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Quarkonium in a bulk viscous QGP medium
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The non-equilibrium properties of quark-gluon plasma (QGP) have been a topic of intensive research. In this contribution, we explore the
nature of heavy quarkonia immersed in a QGP with bulk viscosity. We incorporate the bulk viscous effect through the deformation of the
distribution functions of thermal quarks and gluons, with which the color dielectric permittivity can be computed. We use the color dielectric
permittivity to compute the heavy quark potential inside a bulk viscous plasma and solve the Schrödinger equation using the potential
to obtain the physical properties such as binding energies and decay widths. We discuss the effect of the bulk viscous correction on the
quarkonium properties and the melting temperatures.
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1. Introduction

Heavy quarkonia have been one of the key probes of quark-
gluon plasma (QGP) created in heavy-ion collisions. The
suppression of quarkonium states was predicted to indicate
the formation of QGP [1]. This suppression occurs because
of the Debye screening, which is reflected in the deformation
of the real part of a heavy quark potential [1], and the in-
medium transitions, which are encoded in the imaginary part
of the potential [2,3].

In this contribution, we examine the effect of non-
equilibrium bulk viscosity on the properties of heavy quarko-
nia [4]. Recent works show that the bulk viscosity of the
QCD medium is enhanced near the critical point [5–10],
which may give rise to observable effects in the beam energy
scan program [11]. The purpose of this study is to test how
sensitive heavy quarkonia are to the bulk viscous nature of a
QGP fluid. If they indeed are sensitive, there is a possibility
to use heavy quarkonia as a probe of the changes of the bulk
viscosity of a QGP.

The outline of the computational procedure is as follows.
To encode the bulk viscous effect, we first deform the ther-
mal distribution of quarks and gluons, and compute the color
dielectric permittivity of the medium using the Hard Ther-
mal Loop (HTL) approximation at one loop [4, 12]. Using
the modified dielectric permittivity, we compute the heavy
quark potential of a bulk viscous medium. We solve the
Schr̈odinger equation using the real part of the obtained
heavy quark potential and compute the physical properties of
heavy quarkonium states such as binding energies and decay
widths.

2. Color dielectric permittivity of a bulk vis-
cous medium

Here, we outline the computation of the dielectric permittiv-
ity of a bulk viscous medium.

We incorporate the non-equilibrium bulk viscous effect
by modifying the distribution functions of thermal quarks and
gluons,

f(p) = feq(p) + δbulkf(p), (1)

wherefeq(p) is the equilibrium distribution andδbulkf(p)
is the bulk viscous correction, which we parametrize in the
following way [12],

δbulkf(p) =
( p

T

)a

Φ f0(p) (1± f0(p)) , (2)

where+(−) indicates the Bose (Fermi) distribution. The pa-
rametersΦ anda control the strength of the bulk viscous cor-
rection.

Using the deformed distribution function (2), the retarded
self-energy in the presence of bulk correction becomes

ΠR(K) = m̃2
D,R

(
k0

2k
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)
, (3)

whereK = (k0,k) is the four momenta,̃m2
D,R ≡ m2

D +
δm2

D,R, andm2
D is the equilibrium Debye mass. The correc-

tion from the bulk viscosityδm2
D,R is written as

δm2
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wherecq
R(a, µ̃) andcg

R(a) are dimensionless quantities [12].
The symmetric self-energy can also be computed in a simi-
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FIGURE 1. Real part (left) and imaginary part (right) of the modified potential as a function of the distancer atT = 0.3 GeV.

lar manner, and again the effect of the bulk viscous cor-
rection enters through the modification of the Debye mass,
m̃2

D,S = m2
D + δm2

D,S . Using the self energies, one can
compute the retarded, advanced and symmetric propagators.
Based on these quantities, the dielectric permittivityε(k) is
expressed using the modified Debye masses as

ε−1(k) =
k2

k2 + m̃2
D,R

− i
πTk m̃2

D,S

(k2 + m̃2
D,R)2

. (5)

3. In-medium heavy quark potential

The color dielectric permittivity (5) encodes the bulk viscous
effect of the medium. In the spirit of the linear-response the-
ory [13, 14], we compute the in-medium heavy quark poten-
tial by modifying (the Fourier transform of) the Cornell po-
tential with the color dielectric permittivity. The real part of
the modified potential reads

Re V (r) =
∫

d3k

(2π)3/2
(eik·r − 1)VCornell(k)Re ε−1(k)

= −α m̃D,R

(
e−m̃D,R r

m̃D,R r
+ 1

)
+

2σ

m̃D,R

×
(

e−m̃D,R r − 1
m̃D,R r

+ 1
)

,

(6)

and the imaginary part is

ImV (r) =
∫

d3k

(2π)3/2
(eik·r − 1)VCornell(k)Im ε−1(k)

= −αλT φ2(m̃D,R r)− 2σTλ

m̃2
D,R

χ(m̃D,R r), (7)

whereλ = m̃2
D,S/m̃2

D,R, VCornell(k) is the Fourier transform
of the Cornell potential, andα ≡ CF αs with CF = (N2

c −
1)/2Nc. We take the string tension to beσ = (0.44GeV)2,
andαs to be the one-loop coupling constant [4].

In Fig. 1, we plot the real and imaginary parts of the mod-
ified potential. Different lines correspond to different values

of the parameterΦ. The real part of the potential becomes
flattened for a larger value ofΦ because of a stronger screen-
ing effect (larger Debye mass). The influence of the bulk
viscosity on the imaginary part is more nontrivial. Its magni-
tude,|Im V |, shows an enhancement in the smallr region and
a suppression in the larger region in the presence ofΦ > 0.

4. Heavy quarkonia in a bulk viscous medium

Let us now study the properties of heavy quarkonia in a bulk
viscous medium. Using the modified potential (6), we solve
the Schr̈odinger equation for the radial wave function,

− 1
2mq

(
ψ′′(r) +

2
r
ψ′(r)− `(` + 1)

r2
ψ(r)

)

+ Re V (r) ψ(r) = ε
n`

ψ(r), (8)

wheremq is the reduced mass of the quarkonium system. We
takemq = 1.25/2GeV for cc̄ andmq = 4.66/2GeV for bb̄.
Equation (8) is solved numerically to obtain the wave func-
tions and eigenvalues. The binding energy,EB, and the decay
width, Γ, are given by

EB = Re V (r →∞)− ε
n`

, (9)

Γ = −〈ψ|Im V (r)|ψ〉. (10)

In Fig. 2, we plot the binding energies (left) and decay
widths (right) for charmonium (top) and bottomonium (bot-
tom) states. The solid and dashed lines correspond to cases
with and without bulk viscous corrections, respectively. We
observe that the binding energy is a decreasing function of
the bulk viscous correction, which is because of a stronger
screening effect.

In Fig. 3, we plot the binding energies (black line) and
decay widths (blue line) ofJ/ψ states for different values of
Φ at a = 1. The melting temperaturesTmelt of quarkonium
states are estimated based on a standard criterion that the
binding energy intersects with the decay width at the melt-
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FIGURE 2. Binding energies (left) and decay widths (right) for charmonium (top) and bottomonium (bottom) states as a function of temper-
ature for with (dashed lines) and without (solid lines) bulk viscous corrections.

TABLE I. Melting temperatures ofJ/ψ, Υ andΥ′ in the absence
of bulk viscous correction (Φ = 0) computed in the current model
(left column). The right column shows the results from Ref. [15]
based on the lattice QCD.

Tmelt [GeV] Ref. [15]

J/ψ 0.254+0.027
−0.032 0.267+0.033

−0.036

Υ 0.464+0.026
−0.022 0.440+0.080

−0.055

Υ′ 0.235+0.025
−0.022 0.250+0.050

−0.053

ing temperature,EB(Tmelt) = Γ(Tmelt). In Table I, we com-
pare the melting temperatures computed in the current com-
putation forΦ = 0 with the results from Ref. [15], which
are based on the extraction of the potential from lattice QCD
data. The current model reproduces the former results, at
least qualitatively. To make an estimate of a systematic de-
pendence, we varied the value of parameterΛ in the one-loop
coupling. The upper and lower number in the table corre-
spond toΛ = 1/2 × 0.176GeV andΛ = 2 × 0.176GeV,
respectively.

Now, let us see the influence of the bulk viscosity on the
melting temperatures. Figure 4 shows the melting tempera-
tures of theJ/ψ, Υ andΥ′ states as a function ofΦ. We ob-
serve that the melting temperatures of the quarkonium states
decrease slightly as a function ofΦ. If there is a sudden en-
hancement in the bulk viscous effect at a certain collision en-
ergy, the behaviour of observables related to heavy quarkonia

FIGURE 3. Decay widths (blue lines) and binding energies (black
lines) ofJ/ψ for different values ofΦ. The intersection of bind-
ing energy and decay width for the same value ofΦ indicate the
melting temperature.

might show anomalous behaviour. It would be interesting
to look at those observables and their collision energy de-
pendence on the beam energy scan program, since the bulk
viscous effect is expected to become larger near the critical
point.

5. Conclusion

In this contribution, we have discussed the effects of bulk vis-
cous corrections on the properties of quarkonium states. We
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FIGURE 4. Melting temperature of charmonium (J/ψ) (left) and bottomonium (Υ, Υ′) (right) as a function of the bulk viscous parameterΦ

with a = 1.

computed the color dielectric permittivity of a bulk viscous
QGP and computed a modified heavy quark potential. We
have discussed how the bulk viscous correction deforms the
real and imaginary parts of the potential. Using the modi-
fied potential, we solved the Schrödinger equation to obtain
the wave functions, binding energies and decay widths of the
quarkonium states. We found that the binding energy de-
creases and decay width increases as a function ofΦ for a
fixed temperature. We also found that the melting tempera-
tures of the quarkonium states are reduced forΦ > 0. We ex-
pect that the bulk viscous effect is enhanced near the critical
point and it would be interesting to look at how the physical
observables such asRAA behaves as a function of collision
energy.
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