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Abstract. Applications of holographic bottom-up QCD models to the studies
of Heavy Ion Collisions (HIC) are discussed.

1 Introduction

The schematic picture of HIC is presented in Fig.1. The local thermalization, which is ex-
pected to take place about 1 f m/c after collision, is accompanied by a huge entropy produc-
tion. Physics here is not fully understood, since usual QCD calculations are not applicable
to non-equilibrium processes in strong coupling regime. It is believes that the local ther-
malization produces initial conditions for the hydrodynamic evolution. In the freeze-out and
post-equilibrium stage (τ > τ0 ) the final particles decouple and become free at some proper
time τ f > τ0.

Figure 1. Characteristic time scales in HIC: in the initial or pre-equilibrium stage (0 < τ < τ0) the two
nuclei pass through each other; thermalization time is about τ0 ∼ 1 f m/c = 3.3 · 10−24 s; life-time of
QGP is about 10 f m/c and after freeze-out time τ f the final particles decouple.

Experimental studies of the collisions of heavy nuclei at relativistic energies have estab-
lished the existence of the quark-gluon plasma (QGP) – a state of hot dense nuclear matter, in
which quarks and gluons are not bound into hadrons. This state is characterized by the tem-
perature T and chemical potential µ. With a decrease of chemical potential and temperature
the matter goes to the confinement phase and QCD phase transition at T = T (µ) is expected.
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The experimental search for the QCD phase transition is nowadays one of the central goals
for current and future collider facilities [1]. The experimental search is mainly related to
the measurement of fluctuations of net-proton or net-charge multiplicity [2–5], which are
expected to exhibit non-monotonic behavior near the phase transition. A proper understand-
ing of the experimental results requires careful analysis of the dynamical processes that take
place near phase transition lines. The expected phase diagram is presented in Fig.2.

T	(experiment):	BES;	thermal	photons	(	K	tr	distribution);	quarkonium	spectra	
Figure 2. The expected QCD phase diagram.

There are several theoretical approaches to searches for QCD phase transitions. One of
these approaches is the lattice approach [6, 7], but there are difficulties with non-zero chemi-
cal potential calculations in there. Holographic duality (see few comments about holographic
approach to QCD in Sect.2 and for review see [8–10]) provides an alternative approach to the
study of QCD phase transitions.

Let us note that QGP behaves as a nearly inviscid fluid with initial spatial anisotropy [11].
So it is natural to study phase transition in the anisotropic QCD. There are also theoretical
indications to deal with the anisotropic HQCD (see Sect.3). In the lattice approach, one can
deal with anisotropic lattice. Some calculations have been performed in this direction [12].
The holographic approach also has a natural framework to deal with spatial anisotropy (see
[13–15], comments in Sect.5 and results presented in talks at this conference [16, 17]).

2 Holography as a new type of phenomenology

Holography is nowadays one of the most effective tools to study quantum non-equilibrium
physics of strongly interacting many body systems. These systems include ultrarelativistic
heavy ion collisions, cold atom systems, quantum simulators, "ultrafast" techniques in con-
densed matter physics, etc. Holography translates the physics of quantum many body systems
into a dual classical gravitational problem in a space-time with an extra dimension.

Holography is a new type of phenomenology. In the context of QCD this means that
a phenomenological model, say HQCD (holographical QCD) has to describe QCD at all
energy scales – from hight to low scales. The HQCD has to reproduce the usual QCD re-
sults at short distances (results obtained by perturbative theory) and Lattice QCD results at
large distances (confinement etc.). At an intermediate energy scales and extremal conditions
(hight density, or chemical potential) HQCD has to give new theoretical results, that are in
agreement with the results of the experimental studies, or predict new results. HQCD has a
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support from exact dual holographic descriptions of more simple models, such as N = 4 su-
persymmetric Yang Mills theory at large N limit [18]. HQCD is formulated as 5-dimensional
theory, where the 5-th coordinate takes a role of an energy scale. This 5-dim background
is supposed to be a deformed version of 5-dimensional Schwarzschild-AdS , or Reissner-
Nordström Schwarzschild-AdS space time. It is supposed that in 5-dim background there
is a dilaton field, whose dynamics in 5-dimension describes the running coupling in 4-dim
quantum theory. So, schematically, we have the following picture.

• Relations between RG flows [19, 20].

– On the one hand we have is 5-dim background

ds2
5 = w(z)(ds2

4 + dz2). (1)

Here 5-th coordinate z takes a role of an energy scale and we have the dilaton field
φ = φ(z) that defines the running coupling λ in 4-dim theory

λ(z) = exp φ(z) (2)

and holographic β-function as

β(z) =
dλ(z)

d logw(z)
. (3)

One introduces the field X(z)

X(z) =
β

3λ
, (4)

that satisfies the first order non-linear differential equation

dX
dφ
= X(φ, X). (5)

Equation (5) follows from the Einstein equation of motion for the background (1) [20]
and it is related with the Hamiltonian form of the Einstein gravitational equations. The
explicit form of function X(φ, X) depends on the dilaton potential (see few examples in
[21]).

– On the other hand we have 4-dim QCD. We know the QCD renormgroup flow of the
running coupling

β(E) =
dλ(E)
d log E

(6)

perturbatively in UV and we also expect its form in IR from lattice calculations (see
Fig.3). Note that the form of the renormgroup flow depends on the mass of quarks,
number of flavours, temperature, chemical potential, etc.

Comparing (3) and (6) we see that w plays a role of the energy scale. One of the first
example of the dilaton potential that reproduces the QCD β-function up to first few order
has been constructed in [10].
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Starting	point	-	5-dim	background.		5-th	coordinate	-	energy	scale

2)	Solutions	to	5D	classical	Einstein	E.O.M.,	with	matter,	that	reproduce	
the	QCD	Renormgroup	Flow		(Holographic	Renormgroup	Flow)

1)	We	have	QCD	and	renormgroup	flow	(beta-function)	(in	4D).

• Holography is a new type of phenomenology

(E)

E

IR

UV

g
MN

(T, µ,mqi ,, E)

3)	These	solution	to	classical	Einstein	eqs	(with	matter)	have	
the	form	of	deformed	AdS	with	charge					and	T	is	the	Hawking	
temperature		

µ

(T, µ,mqi , i = d, u, s, c..)

Figure 3. The schematic picture of QCD RG flow. The form of the curve dependes on quark’s mass,
number of flavours, temperature, chemical potential, etc.

• The form of the Cornell potential.

– From the 5-dim side: we can find temporal Wilson loops behavior in 5-dim backgrounds.
– From the 4-dim side: temporal Wilson loops behavior is the subject of intensive studies

in lattice QCD at least at zero chemical potential for realistic case or at Nf = 2 for
non-zero chemical potentials.

V(l)

l

Figure 4. The schematic form of the Cornell potential, for details see [16].

• (T, µ) phase diagram.

– On the one hand we have holographic (T, µ) phase diagrams defined by the Wilson loops
behavior in 5-dim backgrounds.

– On the other hand we know (T, µ) phase diagrams of Lattice QCD.

In Fig.5 we see the different locations of the first order phase transitions.
There are two different strategies to find a suitable phenomenological model:

• start from a given 5-dim Lagrangian, in particular, from a given form of the dilaton action
which reproduces QCD β-function, then find background by solving equation of motions
and finally find the Cornell potential (in principal, one can add more matter fields to adjust
these phenomenological data);

• start from a background that guaranties a suitable form of the QCD diagram and then find
out the behaivior of the β-function.
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Figure 5. Holographic QCD phase diagrams: A) for light quarks and B) for heavy quarks. Sold lines
correspond to the first order phase transitions and dashed lines correspond to the crossovers.

Both strategies are used in the literature. One of the goals of this talk is to advocate there is
one more parameter that should be taken into account in the search of the phenomenological
model. This parameter is nothing but the anisotropy parameter. To argue why there is a
reason to deal with it we have to discuss the thermalization of a matter created in HIC. This
is a subject of Sect.3.

3 Thermalization and QGP formation in holographic approach

According to the holographic approach the thermalization process in d-dimensional space-
time is understood as a black hole formation in the (d+1)-dimensional background that is
AdS or deformed AdS space-time. To initiate the process of BH formation one has to per-
turb the initial background metric. Within holographic approach this perturbation should
be related with a perturbation of the energy-momentum tensor of the boundary theory. In
the context of holographic application to HIC, one can make a perturbation of the (d+1)-
dimensional background metric that near the boundary mimics the energy-momentum tensor
corresponding to the heavy ion collision, a schematic picture presented at Fig.6.A.

It is interesting to check this proposal in exact integrable cases. The AdS 3 case, where
the black hole formation may occur under collision of two ultra-relativistic particles, provides
such a possibility. Schematically we have the picture presented at Fig.6.B. Thermalization
in (1 + 1)-dimensional CFT after simultaneous generation of two high-energy excitations in
the antipodal points on the circle has been studied in [22]. The holographic picture of such
quantum quench is the creation of BTZ black hole from a collision of two massless particles.
In [22], we have performed holographic computation of entanglement entropy in the bound-
ary theory and analyse their evolution with time. We have shown that equilibration of the
entanglement in the regions which contained one of the initial excitations is generally similar
to that in holographic global quench models (Fig.8), but with some important distinctions
(Fig.71, also see [22] for details).

1The advantage of studying thermalization after global quenching is that it is easy to generalize to higher space-
time dimensions, while generalizing bilocal quenching to cases of high dimensionality is more complicated (meaning
the description of the formation of a black hole in the collision of shock waves).
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Bilocal quench

C D

Figure 6. A. A schematic picture of two shock waves collision and black hole formation in AdS 5.
B. A schematic picture of two ions collision and QGP formation in (1+3) space-time. C. A schematic
picture of two ultrarelativistic particles collision in AdS 5. D. A schematic picture of two quenches the
(1+1) dimensional conformal field theory.
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Figure 7. Universality of entanglement growth: A. bilocal quench; B. global quench case, plot from
[23].

4 Multiplicity in (1+3) and area of the trapped surface in (1+4)

The experimental total multiplicity dependence on energy [25] (Fig.9) is

MLHC ∼ s0.155(4). (7)

There were several attempts to reproduce this dependence (7) within the holographic
approach in the literature (see for review [9, 10] and refs therein). Initially this problem was
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Figure 8. A. A schematic picture of global thermalization in the (1+1)-dimentional boundary theory.
B. A schematic picture of BH formation after a global quench, the plot is taken from [24].
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Figure 9. Values of 2
Npart
〈dNch/dη〉 for central Pb-Pb and Au-Au collisions as a function of

√
sNN . Plot

from [25] (ALICE).

considered in AdS background or its isotropic deformations [26–34, 36, 37], and the total
multiplicity within this approach was estimated as

MAdS ∼ s0.33. (8)

For the improved holographic background the estimation was [35]

MIHQCD ∼ s0.22(1 + log corrections). (9)
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In [13] it was shown that the dependence (7) can be reproduced in the anisotropic background,
namely, in the background of the form

ds2 =
L2

z2

[
−dt2 + dx2 +

( z
L

)2− 2
ν

+ dz2
]
. (10)

In the background (10) the estimation in [13] gives

Mν ∼ s1/(ν+2) (11)

and therefore to get (7) we take ν = 4.45.

5 Anisotropic Holography
One can think that QGP is anisotropic for a short time. The time of local isotropization is
about τiso ∼ 2 f m/c. A schematic picture of anisotropic thermalization is displayed in Fig.10.

Figure 10. A schematic picture of anisotropic thermalization.

In Fig.11 we present phase diagrams in the (T, µ)-plane for the isotropic background
(green line) and for anisotropic ν = 4.5 background (blue line). LIBH and SIBH (LABH
and SABH) indicate the regions of small and large isotropic (anisotropic) black holes. In
the same plot we present also the diagram for the isotropic background (purple line) and for
anisotropic ν = 4.5 background (magenta line) for model with different b(z), namely for b(z)
proposed for isotropic case in [38].

An explanation of the plot presented in Fig.11 is the following. Horizon as function of
temperature can be a multivalued function, see typical examples presented in Fig.12.

For all cases the dependence of the entropy on the horizon size has a typical form pre-
sented in Fig.13.A. This is a decreasing function. But due to the Van der Waals character of
temperature dependence on zh we get the regions of unstable temperature behavior of entropy
(they are indicated by the red color on Fig.13.B). Taking into account the relation between
entropy and the free energy

F =
∫

sdT (12)

we get the free energy dependence on the temperature presented in Fig.14 for the model [15].
The temperature dependence on zh presented in Fig.12. D is slightly different from the

dependence shown in Fig.12. B, but it causes a first order phase transition elsewhere on the
(T, µ) plane, see Fig.11.
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Figure 11. Phase diagrams in the (T, µ)-plane for the isotropic background (green line) and for
anisotropic ν = 4.5 background (blue line) for the model [15]. The purple line corresponds to isotropic
model [38] and the magenta line to its anisotropic ν = 4.5 version.
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Figure 12. Dependence of temperature T on the horizon size zh for: AdS black hole (A), the anisotropic
model [15] (B for small chemical potential and C for large chemical potential) and for model considered
in [38] (D) for different µ.

6 Conclusion

In this talk the main ideas of holographic QCD are presented. Holographic QCD is actually a
new phenomenological approach to QCD, which allows to work simultaneously in different
areas of energy - from UV to IR energies. The main advantages of the holographic approach
are the natural mechanisms for describing thermalization. The holographic approach allows
us also to work with non-zero chemical potential. It is also gives a natural framework for
dealing with anisotropy, which apparently always appears immediately after the collision of
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Figure 14. Dependence of the free energy on T : A) for the isotropic case, B ) for the anisotropic case.
The points of the first order phase transitions are indicated by the red points.

heavy ions. There is also anisotropy due to the appearance of a strong magnetic field in
non-peripheral collisions.
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Figure 14. Dependence of the free energy on T : A) for the isotropic case, B ) for the anisotropic case.
The points of the first order phase transitions are indicated by the red points.

heavy ions. There is also anisotropy due to the appearance of a strong magnetic field in
non-peripheral collisions.
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