
 

Thermodynamics of heavy quarkonium in a magnetic field background
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We study the effect of magnetic field on heavy quark-antiquark pair in both Einstein-Maxwell (EM) and
Einstein-Maxwell-dilaton (EMD) model. The interquark distance, free energy, entropy, binding energy,
and internal energy of the heavy quarkonium are calculated. It is found that the free energy suppresses and
the entropy increases quickly with the increase of the magnetic field B. The binding energy vanishes at
smaller distance when increasing the magnetic field, which indicates the quark-antiquark pair dissociates at
smaller distance. The internal energy which consists of free energy and entropy will increase at large
separating distance for a nonvanishing magnetic field. These conclusions are consistent both in the EM and
EMDmodel. Moreover, we also find that the quarkonium will dissociate easier in the parallel direction than
that in the transverse direction for EMD model, but the conclusion is opposite in EM model. Lattice results
are in favor of EMD model. Besides, a Coulomb-plus-linear potential (Cornell potential) can be realized
only in EMD model. Thus, a dilaton field is proved to be important in holographic model. Finally, we also
show that the free energy, entropy, and internal energy of a single quark in EMDmodel with the presence of
magnetic field.
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I. INTRODUCTION

It is believed that the so-called quark gluon plasma
(QGP) has been created in relativistic heavy-ion collisions
at the Relativistic Heavy Ion Collider and the Large Hadron
Collider [1–4]. Studying the property of the QGP help us to
have further understanding of the nature. Heavy quarko-
nium, which is a bound state of a quark and its antiquark,
are among the most sensitive probes used in the exper-
imental study of the QGP and its properties. The informa-
tion encoded in heavy quarkonia observables supplements
penetrating electromagnetic probes and hard (jet) probes
and the rich flow observables, thus complementing each
other in characterizing the dynamics of quarks and gluons
up to the final hadronic states. Since heavy quarks emerge
essentially in early hard processes, they witness the course
of a heavy-ion collision—either as individual entities or
subjects of dissociating and regenerating bound states [5].

Depending on the temperature of QGP or size of the
quarkonium state, the heavy quark and antiquark may be
screened from each other which affects the production rates
of heavy quarkonia in heavy-ion collisions [6].
The QGP created in heavy-ion collisions has indeed been

found to be strongly coupled at the experimentally acces-
sible temperatures somewhat above the critical temperature
[1–4], then the nonperturbative way becomes valid. The
AdS=CFT correspondence [7–9] or the gauge/gravity
duality can provide important information to study the
strongly coupled systems. The unique advantage of holog-
raphy leads us to study the various properties of the QGP
with gravitational methods. And this holography has given
many important insights to study the different nature of
strongly coupled matter.
We know that the strong magnetic fields play essential

roles in the noncentral heavy-ion collisions [10–23]. For
instance, the magnetic field produced at the top collision
energies of the Large Hadron Collider is of the order
eB ∼ 15m2

π ∼ 0.3 GeV2. Such strong fields may have
consequences for the transport and thermodynamic proper-
ties of the QGP formed in later stages of heavy-ion
collisions. As the knowledge of the stability of heavy
quarkonia has important implications on the fate of heavy
quarkonia in the QGP, it is important to study the stability
of bound meson states in this magnetic field range. In
holographic model, the presence of magnetic field is
introduced by adding a Uð1Þ gauge field which is dual
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of the electromagnetic current in the gravitational action.
For our current purposes, we will just introduce a constant
magnetic field B, namely, we have no interest in the
fluctuations of the Abelian gauge field. Note that this B
is the five-dimensional magnetic field which needs to be
suitably rescaled via the anti–de Sitter (AdS) length LAdS to
get the physical, four-dimensional, magnetic field B. How
to do this can be found in [24]. To approach a real QCD, a
dilaton field (the running of the coupling constant) is often
introduced to break the conformal symmetry. In early year,
this dilaton field is introduced by hand in an ad hoc way
into the metric. However, this dilaton is self-consistently
solved from the gravity equations in recent years such as
Einstein-Maxwell-dilaton (EMD) model. In this paper, we
both calculate the Einstein-Maxwell (EM) and EMDmodel
as a comparison and clarify the necessity of the dilaton
field. The QCD phase transition in the presence of magnetic
field has been studied in Refs. [25–30]. The holographic
entanglement entropy with a magnetic field has been
investigated in [31,32]. The heavy quark diffusion with a
magnetic field has been reported in [33]. The energy loss of
heavy and light quarks in holographic magnetized back-
ground has been discussed in [34]. And other relative works
can be found in [35–43].
Moreover, many works use AdS=CFT correspondence to

investigate the free energy or potential of a heavy quark-
antiquark pair in strongly interacting matter [44–47]. In
fact, the binding energy can be regarded as the energy
difference of free energy of quark-antiquark pair and two
free quarks. The difference between free energy and
binding energy has been discussed in [48]. Besides the
free energy, the entropy would be responsible for melting
the quarkonium and may be related to the nature of
confinement and deconfinement. Lattice QCD studies show
that the additional entropy associated with the presence of
static quark-antiquark pair in the QCD plasma [49,50]. It is
found that the entropy will grow with the interquark
distance and give rise to the entropic forces that tend to
destroy the quark-antiquark pair [51,52]. Entropic destruc-
tion results in an anomalously strong quarkonium suppres-
sion in the temperature range near Tc (deconfinement
temperature). The heavy quark entropy in strong magnetic
fields from holographic black hole engineering has been
studied in [53]. Thermal entropy of a quark-antiquark pair
above and below deconfinement has been discussed in [54].
More interesting works can be seen in [55–62].
The rest of the paper is organized as follows: in Sec. II,

we give a brief introduction on the Einstein-Maxwell
system and thermodynamic relationship with the magnetic
field. In Sec. III, we calculate the results of quark-antiquark
distance, free energy, entropy, binding energy, and internal
energy with magnetic field background and discuss the
effect of magnetic field in both transverse and parallel
to magnetic field direction from the Einstein-Maxwell
model. Similarly, we can compute all these quantities in

the Einstein-Maxwell-dilaton system in Sec. IV. The free
energy, entropy, and internal energy of a single quark with
the presence of magnetic field have been computed in
Sec. V. Finally, the conclusion and discussion are given
in Sec. VI.

II. THE SETUP

The action of the gravity background with backreaction
of magnetic field in the EM system [24,25,27] is given as

S ¼
Z

1

16πG5

ffiffiffiffiffiffi
−g

p �
R − FMNFMN þ 12

L2
AdS

�
d5x; ð1Þ

where R is the scalar curvature, G5 is 5D Newton constant,
g is the determinant of metric gμν, LAdS is the AdS radius,
and FMN is the tensor of the U(1) gauge field. The Einstein
equation for the EM system could be derived as follows:

EMN−
6

L2
AdS

gMN−2

�
gIJFMJFNJ−

1

4
FIJFIJgMN

�
¼0; ð2Þ

where EMN ¼ RMN − 1
2
RgMN . EMN , RMN are Einstein

tensor and the Ricci tensor. We take LAdS ¼ 1 in the
following sections. The ansatz of metric is taken as

ds2 ¼ 1

z2

�
−fðzÞdt2 þ 1

fðzÞ dz
2 þ hðzÞðdx21 þ dx22Þ

þ qðzÞdx23
�
: ð3Þ

A constant magnetic field is along the x3 direction in this
metric. For a black hole solution, we have fðz ¼ zhÞ ¼ 0 at
horizon z ¼ zh. qðzÞ and hðzÞ are regular function of z in
the region 0 < z < zh. As discussed in Ref. [27], we will
only take the leading expansion as

fðzÞ ¼ 1 −
z4

z4h

�
1 −

2

3
B2z4h log

�
z
zh

��
;

qðzÞ ¼ 1þ 2

3
B2 logðzÞz4;

hðzÞ ¼ 1 −
1

3
B2z4 logðzÞ: ð4Þ

Note that the arguments of the logs actually are dimension-
less. zh is divided by LAdS which is set to one in this paper.
The Hawking temperature and the magnetic field B are
given as

T ¼ 1

πzh
−
B2z3h
6π

: ð5Þ

One can take proper values of zh andB to set the temperature
T and magnetic field B in the dual four-dimensional theory.
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Actually, it is found that the approximate of leading
order Eq. (4) is good enough for T ≥ 0.15 GeV and
B ≤ 0.15 GeV2 [27,34,63,64]. For T ∼ 0.15 GeV and
B ∼ 0.15 GeV2, one finds zh ∼ 2 GeV−1 and therefore we
anticipate subleading terms in the expansion will be sup-
pressed by a power of B4z8h ∼

1
8
.

The Nambu-Goto action of the world sheet in the
Minkowski metric is given by

SNG ¼ −
1

2πα0

Z
d2ξ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− det gab

p
; ð6Þ

where gab is the induced metric, 1
2πα0 is the string tension,

and

gab ¼ gMN∂aXM∂bXN; a; b ¼ 0; 1: ð7Þ

Here, XM and gMN are the coordinates and the metric of the
AdS space.
Then, the Nambu-Goto action can be rewritten as

SNG ¼ −
R2

2πα0T

Z
L=2

−L=2
dx2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g1ðzÞ

dz2

dx2
þ g2ðzÞ

s
: ð8Þ

So, we can parametrize in parallel direction with ξ0 ¼ t;
ξ1 ¼ x3. g

par
1 ðzÞ and gpar2 ðzÞ are

gpar1 ðzÞ ¼ 1

z4
; ð9Þ

gpar2 ðzÞ ¼ 1

z4
fðzÞqðzÞ: ð10Þ

And for transverse direction, we set ξ0 ¼ t; ξ1 ¼ x1. Thus,
gtra1 ðzÞ and gtra2 ðzÞ are

gtra1 ðzÞ ¼ 1

z4
;

gtra2 ðzÞ ¼ 1

z4
fðzÞhðzÞ: ð11Þ

The separating distance of QQ̄ pair is

L ¼ 2

Z
L=2

0

dx ¼ 2

Z
z0

0

dx
dz

dz

¼ 2

Z
z0

0

�
g2ðzÞ
g1ðzÞ

�
g2ðzÞ
g2ðz0Þ

− 1

��
−1=2

dz: ð12Þ

And the renormalized free energy of QQ̄ pair can be
written as

πFQQ̄ffiffiffi
λ

p ¼
Z

z0

0

dz

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2ðzÞg1ðzÞ

g2ðzÞ − g2ðz0Þ

s
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2ðz → 0Þ

p !

−
Z

∞

z0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2ðz → 0Þ

p
dz: ð13Þ

The entropy of QQ̄ pair is given as

SQQ̄ ¼ −
∂FQQ̄

∂T ¼ −
∂FQQ̄

∂zh
∂zh
∂T ; ð14Þ

where T is the temperature of the QGP. And the binding
energy is defined as EQQ̄ ¼ FQQ̄ − 2FQ [48], equivalently,

πEQQ̄ffiffiffi
λ

p ¼
Z

z0

0

dz

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2ðzÞg1ðzÞ

g2ðzÞ − g2ðz0Þ

s
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2ðz → 0Þ

p !

−
Z

zh

z0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2ðz → 0Þ

p
dz: ð15Þ

The binding energy EQQ̄ ¼ 0, when the free energy of
the interacting quark pair equals the free energy of non-
interacting heavy quarks pair. The free energy of a single
quark can be calculated by (13), but let upper limit of
integral be zh. Namely,

FQffiffiffi
λ

p ¼ 1

2π

�Z
zh

0

dz

� ffiffiffiffiffiffiffiffiffiffi
g1ðzÞ

p
−

1

z2

�
−

1

zh

�
: ð16Þ

We set the constant
ffiffiffi
λ

p ¼ 1 for convenient in this paper.
According to Ref. [65], the internal energy of the quark-
antiquark pair can be calculated byUQQ̄ ¼ FQQ̄ þ TSQQ̄. If
we consider the total energy of the system, we should add
MB term, where M represents the magnetization which is
associated to B. But we only consider the energy of quark-
antiquark pair in our paper.

III. THERMODYNAMIC QUANTITIES OF
HEAVY QUARKONIUM IN EM SYSTEM

WITH MAGNETIC FIELD

Figure 1 shows the dependence of interquark distance L
of QQ̄ pair on z0 for different B. One can find that the
interquark distance L increases with z0. After L reaches the
maximum value, then it goes down to zero. It indicates that
the QQ̄ pair is in the deconfinement phase. This is because
that there is a maximum of the separating distance LS in the
deconfinement phase, which is the screening distance LS. If
we continue to increase the z0, U-shape strings become
unstable, then it will go down to zero. The unstable branch
is not physically favored; we only focus our discussion on
L ≤ LS in this paper. Moreover, we can see that larger
magnetic field will lead to easier dissolution of the heavy
quarkonium. And the heavy quarkonium dissociates easier
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in the transverse magnetic direction than that in the parallel
magnetic direction.
The dependence of free energy of heavy QQ̄ pair on the

interquark distance L for different B is plotted in Fig. 2. It is
shown that the free energy is only a Coulomb potential
which lacks a linear potential at large L. When adding the
dilaton, however, free energy will have a linear potential at
large L which will be presented in the next section. To be
more clear, we also fit the free energy with F ¼ − 0.0456

L in
Fig. 2. We can see that only a Coulomb potential is enough
to describe the behavior. And one can find that the free
energy will be suppressed with the increase of magnetic
field. Further, the magnetic field in transverse direction will
suppress the free energy more than in parallel direction. But
lattice results [66] show magnetic field of parallel direction
will suppress the free energy more than the transverse
direction. These two questions will be solved by adding a
dilaton field in the next section.
Then, we show the dependence of entropy of heavy QQ̄

pair on the interquark distance L at different magnetic fields
B in Fig. 3(a). The entropy increases quickly with the
increase of the magnetic field B. The increase of entropy

will naturally lead to large entropy force Fe ¼ T∂S=∂L as
shown in Fig. 3(b). We can see that the entropic force will
go to infinite when approaching the screening distance. As
discussed in Ref. [51], the large entropy force is considered
as an important reason of driving the dissociation process.
Thus, we can conclude that the production rate of quarko-
nium will suppress with the increase of the magnetic
field B.
We compute the dependence of binding energy of heavy

QQ̄ pair on the interquark distance L at different magnetic
fields B in Fig. 4. The binding energy increases with the
increase of the magnetic fields B. At a certain distance
Lc ≤ LS, the free energy of the bound QQ̄ pair equals the
free energy of an unbound QQ̄ pair, namely, ELc

¼ 0,
while for larger distance the free energy of an unbound pair
is smaller than that of a bound pair. However, it does not
imply the QQ̄ pair dissociates at this length scale. The
quark-antiquark pair will become metastable even beyond
Lc as discussed in Ref. [48]. When increasing B, the
binding energy will reach to zero at smaller distance. It may
indicate that the binding quarks becomes weaker at large
magnetic field, especially in the transverse magnetic field.

FIG. 2. The free energy of quarkonium on L at different magnetic fields. Black line is B ¼ 0 GeV2, blue line is B ¼ 0.1 GeV2, and red
line is B ¼ 0.15 GeV2 for vanishing chemical potential. The solid line is for transverse direction and the dashed line is for parallel
direction. The dot is a fit of the free energy with Coulomb potential. (b) is a partly enlarged view of (a).

FIG. 1. (a) The dependence of interquark distance L of QQ̄ pair on z0 with different magnetic fields. Black line is B ¼ 0 GeV2, blue
line is B ¼ 0.1 GeV2, and red line is B ¼ 0.15 GeV2 for vanishing chemical potential. The solid line is for transverse direction and the
dashed line is for parallel direction. (b) is a partly enlarged view of (a).
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As we mentioned in the previous section, we use UQQ̄ ¼
FQQ̄ þ TSQQ̄ to define the internal energy of QQ̄. The
dependence of internal energy of heavy QQ̄ pair on the
interquark distance L of QQ̄ pair at different magnetic

fields B is shown in Fig. 5. For the small separating
distance, the behavior of the internal energy is slightly
suppressed. However, for the large separating distance, the
internal energy will increase with the increase magnetic

FIG. 4. The binding energy of quarkonium on L at different magnetic fields. Black line is B ¼ 0 GeV2, blue line is B ¼ 0.1 GeV2,
and red line is B ¼ 0.15 GeV2 for vanishing chemical potential. The solid line is for transverse direction and the dashed line is for
parallel direction. (b) is a partly enlarged view of (a).

FIG. 3. The entropy of quarkonium on L at different magnetic fields. Black line is B ¼ 0 GeV2, blue line is B ¼ 0.1 GeV2, and red
line is B ¼ 0.15 GeV2 for vanishing chemical potential. The chemical potential is 0 and the temperature is T ¼ 0.2 GeV.
(b) Corresponding entropic force as a function of L. The solid line is for transverse direction and the dashed line is for parallel direction.

FIG. 5. The internal energy of quarkonium on L at different magnetic fields. Black line is B ¼ 0 GeV2, blue line is B ¼ 0.1 GeV2, and
red line is B ¼ 0.15 GeV2 for vanishing chemical potential. The solid line is for transverse direction and the dashed line is for parallel
direction. (b) is a partly enlarged view of (a). The subgraph in (b) is a partly enlarged picture of (b); we only show the magnetic field of
transverse direction.
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field. This difference may be due to the contribution of
entropy at large interquark distance while F is dominant at
small interquark distance.

IV. THERMODYNAMIC QUANTITIES OF HEAVY
QUARKONIUM IN EMD MODEL WITH

MAGNETIC FIELD

In this section, we will consider the effect of dilaton field.
A conformal theory often can not describe the real QCD.

The dilaton introduced in the action achieved many
successes in QCD phase transition, meson spectrum, and
other aspects. In our paper, adding a dilaton field can get the
Cornell potential and correct behavior of free energy under
magnetic field. Besides, a action without the dilaton cannot
get a proper behavior of single quark as we will discuss in
the next section. Thus, as a compare, we also show the
results of EMD model.
A five-dimensional EMDmodelwithMaxwell fields [67],

S ¼
Z

−
1

16πG5

ffiffiffiffiffiffi
−g

p �
R −

f1ðϕÞ
4

Fð1ÞMNFMN −
f2ðϕÞ
4

Fð2ÞMNFMN −
1

2
∂Mϕ∂Mϕ − VðϕÞ

�
d5x: ð17Þ

where Fð1ÞMN and Fð2ÞMN are the field strength tensors, and ϕ is the dilaton field. f1ðϕÞ and f2ðϕÞ are the gauge kinetic
functions. The solution of metric in string frame is

ds2 ¼ L2e2AsðzÞ

z2

�
ð−gðzÞdt2 þ 1

gðzÞ dz
2 þ dy21 þ eB

2z2ðdy22 þ dy23Þ
�
: ð18Þ

Magnetic field is in y1 direction and As ¼ AðzÞ þ
ffiffi
1
6

q
ϕðzÞ, with

AðzÞ ¼ −az2; ð19Þ

K3 ¼ −
1þ μ̃2

2cL2

R zh
0 dξξ3e−B

2ξ2−3AðξÞþcξ2R zh
0 dξξ3e−B

2ξ2−3AðξÞ ; ð20Þ

gðzÞ ¼ 1þ
Z

z

0

dξξ3e−B
2ξ2−3AðξÞ

�
K3 þ

μ̃2

2cL2ecξ
2

�
; ð21Þ

ϕðzÞ ¼ ð9a − B2Þ logð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6a2 − B4

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6a2z2 þ 9a2 − B4z2 − B2

p
þ 6a2z − B4zÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

6a2 − B4
p ð22Þ

þz
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6a2z2 þ 9a − B2ðB2z2 þ 1Þ

q
−
ð9a − B2Þ logð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9a − B2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6a2 − B4

p
Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

6a2 − B4
p : ð23Þ

The Hawking temperature is given as

T ¼ −
zheAðzhÞ−B

2z2h

4π

�
K3 þ

μ̃2

2cL2
ecz

2
h

�
: ð24Þ

In this case, gpar1 ðzÞ and gpar2 ðzÞ for parallel direction are

gpar1 ðzÞ ¼ e4As

z4
; ð25Þ

gpar2 ðzÞ ¼ e4AsgðzÞ
z4

: ð26Þ

And for transverse direction, gtra1 ðzÞ and gtra2 ðzÞ are

gtra1 ðzÞ ¼ e4As

z4
;

gtra2 ðzÞ ¼ e4AsgðzÞ
z4

eB
2z2 : ð27Þ

Similarly, one can use Eqs. (12)–(15) in the last section
to get separating distance, free energy, entropy, and binding
energy. Note that there is no limit of B in this model, but we
set the maximum of magnetic field is 0.3 GeV2, which is
close to magnetic field created in recent experiment.
Figure 6 shows the dependence of interquark distance L

of QQ̄ pair on z0 at different B ¼ 0; 0.15; 0.3 GeV2. This
picture also tells us that magnetic field will suppress the
screening distance which seems similar to the previous
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case. But it is found that the magnetic field will affect the
screening distance stronger with the presence of dilaton.
Moreover, in the enlarged picture, we can see that the
screening distance is smaller in the parallel magnetic field
than that in the transverse magnetic field which is different
from the EM model. Thus, we assume that dilaton will
reinforce the magnetic effect and affect the spatial distri-
bution of magnetic field.
The dependence of free energy of heavy QQ̄ pair on the

interquark distanceL at different magnetic fieldsB is plotted
in Fig. 7. It is shown that the free energy is a Coulomb
potential at small L and a linear potential at large L after
adding the dilaton field. To be more clear, we fit the free
energy at zeromagnetic fieldwithF ¼ 6.25 − 0.515

L þ 5.74L.
And one can also find that the free energy is suppressed for
largemagnetic fieldB. Besides,we can find that themagnetic
field in parallel direction will have large influence on the free
energy, which is consistent with lattice results [66].
We show the dependence of entropy of heavy QQ̄ pair

on the interquark distance L at different magnetic fields B
in Fig. 8. The entropy also increases with the increase of the
magnetic field B in the EMD model. This increase of

entropy will lead to large entropy force. But transverse
magnetic field leads to larger entropy than parallel mag-
netic field at large L. When approaching to screening
distance Ls, the effect of parallel magnetic field will
become large, which is different from the EM model.
We compute the dependence of binding energy of heavy

QQ̄ pair on the interquark distance L at different magnetic
fields B in Fig. 9. The binding energy increases with the
increase of the magnetic field B. It has been found that the
binding energy at fixed distance becomes weaker (notice
binding energy is negative) with the increase of mag-
netic field.
The dependence of internal energy of heavy QQ̄ pair on

the interquark distance L of QQ̄ pair at different magnetic
fields B is shown in Fig. 10. As discussed before, for small
separating distance L, the behavior of the internal energy is
dominant by free energy. However, for large separating
distance L, the internal energy is dominant by the entropy.
Thus, the internal energy is suppressed at small L and
increase at large L in the presence of magnetic field. And
the behavior of internal energy at large L is similar to
entropy.

FIG. 6. The dependence of interquark distance L of QQ̄ pair as a function of z0 for different magnetic fields. Black line is B ¼ 0, blue
line is B ¼ 0.15, and red line is B ¼ 0.3 for vanishing chemical potential. The solid line is for transverse direction and the dashed line is
for parallel direction. (b) is a partly enlarged view of (a).

FIG. 7. The free energy of quarkonium on L for different magnetic fields. Black line is B ¼ 0 GeV2, blue line is B ¼ 0.15 GeV2, and
red line is B ¼ 0.3 GeV2 for vanishing chemical potential. The solid line is for transverse direction and the dashed line is for parallel
direction. The dot is a fit of the free energy with Cornell potential. (b) is a partly enlarged view of (a).
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V. THERMODYNAMIC QUANTITIES
OF SINGLE QUARK IN EMD MODEL

WITH MAGNETIC FIELD

In the vanishing magnetic field, the free energy, entropy,
and internal energy of single quark can be calculated easily

by considering the U-shape string approaches to the
horizon zh in the conformal theory. As given in Ref. [48],

FQ ¼ −
ffiffiffi
λ

p

2
T; SQ ¼

ffiffiffi
λ

p

2
; UQ ¼ 0: ð28Þ

FIG. 9. The binding energy E of quarkonium on L at different magnetic fields. Black line is B ¼ 0 GeV2, blue line is B ¼ 0.15 GeV2,
and red line is B ¼ 0.3 GeV2 for vanishing chemical potential. The solid line is for transverse direction and the dashed line is for parallel
direction. (b) is a partly enlarged view of (a).

FIG. 10. The internal energy U of quarkonium on L at different magnetic fields. Black line is B ¼ 0 GeV2, blue line is
B ¼ 0.15 GeV2, and red line is B ¼ 0.3 GeV2 for vanishing chemical potential. The solid line is for transverse direction and the dashed
line is for parallel direction. (b) is a partly enlarged view of (a).

FIG. 8. The entropy of quarkonium on L at different magnetic fields. Black line is B ¼ 0 GeV2, blue line is B ¼ 0.15 GeV2, and red
line is B ¼ 0.3 GeV2 for vanishing chemical potential. The solid line is for transverse direction and the dashed line is for parallel
direction. (b) is a partly enlarged view of (a).
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Comparing with lattice results [68], obviously, we find
the conformal theory cannot describe the single quark
well. But in the EMD model, we can do further calculation.
As we know, the Wilson loop is viewed as the phase factor
associated to the propagation of a very massive quark in
the fundamental representation of the gauge group [69].
Therefore, we only emphasize the qualitative behavior with
2þ 1 flavor results.
The free energy of a single quark in this model is shown

in Fig. 11. One can find that this figure captures the
behavior of FQ=T in lattice QCD calculation in B ¼ 0 [68].
The increase of B will lead to the increase of free energy.
And the FQ=T will tend to the conformal case at very large
T limit for any given magnetic field. The single quark
entropy is shown in Fig. 12. And one can find that the SQ
will increase with the increase of magnetic field. At large T
limit, the results will tend to conformal case. The internal
energy of a single quark is shown in Fig. 13. It is also
shown that UQ will increase with the increase of the
magnetic field and tend to the conformal limit at large T.

VI. SUMMARY AND CONCLUSIONS

In this paper, we study the free energy, entropy, binding
energy, internal energy of heavy quarkonium in the five-
dimensional EM and EMD model under the magnetic
field. It is found that the increase of magnetic field will
suppress the screening distance and free energy. The
entropy will increase quickly with the presence of mag-
netic field. The induced entropic force will lead to the
strong quarkonium suppression due to the entropic
destruction. Then, we can see that the absolute value of
binding energy (negative energy) will decrease with the
increase of magnetic field, which means the binding
energy of quarkonium becomes weaker. The internal
energy is dominant by F at small separating distance
and dominant by TS at large separating distance. Thus, we
can see the internal energy will suppress at small sepa-
rating distance and increase at large separating distance.
Besides, the effect of magnetic field is not significant at the
small separating distance.
By comparing two models, we can see the effect of

dilaton on the thermodynamic qualities. The transverse and
parallel magnetic field will have different effects. Thus, we
assume that the dilaton will deform the space and influence
the effect of magnetic field at different directions. Further,
we find EMD model can realize the Cornell potential and
show the magnetic field in parallel direction has large
influence on potential, which is consistent with lattice
results [66]. In [70], they found the potential and binding
energy is a decreasing function of magnetic field.
Reference [71] calculates that the dissociation probability
increases with magnetic field strength, which means the
heavy quarkonia become unstable in the presence of
magnetic field. These results also support our conclusion.
Thus, in our paper, we again conform the importance of
dilaton field in holographic model. Since a deformed model
can describe the thermodynamic qualities of single quark at

25155

5

15

25

FIG. 11. Free energy of single quark as a function of T. Black
line is B ¼ 0 GeV2, blue line is B ¼ 0.3 GeV2, and red line is
B ¼ 0.5 GeV2 for vanishing chemical potential.

6

6

8

8

FIG. 12. Entropy of single quark as a function of T. Black
line is B ¼ 0, blue line is B ¼ 0.3 GeV2, and red line is
B ¼ 0.5 GeV2 for vanishing chemical potential.

FIG. 13. Internal energy of single quark as a function of T.
Black line is B ¼ 0 GeV2, blue line is B ¼ 0.3 GeV2, and red
line is B ¼ 0.5 GeV2 for vanishing chemical potential.
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vanishing magnetic field which is qualitatively similar to
the 2þ 1 flavor lattice QCD calculation [68], we show
the results of single quark and find magnetic field will
enhance the free energy, entropy, and internal energy in the
EMD model.
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