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Outlook

* Physical picture of Quark-Gluon Plasma in heavy-ion collisions

 Why holography?

Results from holography:
Fit experimental data via holography:

top-down (top=string theory)
bottom-up (bottom=5-dim GR+matter)

Transport coefficients, eta/s, thermalization time, multiplicity,....

Predict new data (form of QCD Phase Diagram)
What is special for NICA (Nuclotron-based lon Collider fAcility)
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Experiments: Heavy lons collisions produced a medium

I

There are strong experimental evidences that RHIC
or LHC have created some medium which behaves
collectively:

e modification of particle spectra (compared to p+p)
e jet quenching

e high p_T-suppression of hadrons

o elliptic flow

e suppression of quarkonium production



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)
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QCD Phase Diagram
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The (T, ug)-phase diagram of QCD
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QGP as a strongly coupled fluid

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

* This makes perturbative methods inapplicable

* The lattice 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:

Connection between

a strongly coupled quantum field theory in a 4-
dimensional spacetime

and

a 5-dimensional classical gravity in a special background

In this talk -- bottom-up approach

Starting point - 5-dim background



Background

d82 — b(—Z (_f(Z)dt2 e de) + ZQ—Q/V(dy% 4 dy%) n dZQ
- )
¢ ! 2.2\, 2/v+2 | 2 2/v+4
b(2) = exp(—-) S =1 (Gp + @) o
“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: LA, A. Golubtsova, JHEP 1504 (2015) 011

(this anisotropy reproduces the energy dependence of multiplicity),




Multiplicity with anisotropic (Lifshitz-like) background

s= [ |g|( 9]+ A= 20n00M g — 1 Fé)>
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Thermodynamics (in 5 -dim)
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Non-sharp confinement/deconfinement
phase transition in holography
for the anizotropic model



Temporal Wilson loop in the charged quark confinement background

Energy between quarks located along x-direction

W(T,X) = (Trr ¢! Prux dxAuy . o=VXT

Holography for a probe

1
Su=5— | do d()'\/ det(/1o5)

T

2 dx.

Sa:t —

2o’

The recipe by Maldacena (‘98), Rey et al (‘98), Sonnenschein et al ("98)



Temporal Wilson loop in the charged quark confinement background

Energy between quarks located along x-direction

fh
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Temporal Wilson loop in the charged quark confinement background

Energy between quarks located along x-direction
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Above the critical point (deconfinment)

There is no extremal point for the “potential” in

theinterval 0 <z <z,

0

20 250 % 1 2 3 4 5 6
Zh 4o



Below the critical point (confinement)
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The “potential” is a decreasing function only on the intervals
0<z<zmin and  Zmaz < 2 < 2n,, V'(2)]s=2g =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 Backup slide
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Temporal Wilson loop in the charged quark confinement background

Energy between quarks located along transversal y-direction
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Holographic anisotropic QCD phase diagram
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Phase transitions lines divide 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



Background

ds® = =~ ((—f(z)dt2 + dz?) + 2272 (dy? + dy?) + ?f;)

QU estion: canwe get this metric as solution to E.O.M. that follows from the action

I.A., Kristina Rannu, work in progress
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Special case f . —2—|—%
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Others functions Backup slide
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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 on heavy ion collisions.

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

G (k) = i / (@ — )eF @0 (I (), J20))),

L d3k €2nb(‘k|> uv yab R
dl = — 2m)? K Im [tr (77 Guv )}
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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

d emerge directly from a particle collison
Q represent less than 10% of all detected photons

jet in-medium

+ phot bremsstrahlung  jet-plasma
prompt pho ons Jphg‘rons decay photons

pr'e—eﬁufilibr‘ium
photons DIRECT thermal radiation
PHOTONS

Experiments can not distinguish

between the different sources
[Source: C. Shen, talk at ECT*, Trento 12/2015]

Theoretical models can be used to
identify these sources and their
relative importance in the spectrum



Direct photons and electric conductivity
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Backup slide
Eqs to solve:
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As in isotropic case Backup slide
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Electric conductivity
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Conclusion:

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

We have considered the anizotropic model that describes:
multiplicity, quark confinement;

predicts:
smeared phase transition,
anizotropy in hadron spectrum (for a short time after collisions)

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



