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Phase transitions in Cosmology and Astrophysics

A first order-phase transition in the early Universe could lead to a
detectable gravitational wave signal
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Phase transitions in Cosmology and Astrophysics

A first order-phase transition in the early Universe could lead to a
detectable gravitational wave signal

000000

Window to new physics: within the SM, there is no (first-order) phase transition
in the thermal history of the Universe.

[Cutting, Granados Escartin, Hindmarsh, Weir, 2005.13537]
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Phase transitions in Cosmology and Astrophysics

Evidence for the presence of a phase transition in a neutron star collisions
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Phase transitions in Cosmology and Astrophysics

Evidence for the presence of a phase transition in a neutron star collisions
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How do bubbles nucleate?
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Effective approach
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Effective approach
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B
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Effective approach

We need to compute: 2 = e B ~ ¢=51¢0)

B
Effective action, S(T) = drd°z (%(3#,0)2 4 5
0
Jree energy
energy
temperature temperature

“Spinodal approximation”
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We need to compute:

Effective action,

free
energy

temperature

Z — o BF ~ =S¢

enerqy

251
20F
15F

10F

temperature



Effective approach

We need to compute: 2 = e_BF ~ e_SM’(O)]

B
Effective action, S(T) = / drd°z (%(@@2 4
0

251
20F
15F
energy |

10F

temperature
“Critical Bubble”

(static and unstable)

“Bubble nucleation”



Effective approach
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“Bubble nucleation”
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Effective approach

We need to compute: 2Z = e BE ~ =Sl
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Holography

Gravity theory in 5 dimensions

s,éjdsx{.’c’, (P\- 2/\\*...)

Negative cosmological constant,

this is gravity in AdS:
- Plank scale L/lp
- String scale L/ls

Yang — Mills theory in 4 dimensions

S= -L'Ljd"xj-_f(g,‘ F7+...)

This is a QFT with two meaningful
parameters:

- The rank of the group: N

- The ‘t Hooft coupling: A = ¢g*N
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Holography

Area Entropy density ()
Mass Entropy density (p)
Surface gravity H Temperature (T)
Perturbations of the metric Transport properties (§, 9)

big black hole high energy phase



Holography

non-trivial field configurations

non-trivial horizon
configurations H (possibly far-from-equilibrium)




Holography

We can add extra fields in the bulk so that we have richer phase structure:
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Holography

We can add extra fields in the bulk so that we have richer phase structure:

energy

metastable phase

inside the bubble
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Inhomogeneous solutions

metastable phase

inside the bubble

Remarks:

- The solutions have spherical symmetry

along the boundary radial direction. —
metastable phase
outside the bubble
- They also depend on the holographic direction (~at ininit)

- The critical bubble is static (and unstable).
- We need to solve a 2+0 PDE.

To write a well-posed elliptical problem, we used the DeTurck trick.

See [Kitchen, Wiseman, 0905.1822, Figueras, Lucietti, Wiseman, 1104.4489; Headrick, Dias, Santos, Way, 1510.02804]
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Microscopical description of critical bubbles

enerqy

o
T
.
.
"

o
(&)
| T T T

[ 4
-
-
-
-
-
-
-
-----
--
--
--

stable phase

0.385 0.390 0.395 0.400 0.405 0.410

temperature






Energy density oy

0.385
, temperature
relative energy
1.0f '
/
0.8}
0.6}
0.4}
0.2}
0.0k - . . . . . . , , o
o 5 10 15 200 5 10 15 200 5 10 15 20
T T T

o




Bubble wall and size

Close to the critical temperature:
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Bubble wall and size

Close to the critical temperature:
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Pressures

Profiles of the longitudinal
and transverse pressures
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Nucleation probability

Profile of the longitudinal and transverse pressures:

P(T) = Pge (Sbubble=Shom.) — P BAF

We need to integrate the free energy density to obtain AF



Nucleation probability

Profile of the longitudinal and transverse pressures:
P(T) p— Poe_(SbUbble_Shom.) — Poe—/@AF

We need to integrate the free energy density to obtain AF
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Nucleation probability

Profile of the longitudinal and transverse pressures:
P(T) p— Poe_(SbUbble_Shom.) — Poe—/@AF

We need to integrate the free energy density to obtain AF
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Assessment of the effective approach
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Constructing an effective action

Can we construct an effective potential that captures the properties of
microscopic bubbles we just obtained?

S(1) = [ ard®a (2(6.1)(V6) + Vanl,T))

We identify the order parameter with the expectation value of the scalar:

» = (0)



Constructing an effective action from holography
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Constructing an effective action from holography

Sea(T) = /06 d’f/d?’af (%Z(%T)(VW + Veff(%T))

WI[J] = —log Z|J]
J

oWlJ]
5T(1) p()

We start considering the generating functional W |[J], with Z|J] the path integral
with an external source .J.

This is introduced to compute vacuum expectation values by performing
variations with respect to the source.

[Ares, Henriksson, Hindmarsh, Hoyos, Jokela, 2109.13784], [Henriksson, Jokela, Li, 2507.11622]



Constructing an effective action from holography

§.(T) = / dr [ @ (5200 1)(V)* + Veale. ) )

WJ] = —log Z|J] Lle] =WJ] - / d*z ()] (z)
WL (@) ollpl
oJ(x) 7 ! op(x)

We construct | [(,0] , the quantum effective action (sometimes referred to as
one-particle irreducible (1PI) effective action), from which the source
is obtained when varying with respect to the VEV (Legendre transform).

[Ares, Henriksson, Hindmarsh, Hoyos, Jokela, 2109.13784], [Henriksson, Jokela, Li, 2507.11622]
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Constructing an effective action from holography
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Constructing an effective action from holography
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Similarly, one can show that
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Constructing an effective action from holography
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0.J

Similarly, one can show that
the kinetic term is approximated in terms
of the residue and the pole of the Green’s
functions.

It can be computed holographically
by performing small fluctuations of the
homogeneous equations.




Constructing an effective action from holography

Sea(T) = /08 d’f/d?’x (%Z(%T)(Vw)g + Veﬂf(@:T))

Varrlie] = Tleg] = — / "' J ()
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the kinetic term is approximated in terms
of the residue and the pole of the Green’s
functions.
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Constructing an effective action from holography

But there is a subtlety: there are finite (allowed) counter-terms introduce contact
terms which make the prescription scheme-dependent
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Gonstructing an effective action from holography
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Constructing an effective action from holography
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Constructing an effective action from holography

S =/ d’r/d3 ( )H/eff(%T))

2AF
al

103,

10

107t

1073 1 1 1 | I 1 1 | 1 1 1




“Phenomenological” approach



“Phenomenological construction”

We can assume that the effective potential is a degree four polynomial and impose
that at the equilibrium states it coincides with the free energy. More precisely,

OpVert(, T) ey = 0 Vert(T, oy ) = fi,  (fixesthe value and position of the local minimum)
O Vert(¢, T) o = 0, Vett(T, o) = f—,  (fixes the value and position of the absolute minimum)
agoVeff(% T) =0, Veff(T, SOM) = fs. (fixes the height of the potential)
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“Phenomenological construction”

The only missing piece of information is the value of the coefficient Z(¢,T)
in the kinetic term.
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“Phenomenological construction”

However, we see that setting Z(¢,T) to a constant gives a good approximation.
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“Phenomenological construction”

However, we see that setting Z(¢,T) to a constant gives a good approximation.
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This value can be estimated from the surface tension.
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“Phenomenological construction”

However, we see that setting Z(¢,T) to a constant gives a good approximation.
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This value can be estimated from the surface tension. Assuming a quartic polynomial,

)
azZ(TC)l/Q/ +d<p\/2AVeﬂc(gp,TC).
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“Phenomenological construction”
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Conclusions and Outlook
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Conclusions

- We provided a microscopic
description of critical bubbles in
terms of inhomogeneous black hole
geometries.

- This allows for an assessment of
the effective approach.

- So far, the effective action
reproduces the results nicely.

- Surface tension may play a crucial
role in determining the kinetic term.
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Outlook
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(surface tension and nucleation rate in V-QCD).
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S(T) = /05 drd’z (%(6’7@)2 + %(Wﬂ)2 + Verr(ep, T))

Quantum
I

- Applications to QCD and neutron stars: ‘ I

(surface tension and nucleation rate in V-QCD).

O(ii,) x Inhomog(éneous i OE3)

. . Euclidean time
- Beyond static configurations:
Quasinormal-modes of the critical bubbles and time evolution.
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Outlook

- Understand the transition from quantum to thermal fluctuations:
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Quantum Thermal
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- Applications to QCD and neutron stars: ‘ I

(surface tension and nucleation rate in V-QCD).
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- Beyond static configurations:
Quasinormal-modes of the critical bubbles and time evolution.
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. T —exp{-5,00}
- Study what phenomena can affect the nucleation 2,

rate the most nucleation sites, finite volume effects...
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Outlook

- Understand the transition from quantum to thermal fluctuations:

$(1) = [ ara%s (300 + (V) + Vaalo.T)

Quantum Thermal
I I

- Applications to QCD and neutron stars: ‘ I

(surface tension and nucleation rate in V-QCD).

0(4) x Inhomog(éneous in 0G)
Euclidean time

- Beyond static configurations:
Quasinormal-modes of the critical bubbles and time evolution.

2

. T —exp{-5,00}
- Study what phenomena can affect the nucleation 2,

rate the most nucleation sites, finite volume effects... (and many more)

[Laine, Vuorinen, 1701.01554]
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Inhomogeneous solutions

To write a well-posed elliptical problem, we used the DeTurck trick.

See [Kitchen, Wiseman, 0905.1822, Figueras, Lucietti, Wiseman, 1104.4489; Headrick, Dias, Santos, Way, 1510.02804]
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Inhomogeneous solutions

To write a well-posed elliptical problem, we used the DeTurck trick.

1. Write down a general ansatz for the metric.

2. Choose a reference metric.

3. Define the vector field ¢ =GMY (TN — Ffﬂv)

L
2

1
4. Solve Ryn — GunN — (V(Mﬁw) - §VA§AGMN) = k3 TN
5. Checkthat ¢4 =0

6. Extract the thermodynamic properties from the solution.

See [Kitchen, Wiseman, 0905.1822, Figueras, Lucietti, Wiseman, 1104.4489; Headrick, Dias, Santos, Way, 1510.02804]



