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Introduction

Initial stages of a heavy-ion collision (HIC) constitute of an
out-of-equilibrium highly-occupied plasma of gauge fields.
[T. Lappi and L. McLerran, 06], [F. Gelis, 15], [J. Berges, M. P. Heller, A. Mazeliauskas and R. Venugopalan, 21]

Similar conditions involving highly occupied bosonic fields may arise
in the reheating process in the early universe as well.
[M. A. Amin, M. P. Hertzberg, D. I. Kaiser and J. Karouby, 15]

Studying the dynamics of heavy quarks in presence of such highly
occupied gauge fields in the pre-equilibrium stage could be an
excellent probe in understanding the approach to thermalization in
such systems.
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Motivation

It has been experimentally demonstrated that light quarks show
strong collective behaviour in the hot QCD matter formed in HICs.
[P. Jacobs and X. Wang, 05]

Some recent sets of experimental data point to the fact that even
heavier quarks like the charm show substantial collectivity similar to
their lighter counterparts. [PHENIX, A. Adare et al., 07]

Dynamics of light (nearly massless) quarks under such conditions has
been studied recently using classical-statistical lattice simulations
while treating quarks quantum-mechanically.
[K. Boguslavski, T. Lappi, M. Mace and S. Schlichting, 22]

Our goal is to study the dynamics of quarks starting from
intermediate masses going up to very heavy mass in presence of such
gauge fields in a similar way to hopefully gain some insights into their
collective behaviour.
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Quark Spectral Function : Free vs. Interacting

Quark spectral function is defined as,

ραβ(x , y) =
〈{
ψ̂α(x), ψ̂

β
(y)

}〉

In general, spectral function can be decomposed into the following
parts,

ρ = ρS + iγ5ρP + γµp
µ
V + γµγ5p

µ
A +

1

2
σµνρ

µν
T

Here, the vector component of the spectral function ρV can be
extracted as,

ρ0V =
1

4
Tr(ργ0), ρV = −Epp

j

4p2
Tr(ργj)
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Quark Spectral Function : Free vs. Interacting

Quark spectral function, in the absence of gauge fields, can be
calculated to be,

ρfree(∆t,p) = γ0cos(Ep∆t) + i
(
γj

p̂j

Ep
− mp

Ep

)
sin(Ep∆t)

Only non-zero components from the previous expansion are,

ImρfreeS = −mp

Ep
sin(Ep∆t), Reρ0,freeV = cos(Ep∆t)

ImρfreeV = −sin(Ep∆t)

But, in presence of color fields, it shows the following behaviour,

Reρ0V (t +∆t, t, p) ≈ e−γ(t,m,p)∆tcos{ω(t,m, p)∆t}
ImρS(t +∆t, t, p) ≈ −e−γ(t,m,p)∆tsin{ω(t,m, p)∆t}
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Technical Details

We have performed our simulations on a N3
s = 643 lattice, with

lattice spacing Qas = 1.0.

For the gluons, we consider the following initial phase-space
distribution,

g2fg (p) = n0
Q

p
e
− p2

2Q2

where we have taken n0 to be 1.

Owing to their high occupancy, gauge fields are evolved classically
according to Hamilton’s equations of motion.

Such systems undergo a rapid memory loss and subsequently enter a
self-similar scaling regime. [J. Berges, K. Boguslavski, S. Schlichting, and R. Venugopalan, 14]
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Technical Details

We study the dynamics of quarks with the gauge fields being in the
self-similar scaling regime which we have taken to be at Qt = 1500.

For our study, quarks are evolved relativistically using Wilson-Dirac
Hamiltonian on the lattice.

We have chosen the initial quark momenta to be pas = {0, 0, 0}.
Further, we have chosen the following set of quark masses,
mas = 0.003125, 0.08, 0.8, 1.6, 2.4, 3.2, 4.0.

For example, Q ∼ 1GeV =⇒ mas = 1.6 represents a quark with
mass 1.6GeV , close to that of the charm.
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Results: Real-time evolution of the Spectral Function

Time evolution of ρ0V component of the spectral function for almost
massless fermions (mas = 0.003125) and relatively heavier fermions
(mas = 1.6) comes out to be,
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Results: Real-time evolution of the Spectral Function

And the time evolution of ρS component of the spectral function,
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Results: Spectral Function in the frequency domain

ρHTL+γ(ω, p) = 2πβ(ω/p, p) + 2Z+(p)γ+(p)
(ω−ω+(p))2+γ2

+(p)
+ 2Z−(p)γ−(p)

(ω+ω−(p))2+γ2
−(p)
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Results: Spectral Function damping rate as a function of
mass
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Summary and Outlook

Heavy quarks in the presence of highly occupied gauge fields provide
an excellent paradigm for studying the properties of pre-equilibrium
stage of heavy-ion collisions, reheating in the early universe etc.

We have calculated quark spectral functions with varying masses
(with zero initial momenta) to show their real-time exponential
damping and broadening of the frequency profile.

Damping rate of the spectral function varies with mass as ∼ m− 1
4 .

Right now, we’re studying the aforementioned properties for a finite
initial quark momenta.

We’re also studying the broadening of the momenta of a probe heavy
quark traversing the glasma.
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Thanks for your attention. :)
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Results: Real-time evolution of the Spectral Function
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Results: Spectral Function in the frequency domain
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Results: Spectral Function in the frequency domain
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Results: Diffusion-induced Momentum Broadening
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