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Overview

e QCD is time reversible (no theta term), why approach equilibrium?

e Open quantum system and transport



Open Quantum System

H=Hq¢+ Hrp+ Hjy

p(t — O) = Ps ¥ PE Unitary evolution U(tv O) (IOS & IOE)UV]L (t7 O)

: >
(Heavy quark pairs & QGP)
l Trace out (integrate out) environment l
Ps (t — O) Non-unitary

> 1TE {U(ta O) (,05 X IOE)UJr (tv O)}

System(heavy quark pairs)|Time irreversible

Time-irreversibility comes from monotonicity of relative entropy under partial trace



From Open Quantum System to Transport Equation

Lindblad equation: weak coupling expansion to second order

. 1
ps(t) = ps(0) = i|tHs + > 0un(B)Lav, p5(0)] + Y Vavea(Lavps(O)LLy = L Lav, ps?)
a,b

a,b,c,d

Markovian approximation
(system relaxation time >>
environment correlation time)

Wigner transform
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Boltzmann transport equation

%fnls(QJ; k) t) T - wanls(wa kv t) — C(—H(w? k? t) o C(_)(w7 k’ t)
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Rate equation 4 XY T.Mehen, arXiv:1811.07027



From Open Quantum System to Transport Equation

Lindblad equation: Correction to Hamiltonian
: 1
PS (t) — pS(O) — 1 {tHS + Z Jab(t)Laba pS(O)} T Z Yab,cd <LabpS(0)Lid — §{LidLab7 pS})
a,b a b,C,d

Markovian approximation
(system relaxation time >>
environment correlation time)

Wigner transform
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Recombination Dissociation
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Boltzmann transport equation
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Rate equation 5 XY T.Mehen, arXiv:1811.07027
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Dissociation —ve.cag{LiiLabrs(0)}
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Weakly-coupled
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Markovian approximation:
t — oo when doing time integral —> time length * energy conservation

Maybe we can compare this between transport and quantum evolutions?

6



Recombination 7aw.calaes(0)L],

’pem d’pra  d’q 4¢3 P
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3N¢ l l

Prel ~ ag ~ Muv no recombination if r >> size of quarkonium

When can we take distribution function out?

Uniformly distributed when r < Bohr radius @B Diffusion length >> Bohr radius
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Equilibrium in Transport Equations
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Coupled with Transport of Open Heavy Flavor
0

heavy quark (@ + @ - Vm)fQ(ZU,p, t) = CQ — CZQ_ + Cé
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Approach Equilibrium

Setup:

e QGP box w/ const T =250 MeV, Y(1S) state & b quarks, total b flavor = 50 (fixed), box
side = 10 fm

e |nitial momenta sampled from thermal or uniform distributions

e Turn on/off heavy quark transport

e Compare hidden b flavor fraction with thermal equilibrium

3
N = gZ-Vol/ P \e  Fi(0)/T
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Ny + Nyi1gy = Nt
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My = 2My — |Eyy|

10 XY, B.Muller arXiv:1709.03529



XY, B.Mduller arXiv:1709.03529

Quarkonium percentage v.s. time Quarkonium percentage v.s. time
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w/o open heavy flavor transport w/ open heavy flavor transport

Ny nidden/ Nb.tot
—
S
Ni hidden/ Nb tot
—
<

simulation w/ uniform initial momenta

simulation w/ uniform initial momenta 10-5
=== relativistic equilibrium === relativistic equilibrium
10-51 === non-relativistic equilibrium 1 === non-relativistic equilibrium
0 0 20 30 40 50 60 0 0 20 30 40 50 60
t (fm/c) uniform distribution 0-5 GeV t (fm/c)
T=250 MeV
Dissociation-recombination Perspective from random matrix theory
interplay drives to detailed balance /eigenstate thermalization hypothesis
off-diagonal
. OTT ) gES element
Heavy quark energy gain/loss necessary
to drive kinetic equilibrium of quarkonium
“random”
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Conclusions

 Connection between transport and quantum evolutions

* Demonstrate numerically how system approaches equilibrium
In coupled transport equations

* The equilibrium fraction of hidden heavy flavor depends on:
total number of open quarks (open + hidden), binding energy,
QGP volume, spin, how many states are included
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Backup



Open Quantum System: Towards Equilibrium
Relative entropy S(p||oc) = Tr(plnp) — Tr(plno)

Monotonicity of relative entropy under partial trace

p=pPs X pPE

_ S(psllos) < 5(pllo)
O=05 X0E

Equilibrium state defined by

ot = Tep{U (1) (05 @ pi)UT (1)}
Open quantum system evolution (assume QGP in thermal equilibrium)

ps(t) = Tre{U(t)(ps(t = 0) ® pE U (1)}

We can show

S(ps(t)llps') < S(ps(t = 0)llpg')
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From Open Quantum System to Transport Equation

Weak coupling to 2nd order: Lindblad equation

. 1
ps(t) = ps(0) — i [tHS + E Tab(t)Lab, PS(O)} + E Yab,cd (LabPS(O)Lid — §{LidLab7 Ps})
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Boltzmann transport equation Cog(ty, ts) = Trg(OF) (tl)OéE) (t2)pE)

la)  Eigenstates of H¢
Lab = |a)(b
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Backup: Numerical Implementation

e Test particle Monte Carlo f(z,p,t) 253 x —y;(t)0°(p — k(1))

e Each time step: read in hydro-cell velocity, temperature; consider diffusion,

dissociation, recombination in particle’s rest frame and boost back

* |f specific process occurs, sample incoming medium particles and
outgoing particles from differential rates, conserving energy momentum

* Recombination term contains fq(x1,p1,t)fo(T2, Ps,1)

For each HQ, search anti-HQ within a radius, weighted sum
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