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DTOT JOKJAJ TOCBAIEH TOJOTpAdUUIECKOll KBAHTOBOW XPOMOIUHAMUKE
(TKX/I) ¢ ymopoMm Ha u3ydYeHWe CBOHCTB KBapPK-TJIIOOHHOW ILIA3MBI, KOTOPBIE
B OpUHOUIIC MOTYT 6bITb TOOJYyY€HbI M3 3IKCIEPUMEHTOB CO CTOJKHOBECHUAMN
rsokenbix noHoB  (CTU). OcCHOBHOI XapakTEpUCTHKON SBASETCA CTPYKTypa
basoBoit mmarpaMmbl, KOTOpas JETUT ILIOCKOCTH (4, T) Ha aJpOHHYI U KBapK-
rmoonnyio dasel.  Ha stoit dazoBoit nuarpammve ecth TakKe JUHUS (HA30BOTO
nepexoaa, CBA3aHHad C HAPYIIEHUEM KWUPAJIBbHOU CUMMETDUW, a TaAKXKE JIMHUA
¢azoBoro rmepexosia, CBA3aHHAs ¢ KBapkuoHHOU dazoit.  Mbl mpejcTaBiasgem
rOJOrPadUIECKYI0 MOME/b, i KOTOPOU eCTECTBEHHO MOSIBJISeTCS KBAPKUOHHAS
daza. [lokazano, uro suHUs Ha30BOrO NEPeXo/ia aJipoHHas (ra3a — KBaAPKUOHHAS
CYImEeCTBEHHO 3aBUCUT OT aHU30TPOIINU U, B YaCTHOCTHU, OT MAaIrHUTHOT'O IIOJId.

This contribution is devoted to holographic quantum chromodynamics (HQCD)
with a focus on studying the properties of quark-gluon plasma, which can in prin-
ciple be extracted from experiments with heavy ion collisions (HIC). The main
characteristic is the structure of the phase diagram, which divides the (u,T') plane
into an hadronic phase and a quark-gluon phase. In this phase diagram there is
also a phase transition line associate§ with chiral symmetry breaking, as well as
a phase transition line associated with the quarkyonic phase. We present a holo-
graphic model for which the quarkyonic phase naturally appears. We show that
the line of the hadronic phase — quarkyonic phase transition essentially depends on
anisotropy and, in particular, on the magnetic field.

PACS: 11.25.Db, 12.38.-t

1. Introduction

In this talk we will discuss the following subjects.

e Physical picture of the formation of quark-gluon plasma (QGP) in col-
lisions of heavy ions.

e Results of applying the holographic approach to the description of
heavy ions collisions and properties of the quark-gluon plasma. They
include

— explanation of experimental data:
in particular, multiplicity of particles production in HIC;

— prediction of the new effects in anisotropic quark-gluon plasma:
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Figure 1: Time evolution of matter created in heavy ion collision, plot from
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i) smeared of the confinement/deconfinement phase transition,

ii) dependence of energy losses (jet quenching coefficient) on the
anisotropy parameter and chemical potential,

iii) dependence of the emission rate of direct photons on the anisotropy
parameter and chemical potential;
e more detailed structure of phase transitions, namely the dependence of
the position of the phase transition line on
— quark masses,
— magnetic field magnitudes,
— spatial anizotropy (centrality of HIC)

We will discuss mainly the results on the subjects above obtained in our
group at Steklov Mathematical institute and published in references [1-18].

2. Evolution after heavy ion collision

QGP is a state of matter of free quarks, antiquarks and gluons at high
temperature. QGP was discovered at RHIC in 2005. QGP behaves (RHIC,
LHC) like a strongly interacting fluid (collective effects) [1].

In Fig. 1 the time evolution of matter created in heavy ion collision
is presented. It is believed that short after collision of heavy ions the local
thermalization takes place. This process is accompanied by a huge production



of entropy. The physics is not fully understood. Difficulties arise due to time-
dependent non-equilibrium QCD processes. Local thermalization creates an
initial condition for hydrodynamic evolution. The hydrodynamic approach
is widely used to process the experimental results obtained at the LHC and
RHIC.

One can think of QGP as a strongly interacting liquid, and two questions
arise regarding this liquid.

1. How was it formed?

2. What properties does it have?

Note that perturbation methods are not applicable to get answers to
these questions. Lattice methods also do not work, because we consider the
process in real time. In the stationary case the lattice method has problems
with the chemical potential. It is possible to use holographic QCD based
on gauge/string duality to answer these questions. Note, that holographic
method is a phenomenological approach motivated by AdS/CFT duality [19].
Main ingredients of relations between theory in realistic 4-dimensional space-
time and theory in deformed AdS are the following (see [1,20,21] and refs
therein):

e QCD temperature <= black hole temperature in a deformed AdSs,

e thermalization in QCD <= formation of black hole in the deformed
AdSs,

e thermalization models <= black hole formation models.

The most popular black hole formation models are
e colliding shock waves;
e collapse of stars.

The first model is suitable for the holographic description of heavy ion
collisions, and the area of the trapped surface that occurs during the collision
of shock waves is associated with the total multiplicity of particles formed in
HIC [3,23, 24, 26].

3. Total multiplicity produced in heavy ions collision

Dependence of the total multiplicity produced in heavy ions collision on
energy of the colliding particles has been obtained in the ALICE experiment
at LHC, see Fig.2. Note that the bulk of the particles are born immediately
after the collision of heavy ions. The result of the ALICE experiment is [22]
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Figure 2: Dependence of the charged-particle multiplicity density at midra-
pidity in Pb-Pb collisions. Plot from [22]

e The Landau macroscopic theory of high-energy collisions gives

My ~ 025, 2)
e Holographic approach:
— the simplest model (collision of shock waves) gives [23-27]
M ags ~ %33, (3)
— anisotropic Lifshitz type background with exponent v [3]
M, ~ s7, (4)

and for v = 4.45 we get (1).

4. Holographic model of an anisotropic plasma in a magnetic field at a
nonzero chemical potential

4.1. Action and metric. A typical action of HQCD model is

1
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with f; related to the chemical potential, f; to anisotropy, fz to magnetic
field, see |7,13,14,17| for details.

The metric and matter that solve the equations of motion following from
action (5) are supposed to be in the special form. The metric is

d 2
- {—g@) di* + da? + 2275 dy} + e 20 dy + ﬁ} -0



The 5-coordinate z plays the role of the energy scale. The Maxwell fields are
AL = Ay(2)8), Fi, = ¢, FYY) = qp and the scalar field depends only on
z. In |17] it has been shown that fixing b(z) and fi(¢) one can find fo, f5,
¢(2), V(¢) and g(2).
The overall factor b(z) plays essential role in the properties of the model. It
is different for holographic models that correspond to light and heavy quarks,
see [7,13,14,17].

4.2. Phase transition confinement/deconfinement. One of the goals of the
holographic QCD is to describe QCD phase diagram. General requirements
on the phase diagram:

e reproduce the QCD results from perturbation theory at short distances,

e reproduce Lattice QCD results at large distances (~ 1 fm) and small
HB-

According to lattice data the phase structure essentially dependents on
mass of quarks, see Fig.3.

Figure 3: Lattice QCD phase diagrams. A) Columbia plot (plot from [28]).
Plot with the imaginary chemical potential (from [29])

The schematic pictures of the structure of phase diagrams for light and
heavy quark are presented in Fig.4. For realistic quark mass the expected
QCD phase diagrams are presented in Fig.5. General features of these dia-
grams are similar to the phase diagram for light quark diagram presented in
Fig.4.
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Figure 4: The schematic picture of the phase diagrams structure for light
(A) and heavy (B) quarks.



T
g CEP ,
Qe Deconfined
L |RAT~~2
S (QGP)
N
Hadronic ) N Deconfining
. N transition
" Chira/\ S
Bmké«? transition “~_
i rkyonic ~&
0.3GeV }Igeutron SLlpe:conducter
Nuclei stors IJB A)
T
g CEP ,
Sl Deconfined
h RHIC (QGP)

Deconfining

Hadronic \\\\ / transition
X sym ~

~
~
1-st order >

phase transiﬁor?\
N
uarkyonic«_

Neutron

stars - l’l B B )

0.3GeV
Nuclei

Figure 5: The expected QCD phase diagrams for realistic quark masses (A)
and for light quarks (B).

4.3. Comparison of the 1st order phase transition for light and heavy
quarks.In this section we describe the results obtained in [13]. As it is ex-
plained in details there, see also [15], the appearance of the first order phase
transition is related to the multivalued dependence of the Hawking temper-
ature on the horizon radius for the metric in the form (6). From Fig.?? we
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Figure 6: Phase transitions of the 1st order in isotropic (green lines, v = 1)
and anisotropic (blue lines, v = 4.5) models for light quark models for zero
and not zero magnetic fields

see that

e for light quarks, B = 0, the onset of the 1st order PTs moves towards
1 = 0 as v increases;

e for heavy quarks, B = 0, the 1st order PT line becomes longer with
increasing v;

e as cp increases (strong magnetic field) phase transition line lengths
decrease.



T, GeV

0.35 b (4. Te)
0.30}
lo: Te
— T
0.20]

0.15] — =1
0.10) — v=45

0.05]

o 1, GeV 0 1.GeV
000 005 010 015 020 025 030 035 000 005 010 015 020 025 0.30

B=0 B#0

Figure 7: Phase transitions of the 1st order in isotropic (green lines, v = 1)
and anisotropic (blue lines, v = 4.5) models for heavy quark models for zero
and not zero magnetic fields

4.4. Quarkyonic phase.Quarkyonic phase appears in the holographic model
corresponding to light quarks. In this case the line of the appearence of
quarkyonic phase coincides with the chiral symmetry breaking phase, as it
is shown in Fig.5. B. We expect that for more realistic holographical model,
these two line are separated, as shown Fig.5. A.
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Figure 8: Quarkyonic phase appears during isotropization at large u for zero
magnetic field (A) and B)) and for non-zero magnetic field (C) and D));
v =1for A) and C) and v = 4.5 for B) and D)

In Fig.8 we show two types of the phase transition lines: the first order
transition lines (cyan on A and C, and dark cyan on B and D) associated
with background transitions related with instability of small black brane
and the second order transition lines (green on A and C, and dark blue B
and D) associated with confinement/ deconfinement transition line. These
plots are based on detail treatments of holographic time-like Wilson loops in
anizotropic modes. These investigations have been performed in our papers
[5,7,9,13,14] and haven’t been discussed here.

4.5. Properties of an anisotropic plasma in a magnetic field at a nonzero
chemical potential. Having a metric that provides a holographic description



of the quark-gluon plasma, one can calculate various physical quantities in
different phases and find their behavior near the phase transition lines. Of
greatest interest are quantities that can be directly measured in collisions of
heavy ions. They are

e cnergy losses — in the holographic approach related with tension of the
spatial Wilson loop, see detail calculations for model (5) in [10,12] ;

e jets quenching — in the holographic approach associated with light-like
Wilson loops, for their evaluations for a simplified version of action (5)
see [6];

e photon emission rate and electrical conductivity related via

v v GMV
dl' ~ Tm [tr (G ) oy, 0™ = —ﬁ, (7)
for model (5) they have been calculated in [16,18];

e the entropy of entanglement and the number of particles produced in
the chosen volume were estimated in [8,11].

5. Conclusion

In this talk we have guided that using the holographic model (5), (6) and
taking anisotropy into account

e we have reproduced the experimental dependence of particle multiplic-
ity on energy given by (1);

e we found that HQCD, which takes into account anisotropy, has a richer
structure of the phase diagram compared to the isotropic model; the
phase structure essentially depends on the quark masses, and the quark
masses are taken into account by the holographic model itself; i) due to
anisotropy one has a smearing of the confinement /deconfinement phase
transition,

ii) the effect of the inverse magnetic catalysis takes place, namely the
critical T" decreases with increasing of B,

iii) for light quarks model quarkyonic phase appears during isotropiza-
tion and is absent for a large value of the anisotropy parameter;
e we also have found dependence of electrical conductivity on

— anisotropy and quark masses: o'! has weak, 022,033 have essential
dependencies on anizotropy,Aref’eva I. Ya.

— magnetic field reduces anisotropy smearing.
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