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1. INTRODUCTION 
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Confinement & Deconfinement 

• Vacuum & In-Medium Potentials 
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Mass spectra (cc, bb) 
_ _ String tension K ~ 0.9GeVfm-1 
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Debye screened potential 

Debye Screened 

R 

V(R) 

Higher T 

T>0    21exp
3

4
)( MR

R
RV D

s  


Debye mass ωD ~ gT (HTL) 

The Schrödinger equation 
Existence of bound states (cc, bb) 
 J/Ψ suppression in heavy-ion collisions 

_ _ 

What is the in-medium potential? 
Matsui & Satz (86) 



Quarkonium Suppression 

• Sequential melting of bottomonia 
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2. IN-MEDIUM QCD FORCES  
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In-Medium Potential 

• Definition 
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In analogy to vacuum case 



In-Medium Potential 

• Complex Potential 
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Suggests stochastic & unitary description 
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Laine et al (07), Beraudo et al (08), 
Bramilla et al (10), Rothkopf et al (12). 
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In-Medium Potential 

• Stochastic Potential 
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In-Medium Forces 

• M<∞ 
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Debye screened force 
+  

Fluctuating force 

Drag force 

Langevin dynamics 

M=∞ 

M<∞ 

(Stochastic) Potential force 
Hamiltonian dynamics 

Non-potential force 
Not Hamiltonian dynamics 

How to describe in-medium QCD forces? 
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3. INFLUENCE FUNCTIONAL OF QCD 
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Open Quantum System 

• Basics 
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Closed-Time Path 

• QCD 
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Influence Functional 

• Open Quantum System 
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Influence Functional 

• Functional Master Equation 
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4. DYNAMICAL EQUATIONS 
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Density Matrix 

• Coherent State 
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Density Matrix 

• A few HQs 
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Master Equation 

• Functional Master Equation 
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Master Equation 

• HQ Number Conservation 

 

 

• Ehrenfest Equation 
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Other Results 

• Complex Potential 
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5. SUMMARY & OUTLOOK 
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• Quantum Dynamics of HQs in Medium 
– Stochastic potential, drag force 

 

• Non-Equilibrium Quantum Field Theory 
– Open quantum system, closed-time path, influence 

functional 
– Functional master equation, master equation, etc. 

 
• Non-Perturbative Region 

– Model the renormalized effective Hamiltonian 
– Higher-order perturbative analyses (process involving 

real gluons) 
– Application to phenomenology 
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In-Medium Potential 

• Definition 

25 

T=0, M=∞ r 

t 

R 
 

  tRiV

m

m

tRiE

tRiERJm

RJRtJRt

)(

min

2
†

†

e)(exp~             

)(expvac);0(             

vac);0();(vac);(









σ(ω;R) 

ω V(R) 

Long time dynamics 

V(R) from large τ behavior 

  )(

min

)(†

e)(exp~             

e][~vac);0();(vac);(

RV

AS

RE

ADRJRiJRG











 

2012/12/7 SCGT12 



Closed-Time Path 

26 

• Basics 
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Approximations 

• Leading-Order Perturbation 
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Approximations 

• Heavy Mass Limit 
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Approximations 

• Long-Time Behavior 
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Effective Action 

• LO pQCD, NR Limit, Slow Dynamics 
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Hamiltonian Formalism (technical) 

• Order of Operators = Time Ordered 

 

 

 

• Change of Variables (canonical transformation) 
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Hamiltonian Formalism (technical) 

• Variables of Reduced Density Matrix 

 

 

• Renormalization 
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In this procedure, divergent contribution from Coulomb 
potential at the origin appears  needs to be renormalized 



Functional Master Equation 

• Renormalized Effective Hamiltonian 
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Functional Master Equation 

• Schrödinger wave equation 

2012/12/7 SCGT12 34 

   

*

)(2

)(22222

*

)(1

)(11111

~
~

)()(
~̂

),(
~̂

)(
~̂

),(
~̂

)()(ˆ),(ˆ)(ˆ),(ˆ

c

ccc

c

ccc

Q
QyxyQxQyQxQ

Q
QyxyQxQyQxQ


































††

††

func

2121
ˆ

  HH

]
~

,,[]
~

,[]
~

,,[ *

)(2

*

)(1red

*

)(2

*

)(1

func

21

*

)(2

*

)(1red cccccc QQtQQHQQt
t

i  




Anti-commutator in functional space 



Other Results 

• Stochastic Dynamics 
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