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Motivation

The quark-gluon plasma (2005)

Experiments on Heavy lon Collisions at RHIC and LHC:
m A new state of matter: deconfined quarks, antiquarks, and
gluons at high temperature.

m QGP does not behave like a weakly coupled gas of quarks
and gluons, but a strongly coupled fluid.

| ] Tthe,m(O.lfm/c) < Thydro < Thard(IOfm/C> < Tf(ZOfm/C)

hadronic phase
and freeze-out

EHALY

QGP_and _
initial state hydrodynamic expansion .

CGC
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pre-equilibrium

“Glasma” Hydrodynamics Hadronic gas



Motivation

Difficulties and solution

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

m Perturbative methods are inapplicable

m No consistent quantum field theory at strong coupling
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m No consistent quantum field theory at strong coupling
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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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Motivation
Difficulties and solution

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

m Perturbative methods are inapplicable

m No consistent quantum field theory at strong coupling

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 Supergravity theories in AdS-backgrounds
m Gravity theories with scalar fields, form fields in AdS. etc.

Anastasia Golubtsova — Linear dilaton for asymptotically Lifshitz-like spacetimes 6



Motivation

Holographic dictionary

m d gravity on AdS = the (d — 1) strongly coupled theory

Anastasia Golubtsova — Linear dilaton for asymptotically Lifshitz-like spacetimes 7



Motivation

Holographic dictionary

m d gravity on AdS = the (d — 1) strongly coupled theory
m 7T =0: AdS vacuum, T # 0: black-hole solutions in AdS.

Anastasia Golubtsova — Linear dilaton for asymptotically Lifshitz-like spacetimes 7



Motivation

Holographic dictionary

m d gravity on AdS = the (d — 1) strongly coupled theory
m 7T =0: AdS vacuum, T # 0: black-hole solutions in AdS.
m 4d Multiplicity in HIC = BH entropy in AdSs Gubster et al.’08

Anastasia Golubtsova — Linear dilaton for asymptotically Lifshitz-like spacetimes 7



Motivation on O librium  Sumr

Holographic dictionary

m d gravity on AdS = the (d — 1) strongly coupled theory

m 7T =0: AdS vacuum, T # 0: black-hole solutions in AdS.

m 4d Multiplicity in HIC = BH entropy in AdSs Gubster et al.’08
m Thermalization time in M '3 = BH formation time in AdS>

Anastasia Golubtsova — Linear dilaton for asymptotically Lifshitz-like spacetimes 7



Motivation on O librium  Sumr

Holographic dictionary

m d gravity on AdS = the (d — 1) strongly coupled theory

m 7T =0: AdS vacuum, T # 0: black-hole solutions in AdS.

m 4d Multiplicity in HIC = BH entropy in AdSs Gubster et al.’08
m Thermalization time in M '3 = BH formation time in AdS>

= Non-local observables: Wilson loops, Entarglement
entropy, two point correlators.

Anastasia Golubtsova — Linear dilaton for asymptotically Lifshitz-like spacetimes 7



Motivation on O librium  Sumr

Holographic dictionary

m d gravity on AdS = the (d — 1) strongly coupled theory

m 7T =0: AdS vacuum, T # 0: black-hole solutions in AdS.

m 4d Multiplicity in HIC = BH entropy in AdSs Gubster et al.’08
m Thermalization time in M '3 = BH formation time in AdS>

= Non-local observables: Wilson loops, Entarglement
entropy, two point correlators.

Anastasia Golubtsova — Linear dilaton for asymptotically Lifshitz-like spacetimes 7



Motivation

Holographic dictionary

m d gravity on AdS = the (d — 1) strongly coupled theory
m 7T =0: AdS vacuum, T # 0: black-hole solutions in AdS.
m 4d Multiplicity in HIC = BH entropy in AdSs Gubster et al.’08
m Thermalization time in M '3 = BH formation time in AdS>
= Non-local observables: Wilson loops, Entarglement
entropy, two point correlators.
PROFIT?

eCalculations in gravitational backgrounds with certain
asymptotics
¢ Reduciton to classical mechanics
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Motivation Asyr rouds Linear dilaton Out of equillibrium Summe d Outlook

Multiplicity: experlmental data, theoretical estimation

m D = 4 Multiplicity = Area of trapped surface in D = 5

)

i E. [ @ PBPB{0-3 %) ALICE / ppNSD ALICE
Experiment: 2L T Kkuios m onatms - bpNSD COF
S 0.1 B o mcimomn ppuoue e
data = SNN ?:{ [ W AuAu(t-G %) PAOBCS > pp NSD STAR
ALICE collaboration’10 ?i
ZL\
s
Modified AdS: o . .
0.12 10° 10° GeV'
Sdata - SNN Vo (GeV)
Kiritis & Taliotis'11 .,
ALICE collaboration’10

Modified AdS+ ghosts:
Sdam - 51%11]6

Aref’eva et al. 14
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Multiplicity: experimental data, theoretical estimation

m D = 4 Multiplicity = Area of trapped surface in D = 5

i ﬁ&_ [ @ PBPB{0-3 %) ALICE / ppNSD ALICE
Experiment: 2L T Kkuios m onatms - bpNSD COF
S, — 0l B o mcimomn ppuoue e
data = NN. ?:{ [ W AuAu(t-G %) PAOBCS > pp NSD STAR
ALICE collaboration’10 ?i
z(.\
s
Modified AdS: o . .
_ &0.12 10° 10° GeV
Sdata = SyN Vom (3e1)
Kiritis & Taliotis'11 .,
ALICE collaboration’10

e The QGP is spartially anisotropic

Modified AdS+ ghosts:
Sdata = 51%11]6

Aref’eva et al. 14
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Asymptotycally Lifshitz backgrouds

Asymptotycally Lifshitz-like
backgrouds and holography
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Asymptotycally Lifshitz backgrouds

Outline

Spacetimes with Lifshitz scaling

Lifshitz-like backgrounds for holography
Lifshitz-like metrics
Shock waves in Lishitz spacetimes

Lifshitz-like backgrounds with spherical symmetry

Lifshitz black holes
Lifshitz-Vadya solutions
Boson stars in Lifshitz-like backgrounds
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Asymptotycally Lifshitz backgrouds

Lifshitz scaling

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+1

(t,x) = O, Ax) ,i=1,..,d—1 | ds® = (—dP® +di3_)) + &
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Lifshitz scaling

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+1
(t,x) = O, Ax) ,i=1,..,d—1 | ds® = (—dP® +di3_)) + &

\\M Generalizations?

Lifshitz scaling: 7 — A"z, X MY, r— g,
where v s the Lifshitz dynamical exponent

o . d
Lifshitz metric:  ds* = —r?Vdr* + — + r°di;,
Kachru, Liu, Mlllgan ‘08
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Asymptotycally Lifshitz backgrouds

Lifshitz-like spacetimes for holography

e Lifshitz-like metrics

d 2
ds* = r¥ (—dt2 + dxz) + rzdy% + rzdy% + r—’;,

(t,x,y,7) = (N1, \x, Ay1, Ay2, §), M. Taylor'08, Pal'09.
Gauge/gravity duality: theory with 7 = 0.
e Shock-waves in Lifshitz-spacetimes

§ 1 dz
g2 — Q012,200 4o —dudv—i— (dy} + dy3) + =,
Z Z 2/ z?
u=t—xandv=r+x,z=1/r", I.Ya.Aref’eva, AG’14.

Gauge/gravity duality:
Multiplicity in HIC in D = 4 can be estimated by the area of trapped
surface in AdSs formed in collision of shock waves.

Gubster, Pufu, Yarom’09
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Multiplicity: experimental data, theoretical estimation

m D = 4 Multiplicity = Area of trapped surface in D = 5

)

; = ® PEPE{DS % ACICE /. ppNSD ALICE
Experiment: 25 T Komvs momarws © paNsh cbr
oS 5 EENDRAR RN e
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Multiplicity: experimental data, theoretical estimation

m D = 4 Multiplicity = Area of trapped surface in D = 5

i ﬁt [ @ PBPB{0-3 %) ALICE / ppNSD ALICE
Experiment: 2  Kinaos Enas - pNSD GO e
Suia = SO R B O RS CENoD A oo
ata NN. S | ¥ ARuCS%IPAOBCS x pp NSDSTAR
ALICE collaboration’10 ?i
z(.\
s
Modified AdS: I . .
Sdata - S?V']llz “ T
Kiritis & Taliotis'11 .,
ALICE collaboration’10
Modified AdS+ ghosts: 5d Lifshitz spacetimes v =4, v = -2
Sdam — 51%11]6 Sdata - S?\/']{/6
Aref’eva et al. 14 Aref’eva & A.G’14

Anastasia Golubtsova — Linear dilaton for asymptotically Lifshitz-like spacetimes 13



Linear dilaton and asymptotycally
Lifshitz-like metric
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Linear dilaton

Possible models

A massive form field

S = g | /8l (R+A

B(2) =4/ ”7_1L2r2”dt A dx,
+1
moy = ﬁa C2 - (Vl()Lz)Va

( &)+ (2)))

is negative cosmological constant

H(3) =2v L;1L2r2yildl" Adt A dx
A = 47kl M. Taylor'08

m Lifshitz-metrics
m Shock waves and its collision
m No analytic black hole solutions
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Linear dilaton

Lifshitz black holes, Lifshitz-Vaidya, etc.

e Black holes in Lifshitz background

W dar?
dSz = 7”2 (—f(l”)dfz +dx2) + r2 (dy% —+ dy%) =+ %,
where f(r)=1-— %
r

Gravity/gauge duality: T # 0, non-local observables in equillibrium.
e Lifshitz-Vaidya metrics, a shell falling along v = 0.

f(v,z2) dx*
2 2 2 2
f=1-—m»z*", m(v)defines the thickness of the shell.

Gravity/gauge duality: non-local observables out of equillibrium.

) 2dvdz N d?  (dy} + dy3)

ds* = — dv

e Boson stars in Lifshitz background
Gravity/gauge duality: condensed matter S.A Hartnoll'11
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Linear dilaton

Linear dilaton

Linear dilaton field and 2-form fields

1 . 5 1 M 1 Ao 2
= A— = — —e™F .
S = 1o, | @VIE (Rlel + 4 - Somsos - r,
The Einstein equations are
- T 5 ~ n 2]'7111 FP) — — ¢F mn-
Ry 3 &mn + 2(am¢)(8n¢)) + 4€ ( D n) ]2€ 8
The scalar field equation
1 1
0¢ = -AMF?,  with 0¢ = ——=0,(g""V/|80n9).
4 V8l

The gauge field obeys the following equation

D,, (MF”’”) —0.
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Linear dilaton

Black hole (brane) solutions

ds* = " (—f(r)a’t2 + dxz) + e (dy% + dy%) + A%,

where f(r) =1 —me 27 Aref’eva,AG, Gourgoulhon'15
Fo) = %c]dyl Ndyy, ¢ = ¢(r), P ,ue4’.

2
v=4,A=+—", A =90, ug* = 240.

7 11q
SUGRA lIA on M = X(I)S X X(2)5,: F(z), F(4), H(3)
with

1
Fo) = Eqdw Ndyy, F4y ~ const, Hz =0,

Azeyanagi et al. ‘09
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Linear dilaton

Black hole (brane) solutions

ds* = &7 (<f(r)d® + d®) + & (dy} + dy3) + {5
where f(r)=1-— me—(2v+2r . Aref'eva,AG, Gourgoulhon'15
F(z) - %qdyl Ndyr, ¢ = 525(1’), N = ,ue4r,

2
v=4,A=+—", A =90, ug* = 240.

7 11q
SUGRA lIA on M = X(I)S X X(2)5,: F(z), F(4), H(3)
with

1
Fo) = Eqdw Ndyy, F4y ~ const, Hz =0,

Azeyanagi et al. ‘09
5d GAUGED U(1)® SUGRA = SUGRA IIB

Gauntlett et al.’11
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Linear dilaton O uillibrium  Summa

From Lifshitz to AdS asymptotycs

e Let ¢ = constand F, =0
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s Linear dilaton Out of equillibrium Summary and Outlook

From Llfshltz to AdS asymptotycs

e Let ¢ = constand F, =0

Black hole solutions with AdS asymptotics

d 2
ds* = & (—f(r)df* + dx*) + ¥ (dyi + dy3) +)Trr)’
where f(r) = 1 — me™¥.
ds* = 7 (—f(?)dt2 + dxz) + 7’2(dy2 + dyz) + @
SN G

fH=1-

W3
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From Lifshitz to AdS asymptotycs

e Let ¢ = constand F, =0

Black hole solutions with AdS asymptotics

d 2
ds* = & (—f(r)df* + dx*) + ¥ (dyi + dy3) +)Trr)’
where f(r) = 1 — me™¥.
ds* = 7 (—f(?)dt2 + dxz) + 7’2(dy2 + dyz) + @
SN G

i =1—2

Corresponds to the UV limit.
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Out of equillibrium

Anastasia Golubtsova — Linear dilaton for asymptotically Lifshitz-like spacetimes 20



Out of equillibrium

Construction of Lifshitz-Vaidya spacetimes

The Lifshitz-like metric z = i
rl/

ds? = 272 (~f(2)dr* + dx®) + 7727 (dy} + dy3) + A,
f=1- mZZ/V+2_ '

The Eddington-Finkelstein coordinates:
dz

dv =dt + —.
f()

A matter shell infalling in Lifshitz background

ds*> = =772 (2)adv* — 277 2dvdz + 77 2dx? + 772V (dy} + dy3),
f=1-—m()z2/"*2, v < 0 — inside the shell,v > 0 — outside,
F, = %qdyl ANdyy, Ao =4r+ry.
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Out of equillibrium
Thermalization

Def.

Thermalization time at scale / is the time at which the tip of
the geodesic with endpoints (—//2) and (//2) grazes the
middle of the shell.

The Lagrangian of the pointlike probe

E_\/_f(z,v)ch/ch»_Zch/clz+ldxdx+ I <Zdyidyi>

2 drdr Z2Zdrdr  Zdrdr 2V dr dr

T=x0rT=y,i=1,2.
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Out of equillibrium

Thermalization time

Let 7 = x, the Lagrangian £ = VR /z
The integrals of motion

L f@vnte
VR 2L 1 WR
il PO e Y

where R =1 — f(2)(v,)? — 2v,z, + 272 ((V0)* + (72.)?)

/ 1 2 12 e
2 = jE\/f(z) <Z2‘72 — 2 <jzz + ﬁ) — 1> +5

NES
d
x:j:/ - .
2 2 2
\/f(Z) (#_ZZ/V (%-F%)-l)*k%
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Linear dilaton Out of equillibrium Summary and Outlook

Motivation As) ally Lifshitz backgrouds

Thermalization time

The turning point can be found from
1 v
S -2(B+T) - j2> +77 =0.

f(z+) (Z*
< dz

T
X\ =Ty=T,=0 = &= /
€
L

f(z) 21

The thermalization time #,.,.,, at scale [
, B 2 /Z* dZ '
€

t Tk dZ
herm — TN —
rem = Jo £
f@ |z —1
24
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Out of equillibrium

Thermalization in the x-direction

08

06

04

0.2+

o T T s L Lfm]

Figure : Dependencies of 7 on ¢ for the 5-dimensional Lifshitz metric
forvr=2,v=3,v=4withm=0.1andm=0,5.
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Out of equillibrium

, R=277 — f(2) () — 2ingy + ()

The integrals of motion read

27172/ 2 @)y + 2 i
j = — = — s I = #7 I = —4%
VR 2ve TR ’ R
l = Z/N o / ) ttherm = N fcgi) .
2/v
) \/ 2:272/vf(2) (ﬁi‘/,, - 1) )
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Out of equillibrium

Thermalization in the y;-direction

T e Ll

Figure : Dependencies of the thermalization times 7 on ¢ for the
Lifshitz metric for v = 2, v = 3 and v = 4 (left to right). The solid and
dotted curves correspond to m = 0.5 and m = 0.1, respectively
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Summary and Outlook
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Summary and Outloook

Done

The shock waves and estimations of multiplicity

Black brane and Vaidya solutions in Lifshitz-like
backgrounds

Computation of thermalization time

Wilson loops and Entanglement entropy in black brane
background

IN PROGRESS

Non-local observables in Lifshitz-Vaidya background
Lifshitz boson stars and interpretation
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Summary and Outloook

The shock waves and estimations of multiplicity

Black brane and Vaidya solutions in Lifshitz-like
backgrounds

Computation of thermalization time

Wilson loops and Entanglement entropy in black brane
background

IN PROGRESS

Non-local observables in Lifshitz-Vaidya background
Lifshitz boson stars and interpretation condensed matter ?
The underlying theory ??77?

Interpolating solutions Lifs = AdSs,
AdS,/CFTy, 1d CFT = SQOM.
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Summary and Outlook

Thank you for your
attention!
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