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Outlook

I

* Physical picture of Quark-Gluon Plasma in heavy-ions collisions
 Why holography?

 Results from holography:

Fit experimental data via holography;
top-down (top=string theory)
bottom-up (bottom=5-dim GR+matter)

Predict new data

« What is special for NICA

U. 1. Apedbesa, “lonorpadpuueckoe onncaHme KBapK-rloOHHOM Ns1a3mbl, 0b6pasyloweinca
NP CTONIKHOBEHUAX TAXKENDbIX noHoB”, YPH, 184:6 (2014), 569-598
I.A, "Holography for Heavy lons Collisions at LHC and NICA, arXiv:1612.08928



From observations in HIC

QGP strong interacting fluid

Measurement of energy lost (jet quenching, R,,-
factor, J/Psi suppressions

Transport coefficients, extremely small eta/s
Phase transition (still near small mu)

Energy dependence of the total multiplicity s%1>°
Thermalization time

Direct photons (electric conductivity)



Holography:

Connection between
a strongly coupled quantum field theory in a D-dimensional spacetime

and a D+1-dimensional classical gravity in a special background



Holographic Duality & RG flow a la Kadanoff and Wilson

RG scale -> an extra spatial dimension

Currents -> dynamical filed

Jiluv = ®ils
uv
il a9
a A H = Z Ji(z,a) O*(z)
i i
U P A .
2(1// v~ 7 H = Z Ji(z,2a) O (x)

O | “ From: arXiv:1205.5180



Few mathematical background



Conformal group acting in R%¢1
1
Definition. The conformal group of Minkowski space RV~ is generated by the Poincare

transformations, the scale transformation
T, — AT, (A.1)

and the special conformal transformations

Ty +ay

X, —
K r? 4 2xta, + a?

(A.2)

the conformal algebra (d > 2)

P, = —id,

D = —izhd, (M, Po] = i(0up By — ML)y (M K| = 1(0,p Ky — m0p K )

Ly = 1 (azu&, — x,,(%) (M, D] =0, [Py, Ky = =2(nw D +iM,),
D, P] =Py, [D, K] =—-K,

K, = —z'<2:13u93”(9y — .232(%)



AdS d+1

q

Definition of AdS;.,. We take R*% which has the metric
d
ds’ = —dXg —dX7 , + ) dX,

p=1

and define AdSs.1 1S a quadric

Xy XM= 1.

SO(2,d) -isometry JMN — —z(XME?N — XN(?M)

[JMNa JM/N'] — 73(77MN' I+ TIN M JynT — T) v M INNT — TIN N JMM’)



Conformal algebra as the isometry algebra of AdS

I

The conformal algebra is correctly reproduced from the AdS, i, mery if We identify

By = Jyd+r1 — tdpp0 Ky = Jpda1 + 10 D = —Jya+ My = Juw

P, = —i0,
D = —izt0,

Ly = 1 (a;ua,, — a:y@u)
K, = —i (2%93”@ — :1:28M)



AdS 441  Parametrization

X

X, = tanpl,. Qz — 1 w=1,..d

COSt Sintlnln
Xo = : Xgi1 = :
COS p COS p

ds® = 5 (—dt2 + dp* + sin” de2)
COS“ p
The center of AdS lies at p =0 and the boundary at p = /2.
The boundary manifold is R x §41 tanh x = sin p
D—‘a P, = —ie " |Q, (0, —itanh x ;) + L ¢
_@a7 = —ie u (Oy — ttanh x O, tanhy *
M. — —j Qi_Qi K :z'eitlﬂ (—0y —itanh x 0;) — ! \Y
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Klein-Gordon-Fock equation on AdS:

i

1
§JABJBA¢ = A(A —d)¢ m2 =

Fundamental solution

o~ AL(X,X')

A AN
GN(X7X ) — e—QE(X,X’) 1

cosh £ = —nyn XM XN

Euclidean AdS iE

A(A — d)



Klein-Gordon-Fock equation on AdS:

T

1
/AX

GN(t7X7Q‘t,7XIJQ/) ™ A G@@(taﬁ‘tlaﬁ/)

X

GNN(t7X7Q‘t/aX/76/) ~ K<t7X7Q|t/7Q,>

1d—A
X
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Let me remind: QGP as a strongly coupled fluid

q

e Conclusion from the RHIC and LHC experiments:
appearance of QGP (not a weakIY coupled gas of quarks
and gluons, but a strongly coupled fluid).

Based on modification of particle spectra (compared to p+p); jet quenching;
high p_T-suppression of hadrons; elliptic flow;suppression of quarkonium production

* This makes perturbative methods inapplicable

* The |attice formulation of QCD does not work for
description of QGP formation, since we have to study real-
time phenomena.

* This has provided a motivation to try to understand the
dynamics of QGP through the gauge/string duality



Holography

Relation between 4-dim QFT theory and
5-dim classical solutions in gravity

Boundary Conformal symmetry
l
M
7 x 4 Maldacena,1998
A S BI.Xharony et al.
3 Phys.Rep.323(2000)183

A kind of a “phenomenology”



Dual description of QGP as a part of Gauge/string duality

I

* Thereis an approximate gravity dual construction for QCD.

* Lattice calculations show that QCD exhibits a quasi-conformal behavior at temperatures

T >300 MeV and the equation of state can be approximated by E = 3 P (a traceless
conformal energy-momentum tensor).

* Use the AdS/CFT correspondence as a tool to get non-perturbative dynamics of QGP.

Reviews: Solana, Liu, Mateos, Rajagopal, Wiedemann, 1101.0618

I.A., Holographic approach for QGP in HIC, UFN, 184, 2014;

DeWolfe, Gubser, Rosen,Teaney, HI and string theory, Prog. Part.Nucl.Phys., 75, 2014
P.M.Chesler, W. van der Schee, Early thermalization, 1501.04952 [nucl-th]



Deviation from conformal symmetry

[}
' T T 7T 7T 1T 17 7T 7T 1T 1

stout HISQ
(e-3p)y/T4 W Wm
p/T4 W W
s/4T3 BN W

T [MeV]

130 170 210 250 290 330 370

From:

W T~ g

1N tn thea rroneenvar reaninn tr



Choice of the background = choice of phenomenological model

B

L#0, 0=0, Ag=0 L+#0, $£0, Ag=0 L#0, $#0, Ay #0
Boundary ’
V. M,
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Background

i = ") (-g(e)ar® + as®) + 2t + ) + 1 )

cz? 1

b(z) = eXP(7) f=1—( ozt G222) 222 g 2R vt
h

Generalization of

1) b(z): 0.Andreev, V. Zakharov,Phys.Rev, D749 (2006);JHEP 0704(2007)

Alternative: Gubser et al 0804.0434, 1108.229...
Kiritsis et al, 0903.2859, Evans et al 1002.1885

2) Charge, P.Colangelo, F.Giannuzzi, S.Nicotri, 1008.3116

Y.Yang, P.H.Yuan, 1506.05930
3) Anizotropy: IA, A. Golubtsova JHEP 1504 (2015) 011

(this anisotropy reproduces the energy dependence of multiplicity)



Thermodynamics (of 5 -dim)

= — ——q“z
2T zp l—|—1q h

74

_1
A

df

T
dz

zZ=zpn

The quark chemical potential AO (O) — Zlu
. 4\/§ —cz?
Ao(Z)Z(M— q(l—e /4)>

C

N CE O
2Tz, 2 2
\ 3(§+1)(1—ez>)



Temporal Wilson loop in the charged quark confinement background

Energy between quarks located along x-direction
W(T, X) = <TI'F ei SQ‘XX dx#A,U> ~ e—V(X)T’

Holography for a probe

1
S =5 do'do? \/ det(hp)




Temporal Wilson loop in the charged quark confinement background

Energy between quarks located along x-direction

St = 27TTa, / bg) V f(2) + 22 da. “Potential” Vx(z) — %’z) f(z)
Symmetric parameterization 2(£0) =0 2(0) =2 2(0)=0
Distance between endpoints of the string L, = 2/Z* d—? =2 /Z* dz
T vy (S )
Zx < Zhy, the smallest of the horizons f(z) >0 for 0 <z < 2z,
6 V[Z767Q7V7Zh]
5 — V(z,2,0,1, 2)
4 — V(z,2,0.1,1,2)
3f — V(z,2,0.15,1, 2)
N — V(z,2,0.18,1, 2)
| — V(z,2,0.195, 1, 2)
— V(z,2,0.21,1, 2)
10 L5 20 — V(z,2,0.235,1, 2)




Temporal Wilson loop in the charged quark confinement background

Energy between quarks located along x-direction

]- v _3—’/ v
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Above the critical point (deconfinment)

There is no extremal point for the “potential” in the interval

Ey

0 Ex

0

20 3k
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2.0
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2'5Z*
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0
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Below the critical point (confinement)
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The “potential” is a decreasing function only on the intervals

0 <2< zZmin and  zmar < 2 < 2, V(2)]s=2y =0, V"(29) >0

Similar to analysis performed for the isotropic case
O. Andreev, V. Zakharov, JHEP 0704(2007)
M.Mia et al, Phys.Lett. B694 (2011)460 (2011)
P.Colangelo, F.Giannuzzi, S.Nicotri,
Phys.Rev. D83 (2011) 035015




Few calculations
V() ® V) o

— V(ZO) nzg — 2
Ll z*:zo 2\/f(ZQ)V”(ZQ) 1 ( 0 *)

~
Zer~vzo  2mQl Z% V'’ (20)
V(Zo)

T L1 b(Zo) f(ZO)

S:Bt

L—oco T 2 <0
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Temporal Wilson loop in the charged quark confinement background

Energy between quarks located along transversal y-direction

T b(z)

oral | 22

Syt —

\/22 2/uf( )+z’2 dr.

The "potential"

Vy(2)
Y Zl/l/—l—l
Vy(20)
O'y — S
2
T o
2.5
b Z) W(z,2,0,4,2)  ----- W(z,2,0.15,1,2)
I WV(z,2,0.15,4,2) ----- W(z,2,0.2,1,2)
Vx (Z) o 2 f(Z) W(z,2,02,4,2) ----- W(z,2,0.23,1,2)
VV(z,2,0.23,4,2) ===== VV(z,2,0.25,1,2)
W(z,2,0.25,4,2) ===== W(z,2,03,1,2)
. Vx (ZO> W(z,2,0.3,4,2) ===== VV(z,2,0.35,1,2)
(dashed Ilnes) o WV(z, 2,0.35,4,2)
@



Holographic anisotropic QCD phase diagram
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Phase transitions lines dividing the plane in two regions, a hadron phase near the origin,
and a deconfined phase beyond the curve.
The red line corresponds to the isotropic case.
Anisotropic case nu=4:
the blue line corresponds to quarks located along the longitudinal x-direction,
the green line corresponds to quarks located along the transversal y-direction



Direct photons and electric conductivity

The thermal-photon production from the QGP plays an essential role, since photons
after they are produced in HIC almost do not interact with the QGP
and, therefore, they give us the local information in heavy ion collisions.

The photon-emission rate is related to the retarded correlator of currents in momentum space

GIL () =i [ (o = g)e™ @00 (T2 0). TE(O))

_ d3k’ 62nb(’k|) pv yab R
dl' = “@nF K Im [tr (7 G )|

KO=|k| ’

S.l.Finazzo and R.Rougemont,
Phys.Rev.D 93, (2016) 034017

I.1atrakis, E.Kiritsis, C.Shen and D.L.Yang,
arXiv:1609.07208 [hep-ph]



Direct photons and electric conductivity

- —N/d%fvd”( ) puN
b2 (z) dz?
2 B 2 2 2
a5 = 2 ( PN+ da® + o)A + i) + 7 )
4 B A Fg Foy (F12z+F22z 2) o b F123+F223)
/ d*xdzV(z) ( I 7 +f . + F3. F§, + p —- .

V(z) = de‘l(¢(2))7

Boundary conditions

lin% A(z,w k)=1, lim A,(z,w,k)=0
zZ—

Z—r 2

d*k o
Auftxz) = | e I A k), A k) = Ao, K) 0 F)

k=ky, ky, =ky, =0



Eqs to solve:

f/ UJ2 V/ wQ—ka
E// M E/ E :0
L+(fw2—fk2+V L :

/ 2—]€2
E”i+(—£+—+f>E’,,;+w E ;=0 i=1,2
J_, p V f J_, f J_,

EL — kAO + wAg, EJ_’Z' — UJAJ_’@, = 1,2

Substitute to

f

pw

f
Sboundary — ‘/d43j [21]2 — k2f ELEL + 2E_|_Ej_ :

/I /
B b = E : bk
i=1,2



As in isotropic case A la membrane paradigm N.Igbal, H.Liu,
Phys. Rev.D 79 (2009) 025023

c, = V fo,E; [y — V f 0,.Ep
- pw EZJ‘ L oy, EL7
V k2
- lpee (1mn)| o
/ k2f/ W % kQ B
L+w2_kaCL—f {VwLV(l—f@)]—O
V

CJ_|z:O — CJ_‘z:zh — 25|z:zh



Electric conductivity

2y \3—2/v
(T q)| ~ ()
1+ v
q=0
v=landv =4 Isotropic:  g=0,0.1,0.2 gray, blue and green lines

Anisotropic: q=0,0.1,0.2 are shown by brown,
darker cyan and darker green.
Dashed: validity of the approximation (below the red line)



Conclusion:

Holographic models are some kind of phenomenological models
with few number of parameters

We have considered the model that has:
anizotropic parameter, chemical potential, quark confinement.

To reproduce multiplicity we have to use the special anisotropic
background

Anisotropy drastically change standard holographic calculations, in particular,
Wilson loops, and quark potential
Jet quenching
Drag forces
sheet viscosity and therefore elliptic flows
susceptibility
thermalization time



International on-line seminar
"Holography for NICA”,

every 4-th/3-th Friday on even months, 2 pm (Mcs), www://mi.ras.ru

December 23, 2016,
February, 17,2017



