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Abstract: We study the entropic destruction of heavy quarkonium in strongly coupled theories with an anisotropic
scaling symmetry in time and a spatial direction. We consider Lifshitz and hyperscaling violation theories, which are

covariant under a generalized Lifshitz scaling symmetry with the dynamical exponent z and hyperscaling violation

exponent 6. It is shown that the entropic force depends on the parameters of these theories. In particular, increasing z

decreases the entropic force, thus reducing the quarkonium dissociation, while increasing 6 has the opposite effect.
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I. INTRODUCTION

It is believed that the heavy ion collisions at the Re-
lativistic Heavy Ion Collider (RHIC) and Large Hadron
Collider (LHC) have produced a new state of matter,
called strongly coupled quark gluon plasma (QGP) [1-3].
One of the signatures of QGP formation is the dissoci-
ation of heavy quarkonium [4]. Previous research has in-
dicated that the immediate cause of this dissociation is
Debye screening. However, a puzzle was revealed in the
recent experiment of charmonium(cc): the c¢¢ suppres-
sion at the RHIC (lower energy density) was stronger
than that at the LHC (larger energy density) [5, 6]. Obvi-
ously, this finding is in conflict with the Debye screening
and the thermal activation [7, 8]. To explain this, D. E Kha-
rzeev argued [9] that an anomalously strong suppression
of c¢ near the deconfinement transition could be a conse-
quence of the nature of deconfinement. This inference
was based on the lattice QCD results [10-13], which in-
dicated a large amount of entropy S associated with the hea-
vy quarkonium (or ¢g) in QGP, and this entropy was found
to grow as a function of the distance between ¢g. In the
proposal of [9], the entropy gives rise to the entropic force

as
F=Tor (1)

where T is the temperature of the plasma, and L is the
inter-quark distance of ¢g. It has been conjectured [9]

that the entropic force plays the leading role in the decon-
finement transition itself and indicates a possible relation
of the observed peak in the entropy near the deconfine-
ment transition to the long string condensation [14-22].

AdS/CFT correspondence [23-25], which maps a d
dimensional quantum field theory to its dual gravitation-
al theory, living in d+1 dimensional, has yielded many
important insights for studying different aspects of QGP
[26]. Using AdS/CFT, D. Kharzeev first calculated the
entropic force for N =4 super Yang-Mills (SYM) plasma
[27]. Therein, it was found that the narrow and strong
peak in the entropy near the transition temperature is re-
lated to the deconfinement of quarkonium. Soon after,
this idea was extended to various cases, e.g., the entropic
force of moving quarkonium was investigated in [28].
The chemical potential effect on the entropic force was
studied in [29]. Moreover, this quantity has been ad-
dressed from AdS/QCD [30]. Other related results can be
found in [31-33].

In this study, we are interested in investigating the en-
tropic force in strongly coupled theories with an aniso-
tropic scaling symmetry in time and a spatial direction. In
particular, we will consider hyperscaling violation theor-
ies [34-38], which are covariant under a generalized Lif-
shitz scaling symmetry with the dynamical exponent z
and hyperscaling violation exponent 6 and apply their
gravity duals. Because of different scaling of time and
space, these theories are intrinsically non-relativistic. In
contrast, the metrics of these theories are scale invariant
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but not conformally invariant. From a QCD point of
view, such theories could be used as a basis for new
AdS/QCD constructions. Recently, the hyperscaling viol-
ation theories have been used to describe the string the-
ory [39-43] and holographic superconductors [44-47].
Moreover, some QCD observables or quantities, e.g.,
Schwinger effect [48] and the heavy quark potential [49,
50], have been addressed in such theories. Motivated by
this, in this study, we investigate the entropy force in hy-
perscaling violation theories. Specifically, we want to un-
derstand how the non-relativistic parameters z and  modi-
fy the entropy force as well as the quarkonium dissociation.
The paper is organized as follows. In the next section,
we introduce the hyperscaling violation theories given in
[43]. In section III, we study the behavior of the entropic
force with respect to a heavy quarkonium in these theor-
ies and analyze the effects of z and 6 on it. In section IV,
we summarize the results and present some discussions.

II. HYPERSCALING VIOLATION
BACKGROUND
Let us start with a brief review of the backgrounds

with hyperscaling violation [43]. The corresponding met-
ric takes the form [39, 51]

dr? N bodu? + dxidx’/

ds?=u|-
MZZ u2

) @)

and is invariant under a generalized Lifshitz scaling
t— A%, u— Au, X' - Ax', ds? > A~%ds?, where by =¢*
with ¢ the IR scale. z is the dynamical Lifshitz parameter
(also called the dynamical critical exponent), which char-
acterizes the behavior of system near the phase transition.
6 denotes the hyperscaling violation exponent that is re-
sponsible for the nonstand scaling of physical quantities
and controls the transformation of the metric.
The scalar curvature is

36 —4(z+3)0+2(z> +32+6) O

R=-
by

3)

Note that the geometry is flat for =2, z=0,1. It is
Ricci flat for #=4, z=3, and in Ridler coordinates for
0=0,z=1.

Using a radical redefinition

u=2-z)r'*9, “)

and rescaling x' and 7, one gets

a5 ~ 2 |- pear +f(r)+dde], ro=5n5) "
5)

with fy=(2-2)*1"9. The boundary is at r=co when
0-2 0-2

—— <0andat r=0 when —— > 0.

2-z 2-z

The energy scale reads

E =~ u(9—2:)/2 ~ r(9—2z)/2(2—z)_ (6)

As discussed in [43], the metrics (5) satisfy the Gub-
ser conditions (in the context of holography, many non-
trivial flows become singular upon dimensional reduc-
tion, leading to the Gubser criterion for the acceptability
of a naked singularity [52]), given by

20432-0) ’ Sl B ’ 2(z—1)+3(2—0)>0’
2(z-1)-6 2(z—-1)-6 2(z-1)-6
(7
and the thermodynamic stability condition
z
—2(Z—1)—6’ > 0. (8)

The generalizations of (5) to include finite temperat-
ure are

AN ,, 4
ds (f) [ F(rdr +f(r)+dxdx}, ©)
with
r\? rY
o =5(5) [1—(5)], (10)
where
-2 _z-1 _27+3(2-6)
= PRl YT (h
The Hawking temperature reads
T:ﬁ(r—h)’j 2z—39+6‘. (12)
8l \ ¢ z—2

For further details on the hyperscaling violation back-
grounds, we refer to [43].

III. ENTROPIC FORCE

We now proceed to holographically compute the en-
tropic force for the background metric (9) following [27].
The Nambu-Goto action is
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(13)

1
Sng =Tk dedO'L =— o dedO’ \/—detgags,

. . .
where Tg = 3o 1 the fundamental string tension and o’
T

. . R?
is related to the 't Hooft coupling 4 by — = VA (here-
(04
after, we set R =1). g represents the determinant of the
induced metric with
OX* 0X”
g(lﬂ:gyvﬁﬁ’ (14)

where X* and g,, are the target space coordinates and
metric, respectively.
For our purpose, we take the static gauge

t=r, x=0, y=0, z=0, (15)
and assume » depends only on o
r=r(o), (16)
thus, the induced metric becomes
i,.
goo = —b(r)f(r), go1=g10=0, guu=br)|l+ —)],
f(r)
(17)

with b(r) = (r/€)~“andi = dr/do-; then, the Lagrangian

density reads
L= [bXr)f(r)+7].

Since £ does not depend on o explicitly, the corres-
ponding Hamiltonian is a constant, that is

(18)

H = %?—L = Constant.

ER (19)

Imposing the boundary condition at the tip of the U-
shaped string

=0, r=re (rp > re), (20)
one gets
. \/fz(r)bz(r) ~ DS B o) on
frob*(re)
with

Fre) =fo(’—;)2ﬁ[1 —(:—hﬂ

The inter-distance of gg can be calculated by integrat-

ing (21)
= zfr" ar A(re)B(r)
0

AX(r) = A(MA(re) *)

with

AN =L (Nf(), B =b*1r), Al =) f(re), (24)
the plot of L against & with & =r./r, is shown in Fig. 1.
Here, we take z=1.6, 6 =1 (other values of z and 6 lead
to a similar trend).

The next task is to calculate entropy, given by
S=-=— (25)

where F is the free energy of gg, which is related to the
on-shell action of the fundamental string in the dual geo-
metry. Note that this quantity has been holographically
studied at zero temperature [53] and finite temperature
[54, 55]. Broadly speaking, there are two cases for F.

1. If L>% (¢ denotes the maximum value of LT),
some new configurations should be considered [56], and
then, there are a few possible choices of F' [57], e.g., one
may choose a configuration of two disconnected trailing
drag strings [58, 59]. Under such conditions, the free en-

ergy is
1 "
b (04 0

(26)

0.8
0.6
0.4+

024

0.0

T T T T 1
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&

Fig. 1. L versus . Here z=1.6,0=1.
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leading to

SO = \/ZQ(L— %) @7)

where H(L— %) is the Heaviside step function.

2.If L< £ , the fundamental string is connected; then,
the free energy of ¢g can be obtained by plugging (21) in-

to (18), that is
oo L[ [anBo) o8)
ma’ Jo \A(D—A(o)

then, from (12), (25), and (28), one gets

AF® OF® [T
§SP=_—— =_ —, (29)
oT (’)rh 67‘/1
where
OF® 1
or,  2ra’

s

y f A (NBIAT) = A(re)] = A(P)BA (r) = A (r,)]
0 VA BA(r) - A(ro)PP

A(re) = A (D))=, (33)

note that by plugging z =1 and 6 =0 in (29), the entropic
force for N =4 SYM [27] can be reproduced, as expec-
ted.

Next, we calculate the entropy force. Before we get to
that, we determine the value range of z and 6. According
to the Gubser condition of (7) and the thermodynamic
stability of (8), one has

1<z<?2, 6<2, 6<z. (34)

Taken together, one can numerically calculate the en-
tropic force from (29). In Fig. 2, we plot §®/ V2 versus
LT for different values of z and 6; here, we have used the

. 1
relation — = VA. From the left panel, one can see that,

with ﬁxeg z, increasing 6 leads to larger entropy at small
distances, whereas from the right panel, one finds that,
with fixed 6, increasing z leads to smaller entropy at
small distances. As stated earlier, the entropic force is
found to grow as a function of the distance (see (1)) and
is responsible for the quarkonium dissociation. Thus, one
concludes that increases 6 increases the entropic force,
thus enhancing the quarkonium dissociation, while z has
the opposite effect.

To analyze how the temperature influences the en-
tropic force in the hyperscaling violation backgrounds,

B0 e plot $®/+ versus L with fixed z and 6 in Fig. 3.
One finds that increasing 7 leads to an increase in the en-
tropic force, in accord with the finding in [33]. The phys-
T  fo |22-30+6| —» z = . . . : .
- _JY9 = rs (31) ical meaning of our results will be discussed in the next
or, 8nt z—2 z—2 section.
with
IV. CONCLUSION AND DISCUSSION
r\# —y-1 In this paper, we studied the entropic destruction of
A'(r) = b3(r (—) T, 32 paper, we TopK
) (Nfo ¢) 7 (32) heavy quarkonium in the non-relativistic backgrounds.
We considered Lifshitz and hyperscaling violation theor-
(2)/4 0.5 o S(Z)/)\,O'S
0.0(?5 2 z=1.5 0057 6 0=1 ,
—z=17 /
—z=1L.75
0.004
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0.003 4
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0. 005 -
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~
0. 000 T T T T T T , LT 0.000 V-/// T T T LT
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Fig. 2. (color online) §®/+1 versus LT for different 6 and z. Left: z= 1.5, and from left to right, 6 =1,0,—-1. Right: 6=1, and from

left to right, z=1.6,1.7,1.75.
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S0
- =1.6, 0=1 |
R [
—T=03 I
——T=04
0.04
0.02
0.00 === T : L

0.0 0.2 0.4 0.6
Fig. 3. (color online) S®/+2a versus L. Here,z=1.6,6=1,
and from top to bottom, 7 =0.4,0.3,0.17, respectively.

ies, which are strongly coupled theories with an aniso-
tropic scaling symmetry in time and a spatial direction.
An understanding of how the entropic force changes ac-
cording to these theories may be essential for theoretical
predictions. We discussed how the entropic force de-

pends on the non-relativistic parameters z and 6. It is
shown that increasing z decreases the entropic force, thus
reducing the quarkonium dissociation. Namely, the
quarkonium melts harder in the presence of an anisotrop-
ic scaling symmetry in time and a spatial direction. In
contrast, we find that an increase in @ increases the en-
tropic force, indicating that the inclusion of 6 (means hy-
perscaling violation in the dual field theory) enhances the
quarkonium dissociation.

We would like to point out that the heavy quarkoni-
um discussed here mainly refers to charmonium, because
most of the bottomonium (bb) has smaller sizes and is
thus much less affected by the entropic force [31]. In fact,
the available data show that the bb suppression is indeed
stronger at the LHC [60, 61] than at the RHIC [62, 63].

Finally, it is relevant to mention that the imaginary
potential [64] has been proposed to be responsible for
melting the heavy quarkonium recently. It would be inter-
esting to investigate this quantity in hyperscaling viola-
tion theories as well. We leave this for further study.
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