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Quarkonium suppression in the open quantum system approach
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Quarkonium suppression in relativistic heavy ion collisions has been studied experimentally for decades to probe the properties of the quark-
gluon plasma. For this purpose, complete theoretical understanding of the time evolution of quarkonium inside the quark-gluon plasma is
needed but challenging. Here I review recent progress in applying the open quantum system framework to describe the real-time dynamics
of quarkonium, with a focus on the gauge-invariant chromoelectric field correlators of the plasma that control the dynamics.
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1. Introduction

Quarkonia are hadronic bound states containing a heavy
quark-antiquark pair (QQ̄). The mass spectrum of ground
and lower excited quarkonium states can be well described
by nonrelativistic Schr̈odinger equations with phenomeno-
logical potential models such as the Cornell potential. When
quarkonium states are placed inside the hot quark-gluon
plasma (QGP), they can be broken into unbound heavy quark
pairs due to plasma screening effects [1]. As a result, quarko-
nium production in relativistic heavy ion collisions will be
suppressed if a QGP is created in the collisions, compared
to that in proton-proton collisions. This motivates the experi-
mental measurements of quarkonium production in heavy ion
collisions and using quarkonium suppression as a diagnos-
tic signature and a probe of the QGP. Recent reviews can be
found in Refs. [2–4].

To study properties of the QGP by using quarkonium, the-
oretical inputs are necessary in addition to the experimental
measurements. The real-time dynamics of quarkonium in-
side the QGP is complicated since the description has to ac-
count for plasma screening, dissociation and regeneration of
quarkonium states. Semiclassical transport equations such as
the Boltzmann and Langevin equations have been widely ap-
plied [5–11], which neglect important quantum effects such
as the quantum coherence/decoherence of the quarkonium
wavefunction. Recently, the open quantum system frame-
work has been used to describe the dynamics of quarkonium
inside the QGP and deepened our understanding [12–23].
See Refs. [24, 25] for recent reviews. In this conference pro-
ceeding, I will review recent progress in applying the open
quantum system framework to study quarkonium dynamics
inside the QGP. In Sec. 2, the open quantum system frame-
work will be reviewed, with an emphasis on its application
to quarkonium in the QGP. The Markovian time evolution
equations,i.e., the Lindblad equations and their validity con-
ditions will also be discussed. Then in Sec. 3, I will discuss
certain chromoelectric field correlators of the QGP that en-
code the essential properties of the medium in the Lindblad
equations for quarkonium. I will compare the chromoelec-

tric field correlators for quarkonium with those for unbound
heavy quarks from both the mathematical and physical as-
pects. Finally, I will draw the conclusions in Sec. 5.

2. Open Quantum Systems and Lindblad
Equations

We assume the system of a heavy quark pair (subsystem) and
the QGP (environment) at thermal equilibrium is described
by the Hamiltonians

H = HQQ̄ + HQGP + HI , (1)

whereHI describes the interaction between the heavy quark
pair and the QGP. The density matrix of the whole system
evolves in time according to the von Neumann equation

dρ(t)
dt

= −i[H, ρ(t)] , (2)

whose solution in the interaction picture can be symbolically
written as

ρ(int)(t) = U(t, 0)ρ(int)(0)U†(t, 0), (3)

U(t) = T exp
(
− i

t∫

0

H
(int)
I (t′) dt′

)
, (4)

whereT denotes the time-ordering operator. The time evolu-
tion of the subsystem consisting of the heavy quark pair can
be written as

ρ
(int)
QQ̄

(t) = TrQGP

(
U(t, 0)ρ(int)(0)U†(t, 0)

)
. (5)

The time evolution of the subsystem governed by Eq. (5)
is complicated in general. It can be greatly simplified in two
limits: the quantum Brownian motion limit and the quantum
optical limit. The two limits are valid under different hierar-
chies of time scales. Three time scales are relevant here: the
environment (QGP) correlation timeτE that determines the
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time domain of correlation functions of the environment, the subsystem (the heavy quark pair) intrinsic time scaleτS and
the subsystem relaxation timeτR. For the QGP at thermal equilibrium, it is expectedτE ∼ 1/T . The subsystem intrinsic
time τS is estimated by the inverse of the typical energy gap in the subsystem and the relaxation timeτR depends on the
interaction strength between the subsystem and the environment. The quantum Brownian motion limit is valid whenτR À τE

andτS À τE while the quantum optical limit is valid whenτR À τE andτR À τS . The hierarchyτR À τE is also called
the Markovian limit in which there is no memory effect in the dynamics: the environment correlation has been lost during the
subsystem relaxation, which is generally valid in the weak coupling limit,i.e., whenHI is weak.

Each limit corresponds to a different way of approximating the time integrals in Eq. (5) under weak coupling expansion.
In either limit, the time evolution of the subsystem density matrix can be written in terms of a Lindblad equation in the general
form

dρ
(int)
QQ̄

(t)

dt
= −i

[
HQQ̄,eff , ρ

(int)
QQ̄

(t)
]
+

∑
n

D(n)
(
Lnρ

(int)
QQ̄

(t)L†n −
1
2
{
L†nLn, ρ

(int)
QQ̄

(t)
})

, (6)

whereLn’s are Lindblad operators whose explicit expressions depend on the effective field theory used to describe the heavy
quark pair. Heren denotes the quantum numbers of the heavy quark pair including their spatial positions. The termD(n) can
in principle be absorbed into the definition of the Lindblad operators. It is kept explicit here to emphasize that it is the only
piece in the non-Hermitian parts that is related to the correlation functions of the environment, which will be discussed in more
detail in the next section.

Details of the Lindblad equations in both limits and the justification of the hierarchies of the time scales for quarkonium in
the QGP can be found in the recent review [25], as well as the connection between the Lindblad equations and the semiclassical
transport equations.

3. Chromoelectric field correlators of QGP

In either the quantum Brownian motion or the quantum optical limit, the QGP properties relevant to the small-size quarkonium
in-medium dynamics are encoded in terms of correlators of chromoelectric fields, dressed with Wilson lines. The most general
expressions of these gauge-invariant chromoelectric field correlators can be written as [21]

[g++
E ]>(q) =

∫
d4(y − x) eiq·(y−x)

〈[
Ei(y)W[(y0,y),(+∞,y)]W[(+∞,y),(+∞,∞)]

]a

× [W[(+∞,∞),(+∞,x)]W[(+∞,x),(x0,x)]Ei(x)
]a

〉
T
, (7)

[g−−E ]>(q) =
∫

d4(y − x) eiq·(y−x)
〈[W[(−∞,∞),(−∞,y)]W[(−∞,y),(y0,y)]Ei(y)

]a

× [
Ei(x)W[(x0,x),(−∞,x)]W[(−∞,x),(−∞,∞)]

]a
〉

T
, (8)

in which the chromoelectric fields are connected via staple-shape Wilson lines in adjoint representation. In[g++
E ]>, the time-

like Wilson lines extend to positive infinite time, accounting for the final-state interaction in quarkonium dissociation (the
coupling between the center-of-mass motion of the octetQQ̄ pair and the QGP), while in[g−−E ]>, the Wilson lines come
from negative infinite time, representing the initial-state interaction in recombination. For theQQ̄ to thermalize properly, it
is necessary for these two correlators to satisfy the Kubo-Martin-Schwinger (KMS) relation. The proof of the KMS relation
is more involved here than textbook examples because of the Wilson lines. The KMS relation was first proved in Ref. [26]
by using the parity and time-reversal transformations and assuming the density matrix of the QGP at thermal equilibrium is
invariant under these transformations.

These chromoelectric field correlators are momentum dependent and appear in differential reaction processes. For inclusive
reaction processes, one integrates over the momentum exchanged and obtain the momentum independent correlators

G>
E(q0) =

∫
d3q

(2π)3
[g++

E ]>(q) =
∫

d3q

(2π)3
[g−−E ]>(q) =

∫
dt eiq0t

〈
Ea

i (t)Wab(t, 0)Eb
i (0)

〉
T

, (9)

where we have used translational invariance in time. In the quantum Brownian motion limit, the hierarchy of time scales
τS À τE leads toT À HQQ̄ which justifies an expansion in terms ofHQQ̄/T . Physically this means the binding energy
effect is negligible in quarkonium dynamics. Therefore in the quantum Brownian motion limit, only the zero frequency limit
of the chromoelectric field correlator contributes,i.e., G>

E(q0 = 0). On the other hand, no hierarchy exists between the QGP
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temperature and the binding energy in the quantum optical
limit. As a result, binding energy effect cannot be neglected,
which can suppress the reaction rates [27] and is important
for the quarkonium states to thermalize properly [7]. Due
to energy conservation in this limit, only the finite frequency
part of the chromoelectric field correlator matters in bound-
unbound transitions.

Finally, it is worth noting that the correlator (9) is similar
to but different from the correlator used to define the heavy
quark diffusion coefficient [28]

κ = lim
q0→0

∫
dt eiq0t

〈
Trcolor

× [
U(−∞, t)Ei(t)U(t, 0)Ei(0)U(0,−∞)

]〉
T

, (10)

where the Wilson line is in fundamental representation. The
two correlators (9) and (10) differ in the Wilson line config-
urations. In the dynamics of open heavy quarks, the heavy
quark carries color all the way, so the Wilson lines extend to
both positive and negative infinite times. Perturbative calcu-
lations [26,29] showed that these two correlators agree in the
temperature dependent part but differ by a finite constant at
next-to-leading order. See also the discussions in Ref. [30].

4. Conclusions

I reviewed recent progress in applying the open quantum
system framework to study quarkonium dynamics inside the

QGP, with a focus on the QGP correlators of the chromo-
electric fields that enter the Lindblad equations in both the
quantum Brownian motion and the quantum optical limits.
The same framework has also been applied to study Dark
Matter bound state formation in the coannihilation scenario
in the early universe [26]. Some problems of jet quenching
in heavy ion collisions have also been studied in the open
quantum system framework [31–33]. Due to the importance
of the Lindblad equation in heavy ion physics and the high
computational cost to solve it, it is worth exploring to solve
it on quantum computers. This has been explored for a toy
model in the quantum optical limit [34] and for the U(1)
gauge theory in 1+1 dimension (also known as the Schwinger
model) in the quantum Brownian motion limit [35]. It is ex-
pected that advanced quantum algorithms and machine learn-
ing techniques may significantly speed up simulating open
quantum systems in the near future and deepen our under-
standing of physics in heavy ion collisions.
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