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a b s t r a c t
We study the dissociation of heavy vector mesons in a thermal medium from the point of view of
the conﬁgurational entropy. Bottomonium and charmonium vector mesons in a plasma are represented
using a holographic AdS/QCD model. The quasinormal modes, describing the quasiparticle states, are
determined for a representative range of temperature and their corresponding CE is then computed. The
main result indicates that the CE is an important contrivance to investigate the stability of the heavy
mesons against dissociation in the thermal medium.
© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3 .

1. Introduction
The conﬁgurational entropy (CE) is a quantity that implements
the concept of informational entropy as an information logarithmic measure. The CE comprises the way how the information is
compressed into any physical system [1,2]. The CE represents a
measure of information that regards the spatial complexity of a localized system, describing the data that is necessary to depict the
spatial shape of square-integrable scalar ﬁelds [3,4]. The modes in
a system with lower CE have been shown to be more dominant,
and hence more detectable and observable [5]. Further aspects of
the CE were presented in Ref. [6].
Regarding quantum chromodynamics (QCD), describing how
gluons and quarks strongly interact, the CE has been playing a
prominent role together with holographic AdS/QCD models, to reveal important features regarding QCD phenomenology. For example, light ﬂavor mesonic excitations [5] and scalar glueballs [7]
were scrutinized using the CE, being further generalized in a dynamical holographic model setup [8]. Besides, the CE underlying
bottomonium and charmonium at zero temperature conﬁrmed the
experimental predominance of lower S wave resonances and lower
masses quarkonia states, in Ref. [9]. Still in the AdS/QCD paradigm,
ρ and φ mesons were studied in Ref. [10], besides the color-glass
condensate in the quark–gluon plasma (QGP) [11,12], both in the
context of the CE. Moreover, solitonic solutions of the KdV equation, arising in a cold QGP were also studied with the instruments
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of the CE, in Ref. [13]. The CE applications to heavy ion collisions
(HICs) was scrutinized in Ref. [14].
The CE was shown to be, moreover, very useful as an apparatus to probe gravity and related phenomena. For example, the
Hawking–Page phenomenon of phase transition leading thermal
radiation into AdS–Schwarzschild black branes was investigated in
Ref. [15] in the context of the CE. After the seminal applications
of the CE to the study of stellar stability in Refs. [16,17], Bose–
Einstein condensates of gravitons were also scrutinized, where the
critical stellar density was derived as a global minimum of the CE,
in Ref. [18]. The CE was further employed to investigate domain
walls [19] and vortexes [20], and their applications in ﬁeld theory [21,22]. Besides, spectral functions of bottomonium states were
used in the context of the information entropy method [23].
HICs, produced in particle accelerators, lead to the formation
of a QGP. This deconﬁned phase of hadronic matter survives only
for very short time scales, being indirectly observed, analysing the
collisions yields in the detectors. In particular, the fraction of heavy
vector mesons detected can provide information about the plasma
state. The suppression of such particles in the by products of a HIC,
as compared to a proton-proton collision, serves as an indicator
that a thermal medium was formed [24,25].
An interesting tool to describe heavy vector mesons is to
use the AdS/QCD holographic models. Inspired on gauge string
AdS/CFT duality, these models are particularly useful in the description of hadrons in a thermal medium. A holographic model
for bb̄ and c c̄ vector mesons (bottomonium and charmonium respectively), involving two dimensionfull parameters, was proposed
in Refs. [26,27]. Then, an improved holographic model that contains three energy parameters appeared in Refs. [28–30]. Two of
these parameters represent the quark mass and the string ten-
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sion, necessary in order to ﬁt the mass spectra of quarkonium
states. The third parameter represents an ultraviolet (UV) energy
scale, needed to ﬁt the spectra of decay constants. They are associated with non-hadronic decay, proportional to the transition
matrix from a meson state at excitation level n to the hadronic
vacuum, 0| J μ (0) |n = μ f n mn . The UV energy parameter is related to the large mass change that occurs in such a process, when
heavy vector mesons decay to light leptons.
At ﬁnite temperature, the mesons are described by the thermal
spectral function, that composes the imaginary part of the retarded
Green’s function. The relevant part of the retarded Green’s function
is the 2-point function, that at zero temperature has a spectral
decomposition in terms of masses mn and decay constants f n of
the states,

( p 2 ) =

∞


f n2

(− p 2 ) − mn2
n =1

+ i

.

(1)

The imaginary part of Eq. (1) represents a sum of Dirac delta peaks,
with coeﬃcients that are proportional to the square of the decay constants, f n2 δ(− p 2 − mn2 ). At ﬁnite temperature, the peaks get
smeared, as the temperature T of the medium increases. This connection between the spectral function and the decay constants is
the reason why a consistent extension of a hadronic model to ﬁnite
temperature must be consistent with decay constants. The results
that emerge from Refs. [27–30] show that as the temperature increases, the heavy vector mesons dissociate in the medium. In this
letter we want to see how this dissociation process is translated
into the CE.
This paper is organized as follows: Sect. 2 is devoted to brieﬂy
introducing the motivation and the key points in the CE paradigm.
The 2-point correlators and their power spectrum are shown to
give rise to a correlation probability distribution, the modal fraction, that is the leading ingredient to compute the CE. In Sect. 3 the
holographic model is introduced for heavy vector mesons, whose
pure gauge action yields normalizable solutions, used for deriving the decay constants for charmonium and bottomonium states,
whose quasinormal modes in the ﬁnite temperature case are derived and analyzed. Sect. 4 is then dedicated to the compute the
CE underlying quarkonia, at ﬁnite temperature, as a function of the
S-wave resonances excitation level and the temperature as well.
Relevant results impact the probability of dissociation with respect
to the temperature, distinguishing the charmonium from the bottomonium.
2. Conﬁgurational entropy and Shannon information entropy
Given a probability distribution, the CE, motivated by the Shannon’s theory
 of information, is deﬁned for discrete systems by
S [ f ] = − a pa log( pa ), standing for an upper limit of the information compression [2,4]. The CE, thus, comprises the informational bulk of all conﬁgurations in a physical system. If all the
N system modes present an uniform probability distribution, then
one can assume pa = 1/ N, yielding the CE to attain its maximum
value S = log N. The (differential) CE takes into account the continuous limit of this paradigm [6], whose equivalent features were
also discussed in Ref. [5].
To introduce the CE of a physical system, spatial correlations
must be taken into account, characterizing the correlation of the
ﬂuctuations of a localized, square integrable, ρ (x) scalar ﬁeld, that
describes the system. Small perturbations can make the scalar
ﬁeld to ﬂuctuate. The correlator,
namely, the 2-point correlation

function reads G (r ) = Rd ρ (r̃ )ρ (r + r̃ )dd r̃, where d denotes the
spatial dimension. The CE measures the informational theory of
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correlations, when constructing a probability distribution from
the correlator. For it, the power spectrum P (k) is taken into account as the correlator Fourier transform. The convolution theorem
it possible to express the power spectrum as P (k) ∼
makes

 Rd ρ (r )e ik·r dd r 2 , being normalizable. It corresponds to the uniform distribution, if ρ (r ) is a random distribution. Since the normalizable power spectrum satisﬁes the condition to be a continuous probability distribution associated to some
 continuous random
variable, taking the Fourier transform ρ (k) = Rd ρ (r )e −ik·r dd x, the
correlation probability distribution, known as the modal fraction,
is deﬁned as [2]

 (k) = 

|ρ (k)|2
.
2 d
Rd |ρ (k)| d k

(2)

The modal fraction measures the contribution of a given mode,
k, to the power spectrum. As the power spectrum describes the
ﬂuctuation of the scalar ﬁeld spatial proﬁle, the modal fraction
measures the contribution of a range of modes for the description of the shape of the scalar ﬁeld. The amount of information to
describe the spatial proﬁle of ρ , in terms of the Fourier modes, is
given by the CE,



◦ (k) log ◦ (k) dd k ,

S [ρ ] = −

(3)

Rd

where ◦ (k) =  (k)/max (k), being the denominator the maximum
fraction. In the case where the modal fraction represents the uniform distribution, it maximizes the CE, corresponding to a random
ﬁeld for which the power spectrum is the uniform distribution.
3. Holographic model
For the zero temperature case, the model proposed in Refs. [29,
30] for charmonium and bottomonium, representing quarkonia
states, is deﬁned in a 5D anti-de Sitter (AdS) space–time

ds2 =

R2
z2

(−dt 2 + dxi dxi + dz2 ) .

(4)

The heavy vector mesons are described by a vector ﬁeld V m =
( V μ , V z ) (μ = 0, 1, 2, 3), assumed to be dual to the fermionic
gauge theory current density J μ = ψ̄ γ μ ψ . The action for this ﬁeld
reads


I =

4

d xdz

√


−g e

−φ( z)

−

1
4g 52


F

mn

F mn

,

(5)

where F mn = ∂m V n − ∂n V m and φ( z) is a phenomenological background ﬁeld with the form



φ( z) = k2 z2 + M z + tanh

1
Mz

k

−√

.

(6)

It is important to note that this is a phenomenological effective
model for heavy vector mesons. The background that we use is not
a solution of the Einstein’s equations, since we included the scalar
ﬁeld of Eq. (6). This type of model is usually called a bottom up
holographic model, as opposed to the so called top down models
that use backgrounds that are solutions of Einstein’s equations. The
parameters play the following role: k represents the quark mass,
the string tension of the strong quark anti-quark interaction and
M is a mass scale associated with non hadronic decay.
One chooses the gauge V z = 0. Then, the equation of motion for
the spatial transverse components of the ﬁeld, denoted generically
as V , takes in momentum space the following form,
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Table 1
Holographic masses and decay constants for the charmonium S-wave resonances.
Experimental values between parentheses for comparison.
Holographic (and experimental) results for charmonium
State

Mass (MeV)

Decay constants (MeV)

1S
2S
3S
4S

2943(3096.916 ± 0.011)
3959(3686.109 ± 0.012)
4757(4039 ± 1)
5426(4421 ± 4)

399(416 ± 5.3)
255(296.1 ± 2.5)
198(187.1 ± 7.6)
169(160.8 ± 9.7)

Table 2
Holographic masses and decay constants for the bottomonium S-wave resonances.
Experimental values between parentheses for comparison.
Holographic (and experimental) results for bottomonium
State

Mass (MeV)

Decay constants (MeV)

1S
2S
3S
4S

6905(9460.30 ± 0.26)
8871(10023.26 ± 0.32)
10442(10355.2 ± 0.5)
11772(10579.4 ± 1.2)

719(715.0 ± 2.4)
521(497.4 ± 2.2)
427(430.1 ± 1.9)
375(340.7 ± 9.1)

∂ z e − B ( z ) ∂ z V − p 2 e − B ( z ) V = 0,

(7)

Fig. 1. Quasinormal modes for charmonium.

z
R

where B ( z) = log
+ φ(z).
The meson states at zero temperature are represented by the
normalizable solutions, V ( p , z) = n ( z), that satisfy the boundary conditions n (0) = 0, for p 2 = −mn2 , where mn denotes the
masses of the corresponding
meson states. These eigenfunctions
∞
are normalized as 0 e − B (z) n ( z) m ( z) dz = δmn , and the decay
constants are calculated holographically as

fn =





1

lim e − B (z) ∂z

g 5 mn z→0

n ( z)

.

(8)

The values of the parameters in the background (6), obtained in
Ref. [30] in order to describe charmonium and bottomonium, are
respectively:

kc = 1.2 GeV,



kb = 2.45 GeV,



c

= 0.55 GeV, M c = 2.2 GeV ,
b

= 1.55 GeV, M b = 6.2 GeV .

(9)
(10)

Tables 1 and 2 show the results for charmonium and bottomonium, respectively. For comparison, the experimental data from
Ref. [31] is show between parentheses. It is worth to mention that
the higher the radial excitation level, the lower the decay constants
are.
For the ﬁnite temperature case, we consider the same action of
Eq. (5), now in an AdS black hole space–time

ds2 =

R2 
z2

− f ( z)dt 2 +

dz2
f ( z)


+ dxi dxi ,

(11)

where

f ( z) = 1 −

z4
zh4

(12)

.

The horizon position zh is determined from the condition f ( zh ) = 0
and the black hole temperature comes from the requirement of
absence of a conical singularity at the horizon, in the Euclidean
version of the metric. This condition implies a relation between
the periodic time interval 0 ≤ t ≤ β = 1/ T and the horizon position, given by

T=

| f ( z)|(z=zh )
4π

=

1

π zh

.

(13)

Fig. 2. Quasinormal modes for bottomonium.

In contrast to the zero temperature case, where the particles
are described by normalized solutions of the ﬁeld, at ﬁnite temperature the quasiparticles are described by solutions known as
quasinormal modes. Previous studies of quasinormal modes in the
context of gauge/gravity duality can be found, for example, in
Refs. [33,32,34–42]. Quasinormal modes are obtained solving the
equation that comes from the metric (11):

∂z ( f ( z)e − B (z) ∂z V ) +

ω2
f ( z)

e − B ( z) V = 0 ,

(14)

with the following boundary conditions:

v n (0) = 0 ,



lim v n = 1 −

z → zh

z
zh

−i ω/(4π T )




1 + a1 1 −

z
zh



(15)

+ ··· .

The second condition corresponds to selecting just infalling boundary conditions at the horizon position. The coeﬃcients that appear
in the infalling condition can be determined inserting this condition into Eq. (14). Similarly to normal modes, the quasinormal
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Fig. 3. Real part of the frequency for charmonium quasinormal modes.
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Fig. 5. Real part of the frequency for bottomonium quasinormal modes.

Fig. 4. Imaginary part of the frequency for charmonium quasinormal modes.
Fig. 6. Imaginary part of the frequency for bottomonium quasinormal modes.

modes exist only for a discrete set of frequencies ωn . However, in
the case of quasinormal modes, these frequencies are complex.
The method used to ﬁnd the quasinormal modes in this work
was the shooting method [43–45], whose basic idea consists of
specifying two boundary conditions at the horizon, and then adjust
the free parameter given by the frequency ω , to ﬁnd the desired
solution at the boundary. One of these two boundary conditions is
the infalling boundary condition, presented in Eq. (15). The second
boundary condition is the derivative of the infalling boundary condition. It is necessary to ensure that the solution found by solving
Eq. (14), using the boundary conditions at the horizon, is a quasinormal mode varying the frequency ω until the ﬁeld vanishes at
the boundary.
The quasinormal modes of charmonium and bottomonium are
determined as function of the temperature. We show in Figs. 1 and
2 the results for the imaginary part of the frequencies as a function
of the real part for the ﬁrst mode n = 0. In Figs. 3–6, the real
and imaginary parts of the quasinormal modes are plotted for both

the charmonium and bottomonium respectively, as functions of the
temperature. One notes that in the zero temperature limit, the real
part of the quasinormal modes coincides with the corresponding
quarkonium mass.
4. Conﬁgurational entropy of quarkonia at ﬁnite temperature
We now apply the CE paradigm to the analysis of heavy
mesons. The action integral of the holographic model that we use
is not consistent with the Einstein’s equations, since we include
the phenomenological scalar background of Eq. (6). However, we
will assume that the energy momentum tensor of the model is
obtained from the action in the same way as in general relativ
√
ity. For an action integral of the form d4 xdz − g L the energy
momentum tensor reads
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Table 3
Conﬁgurational entropy (CE) of bottomonium with respect to the S-wave resonances excitation level.
Bottomonium
S-wave resonance

Masses (GeV)

CE

1S
2S
3S
4S
5S
6S
7S

6.9051
8.8710
10.442
11.772
12.943
14.001
14.972

2.1786
2.4957
2.6899
2.8188
2.9185
3.0008
3.0712

Table 4
Conﬁgurational entropy (CE) with respect to the S-wave resonances excitation level.
Charmonium
S-wave resonance

Masses (GeV)

CE

1S
2S
3S
4S
5S
6S
7S

2.9425
3.9586
4.7573
5.4261
6.0114
7.0201
7.4675

1.4105
1.7413
1.9457
2.0793
2.1791
2.3130
2.4526

⎡

⎤
√
√
∂
−
g L)
∂(
−
g L)
∂(
⎣
T mn ( z) = √
− p  mn  ⎦
−g
∂ g mn
∂x ∂ ∂g p
∂x
2

(16)

Note that in the case of the action (5), the second term of (16)
is absent, since the action does depend on derivatives of the metric. The energy density ρ ( z) = T 00 ( z) for the case of a vector ﬁeld
reads

ρ (z)=

e −φ(z)



g 52



g 00

1
4



g

mp nq

g

F mn F pq − g

mn

F 0n F 0m .

(17)

Considering the metric (11) and taking a plane wave solution in
the xμ directions, in the meson rest frame V μ = μ v ( p , z)e −i ωt ,
with μ = (0, 1, 0, 0), the energy density takes the form

ρ ( z) =

e −φ(z)
2g 52 R 2

⎡ 
⎤
2
z4
⎣− 1 −
(∂z v )2 + |ω|2 v 2 ⎦
zh4

(18)

Note that for complex solutions, the ﬁeld strength term of the La∗ F mn . In Figs. 1–6, we present
grangian density takes the form F mn
the real and imaginary parts of the frequency as a function of the
temperature. The solutions for v ( p , z) at ﬁnite temperature are the
quasinormal modes v n ( z), described in the previous section. In the
zero temperature limit, these solutions become the eigenfunctions
of Eq. (7). Taking a Fourier transform in coordinate z and splitting
ρ (k) = C (k) + i S (k), where

∞
C (k) =

ρ (z) cos(kz)dz ,

(19)

ρ (z) sin(kz)dz ,

(20)

0

∞
S (k) =
0

one ﬁnds the modal fraction (2)

 (k) =  ∞

S 2 (k) + C 2 (k)

0

S 2 (k̊) + C 2 (k̊) dk̊

.

(21)

Finally, the CE (3) reads

∞
S [ρ ] = −

◦ (k) log ◦ (k) dk .

(22)

0

Using the appropriate values of the parameters for the quarkonia (9)–(10) and employing Eqs. (3) and (18), we compute the CE
for the quasi-states. First one evaluates the CE for the states at
zero temperature using the eigenfunctions of Eq. (7). The results
are listed in Tables 3 and 4. Then, the results for the 1S quarkonia quasi-states, at ﬁnite temperature, are presented in Fig. 7 as a

Fig. 7. Conﬁgurational entropy (CE) for bottomonium and charmonium 1S quasistate as a function of the ratio T / T c .

function of T / T c , where T c is the critical deconﬁnement temperature at which the deconﬁned medium is formed. Using lattice QCD
studies, Refs. [46–49] show that heavy mesons only melt at higher
temperatures than T c .
From Fig. 7, one notes that, for the charmonium states, the CE
monotonically increases with the temperature. An increment in the
CE is expected to represent a decrease in the stability of the system. Charmonium quasi-states were studied in Ref. [30] through
the determination of the spectral function. The 1S quasi-state appears as a peak that gets continuously smeared as the temperature
increases. The higher the temperature, the lower and broader is
the peak, corresponding to a continuous increment in the degree
of dissociation in the medium. The quasi-normal modes obtained
in Sect. 3 show an equivalent behaviour. The imaginary part of
the quasi normal mode frequency increases with the temperature.
This imaginary component is related to the width of the peak. So,
the continuous increment in this quantity represents the increase
of the dissociation degree. Charmonium states survive the deconﬁnement transition, in contrast to light hadrons that completely
dissociate. But, as seen from the spectral function and from the
quasinormal modes, they undergo a partial dissociation, with a degree that increases with the temperature. The result obtained for
the CE is consistent with this thermal behaviour. In fact, the lower
the CE, the more informationally stable the state is, corresponding
to a bigger dominance of the respective state in the system. The
probability of dissociation in the medium continuously increases
with the temperature.
For charmonium states, already in Fig. 7 one can realize a
strong correlation between the CE and the temperature T / T c ratio. The higher the temperature, the higher the charmonium CE
is. Besides, entropic Regge-like trajectories can be implemented
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Fig. 8. CE with respect to the temperature T / T c ratio, for the charmonium, and its
quartic interpolation.

Fig. 9. CE with respect to the temperature T / T c ratio, for the bottomonium, and its
quartic interpolation.

in the context of AdS/QCD, that associates the charmonium CE
with the temperature T /T c ratio. In fact, interpolating the charmo-

function of the temperature (Figs. 7–9) and of the radial excitation
level of S-wave resonances (Tables 3 and 4).
Important results make the quarkonia probability of dissociation to be distinct, with respect to the temperature. In fact,
Figs. 7–9 show the CE of bottomonium and charmonium as a function of the temperature T / T c ratio. The charmonium states were
shown to present their underlying CE that increases monotonically with the temperature. In this case, the probability of dissociation in the medium increases with the temperature. For the
bottomonium, Figs. 7 and 9 show a quite different result. First,
the CE computed for the bottomonium has a global minimum,
corresponding to temperatures T ∼ 1.3 T c . Solely for higher temperatures, the CE increases monotonically. One feasible explanation
for this phenomenon is that the bottomonium energy parameters are higher, compared to the charmonium ones. The AdS/QCD
holographic model at ﬁnite temperature is assumed to represent a
plasma when T  T c , at which the deconﬁned medium is formed.
The results for bottomonium indicate that only for T  1.35T c the
model presents an appropriate description of the thermal deconﬁned medium. It was possible to ﬁnd for charmonium and bottomonium states, an interpolation of the CE as a function of the
temperature T / T c ratio. Figs. 8 and 9 respectively show, for the
charmonium and the bottomonium, scaling laws relating the CE to
the temperature T / T c ratio. Our results indicate that the CE is a
relevant tool to investigate stability of the heavy mesons against
dissociation in the thermal medium.

T
Tc

nium CE we ﬁnd CE

4

3

2

Tc

Tc

Tc

= −0.1008 T 4 + 1.0103 T 3 − 3.7726 T 2 +

6.7419 TT − 2.0590, at the analyzed temperature T / T c ratio range,
c
within 0.08%. It indicates a scaling law between the CE and the
temperature T / T c ratio, considering all the range 1  T c  3.5.
For the bottomonium 1S state the result is different. Indeed, the
CE decreases up to temperatures of the order of ∼ 1.3 T c and then
increases for higher temperatures. Comparing with results from the
analysis of the spectral function in Ref. [30], one should expect an
increasing dissociation degree as the temperature increases. Such
a behaviour should be translated into a monotonic increase in
the CE, although the bottomonium state survives at temperatures
much higher than the charmonium. It is important to note, when
comparing charmonium and bottomonium results, that the holographic model provides results with different accuracy degrees for
the two cases. From Tables 1 and 2, one sees that for the charmonium 1S state the result for the mass differs just 5% from the
experimental value. In contrast, for the bottomonium 1S state the
mass of the model differs 27% from the experimental value. It is
a very diﬃcult task to ﬁnd a simple holographic model that ﬁts
masses and decay constants for bottomonium. It is possible that
this problem with the ﬁt of the value of the mass is leading to the
failure of a consistent description of bottomonium dissociation, in
terms of conﬁgurational entropy, for low temperatures T  1.3 T c .
The model represents a thermal medium, the plasma, that is
present only for temperatures above the critical one T c . We considered, when plotting Fig. 7, that the critical temperature is T c = 191
MeV [50], corresponding to the transition temperature, when the
model is used for light ﬂavor mesons.
A scaling law, between the CE and the temperature T / T c rahigher
tio, also exists for the bottomonium state for temperatures

than ∼ 1.35 T c . The quartic polynomial CE
3

2

Tc

Tc

T
Tc

4

= 0.2947 T 4 −
Tc

2.8530 T 3 + 9.8565 T 2 − 13.5219 TT + 8.2633, at the range 1.35 
c

T / T c  3.5, ﬁts the graphic for the bottomonium CE, within 0.29%.
This is plotted in Fig. 9.
5. Conclusions
The dissociation of heavy vector mesons, in the framework of
holographic AdS/QCD, was studied in the context of the conﬁgurational entropy setup. Charmonium and bottomonium states were
analyzed from the point of view of their quasinormal modes, at
ﬁnite temperature. The quarkonia quasinormal modes are plotted
in Figs. 1–6. The CE underlying quarkonia was analyzed both as a
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