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Cosmological Phase Transitions




Cosmological Phase Transitions
& Single-Field Models

I order phase transitions (FOPTS)
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Cosmological Phase Transitions
& Single-Field Models

I order phase transitions (FOPTS)
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Cosmological Phase Transitions
& Single-Field Models

I order phase transitions (FOPTS)
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I order phase transitions (FOPTS)

vV

Cosmological Phase Transitions
& Single-Field Models
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I order phase transitions (FOPTS) BSM physics
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Cosmological Phase Transitions
& Single-Field Models
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I order phase transitions (FOPTS) BSM physics

vV

Cosmological Phase Transitions
& Single-Field Models

A

« EW baryogenesis
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Cosmological Phase Transitions
& Single-Field Models

I order phase transitions (FOPTS) BSM physics
1%  EW baryogenesis

« Allowing multiple vacuum directions
(multi-field models)
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Cosmological Phase Transitions
& Single-Field Models

I order phase transitions (FOPTS) BSM physics
1%  EW baryogenesis

» Allowing multiple vacuum directions
(multi-field models)

» Focus on single-field
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Cosmological Phase Transitions
& Single-Field Models

I order phase transitions (FOPTS) BSM physics

1%  EW baryogenesis

» Allowing multiple vacuum directions
(multi-field models)

» Focus on single-field
« strong vev hierarchy

= single-field approximation v/
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BSM - GW
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BSM - GW
A pipeline

Collider
BSM theory — (A)—» -
phenomenology

Equilibrium
thermodynamics

Bubble
dynamics

(%) E——

—— (F) — Baryogenesis

Relativistic

hydrodynamics

) Gravitational
(E)—

wave background

P.M. Schicho, T.V.I. Tenkanen and J. Ostermana (JHEP06(2021)130)
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https://link.springer.com/article/10.1007/JHEP06(2021)130

BSM - GW
A pipeline

GWCalc Paclet

Collider
BSM theory — (A)—» -
phenomenology

Equilibrium
thermodynamics

Bubble
dynamics

(%) E——

—— (F) — Baryogenesis

Relativistic

hydrodynamics

) Gravitational
(E)—

wave background

P.M. Schicho, T.V.I. Tenkanen and J. Ostermana (JHEP06(2021)130)
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https://link.springer.com/article/10.1007/JHEP06(2021)130

BSM - GW
A pipeline

GWCalc Paclet

B. Characterize PTs
™ A Collider y
PO T phenomenology  critical temperature

Equilibrium « 1st 2nd grder, cross-over

thermodynamics

Bubble
dynamics

(%) E——

—— (F) — Baryogenesis

Relativistic

hydrodynamics

) Gravitational
(E)—

wave background

P.M. Schicho, T.V.I. Tenkanen and J. Ostermana (JHEP06(2021)130)
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https://link.springer.com/article/10.1007/JHEP06(2021)130

Collider
BSM theory — (A)—» -
phenomenology

Equilibrium
thermodynamics

Bubble
dynamics

(F) — Baryogenesis

Relativistic

hydrodynamics

) Gravitational
(E)—

wave background

P.M. Schicho, T.V.I. Tenkanen and J. Ostermana (JHEP06(2021)130)

BSM - GW
A pipeline

GWCalc Paclet

B. Characterize PTs
 critical temperature

o st 2nd grder, cross-over

C. Bubble dynamics (15 order)
0, T

« strength «, duration g1
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https://link.springer.com/article/10.1007/JHEP06(2021)130

Collider
BSM theory — (A)—» -
phenomenology

Equilibrium
thermodynamics

Bubble

) (F) — Baryogenesis
dynamics voE

Relativistic

hydrodynamics

Gravitational

wave background

P.M. Schicho, T.V.I. Tenkanen and J. Ostermana (JHEP06(2021)130)

BSM - GW
A pipeline

GWCalc Paclet

B. Characterize PTs
 critical temperature

o st 2nd grder, cross-over

C. Bubble dynamics (15 order)
0, T

« strength «, duration g1

D. GWB templates
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https://link.springer.com/article/10.1007/JHEP06(2021)130

Paclet

Background | Paclet | Dimensional reduction | Outlook
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Paclet
FindBounce + action fit

* Pipeline requires to determine temperatures of
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Paclet
FindBounce + action fit

* Pipeline requires to determine temperatures of

I'(T)

THAT) 1

* nucleation fTTC dT
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Paclet
FindBounce + action fit

* Pipeline requires to determine temperatures of

r(T) N
T H4(T)

* nucleation fTTC dT 1

- percolation I(T,T,) ~ 0.34
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* Pipeline requires to determine temperatures of

r(T) N
T H4(T)

- nucleation [.¢dT 1
e r(T) =A (ﬁ T) —
T )

- percolation I(T,T,) ~ 0.34

Paclet
FindBounce + action fit
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* Pipeline requires to determine temperatures of

r(T) N
T H4(T)

* nucleation fTTC dT 1

r(r) =4(2,7) e T

- percolation I(T,T,) ~ 0.34

S : : : ,
. f(T) numerical estimation: FindBounce

Paclet
FindBounce + action fit
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* Pipeline requires to determine temperatures of

I'(T)

THAT) 1

* nucleation fTTC dT
. r'(T) =A(S—;,T)e‘?
- percolation I(T,T,) ~ 0.34

S . : : ,
. f(T) numerical estimation: FindBounce

« implements polygonal bounces

Paclet
FindBounce + action fit

-1.5 -1.0 =05 0.0

Guada, Nemevsek, Pintar (CPC 256 (2020) 10748)
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https://www.sciencedirect.com/science/article/pii/S0010465520302253?via%3Dihub

* Pipeline requires to determine temperatures of

r(T) N
T H4(T)

* nucleation fTTC dT 1

r(T) =A (5—; T) e T
- percolation I(T,T,) ~ 0.34

S . : : ,
. f(T) numerical estimation: FindBounce

« implements polygonal bounces

* 4d (S,) or 3d (S3)

Paclet
FindBounce + action fit

-1.5 -1.0 =05 0.0

Guada, Nemevsek, Pintar (CPC 256 (2020) 10748)
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https://www.sciencedirect.com/science/article/pii/S0010465520302253?via%3Dihub

* Pipeline requires to determine temperatures of

r(T) N
T H4(T)

* nucleation fTTC dT 1

r(T) =A (5—; T) e T
- percolation I(T,T,) ~ 0.34

S . : : ,
. f(T) numerical estimation: FindBounce

« implements polygonal bounces

v' thin-wall regime

Paclet
FindBounce + action fit

-1.5 -1.0 =05 0.0

Guada, Nemevsek, Pintar (CPC 256 (2020) 10748)
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https://www.sciencedirect.com/science/article/pii/S0010465520302253?via%3Dihub

* Pipeline requires to determine temperatures of

r(T) N
T H4(T)

* nucleation fTTC dT 1

S _53
(T) = A(f,T)e T
- percolation I(T,T,) ~ 0.34

S . : : ,
. f(T) numerical estimation: FindBounce

« implements polygonal bounces
v' thin-wall regime

 efficient: t ~ O(# fields), O (# segments)

Paclet
FindBounce + action fit

-1.5 -1.0 =05 0.0

Guada, Nemevsek, Pintar (CPC 256 (2020) 10748)
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https://www.sciencedirect.com/science/article/pii/S0010465520302253?via%3Dihub

Paclet
FindBounce + action fit

Pipeline requires to determine temperatures of

r(T) N
T H4(T)

- nucleation [.¢dT 1
e r(T) =A (ﬁ T) —
T )

- percolation I(T,T,) ~ 0.34

S . : : ,
f(T) numerical estimation: FindBounce

* implements polygonal bounces 0 -15 -1.0 =05 0.0
Guada, N Sek, Pintar (CPC 256 (2020) 10748
e 4d (54) or 3d (53) uada, Nemevsek, Pintar ( { ) )

v' thin-wall regime

 efficient: t ~ O(# fields), O (# segments)

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

Paclet
FindBounce + action fit

Pipeline requires to determine temperatures of

I'(T)

THAT) 1

* nucleation fTTC dT
. r'(T) =A(S—;,T)e‘?
- percolation I(T,T,) ~ 0.34

S . : : ,
f(T) numerical estimation: FindBounce

* implements polygonal bounces 0 -15 -1.0 =05 0.0
Guada, Nemevsek, Pintar (CPC 256 (2020) 10748)

* 4d (S,) or 3d (S3)

v' thin-wall regime

 efficient: t ~ O(# fields), O (# segments)
Method

1. T, estimate viaT/H* ~ 1
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https://www.sciencedirect.com/science/article/pii/S0010465520302253?via%3Dihub

Pipeline requires to determine temperatures of

r(T) N
T H4(T)

* nucleation fTTC dT 1

- percolation I(T,T,) ~ 0.34

S . : : ,
f(T) numerical estimation: FindBounce

« implements polygonal bounces

* 4d (S,) or 3d (S3)

v' thin-wall regime

 efficient: t ~ O(# fields), O (# segments)
Method

1. T, estimate viaT/H* ~ 1

2. S3/T fit/interpolation about (~ T, T,)

r'(T) =A(

S—;,T)e

1000 F

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

-1.5

-1.0

Paclet
FindBounce + action fit

-0.5

0.0

101.0

101.5

102.0

102.5

— Fit function

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

Pipeline requires to determine temperatures of

r(T) N
T H4(T)

* nucleation fTTC dT 1

- percolation I(T,T,) ~ 0.34

S . : : ,
f(T) numerical estimation: FindBounce

« implements polygonal bounces

* 4d (S,) or 3d (S3)

v' thin-wall regime

 efficient: t ~ O(# fields), O (# segments)
Method

1. T, estimate viaT/H* ~ 1

2. S3/T fit/interpolation about (~ T, T,)

3. T, T, via above integrals

r'(T) =A(

S—;,T)e

1000 F

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

-1.5

-1.0

Paclet
FindBounce + action fit

-0.5

0.0

101.0

101.5

102.0

102.5

— Fit function

e FindBounce
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https://www.sciencedirect.com/science/article/pii/S0010465520302253?via%3Dihub
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https://arxiv.org/pdf/2404.17632

Example |
Fluid-field model

» Scalar potential

<

V($,T) = Z(T? —T§)¢? = I Tp* + 1 ¢*

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

» Scalar potential
V(g T) =2 (T* = TH¢p* = 2T¢* + = p*
« 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)
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Fluid-field model
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» Scalar potential
V(g T) =2 (T* = TH¢p* = 2T¢* + = p*
« Analytic derivation of the action

* in thin/thick wall regimes

* intermediate interpolation

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

— Paclet

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

Example |
Fluid-field model

inf711= Trs = TBounce[V, vw, "TracingMethod" - NSolve,

"PlotAction” - True, "PlotGWSpectrum” - True]

e Scalar pOtentia| Determining phase structure

Phase diagram

V(¢’ T) B c?z (Tz i T02)¢2 = c?3 T¢3 + % ¢4 Pmin | GeV
400

« Analytic derivation of the action 300

 in thin/thick wall regimes 200
100

« intermediate interpolation

. 2 .. . —100
Matteini, Nemevsek, Shoji, Ubaldi (2024, )
-200
-300
— Paclet _ _
Looping over pairs of phases
Found transition at critical temperature
197.99
Computing nucleation temperature via IT/H*~ 1 criterion and bisection method...
e R -
o LV RV E 973 = 8.609 H = 1.00
Linde ( ) 170.703 3/T = 148.¢ I/H" =1.00114
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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

« Scalar potential
V(g T) =2 (T* = TH¢p* = 2T¢* + = p*
« Analytic derivation of the action

 in thin/thick wall regimes

« intermediate interpolation

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

— Paclet

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

Example |
Fluid-field model

Fitting action...

i . Type: PWLaurent
> AcuonFunctlon[ ' ]
' Domain: {149., 198.}

Computing nucleation temperature via de I/H*~1 criterion and action fit method...

. 7. dT 1
170.052 S3/T = 140.957 I/H" = 1976.88 - =0.999963
Jo. T
Computing phase transition parameters...
Solving Iz (7) = 0.34 for Tp
Searching for Tp with FindRoot...

168.381

—— Fit function

e FindBounce
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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

« Scalar potential
V(§,T) = 2(T? = T9)$? ~ 2T* + %
« Analytic derivation of the action

 in thin/thick wall regimes

« intermediate interpolation

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

— Paclet

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

Example |
Fluid-field model

0.00154718
1679.43
satisfied (-2.34863 - 10711y

Computing GW spectrum...

2
h QG‘.‘V

combined
collisions
soundwaves

turbulence

0.001

.. : a: 0.00155
Transmon[ . | ]
— ' B H: 1680.

2 20.9534
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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

Collider
BSM theory — (A)—» -
phenomenology

Equilibrium
thermodynamics

Bubble
dynamics

(F) — Baryogenesis

Relativistic

hydrodynamics

Gravitational
wave background

P.M. Schicho, T.V.I. Tenkanen and J. Ostermana (JHEP06(2021)130)

BSM - GW
A pipeline

GWCalc Paclet

B. Characterize PTs
 critical temperature

o st 2nd grder, cross-over

C. Bubble dynamics (15 order)
0, T

« strength «, duration g1

D. GW templates
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https://link.springer.com/article/10.1007/JHEP06(2021)130
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BSM - GW
A pipeline

GWCalc Paclet

B. Characterize PTs
 critical temperature

o st 2nd grder, cross-over

C. Bubble dynamics (15 order)
0, T

« strength «, duration g1

D. GW templates

B. Dimensional reduction

* Interface with DRalgo

Ekstedt, Schicho, Tenkanen (2205.08815v1)
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https://link.springer.com/article/10.1007/JHEP06(2021)130
https://arxiv.org/abs/2205.08815v1
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Dimensional reduction (DR)

Dimensional Reduction
An improved recipe for thermal EFTs
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Dimensional reduction (DR)

time — temperature = high-T approach

Dimensional Reduction
An improved recipe for thermal EFTs

4d —/> 3d EFT
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Dimensional reduction (DR)

time — temperature = high-T approach

include systematically higher-order resummations

Dimensional Reduction
An improved recipe for thermal EFTs

4d —/> 3d EFT
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Dimensional reduction (DR)
« time — temperature = high-T approach

 include systematically higher-order resummations

Narrower theoretical uncertainties

Dimensional Reduction
An improved recipe for thermal EFTs

t->t+i/T
4d — 3d EFT
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Dimensional reduction (DR)
« time — temperature = high-T approach

 include systematically higher-order resummations

Narrower theoretical uncertainties

= narrower GWB uncertainties

Dimensional Reduction
An improved recipe for thermal EFTs

t->t+i/T

4d — 3d EFT

——
t

10~4 10~*
f(Hz)

/7N

10-2 10~!

Credit: P. Schicho

o9
[}
(@)
W
aQ
=
O
=
=
Q.
==
o
O
p—d
(@)
—t+
o
5.
a
=
wn
P o
@)
@)
o
Y
o]
(@)
Q.
c
@)
=.
@)
=
®,
c
S
©)
o
W




10

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

Dimensional Reduction
An improved recipe for thermal EFTs

t->t+i/T
4d — 3d EFT

t f{7N

104 1073 10-2 10!
f(Hz)

Credit: P. Schicho
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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

Dimensional Reduction
An improved recipe for thermal EFTs

t->t+i/T
4d — 3d EFT

104 1073 10-2 10!
f(Hz)

Credit: P. Schicho
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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

Dimensional Reduction
An improved recipe for thermal EFTs

t->t+i/T
4d — 3d EFT

104 1073 10-2 10!
f(Hz)

Credit: P. Schicho
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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 Veg(¢, T)

Dimensional Reduction
An improved recipe for thermal EFTs

t->t+i/T
4d — 3d EFT

10~4 10~*
f(Hz)

Credit: P. Schicho
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Example Il
Dark photon model
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Example Il
Dark photon model

Dark U(1) gauge sector
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Example Il
Dark photon model

« Dark U(1) gauge sector

> <

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

+ fermions \ /\/\ /
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Example Il
Dark photon model

Dark U(1) gauge sector

> <

Scalar content:
V(p, T) = u?¢p* + 1¢*

+ fermions \ /\/\ /
> T

Vere @ NLO
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Example Il
Dark photon model

« Dark U(1) gauge sector

> <

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

+ fermions \ /\/\ /
> T

* Vesr @ NLO

— Paclet
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« Dark U(1) gauge sector

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

+ fermions
C Véﬂf@? PJL()
— Paclet

Example Il
Dark photon model

trs=TBounce [V,vw,
"TRange"—>{u@/2,1.5.@},"SymmetricPhaseThreshold"-v/100,
"PlotAction"-True, "PlotGWSpectrum"—=True
];//EchoTiming

Phase diagram

1500

1000

60 80
Looping over pairs of phases
Found transition at critical temperature

121.823

Computing nucleation temperature via IT/H*~1 criterion and bisection method...

80.4891 S3/T =151.922 0.658416
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« Dark U(1) gauge sector

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

® Veff @ NLO

— Paclet

Example Il
Dark photon model

Fitting action...

ActionFunctiun[ ! aure ;
+ Domain: {75.7, 122}

Computing nucleation temperature via [dT I'/H*~1 criterion and action fit method...

80.0018 S3/T = 145.741 T/H* = 304.47

Computing phase transition parameters...

Solving I(T,) = 0.34 for Tp

Searching for Tp with FindRoot ...

—— Fit function

¢ FindBounce

S S S S S S B S SO T R N S ST R T _.'I ‘3 E“.’I

90 100 110 120!
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« Dark U(1) gauge sector

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

+ fermions
° Veff @ NLO
— Paclet

0.162869
1144.06
satisfied (—3.46698 - 1071%)
Computing GW spectrum...

.hé Q GW

10°

0.01

a: 0.163

Trans iticm[

piH: 1.14-103

]

Example Il
Dark photon model

combined
collisions
soundwaves

turbulence

LISA
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Outcome
& Future Endeavours
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Paclet current status
v' characterize of FOPTs and GWB

- of single-field models
v 83 /T via polygonal bounce (FindBounce)
v optional, user-friendly interface with DRalgo

v fully Mathematica-based
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v' characterize of FOPTs and GWB

- of single-field models
v 83 /T via polygonal bounce (FindBounce)
v optional, user-friendly interface with DRalgo

v fully Mathematica-based

Upcoming developments

» multi-field

> improved phase-tracing routine

Outcome
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CPC 256 (2020) 10748



https://www.sciencedirect.com/science/article/pii/S0010465520302253?via%3Dihub
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Potential developments
? v, estimation in LTE

2 Decay rate prefactor I' = A e=53/T
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Paclet current status
v' characterize of FOPTs and GWB

- of single-field models
v 83 /T via polygonal bounce (FindBounce)
v optional, user-friendly interface with DRalgo

v fully Mathematica-based

Upcoming developments

» multi-field

> improved phase-tracing routine

Potential developments
? v, estimation in LTE

? Decay rate prefactor I' = A e =53/T

Suggestions are welcome!

Outcome
& Future Endeavours
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EW Baryogenesis

The matter-antimatter problem

* Fundamental problem: baryon asymmetry

« Sakharov conditions (1967) SM LQ Model
1. B-number violation v/ = non-perturbatively v = LQs acquire vev
2. C & P violation v — weakly v/ — potential
= Depar_t ure eIt X — cross-over v/ — strong FOPTs
T-equilibrium
XL+ Xr E
XL E .
: ; BSM physics
’ i required!
@y r0 SR

(9r=0 75 GeV my
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Outcome
From Particle Physics to Cosmology

r'(T)

: : Nucleation criterion: [.¢dT —a2— ~ 1
Particle physics model Tn " TH*(T)
ss \3/2 _
rr =1+ (27‘[3T) e~5/T

‘ PT parameters

Ty, strength «,
duration g71,...

percolation criterion: I(T,) ~ 0.34
’ = 3
4 o dT'" T(T' Tar
I(T)=—nvv?,J L) j —
3 V), T*HYT)O\ ), H(D)

percolation condition: Vg (t,) < 0

H(T)(TI'(T) + 3) |T <0

1 T
» strength a = ;A [V — ZaTV]

° i -1 E— i ﬁ
duration H—TdT(T)




EW Baryogenesis

The matter-antimatter problem

5= SetDirectory|[NotebookDirectory[]];
LoadDRExpressions | "ahDRExpressions.m" |

ComputeEffectivePotential| {gsq®@, 1@,msq@}, {110,.0/10,100 0},
subRules, "OrderVeff"-»"NLO","LoadDRFrom"—"ahDRExpressions.m" ]

. . — .- _ _ ~4
gsq — IntemolatlngFunctmn[ ain: (10. 1.00-10%) ]
Output: scalar

A= InterpolatingFunction[

msq — Inte:polatingFunction[

07 - 0.00112756 ¢?)*/* + 0.000265675 ¢* — 25.1409 ¢* + 0.118862 (¢
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1073
f(Hz)

EW Baryogenesis

The matter-antimatter problem
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