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Holography + Lattice results at

Fig. by M. Hippert

Predict CEP (95% confidence level):
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Tc = 101� 108 MeV
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µc = 560� 625 MeV
<latexit sha1_base64="AOf25tic1rtmZc72obVYWbtTe34=">AAACFHicbVDLSgMxFM3UV62vUZdugkUQrMOMlNqNUHShywr2AZ2hZNJMG5p5mGSEMsxHuPFX3LhQxK0Ld/6NmXYW2nogyeGce8m9x40YFdI0v7XC0vLK6lpxvbSxubW9o+/utUUYc0xaOGQh77pIEEYD0pJUMtKNOEG+y0jHHV9lfueBcEHD4E5OIuL4aBhQj2IkldTXT2xxz2UiUngBq4YJ7YpdOc2uqlHPHttHcsT95Jq0075eNg1zCrhIrJyUQY5mX/+yByGOfRJIzJAQPcuMpJMgLilmJC3ZsSARwmM0JD1FA+QT4STTpVJ4pJQB9EKuTiDhVP3dkSBfiInvqspsRjHvZeJ/Xi+WXt1JaBDFkgR49pEXMyhDmCUEB5QTLNlEEYQ5VbNCPEIcYalyLKkQrPmVF0n7zLBqRu22Wm5c5nEUwQE4BMfAAuegAW5AE7QABo/gGbyCN+1Je9HetY9ZaUHLe/bBH2ifP3J4m/o=</latexit>p
s = 4.0 � 4.8 GeV

e-Print: 2309.00579 [nucl-th]
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µ = 0
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Bayesian inference

Valid for any* 
strongly coupled
holographic model 
that describes 
lattice at zero 
density

https://arxiv.org/pdf/2309.00579


Nearly perfect fluidity
An emergent property of QCD

J. Noronha-Hostler, JN, C. Greiner
PRL (2009)

Kovtun, Son, Starinets,
PRL (2005)

Hadron resonance gas

AdS/CFT duality
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⌘

s
=

1

4⇡

Low temperatures
(hadron resonance gas)

High temperatures
(quasiquarks, quasigluons)

Arnold, Moore, Yaffe
(2000), (2003)
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⌘ ⇠ T 3

g4 ln 1/g
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g ⌧ 1



Nearly perfect fluidity of the QGP
An emergent property of QCD

Holographic duality
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s

Bernhard, Moreland, Bass, Nature Physics, (2019)

Bayesian analysis
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HOLOGRAPHY



What is the holographic duality?
Maldacena, 1997; Witten, 1998, Gubser, Polyakov, Klebanov, 1998

Black hole in asymptotic AdS5

Nonzero T and charge

Strongly coupled 
non-Abelian plasma Classical gravity in d>4

<latexit sha1_base64="me34Q14CjWL2I2Y5kuJ1f38f7cM=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4Krsi1WPRi8cK9gPapWTTbBuaTWKSFUvpn/DiQRGv/h1v/huz7R609cHA470ZZuZFijNjff/bW1ldW9/YLGwVt3d29/ZLB4dNI1NNaINILnU7woZyJmjDMstpW2mKk4jTVjS6yfzWI9WGSXFvx4qGCR4IFjOCrZPaXayUlk/FXqnsV/wZ0DIJclKGHPVe6avblyRNqLCEY2M6ga9sOMHaMsLptNhNDVWYjPCAdhwVOKEmnMzunaJTp/RRLLUrYdFM/T0xwYkx4yRynQm2Q7PoZeJ/Xie18VU4YUKllgoyXxSnHFmJsudRn2lKLB87golm7lZEhlhjYl1EWQjB4svLpHleCaqV6t1FuXadx1GAYziBMwjgEmpwC3VoAAEOz/AKb96D9+K9ex/z1hUvnzmCP/A+fwDOAo/V</latexit>⇡
DUALITY

“Strongly coupled plasmas from black hole physics”

Nonzero T and charge
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+

Anti-de Sitter (AdS) space

How is this used to find the QCD CP? 

Black hole

6
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⌘

s
=

1

4⇡

Nearly perfect fluidity
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DeWolfe, Gubser, Rosen, PRD (2011)
Finazzo et al, JHEP (2015)
Rougemont et al. PRL (2015), JHEP (2016),PRD (2017)
Critelli et al, PRD (2017)
Grefa et al, PRD (2021), PRD (2022)
Hippert et al., 2309.00579 [nucl-th]

https://arxiv.org/abs/2309.00579


Black hole engineering in AdS

• Black hole solutions of Einstein-Maxwell-Dilaton equations 
See the review by Rougemont et al, Progress in Particle and Nuclear Physics 135 (2024)

Dilaton field dual to

8
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hTrF 2i



Black hole engineering in AdS

Fit the lattice 
entropy density
at
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µ = 0
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See the review by Rougemont et al, Progress in Particle and Nuclear Physics 135 (2024)

• Black hole solutions of Einstein-Maxwell-Dilaton equations 

Dilaton field dual to
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hTrF 2i

glue



Black hole engineering in AdS
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f(�)
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Aµ =) U(1)B

5d gauge 
field

Conserved 
baryon charge

Dilaton-Maxwell
coupling Fit the lattice 

2nd order baryon 
susceptibility
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µ = 0
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See the review by Rougemont et al, Progress in Particle and Nuclear Physics 135 (2024)

• Black hole solutions of Einstein-Maxwell-Dilaton equations 

Backreaction from quark flavor branes (approx. of DBI)
(describes chirally symmetric phase)



High-order baryon susceptibilities

11

Critelli et al, PRD (2017)
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Lattice: Borsányi et al, JHEP (2018)

• Prediction for chi8 in 2017 compatible with lattice results 
(though not continuum extrapolated by then).

Critelli et al, PRD (2017)



Ratio between baryon susceptibilities

13

Critelli et al, PRD (2017)

The shape and monotonicity properties depend on the path 
in the phase diagram: seeing a peak is important!

Hydro simulation 
by Chun Shen

No single T or \mu A best-case scenario trajectory

Mroczek et al, PRC (2021)



Finite density properties

• Powerful, predictive model for baryon-rich QGP
• Real-time calculations (e.g. transport, hydro) possible

e-Print: 2309.00579 [nucl-th]
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Grefa et al, Phys. Rev. D 104, 034002 (2021)
Grefa et al, Phys. Rev. D 106 (2022) 034024

Lattice: Borsányi et al, PRL 126 (2021)

https://arxiv.org/pdf/2309.00579


Precise determination of phase diagram
e-Print: 2309.00579 [nucl-th]

Fast and precise new algorithm = ripe for statistical analysis!

Thousands of black holes!

CP

15

https://arxiv.org/pdf/2309.00579


How do the many parameters affect CP?
e-Print: 2309.00579 [nucl-th]
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Phys. Rev. D 96 (2017) and Phys. Rev. D 104 (2021)

Phys. Rev. D 96 (2017)

https://arxiv.org/pdf/2309.00579


Bayesian black hole engineering

• How do the many model parameters determine CP?
• Are CPs always present? 
• How do lattice results + error bars affect CP location?
• Bayesian inference analysis needed!

e-Print: 2309.00579 [nucl-th]
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https://arxiv.org/pdf/2309.00579


Bayesian black hole engineering
e-Print: 2309.00579 [nucl-th]
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https://arxiv.org/pdf/2309.00579


Bayesian black hole engineering
e-Print: 2309.00579 [nucl-th]

Mauricio Hippert
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https://arxiv.org/pdf/2309.00579


Bayesian black hole engineering
e-Print: 2309.00579 [nucl-th]
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• Flat prior for parameters • 20% of prior samples give no CP

prior

https://arxiv.org/pdf/2309.00579


Bayesian inference in HIC 10 years ago …

21

Pratt, Sangaline, Sorensen, Wang, PRL (2015)
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Prior distributions
e-Print: 2309.00579 [nucl-th]FLAT PRIOR

https://arxiv.org/pdf/2309.00579
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Posterior distributions
e-Print: 2309.00579 [nucl-th]

https://arxiv.org/pdf/2309.00579
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PHA

e-Print: 2309.00579 [nucl-th]

https://arxiv.org/pdf/2309.00579
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e-Print: 2309.00579 [nucl-th]

PA

https://arxiv.org/pdf/2309.00579
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e-Print: 2309.00579 [nucl-th]

https://arxiv.org/pdf/2309.00579
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e-Print: 2309.00579 [nucl-th]

PHA PA

https://arxiv.org/pdf/2309.00579
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e-Print: 2309.00579 [nucl-th]

PHA PA
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Bayesian black hole engineering
e-Print: 2309.00579 [nucl-th]

Models overlap

Robust results!
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µB(
p
s) : PRC 93, (2016)

95%

68%

All posterior predictions for CP location collapse around these regions

https://arxiv.org/pdf/2309.00579


Location of CP from holography

Different holographic 
models (EMD, DBI, etc)!

Small spread constrained by lattice!
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Location of CP from holography
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Borsanyi et al, PRL (2020)



Location of CP from models: 18 years ago
M. Stephanov, Lattice 2006 Plenary talk, arXiv:hep-lat/0701002
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Location of CP from models: 18 years ago
M. Stephanov, Lattice 2006 Plenary talk, arXiv:hep-lat/0701002

CURRENT ESTIMATES
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Location of CP from models: 18 years ago
M. Stephanov, Lattice 2006 Plenary talk, arXiv:hep-lat/0701002
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Current estimates for the CP location

Restricted range
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Tc ⇠ (80, 140)MeV

µc ⇠ (500, 800)MeV

2405.10278

2405.10196



Conclusions
• Location of QCD CP from a Bayesian analysis constrained 
by lattice results at zero net baryon density:

• Other approaches (FRG,DSE, FSS, Pade, etc) predict CP 
in a similar narrow range.

• Approaches didn’t have to agree: who ordered that?
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