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COSMIC MICROWAVE BACKGROUND

T=12.7255%0.0003 K

[Credits: ESA and the Planck Collaboration]
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LIS A

LASER INTERFEROMETER SPACE ANTENNA

e Arm length: 2.5 mIn km
e 50 mIn km from the Earth (in Lagrange point)
e Launch ~ 20377

e Sensitive to lower frequencies than terrestial detectors

Will probe early-Universe sources!

Courtesy NASA/JPL-Caltech



Parkes Pulsar
Timing Array

e European Pulsar
Timing Array

e North American
Nanohertz
Observatory for
Gravitational Waves

e |ndian Pulsar Timing
Array

In the future: SKA.

[picture: David Champion/Max Planck Institute for Radio Astronomy]
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STOCHASTIC GW BACKGROUND

() 3() 6() O() | 20) | 50 180

Separation Angle Between Pulsars, &, [degrees)

[G. Agazie et al. (NANOGrav Collaboration),
Astrophys. J. Lett. 951, L8 (2023), arXiv:2306.16213]




STOCHASTIC GW BACKGROUND

\() 6() O() | 20) | 50 180

n Angle Between Pulsars, &, [degrees)

t al. (NANOGrav Collaboration),
btt. 951, L8 (2023), arXiv:2306.16213]
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STOCHASTIC GW BACKGROUND

’/

O NG15

Cosmic SuperStrings
——=—- Domain Walls

———=— FKirst—order GWs

——-= Scalar-induced GWs




PHASE TRANSITION
IN THE EARLY
UNIVERSE




EXPERIMENT: HIGGS EXISTS

e

| / ,
\ " f !/
» < ?

j b
\
i\ |

[Image from PhD Comics]



THEORY: SYMMETRY RESTORED AT HIGH T

e




PHASE TRANSITION HAPPENED!

e

[Image from PhD Comics]



In the SM the PT is a crossover.

The search for a first-order P1 1Is
5 search for New Physics!

[K. Kajantie, M. Laine, K. Rummukainen and M. E. Shaposhnikov, Phys. Rev. Lett. 77, 2887 (1996); K. Rummukainen, M. Tsypin, K. Kajantie,
M. Laine and M. E. Shaposhnikov, Nucl. Phys. B 532, 283 (1998); F. Csikor, Z. Fodor and J. Heitger, Phys. Rev. Lett. 82, 21 (1999) ]



FIRST-ORDER PHASE TRANSITION
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FIRST-ORDER PHASE TRANSITION

Vig)
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FIRST-ORDER PHASE TRANSITION
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FIRST-ORDER PHASE TRANSITION




STOCHASTIC
GRAVITATIONAL-
WAVE BACKGROUND
FROM FIRST-ORDER
PHASE TRANSITIONS




SOURCES OF GRAVITATIONAL WAVES




SOURCES OF GRAVITATIONAL WAVES

bubble-wall

collisions
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bubble-wall

collisions

sound waves

in the plasma




SOURCES OF GRAVITATIONAL WAVES

bubble-wall

collisions

sound waves

in the plasma

turbulence in
the plasma



STOCHASTIC GW SPECTRUM

spectrum of the GW
energy density per
logarithmic frequency

normalised to
the critical density



THERMODYNAMICAL PARAMETERS VS GW

QGW




OBSERVABLE PT CANNOT BE TOO SM-LIKE

Large couplings
or many BSM fields

x> 0.11: crossover
107 \ /

x—0: BSM degrees of tonga = Hx?

freedom become dynamical

1- and 2-loop : \
cancellations or dim-6 operators important
tend = tsh

LISA SNR=
101
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SUPERCOOLING




SUPERCOOLED PT
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ARCHETYPE: CLASSICAL SCALE INVARIANCE
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THE MODEL
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VERY STRONG GW SIGNAL

loglO Ge\/ 10g10 SNR (LISA)

4.00 4.25 4.50 4.75 5.00 5.25 3.9 4.5 5.5 6.5

perturbativity of gx

no EW minimum
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QCD-sourced P
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FISHER-MATRIX

ANALYSIS OF THE
SIGNAL




WHAT CAN WE LEARN FROM THE SIGNAL?Y




WHAT CAN WE LEARN FROM THE SIGNAL?Y

10
T}nax [GGV] Crmax [GGV] Tmax [GGV]




WITH GREAT POWER, COMES GREAT RESPONSIBILITY

e




HIGH-T 3D EFT FOR

PRECISION




HIGH-TEMPERATURE EFFECTIVE FIELD THEORY

Systematic way of
organizing resummations

Dimensional reduction:
effective field theory in the presence of
temperature-related energy scales



SUPERCOOLING AT HIGH TEMPERATURE??

: High-t t
4 igh-temperature Supercooled

phase transition |

effective field
theory




SUPERCOOLING AT HIGH TEMPERATURE??

| High-temperature

Supercoolead

effective field .
ohase transition |

theory




HT EFT CONSTRUCTION

SrT
4rT
3nT
2xT
rl

hara

RN



HT EFT CONSTRUCTION

SrT
4rT
3nT
2xT
rl

hara

(gauge bosons, scalar) soft

NN



HT EFT CONSTRUCTION

SrT
4rT
3nT
2xT
rl

hara

(gauge bosons, scalar) soft

NN

(scalar) supersoftsoft



HT EFT CONSTRUCTION

SrT
4rT
3nT
2xT
rl

hara

(gauge bosons, scalar) soft

NN

(scalar) suoersoftsoft



HT EFT CONSTRUCTION

ommen® ST

. Omee® 47T
2-loop matching 4

with DRalgo hard Szl
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(scalar) supersofisott — emem—e—e o]

[A. Ekstedt, P. Schicho, T. V.I. Tenkanen, Comput.Phys.Commun . 288 (2023) 108725]
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FURTHER QUESTIONS

I' = Adyn ' Astat = Adyn ' Adet + CXP (_Seff)

Current: Future:

Range of applicability of the EFT and
the gradient expansion for consistent
and precise nucleation rate

[M. Kierkla, P. Schicho, BS, T.V.l. Tenkanen, J. van de Vis,
in preparation]

« Out-of-equilibrium effects during nucleation

[with Juan Camilo Garnica-Aguirre]

« Energy transter during the phase transition (reheating)

[with Mateusz Kulejewski]
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