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Gravitational wave detectors
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Search for a stochastic GW signal = search for GW noise




Domain walls in the early universe
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Domain walls in the early universe
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@ Breaking of symmetry — GW stochastic background
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Gravitational signals from symmetry breaking
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R S O O A b T
Main question

How generic is it for symmetry breaking to
induce detectable GW 7




o GWlememmeybrekingremnanis
GW from symmetry breaking remnants

GW from symmetry breaking remnants




o GWfemsmmanybeakigremnants
Topological Defects from Symmetry Breaking

@ Symmetry breaking = Topological defects
form via Kibble-Zurek mechanism.
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o GWfemsmmanybeakigremnants
Topological Defects from Symmetry Breaking

@ Symmetry breaking = Topological defects
form via Kibble-Zurek mechanism.
@ Defect type depends on the symmetry group
and its breaking pattern:
@ Discrete symmetry = Domain Walls (DW)

Figure: Domain Wall (2D defect)



GW from symmetry breaking remnants

Topological Defects from Symmetry Breaking

@ Symmetry breaking = Topological defects
form via Kibble-Zurek mechanism.

@ Defect type depends on the symmetry group
and its breaking pattern:

@ Discrete symmetry = Domain Walls (DW)
@ U(1) symmetry = Cosmic Strings

Figure: Cosmic String (1D defect)
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GW from symmetry breaking remnants

Topological Defects from Symmetry Breaking

@ Symmetry breaking = Topological defects
form via Kibble-Zurek mechanism.
@ Defect type depends on the symmetry group
and its breaking pattern:
@ Discrete symmetry = Domain Walls (DW)
@ U(1) symmetry = Cosmic Strings
© SU(2) or higher = Magnetic Monopoles

Figure: Magnetic Monopole (0D defect)
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Topological Defects from Symmetry Breaking
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@ Symmetry breaking = Topological defects
form via Kibble-Zurek mechanism.
o Defect type depends on the symmetry group
and its breaking pattern: .
@ Discrete symmetry = Domain Walls (DW) i 4\

A ()o /,
@ U(1) symmetry = Cosmic Strings ﬂ.ﬁ" e »
© SU(2) or higher = Magnetic Monopoles y i » .
© Non-Abelian groups = Textures ﬁ‘é%‘

Figure: Texture (3D defect)




o GWfemsmmanybeakigremnants
Topological Defects from Symmetry Breaking

@ Symmetry breaking = Topological defects
form via Kibble-Zurek mechanism.
@ Defect type depends on the symmetry group
and its breaking pattern:
@ Discrete symmetry = Domain Walls (DW)
@ U(1) symmetry = Cosmic Strings
© SU(2) or higher = Magnetic Monopoles
© Non-Abelian groups = Textures

Figure:

@ Defects are stable if topology forbids decay.



GW from symmetry breaking remnants

Domain walls in the early universe

Universe high-T after inflation:cooling of primordial soup

@ axion example

)

Miguel Vanvlasselaer (University of B.

, ICCUB and ERC (Gr. Gravitational signals from symmetry breaking

-n -n+e

n-€ n

I

0

Z
February 2, 2026

7/37



GW from symmetry breaking remnants

Domain walls in the early universe

Universe high-T after inflation:cooling of primordial soup
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GW from symmetry breaking remnants

Domain walls in the early universe

Universe high-T after inflation:cooling of primordial soup
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GW from symmetry breaking remnants

Domain walls in the early universe

Universe high-T after inflation:cooling of primordial soup
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Vala) =mgfs (1 —cos| —
Jfa
e Potential V(T,a) = Vy(a) + Vihermal (T, @) ¢ 0
@ High T, potential melts: V; ~ const. 25
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Formation of domain wall and Kibble Zurek mechanism

log(m/H) =3 log(m/H) =35




Attraction to scaling and GW signal [2511.16649]: Blasi, Mariotti, Rase, MV

Evolution of the area parameter A
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Attraction to scaling and GW signal [2511.16649]: Blasi, Mariotti, Rase, MV
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Attraction to scaling and GW signal [2511.16649]: Blasi, Mariotti, Rase, MV

m Mp]
Alinitial ~ ~ 1
S (T ~m) m

Evolution of the area parameter A

The system tends to scaling regime
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Attraction to scaling and GW signal [2511.16649]: Blasi, Mariotti, Rase, MV
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Alinitial ~ ~ 1
S (T ~m) m

Evolution of the area parameter A

The system tends to scaling regime

Induced GW signal Py = € (@, @ ;).
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Attraction to scaling and GW signal [2511.16649]: Blasi, Mariotti, Rase, MV

m Mp]
Alinitial ~ ~ 1
S (T ~m) m

Evolution of the area parameter A

The system tends to scaling regime
Induced GW signal Py, = € (Q,; Q).
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GW signal from domain wall [2511.16649]: Blasi, Mariotti, Rase, MV

GW spectra (radiation domination) GW spectra (radiation domination)
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Domain wall and detectability
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Domain wall and detectability

Pdw

Prad

Pdw X oH pradocH2: =1atT =Tyom
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Domain wall and detectability

Pdw
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Domain wall and detectability

Pdw

Prad

Pdw X oH pradocH2: =1atT =Tyom

Network needs to annihilate for T' > Tgom.
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Domain wall and detectability

Pdw
Prad

Pdw X oH pradocH2: =1atT =Tyom

Network needs to annihilate for T' > Tgom.

QGW o8 Qrad (Tdom/T)4

GW signal maximised if Tonn — Tyom: Not related
to special symmetry
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Doma|n Wa” and detectablhty [arXiv:2511.16649]: Blasi, Mariotti, Rase, MV
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What is the physics of DW domination 7 Z. Wang, M. Elley, MV with GRchombo



Doma|n Wa” at Nanograv [arXiv:2204.04228]: Ferreira et al.
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GW from symmetry breaking remnants

Cosmic strings
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Cosmic strings and detectability [arXiv:1908.03227]: Dror, et al.
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Cosmic strings and detectability [arXiv:1908.03227]: Dror, et al.
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Cosmic strings and detectability [arXiv:1908.03227]: Dror, et al.
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Cosmic strings and detectability [arXiv:1908.03227]: Dror, et al.
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[arXiv:1908.03227]: Dror, et al.

Cosmic strings and detectability
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Case of FOPTS




Case of FOPTS

First order phase transition (FOPT) in the early universe

Universe high-T after inflation:cooling of primordial soup
Potential
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Case of FOPTS

First order phase transition (FOPT) in the early universe

Universe high-T after inflation:cooling of primordial soup
Potential

v
AT

o QFT = landscape of minima = PT
@ Potential V(T, ¢) = V()(ﬁb) + ‘/thermal(Tv ¢)
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Case of FOPTS

First order phase transition (FOPT) in the early universe

Universe high-T after inflation:cooling of primordial soup
Potential

v
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o QFT = landscape of minima = PT

° POtential V(T7 ¢) = V()(ﬁb) + ‘/thermal(Tv Qb)
@ High T: V 2 ¢2T? = sym restoration y
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Case of FOPTS

First order phase transition (FOPT) in the early universe

Universe high-T after inflation:cooling of primordial soup
Potential

v
AT

o QFT = landscape of minima = PT
o Potential V(T ¢) = Vo(¢) + Vihermal (T, @) Potential
@ High T: V 2 ¢2T? = sym restoration %
o FOPT feature a barrier between two vacua and E SRS L\
cooling (Thue < Tex) Coote
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Case of FOPTS

First order phase transition (FOPT) in the early universe

Universe high-T after inflation:cooling of primordial soup
Potential

v
AT

o QFT = landscape of minima = PT

@ Potential V(T, d)) = Vo(qb) + ‘/therrnal(T7 (b) ) Potential

@ High T: V 2 ¢2T? = sym restoration % ,

o FOPT feature a barrier between two vacua and = L\
COO“ng (j_‘nuc < TCI’) :22::

@ Nucleation controlled by bounce solution -0.015
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Nucleation and early expansion
@ Energy released AV = Driving energy:
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Nucleation and early expansion
@ Energy released AV = Driving energy:
Ediiving = —gnAVR?’ VS APiension = 4mo R
Expansion when Ripitia1 > R ~ 0/AV

o Transition starts approximately when one bubble per
Hubble volume, T = T ¢
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Nucleation and early expansion
@ Energy released AV = Driving energy:
4
Ediiving = —gnAVR?’ VS APiension = 4mo R

Expansion when Ripitia1 > R ~ 0/AV

o Transition starts approximately when one bubble per
Hubble volume, T = T ¢

@ Strength of the FOPT
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Nucleation and early expansion
@ Energy released AV = Driving energy:
Ediiving = —gnAVR?’ VS APiension = 4mo R
Expansion when Ripitia1 > R ~ 0/AV

o Transition starts approximately when one bubble per
Hubble volume, T = T ¢
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FOPT pictorially
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The bubble wall in time
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FOPT and Gravitational waves

@ Bubbles can produce a stochastic GW background from



FOPT and Gravitational waves

@ Bubbles can produce a stochastic GW background from

GW

from turbulence

e bubble collision O 2

AN
e sound waves

e turbulence
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Primordial GWs could be observed soon: Frequency = information about Tien: fpeak X Tren




Observation prospects of GW
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Good news: they kinda correlate [2207.02230]: Azatov, Barni, Chakraborty,MV, Yin
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Good news: they kinda correlate [2207.02230]: Azatov, Barni, Chakraborty,MV, Yin
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Good news: they kinda correlate
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Good news: they kinda correlate [2207.02230]: Azatov, Barni, Chakraborty,MV, Yin

vy and an B and ay
@ v, AV against AP @ In CW models: [2212.08085]:Levi,
i 3 Opferkuch, Redigolo
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o Two regimes: runaway and terminal velocity.
@ In singlet catalised FO EWPT: same
Runaway : v, x R/Ry = ~colision o Ay /B trend (example [2207.02230])




Good news: they kinda correlate
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@ In CW models: [2212.08085]:Levi,
Opferkuch, Redigolo

Comparison of approximations for 3ir

e
106 M=1TeV
\ / :
niucleated ~ Uy 10
bl > ot
0 T terminal x
@)=0 wiluty 1000
- or
e keep accellerating
(runazway) 100
plasma
10
e AP x T2 T3 ‘
nuc’ * nuc 0.0 0.2 0.4 0.6 0.8
Coupling g
ay T vy T

@ In singlet catalised FO EWPT: same
trend (example [2207.02230])

For large GW signal

= cooling or supercooling: = where is supercooling 7?7 |




[2212.08085]: Noam Levi, Toby Opferkuch, Diego Redigolo,
Conformal models

[2003.10265]: Azatov, MV
Impose a scale symmetry: the CW potentials

Comparison of approximations for Si

M=1TeV

0.2 0.4 0.6 0.8

Coupling g



[2209.14707]: Badger, Fornal, Martinovic, Romero, Turbang, Guo,

Constraining models with LVK

Mariotti, Sakellariadou, Sevrin,Yang,Zhao

@ Consider the conformal model

4 2
_ my(9) my: ()
N Vo(é) =~ 2 (log 2
1 m3(9) = 4667
[N
o
L
U
e, FER Y R,

Interferometers can help constraining particle physics for very strong FOPT (mostly conformal models)
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@ Consider the conformal model

4 2
_ my(9) mz (¢)
N Vo(¢) =~ 2 <log 2
: %:-é-f“f- () = 4g°6?
b
e @ Take into account CBC: Q.
L g0
i

T T e
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[2209.14707]: Badger, Fornal, Martinovic, Romero, Turbang, Guo,

Constraining models with LVK

Mariotti, Sakellariadou, Sevrin,Yang,Zhao

@ Consider the conformal model

VO(¢) — m%’ ((b) (10g m22’(¢) _ ci)

T T T 64> p?

w1 IO £ 2 2,2
a, af“f m%,(6) = 4g%
I .
e @ Take into account CBC: Q.
; EAT T @ GW signal from sound waves
M- n| :JL..Jr"'L,ﬂ:;:u
i
T T e

Interferometers can help constraining particle physics for very strong FOPT (mostly conformal models)



Constraining models with LVK
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[2209.14707]: Badger, Fornal, Martinovic, Romero, Turbang, Guo,

Mariotti, Sakellariadou, Sevrin,Yang,Zhao

@ Consider the conformal model

2(0 2 (o
e ("5 )

Vo(g) =

mz:(¢) = 4g°¢°
@ Take into account CBC: €.
@ GW signal from sound waves
o Constraining (g,

myg = 291}¢, Qref) ?

Interferometers can help constraining particle physics for very strong FOPT (mostly conformal models)



[2209.14707]: Badger, Fornal, Martinovic, Romero, Turbang, Guo,

Constraining models with LVK

Mariotti, Sakellariadou, Sevrin,Yang,Zhao

@ Consider the conformal model

4 2
Vo) = " (1o "2 ;)

my, (¢) = 4g°¢°
Take into account CBC: €,..¢.

GW signal from sound waves

Constraining (g9, mz =2gvs, er)?
Disfavor g € [0.3,0.4], my € [107,10°] GeV

80 75 -7 5 & 7 6

log10 et logygmy

Interferometers can help constraining particle physics for very strong FOPT (mostly conformal models)
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Case of the EWPT

Let us add a hard scale: my,

@ Problem of EWPT for supercooling:
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. GofFOPTS
Case of the EWPT

Let us add a hard scale: my,
@ Problem of EWPT for supercooling:
A

m? T2  Th?
Voo = =MW+ J0E - Vel o 3o = qor = [T ocma ] problem!

K2

o With a singlet S with a Zs symmetry 7

A
1

As
1

2 2
V(hS) = —Zhh? + Tt - T5? 4 Zogt 4 %5%2,

o 1-step PT: Spectator scalar: Does not help much for supercooling

e 2-steps PT: | (0,0) 22%% (0,v,) L2255 (vpw, 0)




Relat|V|St|C EWPT 2—Step PT [2207.02230]: Azatov, Barni, Chakraborty,MV, Yin,

@ In the second PT:

20
2 . my, hs 2 . P
mag(T) = ——2+ —v; =0 This is tuning!
2 2
e minimum e minimum i e minimum
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e maximum o maximum e maximum
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= = 32 =
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&
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S|ng|et EWPT Para meter scan [2207.02230]: Azatov, Barni, Chakraborty, MV, Yin

Ms(vgw, 0) [GGV]

10 62.5 80 90 110 125

1. SOPT: there is never a barrier separating the o AP

two minima

collider bounds

<= )i ss forbidden
NO PT

2.21

2.0

v5/100GeV

1.8+

SOPT

1.6




. GedeFm
S|ng|et EWPT Para meter scan [2207.02230]: Azatov, Barni, Chakraborty, MV, Yin
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Singlet EWPT: Parameter scan [2207.02230]: Azatov, Barni, Chakraborty, MV, Yin

Ms(vgw, 0) [GGV]

10 62.5 80 90 110 125

1. SOPT: there is never a barrier separating the o 4T

two minima <=
NO PT
. 2.2
I1I.  FOPT with slow walls 7y, ~ 1
2
L S 20
/11 Ultrarelativistic FOPT =
Y > 1 increasing A\ps at fixed v;. }T
1.8+
L6l | SOPT




. GedeFm
Singlet EWPT: Parameter scan [2207.02230]: Azatov, Barni, Chakraborty, MV, Yin

Ms(Ugw, 0) [GGV]
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and never nucleates
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Singlet EWPT: Parameter scan [2207.02230]: Azatov, Barni, Chakraborty, MV, Yin
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Singlet EWPT: Parameter scan [2207.02230]: Azatov, Barni, Chakraborty, MV, Yin

What fraction of the parameter space brings super-
cooling ?

vy = 170 [GeV], m, = 125 [GeV] mg = 125 [GeV]

0.05 0.10 0.15 0.20 0.25 0.30
T|ch;wo]' . - Tnucflo(] [GeV}

|Supercoo|ing requires tuning !!
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DW from bubbles [26xx.xxxx]: Mariotti, Nagels, MV

Nucleation of + and — bubbles osf
0.65—
0.45—

Creation of a DW at the collision of bubbles :
0.2

GW from bubble wall collision and DW network

which one dominates ? Is the DW relativistic ?




Topological defect formation during FOPTs

DW from bubbles [26xx.xxxx]: Mariotti, Nagels, MV
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Enhanced GW S|gna| ?? [26xx.xxxx]: Mariotti, Nagels, MV
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s Concusn
Conclusion

How generic is it for symmetry breaking to induce detectable GW ?

@ GW from broken DW symmetries: DW networks. Strong signal if
Tonn = Tdom Needs luck ?
e GW from U(1) continuous symmetries: cosmic strings
Detectable if: v > 10" GeV

But needs negligible particle production
o From FOPTSs: large signal if mild supercooling.
@ Supercooling natural if underlying conformal symmetry
@ Supercooling requires fine-tuning if hard mass scale in the theory



Where does the energy go ? [1004.4187]: Espinosa,No,Konstandin, Servant,[2406.01596]:Barni,Blasi, MV

Z

@ Fluid motion = GW ! i
53 3 3 =
gwe + 5 / wy&lde = / Vo2we2de + 1 / we?d¢ 3
vacuum - ipitial therm energy fluid motion final therm energy <

Pkin _ Kfapn
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Figure: [2406.01596]:Barni,Blasi,MV
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