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Introduction  Holographi n Loops Backgroun 1 broken scale invariance WL in Lifshitz-like backgrounds

The quark-gluon plasma

m QGP is created in very short time t ~ 0.2fm/c after the collision
and it is anisotropic for a short time 0 < T < T < Tys0.
m The time of locally isotropization is about Tt ~ 2 fm/c.
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Figure: Pic. by M. Strickland
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Introduction

Holographic duality for QGP

m Quantum field theories with large coupling constant: long
distances, strong forces

m Perturbative methods are inapplicable
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Introduction

Holographic duality for QGP

m Quantum field theories with large coupling constant: long
distances, strong forces

m Perturbative methods are inapplicable

SOLUTION ?
GAUGE/GRAVITY DUALITY

A correspondence between the gauge theory in D Minkowski
spacetime and supergravity in (D + 1) AAdS

't Hooft’ 93, Susskind’94.
Example:
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Introduction

Holographic duality for QGP

m Quantum field theories with large coupling constant: long
distances, strong forces

m Perturbative methods are inapplicable

SOLUTION ?
GAUGE/GRAVITY DUALITY

A correspondence between the gauge theory in D Minkowski
spacetime and supergravity in (D + 1) AAdS

't Hooft’ 93, Susskind’94.
Example: The AdS/CFT correspondence

J.M. Maldacena, Adv.Theor.Math.Phys. 2, (1998).

m "top-down": supergravity theories in AdS-backgrounds

m "bottom-up": gravity theories with scalar fields, form fields in
AdS. etc.
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Holographic dictionary

m D =5 gravity on AdS = the (D = 4) strongly coupled theory
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Introduction

Holographic dictionary

m D =5 gravity on AdS = the (D = 4) strongly coupled theory
m T=0:AdSvacuum, T # 0: black-hole solutions in AdS.
= D =4 Multiplicity in HIC = BH entropy in AdSs Gubster et al."08
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Introduction

Holographic dictionary

m D =5 gravity on AdS = the (D = 4) strongly coupled theory
m T=0:AdSvacuum, T # 0: black-hole solutions in AdS.
= D =4 Multiplicity in HIC = BH entropy in AdSs Gubster et al."08
m Thermalization time in M "3 = BH formation time in AdS>
PROFIT?
eCalculations in gravitational backgrounds with certain

asymptotics
e Reduciton to classical mechanics
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Holographic Wilson Loops

Holographic Wilson Loops

m The expectation value of WL in the fundamental representation
calculated on the gravity side: Maldacena et.al.’98

WIC] = (Trg etfc PxuAuy = g SstringlCl]
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. The Nambu-Goto action is

1
Sstring = mjdo‘ do?y/—det(hap), (3.1)

with the induced metric of the world-sheet h g given by
hap = gun0aXMOp XN, o, B =1,2, (3.2)

gmn is the background metric, XM = XM(o', 62) specify the
string, o', 0% parametrize the worldsheet.
m The potential of the interquark interaction

W(T,X) = (Tret frox ey o= VOOT,
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Holographic Wilson Loops

Holographic Wilson Loops

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

W(X,Y) = <Trei§><XY dXuAny = e~ VIXY

defines the so called pseudopotential V:

Ss rin
V(X) = 7tv 9,

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

0 = lim w
S_X—>oo X ’
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Backgrounds with broken scale invariance

Anisotropic duals

The AdS/CFT correspondence:

The Field Theory

e the conformal group SO(D, 2)

of a D-dimensional CFT

(t,xi) = (At Axy) ,i=1,..,d—

1

The Gravitational Background

e the group of isometries

Of AdSDJr]

ds? =12 (—dt? + dx3_,;) + 97

T2
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Backgrounds with broken scale invariance

Anisotropic duals

The AdS/CFT correspondence:

The Field Theory The Gravitational Background
e the conformal group SO(D, 2) e the group of isometries

of a D-dimensional CFT of AdSp 11

(t,x1) = At AX) s i =1, d—1 | ds? =12 (—dt? + =3 ;) + 945

Generalizations?
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Backgrounds with broken scale invariance

Anisotropic duals

The AdS/CFT correspondence:

The Field Theory The Gravitational Background
e the conformal group SO(D, 2) e the group of isometries

of a D-dimensional CFT of AdSp 11

(tyx) = A Ax) , i=1,.,d—1 | ds? =12 (—dt2 + dx3_,) + 45

\/» Generalizations?

Lifshitz scaling: t — AVt, X =A%, T 1T,
where v s the Lifshitz dynamical exponent

- . d
Lifshitz metric:  ds? = —r?Vdt? + — +r2d¥X3

Kachru, Liu, Mlllgan ‘08
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Backgrounds with broken scale invariance

Lifshitz-like spacetimes for holography

e Lifshitz-like metrics

dirz

12’
(t, %y, 1) — (A, AVx, Ay1,Ayz, 5 ), M. Taylor'08, Pal’'09.

The 5d Lifshitz-like metrics, z = :—V

ds? =7V (—dt? 4+ dx?) + r*dyT +r7dy3 +

—dt? + dx? dy? +dy?) a2
Type_ (1»2) dsz - LZ [( ZZ ) + ( ]ZZ/\/ 2) ZT .

oo (21) ds? - 12 ((dtz Fa3+dxd)  dy? dzz>
, -

72 72 /v 72
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Backgrounds with broken scale invariance

Type 1IB SUGRA, D3 — D7-branes: Anisotropic QGP

M = M5 x X5: M5 is a 5d Lifshitz-like metric, X5 is an Einstein
manifold.
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Introduction  Holographic Wilson Loops Backgrounds with broken scale invariance WL in Lifshitz-like backgrounds

Type 1IB SUGRA, D3 — D7-branes: Anisotropic QGP

M = M5 x X5: M5 is a 5d Lifshitz-like metric, X5 is an Einstein
manifold.

D3-D7 system, Azeyanagi et al.09, Mateos&Trancanelli’'09

~ d 2
ds? =R? {pz (—dt? + dx* + dy?) + p*/Pdw? + ppz} +R%dsk. -

v=3/2, t=p"% (txy,w0) = (Nt Ag Ay, A Pw, B
Ms x X5 ‘t X Yy r‘w‘m S2 S3 S4 S5

D3 | x x x X

D7 | x x x X X X X X
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Introduction  Holographic Wilson Loops Backgrounds with broken scale invariance WL in Lifshitz-like backgrounds

Type 1IB SUGRA, D3 — D7-branes: Anisotropic QGP

M = M5 x X5: M5 is a 5d Lifshitz-like metric, X5 is an Einstein
manifold.

D3-D7 system, Azeyanagi et al.09, Mateos&Trancanelli’'09

dp?

ds? =R? {pz (—dt? + dx* + dy?) + p*/Pdw? + pz} +R%dsk. -

p
v=3/2, t=p"3 (,xy,w,0) = (AW Ay, A 0w, £)

./\/l5><X5‘t X Yy r‘w‘m S2 S3 S4 S5

D3 | x x x X

D7 | x x x X X X X X
AdS/CFT: D3-probes in D3-background AdSs x S° = A =4 SYM.
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Introduction  Holographic Wilson Loops Backgrounds with broken scale invariance WL in Lifshitz-like backgrounds

Type 1IB SUGRA, D3 — D7-branes: Anisotropic QGP

M = M5 x X5: M5 is a 5d Lifshitz-like metric, X5 is an Einstein
manifold.

D3-D7 system, Azeyanagi et al.09, Mateos&Trancanelli’'09

dp?

ds? =R? {pz (—dt? + dx* + dy?) + p*/Pdw? + pz} +R%dsk. -

v=3/2, t=p"% (txy,w0) = (Nt Ag Ay, A Pw, B
Ms x X5 ‘t X Yy r‘w‘m S2 S3 S4 S5
D3 | x x x
D7 | x x x X X X X X
AdS/CFT: D3-probes in D3-background AdSs x S° = A =4 SYM.
D7-probes in D3-background Lifigr /AdSs uv x X5 = deformed SYM.
Jet quenching, drag force, potentials... see Giataganas et al.'12
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Backgrounds with broken scale invariance

Possible models

S = Tena; J x/Idl (R[g} +A—JampIM — JTeAq)F(zz)) )

A is negative cosmological constant.

The Einstein equations
A

1 1 1
Rmn - 3 5 9mn + 5 ( md))(and)) + Zle)\d) (ZFmpFE) o 76)\¢F29mn-

The scalar field equation
1

O = ?\eM’Fz with O¢p = ——0m (

[l

The gauge field
D (e F™) =0.
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Backgrounds with broken scale invariance

Gravity duals: black brane and infalling shell

The Lifshitz-like black brane

LA ) (0 ) 4
where  f(r ) —me (2v+2)r Aref'eva,AG, Gourgoulhon’'16
Fa) = %qdy1 ANdys, & =¢(r), M =pe

The Vaidya solution in Lifshitz background

ds? = —z72f(z)dv? — 2z 2dvdz + z 2dx? + z= /¥ (dy? + dy3),
f=1—m(v)z?/Y*2,v < 0 — inside the shell,v > 0 — outside,

1
d\):dt—i—%, Z:TT.

The Hawking temperature of the black brane:

T: lwmzyv+z.
o 2v
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WL in Lifshitz-like backgrounds

Spatial WL in Lifshitz-like backgrounds

Rectangular WL in the spatial planes xy;(or xy,) and y;y,. Possible
configurations:
m a rectangular loop in the xy; (or xy;) plane with a short side of
the length £ in the longitudinal x direction and a long side of the
length L, along the transversal y; direction

xe[0,0 <Ly, y1e€l0,Ly,];

m 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 x direction:

X € [O)Lx]> Y1 € [an < Lylk

m a rectangular loop in the transversal y;y, 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 y,

y; €10,f < Lyl]» Y1 € [O,Lyz].
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WL in Lifshitz-like backgrounds

Spatial WL in Lifshitz-like backgrounds

<
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WL in Lifshitz-like backgrounds

Static WL. Case 1: o' =x, 02 =y, z = z(x), v = v(x).

The renormalized Nambu-Goto action

SX»U] (c0)sTEM

Ly, 1 J‘ dw 1 Y
Zn“/zl/v o wl+1/v \/f(z*w) (] _W2+2/v) Zl/y’
where w = z/z,.The length scale is

¢ ! w1V dw
— :2Z*J .
f(zew)(1 —w2+2/v)

z20/Zx

SXVU](oc)sren

Ly,
For small ¢ — the deformed Coulomb part

Then pseudopotential Vy y, ., =

Cr(v)
Vx,y”w)(ﬂ,v) (/:O - 0/ .

For large ¢
VX»U] (00) (£, v) €:>oo Os,1 (v) L.
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WL in Lifshitz-like backgrounds

Static WL. Case 1: o' =x, 02 =y, z = z(x), v = v(x).

Vifm] Vifm]

= 1[fm]

1[fm]

Vifm] Vifim]

ifm] 0 D 2 lifm)

(€)
Figure' Vi1 () @8 @ function of ¢, v = 2, 3,4((a),(b),(c)). The temperature
=30, 100, 150 200 MeV (from down to top) for all. In (d): Vx,y; ., for

v =1,2,3,4 (from top to down) at T = 100 MeV.
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WL in Lifshitz-like backgrounds

Static WL. Case 2: o' =x, 0? =y1, z = z(y1), v = v(y1)

The renormalized Nambu-Goto action

Lle” dw 1 1

Sy onowren:77 °
1 ) 27-[0('/ Zy 20/Z« WZ \/f(Z*W) (1 _W2+2/V) =

The length scale is

{ —ZZI/V J] w?/Y dw
= 2Z, N f(Z*W) (] 7W2+2/‘V)

Sy1 y X(0)y TEM

The pseudopotential V, =

15 X(00) I—x
For small ¢ — the deformed Coulomb part
Ca2(v)
Virxie o v

For large ¢
VEH s X (o0) (ea V) €:>oo GS,Z(V) {.
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WL in Lifshitz-like backgrounds

Static WL.Case 2: ¢' =x, 62 =y, z = z(y1), v =v(y1)

Vifm] Vifm]

- 1[fi] : s [[fim]

Vifm] Vifm]

0 W o lfm]
4
s ]

() (d)

Figure: Vy,,x, 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 T = 100 MeV.
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WL in Lifshitz-like backgrounds

Static WL. Case 3: o' =y, 0? =3, z = z(y1), v = v(y;)

The renormalized Nambu-Goto action

Ly, 1 r dw 1 v

S = _ I
Y1Y2(c0)sTEN 1/ . 1+1/ 1/v°
2na! 1/ Y v \/f(z*w) (1 —W4/V) Z*/v

The length scale is

The pseudopotential Vy, ,y, .., = SU’L;‘JZZ“"”
For small £ — o)

Vorvem 507 ¢
For large ¢

VUI»UZ(OO)(£>V) 2: 05,3(V) (.

[ee]
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WL in Lifshitz-like backgrounds

Static WL.Case 3: ¢' =y, 0 =3, z = z(y;), v = v(y;)

“V[fm] “VIfm]

1[fm] 1[fm]

Vifm] Vifm]

= 1] D 5 lfim]

© (d)

Figure: Vy,,y, ., @s a function of ¢ for v = 2, 3,4 ((a),(b),(c), respectively).

(oo

We take T = 30, 100, 150,200 MeV from down to top, for (a),(b) and (c). In (d)
V1,12 (0 fOrvi=1,2,3,4 (from left to right) at T = 100 MeV.
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WL in Lifshitz-like backgrounds

Static WL. Spatial string tension

aiP[GeV] 2[GeV]

02 04 06 08 7 TIGeV] (a) ' 02 04 06 08 75 TIGeV] (b)

Figure: The dependence of the spatial string tension /o, on orientation and
temperature. The solid lines corresponds to the rectangular Wilson loop with
a short extent in the x-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 y1y, 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
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WL in Lifshitz-like backgrounds

WL in time-dependent backgrounds.Case 1

d
2 .
Sx,y” 27-[0( JZ1+1/v \/] 4 viz!, /:a‘
The corresponding equations of motion are
10f 1
v’o= 77V/2+ (V+ )(1 7]"\1/2*2\)%/),
20z vz
, v+1f v+1fv2 10f , Lof , ,of
p— _— _— f —_—— —_—
‘ v z+ v 2 2ov" Zv oz " Fo
1
YD
vZ

The boundary conditions z(+{) = 0, v(+{) = t. The initial conditions
2(0) = z,, v(0) = v, 2'(0) = 0,v’(0) = 0. The pseudopotential is

SX»U1 () TEM

vxx‘J](oo) - L
Y1
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WL in Lifshitz-like backgrounds

5 1lfm]

et il () g ()

Figure: Vx,y, ., as a function of ¢ at fixed values of t for v =1, 2,3,4
((a),(b),(c),(d), respectively). Different curves correspond to time
t=0.1,0.5,0.9,1.4, 2 (from down to top, respectively).
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WL in Lifshitz-like backgrounds

6V1 (X) t) - Vx,y] (00) (X‘) t) - Vx,y1 (c0) (X) tf)'

Vi[fim] 6V, [fm]
o8
o
o4
f T il () : e tml (D)
6Vy[fm] 8Vi[fm]
o
o2
o
o
T m m m % ) (C) f o ™ ™ % il (d)

Figure: The time dependence of —dVs (x, t), for different values of the length
¢, v=2,3,4((a),(b),(c), respectively). Different curves correspond to
0=0.7,1.2,1.5,1.7,2 (from down to top, respectively). In (d) we have shown
—dV1(x,t) as afunctionof tat { = 2 for v =1,2,3,4 (from top to down).
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WL in Lifshitz-like backgrounds

WL in time-dependent backgrounds.Case 2

L 1 1 d
SUI’X(OOJ - 27.;;(/ de1 Zz\/(zz/\’z 7f(Z)V)(V/)Z 2V/Z/), ! = E.

The corresponding equations of motion are

1 of v+1 2v
"o /2 2-2/v _ £ 2 — 'z
v 20z° * vz (Z (1—|—v)v vz>,
L - _ﬂlefz/v_i_z(\/*])l +%f2\’/2 1 of /2_7 ﬁ 2
v v oz 2v v 2v 67,

0 4
— z’v’—f + —fz'v'.
z
The boundary conditions z(+{) = 0, v(+{) = t. The initial conditions
z(0) = z4, v(0) = v,, 2’'(0) = 0,v’(0) = 0. The pseudopotential is

Sy1 y X ,ren

Vy1,x( )7 L
Y1
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WL in Lifshitz-like backgrounds

WL in time-dependent backgrounds.Case 2

V[fm] V[fm]
2
i __,¢e===‘§"§i:

2 ',"‘

-4 I/

b

4

(c)

Figure: Vy, x.. as a function of { at fixed values of t for v=1,2,3,4
((a),(b),(c),(d), respectively). Different curves correspond to
t+=0.1.05.0.9.1.4.2 from down to ton. In (??) we take M = 1.

26
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WL in Lifshitz-like backgrounds

WL in time-dependent backgrounds.Case 2

évylax(oc) (X» t) - Vylyx(oc) (X) t) - Vy1 » X (00) (X) tf)~

V2, [fim] 6Va.[fm]

}‘_\.;N;:\\\w\\\ 1:\\ :D t,[fm](C) ' \_;;‘\._ \‘: . . [[fm](d)

Figure: The time dependence of —8Vy,,x .., (x, t) for different values of the
length ¢, v = 2,3,4 ((a),(b),(c), respectively). Different curves correspond to
¢ =2,25,3,3.5,4 (from down to top, respectively). In (d) —dV2(x,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 Lifshitz-like backgrounds

WL in time-dependent backgrounds.Case 3

L 1 1
Sy, U2, 00 = 27302(/ de‘ +1/v \/(szz —f(v')? 2"/‘7‘/)'

The corresponding equations of motion are

10f 2 v+1
"o /2 . 2=-2/v _ £ /2_2 11
v 5 az + ~ <z 2 Y vz ) ,
o = 7%1%172/\/ LY T 1 ﬁ LY +1 2,72 1 afvxz 1 afvxz
v v ooz vz 20v 2 0z
of 2 1
— v —+ Mf\/z’. (5.1)

0z vz

The boundary conditions z(+{) = 0, v(+{) = t. The initial conditions
z(0) = z,, v(0) = v, 2'(0) = 0,v’(0) = 0. The pseudopotential is

wn

(t 2): U])yz,(oo))ren.

VU]»UZ,(OQ) L

Y2
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WL in Lifshitz-like backgrounds

WL in time-dependent backgrounds.Case 3

V[fm]
s
2
.
7
"
(b)
. . =t o) = I[fm]
s L
.’"’
10 ',/"
J; 151
- (© 4 (d)

Figure: Vy, v, («, (1, ) @s a function of the length ¢ at fixed values of t,
v =1,2,3,4((a),(b),(c),(d)). (a): we take t = 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.

Anastasia Golubtsova | Evolution of holographic Wilson loops in anisotropic quark-gluon plasma

29



WL in Lifshitz-like backgrounds

WL in time-dependent backgrounds.Case 3

6VH1 » Y2, (00) (x,t) = VEH » Y2, (00) (x,t) — VEH y Y2, (00) (x, te).

6Vs(fm]

5Vs[fm

20,

....... eSS (d)

i, (o (C)

Figure: —8Vy, ,y, (., (X, t) on t 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): 1 = 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): —dVs(x,t) as a
function of t at ¢ =3 for v =1, 2,3,4 (from top to down, respectively).
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Summary and Outloook

Open questions

El Time-like Willson loops

Jet quenching

Isotropization, RG-flow AdS3 x R??
A "Top-down" model?
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WL in Lifshitz-like backgrounds

Thank you for your
attention!
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