Gravitational waves from
cosmological phase transitions

Quarkonia meet Dark Matter, March 21 2024
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Gravitational wave experiments
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Gravitational wave experiments

Talks by Andrea
Mitridate and
Carlo Tasilo
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| I 1 I | |

B

n

Stochastic signal

| ‘ | |

J
no

Gravitational Wave Signal
o

Sum of many independent % o1 0z 03 o4 05 o0s o7 08 08
events e
Figure: Stuver/LIGO
Spectral parameters contain 10719,
information about the source |
10—11
%
Z 10712
S
10—13
10—14 Y 4 L R L L
107> 104 0.001 0.010 0.100 1

f1Hz]

Figure: LISA Cosmology working group



First order phase transition High T

Barrier separating high- and low-
temperature phase
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Figure: Rubakov, 2015



First order phase transition

* Barrier separating high- and low-
temperature phase

* Nucleation of inhomogeneously
distributed bubbles

* Released vacuum energy
sources stochastic gravitational
wave signal




GWs from a cosmological phase
transition: sign of new physics
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GWs from a cosmological phase
transition: sign of new physics

Phase transitions in the Standard
Model: electroweak and QCD
Both cross-overs

New particles coupling to e.g.
the Higgs can make the phase
transition first order

Phase transitions at
] < 100 GeV or Talks by Pedro

Schwaller and

T > 100 GeV Daniel Schmitt
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Predicting the GW spectrum



Pipeline

Compute the PT

Extract 7"

from the many _

Pick a model Compute ng anc

parameters
(microphysics)
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Thermodynamics of a bubble

Dependent on the particle physics model

Scalar field interacting with a plasma Symmetric phase

Broken phase
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Thermodynamics of a bubble

Bubble is characterised by Symmetric phase

Nucleation temperature 1,

Broken phase

Phase transition strength o

Phase transition rate ff
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Determining the thermodynamical quantities 7', o,

Follow from the pressure: - 8 Q 8 O
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Figure: Tenkanen, JvdV 2022

13



Determining the thermodynamical quantities 7', ,

1077
10—11:
Follow from the pressure: |
P = Veff

Higher-loop effects matter! 1019

.

— O(g")

one-loop t

dSlaw
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Talks by Philipp

Schicho and
Graham White
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Figure: Gould, Tenkanen 2021
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Dimensional reduction for supercooled PT
Kierkla, Swiezewska, Tenkanen, JvdV 2023

Classical conformal model: SU(2)cSM

Large amount of supercooling

Construction of EFT with high-
temperature expansion still useful since

escape pointatp ~ T
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Thermodynamics of a bubble

Bubble is characterised by
Nucleation temperature 1,
Phase transition strength o

Phase transition rate ff

Expansion velocity v, | taterin this tai
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Thermodynamics of a bubble

Bubble is characterised by Symmetric phase

Nucleation temperature 1,

Broken phase

Phase transition strength o

Phase transition rate ff

Expansion velocity v,

Number of degrees of freedom in the plasma, adiabatic index, speed of
sound...
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Pipeline

Compute the PT

Extract 7"

from the many _

Pick a model Compute ng anc

parameters
(microphysics)
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Contributions to the GW signal

Gradient energy in the scalar field



Contributions to the GW signal

Gradient energy in the scalar field

Sound waves



Sound waves

Dominant source for ¢ < 1, e.qg. scalar extensions of the SM (SM + gauge
singlet, 2HDM, real triplet extension...)

Interactions between the scalar field and plasma generate sound waves

Sound waves persist after collisions, and effectively source GWs
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Talk by Henrigue Rubira

Hydrodynamic simulations about alternative

] simulation scheme
Scalar field + plasma system
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FIG. 4. Slices of fluid kinetic energy density E/T: at t = 5007, *, t = 10007, ' and t = 15007, ' respectively, for the
n/T. = 0.15, Ny = 988 simulation.

Figure: Hindmarsh, Huber, Rummukainen, Weir 2015
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Fit of the signal

LISA Cosmo-wg, 2019 (based on Hindmarsh, Huber, Rummukainen, Weir 2015 & 2017)
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Fit of the signal

LISA Cosmo-wg, 2019 (based on Hindmarsh, Huber, Rummukainen, Weir 2015 & 2017)

d€)
gwW 9) ~
— 0.687F. K2H.R./c.O c( / )

GW signal indeed depends mostly a, 5, T, v,
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Contributions to the GW signal

Gradient energy in the scalar field
Sound waves

Turbulence (vortical, acoustic, MHD)



Pipeline

Compute the PT

Extract 7"

from the many _

Pick a model Compute ng anc

parameters
(microphysics)
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The bubble wall velocity v,



Velocity-dependence of the gravitational wave signal
Gravitational waves in the sounds shell model

—— LISA SR sensitivity curve

—+— (alactic binaries
-== Extragalactic compact binaries

10-3
f [Hz]

(a) Fixed: «a=0.2, r,=0.1, 7T, =100 GeV.

Fig. Gowling, Hindmarsh 2021
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Velocity-dependence of the baryon asymmetry
Example: baryogenesis by c-t mixing
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Fig. Cline, Laurent 2021
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Weakly coupled bubble wall-plasma system

Energy release provides outward pressure

Bubble wall

Plasma particles provide friction by reflections Plasma particles
and by gaining mass by entering the bubble 7 ®
Hydrodynamic backreaction effects @
—>
Wall velocity follows from | P, ward | = | Pinward | ®
~
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Weakly coupled bubble wall-plasma system

Scalar field: Out-of-equilibrium particles (top)
¢+ Vi + Y dmzj I
o X) =
! db | Qo2

Particles in the plasma (schematically):
0f+X-0:f+p-0;3f=—Clf]

Temperature and fluid velocity profile from EM
conservation

Vary wall parameters until all equations
are satisfied to determine v, ,
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Challenges

dm?* d’
(1 + Vi) + ), CZ; J (zﬂ)fZEéf(p,x) =0

Coupled system of equations

0.Ji+ X+ 0zfi+D - 05, = = GLA

| |

Multiple out-of- Collision terms are
equilibrium particles difficult to compute
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Challenges

) |

soupled system of equations

a(;\’“_\‘

Many papers in the literature

0fi+ X 0sf;+ P 0y =

— ~
| -
C -

Multiple out-of-
equilibrium particles d
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Solutions better than choosing v, = 1

Solve the system

Use a numerical package:

Neglect the out-of-equilibrium contribution to the friction and determine the
wall velocity from hydrodynamic back-reaction effects

Talks by

Carlos Tamarit and
Miguel Vanvilasselaer
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Solutions better than choosing v, = 1

Even in local thermal equilibrium,
hydrodynamic effects provide
friction (backreaction)

Due to field-dependent terms In
the energy-momentum tensor of
the plasma

Equilibrium-only friction is a
reasonable approximation for
deflagrations and hybrids
(SM+singlet)
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Figure 5. Scatter plot of relative errors of the wall velocity
(blue points) and thickness (red points) due to neglecting the
out-of-equilibrium pressure contribution, as a function of v,,.

Fig. Laurent, Cline 2022



Model-independent computation of the wall velocity in LTE
Al, Laurent, JvdV 2023

. Determined by a, ¢, ¢, ¥, = w,(T,)/w(T,)

hyb
an > an,ymax

No nucleation
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Model-independent computation of the wall velocity in LTE
Al, Laurent, JvdV 2023

Determined by a, ¢;,, ¢, ¥, = w,(T,)/w(T,)

Provides an upper bound on the wall velocity
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V., In phase transitions in strongly
coupled sectors



New strongly coupled sectors (e.g. SU(N))

Talk by Michele
Redi, Di Liu

Can provide stable dark matter
candidate, solution to hierarchy
problem

S— ) FP-DECIGO

Cosmological strongly coupled phase
transitions and GWs?

Non-perturbative computation of v 7 10-28 Je

o 1o
f (Ha)

Fig. Halverson, Long, Haiti, Nelson, Salinas 2020
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Large jump in degrees of freedom

Strongly coupled PTs typlcally feature a large enthalpy jump (large jump in dof

x N?)

g.(T)

100

10

|

|

| llllllll_

| IIIIIHI

|

| ' | . | ' |

|

| 1 | ] | 1 |

|

|

Lo e

l

- N

10°

10 10° 107 10
T [MeV]
Fig. Daniel Baumann 2013

40



Using the large enthalpy jump to predict v,
Sanchez-Garitaonandia, JvdV, 2023

Strongly coupled PTs typically feature a large enthalpy jump (large jump in dof
x N?)
We estimate the wall velocity from hydrodynamics in the large-/V limit

We make no further assumptions related to strong coupling (so result would
also apply to weakly coupled theories)
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Hydrodynamics of the plasma around the bubble

pressure

l

- Plasma is described by a perfect fluid: 1, = Wik, U, = P8,

enthalpy

« Hydrodynamic equations from continuity equations: dﬂT”” = ()
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Hydrodynamics of the plasma around the bubble

deflagration
» Plasma is described d AR
. Z
« Hydrodynamic equat 2 2
g
=
£
3
0
0.45

Figure: Espinosa, Konstandin, No, Servant 2010
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Equation of state with a large enthalpy jump

1
Low-enthalpy (confined) phase suppressed by ﬁ compared to high-enthalpy
(de-confined) phase*

P w €
pL(T) ~ ﬁa WL(T) ~ ﬁa eL(T) ~ ﬁ

*D,w, e are O(1) numbers in the appropriate units



Equation of state with a large enthalpy jump

1
Low-enthalpy (confined) phase suppressed by ﬁ compared to high-enthalpy
(de-confined) phase*

P w €
pL(T) ~ ﬁa WL(T) ~ ﬁa eL(T) ~ ﬁ

E.g. (bag EoS) py=—T"—¢, p, =——=T"



Large-/V limit dictates v_, /.

P+ — P— 1% e_+p
. Matching relations: v, v_ = SR L= -7

e, —e_ V. e+ p_

- Onlywhen T, =T, and v, = 0, matching equations can be fulfilled
AN /




Solve the fluid profile

Knowing T+, v,,V,, and an EOS we can solve the fluid profile: this determines
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Comparison with simulation result in holographic model

Large-N reproduces simulations really well (even though N ~ 3)
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Comparison with simulation result in holographic model

Large-N reproduces simulations really well (even though N ~ 3)

Not really fast — 0.307; | \'\ """"""""""" ]
- 3
u N
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0.25] . Result of simulation of 3
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Why was the wall velocity so small in the simulation?

0.35} 2 =1/3
2.5 Can not supercool below S|
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Fig. Bea, Caselderrey-Solana, Giannakopoulos, Mateos,
Sanchez-Garitaonandia, Zilhao 2022
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Talk by Enrico

Morgante
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Consequences for gravitational waves
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Conclusions

Gravitational waves from phase transitions can teach us about new physics

The wall velocity strongly affects the spectrum
It can be approximated by local thermal equilibrium...

or predicted in the limit of a large enthalpy jump

The prediction reproduces the results of holographic simulations really well

Slow walls are a consequence of limit on supercooling, not of strong coupling
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