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Outline

© Introduction
@ Quark matter under extreme conditions
@ Gauge/gravity duality
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The phase diagram of QCD
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Figure: A sketch of the QCD phase diagram.
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e QCD is a gauge theory of SU(3) gauge group (SU(3) Yang-Mills
theory). Problems:

@ Wilson loops (the potential of interquark interaction)

@ [-function, RG-flow

© Thermalization
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e QCD is a gauge theory of SU(3) gauge group (SU(3) Yang-Mills
theory). Problems:

@ Wilson loops (the potential of interquark interaction)

@ [-function, RG-flow

© Thermalization

Methods:

@ Perturbative QCD (works only for « is small: high energies, short
distances, i.e. asymptotic freedom)

@ Lattice QCD, numerical simulations, non-perturbative approach (the
numerical sign problem for non-zero baryonic densities, no realtime
calculations)

© 1/N-expansion
[ G.'t Hooft, A planar diagram theory for strong interactions
Nucl. Phys. B 72, (1974) 461-473.

Q The gauge/gravity duality (e.g. the AdS/CFT correspondence), the
contemporary form of large N expansion
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The AdS/CFT conjecture

The AdS/CFT correspondence Maldacena'98

The AdS/CFT conjecture claims exact equivalence between the theory in
the bulk, which is a low energy approximation to D = 10 IIB string
theory on AdS5 x S° the theory defined on the boundary, which is N = 4
supersymmetric Yang-Mills with gauge group SU(N¢) at large N¢.

@ The strong coupling regime of one theory reflects the weak coupling
regime of the other one, restore d-dim gauge theory thanks to the
boundary d + 1-gravity dual

Gubser,Klebanov, Polyakov, Witten'98

Za[¢o(x)] = / Dexp{iSs + / $o0O}, Si= / dzL
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regime of the other one, restore d-dim gauge theory thanks to the
boundary d + 1-gravity dual

Gubser,Klebanov, Polyakov, Witten'98

Za[¢o(x)] = / Dexp{iSs + / $o0O}, Si= / dzL

Zs[bo(@)] = / D[gleiSs19
¢(x,e)=do ()

Generating functional[4d sources ¢(x)] = Effective action[fields ¢q(z)]
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The AdSy.1/CFTy correspondence

T # 0, a deconfinement phase Witten'98
1 3 dz? 2\*
ds? = = |—f(2)dt® + (dz?)? =1-(=) .
# =g e r@re sl re=1-(2)

@ The temperature of the the Yang-Mills theory is identified with the
Hawking temperature of the black hole.

1 # 0 RN-AdS black hole

2

1 .y d
ds® = = —f(2)dt? + (dz*)? + f(zz) ;
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Does the conjecture work?
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Does the conjecture work?

@ checked (see, 1012.3982), but NOT prooved

e N =4 SYM with gauge group SU(N¢) is a conformal theory
(thanks to supersymmetry), QCD is not conformal

@ however...
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Lattice calculations show that QCD exhibits a quasi-conformal behavior
at temperatures 7' > 300MeV and the equation of state ~ E = 3P (a
traceless conformal energy-momentum tensor).
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Figure: The comparison of the HISQ/tree and stout results for the trace
anomaly, the pressure, and the entropy density

Pic. from Bazavov et al.'14
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The quark-gluon plasma: quarks, antiquarks, gluons in
deconfinement

Ttherm (Ulf”’/() < Th,y(lro < T}mrd( 10.707”/(') < Tf(zofln/(—')

Relativistic Heavy-Ion Collisions il
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The AdS/CFT correspondence for the QGP

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

n/s =~ h/4rk,

the AdS/CFT calcs, Policastro, Son,Starinets'03
o confirmed at the RHIC'08
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The AdS/CFT correspondence for the QGP

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

n/s =~ h/4rk,

the AdS/CFT calcs, Policastro, Son,Starinets'03
confirmed at the RHIC'08
hadronization, freezing out: QGP is a particle factory

early anisotropic stage: responsible for multiplicity of produced
particles

multiplicity (total number of particles produced in HIC)

very fast thermalization
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Gravity duals for QCD

Outline

e Gravity duals for QCD
@ Holographic dictionary
@ Gravity shock waves for holographic HIC
@ Holographic Wilson loops
@ WL and thermalization
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Gravity duals for QCD

Holographic models

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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Holographic models

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).

e Bottom-up approach: effective 5D gravitational theory with
matter in

e asymptotically AdS spacetimes

e non-conformal backgrounds
Examples: wall models (Karch et al., Erlich et al.), improved
holographic QCD model (Kiritsis et al.)
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Gravity duals for QCD

Top-down approach :type |IB SUGRA, D3 — D7-branes

Anisotropic QGP , Mateos& Trancanelli'11

1 du?
d52 = - ( ]:Bdflfo +dl’1 +d$2 +Hd.'1}3 aF J__.) +Zd925

u

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

Flu) =
4
1= ZiﬁJr 24uj, [8“ (up — u?) — 10u*log 2 + (3uj; + Tu )log(1+“—2)]

B(u) =1~ gix [ 425 +log(1 + %)), #(w) = (1 + 1)
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Gravity duals for QCD

Top-down approach :type |IB SUGRA, D3 — D7-branes

Anisotropic QGP , Mateos& Trancanelli'11

1 du?
d52 = ( ]:Bdflfo + dml A dfl;z a4 Hd.'I;3 = J__.) + ZdQQS'

u2

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

Fu) =
1= %Jr 24uj, [8“ (up — u?) — 10u*log 2 + (3uj; + Tu )log(1+“—2)]
Blu) = 1 - 5y [ +log(1 + )], H(w) = (1+ %)

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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Gravity duals for QCD
Bottom-up: Breaking scale invariance

The Field Theory The Gravitational Background
the conformal group SO(D,2) the group of isometries
of a D-dimensional CFT of AdSp1

ta) = M i), i=1,..,d—1 | ds® =r? (—dt® +dz2_,) + 4
d—1

T2
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Gravity duals for QCD

Bottom-up: Breaking scale invariance

The Field Theory The Gravitational Background
the conformal group SO(D,2) the group of isometries
of a D-dimensional CFT of AdSp1

ta) = M i), i=1,..,d—1 | ds® =r? (—dt® +dz2_,) + 4
d—1

T2

Generalizations?}

Lifshitz scaling: t — A¥t, T—A\E, r— %r,
where v s the Lifshitz dynamical exponent
I : d

Lifshitz metric:  ds* = —r?dt* + — + r?d75_,

Kachru, Liu, M|I|gan '08
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Gravity duals for QCD
Holographic dictionary

We have to "mimic" the heavy ions collision

@ shock waves collision in AdS

o infalling shell (Vaidya solutions)

o’

Holographic dictionary

@ 4d Multiplicity in HIC = BH entropy in AdSs Gubster et al.’08
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Gravity duals for QCD
[ ]

Holographic dictionary

We have to "mimic" the heavy ions collision

@ shock waves collision in AdS

o infalling shell (Vaidya solutions)

o’

Holographic dictionary

4d Multiplicity in HIC = BH entropy in AdSs Gubster et al."08
Thermalization time in M3 = BH formation time in AdS®

two point correlators = geodesics in a gravity background

Wilson loops = 2-dimensional minimal surfaces

Entenglament entropy = 3-dimensional minimal surfaces

N
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Lifshitz-like spacetimes

@ A spatial extension of the Lifshitz scaling

(ta xr,Y, T) — ()‘Vtv AVJ), Ayh )‘y27 g)
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Lifshitz-like spacetimes

@ A spatial extension of the Lifshitz scaling

(ta xr,Y, T) — ()‘Vtv AVJ), Ayh )‘y27 g)

o Lifshitz-like backgrounds

d 2
ds® = r? (fdt2 + dx2) + TQdy% + r2dy§ + r%’

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

@ A spatial extension of the Lifshitz scaling

(ta xr,Y, T) — ()‘Vtv AVJ), Ayh )‘y27 g)

o Lifshitz-like backgrounds

d 2
ds® = r? (fdt2 + dx2) + TQdy% + r2dy§ + r%’

M. Taylor'08, Pal’09.

The 5d Lifshitz-like metrics (

d 2
Type — (1,2) ds® =r® (—dt® + dz®) +r° (dy; + dy3) + TLQ

d 2
Type — (2,1) ds® = r® (—dt® + dai + da3) + r’dy” + TLQ
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Construction of a shock wave in Lifshitz-like spacetimes

1
z =
/rIJ
—dt? + da? dy? + dy? dz?
Type — (1,2) ds* = L? ( x)+(y1 vi) | d=* .
22 22/1/ 22

Type — (2,1) ds® = L? <(_dt2 +dof +dzf) | dy? d22>

22 ZQ/l/ 22

A massless particle located at w = 0 and moving with the speed of light in the
v-direction:

ds? = 2A(u,v)dudv + g(u,v)h;;(z)dxdz’

ds® = 2A(u,v)du(dv — f(z?)d(u)du) + g(u, v)hi;(z)dz'd?,

v— v+ f(x).

@ T. Dray & G. 't Hooft, '85; Hotta & Tanaka'93; Sfetsos'95.
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The shock wave metric

2

é(y1,y2,2)0(u) , 5 1 1 2 2 dz
e Cduf — ?dudv 4 W (dyl -+ dy2) + ?, (1)

ds® = 5
z

u=t—x and v =t + x — light cone coordinates.
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The shock wave metric

2

é(y1,y2,2)0(u) , 5 1 1 2 2 dz
e Cduf — ?dudv 4 W (dyl -+ dy2) + ?, (1)

ds® = 5
z

u=t—x and v =t + x — light cone coordinates.

2
|:|:|Lif3 - (1 + V):| w - 72Ztuu7 T‘uu = tuua(u)7 (2)
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Domain-walls in Lifshitz-like spacetimes

¢(y17y2’ z) = ¢(z2), Lin & Shuryak'09
826(2) 2\ 19¢(z) z\
¢ = ¢a@(z* - Z) + ¢b@(z - Z*)’
Zf(l/+1)/l/ 22(u+1)/l/
$a(z) = Cozaz | Sy — 1 (2(u+1>/v a 1) ’
z, Za
ZE(VH)/V Z2(v+1)/v
owlz) = Cozat | 5o — 1) | oo — 1)
Za Zp
o 8V7TG5Ez;+2/Vz;+2/U
b = —

(v+ 1)L3+% (zf(”_l)/y

_ 2Dy
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Trapped surfaces

3 TS for two shock waves = 3 solution to the following Dirichlet problem:

Ui2>0 for Xe€D and Uy5,=0 for X €0D
VW15 =0(X—-Xa2), XE€D
VU, VU, =4, X €9D

aD
Eardley & Giddings'03;

Kang & Nastase'05
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Wall-on-wall collisions

ds? = —Ldudv + Q;—g‘”é(ql)du? + é’i—f)(S(v)va + dz%z + g:‘;z + 4z,

z

The trapped surface for wall-on-wall shock wave collision is z, < z. < 2

(8z¢)|z:za =2, (az¢>|zzzb = -2
i}

G-E 8/3 z;1/3 8/3 ,11/3
8nGis Eza e 81GsEz, (1— ‘;f/?,)
s =1, 7 =1
L11/3 L1173
R14/3 ( 11/3 11/3) R14/3 < 11/3 11/3>
Zg/g 3/8 L8/3 8/3<Za ) 3/8
Fa = —1+:5/%¢ 1B = 8/3 578 .

)

23 /40



Gravity duals for QCD
00000080

The area of the trapped surface

1
S = TGE) ,/det|gLif3|dzdy1dy2, J
C

where detgr; s, is the metric determinant for

2 —2/v 2 2 dz*
dsLif, = 2 (dyi + dy3) + w2

The relative area s of the trapped surface defined by

s — Strap o V( 1 . 1 )
© [dydys 4GS \(z)* ()Y )

) 2 ) 24v
_ (C\7H 1\" 2 275w (1) ¥
s(Coz) = ()% = (g) — o ()7 (?,,) +
The maximum value at infinite z;
(87Gls)2/ (v +2) 2/ (v+2)

_ v
S|zb4>oo = 1G5

24 /40
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) 14
Experiment: 5 pp(pf), INEL AA, central
_ 0.155 5 ALICE m ALICE
Sdata = SN 2" 12, ows * OMS
- Lz UAS e ATLAS
ALICE collaboration'15 1ol PHOBOS + BhoEos
ol _&°F 4 18R A PHENIX
= v BRAHMS of = 5155
8-  pA(dA), NSD x STAR
ALICE 2 NASO
AdS with ghosts: ol HIRGE
_ o0.12
Sdata =SNN )
Kiritis & Taliotis'11 o
2 &
% Inl<0.5
c 2 3 4
AdS+ ghosts: 10 hd .
Siape = sO:16 ISy (GeV)
ata — °NN
Aref’eva et al.'14 ALICE collaboration’15

Deformed AdS

_ <0.16
Sdata =SNN

Aref'eva & A.G.'14
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Black branes in Lifshiz-like spacetimes

S = 16716‘5 [ dzy/lg] (R[ ] + 5' oM — ,€A¢F(22)>

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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The Lifshitz-like black brane

ds? = 2" (= f(r)dt? + da?) + €2 (dy? + dy3) + 4,
where f(r)=1- me~ (227 Aref’eva,AG, Gourgoulhon'16
Foy = tqdyy Ndya, ¢ =¢(r), e = pe'.

The Hawking temperature of the black brane:

T:l(y—i_l)mzul:ﬂ.
™ 2v

27 /40
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The Lifshitz-like black brane

ds? = 2" (= f(r)dt? + da?) + €2 (dy? + dy3) + 4,
where f(r)=1- me~ (227 Aref’eva,AG, Gourgoulhon'16
Foy = tqdyy Ndya, ¢ =¢(r), e = pe'.

The Hawking temperature of the black brane:

T:l(y—i_l)mzul:ﬂ.
™ 2v

(—f(2)dt? + dz?) N (dy? + dy3) N dz?
22 22/v 22f(z)’
1

flz) = 1—mz2t2v, =_—.
Tnl/
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Holographic spatial Wilson loops
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Gravity duals for QCD
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Holographic Wilson Loops

@ The expectation value of WL in the fundamental representation
calculated on the gravity sided Maldacena'98, Rey et al.’98,
Sonnenschein et al.98

W([C] = (Trp €' fo @ndu) = g=Satring[C],

The Nambu-Goto action is

1 /
Sstring = % /daldUQ _det(haﬁ)a (3)

with the induced metric of the world-sheet h,g given by
hozﬁ :gMNaaXMaﬁXNa O‘aﬁ: 1723 (4)

gun is the background metric, XM = XM (a1 02) specify the
string, o', 02 parametrize the worldsheet.
@ The potential of the interquark interaction

W(T,X) = <Tr ei $rux dat“,A“> ~ e*V(X)T.

20 /40
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The infalling shell background

The ingoing Eddington-Finkelstein coordinates

dz
f(z)

dv =dt +

The Vaidya solution in Lifshitz background

ds? = —z72f(2)dv? — 22" 2dvdz + 2 2dx? 4+ 272/ (dy? + dy?),
f = 1—m(v)2®*?¥, v < 0 — inside the shell,v > 0 — outside,
M
flv,z) = 1-— el 1+ tanh — ) +3
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The infalling shell background

The ingoing Eddington-Finkelstein coordinates

dz
f(z)

dv =dt +

The Vaidya solution in Lifshitz background

ds? = —z72f(2)dv? — 22" 2dvdz + 2 2dx? 4+ 272/ (dy? + dy?),
f = 1—m(v)2®*?¥, v < 0 — inside the shell,v > 0 — outside,
M
flv,z) = 1-— el 1+ tanh — ) +3

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

Balasubramanian et. al.'11

30/40
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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 = _V+1i+V+1f2v/2 laf 2 *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

Sm,yl(co)men

Viﬁ,yl(oo) - L
Y1

31/40



Gravity duals for QCD
O0e00000

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

SV [fin] 6Vy[fm]

= t[fm] (a) : — - ~ ~ [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 in time-dependent backgrounds.Case 2

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

d
Sy1 (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// _ VJrlf 1— 2/1/ (V*1)2/2+2f2v/27 1 af /277‘/:7]0

v v oz 2v Ov 2v° 0z
3
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

33/40
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WL in time-dependent backgrounds.Case 2

5Vy1,x<oo)(x,t) = Vyl,m(m)(x,t) = Vi1, 200 (x,t5).
6V, [fm] Vo, [fm]

asf T L

- Tl ~. S osf “\\
: e il 3) f e T ()
6V>[fm]

20f~__

z *~\T,}L[fm1(c) e N )

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’/dylzl+1/1/\/(z2/u2 — f(v')? - 2v’z’).

The corresponding equations of motion are

10 2 1
7}” — 587‘;”/2 + ; (Z22/V _ V; fl/,2 _ 211/2’/) ,
P *gleiz/y+2yili/2+V+1f21}/27%?1)/2—%f?v/2
14 v z vz v z
0 2 1
— Z/U/£+ (VV—: )f’U/Z/. (5)

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

SVylayQ,(oc) (1'7 t) = Vy17y2,(oo) ("Tv t) - Vylvyz,(oo) (x’tf)'

5V3[fm 5V;[fm]

20f.
20

et {[fim] (b)

5Vs[fim]
e

= t[fim] (c) """""" — - = {{fm] (d)

0

Figure: —=0Vy,; 4, (o, (2, 1) on t for different £, v = 2,3, 4 ((a),(b).(c)). (a):
1=12.2,3,3.85,4.4,5.2 from top to down; (b): I = 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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Figure: The thermalization times of the two-point correlators, holographic
entanglement entropy and WL. (a)The solid lines (from left to right)
correspond to the entropy(green), the Wilson loop (brown) and the two-point
correlator (gray) with the dependences on the longitudinal direction = , while
the dashed, dash-dotted and dotted lines represent the behaviour of the
two-point correlator, Wilson loop and entropy in the isotropic spacetime,
respectively. (b)The solid curves correspond to the entropy(green), the Wilson
loop (brown) on the xyi-plane and the two-point correlator (gray) with the

dependences on the trasversal direction ;.
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@ 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

o
Q
o

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

Pseudopotentials and spatial string tensions

Open questions

o

Q
o
Q

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

Generalization for non-zero chemical potential (non-zero baryon
density)

Holographic RG-flow between two fixed points which correspond to
the gravity solutions with different asymptotics

Any supergravity embeddings?
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