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Motivation
[ 1o}

The quark-gluon plasma (2005)

@ QGP is a strongly coupled fluid (LHC & RHIC experiments)

@ QGP is created in time 7 ~ 0.1fm/c after the collision (short time of
thermalization)

e QGP is anisotropic for a short time 0 < Tiperm < 7 < Tiso-
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Figure: Picture from: P.Sorensen, C.Shen
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Motivation
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o D = 4 Multiplicity is proportional to entroov of D = 5 BH Gubser’'08

) — 14
Experiment: kS pp(pp), INEL AA, central
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&1 4 sR A PHENIX
Z v BRAHMS o » 1554
8-  pA(dA),NSD * STAR
ALICE < NAS0
Modified AdS: gl ¥ PHOBOS
_ 0.12
Sdata = SNN .
Kiritis & Taliotis'11 -
2 o L
x T Iyl <0.5
. G - 3 A
Modified AdS+ ghosts: 10 - o ‘é i
S — g0.16 Sy (GeV)
data — SNN
Aref’eva et al.'14 ALICE collaboration’15

Broken scaling
_ 40.16
Sdata =SNyN

Aref'eva & A.G.'14
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Motivation
o

Wilson loops

@ The Wilson loop is a physical gauge invariant object
@ It measures the interaction potential between the external quarks

@ Transport coefficients of QGP (jet quenching parameter, drag force
etc.)
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Motivation
o

Wilson loops

@ The Wilson loop is a physical gauge invariant object
@ It measures the interaction potential between the external quarks

@ Transport coefficients of QGP (jet quenching parameter, drag force
etc.)

@ Non-local probe of thermalization (holographic)

Holographic Wilson loop

The expectation value of WL in the fundamental representation
calculated on the gravity side:

W[C] = (Trp e'fo Wuhn) = g=SetringlCl]

where C' in a contour on the boundary, F' — the fundamental
representation, S is the minimal action of the string hanging from the
contour C in the bulk.

J.M. Maldacena’ 98
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Holographic models

@ Top-down approach: low-energy approximation of string theory
(supergravity model) in asymptotically AdS backgrounds trying to
reproduce features similar to QCD
Examples:Sakai-Sugimoto model (D4 — D8 — D8-branes),
Mateos-Trancanelli model (D3 — D7-branes).
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Breaking scale invariance

The Field Theory

the conformal group SO(D, 2)

of a D-dimensional CFT

(t,xi) = ()\t,AJTZ) L1 = 1, ..,d* 1

The Gravitational Background

the group of isometries

of AdSD+1

ds? = r? (fdt2 + dfgfl) + ‘%2
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T
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Lifsthiz fields theories
d 2
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- - 1
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Lifshitz-like spacetimes for holography

@ A spatial extension of the Lifshitz scaling

(t,9.7) = (V6 X2, Mg, M, 5)

0/38



Motivation
[e]e] le]e}

Lifshitz-like spacetimes for holography

@ A spatial extension of the Lifshitz scaling

(t,9.7) = (V6 X2, Mg, M, 5)

o Lifshitz-like backgrounds

d 2
ds* = r® (—dt* + da®) + r’dyi + r’dys + r%’

M. Taylor'08, Pal’09.
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Lifshitz-like spacetimes for holography

@ A spatial extension of the Lifshitz scaling

(t,z,y,m) = (Nt N2, Ay, Aye, g)

o Lifshitz-like backgrounds

d 2
ds* = r® (—dt* + da®) + r’dyi + r’dys + r%’

M. Taylor'08, Pal’09.

The 5d Lifshitz-like metrics

d 2
Type — (1,2) ds® = r® (—dt® + dz®) +r° (dyi + dy3) + TLZ

d 2
Type — (2,1) ds® = r® (—dt® + dai + da3) + r’dy” + 7'%
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Type IIB SUGRA, D3 — D7-branes

M = My x X5: Ms is a 5d Lifshitz-like metric, X5 is an Einstein
manifold.
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Motivation

[e]e]e] lo}

Type IIB SUGRA, D3 — D7-branes

M = My x X5: Ms is a 5d Lifshitz-like metric, X5 is an Einstein
manifold.

D3-D7 system, Azeyanagi, Lin, Takayanagi'09

~ do?
ds* = R? {pQ (—dt2 + dz? + dy2) + p4/3dw2 + p_PQ] + Rst?Xs.

v=3/2, r=p"% (La,yw,p) = (M A0 Ay P, L)

My x X5 ‘ t x oy r‘w‘sl S9 83 S4 Ss
D3 X X X X
D7 X X X X X X X X
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Type IIB SUGRA, D3 — D7-branes: Anisotropic QGP

Mateos& Trancanelli'11

1 du?
ds? = < FBdx? + da? + dol + Hdx? + f) + Zd0%s

The functions F, B, H depend on the radial direction u and the
anisotropy a. At high temperatures o < T*:

Flu) =
1—%-1— 24uZ [8u ( —u )—10u410g2+(3uh+7u )log(l—i—“—z)]
h

2,2
afuyp

Blu) = 1— g [A22, +log(1+ %)), Hw) = (1+ %)

u +u2

11/38



Motivation

[e]e]e]e] ]

Type IIB SUGRA, D3 — D7-branes: Anisotropic QGP

Mateos& Trancanelli'11

1 du?
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anisotropy a. At high temperatures o < T*:

Flu) =
1—%-1— 24uZ [8u ( —u )—10u410g2+(3uh+7u )log(l—i—“—z)]
h

2,2
afuyp

Blu) = 1 — 5y [ +log(1 + %)), H(w) = (1+ %) °

u? 4u?

D7-probes in D3-background Lifrr/AdSs yv x X5 = deformed SYM.
a = 0 = isotropic D3-brane AdS/CFT: AdSs x S°> = N =4 SYM.
Jet quenching, drag force, potentials... see Giataganas et al.'12
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Type IIB SUGRA, D3 — D7-branes: Anisotropic QGP

Mateos& Trancanelli'11

1 du?
ds? = < FBdz} + da? + da3 + Hdx3 + f) + Zd0%s

The functions F, B, H depend on the radial direction u and the
anisotropy a. At high temperatures o < T*:

Flu) =
1—%-1— 24uZ [8u ( —u )—10u410g2+(3uh+7u )log(l—i—“—z)]
h

2,2
afuyp

Blu) = 1 — 5y [ +log(1 + %)), H(w) = (1+ %) °

u? 4u?

D7-probes in D3-background Lifrr/AdSs yv x X5 = deformed SYM.
a = 0 = isotropic D3-brane AdS/CFT: AdSs x S°> = N =4 SYM.
Jet quenching, drag force, potentials... see Giataganas et al.'12

o difficult to study

@ not cover experimental data
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Gravity dual and holographic Wilson loops

Outline

© Gravity dual and holographic Wilson loops
@ The Lifshitz-like black branes
@ Spatial Wilson loops and Pseudopotentials
@ Spatial string tension
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Gravity dual and holographic Wilson loops
[ 1]

Black branes in Lifshiz-like spacetimes

S = 16716‘5 [ dzy/lg] (R[ ] + 5' oM — fewF(Qz))

A is negative cosmological constant.

A 1 1 s » L xé 2
1
06 = A MF2,  with O¢ = 9" /1910.6).
4 V Ig

Dy, (X F™) = 0.
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Gravity dual and holographic Wilson loops
o] ]

Gravity duals: black brane

The Lifshitz-like black brane

ds? = &7 (—[(r)d® +dr) + ¢ (dyf + dyd) + 425,

where  f(r) =1 —me~®*+27 Aref’eva,AG, Gourgoulhon'16
Fuoy = 3qdyi Ndyz, ¢ =o(r), e = pe'.

The Hawking temperature of the black brane:

1(v+1)

pry —7771/21};2_
T 2v
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where  f(r) =1 —me~®*+27 Aref’eva,AG, Gourgoulhon'16
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N 22 22/v 22f(2)’
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Gravity duals: black brane

The Lifshitz-like black brane

ds? = 2 (= f(r)dt? + da®) + €2 (dy? + dy3) + 4,
where  f(r) =1 —me~®*+27 Aref’eva,AG, Gourgoulhon'16

Floy = Saqdyy Ndya, ¢ =¢(r), e = pe'r.

The Hawking temperature of the black brane:

= mmre,
T 2v
g2 - SfRdede?) | (dyi+dy3) o dz
N 22 22/v 22f(2)’
f(z) = 1—mz2*?/v, z:%.
T

5d GAUGED U(1)? SUGRA
Donos, Gauntlett'12, Hoker, Kraus'12
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Gravity dual and holographic Wilson loops
0000000000

Holographic Wilson Loops

@ The expectation value of WL in the fundamental representation
calculated on the gravity side:

W[C] = (Trp et $o dmuln) = = Setring[C],

The Nambu-Goto action is

1 /
Sstring = % /daldUQ _det(haﬁ)a (1)

with the induced metric of the world-sheet h,p given by
hag = gunOa XM XN, a,f=1,2, (2)

gun is the background metric, XM = XM (g1 02) specify the
string, o', 02 parametrize the worldsheet.

@ The potential of the interquark interaction
W(T,X) = <Tr ei §T><de#Au> ~ e—V(X)T'

15 /38



Gravity dual and holographic Wilson loops
0@00000000

Holographic Wilson Loops

A similar operator to probe QCD is the spatial rectangular Wilson loop of
size X x Y (for large V)

W(X, Y) = <Trei fXxY dquu> — e*V(X)Y

defines the so called pseudopotential V:

Ss rin
V(X) = 7} g,

The spatial Wilson loops obey the area law at all temperature, i.e.
V(X) ~ USXa
where o, defines the spatial string tension

V)
05 = Jim ——

16 /38



Gravity dual and holographic Wilson loops
00®0000000

Holographic spatial Wilson loops
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Gravity dual and holographic Wilson loops
[e]e]e] lelelelele]e]

Spatial WL in Lifshitz-like backgrounds

Rectangular WL in the spatial planes xy;(or xys2) and y1ys.
Possible configurations: D.Ageev, |.Ya.Aref'eva,AG, E.Gourgoulhon'16

@ a rectangular loop in the zy; (or zy2) plane with a short side of the
length ¢ in the longitudinal z direction and a long side of the length
L, along the transversal y; direction

z e 0,0 <L), y1€l0,Ly];

@ a rectangular loop in the xy; plane with a short side of the length ¢
in the transversal y; direction and a long side of the length L, along
the longitudinal = direction:

re(0,L,), wy1€[0,f <Lyl

@ a rectangular loop in the transversal y;ys plane with a short side of
the length ¢ in one of transversal directions (say y;) and a long side
of the length L, along the other transversal direction ys

Y1 € [0,€ < Ly1]5 Y1 € [O’LyQ]'

18 /38



Gravity dual and holographic Wilson loops
[e]e]e]e] Telelele]e]

Static WL. Case 1: ¢! =z, 0? = y1, 2

The renormalized Nambu-Goto action
1

g _ Ly 1 / dw 1 1 v
T,Y1(o0),TEN 2ol 2L 1/v wl+l/v \/f Z 1 _ w2+2/y) Zi/uv

where w = z/z,.The length scale is

1+1/u dw
— = 22z, /
flzew)(1 — w2t+2/v)’

20/ %«

S,
Then pseudopotential V; 4, ., = %

y
For small ¢ — the deformed Coulomb par'é

%

Z,Y1(c0)

(4, v) Z:O v

For large ¢
Ve Y1(o0) (4,v) i os1(v) L.

10/38



Gravity dual and holographic Wilson loops
[e]e]e]e]e] lelele]e]

Static WL. Case 1: o'l =z, 0? = y;, 2 = z(x), v

Vifm] Vlfim]

= |[fim]

VIfm] Vifm]

1(fm] — I[fm]

(c) (d)

Figure: Vuy, ., as a function of £, v = 2,3,4((a),(b),(c)). The temperature
T = 30,100, 150,200 MeV (from down to top) for all. In (d): Vo, ., for
v=1,2,3,4 (from top to down) at 7' = 100 MeV.
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Gravity dual and holographic Wilson loops
000000000

Static WL. Case 2: ¢! =z, 0? = y1, 2

The renormalized Nambu-Goto action
1

L, 1 dw 1 1
Sooreoren = gz | u 1o
*ZD/Z \/f(z*w) (1 — w2+2/l/) *
The length scale is
1
6—221/11/ 2/wa
J f(z w2+2/u)
. Syl,z(oo),ren
The pseudopotential Vy, .., = L
For small ¢ — the deformed Coulomb part
CQ(V)

Vyhx(oo) Z,:O T

For large ¢
Vyl’I(oo)(ga l/) ~ US’Q(V) 0.

{— 00
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Gravity dual and holographic Wilson loops
000000000

Static WL.Case 2: ol =z, 02 =y, 2 = 2z(y1), v = v(y1)

“VIfm]

- 1[fim]

Vlfm]

/ 1[fm]

(a)

(c)

“VIfm]

= |[fim]

Vlfim]

- I[fm]

(d)

Figure: Vy, ., as a function of £ for v = 2,3,4 ((a),(b),(c)).
T = 30,100, 150,200 MeV from down to top, respectively, for all. In (d) V for
v =1,2,3,4 (from left to right, respectively) at 7= 100 MeV.
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Gravity dual and holographic Wilson loops
0000000080

Static WL. Case 3: 0! =1, 02 =49, 2

The renormalized Nambu-Goto action

1
1 v

Spraiyren = / Y
Y1Y2(o0)sTEN 27ra wl+1/v \/f Z* 1 _ w4/”) Zi/u

The length scale is
dw

0=z :
Z /w1—3/”\/f(z*w) (1_w4/1/)

S,
The pseudopotential Vy, y, ., = L Yaee)
Lyz
For small ¢ —
C3(v)
v o T g
For large ¢

Vy17y2(oo)(€7y) ~ US@’»(”)K'

{— 00
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Gravity dual and holographic Wilson loops
000000000 e

Static WL.Case 3: o' =y, 02 =y, 2 = 2(y1), v =v(y1)

Vlfim] Vifm]

+——— l[fm] 1(fm]

Vlfm] Vigm]

- 1[fm]

o 1[fim]

(c) (d)

Figure: Vy,, y,.., as a function of £ for v = 2,3,4 ((a),(b).(c), respectively).
We take T' = 30, 100, 150, 200 MeV from down to top, for (a),(b) and (c). In
(d) Vi1, ya(eey for v =1,2,3,4 (from left to right) at 7" = 100 MeV.
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Gravity dual and holographic Wilson loops
L ]

Spatial string tension

olP[GeV] aiP?[GeV]

0z 04 08 08 7o T[GeV] (a) ‘; 02 04 06 08 75 TIGeV] (b)

Figure: The dependence of the spatial string tension /5, on orientation and
temperature. The solid lines corresponds to the rectangular Wilson loop with a
short extent in the z-direction, while the dashed lines correspond to a short
extent in the y-direction. The dotted lines correspond to the rectangular
Wilson loop in the transversal y1y2 plane. (a) Blue line corresponds to v =1,
gray lines correspond to v = 2, green lines correspond to v = 3 and the brown
ones correspond to v = 4. (b) The spatial string tension /o, for different
orientations for v = 4.

Alanen et al."09,A. Dumitru et al."13-14

25/38



WL as non-local probes of thermalization

Outline

© WL as non-local probes of thermalization
@ The Vaidya solution
@ WL in time-dependent backgrounds
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WL as non-local probes of thermalization
o

The infalling shell background

The ingoing Eddington-Finkelstein coordinates

dz

The Vaidya solution in Lifshitz background

—272f(2)dv? — 22 2dvdz + 27 2da® + 27V (dy? + dy?),
1— m(v)zzﬁ/”7 v < 0 — inside the shell, v > 0 — outside,

1-— 1 + tanh 2) Pras
«
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WL as non-local probes of thermalization
o

The infalling shell background

The ingoing Eddington-Finkelstein coordinates

dz

The Vaidya solution in Lifshitz background

—272f(2)dv? — 22 2dvdz + 27 2da® + 27V (dy? + dy?),
f o= 1- m(v)zzﬁ/”,v < 0 — inside the shell, v > 0 — outside,

U
V)

[N}
Il

M
11— — (1 + tanh 2) Pras
2 o

&h

—

<
N
I

@ The Vaidya solution interpolates between the black hole (outside the
shell) and the Lifshitz-like vacuum (inside the shell).

27 /38



WL as non-local probes of thermalization
00000000000

WL in time-dependent backgrounds.Case 1

L, dx _d
Say1(00) = H/W\/l — flz,0)0'2 =02, 1= =
The corresponding equations of motion are
10 1
v = B 8f 2+ L:; )(1 — fu? —20'2),
S = _l/+1i+V+1f2v/2 laf o2 f ,Qaf ,Z,%
v oz v z 2 v 0z’
1
+ 27(1/Jr )fv’z'
vz

The boundary conditions z(+¢) = 0, v(£¢) = ¢. The initial conditions
2(0) = z., v(0) = vy, 2/(0) = 0,v'(0) = 0. The pseudopotential is

Sr,yuco)ﬂ“e"

yY1(c0) Ly
1
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WL as non-local probes of thermal
00000000000

5 1[fm]

- 1[fm]

S il () e il (d)
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WL as non-local probes of thermalization
[e]e] lelelelelelele]e)

oV (x,t) = Vw,yl(oc)(x7 t) — Vm,yl(m)(x, tr).

SV [fin] 6Vy[fm]

- = t[fm] (a) f - - —~ — t[fm] (b)

6V [fm]
07,

6V, [fm]

04

= 1[fm] (d)

t m > = 5 tlfm] (c) ; = = =

Figure: The time dependence of —dVi(x,t), for different values of the length ¢,
v =2,3,4 ((a),(b).(c), respectively). Different curves correspond to
£=0.7,1.2,1.5,1.7,2 (from down to top, respectively). In (d) we have shown
—0Vi(x,t) as a function of t at £ = 2 for v = 1,2,3,4 (from top to down).
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WL as non-local probes of thermalization

O00e0000000

WL in time-dependent backgrounds.Case 2

v=o(y), z==z), f=/f(v,z2)

d
Syl (o) - 27'['0[ / s \/ 2/1/ 2 Z ’U)( ) - 2v Z,) ! = diyl

The corresponding equations of motion are

19f v+1 2v

"o "2 2—2/v _ 12 only

Y 202" + vz <Z (1+Z/)fv vz),

Z// _ V+1f 1— 2/1/ (V71)2/2+2f21)/27 1 af /277]07]0

v v oz 2v v 2v° 0z
8
YL s

82+ f

The boundary conditions z(£¢) = 0, v(£¢) = ¢. The initial conditions
2(0) = z4, v(0) = vy, 2/(0) = 0,v'(0) = 0. The pseudopotential is

v Sth(oo),ren
Y1, T(0) — .
Lyl
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WL as non-local probes of thermalization

O000@000000

WL in time-dependent backgrounds.Case 2

V[fim]

i | [fm)

- 1[fm] R

M V[fm]
S S —
e —— _=-===2IIIIIII Ljfim
e TR g s LIfim] [ G T [fm]
2 .
e /
AI/ ;
o
i ;
4
/ 1
/’ 15
() 7 (d)

Figure: Vy, 2., as a function of ¢ at fixed values of ¢ for v =1,2,3,4
((a),(b),(c),(d), respectively). Different curves correspond to
t=0.1,0.5,0.9,1.4,2 from down to top.
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WL as non-local probes of thermalization
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WL in time-dependent backgrounds.Case 2

5Vy1,z<oo)(x,t) = Vyl,m(m)(x,t) = Vi1, 200 (x,t5).

0V, [fim] 6Va,[fim]
- of-~

e (a) e e ()

20f~__

z *~\:}L[fm1(c) e N = ml(d)

Figure: The time dependence of —6Vy,, o (w,t) for different values of the
length ¢, v = 2, 3,4 ((a),(b).(c), respectively). Different curves correspond to
£=2,2.5,3,3.5,4 (from down to top, respectively). In (d) —dV2(z,t) as a
function of t at £ =2 for v = 1,2, 3,4 (from top to down, respectively).
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WL in time-dependent backgrounds.Case 3

v:v(yl), Z:Z(yl)a f:f(vaz)'

L 1 1
Sy1 .oy = 27:2//dy121+1/’/\/(22/1’2 — f(v')? - 2v’z’).

The corresponding equations of motion are

10 2 1
7}” — 587‘;”/2 + ; (Z22/V _ V; fl/,2 _ 211/2’/) ,
P 7gf2172/1/+21/7127/2+V+1f21}/27%?,0127%f%v/2
14 14 4 vz v z
0 2 1
— Z/U/£+ (VV—: )f’U/Z/. (3)

The boundary conditions z(+¢) = 0, v(+¢) = ¢. The initial conditions
2(0) = z., v(0) = vy, 2/(0) = 0,v'(0) = 0. The pseudopotential is

S
_ MY1,Y2,(c0)TEN
Vy17y2,(oo)(t’ E) - j7 .
Y2
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WL in time-dependent backgrounds.Case 3

: 1[fim]
2 et
- |[fm] .

. [
5 1ffm) E - il

() { (d)

Figure: Vy, 4, (o, () as a function of the length £ at fixed values of ¢,
v=1,2,3,4 ((a),(b),(c),(d)). (a): we take ¢ =0.1,0.5,0.9,1.4,2 from down
to top, respectively; for plots (b),(c),(d): ¢t = 0.4,1.5,2.5,3.34,4 from down to

top, respectively.
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WL in time-dependent backgrounds.Case 3

Svyl > Y2,(c0)

6V3[fm

20f.

(z,t) = Vit v, (00) (z,t) — Vylvyz(oo)(x’tf)'

5Vsfin]

0

= t[fin] (C)

5V;[fm]

e “ — 1] (b)

> {[fm] (d)

Figure: —=6Vy,, y, (o, (@, 1) on ¢ for different £, v = 2,3,4 ((a),(b).(c)). (a):
1=2.2,3,3.85,4.4,5.2 from top to down; (b): | =3,4.1,5.2,6,7.1 from top to
down; (c): 1 =3.4,4.6,5.9,6.8,8 from top to down. In (d): —§Vs(x,t) as a
function of ¢ at £ =3 for v = 1,2,3,4 (from top to down, respectively).
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Summary and Outloook

Done

© Black brane and shell solutions with Lifshitz-like asymptotics
@ Wilson loops in the Lifshitz-like backgrounds
© Pseudopotentials and spatial string tensions
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Summary and Outloook

© Black brane and shell solutions with Lifshitz-like asymptotics
@ Wilson loops in the Lifshitz-like backgrounds

© Pseudopotentials and spatial string tensions

Open questions

@ Time-like Willson loops, potentials, quarkonium spectrum that CAN
FIT experemental data for multiplicity

@ Jet quenching parameter for anizotropic background that CAN FIT
experemental data for multiplicity

@ Generalization for non-zero chemical potential (non-zero barionic
density)

@ Isotropization, holographic RG-flow from AdSs x R? to Lifs?

@ Any supergravity embeddings?
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Thank you for your attention!
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