/example_point/
Format txt
Description example point, conformal U(1l) model

Parameter Value
0.7
9.1
9.01

Input parameters

7.0000000000e-01
1.0000000000e-02
1.0000000000e-01

.2443542988e-02
.2957785586e-02
. 0000000000 e-02
. 0000000000 e-02
.0710678119e-04
.0710678119e-04

1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIIr

102

||||||IT| ||||||IT| T 11

v/ GeV
%

IIIIIIu] L1 111l

107 E 3
106 1 ool 1 IR S O A

104 103 102
A

L 102

L 101

(8/H)rHE

IIIIII| 1 1 IIIIIII_E !
2 |t 100
L IIIIII L L L IIIIII: __ 102
103 102
A
SNR for ET
10%0 Tronsion %
109
=
® - 103
O 108
~—
~ 107 | 102
| 1
106 ] PR I B B ] Lo vl || 10
10—4 103 102

A
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Transition

Listener

CONTENTS
Getting started
Installation Guide
Usage

Features

Method
Changelog
Contributing
Documentation
Plots

Example Output

Frequently Asked Questions

API REFERENCE

TransitionListener API

Welcome to TransitionListener's
documentation!

TransitionListener is a tool for simulating and analyzing cosmological first-order phase transitions
and gravitational wave signals.

license GPLv3 ]| sampler [UltraNest | PTA likelihood PTArcade | arXiv 2109.06208 | arXiv 2502.19478

About

TransitionListener is an open-source Python package designed to facilitate the analysis of Standard
Model extensions that feature first-order phase transitions in the early universe. It provides tools to

ON THIS PAGE

About

Usage

License and Citation

Contributors

Just try:
pip install
transitionlistener
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i) Is there dark

** THEPTA SIGNALIS FROM AND DARK SECTORS

i matter in the
: dark sector?




A conformal dark sector incl. dark matter candidate

Dark sector Kinetic mixing

@ A’

Thermalization becomes easy!

CT+ [JCAP 08 (2025) 062]
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GAMBIT: from Lagrangians to Likelihoods

CMSSM, NUHM1&2
1705.07935

V vector, fion HP
DM 1808.10465

flavor EFT
2006.03489

MSSM7

1705.07917

EWMSSM
1809.02097

ALPs@XENON1T
2006.03489

scalar Higgs portal

DM 1705.07931

axion-like particles

1810.07192

neri mass &
cosmo 2009.03287

Slide by C. Balazs @ SUSY 2021

scalar HP DM + vac. |
stab. 1806.11281

ight-hand neut.s

1908.02302

dark matter EFTs

2106.02056

|
|
|
|
\

N\

To combine BBN + CMB,
direct and indirect DM
detection, bullet cluster

and beam dump
constraints: GAMBIT

_ = == = — = — -
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All constraints can be circumvented

-==SMBH
FOPT

Sum

—_
mn S
——
——
P
—_
——_
——
——
— W
win w—
——
—_

decrease g
(smaller 8/H)

Increase v
(larger Tien)
e ———

——
. g
—— -
=T
—

_134 g =0.677 a =4.69 x 10°
y = 0.224 B/H = 33.7
v =173 MeV Tren = 16.8 MeV
—14 . . . . : .
—9.95 —9.0 —8.5 —8.0 —7.5 —7.0 —0.5
logy f [Hz]
pp=pp=
Ty

—6.0

Global fit found parameter space with
e 100% of observed DM relic density

« Loud phase transition on top of
,Standard” SMBH background

 Negligible impact on BBN and CMB

e No relevant direct + indirect
detection + bullet cluster constraints

o Testable LDMX/Belle-lI/NA64
prediction:

my = 100 — 200 MeV, k ~ 10~
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How does our scenario evade all available constraints?

1.020_ | [ | 1 llIlIIl | T T TTTT

Gravitational waves LosE E

. - N

"8 [ A’ ) 1.010;— . —

g _ = _

o | Vg Dark matter > L) : .

Ag t ¢ 1.000 - . =

- < ’

N A 0.995 - A —

[ 7  Secluded Dot Sector |, G

O e 10-2 102 10~ 1
O my |GeV]

= | 14

T DN Early Elements —

qV) ? il

= -

- _

Z t v, v Decoupled Neutrinos .

17 MeV 1 MeV 100 keV ) -

Phase Onset of : : :

transition DM freeze-out BBN Time , -

| Secluded IDark Sector
| | | | | |

0.2 0.4 0.6
A [GGV]
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How does our scenario evade all available constraints?

1.020 ——rrrrm——rrrm
Gravitational waves LosE E
_g { A ) 1.0102— , E
g _ = _
h o X Dark matter 2 E .
;g t ¢ 1000}~ E E
S I Expected  : = N
[ ( ! sensitivities  [sowcitescr @
O e 10-2 102 10~ 1
O
= | e
T Early Elements
S p,n
®)
| -
L‘nﬁ t v,V Decoupled Neutrinos
17 MeV 1 MeV 100 keV
Phase Onset of .
tranSition DM freeze-OUt BBN Tlme | Secluded IDark Sector | w
0.2 0.4 0.6
ma [GGV]
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How does our scenario evade all available constraints?

1.020_ L | IIIIIII| L

Gravitational waves LoisE

Dark matter

BBN+Planck2018

Standard Model Dark sector

17 MeV 1 MeV 100 keV
Phase Onset of : /e
transition DM freeze-out BBN Time ) e
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LISA is blind!
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LISA is blind!




Sneak peak: Revisiting the 2HDM

When HL-LHC is blind, LISA is deaf (but not vice
versa): collider-cosmology synergies in the 2HDM

Stefano Moretti,“”p te,* and Carlo Tasillo®*
¢ Department of Phystics and

ala University, Box 516, SE-751 20 Uppsala, Sweden
bSchool of Physics and Astrono

S
ﬁﬁy Southampton, Highfield, Southampton SO17 1BJ,
¢Instituto de Fisica orpuscular (IFIC), Univ d CSIC, Parc Cientific UV,

United Kingdom
C/ Catedrdtico José Beltran 2, E-46980 Paterna, i
E-mail: stefano.moretti@cern.ch, andre.pou

carlo.tasillo@ific.uv.es

o
ABSTRACT: Extensions of the Standard Model scalar sector can render the electroweak In t h e S M t h e EW PT Is a
phase transition first-order and thereby provide the necessary departure from equilibrium o
crossover. To get a GW signal

Vert(@1, 92) — Verr(0, 0) [107 GeV4]

t.uu.se,

I\Nl\“l\ﬂ:ﬂ “vl\:lr\ r\" “'Ll\ Falat oWl #:ml\ faFaS L

E—

‘CI\“ I\ll\f\““l‘\“'l\n]' l\r\“'v

 —

and baryogengesis* we need
to extend it. One example:

TR AT 54@22 2HDM.

* We only care about the GWs in this work. We

[Image credit: Kateryna Radchenko]
therefore assume the CP-conserving 2HDM
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Why study the 2HDM?
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Why study the 2HDM?
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Why study the 2HDM?

AR Transition
70 a man wilh a Listener

W%?‘M looks bite a nail’

- Mok nm

+ 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; ...

F
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110

105

100

Tcrit [G@V]

95

Comparison

® BSMPT v3.1.8

96

LT excluded: No percolation

ot
N
o
Ut
o4&
N

100

T < = 10!
<102 @ g
VR A 'q "
= 5 :
2 ; % *g 100
+& .
1 ! 10~ &
10~ E | | - g , 200 ppment™® \ -
[ 5.78  5.80  5.82 ] 1077 ¢ 578 5.80 5.82 3 P'
| = : 7
5.5 5.7 5.9 5.5 5.7 5.9 5.5
)\3 )\3

100

60

Therc [GeV]

20

BSMPT vs. TransitionListener, 2HDM benchmark
® TL v2.0.0 (default precision)

A TL v2.0.0 (increased precision)

| 100

Treh [GGV]

30

)
-

—

-
\V)

III
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Observational constraints leave two options for strong LISA signals

400

10>
twisted
custodial 10-10
%‘ 200 - <
G, standard _
- custodial 107 ‘3
x Of PREMIEW IS
E 10—20 o
| =
< Tp)
g —200¢r e 10-25
No first-order phase transition 10-30

—400 . &.<1:Weak transition
» &c.=1: Strong transition

—-500 =250 O 250 500 —-500 =250 O 250 500
my — my= [GeV] my — mpy= [GeV]

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

® SNR«<1 ® 1=SNR<10 ® SNR=10

vvvvvvvvvvvvvvvvvvvvvv

Twisted-custodial

S ol e, ] L YTy Essentially all
N T . 1 F S T
X LISA-observable
: type-1 2HDM
T points can already
3 | |1 | be excluded by
el B A HL-LHC! *
200 300 400 500 600 200 _ 300 400 __ 500 600
my [GeV] my [GeV]

* 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 LTE wall velocities with WallGo.
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Summary and outlook

Presented TransitionListener v2.0,

The violins are tuned (at least a bit)! Without tuning, which remains numerically stable
& barriers don't produce and physically accurate for ¢ > 1
strong GW signals. Radiative symmetry breaking: ¢& and f/H < 100.

All models can fit the PTA data better than SMBHBs.

LISA is (> 95%) blind: If the HL-LHC

does not find any H — ZZ events,

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

Sub-GeV Dark matter could have also
been produced right after the PTA

Even if the IPTA DR3 will find an astrophysical origin of signal was emitted. Beam dump
the PTA signal, our tuning arguments will remain for experiments will be able to tell us soon.
future GW background studies, e.g. at LISA.
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Coupled DS scenario: incl dim-6 operator for ¢ — ec

Secluded Dark Sector

Gravitational waves 0= -
< ‘ A’ 0 :
O = 5 —
v ¥ Dark matter .| E §
/ 107 Zé -
= 1, Decay : 5 -
_ ( e - S -
v 1 & ]
-8 e _lllllll L1 IlIIIII L1 Illllll f.?[{ﬁffs
S 4 10 107* 107! 1
T Early Elements m, —m,

E p’ n m,
©
C e
g l v,v Decoupled Neutrinos
56 MeV 5 MeV 500 keV 60-30 keV
Phase Chemical Electron Decay & Time

transition decoupling annihilation DM freeze-out
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Coupled DS scenario: incl dim-6 operator for ¢ — ec

" [ Scouded Dtk Sector |l
Gravitational waves 10 E = i}
= 108 =
| B | =
=N A’ 107 |
@ i 5 =l =
n | e Dark matter . - 3 = 2
RV, 107° e 1M, :
e - & _ R
5 | K —— | & P -
i 107% % 302 ?E\
— e - S - ]
-8 e_ —IIIIIII | Illlllll | llllllll 'A‘}é[{%;
= ) Y 10—3 10~2 101 1
T Early Elements m, —m,
S p.n m,
)
C 3
g l i Decoupled Neutrinos
56 MeV 5 MeV 500 keV 60-30 keV ¢ — ee decays through a dim-6
Phase Chemical  Electron Decay & Time space and save the model from

potential future constraints

transition decoupling annihilation DM freeze-out
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A brief history of time
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A brief history of time

At MeV temperatures,
BBN happens!

Recombi

109 - Prad
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O '

Ny 10_4 - Pmat
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A dark sector without portal couplings

A very naive fit

} Theliberated vacuum |

~ | energy remains in the dark |

1 sector. A good fit would }
= 1 require enormous

AN > 0.22

104

T

| Giant ,Hubble" bubble sizes would be needed, violating }
causality & questioning validity of GW predictions ’

[CT et al, JCAP 11 (2023) 053]
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The dark sector must die for the GWs to live...

— NGI12.5, sound waves, decaying dark sector

Zr B/H < 3: Super-Hubble bubbles
B/H < 10: GWB is overestimated

_6 é‘ % % % ; sovnd ol vy ved vl 1 sl v
10 10731072107t 10 10*10° 101 10% 10%107*107310721071 10°073107210~1 10° 101075107%1072 10" 102

o) B/H T,/GeV ép To | 8
[CT et al, JCAP 11 (2023) 053]
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New PTA data: higher peak

Solution to the final
frequency and slope

parsec problem?

[INANOGrav, PPTA, EPTA, [Chiaberge+, 2501.18730]

CPTA, InPTA, Meerkat]

—— TNG300+DF

—13.5
—— ASTRID
~o- ASTRID GW-Only

What happened since
July 2023?

R Investigation of specific
—_ . 1 — X -2/3
o — ﬁclfs HD-w/MP+DP+CURN dark sector models

1

—-- [IPTA2024 Median N

L1 \
10-!
GW Frequency [yr ]

[2412.16282, 2501.11619,2501.14986,
2501.15649, 2502.04108, ..]

N-Body simulations:

SMBHB unable to account for
full GW signal

More constraints than

just AN ? Rest of this talk
and my own focus

[Chen+, 2502.01024]
CT+ [JCAP 08 (2025) 062]
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Learning to play the violin

10_65
f = Best-fit FOP
- == == Best-fit FOPT + SMBHBs

1078

10-12 |

= == == SMBHB central prior

NANOGrav
15 yr
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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.



Robust and self-consistent predictions for 7,

”» ' ' 10— me_ T S
&
= 0.5 .
a¥
e Tl i Qelfconsistent N g
TP = = Assuming p = ps
11E | ' 0.0 E : T S
0.55 0.60 0.65 0.70 10*
g 1% [MGV]

Figure 4: Left: Reheating temperature and its approximation Tpere =~ = Tperc (1 + o)/t as a
function of the gauge coupling g in the conformal U(1)" model (y = 0.01, v = 140 MeV). Right:
Comparison of the self-consistent and approximate (p = pr) solution of the percolation integral
P(T) =1—exp{—I|H|P]|(T)} for an ultraslow transition with (8/H)py = 3.5 featured in the
dark Abelian Higgs model (A = 0.018, g =1, v = 100 MeV).

Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions

51



User input

Visualization & Plots

External tools

Config YAML Color schemes Ultranest sampler
examples/example point.yaml colors.py ultranest
v & «
- — PTArcade likelihoods
Model file Plot orchestrator ptarcade
models/model. py plots.py K
7 V|
1/' {Y(‘l\ // MPI backend
Plot settings y 122y
plot settings.py P / b, //
Integface y &/ N g
/ \ Vs P
CLiont s Grid plots \ y /
entry poin Y ridplots.py . -
interface/cli.py / g . - \ 7 Nu,ﬂherlcal phySICS
* // al } // 7 )\\ /
p \
/
- 4 Line plots ’ \_\* Shared numerics
Config loader | = lineplots.py - \‘> helper functions.py
interface/config loader.py ~ vy/, \ 7
/ Y I -
v 7 // s |~ \\ \ Physics constants
/
Single-point helpers 0 7 7 //{I \ /) constants.py
interface/single point.py ey aad 7 \ R Y Vv 4
* \ y, // // // | \ R Therrpql integrals
\ / 7 /L | \\ e / finiteT.py
Shared state v 7 | e 4
o / H / -— — —
interface/state.py // B PhYSICS mOdl/llé; /// 7// Degrees of freedom
////< / // | ool ‘r///’ / _ thermodynamics.py
s L Effective potential - :/f S -
can manager d generic potential.py _—_ _ : . .
interface/scans.py — | - : / 7‘ Partlcletlgo:)kkeepmg
~ articles.
2 \\ / ', I // , / i P Py
\ Phase tracing / A :
Samplers phases. py / vy Nucleation temperature
interface/samplers.py \ I — /7 nucleation.py
v \\\\/,/"’j;,——”';><f“’—J" I \\\\\ ! / ,/4Z?€:::'::=E . 4
— \ Transition finder / /] Bubble dynamics
Pipeline orchestrator | transitions.py N _/7—> bubbledynamics.py
interface/pipeline.py \ - G >~<;_\/
- N =
\ N ——— lb = YA Path deformation
- ransition observables |- , N pathDeformation. p
. Logging & expo.rt transitionObservables.py |/ R\\\ - d
interface/logging utils.py . 7 I" Sy N N A
/) . ~< e Bouncg solver
GW spectrum ~ ;;nnehngm'py
gwfopt.py iy
N [/ Error taxonomy
Scan utput \\‘Ax Wik errors.py
Observability
Plots and data observability.py

scans/*.pdf, *.txt, *.csv

Structure of TransitionListener v2.0

P;(T) converged?

Phase tracing & Pre-processing:
Find phase overlap, remove crossovers
& very weak FOPTs with
AV (T)/T* < weak_threshold

v

Step 1: Saddlepoint approximation.
Linearise log I'(T), constant H(T), ¢z = 3.
Root-finding on Cpere = 0 = T3EPRTOX

perc

Step 2: Solve percolation integral.
Solve P,(T) =1 — exp{—I[H[P]|(T)}
with P, =0 in H(T)

Step 3: Solve full percolation integral.
Solve broken phase temperature evolution
and P,(T) = 1 — exp{—I[H[F]|(T)}

Yes

Jitter in

Correct the
flawed bounce
actions

I(T)?

Targeted
refinements

Return Tyerc, 1%, Tren, RH, P(T), I(T), H(T)
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An elegant trick to compute the percolation integral

The second method (adaptive _step_size) reformulates the percolation integral into a sys-
tem of coupled ordinary differential equations and integrates them with a variable temperature
step, depending on the size of the integrand. Eq. (2.19) can be expressed as I(T) = o3 J3(T),
where

Jo(T) = /T e dT' v(T"R(T, T'")", with (3.9)
_ a3(T)F(T) N T e e _ 1
") = 35 ETT R(T’T):/T dTv(T), and v(T) = 3 oo HTYTa(T)

(3.10)

Using the Leibniz integral rule and observing that OrR(T,T'") = —v(T), the derivative of J,
reads

0J,(T) _ {—’y(T) ifn=0, (3.11)

oT —nv(T) Jn-1(T) ifn>1.

The function J3(7T") and hence I(7T') can then be obtained numerically by integrating the above
system of ODEs with the initial conditions J,(Tmax) = 0, corresponding to a vanishing bubble
nucleation rate at Ti,.x, using an adaptive step size solver. This method is faster on average,
but more prone to numerical instabilities if the bounce action is noisy.
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An example config file for TransitionListener

# Scan Settings 0 30 X 5 3 33 3 3 30 3F X 3 3 30 30 3 3 3 30 3t X &
Modelfile:
models/TL_dark_flipflop.py

N N

Potential:
DarkFlipFlop

Scan:
SinglePoint

© 00 3 O O

10
11 Parameters:

12 lambdaO: 0.005098

13 lambdal: 0.002144

14 lambdal2: 0.003078

15 v_GeV: 3.728330741601088
16 y: 0.972319

17 gamma: 0.7532

18

20 # output configuration
22 timeout: 300 # Timeout in seconds for the individual TL run, -1 for no timeout

23 format: txt # either "txt" or "hdfb"

24 output_path: scans/exampleScan

25 description: Example

26 plot_description: Flipflop benchmark point
27

28 additional_plots:

29 # Create additional plots

F
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Automated action plotin TransitionListener

[
I
I
|
107 | l _
< :
% :
105 _ i _
|
1052 : I I T I I
<t
E 10—94 - i _
— I
10-167F —
I Transition
, -
1.0 1.2 1.4
T | GeV

Figure 9: Output of the action plot option for the dark flipflop benchmark point 2 from table 1.
Upper panel: Bounce action S3/7T in dependence of temperature. Lower panel: Corresponding
bubble nucleation rate I' in units of H%.
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Automated profile plotin TransitionListener

* o ) ®0

4 1 -
>
>
@)
T2t -
-

Listener
0 . . 1 L . 1 \ L
10V 101 102

Bubble radius / GeV ™!

Figure 10: Bubble profile at nucleation for the dark flipflop benchmark point 2 from table 1,
generated using the profile plot option. Inside the bubble, at » = 0, the fields approach their
release point. At r — oo (outside the bubble), the field values approach their false-vacuum
values.
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Automated percolation plotin TransitionListener

= Py(T)
T Tperc

0.90

True-vacuum fraction

0.25 | _
'
Listener |
0.00 E 1 | 1
2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.9
T /| MeV

Figure 11: True-vacuum fraction evolution of the conformal dark U (1)’ benchmark point 1 from
table 1 (g = 0.7, v = 0.14 GeV and y = 0.01), generated using the percolation plot option.
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Automated overview plot for line scans in TransitionListener

Figure 12: Overview plot of the example line scan based on the conformal model near the
benchmark point from table 1, scanning g at fixed y = 0.01 and v = 140 MeV. The fourth panel
shows the expected SNR after 5 years of data taking at SKA. The red dashed line indicates the
detection threshold.
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Automated overview plot for grid scans in TransitionListener

(B/H)RrH

F
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Comparison of TransitionListener with other packages

Features Observables
Software Lang MF TTR Meth Reh Scans Self-cons.| Ty Tien Tt vw o (B/H)s, RH
TransitionListener v2 Py V gen P4+S V v v Toere v ¢ LTE 3w0;f(;f:rc) v v
CosmoTransitions Py v - P+S - = = = — — -
BSMPT v3 C++ < bag P+S (V) V Tpee v ¢ LTE op—~ v/
PhaseTracer?2 C v/ —  P4S (V) Thue input - edf(_Tiim) v
PT2GWFinder Ma, bag poly (V') Toerc input 4Pra,9<§(_j%erc) v
ELENA Py gen tun (V) (V) Toee v v 1 gty /Y

Table 2: Comparison of software tools for phase transitions. Abbreviations: Lang = language
(Py = Python, Ma = Mathematica); MF = multi-field; TTR = time-temperature relation (gen
= general, bag = bag model); Meth = method (P+S = path deformation + shooting, poly
= polygonal bounces, tun = tunnelling potential); Reh = reheating; Scans = parameter-scan
support; Self-cons. = self-consistent treatment of the Hubble rate and P,. Bracketed checkmarks
indicate support under additional assumptions or in a restricted sense; for Reh, this means an
instantaneous reheating approximation. We further point out that BSMPT does not require
Vw = vVI;TE and Ty = Terc, but also allows other choices.
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Derivation of the relationship between RH and /H

C Analytical relation between transition speed and bubble size

Here we derive an analytical relation between R¢, and [ at percolation, as first presented in
ref. [102]. Approximating the nucleation rate as an exponential around the percolation time
tperc and neglecting the cosmic expansion, we obtain

8 3
I‘(t) ~ I‘perce_ﬁ(t—tperc:) : and Pf(t) X exp ( ZZW I‘\perce_ﬂ(t—tperc)> . (C]_)

Neglecting cosmic expansion in the bubble density as well, we obtain

t 3 tperc d 87.‘.,03" B B
n(t) ~ / dt/ F(t/)Pf(t/) — IB / dt & (exp ( ﬁ4 Fperce B(t tperc)>>

oo 83 J_ oo
5 g 5
= 303 1 —exp L I'perc = 303 (1 — Pr(tperc)) (C.2)
The mean bubble separation at percolation is hence related to the transition speed through
1 st \ /3 v
Reor (toere) = ~ = C.3
ealtn) = 5= (1) 5 ©9)

with the factor fpere =1 — P(tperc) =~ 0.29 taking into account the true-vacuum fraction.
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Error classes in TLv2 :

Code Exception Typical meaning
TachyonError Tachyonic mass at the T' = Tp vacuum; usually cured by adjusting
the model parameters or the renormalisation conditions.

2 NucleationError The nucleation criterion Cpyc(Thuc) = 0 could not be satisfied; sur-
faces only in the fixed _step_size workflow.

3 WrongTOMinimumError The last traced phase does not match the expected T' = Ty mini-
mum.

4  NoPhases Phase tracing failed altogether.

5! OnlyOnePhase Only the high-temperature phase was found; no transitions can be
constructed.

6 NoTransitionFound Multiple phases exist but no viable transitions exist.

7 PercolationApproximationiError The saddlepoint approximation for percolation failed to converge,
usually signaling a very flat S3/T curve.

8  TooMuchSupercoolingError P (Tmin) < fperc at the coldest explored temperature: the transition
did not reach percolation in the evaluated window.

9  OnlySecondOrderTransitionsError All traced transitions are continuous, no GWs are emitted.

10 PercolationError The percolation integral could not be evaluated reliably: the step-
2/3 Brent solve for Tperc did not bracket a root, the ODE step col-
lapsed below floating-point spacing, or the action evaluation budget
was exhausted.

11  TunnelingError The path-deformation or overshoot /undershoot solver failed to con-
verge at the requested temperature.

12 InitPotentialError The model parameters produce an ill-defined potential (e.g. un-
bounded from below or violating input bounds).

13 SplineError Construction of the deformation spline failed, often because the ini-
tial path collapses in multi-field space.

14  WrongHighTPhaseError The first transition did not originate from the high-temperature
phase, indicating an inconsistent phase tree.

15 EternallnflationError foere < Py(Tmin) < fanal at the coldest explored temperature: per-
colation occurred but residual false-vacuum regions persist and con-
tinue to inflate.

16 Timeout The per-point timeout (specified in the .yaml file) elapsed before
the computation finished.

17 ActionRateJitterError Jitter in I'/H* across the active percolation band detected, which
could not be fixed automatically.

999 UnexpectedError Catch-all code for uncategorised failures; consult errormsg for the

Python traceback.
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Selection of the implemented sensitivity curves in TLv2
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Searching for the Hellings-Downs correlation
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Merging supermassive black holes

NANOGrav 15-year

IOLODECK Sims

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

Astrophysical simulations based on
realistic BH populations predict much

weaker signals with higher y (more
power in low frequencies)
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Parametrization of the GW signal
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A brief history of time
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How to be supercool ©
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Different models for the GW spectrum from a FOPT

Contribution from bubble wall collisions

.‘-*l[ | lllllll] | S I B O R | llllllll ll llllllll 1 llllTFI] | lllllll"‘

B | | | —— Envelope £ Huber+ 2008 (LISA 2015)
- | attice — Cutting+ 2020 - Thin wall _l. i
3 _ _ _ Envelope - Jinno+ 2016 E
IR | UV | References £ Lattice - Cutting+ 2020 - Thick wall s Envel onstandin T >
i - nvelope - Konstandin 2 ]
Envelope | 3 | -1 | [16, 27] ~10 =\ Latice - Cutting+ 2018 ) _ [
Bulk flow 1 | _3 17, 28] 10 3 - Bulk Flow - Konstandin 2017 E
Scalar lattice | 3 | —1.5 38] i (E ET .
- ';‘ DECIGO =
N = =
S - C :_ﬁ -
IR | Intermediate Uuv References (;D 10_12:_ : _:
Sound shell 9 1 _3 22, 23] C - ,§' :
Scalar + fluid lattice | — 1 -3 18, 20, 21, 29| i g i
Hybrid 24] | [=1,0] | [-4,-3] 130] 1y A
Higgsless 3 1 -3 This work E E
JCAP02(2023)011, Jinno, 10714 - -
Konstandin, Rubira, Stomberg \
/H =100 / 3

el | | l‘lll | | |- L1 ﬁ | 1|1111T\ l\llllll i ] | lllJlll

107* 1072 1
f [Hz]

Yann Gouttenoire: Beyond the
Standard Model Cocktail

F
r' - Carlo Tasillo — Towards robust gravitational wave predictions for strong phase transitions 69



Quo vadis pulsar timing?

We are here

Anisotropies?

v

Continuous
wave signals?

X
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Detecting GW anisotropies from SMBHBs

1 T 1 |
n

7

(“

We find that a PTA with the noise characteristics of the NANOGrav 15-year data set had only a "
2% — 11% probability of detecting SMBHB-generated anisotropies, depending on the properties of
the SMBHB population. However, we estimate that for the IPTA DR3 data set these probabilities
will increase to 4% — 28%, putting more pressure on the SMBHB interpretation in case of a null
detection. We also identify SMBHB populations that are more likely to produce detectable levels
of anisotropies. This information could be used together with the spectral properties of the GWB
to characterize the SMBHB population.
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