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Can we probe it 
with gravitational 

waves?

Motivation

3

Dark(est) sector
(interacts only gravitationally w/ SM)

Strongly coupled? First-order (?) 
confinement PT
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Confinement PT in Dark SU(N)

4

1st order

2nd order - Z(2)

crossover

1st order

2nd order - Z(2)

physical point
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SU(3)

Jana Günther [2010.15503]

Our real world example: QCD


• First order PT for  SU(3) QCD with no quarks


• In general, FOPT for Nc ≫ Nf

Columbia plot

Focus on dark SU(3)  SU(N), w/ no fermions

• simple first step


• lattice data well available and understood

→
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Strong coupling

• Strongly coupled theory—> ?


• Lattice QCD: precious information, but no real-time analysis 


• Effective models (Polyakov loop / NJL)


• Holography (bottom-up) (  Einstein+dilaton gravity  4D CFT)


➡ quantitatively, it works.


➡ Are we stretching the regime of validity?

AdS5 ↔

5
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Improved holographic 
QCD
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Gürsoy, Kiritsis, Mazzanti, Nitti


0707.1324, 0707.1349, 0812.0792, 0903.2859, …
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Improved Holographic QCD

• Radial fifth-dim coordinate r <—> RG scale


• Scalar field  <—> ’t Hooft coupling 


• Solutions of EOM <—> phases of 


•  fluctuations <—> scalar glueballs


• Scalar potential   fit SU(3) thermodyn. and spectrum

λ = exp Φ λt = Nc g2
YM

SU(Nc)

Φ

V(Φ) →

7
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Choice of the potential

8

IR:  (no IR brane) 

• Confinement 
Wilson loop follows area law + mass gap


• Screened singularity at 


• Linear glueball spectrum 

λ → ∞

r → ∞

m2
n ∼ n
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m2
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UV:  

• Asymptotic freedom ==> AdS geom.


•  function <—> potential

λ → 0

β
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Solutions

10

UV

IR
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Solutions

10

UV

IR
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Solutions

10

UV

IR
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 —> BH horizonf(rh) = 0

Black Hole <—> deconfined
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Thermodynamics

• Temperature: time periodicity 


• Entropy follows area-law 


• Free energy: 


• Thermodynamics relations hold ( , , , …)


• Regular solution: 

τ → τ + 1/T

S = 4π M3
P N2

c V3 b(rh)3

βℱ = (𝒮ϵ
BH − 𝒮ϵ

0)/V3

ℱ ↔ S E CV

T = | ·f(rh) | /(4π)

11

thermodynamics 
of 4D theory

geometry of 5D dual
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Thermodynamics
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Confinement phase transition

14

Tunnelling 
(bubble nucleation)

Decay 
(thermodyn. instability)

• Hawking - Page phase transition [Hawking&Page’83]


• Small BH acts as an instanton
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Effective action for tunnelling

15

• Interpolate between big and small BH


• Choose an order parameter (  or )


• Violate the condition 


➡ BH not thermal eq.


➡ Conical singularity


• Regularize the metric and compute the 
contribution to the action

rh λh

Th = T
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Expand BH metric at the horizon


define


The metric describes a cone —> regular for 


Regularize with a small spherical cap

sin α = 1

Conical singularity

16
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Effective potential
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0.1 0.2 0.3 0.4 0.5 0.6

0.00

0.05
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• Stationary points <—> regular solutions:


• Big BH: min


• Small BH: max


•  —> Big BH are stable


•  —> No BH solution (no deconfined phase)

T > Tc

T < Tmin

<latexit sha1_base64="AlkaBuITJU3RLEcRBBRBWs5gq+w="></latexit>
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2
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◆
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• O(3) invariant bounce solutions


• Tunnelling rate:


• Nucleation: 


• Percolation: Universe ~ filled with confined phase bubbles 

Γ ≈ H4

Bubble nucleation

18
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Phase transition parameters
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<latexit sha1_base64="LQcoNqs7sPNNAzM3Dg7cagr8m8g="></latexit>
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⌧swH ⇠ 10! 4

<latexit sha1_base64="DPLJcBj6uVa9Ztx70GaJ1HqyT/U="></latexit>

! =
4
3

! "
w+

=
! # ! 3! p

w+
" 0.34

•  —> fast PT, no supercooling


• Inverse PT duration (controls the source duration)


• PT strength (energy released)


• Source duration (sound waves) —> signal suppression

Tn ≈ Tp ≈ 0.99Tc

mailto:enrico.morgante@units.it


Enrico Morgante 
Trieste U. & INFN

enrico.morgante@units.it 19/01/2024

GW - sound waves
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GW spectra
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GW spectra

21

!"#$%&

"'

#"($)*

++&

),*

��*-./

Tc! 011 %.2Tc! 31 4.2

v w
!

0

v w
!

0

v w
!

15
0

v w
!

15
0

v w
!

15
10

v w
!

15
10

01" 6 01" 7 01" 8 01" 9 011 01901" 99

01" 91

01" 06

01" 07

01" 08

01" 09

01" 01

“realistic”

very optimistic

mailto:enrico.morgante@units.it


Enrico Morgante 
Trieste U. & INFN

enrico.morgante@units.it 19/01/2024

GW spectra

22

wall velocity 

• often a free parameter


• can be estimated  (eg 2104.05708,2104.12817)


• for our model: 2312.09964 see Jorinde’s talk


vw ≪ 1

vw ≃ 0.07
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Kinetic term
PRELIMINARY

23

 λh

!∇ λh ≠ 0

evaluate the action on a bubble configuration
<latexit sha1_base64="rxwiosUaQta5+4BYxA3fRKPUyBk="></latexit>

S !
!

d5x . . . ( !" " h )2 + . . . ( !" " h )4 + . . .

Is  a good approximation?c ∼ 𝒪(1)
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Kinetic term
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PRELIMINARY

Small kinetic term


• expect faster transition
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Effect of the kinetic term
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Summary

26

• GW signal from confinement in a dark   gauge group


- theoretically robust model based on holography


- fitted to resemble real-world QCD


• Uncertainties


- wall velocity    but see 2312.09964 


- (kinetic term of the effective action)    in progress 


OUTLOOK 

- wall velocity, fit to lattice for large , (add flavour/axion)


- kinetic term  physical properties of the theory

SU(3)

Nc

↔
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Duration of linear fluid evolution (source duration)
<latexit sha1_base64="anWNm+4eYeC5+SrSX+VZ38eH2NE=">AAACIXicbVC7TsMwFHXKq5RXgZHFokJCDCWpEDBWsDACIoDUlMhxndaq7QT7BqmK+iss/AoLAwixIX4GN3SAliNZOj73YZ8TpYIbcN1PpzQzOze/UF6sLC2vrK5V1zeuTZJpynyaiETfRsQwwRXzgYNgt6lmREaC3UT901H95oFpwxN1BYOUtSXpKh5zSsBKYfU4AJKFgSTQ0zI3vSEODJf4MtzD+5bea8gDQVRXMOyH8V0DB7q4DcNqza27BfA08cakhsY4D6sfQSehmWQKqCDGtDw3hXZONHBq91WCzLCU0D7pspalikhm2nnhcIh3rNLBcaLtUYAL9fdETqQxAxnZzpEVM1kbif/VWhnEx+2cqzQDpujPQ3EmMCR4FBfucM0oiIElhGpu/4ppj2hCwYZasSF4k5anyXWj7h3WDy4Oas2TcRxltIW20S7y0BFqojN0jnxE0SN6Rq/ozXlyXpx35+OnteSMZzbRHzhf3yAmo3w=</latexit>

! sh ! R! /
!

"U2
f #

typical fluid length / av. plasma velocity

<latexit sha1_base64="T7ElxI/zbDFUswxGE5kXemXaiDw=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6sI6I0VdFt10WcE+oDOWTJppQzOTkGSEMnbhr7hxoYhbf8Odf2PazkJbD1w4nHMv994TCEaVdpxvK7e0vLK6ll8vbGxube/Yu3tNxROJSQNzxmU7QIowGpOGppqRtpAERQEjrWB4M/FbD0QqyuM7PRLEj1A/piHFSBupax94QnKhOSx5AdHorHZyn566465ddMrOFHCRuBkpggz1rv3l9ThOIhJrzJBSHdcR2k+R1BQzMi54iSIC4SHqk46hMYqI8tPp/WN4bJQeDLk0FWs4VX9PpChSahQFpjNCeqDmvYn4n9dJdHjlpzQWiSYxni0KEwbNv5MwYI9KgjUbGYKwpOZWiAdIIqxNZAUTgjv/8iJpnpfdi3LltlKsXmdx5MEhOAIl4IJLUAU1UAcNgMEjeAav4M16sl6sd+tj1pqzspl98AfW5w+FtZUk</latexit>
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GW - sound waves

28

<latexit sha1_base64="WwQMxlrkwH8BPAcqIuF6H0DdY7I="></latexit>
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Normalized to photon density
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Kinetic energy fraction
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Long-lasting source: 
correlation time of 

acoustic production
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