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❑Application

❑Far-from-equilibrium dynamics: Holographic Bjorken
flow in the vicinity of a critical point.
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(liquid regime)

❑ The leading-order perturbative calculation gives

Arnold, Moore, 
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Indicates that we must go beyond pQCD
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At low chemical potential, we have
a crossover near 𝑻𝒄~𝟏𝟓𝟎𝑴𝒆𝑽

arXiv:hep-lat/1407.6387

Cartoon of the possible phase diagram:

Region where the QGP is strongly coupled



The Gauge/Gravity duality
As an effective theory for many-body phenomena for strongly coupled
theories
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𝑳𝟐
𝓝 = 𝟒 SU(N) Super Yang-
Mills with 𝝀 → ∞ and
𝑵 → ∞.

❑ Black hole = Temperature (thermodynamics)

❑ Fluctuations = Correlators of the field theory

𝑨𝒅𝑺𝟓
𝑪𝑭𝑻



Towards a holographic model with
chemical potential and critical point
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Far-from-equilibrium dynamics in holography

1) Specify the desired gravitational action

2) Select the type of boundary conditions and initial state

3) Evolve the geometry in  time using numerical general relativity

4) Use the holographic dictionary to extract 𝑻𝝁𝝂

[Chesler, Yaffe ‘08]

❑ It is “easy”, just follow the steps below:
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critical point
RC, Rougemont, Noronha ‘18. (https://arxiv.org/abs/1805.00882)

❑Our goal is to study the hydrodynamization time in the vicinity of a
critical point

“1% rule”

AdS Navier-Stokes Navier-Stokes
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The Bjorken flow with charge

❑We go up to first order hydrodynamics, i.e. Navier-Stokes (NS).

❑Using the holographic EoS and
𝜂

𝑠
=

1

4𝜋
results in

Late time behavior!

(Dimensionless variable)



RESULTS
RC, Rougemont, Noronha ‘18. https://arxiv.org/abs/1805.00882
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𝑥𝑐 =
𝜋

2
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Hydrodynamization time
[RC, Rougemont, Noronha. ‘18.]

Significant delay
near the critical
point
(critical slowing
down?)

If this result holds for
the QCD, it indicates
that non-equilibrium
physics may play a
role on the detection
of the critical point.



Conclusions and future prospects

❑In a very well defined strongly coupled model endowed with critical
point, using first principles calculations of far-from-equilibrium
dynamics, we found a substantial delay on the hydrodynamization
time near the critical point - with imprints of critical behavior.

In the context of the holographic 1RCBH model
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transport)
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Charge evolution

[RC, Rougemont, Noronha ’18]



The 1-R Charged Black Hole (1RCBH)

Boundary terms

❑1RCBH = strongly coupled non-Abelian N=4 SYM plasma with a
critical point (conformal theory) .

[Gubser et. al. ’98]



Equations of motion for the Bjorken flow



Stress-Energy Tensor



Previous results

❑Hydrodynamization occurs well before isotropization.
▪ Hydro in regions not so close to equilibrium.

[Heller et al, PRL ‘12]

𝑤 = 𝑇(𝜏)𝜏

1st, 2nd and 3rd order hydro



𝜼/𝒔 in a perturbative calculation

https://arxiv.org/pdf/1802.09535.pdf

[Ghiglieri, Moore, Teaney ‘18]

❑Perturbative calculation suffers from uncertanties.

Calculation based on
the Effective Kinetic
Theory (EKT)

[Arnold, Moore, Yaffe ‘03]

𝜂

𝑠
= 0.08

AdS/CFT



Lattice QCD at finite chemical potential

❑ Starts with the partition function

❑ However, the fermionic determinant is complex

❑ The complex term induces oscilations that
hinders Monte-Carlo sampling.

❑ No general solution due to the complexity of
the problem (NP hard).

❑ A current “solution” is to use Taylor expansion.



AdS in a nutshell𝑁𝑐 → ∞?

Pressure Trace anomaly

Pure glue YM EoS from the lattice [arXiv:0907.3719]



The Holographic Bjorken flow

❑Solve the Einstein’s equations

[Chesler, Yaffe,PRL ‘09]

❑With the boundary condition

(N=4 SYM)

❑ Extract the stress-energy tensor to study the onset of
hydrodynamics



How the system approaches equilibrium

Time evolution

T

𝝁𝑩

Initial state Final state

❑ As far as I know, the only method to study such problem (with hydro flow) is
holography.



The Polyakov loop
[RC, R. Rougemont, S. Finazzo Noronha ‘16]

Polyakov loop Heavy quark entropy

- Lattice data from [1303.3972], [1504.08280], [1603.06637])

Parameter free!!



Isotropization in a kinetic approach



Isotropization
[Kurkela, Zhu ‘15]

(arXiv:1506.06647)

(2+1) D Effective kinetic theory

Initial Condition: (𝑸𝒔 𝝉 = 𝟏)

𝝃 represents our ignorance

- One may try to use kinetic theory after 𝑄𝑠 𝜏~1 once 𝒇~ 𝟏/𝜶𝒔

𝜆 = 4𝜋𝑁𝑐𝛼𝑠



More on Onset of Hydrodynamics
[Kurkela, Zhu ‘15]

- Late time evolution should be described by hydrodynamics (hydrodynamization)

(arXiv:1506.06647)

,

Late time result using 𝜶𝒔 ≈ 𝟎. 𝟑

Good agreement from 𝑸𝒔𝝉~𝟏𝟎 onwards 

(2+1) D Effective kinetic theory


