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Heavy quark tnteraction at funite T

Mass is large compared to the typical temperature

Mo >T
Initial suggestion (Matsui-Satz 86): screening of the potential

P2
H=—+V(r)
Mo a
V(r) = == + o(T)r
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This picture predicts a "suppression” of bound states at high
temperature, the most "fragile” ones (bigger, less bound)
disappearing first as the temperature increases ("sequential
suppression”).

Hence the idea of using quarkonia to diagnose the formation
of quark-gluon plasma in URHIC



A wnice Ldea....
A constoerable e)q:erlmewtaL effort...

But a very difficult mawg—bodzd problem |

® multifaceted, multi scale dynamics
® a plethora of theoretical approaches

what we need :

A robust and simple picture that encompasses in a
coherent framework all the main features of the
dynamics
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Heavy quark d Yywa miLes

e Reduced density matrix for heavy quarks

Do(1) = Try D(7)

° @Q(l‘) obeys an equation of motion of the form
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SDo(t) = —i[Hg, Do + [, ~ dr L(1)Dy(t - 7)
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e Non unitary dynamics (dissipation, transport, etc)

[For details, see JPB, M. Escobedo-Espinosa, 1711.10812, 1803.07996]
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Typteal approxtmations
(i) weak coupling between HQ and the plasma

Hi = —g [ Agrnt(r)
o HQ density
n(z) =6z —")t* QI -1® 6(x — #)t*

gauge potential of plasma

® The presence of the heavy quarks does not modify
significantly the equilibrium state of the plasma.

® The influence of the plasma on the heavy quark
dynamics is characterized by simple response
functions (correlators)

A(t1,12) = (Ap(t)Ap(2))7 = Tr | Ap(t)Ap(12) Dy

® No weak or strong coupling assumption needs to be
made concerning the plasma. The correlators can, in
some cases, be obtained from lattice calculations.



(ii) The response of the plasma is "fast”

(Key to obtain a Markovian approximation)

® plasma response characterized by a single energy scale, the Debye mass
mp =CT (C ~ 2) n strict weak coupling (C = g

mp < M

@ collisions with plasma constituents involve small energy transfer

soft gluon exchanges swmall energy transfer
¢ m

q<smp<<M ~ L2 <« mp
M M

@ the relevant correlator is then generically of the form

Alw =0,1) = AW =0,1r) + iA“(w = 0,1)
V(r)=-A%w=0,7), W(r)=-A%(w=0,r)

Imaginary potential






(iii) semi-classical approximation

M>T

1 1
HQ thermal wavelength A ~ < —
= N

Density matrix becomes nearly diagonal

(rlDolr’) ~0 when |r—1'| > Ay,
Expansion in |[r —I'| —pm Fokker-Planck and Langevin equations

All three approximations have been implemented successfully in the abelian
context. See e.g. JPB, D. De Boni, P Faccioli, G. Garberoglio, NPA 946 (216) 49
[arXiv:1503.03857]



Probability distribution of distance to nearest netghbour

[10 cc pairs in a 4 fm cubic box]
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Semi-classieal approaches
for abelian plasmas

(one-dimensional setting)

collaboration with the Nantes group

Aoumeur Daddi-Hammou (2506.19194)
Stéphane Delorme (2402.04488)

Pol Bernard Gossiaux, Thierry Gousset and JPB




Need to design a realistic 1D bona fide potential V + i W (based on 3D IQCD results, tuned to reproduce
3D mass spectra and decay widths)

Vip (GeV) Wipb (GeV)

1.0

1D potential from R. Katz, S. Delorme & PBG, Eur. Phys. J. A (2022) 58:198



Typical regimes tn ORS

'Natural basis':
spatial coordinates

1.2 —— :
[ TQBM Tov. damp 7-melt |

1.0F 2
[ Quantum Brownian regime

0.8} Ebinding mp .

S, Quantum Optical regime
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cC pair
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'Natural basis':
stationary states
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from arXiv: 2402.04488



Typieal evolution of the density matrix
Reduced density matrix of a QQ pair: (x;,x,| D | x], x5) = D(xy, x5; X], X3)
D(X1, X5 X1, %) = D(s, )
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More on the semal-classieal approximatiow

In the QBM regime (s, s) is nearly diagonal

s+s _ )
r= y=45=9 'Almost' a phase

2
/ space distribution

D(s,s) = D(r,y) = D(r,p)

Wigner transform (y, Vy) > (p, Vp)
0 P n(r) N, —
—P(r,p)=|-2— -V, -V, V-V + —-V2 4+ 22—V . 7P| 20,
at(p) YRR AR >V Mpp(p)
unitary dynamics ;Li?ﬁ::glse dissipation

The quantities 7(r) and y(r) are related to the plasma correlators



Connection to the underlying master equation
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The next figures, taken from arXiv:2506.19194, will
illustrate the difference between the evolution of
an initial wave packet via the (Lindblad) master
equation and its semi-classical approximation
(Fokker-Planck)



inttLal wave packet
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Aspects of therma

1S initial state

Lisation
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is Boltzmann
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Looking at finer details
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Fural remarks

e We have performed a comparative study of the evolution of a cC pair
immersed in a QGP at temperature T, using a Lindblad equation and the
associated Fokker-Planck equation.

e We focussed on the ‘Quantum Brownian motion' regime of open quantum
systems, with T 2 AFE. Spatial coordinates represents the ‘natural basis'’

to analyse the dynamics.

e Overall the semi-classical approximation works well, except at early
times where quantum interference need to be taken into account. Non

unitary processes play an important role.

e In contrast to the Fokker-Planck, the late time evolution of the Lindblad
equation is not the usual Boltzmannn distribution.

e Generalisation to QCD remains a challenge.



