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Friedmann Lemaitre Robertson
Walker metric

Assume isotropy homogeneity
perfect fluid hot plasma

energy density of plasma

H 2 535 and
Hubble rate scalefactor pressure ofplasma

8 3 9 1

Matter tells space how to curve and
space tells matter how to move

Here Plasma energy density 9 tells
universe how fast to expand
H and the expansion of
space tells matter how to
dilute

for dust 2 0

g a α matter

El
dilutes
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for radiation hot plasma 3
gla

EEE E.EE

radiation eng photons

get diluted redskifted
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Vacuum
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g independent of a t

makes space expand like
alt exp Ht



with H const

Universe today
26 dark matter

RuffyÄ

691 Radiation
dark energy 010.11

Can solve Friedmann eg
backwards in time
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zug 109g
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2 The perturbed universe

Gpu Tu

What if g F
const

_Gws in flat space

Linearize Einstein's equation and

find that

small metric perturbations hpv x ̅

behave like a wave i e

they propagate in vacuum

hpi di E hä o

TT transverse traceless gange a
choice of be coordinate s stem



TheftofGwsantastmasses

hit o

Assume plane wave moving

in T direction

hij x Refej ti ei

GW moves with c 1 dispersion

relation W Ko kp lw.li

Assume I without loss ofgen
I

We work in a frame of reference

in which the TT gegangene holds
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there are two propagating

degrees of freedom

polarization



The corresponding
infinitesimal

line element reads

ds2 gpudxrdxu lypwthpuldxt.de

dt di 1 4 cos witz

dy 1 4 cos Witz

2dxdyhxcoslwlt.tl
dt

Consider two test masses

t 0,0 and

t x2 0 0

Coordinate distance in

direction const



but pro erp distance

s Lxfth.cowtI
Lx Ehecoslut

If two test masses were mirrors

reflecting a light beam hence

and forth the proper distance

would correspond to the

runtime of light which
would oscillate

Working principle of

interferometers PTAs



Now consider two test messes

at t 0 0,0 and

It xi.y.io A polite

wave causes shift

Es 2 Iicoslut

Gsg LEY coslut
y Y
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y



s

They are sourced by anisotropic
stress far away from sourcedistance

hätt
with quadrupole moment

Qij fdxglt.FI xixj E8ij
no scalar or dipole source of Gws

direct consequence A single
bubble cannot emit gravitational
waves due to spherical symmetry
Need to break isotropy
at least two colliding bubbles

Gws in FLRW background

Solution of Einstein equation
becomes more complicated

End up with result that there
are still metric perturbations
that propagate Now they however
also get redshifted like light
to larger wavelengths smaller



amplitudes

Stochastic gravitational wave

backgrounds

At a given time RH It
tells the distance up to which

two events can have possibly

been in causal contact

Correlation lengths between
GW sources e g

bubbles
need to be sub Hubble

l Hlt

at the time of the
GW emission

Redshifting to today yields

lo R 15



size of observable

correlation
universe today

length redshifted temperature of
to today the universe at

the time of
the production
of the Glas

The correlation lengths are

tiny A GW produced in

the early universe is sourced

by incredibly many independent
Hubble patches Eg for

100 Gel EW PT

a GW signal comes from
at least 10 uncorrelated

regions of the celestial

sphere

A cosmological GW background
will only be observable as

background noise described by

a statistical distribution of

tensor fluctuations tipi x ̅



Assuming stationarity gaussianity
isotropy no polarization a

cosmological background is fully
described by

is
Rgw 3
with g 3 Mp Hi
and Ff Energydensity

in Gws today in a logarithmic

frequency bin

This definition is analogous to

In 8 0.69

MDM 91 0.26

Ry SEI 0.05

with Riot Σ Ri 1



Brad Rp Du Rgw 01105

Gravitational waves contribute
only marginally to the energy
of a given Volume in space

There's the so called Hubble
tension Ho 73 Ep 68 7

50 difference between different
measurements

this can be factored out

by only computing

m Rgw f with h Fa.am
0.7

instead of Rgw f This

makes our theory predictions

independent of the precise

value of the current expansion Velocity



Minimum temperature of the

Universe at the emission of given
GW frequency

bound from the maximal
possible energy density in GWS

7

first go
Fly

of an today
background
observed

LISA ET BBO are

future GW observatories



3 Phase transitions

First order phase transitius

Can split scalar fields into homogene

background part dynamical
quantum fluctuation part

To obtain equations of motion
for homogeneous partd extremize
action of static sealer field

5 4 1 1101
ES

minima of V10 are the
vacuum expectation value

V10

Wo

1Vds



true minimum falseminimum

It can happen that the

background field is in the

false minimum even though the

true minimum would be

energetically favored AV o

Then the field won't be

homogeneous but will rather

follow the Klein Gordon eg

d 8
One solution of this is the
spherically symmetric bounce

8



which is solved by a field

profile in form of a bubble

true min

In

rfalse min
Frau's
Since energy gets liberated

AV o the bubbles expand

if the pressure of the plasma

on the bubble walls is small

enough

bubbles expand collide

fill the universe with a

new phase



If the potential has no

barrier the field simply

rolls down to its

energeticallyfavored ver everywhere

in the Universe the some

time no bubbles no Gws

QFT at finite temperature

At 5 0 a given tree level

potential ey Vtree pip Xd

receives quantum corrections Their

effect can be included by promoting

Kree to Veff At 1 loop

Veff 5 0 Kree Vew



with Von 9 b htm
E withEf Um

The effect of a plasma interacting

with the background field can be

described by rolling up the

Imaginary time direction on a

cylinder with radius

Verld free lu km

EFFEKT
59 E Thule E

Vew VT



Effectively the potential obtains

an extra contribution Vi

Roughly at high Tasmp

ET LEI YI
mi lag F 01m.it

Origin of the Stefan Boltzmann

law for black body radiationconstant offset no influence on transit

Restores symmetry high

temperature 02T
Generates a 03 term
between the and

contributions relevant for

generation of
a barrier



between phases

If there is a cancellation of

the first few terms this

term can also generate barriers

which only evolve slowly with

temperature

Bubble underation percolation

Es 5 t.EEe FE
Old phase nucleation percolation Newplase

WWW.V

1 bubbleper 70 arefilled

Hubble patch with new phase



The bubble nucleation rate in a

thermal plasma is roughly givenby

Pn T expt S3 T

where S3 is the bance action i e

the action of the 3D field theory

the temperature time direction is rolled up

S3 dx EID V10
due to Wick
rotation

with being the bounce solution

field profile

Nucleation happens when

NH E 140



SIT

IffälEisu verena become

40 f
degenerate

True to T

Time

Percolation happens when I Tp 0.34

with ICT Er Idt
TIEFE

which describes the volume fraction

which has already transitioned to the

new plase This equation can

only be solved numerically for

Tp Tune



Gws from FORTS

There are mainly three parameters

influencing the EW signal emitted

by a FORT

hgw f 10 E slflfp.no

with Stx

fp 10 mHz PE F

Tp main influence is the amount of

frequency redshift

α roughly Edna The bigger

the stranger the transition
the stronger the GWS



BIH Speed of the transition in

units of the age of the

Universe at the time of Tp
The slower the transition
the less bubbles the bigger
the bubbles at collision the

Stranger the GW signal and
the smaller the GW frequency

ahngult α

Tp 11

BIN

1
ftp.o

There are several independent

processes bubble collisions bulk



plasma motion turbulence in

the plasma each emitting

Gws The details depend
on the bubble wall velocity

which is hard to calculate

Each process has a characteristic

spectral shape SCF ftp.o
with a distinct peak frequency

fpio The total signal therefore

ofen looks like this

44g Cfl
bulk plasma motion

AALE

f



For FORTS in which gange
bosons obtain a mass and

if α 0111 Vw 1 and

bulk plasma motion Lessee
dominate the GW signal


