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Gravitational waves

First black hole merger

event: GW150914
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Gravitational waves

November 2021: 90 events

Masses in the Stellar Graveyard




Ongoing and upcoming
experiments

« Size of the detector sets
fdetector

« Time scale and redshift of

the source set fjony)
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Ongoing and upcoming

experiments 10°¢ Pulsar Timing Arvay
rm—

- Size of the detector sets = 10"
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Laser Interferometer
Space Antenna (LISA)

ESA mission, planned in mid
2030s
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2 50T




How does a first order phase transition source
gravitational waves?



Gravitational waves

. Expand the metric: g, =1, + h

o With |1, | <1

. Only the transverse-traceless component of /1,

_ 167G

* . —
. Source™: [1h,, =

U
c4

_ _ 1
*In the gauge where 0°h,, = 0, with h,, = h,, — Eﬂwh
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GWs get sourced by anisotropic
stress-energy



Cosmological phase
transition

Temperature-dependent
Higgs™ potential

*Or some other field
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First order phase
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Rubakov, 2015

Bubble nucleation



Motion in the primordial fluid sourcing gravitational
waves
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FIG. 4 Slices of Auid kinetic energy density £o/2" at ¢ — 3004.7', ¢+ — 100027 and ¢t — 15004 " respectively, for the
n/1. = 015, N, — Y88 simulation.

Hindmarsh, Huber, Rummukainen, Weir 2015
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Phase transitions in the
Standard Model

 Electroweak phase
transition (100 GeV)

« QCD phase transition
(150 MeV)

* Both are cross-overs!




Gravitational waves from first order phase
transition: sign of new particles!




Three contributions to the gravitational wave signal

 Kinetic energy in the bubble walls

Kosowsky, Turner, Watkins 1992, Kosowsky, Turner 1993, Jinno, Takimoto
2017, Konstandin 2017, Cutting, Hindmarsh, Weir 2018*

« Sound waves

Hindmarsh, Huber, Rummukainen, Weir 2013, 2015 & 2017, Giblin, Mertens
2013&2014, Cutting, Hindmarsh, Weir 2019

 Turbulence

Caprini, Durrer, 2006, Kahniashvili, Campanelli, Gogoberidze, Maravin, Ratra
2008&2009, Caprini, Durrer, Servant 2009, Kissinger, Kahniashvili 2015

* A very incomplete list of references
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Three contributions to the gravitational wave signal

 Kinetic energy in the bubble walls

Kosowsky, Turner, Watkins 1992, Kosowsky, Turner 1993, Jinno, Takimoto
2017, Konstandin 2017, Cutting, Hindmarsh, Weir 2018*

« Sound waves

Hindmarsh, Huber, Rummukainen, Weir 2013, 2015 & 2017, Giblin, Mertens
2013&2014, Cutting, Hindmarsh, Weir 2019

 Turbulence

Caprini, Durrer, 2006, Kahniashvili, Campanelli, Gogoberidze, Maravin, Ratra
2008&2009, Caprini, Durrer, Servant 2009, Kissinger, Kahniashvili 2015

o * Feebly interacting particles: talk on 09/12



Three contributions to the gravitational wave signal

« Sound waves

Hindmarsh, Huber, Rummukainen, Weir 2013, 2015 & 2017, Giblin, Mertens
2013&2014, Cutting, Hindmarsh, Weir 2019
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Gravitational waves from many bubbles -
hydrodynamic lattice simulations
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FIG. 4 Slices of Auid kinetic energy density £o/2" at ¢ — 3004.7', ¢+ — 100027 and ¢t — 15004 " respectively, for the
n/1. = 015, N, — Y88 simulation.

Hindmarsh, Huber, Rummukainen, Weir 2015
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Fit to lattice result
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Fit to lattice result

Redshift (T%)
dQ

gwW

d In(f)

LISA cosmology working group, 2019 (based on Hindmarsh, Huber,

= 0.687F , (K*H.R./c,Q, c(f/f )

Rummukainen, Weir 2015 & 2017) 1o
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Fit to lattice result

Kinetic energy fraction (o, v,,)

749

gwW

d In(f)

LISA cosmology working group, 2019 (based on Hindmarsh, Huber,
Rummukainen, Weir 2015 & 2017) 1ot

= 0.687F,, oK*H:R:/cQ,,,C (f/J;,o)
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Fit to lattice result

Bubble size (5, v,,)
dQ,,

d In(f)

LISA cosmology working group, 2019 (based on Hindmarsh, Huber,
Rummukainen, Weir 2015 & 2017) 1o

= 0.687F,, oK*H:R:/cQ,,,C (f/J;,o)
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Fit to lattice result

Sound speed ((:S2 ~ 1/3)
dS

gwW

d In(f)

LISA cosmology working group, 2019 (based on Hindmarsh, Huber,

= 0.687F , (K*H.R./c,Q, c(f/f )

Rummukainen, Weir 2015 & 2017) 1o
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2 Spectral parameters, set by 4 thermal
parameters?

Universacy



We can improve this picture!




& Spectral parameters, set by {2 thermal
parameters?



Dependence on additional thermal parameters
via the kinetic energy fraction



A closer look at the kinetic energy fraction/energy
budget

d€2

gwW

" dlIn(f)

= 0.687F,,, (K"H:R./c,Q,,C (f/J;,o>

- Ratio of kinetic energy in the sound waves over total
. | p
energy density at nucleation: K = gl

€n

 Obtained from single bubble profile
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Single bubble profiles

Hydrodynamic equations dﬂT/‘”

0



J. Espinosa, T.

Konstandin, J. No,

G. Servant, 2010
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Single bubble profiles

Perfect fluid

Hydrodynamic equations ()MT”” —

Radial fluid profile
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Assumption K = K(a,v,) ?
Bag constant

- Relies on bag equation of state: p = aT* + €

Corresponds to ¢Z = 1/3 -
- Fit of ‘efficiency factor’ as function of ' defagracions #‘:...,.M —==
a,v, T e
- Bag equation of state is not a 7, L
realistic equation of state! ’ 0'F \ )
00303 04 05 06 07 03 00 1

J. Espinosa, T. Konstandin, J. No, G. Servant, 2010

A



More realistic equation of state can be parameterized

by speed of sound
Giese, Konstandin, JvdV 2020, Giese, Konstandin, Schmitz, JvdV 2020

dp/dT

. Sound speed c¢? = enters in hydrodynamic

equations

20X =21 = &) £ o & (L),
— = —VE) | — — v, = —
F =7 = il G 4

- And matching equations

ve _eT)+pT) - p(T) = pT) ) 4

v_ el(Ty) + pp(T2) , Ty —e(T2) v, T ,p,,e.
v, vv_lel,— 1+ 3a - s
v_ vpv_lcz, —1+3vv_a
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Compute
ag, both ¢,
and choose

Vi
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Python snippet to compute efficiency (2010.09744)

| 76
b
7B
7

DN A EeWwN -

inport numpy as nf
from scipy.integrate impcrt odeinw
from acipy.integrate impcrt simps

def mi{a,h):
return (a b) /(1. a=b)

def getvow(a,b):
return a/(1. a#+2)/bs(1. b#+2)

def getwvn(al,vv cs2b):
1L vuae2<es2b:
return (vv,0)
ce = 1 =3 saltuue2e(]l Jes2bel xal)
disc = =4.svuseZ/cs2btco=s2
1f (d2sc<C.) (cc<0.):
return (np.sgrt(cst), 1)

return ((cc-np.sqrt(disc))/2.scs2b/vwv,

deot dfdv(xiw, v, csgl):

Krfs»= -wow*getwew (vp,vm)
else:

Krf = 0
return Keh + Krf)/al

2



What is the value of the
sound speed?

0.36 ' ' ' -
Estimate of 2010.09744 034} i
for SM + g4, singlets, with === N ol L aRll NODM--........ooooommiienant. ‘
L \\ — ‘T’c-“— —
two-step PT . 0.32 Mor% careful 3 _ S —ww=—=—""T""
using on ‘daisy resummation’ U reatment of
. Haisies
= 0.30f
0.28 B :
My, = 250 GeV T, T,
026 ul . . s | s " . 1 M " | s " s s s s 1 . " L s M
0 20 40 60 80 100 120
T [GeV
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We can do better!

- Perturbative loop expansion breaks down at finite temperature
due to large occupation of lowest energy state

- Construct an effective field theory for the dynamic modes only
(dimensional reduction) Ginsparg 1980, Appelquist, Pisarski
1981

- Consistent expansion in some coupling g

«  Daisy resummation corresponds to NLO result

- Significant corrections to phase transition parameters 7, a,
and GW signal at higher orders Croon, Gould, Schicho,
Tenkanen, White 2020



Construct an EFT for the
computation of the sound
speed for SM + N singlets

Tenkanen, JvdV 2022
‘Matching of the unit
operator’ for computation of
the pressure

For SM part, see
Gynther, Vepsalainen 2005&2006
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Deviation from ¢> = 1/3
for N =1

Singlet phase
§ Higgs phase

G-scale dependence

Ac (%)

50 60 70 8 90 100 110
Not so reliable, due to T (GeV)
breakdown of high-T expansion

=03 Urpche,
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Comparison of K with cS2 = 1/3 casefor N =1

Hybrid Detonation
1.4- ! ] e
— K, ; 1.075 L
K / CS - 1/3 ,,,,,
| 3 T e
L3 ; 1.050-

0.5 0.6 0.7 0.8 ) 0./ 06 07 08 09
TN/TC,Cb Tn/TC ¢

Full numerical

1.0



Modified particle content: fewer fermions

3 generations

/

() Frerssmsrmsnini s _

Singlet phase ¥ Higgs phase
o o I N N N
_4/’ % ~~~~~~~~

e

A
—01 — N =1 10+ — N =1
N =3 N =3
— 8- N =5 —15- N =5

50 60 70 80 90 100 50 60 70 80 90 100
T (GeV) T (GeV)
1 generation



Modified particle content: fewer fermions

3 generations

() eeeeemseemserem s _

Singlet phase Higgs phase
o e I N N

— N =1 — N =1

N =3 N =3

N =5 —15- N =5

50 60 70 80 90 100 50 60 70 80 90 100
T (GGV) 1 géneration T (GGV)

Suppression of GW signal up to order of magnitude
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Summary Part |

« Kinetic energy fraction depends on «r, v, and ¢,
. Deviations from ¢ = 1/3 of 1 — 5%, causing a
suppression in K of up to 40 %

« Deviations in sound speed can be larger for many
singlets, or fewer light fermions.

« Sound speed dependence can be very relevant for PT in
dark sectors



Spectral shape described by doubly broken
power law



Sound shell model

~Gravitational wave spectrum before redshift

Description of GW spectrum 10-
by linear superposition of 104 B
. — .—3
single bubble spectra < 1010 ' . k
Hindmarsh 2016, Hindmarsh Hijazit_ 3 C‘go 10 Lo T NG e
201 9 propl;)zrglzona °_> E 10—]2 ——— e Mg mem e e
gw —_ 101 —— simultaneous t >~
% y — exponential S
g, N
3 10 <+ CWG fit NN
10 15 _ SSM ﬁt \\\ . ......
—16 X : Nt
10 10° 10t 10° 10°

kR.

1

proportional to f
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Sound shell model

~Gravitational wave spectrum before redshift

Description of GW spectrum 10~ , ———————
. . Bubble separation ound shell thickness:
by linear superposition of 10-41 = p\ .............. e — TR
[ — N 3 '
single bubble spectra < 1010 ;
Hindmarsh 2016, Hindmarsh Hijazi (| TR AR CoNPS SO b v SESNIE NAG——
roportional to . ;
2019 P phZQ E 10—]2 e\ e Mg s mes e s A
ow T > , —— simultaneous }
oSoepr— | ¥ 10—1.{ ;
: - ) — exponential
04} _ = 10 - OWG fit :
03- - 10 15 _ SSMfit [ \\‘ ‘ ......
ek ] —1 ; i "
" — | 0 10° 10t 102 103
0.1} : kR.
e R T I f
¢ proportional to f
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Hybrid/Higgsless
simulations

Jinno, Konstandin, Rubira, 2020
Jinno, Konstandin, Rubira,
Stomberg, 2022

Lrreche,
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~Gravitational wave spectrum before redshift
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Can LISA detect the doubly broken power law?
Giese, Konstandin, JvdV 2021

* 3 observables: overall amplitude and two break positions

* Approach: generate mock data and try to fit



Step 1: generate LISA
mock signal

Mock data from LISA noise
curve and fit from hybrid
simulation.

Caprini, Figueroa, Flauger, Nardini, Peloso,

Pieroni, Ricciardone, Tasinato 2019,
Flauger, Karnesis, Nardini, Pieroni,
Ricciardone, Torrado 2021

Vary x and v,
Relation between a, T*

and [ as in 2HDM

G. Dorsch, J.M. No via
PTPlot.org

Assume ¢ = 1/3

Lrrpchr,
Universicy
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Step 2: fit the signal to
noise+GW model

Minimize y>
Di - hzggw(ﬁ" Hs) - hzgnoise(ﬁ’ 0 n)

i

ﬂrzocz;, -

Urreche
Universicy
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1016 4

n
power la

Double broken
power law
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Step 3: Determine the best fit

- Avoid overfitting: minimize Akaike information criterion
(AIC) Akaike 1974

AIC = 3.+ + 2k

Number of fitting parameters

Universacy



Results

power law

10 Bad fit

LA

0

VY

-10 Good fit

0.25 0.30 0.75

Comparison of AIC with fits with fewer parameters

Lrreche
Universacy



Results

power law broken power law
4 1 Bad fit
0.5 N
>
)y “ 02 0z
__
0.1 )
_JCN L. o |
0.25 0.50 "' —-10  Good fit
§ o' o .
v, v,

Comparison of AIC with fits with fewer parameters
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Results

power law broken power law doubly broken power law
1 Bad fit
5
>
= < = 0 =
-5
—-10  Good fit

0.25 0.50 0.75

Yy, Vi 1%

Comparison of AIC with fits with fewer parameters
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Why can’t we reconstruct the full doubly-broken
power law?

10 2 4
104 4
10-6-
N
1078 ~ ‘ Peak frequenc A
h’Q \“\ is too gmall ’ ~
gW 1p-10- ’-/"

\u

10 12 4

1:)—1 4

1016 4

LB |
101

100
o e flmHZz]
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The peak frequency increases with 7*

1075

O—IU.

o~ l

Qf

10~ 12

< 7
— LISA SR sensitiity curve T
== (Falactic binaries ni)
=== lxtragalactic compact. binaries

107

(d) Fixed: v,, = 0.6,

0 10
f W]

a=0.2,
Gowling, Hindmarsh, 2021
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Results for 7 — 107* (composite Higgs, gauged
lepton models)

power law broken power law doubly broken power law
0.4 10 Bad fit
0.3 i
L
= 2 02 = U %
-0
0.1 = ".-i R
25 .25 0.50 0.75

Comparison of AIC with fits with fewer parameters
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Break ratio informs us about the wall velocity (107
result)

Fit to input signal

W

|7 /1 2ot

[

<

0.25 050 0.75

T
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Break ratio informs us about the wall velocity (107

result) .
Fit to input signal Fit to reconstructed signal 025 051 075

(.4 6
3 l =
. 4 =
o
= = g
0-2 _“\
L2 1

0.'1 '
: ' — 0
(.25 (.50 (.25 (.50 (.75

U w U

«  MCMC: break ratio can be measured with ~10% accuracy

S Urreche
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Summary Part Il

«  GW spectrum likely contains more information than just
2 spectral parameters

- Whether all spectral parameters of a doubly broken
power law can be extracted depends on the model

. For larger a and T reconstruction is more successful

- The break ratio informs about the wall velocity



Effect of sound speed on
the GW spectrum

o Utreche

%, o Lniversicy

a = 0.003, v, = 0.44

10-8
1079 -
10710 4
10—]1 1 T T
10712 4
10713 4
— 2 =1/3,¢% =1/3
-14 A
1077y~ ¢ =1/3,¢ =0.25
10-154 7 —-= ¢ =0.25,¢% =1/3
----- c? =0.25,¢2 =0.25
10716 - ————— N
100 10! 10?2
kR

Wang, Huang, Li, 2021




(Primordial) temperature perturbations may
affect the spectrum



Primordial perturbations

ol 4
On CMB scales: 7 ~ 10

PP SR I et Planck

ol
Maybe — is larger on the scale relevant

to the phase transition?

How does that affect the gravitational wave signal?

Lrrpchr,
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Nucleation rate with perturbations

Temperature perturbations can enhance/reduce the
nucleation rate

. p oT
, Tunnellingrate I'(¢) =T.exp |t — 1) — ——
H: T
. p orT .
. Perturbations relevant when ‘ T —T‘ = |oT| =21

b = (0(100) - — can be moderate
H: T



Numerical simulations

- Modified version (temperature fluctuation-dependent
nucleation rate) of

A hybrid simulation of gravitational wave production

in first-order phase transitions

Ryusuke Jinno, Thomas Konstandin and Henrique Rubira

Deuisches Eleklronen-Synchrotron DESY, 22607 Hamburpg, Germany

Lrrpchr,
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Spectrum of the perturbations

« k-modes move with ¢,

 Spectrum: top-hat between k. and k./2

* Power in perturbations

2 1[d3 5T(x)? [ Tk g (k)
O = — X X _— ~
V (271_)3 oT
. Expect strongest effect for k. ~ Rl ~ p
(8m)1/3

oT =0




Results: nucleation sites

Az =2/p

“IR”: 4 x 2z/L) “UV”: ke = 16 X (27/L)



Results: larger ‘effective bubbles’

c=3, ki=4XQ2n/L)

t=—6/p t=-—35/p t=—4/p

Larpcht
b o Lniversacy



Results: larger ‘effective bubbles’

formation of "effective big bubbles"
g L around the cold spots
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Results: GW signal

. Signal scales as £2,,, (

l+a

2
> R:H:/v,,



Results: GW signal

Growth rate of the GW spectrum

10":

GW signal
N, enhancement

IR perturbations

-
-
|
|

ETHEE s e
UV perturbations aif
Lergche GW wavenumber

s Universicy



Results: GW signal

Growth rate of the GW spectrum

- 'GW si;gr;él' )
. nhancement
The strength and wavenumber of the
temperature-perturbation affect the signal too!

N

- 3 ¥ osn : . . .é....{o -
UV perturbations aif

GW wavenumber




Summary & Outlook
Shape of the spectrum

« The GW spectrum is much more interesting than just a
single broken power law

- Improvement of GW simulations required:
- Stronger phase transitions
- Inclusion of turbulence

- Sound speed cs2 =% 1/3 in numerical simulations



Summary & Outlook
LISA detection prospects

- Detection prospects depend on PT temperature
- Specific interest in strong PTs and/or 7., 2 O(10) X Ty

Models with classical conformal symmetry?

« Realistic estimates require a careful study of
foregrounds
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