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Doping the Primordial Liquid
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SOLAR ECLIPSE, Aug. 2017

Rene's in the news (obscure newspaper
in KS)
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Another example of Rene's personality
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Becoming the damsel in distress … 
                              
as he charged off to “save” Claudia, who was not a damsel in distress

HAPPY BIRTHDAY RENE!
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Ok, let's go back to physics
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Some “Big Questions” 
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1) How can one assess non-equilibrium effects 
near the QCD critical point? 

Au
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2019+ → QCD at large baryon densities (RHIC, FAIR, NICA)

Au
Cartoon of QCD Phase Diagram 

Ordinary fluid CEP



Consequences of the Fermion sign problem in QCD

- Majority of QCD phase diagram:
unknown

- EOS of QCD matter at the core of 
compact stars: unknown

- Location/existence of high T critical 
point: unknown

RHIC Beam Energy Scan (BES) II

Large experimental effort to 
probe the baryon rich QGP  using 
heavy ion collisions (STAR experiment)



Some model requirements:

- Emergent (nearly) perfect fluidity    

- Agreement with lattice thermodynamics around crossover

- Agreement with lattice results for baryon susceptibilities at
zero baryon density

- Far-from-equilibrium behavior in non-Abelian strongly coupled
fluids with nonzero baryon charge

How does one model a baryon rich QGP fluid?

Black Holes
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Black Hole “Engineering” 
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Holography

Strongly coupled gauge theory String Theory/Classical gravity 

Holographic correspondence (gauge/gravity duality)
Maldacena 1997; Witten 1998; Gubser, Polyakov, Klebanov 1998

“bulk”

“QGP”

(t,x,y,z)
M, Q

Fluid dynamics from 
black hole physics!

ballpark of QGP!

KSS, PRL 2005
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Black hole engineering and the non-conformal QGP

Minimal 5d bulk holography for a non-conformal plasma

Gubser et al. 2008
Kiritsis et al, 2008
Noronha, 2009

Dip in speed of sound

Ideal gas
EOS

Not ideal gas
EOS
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Excellent match to lattice data around crossover (zero baryon density)

Ideal gas limit

Black hole engineering and the non-conformal QGP
Critelli, JN, Noronha-Hostler, Portillo, Ratti, Rougemont, PRD 2017
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QCD Critical Point??        Perfect fluidity in a baryon-rich QGP???

RHIC

QCD Phase Diagram

“Doping” the holographic QGP with quarks
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Realistic calculations of baryon susceptibilities

+ +
+

+

Charged black hole

Critelli, JN, Noronha-Hostler, Portillo, Ratti, Rougemont, PRD 2017

Peak in          for        
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Predictions for the higher order susceptibilities

+ +
+

+
Critelli, JN, Noronha-Hostler, Portillo, Ratti, Rougemont, PRD 2017

Confirmed by lattice calculations in 2018 !!

S. Borsanyi et al., JHEP 1810 (2018) 205
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2nd baryon susceptibility diverges at:

CRITICAL POINT

Location of the QCD critical point from black holes
Critelli, JN, Noronha-Hostler, Portillo, Ratti, Rougemont, PRD 2017
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Location of the QCD critical point from black holes
Critelli, JN, Noronha-Hostler, Portillo, Ratti, Rougemont, PRD 2017

CEP
Holography

Numerical holography → prediction Black hole solutions



Challenges for the discovery of QCD critical phenomena 

- Heavy ion system not large enough (correlation length      finite).

- Very short lifetime of the system.

Far-from-equilibrium effects:

Can they distort (or erase) critical
behavior?

“Out-of-equilibriumness”

?



Far-from-equilibrium hydrodynamics

From paradox to paradigm



• How does hydrodynamics emerge in the vicinity of a critical point in
the phase diagram?

• What new out-of-equilibrium structures may appear in the fluid once
critical phenomena are taken into account? 

Far-from-equilibrium hydrodynamics near a critical point

Simplest scenario where these can be answered: 

Bjorken expanding holographic system with a critical point

R. Critelli, R. Rougemont, JN, arXiv:1805.00882

https://arxiv.org/abs/1805.00882


Top-down holographic model: 1 R-charged black hole (1RCBH) 

N=4 SYM charged under a U(1) subgroup of the global SU(4) R-symmetry 

Gubser, 1999; Behrndt, Cvetic, and W. A. Sabra, 1999

For a general discussion of this model (and generalizations) see:

DeWolfe, Gubser, Rosen, PRD 83 (2011); 84 (2011); 86 (2012). 

Einstein-Maxwell-Dilaton
(a limit of STU model)

Far-from-equilibrium hydrodynamics near a critical point



Far-from-equilibrium hydrodynamics near a critical point

Pressure anisotropy

hydro

First principles calculation of far-from-equilibrium phenomena

(“time”)



Hydrodynamization:

Onset of hydrodynamics
is significantly delayed!

Critical behavior
even far-from-equilibrium
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Another “Big Question” 
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2) How does a lump of baryon rich QCD matter 
behave under strong gravitational fields 
(e.g. neutron star mergers)?  
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High Density QCD Matter: From the Lab to the Sky 
Neutron Star Mergers 

Viscous fluid dynamics   +   strong gravitational fields?

Open problem in physics and mathematics (since 1940's)
(Relativistic Navier-Stokes equations are acausal and unstable)

Viscous effects in neutron star mergers?
Duez et al PRD (2004), Shibata et al. PRD (2017), Alford et al. PRL (2018)

Fig. by L. Rezzolla
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Viscous effects in binary neutron-star mergers?

Current assumption (since 1992): viscous effects do not matter

Bildsten and Cutler, Astrophys. J. (1992)

Why?    Based on the simulations/knowledge at that time:

• Transport time scales estimated to be far from ~ microseconds

• Temperatures not so large, system very smooth, gradients too small 



30

Viscous effects in binary neutron-star mergers

Exceptions: Duez et al PRD (2004), Shibata et al. PRD (2017) 

Alford, Bovard, Hanauske, Rezzolla, Schwenzer, PRL (2018): 
Post-merger phase

Shear dissipation:                        Relevant for trapped neutrinos if T > 10 MeV 
 and gradients at small scales ~ 0.01 km 
 (e.g, turbulence).

Thermal transport:                                                Relevant for trapped electron 
neutrinos if T > 10 MeV and 

             gradients ~ 0.1 km 
             (e.g., turbulence).

“heat conductivity”
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Viscous effects in binary neutron-star mergers

Alford et al. PRL (2018)

Bulk viscosity:                                 Should affect density oscillations 
       after merger!!!

If suppressed
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Viscous effects in binary neutron-star mergers

Alford et al. PRL (2018)

“The effects of bulk viscosity should be consistently included in future merger
simulations. This has not been attempted before and requires a formulation of
the relativistic-hydrodynamic equations that is hyperbolic and stable”.

Challenge: Prove that the solutions                           
are well posed (existence, uniqueness) and causal in the
nonlinear regime 

Einstein's equations Conservation laws

+ Bulk Viscosity
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Why is this so hard to do?
 

- 16 coupled nonlinear PDE's (Einstein + Israel-Stewart)

- Nonlinearity in hydrodynamics is notoriously hard to handle.

- Standard lore: Nonlinear Israel-Stewart equations are beyond 
current mathematical techniques.

Israel-Stewart equation

Bulk scalar
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Causality in the nonlinear regime in curved spacetime

Why is this so hard to do?
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Bemfica, Disconzi, JN, 2019, to appear soon 

Einstein-Israel-Stewart equations can be written as

 

where 

Rigorous mathematical proof of existence, uniqueness, and causality
in the full nonlinear regime
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Main condition

- At zero baryon density, condition becomes

which is the nonlinear generalization of the well-known condition 
used in linear hydro analyses.

- Solution can be well defined even if                           (cavitation).
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Conclusions 

● Holographic calculations predict a critical point at

● Onset of hydrodynamics is considerably delayed due
to a critical point (criticality out-of-equilibrium). 

● Proof of causality of Einstein-Israel-Stewart theory in
the nonlinear regime.

• This paves the way for the inclusion of viscosity in 
simulations of gravitational-wave signals coming from 
neutron star mergers.
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EXTRA SLIDES
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Non-equilibrium
phenomena

Fermion sign
problem 

Lattice 
 

Non-equilibrium properties of non-Abelian gauge fields?

Relevant for heavy ions, astrophysics, and cosmology 
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“Doping” the holographic QGP with quarks

 Baryon charge → 
+ +

+
+

Charged black hole

Predictions confirmed by latest lattice Taylor series results
Lattice = A. Bazavov et al. Phys. Rev. D 95 (2017)

Pressure difference Baryon density

Critelli, JN, Noronha-Hostler, Portillo, Ratti, Rougemont, PRD 2017
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Quark-Gluon Plasma: The Primordial Liquid

Heavy Ion Collisions: non-equilibrium hot QCD phenomena in the lab

QGP = The hottest, densest, smallest, most perfect liquid 



1RCBH: Analytical equilibrium solution with a critical point



macroscopic: microscopic:Separation of scales → 

Knudsen number FLUID

                         ~ 1 m                                                

Based on conservations laws + large separation of length scales

~

The ubiquitousness of fluid dynamics



“Macro” scales → nuclear/particle physics

The ultimate frontier in fluid dynamics
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Relativistic Navier-Stokes equations

Conservation law

Energy-momentum tensor

Eckart
1940's Landau 

1950's 

This theory is acausal 
(mathematical proof by Pichon, 1965)

also unstable
(Hiscock, Lindblom, 1984)

Nonlinear diffusion-like equations



Far-from-equilibrium hydrodynamics near a critical point

Holographic Bjorken flow (in falling Eddington-Finkelstein): Chesler, Yaffe, PRD 2010 

Dynamical fields: 

Equations of motion



Far-from-equilibrium hydrodynamics near a critical point

Near-boundary expansionsOne-point functions

Relevant dynamical quantities:
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Fluid dynamics + special relativity

Conservation laws
(energy and momentum)

ideal part dissipative part

Energy-momentum tensor

What is the dissipative part?
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Emergence of universal hydrodynamic behavior far-from-equilibrium

Non-equilibrium
Attractor

M. Strickland, JN, G. Denicol, PRD 2018

Slow-roll
expansion
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N=4 SYM
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N=4 SYM charged under a U(1) subgroup of SU(4) R-symmetry

Non-equilibrium dynamics in a strongly coupled liquid with a critical point
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