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Countdown for LISA (2035)!

(Amaro-Seoane et al. 2017)

. Three free falling satellites, arm length 2.5 X 10° m

« Astrophysics sources
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Countdown for LISA (2035)!

. Three free falling satellites, arm length 2.5 X 10° m
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https://www.ctc.cam.ac.uk/outreach/origins/big_bang_three.php

First-order phase transitions in particle theories

Electroweak phase transition is:

« Crossover in the Standard Model

 First order in many theories beyond the Standard Model|
Test for physics beyond the Standard Model
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First order phase transitions in a snapshot

T ~ 100 GeV T ~ 0.24 meV
EW Baryogenesis Today

Collision Sound waves

GZOZ |e 19 Bl1a1i0)
GZOZ | 18 e181lo)




Numerical simulations

Hindmarsh et al. 2013, 2015, 2017, Cutting et al.
2019, Caprini et al 2024, Correia et al 2025.
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Correia et al., arXiv: 2505.17824 [astro-ph.CO]

« Most accurate

« Computationally expensive

10° 10" 10° 10° 10"

VS Analytical methods

Hindmarsh 2016, Hindmarsh & Hijazi 2019,
Roper Pol et al. 2023, Guo et al. 2021.
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- Faster and cheaper

« Study the transition in limits not
achievable by simulations:
- Large scales (wavenumber)
- Universe expansion
- Other effects


https://arxiv.org/abs/2505.17824

Numerical simulations

Hindmarsh et al. 2013, 2015, 2017, Cutting et al.
2024, Correia et al 2025.

2019, Caprini et a
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=
LISA FIT &
Image adapted to
LISA CosmoWG,
JCAP 10 (2024)

VS

Analytical methods

Hindmarsh 2016, Hindmarsh & Hijazi 2019,
Roper Pol et al. 2023, Guo et al. 2021.
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https://arxiv.org/abs/2505.17824

the sound shell
model for the

.Sound waves and

acoustic source

Macro photography of a soap bubble
Ingredients: 2 parts water, 1 part soap, sugar to taste.

Picture from PetaPixel


https://petapixel.com/2020/10/20/how-to-shoot-otherworldly-macro-photos-of-soap-bubbles/

Sound waves in the plasma
Hindmarsh et al Phys.Rev.Lett. 112 (2014), Phys.Rev.D 92 (2015), Phys.Rev.D 96 (2017)

» Non-linear dynamics —— Numerical simulations

« Non-relativistic flow

v| <« 1 Fluid flow dominated b —
V] — | y VX7 =0
. linear compressional motion
« Weak phase transition
a <1 . ' Ry
Shocks in the plasma form after Tsh ™ 5

Energy of sound waves
dissipates into turbulence
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The Sound Shell Model

Hindmarsh Phys.Rev.Lett. 120 (2018), Hindmarsh & Hijazi JCAP 12 (2019)

Universal self-similar profile, £ = | x|/t

0.2

subsonic deflagration supersonic deflagration detonation
Uy < Cs Cs < Vy <Cj ¢y < vy

—0.0

Hindmarsh et al., SciPost Phys.Lect.Notes 24 (2021)
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The Sound Shell Model: spectral density of plane wave amplitudes
Hindmarsh Phys.Rev.Lett. 120 (2018), Hindmarsh & Hijazi JCAP 12 (2019)

» Gaussian (vé) =0,

viv) ~ Pq) 84, — Gy)

Average over: . nucleation sites x™

. bubbles lifetime 1;

gw Ay,
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Plot obtained with PTtools https://doi.org/10.5281/zenodo.15268219
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https://doi.org/10.5281/zenodo.15268219

The Sound Shell Model: spectral density of gravitational waves

. Assume the transition is much faster than Hubble rate H.:R. < 1

 Linearised General Relativity

- Energy density of gravitational waves & power spectrum

0 0 i
(V h;V hv) , 4-dimensional

e, = TN = 4 Un-Equal Tir : :

gw gw 321G of she“ér > Integration

1 degw k3 ! . . -
P (K, 1) = ~ (16 Gz—” dt,dt,( G (t, t,)G (L, t,)) Ay (K
gw( ) > dlnk (167G) 272 J), 1At G (4 £ G (L, 1) ],kl(

Green'’s function of hl-j
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The Sound Shell Model: spectral density of gravitational waves

4 !
. Stationary sound waves 7, > 7,. ~ k7! —— J dndy... — J dr_... 1_=4-1
JJO 0)
| | | o 1-dimensional
- High frequency approximation kR, 2 1 —— uodr_... — 8k —c;p — cq) integration
a, =02, R.H.=0.1, T,=100GeV y, =06, RH.=0.1, T,=100GeV
Z / ] /
10-8- LISA sensitivity Vy LISA sensitivity Oy

1072 10~ 1073
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https://doi.org/10.5281/zenodo.15268219

The Sound Shell Model: comparison to numerical simulations
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Hindmarsh et al., Phys.Rev.D 96 (2017)
- Ansatz (fit to simulations):
, x k2, k < R. causality
, (kR.)
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https://arxiv.org/abs/2505.17824

Shortcomings of the Sound Shell Model

S 1

n

Long wavelengths kR.

High frequency approximation
only for kR, > 1

ny

Universe expansion
Roper Pol et al, Phys.Rev.D 109 (2024)

- Conformal fluid ¢, = 1/\/5
Guo et al. JCAP 01 (2021),
Roper Pol et al, Phys.Rev.D 109 (2024),
Sharma et al JCAP 12 (2023)

Sharma et al JCAP 12 (2023)

- Pressureless fluid ¢, = 0
Guo et al. JCAP 01 (2021)

- Non conformal fluid 0 < ¢, < 1/\/5 ?

Slow transitions or large bubbles

Tz

- Loud signal regime
LISA CosmoWG, JCAP 10 (2024)

- General relativistic effects
beyond Universe expansion?
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l1. Role of the speed
of sound on the

gravitational wave
power spectrum

Macro photography of a soap bubble
Ingredients: detergent 80%, glycerine 20%, water to taste.
Picture from Canon Ireland



https://www.canon.ie/get-inspired/tips-and-techniques/abstract-macro-soap-bubbles/

Softening of the equation of state

Leitao et al. Nucl.Phys.B 891 (2015), Tenkanen & van de Vis JHEP 08 (2022)

* Phase transition is accompanied by a change

in the equation of state (EoS)

9+(T)

- Bag EoS: Ultra-relativistic plasma + vacuum energy V(¢)
3

Universe at EW scale
(clearly)

+ Relativistic particles

+ Vacuum energy
+ Massive particlesm ~ T

Picture from pngtree

« Massive speciesm ~ 1 ——»

¢, =c(T) S 11/3

« fI'~1, ——> Constant speed of sound EoS

0<¢ < 1/\/5
Giese et al JCAP 01 (2021)
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https://pngtree.com/freepng/line-drawing-of-hot-pot-with-soup-on-white-background-vector_12258910.html

Effects of a softer equation of state

, 1 —3¢?
C. 1 2 — S
s Consider p = cle UV =

: 1 + 3¢
_ c2=1/3 s

C3 s L o 1« : begin acoustic phase

| 2, N,,4: €nd acoustic phase

S, : :
1. : begin radiation domination
Ue Nlend Tlr n

Csp%; k~c(p+q)

7\

1.00+

» Sound wave damping 0.75-
1% - 0.50+
\7119(77) — <%) Vlge_lcspﬂ + V;l zcspn 0.25\ //\ //\ //\
- \QJ \J \J TR
- ] —0.25 m = 0.1
. Hubble friction on propagation of hij o
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Sound wave frequency ¢ p
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Tlend — Ty = 2.15,

Effects of a softer equation of state

R.H.(1+3c2) =0.13

c, = 0.577

T

20



Effects of a softer equation of state

1 —3c¢?
Dend = My = 2.15,  R,H.(1+3¢%) =0.13 L = s
§ 1 + 3¢2
: ce = 0.977
° SW
-3 ~ 0.052
10 cs = 0.948 damping f v~ 0.05
104
= 10_5-; ,
Yy z
2107
| —
< 10~7 Bt oW
132w frequency
8ZHubbe
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1077
10! 100 10! 107 108
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Effects of a softer equation of state

1 — 3¢2
| + JC;
3 c. = 0.577
’ SW
- ; v~ (0.143
10 ; cs = 0.548 damping f
10_43 ¢s = 0.500
= 1072
oy
NX 10_6' /
| z y
< 7. . SW
. , frequency
1 Hubb 4
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107
T W w1
k).
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Effects of a softer equation of state

1 — 3¢?
Nend = 1 = 2.15,  R/H,(1+3c2) = 0.13 L ;
| 1 + 3¢?
3 c. = 0.577
’ SW
~ < ~ 0.250
10 Cs = 0.548 damping f ; v
L ¢s = 0.500
10 s = 0.447
= 107°
ay
21076
|
< 107 1l SW
frequency
8IHubb
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107
10t 10010t 2108
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Effects of a softer equation of state

1 — 3¢2
Dend = My = 2.15,  R,H.(1+3¢%) =0.13 = s
E 1 + 3¢2
| c. = 0.577
S SW
9 P v~ 0.380
10%; cs = 0.548 damping \::
| _43 c. = 0.500
U c, = (0.447
. 10_5 Cg — 0.387
@bo
2107
|
< 10~ — W
frequency
8IHubb
107°5 frictio
107
' —T
101 10V 101 107 10°
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Effects of a softer equation of state

1 — 3c¢?
Dend = Ny = 2.15,  RH.(1+3¢%) =0.13 U = $
E 1 + 3¢2
: cs = 0.577
i SW
- W v~ 0.540
10%; cs = 0.548 damping f :
N cs = 0.500
10 cs = 0.447
. 10_5__ Cg — 0.387
o cs = 0.316
~ 1075
| ]
<10 —t W
13-2v frequency
8IHubbe
107°5 frictio
10—9 /
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Effects of a softer equation of state: analytical approximations

Tend — Ty = 2.15,

c, = 0.447

low-freq approx
intermediate-freq approx

high-tfreq approx

fliE

T

TP

Bl
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Tend — Ty = 2.15,

c, = 0.447

Effects of a softer equation of state: analytical approximations

low-freq approx
intermediate-freq approx

high-tfreq approx

| —— Semi-analytical approx

fliE

T

TP

Bl
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GW power spectrum in the Sound Shell Model

10-13.

10—14-

a=0.10, & = 0.9, Nepg = 1.095, H.R, = 0.01, U = 0.105, H,7, = 0.095

high-freq appox: PTtools
low-freq approx
intermediate-freq approx
full approx

4D integration

10~1

T

i

iG
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GW power spectrum in the Sound Shell Model

a=0.10 v, =0.30 H,07m, = 0.01

| —— H.R, =0.001
| — H.R,=0.010
{ —— H.R,=0.100

H,R, = 1.000

"R W
| b,
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1. Gravitational
effects on the
production of
gravitational
wave

Macro photography of a soap bubble
Ingredients: 3 parts water, 1 part soap, 1 ts glycerine.
Picture from Tom Bol Photography



https://www.tombolphoto.com/macro-bubbles/

The larger the better
Caprini et al. LISA CosmoWG, JCAP 10 (2024)

logy (R*H*)

3.00 -225  -150 -0.75  0.00
[ |

n81t1V1ty ................................ .....................

- Large bubble models will be the first one to be tested by LISA

- How large can we get?

31



Bubble mean center spacing: Large bubbles

~1
p

R:H: = (871')1/3VW ( ﬁ . Inverse phase transition
H duration

Theoretical bounds

« Primordial black hole abundance
_ewicki et al JHEP 09 (2023), Phys.Rev.Lett. 133 (2024), arXiv:2412.10366

-ranciolini et al. arxiv:2503.01962 \ ﬁ/H* Z 3.8
____, BIH. <38 ~ R.H.<0.77v,

Large bubbles are most likely in

. Strongly supercooled detonations v, = 1

. Subsonic deflagrations (thermal suppression of nucleation rate) Cravitational effects

(Ajmi & Hindmarsh 2022) » Fluid self-gravity?

/ . Universe expansion ((:S2 *+ 1/3)?

« Curvature perturbations?

Are current models ready for large bubbles? _
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https://arxiv.org/abs/2412.10366
https://arxiv.org/abs/2503.01962

Semi-analytic model of acoustic gravitational wave production

Compressional modes around bubbles generate scalar and tensor perturbations

ds? = a2(;7){ — (14200 +20@)dp? + [ (1 — 290 — 29@)5, + h; dxidxf}

- Primary source of gravitational waves V.

7 / 2 _ l
hl]+2%hl]_v hl]_CS)l] >

. Secondary source of gravitational waves ~d) = )

1 Se \”
§ = vy oPWo w24 R
L. ArGaw ' / v ( ) &

. We include curvature fluctuations W perturbatively

L Short sound wave wavelength expansion R« S O(1)
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General relativistic correctionsatNLOInR.7 . < O(1)

%

Cow ™ <hl,]hllj> ~ deﬂldnz <§lj(k’ nl)gzj(k’ 1)) Slli ~ J \7;.9\7‘@ T ﬁiéj(R*%*)zgpgq

p q=p—k
V() =, [1 T @(R*%*)] e 'SP+ b c.

\4

TIN TP+ RIG0)5,0,) + RIVFI)F,5,) + RIDHES,)(5,5,)

LO (sound waves) NLO (Curvature) NLO (sound waves) NNLO (curvature)
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General relativistic correctionsatNLOInR..77 . < O(1)

%

/ / C q 1 degw
Cow ~ (i) ~ ”dmdnz o A8k, S (ko)) P = —
< B l - —
T ,0,)  + + RI)V,9,)(7,7,
LO (sound waves) NLO (sound waves)
c>=0.15, R,H.=0.578, Any/n, =1.925
103-2 — Paven Pawu — Pavew
10~
2%[)1()_5
ay
x 1070
i: 10~7
1078
107

101 10Y 101 102 101 10Y 101 102 101 10Y 101 102



General relativistic correctionsatNLOInR.77 . < O(1)

egw ~ <hl;hl;> ~ [[dnlan <§zj(k9 nl)gij(k’ }72)>

7 1 degy,
W zdlnk

- '
(VX VV,)  +

LO (sound waves)

c>=0.15, R,H.=0.578,

-+ (R*%*)2<‘7p‘7q> <\7p\7q

NLO (sound waves)

Any/n, = 1.925

— 7)10 Pnlo

1077 gwW,SW gw, U
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Gravitational effects beyond Universe expansion

w=0.150, R.H.,=0.578, An,/n. = 1.925

*
*
5
.
.
®
N
N
"
N
N
."// .

LI
.
e

— DPlo nlo — nlo
PgW,SW ow, P 7Dgw,svv
— JTgwtot
10 100 10! 107
k)
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GR effects: should you care?

w=0.150, R.H,=0.578, An,/n. = 1.925

Suppression at energy
injection scale

lo
‘@tot o ‘@gw,sw

APy = —

gW,SW

38



GR effects: should you care?

w=0.150, R.H,=0578, An,/n.=1.925

10_3 /\
1074
= 107°
Ay
NX 10—6
|
=
107
10-5
] —_— lo nlo - nlo
. ] PgW,SW 7ngv,CID PgW,SW
10 _ - Pgw,tot
10t 1wt
kns

* Suppression at energy
injection scale

lo
‘@tat o ‘@gw,sw

APy = —

gW,SW —k

0.4
Cs

Ag)gWNS% to 15 %

0.5

if JF3%<25%?7*= ~ (0.5

A77V/ T]x

4.33

2.89

1.44

-0.72

-0.29
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Macro photography of a soap bubble
SU M MAR I pa rt 1 Picture from Philippe’s blog

» Speed of sound changes the - Gravitational effects beyond
shape of the gravitational wave the Universe expansion are
power spectrum important for large bubbles

koeare ¢ ¢, 27/ R PEIPY, o (HiR.)?

pca W

A

Sound wave damping 2 A@gw ~ 15 %
r . kR.<1 3-2u {4 FTen
/ Hubble friction @gw x k / RH. ~ 05

~&5
’



https://philippemonthoux.com/blog/soap-bubbles/

IV. Gravitational
effects in the

bubble
hydrodynamics

Macro photography of a soap bubble
Ingredients: 1 part water, 1 part dishwashing soap,
1 part bubble liquid for kid, glycerine to taste.

Picture from Philippe’s blog



https://philippemonthoux.com/blog/soap-bubbles/

Modelling the source with large bubbles

—— x k?, e Z R, causality We do not have
o >X< a7 ; ‘7;‘:’ ::‘J , 2 ) )
Ansatz P, ~ R, simulations on
(fit simulations) e kR:) x k™4, kS Ree.shocks large bubbles

 Sound shell model: incoherent sum of contributions from each individual bubble
Hindmarsh Phys.Rev.Lett. 120 (2018)

0.50

) 0.25
| x|/t

-0.00 =

Assumes R.H. < 1
—0.25

—0.50
Can we do this with large bubbles?
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Non-gravitating bubble

H. Kurki-Suonio.and M. Laine, Phys.Rev.D 54 (1996)

ds* = — dt* + 6, dx'dx’!

0.50
0.25 0,T" =0
00 = ds* = — dt* + 0;; dx'dx’
Y —
—0.25 9,1 0
—0.20

Junction conditions
\/ T,MI/ — T:uy
1n

out

43



Self-gravitating bubble

0.00
0.95 ds* = — A%dt* + B*dr* + R*dQ;

0.00 = vV, 7" =0

—0.25 G, = 8zGT,

—0.20

Friedmann Lemaitre Robertson Walker
ds* = — dt* + a*(t) [a’r2 + rde%]
VT =0

G, =3nGT,

Junction conditions:
\/ Israel junction conditions
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Modelling the source with large bubbles

- Non-perturbative self-gravitating fluid Non-gravitating solutions Gravitating solutions
cs. = 0.577, ¢s, =0.447, oy = 0.111 cs =0.577, ¢, =0.447, ay = 0.111
0.50 0.30 0.30 -
0.45 095 \ 0.95. \ 1.0
+ Fluid self gravity ol ) 90- N
+ Non perturbative )35 | . |
PP . . . 0.151
— Difficult interpretation of velocity G030 010 \ 0.65
— Self similar 02548 U1V \ 005 \\\\
\ | W\ 0.4
0.204 | 0.05 \5 0.00- \
VLo 0,00 . | —0.05L | , 0.2
0.10 0.0 0.5 1.0 0.0 0.5 1.0
f/glc g/glc
» Cosmological perturbations around FLRW 0.6}

+ v is the peculiar velocity for
“uniformly-expanding” observers

+ Non self-similar

— Small gravitational back-reaction ¢, ¥ « 1




Macro photography of a soap bubble
SUMMARY (part 2

« Speed of sound changes the « Gravitational effects beyond  Self-gravity in the bubble
shape of the gravitational wave the Universe expansion are hydrodynamics is far from
POWEr spectrum ¢ Important for large bubbles understood

I @nlo !@10 o (HR )2 . 0. :
peak & € ‘ gw! 7 gw I\ E - Non-self similar solutions
Sound wave damping Agbgw ~ 15 % - . Non spherical solutions
4 a3 when 1 (many bubbles)
Ay <K —2u
Hubble friction Z65™ ¥ ox K R.%#L~05

» \‘ ‘ ) 5
q\. ‘-'-\ -\ ’
2N ) Ip
. . . -\gi. - .
. S e o8 = b

S
\ R



https://philippemonthoux.com/blog/soap-bubbles/

Backup slides




Comparison to gravitating solutions

LG & Hindmarsh, JCAP 03 (2024) 059

Deflagration Hybrid Detonation
Vo < C Cs < Uy < CJ cr < Uy

>

=

= 0.4
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Comparison to non-gravitating solutions Vv(5,) < ¢,
(Giese et al. 2010)

Non-gravitating solutions Gravitating solutions
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Comparison to non-gravitating solutions v(fw)+ = C,
(Giese et al. 2010)

Minkowski solutions Gravitating solutions
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Comparison to non-gravitating solutions v(fw)+ > C,

(Giese et al. 2010)
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Gravitating solutions
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Kinetic energy fraction

E.: Kinetic energy
of the fluid

E, : Total energy in
the bubble
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Newtonian potential

deflagration hybrid detonation

Projection tensor
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