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QCD Critical point from a black hole engineered EoS

Israel Portillo

Department of Physics, University of Houston, Houston TX 77204, USA.

Abstract. We construct an holographic model to map the fluctuations of baryon charge in
the strongly coupled quark gluon plasma into a gravitational problem involving the charge
fluctuations of holographic black holes. This holograph approach successfully reproduces the
baryon number fluctuations calculated on the lattice at zero µB and makes new quantitatively
predictions of those fluctuations at arbitrary µB. The model displays a critical end point that
is located within the reach of the next generation heavy ion experiments.

1. Introduction

Exploring the phase diagram of QCD at extremely high temperatures (T ) and baryonic chemical
potential (µB) is a prime goal of heavy ion experiments at the Relativistic Heavy Ion Collider
at BNL and the Large Hadron Collider at CERN. An important feature of the QCD phases is
the line that separates the low-T hadronic matter from the high-T quark-gluon-plasma (QGP).
First principles lattice QCD calculations have found that this transition is a rapid crossover at
zero µB [1]. This crossover is expected to become a first order transition at a critical end point
(CEP). The existence and location of the CEP is a fundamental question subject of intense
study in present heavy ion experiments and one of the main motivations for the construction of
the Facility for Antiproton and Ion Research, at GSI. Unfortunately, lattice QCD calculations
cannot be performed at finite µB due to the fermion sign problem and, to guide the experimental
search for the CEP in heavy ion experiments, effective approaches must be used.

In this contribution we summarize the results obtained in Ref. [2] with a model constructed
using the holographic gauge/gravity correspondence [3], a well-known tool developed in string
theory that has been successfully used to study properties of the strongly interacting QGP at
finite density [4, 5].

2. Holographic Black Hole Model

The action of the holographic model is given by [6, 7]

S =
1

16πG5

∫

dx5
√
−g

[

R− 1

2
(∂

M
φ)2 − V (φ)− 1

4
f(φ)F 2

MN

]

. (1)

whereR is the Ricci tensor, φ is a scalar field coupled to the metric gµν , and A
N
is a Maxwell field,

which introduces the baryonic charge effects through the Maxwell tensor F
MN

= ∂
M
A

N
−∂

N
A

M
.

The non-conformal behavior of the model is controlled by a scalar potential V (φ), used to fix
the thermodynamics of the model at zero µB. Another input parameter is the function f(φ),
which corresponds to the coupling between A

N
and φ. This function determines the response

of the system to a finite µB. V (φ) and f(φ) are constructed in such a way that the black hole
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model reproduces two crucial observables obtained from lattice QCD calculations at zero µB:
the entropy density (s) and the second order baryon density (χ

2
) respectively. Therefore, every

other observable calculated with this model is a prediction of our model. For instance, Fig. 1
(left) shows the agreement at zero µB between the trace anomaly of the black hole model and
the one calculated on the lattice. The right panel of this figure also shows χ

2
computed in the

black hole model considering three different sets of parameters for f(φ) (see Ref. [2] for details).
The best fit of the model corresponds to the solid line. The other two sets of parameters take
into account the uncertainty coming from the lattice calculation of χ

2
in Ref. [8] in order to

estimate the sensibility of the CEP to the T -dependence of χ
2
.

Figure 1. Trace anomaly [9] (left) and second baryonic susceptibility [8] (right) from
lattice QCD calculations at µB = 0 and compared to our black hole model as a function
of temperature.

3. Results

The n-th baryon number susceptibility χ
n

= χ
n
(T, µB) is defined as χ

n
= ∂n

∂(µB/T )n

(

P
T 4

)

.

Susceptibilities provide essential information about the effective degrees of freedom of a system,
and are directly related to the moment of the distribution measured on an event-by-event basis
in particle colliders. In the vicinity of a CEP, the susceptibilities χ

n
’s scale with different powers

of the (diverging) correlation length ξ. One can show that the high order susceptibilities diverge
with higher powers of ξ [10]. In our black hole model, we numerically calculate up to fourth
order baryonic susceptibilities at finite µB, and up to eighth order at µB = 0.

The black hole susceptibilities are shown in Fig. 2. The error-band on our predictions for
χ
6
/χ

2
and χ

8
indicates the uncertainty derived by the numerical calculation. One can see that

χ
2
and χ

4
begin to develop a peak for large chemical potentials, which will then evolve into a

divergence at the CEP. The figure also shows the available lattice results for χ
2
[8], χ

4
[11] and

χ
6
/χ

2
[12] as a function of T . Our predictions for χ

4
and χ

6
/χ

2
, at zero µB, have a noticeable

agreement with lattice QCD results. As for χ
8
, our prediction exhibits the expected features

from universality [13], which can be compared to future lattice QCD calculations.
Using the higher order susceptibilities calculated at µB = 0, one can reconstruct the system’s

pressure P and baryon density ρB as a Taylor series in powers of µB/T as follows

P (T, µB)− P (T, µB = 0)

T 4
=

∞
∑

n=1

1

(2n!)
χ
2n
(T )

(µB

T

)2n
, (2)

ρB(T, µB)

T 3
=

∞
∑

n=1

1

(2n− 1)!
χ
2n
(T )

(µB

T

)2n−1
. (3)

The pressure difference in Eq. (2), and the baryon density in Eq. (3) calculated in the holographic
model with no truncations, are compared to the lattice QCD results from Ref. [12] in Fig. 3.
The reconstructed holographic pressure truncated at order O(µ6

B
) and O(µ8

B
) is also shown.
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Figure 2. Baryon
number susceptibilities
(χ

n
) as functions of

the temperature (T )
for different values of
the baryon chemical
potential (µB) computed
using holographic model.
The lattice data for χ

2

and χ
4
are obtained from

Ref. [11], and χ
6
/χ

2
from

Ref. [13].

Our analysis confirms the applicability of theO(µ6
B
) truncation done in [12] for µB/T ≤ 2, and

it also predicts that the inclusion of χ
8
(T ) into the expansion extends the domain of applicability

of the Taylor series to at least µB/T ∼ 2.5.
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Figure 3. The µB-dependent contribution to the pressure (left) and the baryon
density (right) as functions of T for different values of µB/T . The solid curves
correspond to the full holographic result. The lattice points correspond to the
reconstructed Taylor series up to O(µ6

B
) for the pressure and O(µ5

B
) for ρB computed

in Ref. [12].

The best set of parameters for the holographic mode is used to calculate χ
2
(T, µB), which

is plotted in Fig. 4 (left). In the upper plane of the figure, the QCD phase diagram. In order
to identify the crossover between hadronic matter and the QGP, we calculate two observables
sensitive to this transition: the inflection point of χ

2
and the minimum in the speed of sound

squared c2s, which is shown in the QCD diagram. The CEP is found as divergence in χ2 at
TCEP = 89 MeV and µCEP

B
= 724 MeV. Fig. 4 (right) shows the phase diagram with our

critical point including the uncertainties from using the three set of parameters in our black
hole model. Our CEP is placed inside the region that has not yet been excluded using different
approaches [12, 14]. Regions where T > 155 MeV are unlikely to display a CEP due to the
known behavior of the curvature of transition line [15].

The chemical freeze-out points, shown in the phase diagram in the upper plane of Fig. 4
(left), were extracted through a comparison of susceptibilities computed in our black hole model
and the corresponding net-proton fluctuations from [16] (see Refs. [2, 17, 18] for details). They
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Figure 4. (left) Second baryon susceptibility χ
2
in the (T, µB) plane determined from

the black hole model. (right) Black hole model CEP in the (T, µB) plane taking into
account uncertainties. The shaded areas indicate regions in the QCD phase diagram
where the presence of a critical point has been excluded by other approaches.

were found to lie along the transition line defined by the minimum of c2s when
√
s ≥ 27 GeV.

Hadron Gas

SHM1

SHM2

BH freezeout

5 10 50 100
0

200

400

600

800

s [GeV]

B
[M
e
V
]

minimum cs
2

5 10 50 100

80

100

120

140

160

s [GeV]

T
[M
e
V
]

Figure 5. Collision energy dependence of the baryon chemical potential (left) and
temperature (right) at the chemical freeze-out.

In the following, we extrapolate the behavior of the calculated freeze-out points towards
smaller collision energies in order to provide an estimate for the heavy-ion collision center-of-
mass energy that could probe the values of TCEP and µCEP

B found in our black hole model. We
use two parametrizations defined using the statistical hadronization model calculations of [19]
(SHM1) and [20] (SHM2). Fig. 5 shows both parametrization as a function of µB (left) and as a
function of T (right). The freeze-out points extracted in the black hole model via a comparison
between the χ1/χ2 and χ3/χ2, and those obtained by hadron resonance gas comparisons to
net-proton and net-electric charge fluctuations from [21] are also shown in this figure.

By consistently extrapolating this behavior towards smaller collision energies, we find that
the CEP of the model could be probed using heavy ion experiments with center-of-mass energy
in the range

√
s = 2.5− 4.1 GeV.

4. Conclusions

We have used a holographic approach to construct black hole solutions to study the properties
of the phases of strongly interacting matter. Our model predicts the existence of a CEP at
TCEP = 89 MeVand µCEP

B
= 724 MeV. Since the CEP is located along the line µB/T ∼ 8.1 in

the phase diagram, it is beyond the reach of current lattice QCD calculations where µB/T � 2
[12].
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Also, we provide an estimate for the heavy-ion collision center-of-mass energy that could
probe the values of TCEP and µCEP

B . We found that the CEP could be probed using heavy
ion experiments with center-of-mass energy in the range

√
s = 2.5 − 4.1 GeV. These collision

energies are within the reach of the HADES experiment [22], the planned Fixed Target (FXT)
program also at RHIC [23], and the future Compressed Baryonic Matter (CBM) experiment at
FAIR [24].
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