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GW background from the early Universe

GWs from the early Universe have the potential to provide us with direct
information on early universe physics that is not accessible via

electromagnetic observations, possibly complementary to collider
experiments:

nature of first-order phase transitions (baryogenesis, BSM physics,
high-energy physics),

primordial origin of intergalactic magnetic field.



Probing the early Universe with GWs
Cosmological (pre-recombination) GW background

� Why background? Individual sources are not resoluble, superposition of
single events occurring in the whole Universe.

f� ’ 1:64� 10�3 100

R�H�
T�

100GeV
Hz

� Phase transitions

� Ground-based detectors (LVK, ET, CE) frequencies are 10{1000 Hz

Peccei-Quinn, B-L, left-right symmetries �107; 108 GeV.

� Space-based detectors (LISA) frequencies are 10�5{10�2 Hz

Electroweak phase transition � 100 GeV

� Pulsar Timing Array (PTA) frequencies are 10�9{10�7 Hz

Quark con�nement (QCD) phase transition � 100 MeV



First{order phase transition
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Hydrodynamics of �rst-order phase transitions1

� Broken-phase bubbles are nucleated and expand
� Friction from particles yield a terminal velocity� w of the bubbles
� The bubble can run away when the friction is not enough to stop

the bubble's acceleration
� A fraction � of the vacuum energy will be transferred into kinetic

energy of the primordial 
uid
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GWs from sound waves2

� Numerical simulations of the scalar + 
uid system performed via an e�ective
friction term indicate sound-wave regime to dominate for weak/intermediate
phase transitions.

� Two scales are found that determine the GW spectrum: R� and � R�
(sound-shell thickness).


 GW (f ) = 3 ~
 GW K 2 (H� � sw ) ( H� R� ) S(fR� ) ;

S(s) = N s3
�

7
4+3 s2

� 7
2 , [LISA CosWG] 2020

S(s; s2) = N s3(1 + s3) � 2= 3(3 + s2
2 ) � 2; s2 = f � R�

ARP et al. 2023, [LISA CosWG] 2024.
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GWs from sound waves: Sound Shell Model3

� The sound shell model assumes linear superposition of velocity �elds from each
of the single bubbles and averages over nucleation locations and bubble lifetimes
(semi-analytical model), and the development of sound waves at the time of
collisions. It assumes stationary UETCP� = P� (k; t2 � t1).


 GW (f ) = 3 ~
 GW K 2 (H� � sw ) ( H� R� ) S(f R� )

� HH19 predicts a steepk9 spectrum and linear growth with time and k � 3 at
large frequencies, with an intermediatek between 1=R� and 1=� R� .

� GW predictions usually assume� sw = min( � sh ; H � 1
� ), with � sh � R� =

p
K being

the expected time to develop non-linearities. This is an interval in conformal
time � sw = � �n � � � due to the conformal invariance of the 
uid equations
(ARP & Midiri 2025).
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GWs from sound waves: Sound Shell Model revisited4

� Extended Sound Shell model to an expanding Universe and omitted assumptions
that were not holding at small k, �nding a new contribution previously omitted.

� HH19 model is shown to hold at k� sw � kR� =
p

K � 1, so it holds around the
spectral peak when

p
K � 1.

� Recovered causal branch at small frequencies, proportional tok3 ln2(1 + � sw H� ).

� Linear growth becomes � = � sw H�
1+ � sw H�

< 1 when expansion is included

(Guo et al., 2021)

4
ARP, Procacci, Caprini, Phys. Rev. D, arXiv:2308.12943

Sharma et al., JCAP 12 (2023) 042.



GWs from sound waves: Higgsless simulations5

� Di�culty on simulations is due to the di�erent scales of the scalar �eld � and
the 
uid shell, so one can consider a nucleation history and set the pressure and
energy density by knowing the value of� and setting it during the simulation.

� E�ect of bubble collisions on GWs is subdominant when sound waves are
produced, so one can ignore the scalar �eld.

� Nucleation history is produced from an exponential probability distribution

P(t ) / exp
�
� (t � t � )

�
.

Credit: I. Stomberg
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