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Why studying heavy-quark dynamics inside a plasma is important?

• Heavy quarks are excellent probes of the quark-gluon plasma (QGP)
formed in an heavy-ion collision event, in large-scale collider experi-
ments at RHIC and LHC.

• Heavy-quark momentum diffusion coefficient κ quantifies the autocorrela-
tion function of the noise term which models the random momentum
kicks that a heavy quark receives in the medium during its evolution.

• We, for the first time [1], report the value of heavy-quark momentum diffu-
sion coefficient in a non-equilibrium plasma, treating them as relativistic
Dirac particles.

• We also discuss phenomenological consequences of finite-mass correc-
tions in κ on kinetic equilibration time-scale for charm quarks.

Non-equilibrium initial condition, quark dynamics and spectral function

• We start with an overoccupied gluonic SU(2) plasma, evolve it until it
reaches the self-similar scaling regime [2], initialize a free quark at zero
momentum in this regime and then evolve them in the background of the
gauge fields.

• Dynamics of relativistic quarks using the O(a2)-improved Wilson-Dirac
Hamiltonian on the lattice,

i∂t′ϕ
u,v
λ,s(t

′,x) = γ0 [−iγiDi +m]ϕu,v
λ,s(t

′,x) .

starting with the fermion wavefunction ϕ
u/v
λ,s (t,x) = u/vλ,s(P)e±iP.x , at

the initial time t.
• Quark spectral function at later times t′,

ρ(t′,q)αβ =
1

N3

∑
λ,s

[
ϕ̃u,α
λ,s (t

′,q)u†,δ
λ,s(q) + ϕ̃v,α

λ,s (t
′,q)v†,δλ,s(−q)

]
γδβ
0 .

• Vector component ρV of quark spectral function can be parametrized as,

Re ρ0V (∆t) = e−γ.∆t cos (meff.∆t) .
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• Due to small decay width, quarks with mass For mbare/Q > 2.0 survives
long enough in the medium to get kicks from gluons and diffuse.

• For mbare/Q ≈ 1.2, i.e. close to charm mass lies in the transient region
=⇒ has to be evolved relativistically to capture the correct dynamics.

Momentum mode occupancy distribution for charm and bottom

• Momentum distribution dN/d3q at time t′ = t+∆t,

dN

d3q
=

1

2Nc

∑
λ,λ′,s,s′

|u†
λ′,s′(q)ϕ̃

u
λ,s(t

′,q)|2 .

• Starting with zero initial momenta, the momentum distribution broadens due
to kicks it receives from the gluonic plasma.
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Momentum broadening and late-time diffusion

• To quantify the momentum broadening, we have calculated the second mo-
ment ⟨|q|2⟩ of the momentum distribution, which measures the effective
width i.e. variance of the momentum distribution.
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• For charm-like particles i.e. m/Q = 1.2, the value of κ = 37.13(5)×10−5Q3

which is significantly different from the earlier estimate of κ = 5.9 ×
10−5Q3 obtained in the infinite mass limit [3].

• Performing a fit of the values of κ(m)/Q3 = κ(∞)/Q3+O(1/m2) for m/Q >
4.2 where this ansatz is appropriate, and then extrapolating to lower
values of m, we observe that the κ for charm and bottom quarks do not
follow this expectation within 1σ.

Phenomenological Consequences: Kinetic Equilibration time for charm

• In the diffusive regime, heavy quarks in a plasma of temperature T achieve
kinetic equilibration at a time-scale [4],

τkin =
4πmT

κ

• In a non-thermal plasma with an effective temperature ∼ ⟨q2⟩/m as expe-
rienced by a charm quark, the typical kinetic equilibration time comes
out to be ∼ 2.5 fm/c. For comparison, using κ obtained for quenched
thermal QCD, τkin ∼ 4.2 fm/c [TUMQCD collaboration].

• Since τkin ∝ 1/κ −→ the value of κ in the static limit would predict a kinetic
equilibration time-scale ∼ 7 times greater!

Summary and Outlook

• Based on microscopic ab-initio lattice simulations we, for the first time, study
the detailed dynamics of a relativistic quark in an overoccupied non-
Abelian plasma.

• The κ values for quarks in the mass range from charm to bottom are signif-
icantly larger than previously calculated values in the static limit.

• However, to realistically model the initial stages of heavy-ion collisions, we
would have to generalize our calculations in an expanding spacetime
metric which we hope to address in a follow-up work.
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