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I order phase transitions (FOPTSs)
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Cosmological Phase Transitions
& PP motivation

Motivation .
T EW baryogenesis fL
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| Constraints on BSM models

log,Qph*=-923, log,,lf,/Hz]=-0.70

logypQ,h*=-1139, logy,[f,Hz]=-2.32
0.202

BM2

374 376 378 380 3.82 3.84 3386 [ 62 64 66 68 70
log;q[mz/GeV] log;o[mz/GeV]

C. Caprini et al. (JCAP10(2024)020)
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https://inspirehep.net/files/66e50dbaffe795cfb29292946ec70379

Thermal potential - GW

analytics
Thermal potential Bubble Relativistic
— —

(BSM) dynamics hydrodynamics SEE
o9
? o
EFT - SGWB c,?
=~
o
1. Analytics <
Q.
* bounce action: 573 ) —

3

d?¢  2d¢ =~ _S3 =
—2t- =04V (P, T) decay rate: T' = A(T) (2‘%)2 e T ;T
. T A T.dT T =
nucleation: - k (EW: k = 140) R T . an? —~ 0(1) gj
. transition strength: @ = —A [V ~Zo V] =
g o — Py 4 T Tp: va(T) ~ (0.71 ’-(OT
. B _pdSs _4am 5 (TpdT' T(T') (T' 4T 3 =
inverse duration: -~ =T —= log Pry = 5, [7 Ty (fT m) o
2. Numerical methods g
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Similar packages

Thermal potential - GW

tool comparison

Package Language Maintained Dimensional reduction PT+GW parameters
CosmoTransitions Python X X X
BSMPTScanner C++ v X v
PhaseTracer C++ V7 ~ v
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Similar packages

Thermal potential - GW

tool comparison

Package Language Maintained Dimensional reduction PT+GW parameters
CosmoTransitions Python X X X
BSMPTScanner C++ v X v
PhaseTracer C++ V7 ~ v
PT2GW Mathematica 2 tgraduation v v
Strengths
» User-friendly

arXiv 2505.04744

Freedom to construct effective potential
> interface with DRalgo

Polygonal bounce method (FindBounce)

\Y Yo [V]F=Tg
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https://arxiv.org/abs/2505.04744

PT2GWFinder

schematics

DRTools

-

SearchPotential TracePhases

|

|

|

l
Thermal potential SearchPhases
FindCritical

T, estimate

ActionFit

FindNucleation

FindPercolation ComputeGW
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ST—3(T) numerical estimation: FindBounce

v' thin-wall regime
- efficient: t ~ O(# fields), O(# segments)
* 4d (S,) or 3d (S3)

polygonal bounce

-1.5 -1.0 -05 0.0 ¢

Guada, Nemevsek, Pintar (CPC 256 (2020) 10748)

PT2GWFinder

method

SearchPotential TracePhases

SearchPhases

FindCritical

T, estimate

FindBounce
ActionFit

FindNucleation

FindPercolation
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https://www.sciencedirect.com/science/article/pii/S0010465520302253?via%3Dihub

. ST—3(T) numerical estimation: FindBounce
v' thin-wall regime
- efficient: t ~ O(# fields), O(# segments)
* 4d (S,) or 3d (S3)
* Method
1. T, estimate viaT/H* ~ 1
2. S3/T fit/interpolation about (~ Ty, T;)

3. T, T, via above integrals

S,/T
10°F
— Fit function
104 F .
e FindBounce
1000 |
P 1 1 1 1 > T
100.5 101.0 101.5 102.0 102.5

PT2GWFinder

method

SearchPotential TracePhases

SearchPhases

T, estimate

y
l
3 ) .
ActionFit

1
FindNucleation
1

FindPercolation
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Several options to refine the bounce solution
» Check profile
» Shift of exit point

 Lower action tolerance

 Refine around inflection

« Bisection method to identify
the failure temperature

PT2GWFinder

action refinement

Action fit

e FindBounce

—— Fit function
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SearchPotential
e © TracePhases

SearchPhases
FindCritical

T,, estimate

FindBounce - )
)[ ActionFit

FindNucleation l

GW

FindPercolation ComputeGW

PT2GWFinder
GWs

Soundwaves & MHD turbulence:
— double broken power law

2171 4171
h'Z'QSWNI(2 ]srw [1 + ( fw) ] [1 + ( ]scw) ]
1 1 2

ur 3 41732 2.157"1.7
tur~€ £ 2tur‘ f 1tur + f 1tur + £ Ztur

Bubble wall collisions:

— broken power law

2.4 12174
20.. @2 (L L)
h2Qgy~K (fp) [1+(fp ]

C. Caprini et al. (JCAP10(2024)020)
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https://inspirehep.net/files/66e50dbaffe795cfb29292946ec70379

PT2GWFinder
GWs

in[2):- PlotGWSensitivities[10~ (-9, 5}, All]

Detector sensitivities

BBO PISC 1 HLV PLISC
BBO PLISC [1IPTAPLISC
CE PLISC LISA PISC
DECIGO PISC  [11LISA PLISC
1 DECIGO PLISC NANQOGrav PLISC
EPTAPLISC 1 PPTAPLISC
ET PLISC 1 SKA PLISC
HL PLISC
1 HLVK PLISC
HLVOZ2 PLISC

data adapted from K. Schmitz (JHEP01(2021)097)

yoopnQ | ssydurexy | 191084 | punoisdyoeqg


https://inspirehep.net/files/dcc9e1778127c2242e5242a42de585e1

PT2GWFinder

fully documented

PT2GWFinder

PT2GWFinder is a package that searches for rder phase

transitions and computes the spectrum of the generated

SearchPhases

the form V (@, T), and automatizes the following steps Fit the Euclidean action between the two phases stored in the
SearchPhases[V, {¢;, ¢}, &l ri on:
*phase tracing searc 1st order phase transitions and derives the associ;

gravitational waves. It requires a thermal, single-field poten

' ° "3 = actionFunction =
trum, provided two phases ¢, ; (T) of the potential V; ActionFit[V, tr["Phases"], tr["Tn"] + {-20, 20}, tr["Tc"]]

+search for transitions and derivation of transition paramete wall velocity &,
s || Coupled Fluid-Field Model

v Options

= computation of gravitational wave spectra from templates f
the literature. v Details

. ) + Initialize + Gravitational waves
SearchPhases computes phase transition and gravitational wa

. Sear entia ara el
parameters given two phases of a potential. ~ searchPotential  Parameter scan

~ PT2GW Internal functions w Load/Save data

Master functions Ifa transition is identified, it returns a Transition object.

SearchPotential — the main function to search for phase i
. P SearchPh. s a wrapper function performing several comp b Plot a phase diagram for the tra
transitions c ed:
sequence, here summarized: in211= PlotTransition[tr]

SearchPhases — the sub-function searching for transitioj Label Function Description

between two given phases

" search for a critical

temperature T, such th
V(@1 Te) =V (@2 To). ) .
Euclidean action the computed action data and the critical temperature:
"TnEstimate” indNu estimate the nucleatior
Action = ActionFit = ActionFunction temperature with a bise
algorithm. ) ___Action fit_

Infi}= ActionFit[V, tr["Phases"], "PlotAction” -> True];

"ActionFunctio nFit fit the Eucli n action N
N | e FindBounce L
S/T(T). The gravitational wave spectra

— Fit function
Inf163]:= PlotGh [tr

Combined
Soundwaves
Turbulence

LISA PISC
DECIGO PISC
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» Scalar potential
V(@ T) =2 (T? ~TH* =3 Tp* + 5 ¢*
« Analytic derivation of the action

 in thin/thick wall regimes

* intermediate interpolation

Matteini, Nemevsek, Shoji, Ubaldi (2024, 2404.17632)

Linde (1983, NPB 216. 2)
Hindmarsh, Huber, Rummukainen, Weir (PRD.92.123009)

Example
Fluid-field model

animation.nb * - Wolfram Mathematica
File Edit Insert Format Cell Graphics Evaluation Palettes Window Help

m h2 ['} v | Input v ] | 8] ”? O:“ dr &l

In[3]:= V = CFFModel[1];
Vi, T]
out[4]= 0.0277778 (T* - 19600.) * - 0.0146402 T ¢* + 0.00385802 ¢*

SearchPotential [V, vw = .9, "TracingMethod" - NSolve]|
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https://arxiv.org/pdf/2404.17632
https://www.sciencedirect.com/science/article/abs/pii/0550321383902936?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.123009
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» Scalar potential
V(@ T) =2 (T? ~TH* =3 Tp* + 5 ¢*
« Analytic derivation of the action

 in thin/thick wall regimes

* intermediate interpolation

Matteini, Nemevsek, Shoji, Ubaldi (2024, 2404.17632)

Linde (1983, NPB 216. 2)
Hindmarsh, Huber, Rummukainen, Weir (PRD.92.123009)

In[10]:=

Out[10]=

In[11]:=

Example
Fluid-field model

tr[{"a", "B/H", "ActionFunction"}]
[ : : PWLaurent 1
{0.0849029, 3398.26, ActionFunction| FI oy ||

PlotTransition[tr]

Phase diagram

Out[11]=
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https://arxiv.org/pdf/2404.17632
https://www.sciencedirect.com/science/article/abs/pii/0550321383902936?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.123009
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» Scalar potential
V(@ T) =2 (T? ~TH* =3 Tp* + 5 ¢*
« Analytic derivation of the action

 in thin/thick wall regimes

* intermediate interpolation

Matteini, Nemevsek, Shoji, Ubaldi (2024, 2404.17632)

Linde (1983, NPB 216. 2)
Hindmarsh, Huber, Rummukainen, Weir (PRD.92.123009)

In[gl:= PlotAction[tr]

out[g]= &~ 104

1000

100

PlotGW[tr]

Out[e]= ,_..:4-:'

Action fit

GW spectra

Example
Fluid-field model

e FindBounce

— Fit function

Combined
Soundwaves
Turbulence

LISAPISC
DECIGO PISC
BBO PISC
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https://arxiv.org/pdf/2404.17632
https://www.sciencedirect.com/science/article/abs/pii/0550321383902936?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.123009
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» Scalar potential
V(@ T) =2 (T? ~TH* =3 Tp* + 5 ¢*
« Analytic derivation of the action

 in thin/thick wall regimes

* intermediate interpolation

Matteini, Nemevsek, Shoji, Ubaldi (2024, 2404.17632)

Linde (1983, NPB 216. 2)
Hindmarsh, Huber, Rummukainen, Weir (PRD.92.123009)

Example
Fluid-field model
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https://arxiv.org/pdf/2404.17632
https://www.sciencedirect.com/science/article/abs/pii/0550321383902936?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.123009
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Dimensional reduction (DR)
» time — temperature = high-T approach

* include systematically higher-order resummations

Narrower theoretical uncertainties

= narrower GWB uncertainties

DR implementation
Automated extraction Dralgo — Vg,

including
« export of DR quantities
* RG resolution

« closed-form V.(p, T)

M. Bertenstam, MF, A.P. Morais, R. Pasechnik, J. Rathsman (2501.01286)

Dimensional Reduction
An improved recipe for thermal EFTs

t->t+i/T
4d — 3d EFT

t f{7\

-==- u=0.5n1T
— u=nT
<y =1.51T
—— LISA
/" --- DECIGO
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https://arxiv.org/pdf/2501.01286

Dimensional Reduction
Dark Abelian Higgs

-l

« Dark U(1) gauge sector

 Scalar content:

V($,T) = u?p* + 1¢*
+ fermions \ /\/\ / - T

® Veff @ NLO

— Paclet
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« Dark U(1) gauge sector

e Scalar content:
V(p, T) = p?¢* + 1¢p*
+ fermions

® I/éff @22 NLO

— Paclet

Dimensional Reduction
Dark Abelian Higgs

In[84]:= <<PT2GW/DRTools.m
v Imported DRTools”

ings:= V=ComputeDRPotential[{"gsq","","usq"}/.bp,{10,r0/10,100 /O],
"SubRules"-ssubRules,
"OrderDR"-"NLO",
"OrderVeff"s"NLO",
"US" sFalse,
"NumericRules"—>{Y-1.}

15

6= PlotPotential [Re@+V,70{-1,1},3/8 A@,"LogdRange"-1,"LogTRange">1]
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ingel= PlotAction[tr]

« Dark U(1) gauge sector

e Scalar content:
V(p, T) = p?¢* + 1¢p*
+ fermions

® Veff @ NLO

ins91= PlotGW[tr]

— Paclet

Dimensional Reduction

Action fit

GW spectra

Dark Abelian Higgs

e FindBounce

— Fit function

Combined

Soundwaves

Turbulence
LISAPISC
DECIGO PISC
BBO PISC
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« Dark U(1) gauge sector

e Scalar content:
V(p, T) = p?¢* + 1¢p*

+ fermions
C Veff @ NLO
— Paclet

PT2GW

CosmoTransitions

© © 660 60 60 o 6

@ ®© © © 69 0 06
® ® © © © 6 © 6

0]
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o
(]

logyy

Dimensional Reduction
Dark Abelian Higgs

©@ ©© 000 0 e e

@ ©©66 6 86 0o o
@ © 60 © 68 °

@ © 66 o0 e e @
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Outcome

& Future Endeavours
= Paclet current status

i v" characterization of FOPTs and GWB
- of single-field models
v 83 /T via polygonal bounce (FindBounce)

v'optional, user-friendly interface with DRalgo

= Upcoming developments

> improved phase-tracing routine CPC 256 (2020) 10748
> multi-field
= Potential developments
? v, estimation in LTE (WallGo) \ 7,7
? Decay rate prefactor I' = A e=53/T =
? higher order in 8 ((p)TRUE/ "

? GW uncertainties
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Suggestions are welcome!



https://www.sciencedirect.com/science/article/pii/S0010465520302253?via%3Dihub

LISA Project

Filtering out the Astrophysical Foreground

— W/ pre-injection
— wj/o pre-injection

A -9.000000
rho -2.000000
fp -2.508638
wd 0.035796
js 0.831058
dtype: float64

log10 P l0g10fp

— w/ pre-injection
— wj/o pre-injection
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A -9.000000
rho -2.000000
fp -3.113509
wd  0.006801
js  0.718367
dtype: float64
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EW Baryogenesis

The matter-antimatter problem

SetDirectory[NotebookDirectory|[]];

LoadDRExpressions | "ahDRExpressions.m" |

ComputeEffectivePotential| {gsqg@,.1@,msg@}, {1.0,.0/10,100 L
subRules, "OrderVeff"-"NLO", "LoadDRFrom' A"ahDRErpre551ons m" ]

—1.06103 ((53.

. N — .- _ n ~A
gsq = IntEI]mlatlngFunctmn[ ain: (10. 1.00-10%) ]

tput: scalar

A= Inter’polatingFunction[

msq — Inte:polatingFunction[

3507 — 0.00338267 ¢

ain: (10. 1.00-10%) ]

tput: scalar

*1% +(53.3507 - 0.00112756 ¢ */* + 0.000265675 ¢* — 25.1409 ¢* + 0.118862 (¢




A

Dimensional Reduction
Paclet Tool

in[10]:= DRfile = "SU2cSM.m";
LoadDRExpressions [DRfile] // Dataset

PlotRG[{glsq, g2sq, g3sq, gXsq}, {19., 2 194},
ScalingFunctions - "Log"]
glsq3d = glsq T - 21sq? Lb:d0 Lf) T

) T (gXsq
a23d -+ —

gXsq® (4-6Lb) - (a2?:11b4?
b43d — E=9 2

r

Tahy (647212 LF yt2:Lb (3g15q-9 g25q+9 gXsq-B (3
6472

T (gXsq? (6-9Lb)+72 gXsqLb Ay +4 Lb 2hi?-64 72 A48 Lb 22| )

u
5000 10000 15000 20000

inf112]:= PlotV[V, 10.% {-1, 1}, 10.% /x|

Extract & store DR expressions (< DRalgo)

21960 :3.1(',1(.'5__3.
Benchmark-specific check functions

out[112]=

Construct effective potential
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