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Motivation

Can we probe it
with gravitational
waves?

Dark(est) sector

(interacts only gravitationally w/ SM)

Strongly coupled?
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Columbia plot

Ny =2 pure glue
SU(3)

1st order Our real world example: QCD

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

- In general, FOPT for N, > N,

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

1st order

0 Mayd OO e simple first step

Jana Gunther [2010.15503] e |attice data well available and understood
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Strong coupling

o Strongly coupled theory —> 7

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

» Effective models (Polyakov loop / NJL)

» Holography (bottom-up) (AdS; Einstein+dilaton gravity <> 4D CFT)
= quantitatively, it works.

= Are we stretching the regime of validity?
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Improved holographic
QCD

Gursoy, Kiritsis, Mazzanti, Nitti

0707.1324, 070/7.1349, 0812.0/92, 0903.2859, ...
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Improved Holographic QC

4
S5 = —M3N? / d°x\/q | R — §(8<I>)2 +V(®)| +2MpN? / d*zvVhK
oM

* Radial fifth-dim coordinate r <—> RG scale
» Scalar field 4 = exp ® <—> "t Hooft coupling 4, = N g%M
» Solutions of EOM <—> phases of SU(V,.)

e @ fluctuations <—> scalar glueballs

» Scalar potential V(®) — fit SU(3) thermodyn. and spectrum
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Choice of the potential

UVv: 4 — 0 IR: A — 00 (no IR brane)

* Asymptotic freedom ==> AdS geom. » Confinement
Wilson loop follows area law + mass gap

» [# function <—> potential | |
e Screened singularity at r = o0

B~ —boA% — b A3 + ... V) ~ A3 log\) s, a>1
= V(A) = Z (1 +voX +v1A* +...) . Linear glueball spectrum m?* ~ n
m?2 ~ p2laTb/a o o =9
Ansatz:
V(N = Z {1 + Vo + ViIAY 3[log (1 + VoA?/? 4 VSAQ)]W}
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Solutions

al 4 1 _
b(r)~ — |14 |
(r) r |  9logrA
| i
(1) ~
() log rA

(1)

Hbz

—

actor

scale T:

enrico.morgante@units.it

10 19/01/2024


mailto:enrico.morgante@units.it

Enrico Morgante AN UNIVERSITA

- %@\?m i%i DEGLI STUDI
Trieste U. & INFN ==/ DITRIESTE

“".sm

Solutions -

asymptotically AdS ()~ ‘12 L 4

1 Thermal gas <—> confined

og r/A

ds® = b*(r)(dr® — dt* + dz*)
b = dy(r), r e (0,00)

Hbz

P—

ctor

—

—

scale fa
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asymptotically AdS ()~ ‘12 L 4

A1) ~ 1og17~ ~ Thermal gas <—> confined
ds® = b*(r)(dr® — dt* + dz°)
, d = Py(r), r e (0,00)
jcg: Black Hole <—> deconfined
ié T'h, big "l o ds® = b*(r) i f(r)dt® + d.cf:’Q_
R K / f(r) _

f(r,) = 0 —> BH horizon
b = (I)(T) , T & (O,Th)

10 19/01/2024
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Thermodynamics

« Temperature: time periodicity 7 — 7+ 1/T thi;rzgd%‘neegp;cs

« Entropy follows area-law S = 4z M }3, Nf V; b(rh)3

» Free energy: pF = (Sgy — )/ V3

» Thermodynamics relations hold (# < §, £, Cy, ...)

« Regular solution: 7' = \f(rh) | /(47) geometry of 5D dual

enrico.morgante@units.it 11 19/01/2024
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Thermodynamics
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Confinement phase transition

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

Small BH acts as an instanton

small BH

\
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Effective action for tunnelling

* Interpolate between big and small BH

@*  ” » Choose an order parameter (r;, or 4,)
Iy « Violate the condition 1, = 1
Re,
| ~=
\E — ol = BH not thermal eq.
L T4 i 'R, small r . : :
C&* A g\ = (Conical singularity
2y
* Regularize the metric and compute the

contribution to the action

enrico.morgante@units.it
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Conical singularity

Expand BH metric at the horizon

dr? .
ds® = b(r)? (f(rr) - f(r)dt* + da‘:’Q) fr) = fu(r—rn),  b(r) =by
2b
define B 1/};\/7“—7%, y >0
h

o =2rlt, 0<p<27

The metric describes a cone —> regular for sina = 1

: 2 :
T
d2:d2 2 fh d 2 : _ fh ~ 1p
S Yy t+y (—47TT P sin o T =

Regularize with a small spherical cap

SPH = _\3N? / P fgIR ~ 5 (06) +V(6) -

| >vanish as R, — 0

enrico.morgante@units.it 16
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ree e Effective potential

T
Vet = F(An) — AnMINZb(Ap)° (1 1?)

0.10—-
Lo Stationary points <—> regular solutions:
\ R
/Q 0.05F : . :
= | * Big BH: min
=
X Small BH: max

0.00

"> 1. —> Big BH are stable

I'< 1. —>No BH solution (no deconfined phase)
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Bubble nucleation

* O(3) invariant bounce solutions

A7

Seft = dpp”

T

* Tunnelling rate:

e Nucleation: " ~ H*

* Percolation: Universe ~ filled with confined phase bubbles

enrico.morgante@units.it

N2

18

5 (0rAn(1))” + Vet (An (7))

'_i_
lil
’b

UNIVERSITA
DEGLI STUDI
" DITRIESTE

19/01/2024


mailto:enrico.morgante@units.it

@S UNIVERSITA
& 2 DEGLISTUDI

Enrico Morgante
H DITRIESTE

Trieste U. & INFN

Phase transition parameters

. T~ Tp ~ 0.99T. —> fast PT, no supercooling

* |nverse PT duration (controls the source duration)

I :T(d53> ~ 10°

H dl’

» PT strength (energy released)

| " | | |
!:4. :.#. 3 p . 0.3
3W+ W+

* Source duration (sound waves) —> signhal suppression

Tow H 10 “

enrico.morgante@units.it 19 19/01/2024
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1910.13125 LISA Cosmology Working Group

~
. m
e BN ."‘n.

ngW’()/d log f

Sound waves
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wall velocity

o often a free parameter

e can be estimated v, K 1 (eq2104.05708,2104.12817)

e for our model;: 2312.09964 sce Jorinde’s talk

— v ~007
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Kinetic term
PRELIMINARY

A - NZ ]
Thy Ah Seft = dpp” C 162 OrAn(T )% + Vet (An(r))
| | 167 :
Vi, #0
Is ¢ ~ (O(1) a good approximation?
~small B
A, evaluate the action on a bubble configuration
blg B 3 | 5 || 1 2 ll " 4
S | X ...(""h) (R
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Kinetic term

PRELIMINARY

'S\ TTTTo analytic . , N2 ¢ _
;ﬁ ) proved Seff — ? dpp 167’(‘ (8 )‘h(r)) Vveff(Ah(T))_
E‘D‘ #1 (L
-
C) ' " "
% # Small kinetic term
-
e  expect faster transition

TS T% RS %
A,
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Effect of the kinetic term
PRELIMINARY
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Summary

GW signal from confinement in a dark SU(3) 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 V.., (add flavour/axion)

- kinetic term <> physical properties of the theory
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1910.13125 LISA Cosmology Working Group

Normallzed to photon denS|ty Duration of linear fluid evolution (source duration)
I | % | | | ny 12 | | 1 1
gt Yo 9 typical fluid length / av. plasma velocity
| . . .
A gwo _ 0.687F g oK 2 AlLi . 52! I qw C !
dlogf Cs K12 fn0
Kinetic energy fraction l 10 f7 forf<f,
2 Long-lasting source: f'4 forf>f
- |- 2 Y. correlation time of
) 1+! g W)V H d acoustic production
=i I (1/H ) - . "oy P
I (! ' - P1/6
121 10 °" 10 * fpo! 26 - P i ) HHz

H/R, 10 100GeV 100
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