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Motivation

In a heavy ion collision at RHIC and LHC:

spectators TP SRAT

~ 400 nucleons goin... " > participants

... 10* hadrons come out

©  Early Universe o

Quark-gluon Plasma

Color Superconductor

(@3]
Compact) Stars @®

TEMPERATURE (1070 K)

~ 10 times normal nuclear density

DENSITY
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Motivation

® The quark-gluon plasma created in heavy
ion collisions is time-dependent and
anisotropic.

® Collisions are generically non-central

x,y = Transverse plane
z = Longitudinal (beam) direction

e Evolution scheme:
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Static anisotropic plasma

® This is a good approximation if ¢.,,,. < t

erpansion

® Observables influenced by anisotropy:

X/

%+ Energy loss and momentum broadening
+* Quarkonium dissociation

’:‘ Critica I te m pe ratu re Minkowski embedding Critical embedding

Black hole embedding

|—|:>/\\r’//\///\r’/

e ©

~

e Characteristics of the solution:

‘:‘ . . . .
Static and spatially anisotropic

+»» With a horizon and regular on and outside the horizon

+» With AdS boundary conditions in the UV
N /

©

Holographic
model?
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Anisotropic dual

® FT side: Include a position-dependent theta term: [Azeyanagi,
Li, Takayanagi ‘09]
/ 0(F) TrF A F, where 0(F) x a z

® Interpretation: RG flow to a Lifshitz IR fixed point: 7z — k2/3z

® Realization: System of disolved D7-branes behind the horizon.

® Supergravity solution: Fields turned on:

F(5) = 4(95 + *Qg,), F(l) =adz

Gauge Theory
)

— Probes: Additional set of D7-branes!

D3: x x X X 74
D7y: X X X X X X
DTy e x [Mateos, Trancanelli ‘11]
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Features of the background

2
® Anisotropic, non-traceless Stress Tensor: A — (T;) — 4];02@2, P, # P,
7

e The conformal anomaly has consequences:
One must introduce a

T N2
E((L,T) — 0)4](. (_> + 0,4 ¢ log (E) / reference scale U

a 4872 L

e The entropy density interpolates: [Papadimitriou, Skenderis “05]

S 15+
05 (75 S ooae>T:
;,.-" Lifshitz scaling in the IR
/ {t.x,y} — k{t,z,y}
,/ z— k32
T>a: k / N R
N = 4SYM in the UV w | log (%)
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Geometry of the flavor branes

® Ansatz for the metric turns into:

1 1
(—f(p)B(p) dt* 4 dz® + dy* + e_¢(p)d22> + —26‘6(‘0)/2 (dp* + p*d€23)

ds® =
u(p) p

2

The wrapping of the D7-branes is obtained by dQ2 = d¥? + cos® ¥ dp? + sin® O dQ3

e Embedding function (BH embedding):

Y(p) = cos¥(p) e For Minkowski embedding:
R(r), where R = p cos?, r = psind

r
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Previous results
® Drag force: Misalignment of quark velocity, dragforce & trailing of gluon cloud.
e Jet quenching: Greater range of values, depending on orientations.

® Real world QGP: Agreement in some cases, disagreement in others.

[Chernicoff, Fernandez, Mateos, Trancanelli ,13]

® Anisotropy acts like Temperature = A critical anisotropy can be defined:

T vz : r |  ®Mesons dissociate even at zero
10‘{ “ : ] temperature, if a is large enough.
w8 i
0 i
= B I| 1 e Thereis a limiting velocity for mesons in
L '| | the plasma, even at zero temperature.
1 1
i \
2| | a#0=e=1/2
(S)# ’ LN(l—’UQ)E
00 0.05 0.10 0.15 0.20 0.25 5

a=0=e=1/4
Tl
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Embedding of the flavor branes

1.75 Minkowski embedding

s, ————————-————— - Effect of anisotropy:
Critical embedding
.05 s RS- 25 " " "
1 i , \
Black hole embedding

0'75 2.0_
0.5
0.25
1.5}

0.5 1 1.5 2 2.5 3 | esssssgesmegesessSEEIIIEEEEIIISIIICRRIIRIS

Isotropic case 1.0 /
0.5}

0.0t . . . . .
0 1 2 3 4 5

1) The anisotropy bends the branes towards the horizon.
- Increasing a has similar effect to increasing the BH’s temperature.

2) Anisotropic profiles converge to the flat geometry at long distances.

3) Critical embedding: Greater asymptotic distance = M, /T
—> T.is smaller in the anisotropic case.
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Thermodynamics

e Wick rotation t --> it; = Euclidean path integral yields thermal Partition Function.

® Gravity action evaluated at saddle point: the classical solution.

+ I = BF
Free Energy: ED Entropy:
OF

® For the D3-brane isotropic background,

F = —%2N3T4
[Hawking, Ross ‘05]

® To introduce a chemical potential for the background’s D7 branes,
we need to dualize to an electric description:

dF = —sdl' 4+ ®d
dCg ~ xdy ——» From asymptotic fall-off, read off 47( s D

charge density a and the potential ®.

9/15



Holographic Renormalization

The flavor branes action: [Papadimitriou ‘11]

Sper = —1pr / d°¢ €¢\/ —0ind ...in the background of the axion-
1%

dilaton-gravity theory, with fields: p: & X}

with an embedding given by ¥ (v)

I—> Asymptotic solution
Y =muv +

S 3 5
near the boundary: ¢+ jpa"m log 'U) v’ + O(v°)

24

Counterterms are required:

1 1
[ Sreg = — f diz e?© /—9(0) (6—40,(0) + 2 M) + a2y log e + a3 log” e + O (eo)) ]
where

ae) = —i (9§3)§(4)ij + 2@4))
From expansions like for the dilaton:

¢ = P(o) + P2)0° + (¢5(4) + ¢(0) log ’U) vt + O(v°)
with metric in FG coordinates:

1 .
ds® = Gy dv° + —6ij dwda’ + dQ3
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Holographic Renormalization

» There is a log? divergence, with coefficient

’L

1/ . i )
@3 =7y (9(‘6)9(4)ij + 2qb(4)) but our EOM dictate g( y9(4)ij = 0

* Origin: interaction of dilaton with D7-brane.
* Counterterm related to conformal anomaly: [Sé‘;ﬁ ilog efd%: /—~e? A ]

» Usual procedure results in:

Ssus 4 a Qb 4) 2 200y ]
TpVes /d ze? /=g () [T — YyPs) + @/)(1) e** g0, 9ix(0) 95X (0)

55 2
TR (g(o)@zxm)@xm)) ] +loge / iT2e?© /=g b

®(4) not expressable in terms of original field!

» Background action rescales under:
b=0¢+C, x=e%

so explicit dependence on ¢, is required.

—> Additional set of counterterms.
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Results — guark condensate

0.00F °

5
-0.05 W~ mu + (c -+ ﬂcﬂm log v) v

-0.10

Dictionary: m > quark mass,

-0.15

c = this expectation value:
coc (U + ¢ Pg + quTq)

-0.20

-0.25

15t order phase transition:

Minkowski embedding Black hole embedding

Gauge Theory: Transition between
discrete gapped meson spectrum &

First-order

continuous gapless distr. Excitations. phase transition

‘

* Red: Black Hole phase
* Blue, dashed: Minkowski phase
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Results — Free Energy

isotropic

| | | T/M,
0 ,I5 1 .‘0 1 .I5 2 .IO
Scaling of the Free Energy:
NZ2a*
F(ka,kT) = k*F(a,T) + k*log k==
4872

Red: Black Hole phase
Blue, dashed: Minkowski phase

— Curves at fixed a/T.

* Here, the position of the
horizon is fixed to u, = 1.

-0.0305 '

-0.0310 :

-0.0315 r

-0.0320 r

1.078 1.080 1.082 1.084 1.086 1.088 1.090

Close-up near critical temp.
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40

Results — Entropy

S

T T T T T T T T T T T

isotropic

T

Check from two computations:

e Analytical expression (incl. Counterterms)

e Numerical derivation w.r.t. a

Red: Black Hole phase
Blue, dashed: Minkowski phase

Computable from derivative
of F at fixed a, since:

dF = —sdT + ® da

Close-up near critical temp.
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Small / Large anisotropy limits

F F 100} -
o e

BH and Minkowski curves overlap, not | i
only intersecting at one point:

2" order phase transition

Red: Black Hole phase for a critical a/T?

Blue, dashed: Minkowski phase
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Thank you
for your attention



