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Experimental prospects

Astrophysical sources and their Stochastic GW foreground

°
°
o First-order phase transitions
e Bubble wall velocity

°

GW spectra from strong transitions

o Conclusions
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Pulsar Timing LISA
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Einstein Telescope
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Power-law integrated sensiti
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Sensitivity to binary

Characteristic Strain
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Foreground from LIGO-Virgo binaries

1077

10—10:

2

10—11-

c 10—12;

10—132

0ep S ]

10_15;—****7 ***** it o . [ty e \””‘;

10 10° 102 0l 1 10 102 10°
Mz

@ Dashed gray line: total foreground from LIGO-Virgo binaries

@ Thick lines: foreground without individually observable binaries

ML, Ville Vaskonen arXiv:2111.05847



@ assuming power-law signal as in PI sensitivity

faw(r) =0 (7

)O‘ + A(QsBu(f)) + QBwWD(f) + Qinstr (f)




Improved sensitivities from Fisher analysis

@ assuming power-law signal as in PI sensitivity

Qew(f) = © (%)a + AQssn(f)) + Qwn () + Linser ()
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Early Universe Sources
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Birth of Primordial Cosmic Microwave Background

the Universe ~gravitational waves The first stars
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Current Universe
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Inflation Dark age
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Formation of galaxies



First Order Phase Transition

@ Simple high temperature expansion
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First Order Phase Transition

@ Strength of the transition
AV
ar —
PR

. AV =V, -V

T=Ts

@ Average size of bubbles upon collision (Characteristic scale)

HR. = (8m)% (}81>_1
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@ Main mechanisms of GW production:
2
e collisions of bubble walls: Qeol X (“wlﬁrl) (H R*)Q
2
[e3 2
QSW X (K}SWTH) (HR*)
Qturb x 7

o sound waves:

e turbulence

°
@ Bubble collisions are only relevant in very strong transitions

Keol = O(1) only if alpha >>1



Plasma related GW sources

e Standard Model supplemented with a non-renormalisable
operator

1
V(H) = —m?[H[* + N H|" + 5 |H["
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o Standard Model with an additional singlet scalar
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Wall Velocity
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Wall Velocity
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Wall Velocity analytic approximation

A A 0.71 — thick-wall
1/a7v for aiv < UJ(()[) ---- SMEFT
Vo PR PR 0.6 m, =70 GeV B
AV —- m;=80 GeV WL
1 for \/ apr > UJ(OZ) 0.5{ —— m, =100 GeV P
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e
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. s 5
e Formula does not require onl 457
. 1
solving transport equations
0'%0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

@ Only the form of the potential T v
is important

ML, Marco Merchand, Mateusz Zych arXiv: 2111.02393



Gravitational wave signals
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ML, Marco Merchand, Mateusz Zych arXiv: 2111.02393



Gravitational wave signals
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Gravitational wave signals
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Reach of upcoming experiments

@ Position of the peak

[0}

2
Qpeak X <a " 1) (HR*)Q 7 foeak o< T (HR*)—l

@ Detectibility assuming plasma related sources
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Can the walls run aw

@ Energy of the bubble
1

e
V1-—R?

£ =4rR%cy — 4?ﬂ'R?’p7

@ Vacuum pressure on the wall
Coleman ’73

pO:AV



Can the walls run aw

@ Energy of the bubble

4
£ =4rR%cy — %R?)p,

e
V1-—R?

@ Vacuum pressure on the wall
Coleman ’73

pO:AV

@ Leading order plasma contribution
Bodeker 09 Caprini '09
Am?2T?

pleV*APLo%Avf 24 s




Can the walls run away?

@ Energy of the bubble

4
£ =4nR%0y — ?ﬁR?’p7 e —
V1-—R?

@ Vacuum pressure on the wall
Coleman ’73

pOIAV

@ Leading order plasma contribution
Bodeker 09 Caprini '09

Am?27?

pleV*APLo%Avf 24 s

@ Next-To-Leading order plasma contribution
Bodeker 17 Gouttenoire '21

Am?T?
24

@ Next-To-Leading order plasma contribution with resummation
Hoche ’20

P=AV —P,_,1 — P,y = AV — 0.04Am>T? — 0.005¢>~>T* .

p= AV — AP0 — ’}/APNLQ ~ AV —
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Classically scale-invariant U(1)p_,

o Generic classically scale-invariant potential

2 1 22
V(6.1) = #1260 + 3 0 <1g<¢> 2—9%2)

1 T T T T R B
o D
1031 g i,
[ :
100f 50 i° : -
109 g .
[ i
e/ - ]
PR | .'10|16. "




Computation of the GW spectrum
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Vacuum Trapping
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Vacuum Trapping
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° scale-invariant Vs. polynomial

@ can also be verified analytically:
R. Jinno, T. Konstandin and M. Takimoto: 1906.02588
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Abelian Higgs Model: Energy Scaling
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@ scaled gauge coupling:

2

qu
VAV

@ Global Symmetry breaking:

g:

T,, x R~

@ Gauge Symmetry breaking and Fluid
Shells:

T,, x R3



Fluid Shells

e Plasma profiles for v,, = vy
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Fluid Shell Evolution

e Plasma profile evolution with a = 20 and ~,, = 50

vzyzw/a)o

800"

(o)
S
=)

AN
S
(=

200+

;.-
g
*.

t/t.
3.0

2.5

2.0

1.5

1.0



Fluid Shell Evolution

@ Plasma profile evolution with oo = 0.5 and 7, = 3
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a E LY Ry N . A b)e
7 o\ Qow = et
-4,/ 0 2\ % 4 AN FAY
1079 & RN [b(fp> +a(£) ]
E, D 2\ N3
;’3_“ /\\ \" N
1075¢ Q) < D!
0.01 Ol B 1 ‘1‘0 “1‘02
2nf 1B
Bubbles Fluid
Global(T « R™?) Gauged (T o< R™?) Vfuid = 1 Vfluid = Cs
100 A 5.93 +0.05 5.134+0.05 5.14 +0.04 3.64 £0.02
a 1.03+0.04 2.41 £0.10 2.36 £0.09 2.02 +0.08
b 1.84 +0.17 2.424+0.11 2.36 +0.09 1.38 + 0.06
c 1.91 +0.29 1.45+0.34 3.69 +0.48 1.48 +0.32
2r fp/B 1.33£0.19 0.64 = 0.09 0.66 = 0.04 0.44 +0.04

ML, Ville Vaskonen arXiv:2208.11697
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@ GW signals strong enough to be observed can only be produced in transitions

with very relativistic wall velocities v, ~ 1.

@ Observable bubble collision signal is produced in very strong transitions
a > 10'°, however, also fluid shells in a very strong transition o > 1 would

produce the same spectrum.




