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We study the entanglement of gluon fields in presence of a static &&̄ pair in quenched QCD.

Using the replica method, we investigate the @ = 2 Renyi entropy of the entanglement of gluon

fields inside and in the vicinity of the confining QCD string between the quark and the antiquark.

We find that there is excess entropy of gluon entanglement compared to vacuum fluctuations. This

excess of entanglement entropy is associated with the gluon flux tube, and we find that it has a

finite non-zero value in the continuum. We investigate the dependence of gluon entanglement on

the geometry of longitudinal and transverse partitioning of the flux tube. Our preliminary results

suggest scaling of the entanglement entropy with the area of the boundary overlapping with the

flux tube.
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1. Introduction

Dynamics of the QCD string play a large role in many phenomena, from hadronization in heavy

ion collisions to deep inelastic scattering. In the Lund model, an expanding QCD string is assumed

to break into fragments that hadronize independently, even though it is a pure spatially extended

state of gluons at zero temperature[1]. At the same time, thermal-like behavior in hadronization

is difficult to explain due to a lack of hadron rescattering [2]. On the other hand, in toy models

exhibiting confinement, the reduced density matrix of an expanding string has been shown to take

a thermal form, helping to explain the success of thermal models in 4+4− collisions[3]. Given the

complex dynamics of the QCD string, it is of much interest to study the QCD string on the lattice

from the perspective of quantum entanglement.

Quantum entanglement has offered a window into better understanding phase transitions and the

emergence of colorless confined states through studying the entropic C-function of entanglement of

a bi-partitioned Yang-Mills vacuum [4–7]. As the size ; of the sub-region � was varied, a transition

from $ (#2
2) to $ (1) degrees of freedom was observed, representing a transition from colorful

quarks and gluons at small distances to colorless hadrons and glueballs at larger distances [4–7].

It is plausible that the thermal spectrum in hadronization is a result of quantum entanglement

within an approximately pure quantum state of an expanding string between a quark and anti-

quark [8]. In this work, we perform a novel study of the entanglement entropy of gluon fields in and

around a QCD string between a heavy quark-antiquark pair. The entanglement entropy is calculated

using the temporal replica method similar to Refs. [4, 7] but applied to the ground state of a QCD

flux tube. In particular, we explore whether the excess entropy due to the presence of the string is

UV-finite.

2. Entanglement entropy in a QCD string on a lattice

Entanglement entropy in field theory is typically defined for quantum fields contained in a

region A and its complement A. Following Refs. [4, 7], we divide lattice gauge links into regions

A and A along the gauge links; the links on the boundary are assigned to A. Decomposing the

complete Hilbert space of non-abelian gauge theories H = HA ⊗ H
A

in this way has subtleties

discussed in Ref.[4] where it is argued that such partition is maximally gauge-invariant.

Entanglement entropy is computed from the reduced density matrix

d̂A = Tr
A
d̂ , (1)

where d̂ is the full density matrix of the system and Tr
A

represents the partial trace over quantum

fields in region A. The von Neumann entanglement entropy is then

(EE
= −Tr ( d̂A log d̂A) , (2)

as it most closely resembles the Boltzmann statistical entropy. However, explicitly calculating the

density matrix or the von Neumann entanglement entropy on the lattice is in our context intractable,

so instead we employ the Renyi entropy of order @:

( (@)
=

1

1 − @
log (Tr ˆdA

@) . (3)
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have been made at only one lattice spacing 0 = 0.084 fm, and a thorough continuum-limit study

must be conducted.

Further questions to investigate include the dependence of entanglement entropy on the tem-

perature, number of colors, and string length up to 3&&̄ ≳ 1 fm. Ultimately, entanglement in a

dynamically breaking QCD string must be investigated, which is not feasible with dynamical quarks

at the moment. However, a tentative study can be performed in quenched QCD on an adjoint string.
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