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Motivation

EM, Nicklas Ramberg, Pedro Schwaller (U. Mainz)

Gravitational Waves from Dark SU(3) Yang-Mills Theory [2210.11821, PRD] 

+ ongoing…
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First-order 
confinement PT 

Gravitational waves

Strongly interacting 
dark sector

• Composite sectors…

• Mirror sectors…

• String theory

see talks by 
Jacopo Nava 
Jun’ya Kume
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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 CFTAdS5 ↔

3

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

• simple first step


• lattice data well available and understood


• good holographic model

→
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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 


• Scale factor  <—> Energy scale 


• Solutions of EOM <—> phases of 


•  fluctuations <—> scalar glueballs


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

λ = exp Φ λt = Nc g2
YM

b(r) E = E0b(r)

SU(Nc)

Φ

V(Φ) →

5
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Choice of the potential

6

IR:  

• Confinement


• Linear glueball spectrum 


• Thermodynamics


• Screened singularity at 

λ → ∞

m2
n ∼ n

r → ∞

UV:  

• Asymptotic freedom


•  function <—> potential


λ → 0

β

Ansatz:
<latexit sha1_base64="wCkLyQS2swHGjLOQZckwLRHq334="></latexit>
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Solutions at T ≠ 0
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Solutions
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UV

IR
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Thermal gas <—> confined
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 —> BH horizonf(rh) = 0

Black Hole <—> deconfined
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Thermodynamics
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Blue ρ
T4 Nc2

Black 3P
T4 Nc2

Red 3 s
4 T3 Nc2
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0.6thermodynamics of 4D theory

geometry of 5D dual
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Phase transition
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Confinement phase transition
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Tunnelling 
(bubble nucleation)

Decay 
(thermodyn. instability)

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


• Small BH acts as an instanton

mailto:enrico.morgante@units.it
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Effective action for tunnelling

12

• 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

mailto:enrico.morgante@units.it
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Effective potential

13

0.1 0.2 0.3 0.4 0.5 0.6

0.00

0.05

0.10

• Stationary points <—> regular solutions:


• Big BH: min


• Small BH: max


•  —> Big BH are stable


•  —> No BH solution (no deconfined phase)

T > Tc

T < Tmin
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• O(3) invariant bounce solutions


• Tunnelling rate:


• Nucleation: 


• Percolation: Universe ~ filled with confined phase bubbles 

Γ ≈ H4

Bubble nucleation

14
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Phase transition parameters
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•  —> 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
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GW - sound waves

16

1910.13125 LISA Cosmology Working Group
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GW spectra
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GW spectra
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wall velocity 

• often a free parameter


• can be estimated  (eg 2104.05708,2104.12817)


• for our model: 2312.09964 Sanchez-Garitaonandia+


vw ≪ 1

vw ≃ 0.07
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Kinetic term
PRELIMINARY

19

 λh

⃗∇ λh ≠ 0

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

Small kinetic term


• expect fast transition
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Effect of the kinetic term
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PRELIMINARY
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Summary

22

• 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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UV: asymptotic freedom

24
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Geometry in the UV

25
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IR: Confinement

26

1. The static potential of a probe  pair is linear in the distance


2. Mass gap: no asymptotic massless state (no free gluon)


3. Linear glueball spectrum

q q̄

(flux tube w/ constant energy/length)

<latexit sha1_base64="o6SNzbZH2qU0W/n65ZJsS8HN0Ow=">AAAB9XicbVA9SwNBEJ3zM8avqKXNYhBiE+4kqGXAQosUEcwHJGfY2+wlS/Z2j909JRz5HzYWitj6X+z8N26SKzTxwcDjvRlm5gUxZ9q47rezsrq2vrGZ28pv7+zu7RcODptaJorQBpFcqnaANeVM0IZhhtN2rCiOAk5bweh66rceqdJMinszjqkf4YFgISPYWOmhWaqdoW6sZGwkqvUKRbfszoCWiZeRImSo9wpf3b4kSUSFIRxr3fHc2PgpVoYRTif5bqJpjMkID2jHUoEjqv10dvUEnVqlj0KpbAmDZurviRRHWo+jwHZG2Az1ojcV//M6iQmv/JSJODFUkPmiMOHIvjiNAPWZosTwsSWYKGZvRWSIFSbGBpW3IXiLLy+T5nnZuyhX7irF6k0WRw6O4QRK4MElVOEW6tAAAgqe4RXenCfnxXl3PuatK042cwR/4Hz+AAEYkZM=</latexit>

V (L) / L

L

<latexit sha1_base64="5PEG69Jk01qEMCizzMwl8QFNML8=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkpSirqSggtdVrAPaGOYTKft0JkkzEyEEgr+ihsXirj1O9z5N07aLLT1wMDhnHu5Z04Qc6a043xbhZXVtfWN4mZpa3tnd8/eP2ipKJGENknEI9kJsKKchbSpmea0E0uKRcBpOxhfZ377kUrFovBeT2LqCTwM2YARrI3k20fioer3BNYjKdIhT+gUXSHHt8tOxZkBLRM3J2XI0fDtr14/IomgoSYcK9V1nVh7KZaaEU6npV6iaIzJGA9p19AQC6q8dBZ/ik6N0keDSJoXajRTf2+kWCg1EYGZzIKqRS8T//O6iR5ceikL40TTkMwPDRKOdISyLlCfSUo0nxiCiWQmKyIjLDHRprGSKcFd/PIyaVUr7nmldlcr12/yOopwDCdwBi5cQB1uoQFNIJDCM7zCm/VkvVjv1sd8tGDlO4fwB9bnD16IlR8=</latexit>

m2
glue > 0

<latexit sha1_base64="cruAHtiRjXVzcVArljGJydcs7tA=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9ktpXoseNBjBfsB3bVk02wbmmSXJCuUpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpOFaFtEvNY9UKsKWeStg0znPYSRbEIOe2Gk5u5332iSrNYPphpQgOBR5JFjGBjJV881gYS+ZoJJAflilt1F0DrxMtJBXK0BuUvfxiTVFBpCMda9z03MUGGlWGE01nJTzVNMJngEe1bKrGgOsgWN8/QhVWGKIqVLWnQQv09kWGh9VSEtlNgM9ar3lz8z+unJroOMiaT1FBJlouilCMTo3kAaMgUJYZPLcFEMXsrImOsMDE2ppINwVt9eZ10alWvUa3f1yvN2zyOIpzBOVyCB1fQhDtoQRsIJPAMr/DmpM6L8+58LFsLTj5zCn/gfP4AHhKRHQ==</latexit>

m2
n ⇠ n
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Confinement
in holography

27

in QFT: 
Wilson loop follows area law:

<latexit sha1_base64="lMZoJ4dOfqen51bO1hIxf/QC0Gs="></latexit>

W = tr


P exp

✓
i

I
Aµdx

µ

◆�
/ L⇥ t

L
t

 potential:q q̄
Holography: 

Nambu-Goto string action 
on a rectangle of sides L × t

glueball masses: Spectrum of fluctuations Φ(r)

<latexit sha1_base64="HphCVl5UQXpa2dzxCmph9ExbZMM=">AAACGnicbVDLSgMxFM3UV62vUZdugkVooZQZKeqy4EKXFWwrdIaSyWTa0MyD5I5SSr/Djb/ixoUi7sSNf2OmnYW2HgicnHPvTe7xEsEVWNa3UVhZXVvfKG6WtrZ3dvfM/YOOilNJWZvGIpZ3HlFM8Ii1gYNgd4lkJPQE63qjy8zv3jOpeBzdwjhhbkgGEQ84JaClvml7FVl1ariGndaQa471xREsAMkHQyBSxg+Z1Kk4Qk/1SbVvlq26NQNeJnZOyihHq29+On5M05BFQAVRqmdbCbgTIoFTwaYlJ1UsIXREBqynaURCptzJbLUpPtGKj4NY6hMBnqm/OyYkVGoceroyJDBUi14m/uf1Uggu3AmPkhRYROcPBanAEOMsJ+xzySiIsSaESq7/iumQSEJBp1nSIdiLKy+TzmndPqs3bhrl5lUeRxEdoWNUQTY6R010jVqojSh6RM/oFb0ZT8aL8W58zEsLRt5ziP7A+PoBsz2eQA==</latexit>

b(r) ,�(r) $ V (�)

equations of motion
<latexit sha1_base64="AL6c4j/tu75psWgL36UuA/h/mCg="></latexit>

V (�) ⇠ �4/3(log �)1/2 , � ! 1

mailto:enrico.morgante@units.it


Enrico Morgante 
Trieste U. & INFN

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

Potential

28

<latexit sha1_base64="wCkLyQS2swHGjLOQZckwLRHq334="></latexit>

V (�) =
12

`2

n
1 + V0�+ V1�

4/3[log(1 + V2�
4/3 + V3�

2)]1/2
o

Ansatz:

<latexit sha1_base64="5IhkLIjZhKrYF3qFxVkJcLT/m8c=">AAACGnicbVDNS8MwHE39nPOr6tFLcAjbZWvnUI8DD3qc4D5g7UaaZltY0pYkFUbp3+HFf8WLB0W8iRf/G7Otgm4+CLy8934kv+dFjEplWV/Gyura+sZmbiu/vbO7t28eHLZkGAtMmjhkoeh4SBJGA9JUVDHSiQRB3GOk7Y2vpn77nghJw+BOTSLicjQM6IBipLTUN+1W0WE67qMSdCTlMLv1klrlLNVeOPyRSr3ErlTTvlmwytYMcJnYGSmADI2++eH4IY45CRRmSMqubUXKTZBQFDOS5p1YkgjhMRqSrqYB4kS6yWy1FJ5qxYeDUOgTKDhTf08kiEs54Z5OcqRGctGbiv953VgNLt2EBlGsSIDnDw1iBlUIpz1BnwqCFZtogrCg+q8Qj5BAWOk287oEe3HlZdKqlu3zcu22VqhfZ3XkwDE4AUVggwtQBzegAZoAgwfwBF7Aq/FoPBtvxvs8umJkM0fgD4zPb3O+n0k=</latexit>

V (�) ⇠ �4/3(log �)1/2

IR: λ → ∞UV: λ → 0
<latexit sha1_base64="s31AmY0qV2LUHRIAbnKAdB17Sp8="></latexit>

V (�) =
12

`2
(1 + v0�+ v1�

2 + . . . )

<latexit sha1_base64="vaJEgK96YZD+UIj33VedkNFzHnY=">AAACA3icbVDLSsNAFL2pr1pfUXe6GSyCi1KTUtRlwYUuK9gHNDFMppN2cPJgZiKUUHDjr7hxoYhbf8Kdf+O0zUJbDxw4nHMvM/f4CWdSWda3UVhaXlldK66XNja3tnfM3b22jFNBaIvEPBZdH0vKWURbiilOu4mgOPQ57fj3l5O880CFZHF0q0YJdUM8iFjACFba8syDtmchp1LRdCqo7dmatbvMPq2NPbNsVa0p0KKwc1GGHE3P/HL6MUlDGinCsZQ920qUm2GhGOF0XHJSSRNM7vGA9rSMcEilm01vGKNj7fRREAvNSKGp+3sjw6GUo9DXkyFWQzmfTcz/sl6qggs3Y1GSKhqR2UNBypGK0aQQ1GeCEsVHWmAimP4rIkMsMFG6tpIuwZ4/eVG0a1X7rFq/qZcbV3kdRTiEIzgBG86hAdfQhBYQeIRneIU348l4Md6Nj9lowch39uEPjM8fBW6Umw==</latexit>

V0 , V1V
1/2
2

fixed by UV fit to lattice data 
(thermodyn. or glueballs)

<latexit sha1_base64="JtyGinVL5C6szRivgGpyjWDvALw=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KCXRoh4LHvRYwaaFJoTNdtsu3WzC7qZQQv+JFw+KePWfePPfuG1z0NYHA4/3ZpiZF6WcKe0439ba+sbm1nZpp7y7t39waB8deyrJJKEtkvBEdiKsKGeCtjTTnHZSSXEccdqORnczvz2mUrFEPOlJSoMYDwTrM4K1kULb9kIX+dWqKb+KvPAqtCtOzZkDrRK3IBUo0AztL7+XkCymQhOOleq6TqqDHEvNCKfTsp8pmmIywgPaNVTgmKogn18+RedG6aF+Ik0Jjebq74kcx0pN4sh0xlgP1bI3E//zupnu3wY5E2mmqSCLRf2MI52gWQyoxyQlmk8MwUQycysiQywx0SassgnBXX55lXiXNfe6Vn+sVxr3RRwlOIUzuAAXbqABD9CEFhAYwzO8wpuVWy/Wu/WxaF2zipkT+APr8wfv7pFL</latexit>

V1 , V3
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Confined / deconfined

29

<latexit sha1_base64="vzGkKwHqJjRQicqiVGWVxJ65bJE=">AAACEXicbVDLSgMxFM3UV62vUZdugkWYIpaZoagboeBClxXsA9ppyWQybWjmQZIplqG/4MZfceNCEbfu3Pk3pu0stPVAyMk593JzjxszKqRpfmu5ldW19Y38ZmFre2d3T98/aIgo4ZjUccQi3nKRIIyGpC6pZKQVc4ICl5GmO7ye+s0R4YJG4b0cx8QJUD+kPsVIKqmnGx4UXRteQbdrG7wEDY+r5xn0pLpOodcZEQwfunappxfNsjkDXCZWRoogQ62nf3W8CCcBCSVmSIi2ZcbSSRGXFDMyKXQSQWKEh6hP2oqGKCDCSWcbTeCJUjzoR1ydUMKZ+rsjRYEQ48BVlQGSA7HoTcX/vHYi/UsnpWGcSBLi+SA/YVBGcBoP9CgnWLKxIghzqv4K8QBxhKUKsaBCsBZXXiYNu2ydlyt3lWL1JosjD47AMTCABS5AFdyCGqgDDB7BM3gFb9qT9qK9ax/z0pyW9RyCP9A+fwDDIZk/</latexit>

ds2 = b2(r)(dr2 � dt2 + d~x2)

Thermal gas <—> confined

<latexit sha1_base64="zaswnkmlJfGOCh4tZYsyWjYi8/k=">AAACFHicbVDLSsNAFJ34rPUVdelmsAgtlpJIUTdCwYUuK9gHNKVMJpN26GQSZyZCCP0IN/6KGxeKuHXhzr9x0mahrQeGezjnXu7c40aMSmVZ38bS8srq2npho7i5tb2za+7tt2UYC0xaOGSh6LpIEkY5aSmqGOlGgqDAZaTjjq8yv/NAhKQhv1NJRPoBGnLqU4yUlgbmidMcUXgJszKwYFlUoFOtQuc+Rh4UDuWwbFV18VVSGZglq2ZNAReJnZMSyNEcmF+OF+I4IFxhhqTs2Vak+ikSimJGJkUnliRCeIyGpKcpRwGR/XR61AQea8WDfij04wpO1d8TKQqkTAJXdwZIjeS8l4n/eb1Y+Rf9lPIoVoTj2SI/ZlCFMEsIelQQrFiiCcKC6r9CPEICYaVzLOoQ7PmTF0n7tGaf1eq39VLjOo+jAA7BESgDG5yDBrgBTdACGDyCZ/AK3own48V4Nz5mrUtGPnMA/sD4/AF7sZtj</latexit>

� = �0(r) , r 2 (0,1)

<latexit sha1_base64="v0hByychChfiMFURjidJ9Cmk3C8="></latexit>

ds2 = b2(r)


dr2

f(r)
� f(r)dt2 + d~x2

�
Black Hole <—> deconfined

<latexit sha1_base64="tZRZl+4igwuWooAc/hYv9ho8pDg=">AAACD3icbVDLSsNAFJ34rPUVdelmsCgtlJJIUTdCwYUuK9gHNCFMJpN26GQSZyZCKf0DN/6KGxeKuHXrzr9xmmahrQcu93DOvczc4yeMSmVZ38bS8srq2npho7i5tb2za+7tt2WcCkxaOGax6PpIEkY5aSmqGOkmgqDIZ6TjD6+mfueBCEljfqdGCXEj1Oc0pBgpLXnmidMcUHgJs1YWFehUq9C5T1EAhUM5LFtV4Q0qnlmyalYGuEjsnJRAjqZnfjlBjNOIcIUZkrJnW4lyx0goihmZFJ1UkgThIeqTnqYcRUS64+yeCTzWSgDDWOjiCmbq740xiqQcRb6ejJAayHlvKv7n9VIVXrhjypNUEY5nD4UpgyqG03BgQAXBio00QVhQ/VeIB0ggrHSERR2CPX/yImmf1uyzWv22Xmpc53EUwCE4AmVgg3PQADegCVoAg0fwDF7Bm/FkvBjvxsdsdMnIdw7AHxifP7QjmVU=</latexit>

� = �(r) , r 2 (0, rh)

Polyakov loop


(finite T version of 
Wilson loop)

<latexit sha1_base64="jnlFdj97caLuAcuZ0EkXgo+vRZc="></latexit>

PL =
1

Nc
tr

"
T exp

 
i

Z �

0
A0d⌧

!#

Witten hep-th/9803131

<latexit sha1_base64="Kp61qahN1tKtd1npY8ntkLnwDNs=">AAACJnicbVDLSgMxFM34rOOr6tJNsAiuyoyIuikUXOiyglWhU0omvdMGM5kxuSOUoV/jxl9x46Ii4s5PMdPOwtchgcM5997knjCVwqDnfThz8wuLS8uVFXd1bX1js7q1fW2STHNo80Qm+jZkBqRQ0EaBEm5TDSwOJdyEd2eFf/MA2ohEXeEohW7MBkpEgjO0Uq/aCCREGORuEMJAqJxpzUbjXI7dBvVoELjFUXBPPTcA1S99N9BiMMR6r1rz6t4U9C/xS1IjJVq96iToJzyLQSGXzJiO76XYtVNRcAl2bmYgZfyODaBjqWIxmG4+XXNM963Sp1Gi7VVIp+r3jpzFxozi0FbGDIfmt1eI/3mdDKPTbi5UmiEoPnsoyiTFhBaZ0b7QwFGOLGFcC/tXyodMM442WdeG4P9e+S+5Pqz7x/Wjy6Na87yMo0J2yR45ID45IU1yQVqkTTh5JM9kQl6dJ+fFeXPeZ6VzTtmzQ37A+fwCRsSkcA==</latexit>8
<

:

= 0

6= 0

confined

deconfined

<latexit sha1_base64="pYKOW/fehc+25kPsXDAqLoPrsCY=">AAACDXicbVDJSgNBEO2JW4zbqEcvjVGIoGFGgnoRAoJ68BDBLJAJoadTkzTpWejuEcMkP+DFX/HiQRGv3r35N3aWgyY+KHi8V0VVPTfiTCrL+jZSc/MLi0vp5czK6tr6hrm5VZFhLCiUachDUXOJBM4CKCumONQiAcR3OVTd7sXQr96DkCwM7lQvgoZP2gHzGCVKS01zr+/4RHVcLyndDPr4HDvwEOHcEXZcUAQ7h/gSHzTNrJW3RsCzxJ6QLJqg1DS/nFZIYx8CRTmRsm5bkWokRChGOQwyTiwhIrRL2lDXNCA+yEYy+maA97XSwl4odAUKj9TfEwnxpez5ru4cni6nvaH4n1ePlXfWSFgQxQoCOl7kxRyrEA+jwS0mgCre04RQwfStmHaIIFTpADM6BHv65VlSOc7bJ/nCbSFbvJrEkUY7aBflkI1OURFdoxIqI4oe0TN6RW/Gk/FivBsf49aUMZnZRn9gfP4A49+ZhQ==</latexit>

|PL| = exp(�� F ) energy cost of removing one colour charge
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Thermodynamics
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Blue ρ
T4 Nc2

Black 3P
T4 Nc2

Red 3 s
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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

31

<latexit sha1_base64="kxZY8hfSS6Us3yD6i7IAo9GI1gA="></latexit>

ds2 = b(r)2
✓

dr2

f(r)
+ f(r)dt2 + d~x2

◆
<latexit sha1_base64="FrZlDsaZFPuOBbLvvnCF9przmMQ=">AAACH3icbVBLSwMxGMzWV11fqx69BIvQQi27UqrHohePFewDusuSTbPd0OyjSVYspf/Ei3/FiwdFxFv/jWm7h9o6EBhm5kvyjZcwKqRpTrXcxubW9k5+V9/bPzg8Mo5PWiJOOSZNHLOYdzwkCKMRaUoqGekknKDQY6TtDe5mfvuJcEHj6FGOEuKEqB9Rn2IkleQaNb/ISzZKEh4/Q7sXS+i7ASzyS+4GJbtc1u3hMEU93VuKeW7gGgWzYs4B14mVkQLI0HCNH3U5TkMSScyQEF3LTKQzRlxSzMhEt1NBEoQHqE+6ikYoJMIZz/ebwAul9KAfc3UiCefq8sQYhUKMQk8lQyQDserNxP+8bir9G2dMoySVJMKLh/yUQRnDWVmwRznBko0UQZhT9VeIA8QRlqpSXZVgra68TlpXFatWqT5UC/XbrI48OAPnoAgscA3q4B40QBNg8ALewAf41F61d+1L+15Ec1o2cwr+QJv+ArCgoOw=</latexit>

f(r) ⇡ ḟh(r � rh) , b(r) ⇡ bh

<latexit sha1_base64="KIoQqMHrlJcvzy/oteXUAO49Gic="></latexit>8
<

:
y =

2bh

ḟ1/2
h

p
r � rh , y > 0

' = 2⇡Tt , 0 < ' < 2⇡

<latexit sha1_base64="I7RXqLR/9s/H6G9T0FNgTkuYvt8="></latexit>

ds2 = dy2 + y2
 

ḟh
4⇡T

!2

d'2

<latexit sha1_base64="FbgTDMs0Acqfl37s2AXOvlhHPl4=">AAACInicbVDLSsNAFJ3UV62vqEs3g0VwVRIpPhZC0Y3LCukDmlAm00k7dDKJM5NCCfkWN/6KGxeKuhL8GCdtFtp64MLhnHtn7j1+zKhUlvVllFZW19Y3ypuVre2d3T1z/6Ato0Rg0sIRi0TXR5IwyklLUcVINxYEhT4jHX98m/udCRGSRtxR05h4IRpyGlCMlJb65pUrKXcRi0cIXkM3EAin7iBSMOiPsrTuxhQ6GXTJQ0Inhe3kjpP1zapVs2aAy8QuSBUUaPbND/0wTkLCFWZIyp5txcpLkVAUM5JV3ESSGOExGpKephyFRHrp7MQMnmhlAINI6OIKztTfEykKpZyGvu4MkRrJRS8X//N6iQouvZTyOFGE4/lHQcKgimCeFxxQQbBiU00QFlTvCvEI6RyUTrWiQ7AXT14m7bOafV6r39erjZsijjI4AsfgFNjgAjTAHWiCFsDgETyDV/BmPBkvxrvxOW8tGcXMIfgD4/sHc6akRQ==</latexit>

sin↵ =
ḟh
4⇡T

⌘ Th

T

<latexit sha1_base64="G3sp8XPwOWgKI2tK8MsewKb8Pnc="></latexit>

SBH

cap
= �M3

pN
2

c

Z
d5x

p
g[R� 4

3
(@�)2 + V (�)]

finite 
vanish as Rs → 0
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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⇤/
q
hU2

f i

typical fluid length / av. plasma velocity

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

/ (�/H)�1

GW - sound waves

32

<latexit sha1_base64="WwQMxlrkwH8BPAcqIuF6H0DdY7I="></latexit>

d⌦gw,0

d log f
= 0.687Fgw,0K

2

✓
H⇤R⇤
cs

◆ ✓
H⇤R⇤

K1/2

◆
⌦̃gw C

✓
f

fp,0

◆

Normalized to photon density
<latexit sha1_base64="GgrF4nryFKsp8JLxt5nXE27Hzv0="></latexit>

Fgw,0 = ⌦�,0

✓
gs0
gs⇤

◆ 4
3 g⇤
g0

⇠ 10�5

✓
100

g⇤

◆ 1
3

Kinetic energy fraction
<latexit sha1_base64="SOPynuNxcOsmXZc6l12SxfmyuJ8=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiCUBIp6kYouhHcVLAPaEq5mU7aoZNkmJkIJWTtxl9x40IRt36BO//GaZuFth64cOace5l7jy84U9pxvq2FxaXlldXCWnF9Y3Nr297Zbag4kYTWScxj2fJBUc4iWtdMc9oSkkLoc9r0h9djv/lApWJxdK9HgnZC6EcsYAS0kbr2wS2+xF4ggaQecDEAbwhCQJa6J9N31rVLTtmZAM8TNycllKPWtb+8XkySkEaacFCq7TpCd1KQmhFOs6KXKCqADKFP24ZGEFLVSSenZPjIKD0cxNJUpPFE/T2RQqjUKPRNZwh6oGa9sfif1050cNFJWSQSTSMy/ShIONYxHueCe0xSovnIECCSmV0xGYDJRZv0iiYEd/bkedI4Lbtn5cpdpVS9yuMooH10iI6Ri85RFd2gGqojgh7RM3pFb9aT9WK9Wx/T1gUrn9lDf2B9/gCOhJo3</latexit>

K =
↵

1 + ↵

<latexit sha1_base64="dstEYvBVyhMNnewmngvndTQaNow="></latexit>

 =
3

✏v3w

Z
w(⇠)v2�2⇠2d⇠

<latexit sha1_base64="K1kyBaO/YZJM0cPqpAnS38YzyuY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKe5KUC9C0IvHCOYhyRJmJ7PJkJndZaZXDEu+wosHRbz6Od78GyePg0YLGoqqbrq7gkQKg6775eSWlldW1/LrhY3Nre2d4u5ew8SpZrzOYhnrVkANlyLidRQoeSvRnKpA8mYwvJ74zQeujYijOxwl3Fe0H4lQMIpWuu88CnJJ9Al2iyW37E5B/hJvTkowR61b/Oz0YpYqHiGT1Ji25yboZ1SjYJKPC53U8ISyIe3ztqURVdz42fTgMTmySo+EsbYVIZmqPycyqowZqcB2KooDs+hNxP+8dorhhZ+JKEmRR2y2KEwlwZhMvic9oTlDObKEMi3srYQNqKYMbUYFG4K3+PJf0jgte2flym2lVL2ax5GHAziEY/DgHKpwAzWoAwMFT/ACr452np03533WmnPmM/vwC87HN6hLj6w=</latexit>

⇠ = r/t

Long-lasting source: 
correlation time of 

acoustic production
<latexit sha1_base64="T7ElxI/zbDFUswxGE5kXemXaiDw=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6sI6I0VdFt10WcE+oDOWTJppQzOTkGSEMnbhr7hxoYhbf8Odf2PazkJbD1w4nHMv994TCEaVdpxvK7e0vLK6ll8vbGxube/Yu3tNxROJSQNzxmU7QIowGpOGppqRtpAERQEjrWB4M/FbD0QqyuM7PRLEj1A/piHFSBupax94QnKhOSx5AdHorHZyn566465ddMrOFHCRuBkpggz1rv3l9ThOIhJrzJBSHdcR2k+R1BQzMi54iSIC4SHqk46hMYqI8tPp/WN4bJQeDLk0FWs4VX9PpChSahQFpjNCeqDmvYn4n9dJdHjlpzQWiSYxni0KEwbNv5MwYI9KgjUbGYKwpOZWiAdIIqxNZAUTgjv/8iJpnpfdi3LltlKsXmdx5MEhOAIl4IJLUAU1UAcNgMEjeAav4M16sl6sd+tj1pqzspl98AfW5w+FtZUk</latexit>

/ (�/H)�1

<latexit sha1_base64="qvPd0tN7rEDar6efaen57c9B+QQ="></latexit>⇢
f3 for f < fp
f�4 for f > fp

<latexit sha1_base64="gCxERyyfw1xbxQpbhvzx3SrluZI=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBi2W3FPVY9OKxgv2A7lqyabYNTbJLkhXK0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nitAWiXmsuiHWlDNJW4YZTruJoliEnHbC8e3M7zxRpVksH8wkoYHAQ8kiRrCxku9rJpDnPmYXtWm/XHGr7hxolXg5qUCOZr/85Q9ikgoqDeFY657nJibIsDKMcDot+ammCSZjPKQ9SyUWVAfZ/OYpOrPKAEWxsiUNmqu/JzIstJ6I0HYKbEZ62ZuJ/3m91ETXQcZkkhoqyWJRlHJkYjQLAA2YosTwiSWYKGZvRWSEFSbGxlSyIXjLL6+Sdq3qXVbr9/VK4yaPowgncArn4MEVNOAOmtACAgk8wyu8Oanz4rw7H4vWgpPPHMMfOJ8/t8yQ1g==</latexit>

⇠ 10�2

<latexit sha1_base64="gAW3yxysXQR7BLTGwFWq8kLtz5g="></latexit>

fp,0 ' 26

✓
1

H⇤R⇤

◆⇣
zp

10

⌘✓
T⇤

100GeV

◆⇣
g⇤
100

⌘1/6
µHz

<latexit sha1_base64="Bz6vM9Oi+0Of0Wh7NlgO5cwZwp0=">AAACCHicbZC7TsMwFIadcivlFmBkwKJCYmmVVOUyVrAwFolepCatHNdprdpOZDtIVdSRhVdhYQAhVh6BjbfBbTNAyy9Z+vSfc3R8/iBmVGnH+bZyK6tr6xv5zcLW9s7unr1/0FRRIjFp4IhFsh0gRRgVpKGpZqQdS4J4wEgrGN1M660HIhWNxL0ex8TnaCBoSDHSxurZx94IxTHqVqCnKIeu001L5xNYmpM76dlFp+zMBJfBzaAIMtV79pfXj3DCidCYIaU6rhNrP0VSU8zIpOAlisQIj9CAdAwKxIny09khE3hqnD4MI2me0HDm/p5IEVdqzAPTyZEeqsXa1Pyv1kl0eOWnVMSJJgLPF4UJgzqC01Rgn0qCNRsbQFhS81eIh0girE12BROCu3jyMjQrZfeiXL2rFmvXWRx5cAROwBlwwSWogVtQBw2AwSN4Bq/gzXqyXqx362PemrOymUPwR9bnD/dcl2M=</latexit>

2 ⇠ 10�5 � 10�1
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