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AdS/CFT correspondence

The AdS/CFT correspondence, in its initial form is a duality
between the N = 4 supersymmetric Yang-Mills and type IIB
superstring theory on AdS5 × S5.

In this correspondence there exist a map between gauge invariant
operators in field theory and states in string theory.

Example:The Wilson loop, is a physical gauge invariant object and
can measure the interaction potential between the external quarks
and acts as an order of confinement.

The Wilson loop operator in the fundamental representation is dual
to a string worldsheet extending in the AdS5 × S5 with boundary the
actual loop placed on the AdS boundary. [Maldacena; Rey, Yee, 1998]

<W [C ] >= e−Sstring [C ]
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Since the initial correspondence was found, there has been a lot of
effort to understand better the gauge/gravity duality.

Another way to this direction is to construct gauge/gravity dualities
that can be though as toy models to describe realistic systems and
theories, with the hope of some universal behaviors.

Lot of effort to find more realistic gauge/gravity dualities. For
example:

X Less Supersymmetry.

X Broken conformal symmetry, confinement.

X Finite temperature.

X Inclusion of dynamical quarks.

X Inclusion of Anisotropy(for our purposes)
...
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Why do we need anisotropic theories?

It is interesting theoretically to study thermodynamics and
observables in anisotropic IIB SUGRA solutions.
Challenging calculations for certain observables, since isotropic
symmetry is broken. New methods need to be developed for analytic
calculations.
In early stages the QGP is not in equilibrium. It appears to have
anisotropies. Heavy-ion collision timescales and “epochs” @ LHC

Semi-hard particle production

0 < τ < 0.1 fm/c

Non-equilibrium QGP

0.1 < τ < 2 fm/c

Equilibrium QGP

2 < τ < 15 fm/c

Hot Hadron Gas

15 < τ < 18 fm/c
Chemical "Freezeout"

τ > 18 fm/c

beam direction

ti
m

e

⋆1 fm/c ≃ 3× 10−23 seconds
Michael Strickland p. 2/23

(pic from M. Strickland)
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Elliptic flow

Pressure gradients for non-central collisions along the short axis of the ellipsis
are higher than the long axis. Therefore the expansion along the short axis is
more rapid leading to anisotropic momentum distribution.
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Longitudinal expansion

By considering completely central collisions we focus more on the
longitudinal anisotropic expansion.

At τ = τ0 the partonic momentum distributions can be assumed
isotropic. Directly after that rapid longitudinal expansion along the
beam line which leads to local momentum and pressure anisotropy
PL < PT .

Finally the plasma becomes and remains isotropic for τ ≥ τiso . After
this time hydrodynamics can be applied.

Lots of work in gauge/gravity duality for τ ≥ τiso . Here we study
certain quantities in the earlier time where the plasma is anisotropic.
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Motivation

The expansion of the plasma along the longitudinal beam axis at the
earliest times after the collision results to momentum anisotropic
plasmas.

But regarding the QGP, the main question we answer here is: How
the inclusion of anisotropy modifies the results on several
observables in our dual QGP compared to the isotropic theory?

There exist several results for observables in weakly coupled
anisotropic plasmas. Is there any relevance with the strongly coupled
limit models?

Properties of the supergravity solutions, that are dual to the
anisotropic plasmas.

Theoretical interest for the deformed theory, since it is a consistent
top-down model. Several Universality Relations are violated!
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How does Anisotropy is introduced?

• Introduction of additional branes. (Azeyanagi, Li, Takayanagi, 0905.0688

jhep)

 

    𝒙𝟎 𝒙𝟏     𝒙𝟐 𝒙𝟑 𝒖 𝑺𝟓 
 D3     x      x      x      x               
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• Which equivalently leads to the following deformation diagram.
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The anisotropic background

The metric in string frame (Mateos, Trancanelli, 1105.3472 prl, 1106.1637 jhep)

ds2 =
1

u2

(
−FB dx20 + dx21 + dx22 +Hdx32 +

du2

F

)
+ Z dΩ2

S5 .

The functions F ,B,H depend on the radial direction u and the
anisotropy.
In sufficiently high temperatures, T � α, the Einstein equations can be
solved analytically:

F(u) = 1− u4

u4
h

+ α2 1

24u2
h

[
8u2(u2

h − u2)− 10u4 log 2 + (3u4
h + 7u4) log

(
1 +

u2

u2
h

)]

B(u) = 1− α2 u
2
h

24

[
10u2

u2
h + u2

+ log

(
1 +

u2

u2
h

)]
, H(u) =

(
1 +

u2

u2
h

)α2u2h
4

The isotropic limit α→ 0 reproduce the well know result of the isotropic

D3-brane solution (dual to N = 4 finite sYM solution).
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The metric can be expressed in α,T parameters through

uh =
1

πT
+ α2 5log2− 2

48π3T 3
.

Px1x2 denotes the pressure along the x1 and x2 directions and Px3 is the
pressure along the anisotropic direction. The analytic expression read

Px1x2 =
π2N2

cT
4

8
+ α2N

2
cT

2

32
.

Px3 =
π2N2

cT
4

8
− α2N

2
cT

2

32
.

Px3 < Px1x2

Resembling the plasma pressure anisotropies.
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Observables

Example:Static Potential
The calculation of the Wilson loop, turns out to be a minimal
surface problem with the following world-sheet

time
R

T

q q

C:

L
R

U=inf.U=U0

T

L

Jet Quenching

Drag Force

Imaginary Potential

...
(D.G 1202.4436 jhep; Rebhan, Steineder 1205.4684 jhep; Chernicoff, Fernandez,

Mateos, Trancanelli, 1208.2672 jhep, D.G 1306.1404 review; K. Bitaghsir, D.G,

H. Soltanpanahi, 1306.2929 jhep, ...)
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Universality Relations

Shear Viscosity over Entropy density ratio universal low value prediction
(Policastro, Son, Starinets, hep-th/0104066 prl; Buchel, Liu, hep-th/0311175 prl;

Iqbal, Liu 0809.3808 prd)
η

s
&

1

4π
.

In anisotropic theories has been found to be clearly violated! (Rebhan,

Steineder 1110.6825 prl)

Reason: Anisotropic dependence of the metric in radial direction, can
generate violations of universality!
Another universality relation which is violated is the inequality between
the Langevin coefficients: κL > κT .
(Gursoy, Kiritsis, Mazzanti, Nitti 1006.3261 jhep;D.G, Soltanpanahi, 1310.6725 prd,

1312.7474 )
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Momentum Broadening

The dynamics of the quark can be described by

dp

dt
= Fdrag + F (t) ,

where F (t) is the factor that causes the momentum broadening, which
leads to 〈

p2L,T

〉

T = 2κL,T

κ = Mean Squared Momentum Transfer per Time.
• In strong coupling limit these fluctuations are introduced to the Wilson
line and in full generality the ratio gives
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κL
κT

=
1

gppgkk

(g00gpp)′

(g00/gpp)′

∣∣∣∣∣
u=u0

For any isotropic theory can be shown that κL > κT .

This is a Universal Inequality independent of the isotropic background
used!
• In the anisotropic theories the violation happens κL < κT .
(D.G, Soltanpanahi, 1310.6725 prd, 1312.7474)
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Conclusions

Working with general backgrounds we have studied properties of the IIB
supergravity solutions dual to anisotropic finite temperature N = 4 sYM
plasma.

Several observables have been studied Static Potential, the Drag
Force, the Jet Quenching...

Universal Relations are violated in the Anisotropic theories.
The Langevin coefficients inequality κL > κT proved to hold for
isotropic backgrounds is violated for the anisotropic theories!
Related progress:

(Non-)Integrability of the anisotropic spaces and possible appearance
of chaos. (D.G, K. Sfetsos 1403.2703 jhep)

Work in progress:

Anisotropic Baryons and k-string configurations. Challenging due to
broken isotropy.

Thermalization!
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Thank you
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Consider the space dependent axion anisotropic background.
• κL < κT when the motion of the quark is along the transverse to the
anisotropic direction.

• The holographic refrigerator system may be avoided in aniso theories.

1
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Anisotropic momentum distribution function in weakly
coupled plasmas

The anisotropic distribution function that can be written as

faniso = cnorm(ξ)fiso(
√
p2 + ξ(p · n)2)

where [Romatschke, Strickland, 2003]

ξ =

〈
p2T
〉

2〈p2L〉
− 1

and n the unit vector along the anisotropic direction.
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To relate ξ and α we use the pressures

∆ :=
PT

PL
− 1 =

Px1x2

Px3

− 1 .

Using the anisotropic distribution function: [Martinez, Strickland, 2009]

∆ =
1

2
(ξ − 3) + ξ

(
(1 + ξ)

arctan
√
ξ√

ξ
− 1

)−1

Using the supergravity model

∆ =
α2

2π2T 2
.

For

T � α⇒ ξ � 1⇒ ξ w
5α2

8π2T 2
.
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of SU(N) takes the form

P (k⊥) =
∫

d2x⊥ e−ik⊥·x⊥ WR(x⊥)

WR(x⊥) =
1

d (R)

〈
Tr

[
W †
R[0, x⊥]WR[0, 0]

]〉

WR
[
x+, x⊥

]
≡ P

{
exp

[
ig

∫ L−

0
dx−A+

R(x
+, x−, x⊥)

]}

t ti R Wil li l th li ht L−
√
2L i th di

q̂ ≡ 〈k2⊥〉
L

=
1

L

∫
d2k⊥
(2π)2

k2⊥P (k⊥) .

y q̂ can be evaluated for a hard quark or
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