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Thermalization of Quark Gluon Plasma

QGP in heavy-ion collisions: 
 How fast does it thermalize/isotropize  
 what are the most important processes contributing to this?



Schwinger model
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Schwinger model (1+1D QED)

Discretization εn = g−1E(zn) ϕn = agA0(zn)

χ2n = a1/2ψ↑(z2n) χ2n+1 = a1/2ψ↓(z2n+1)
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Hamiltonian with periodic boundary condition

εn+1 − εn = χ†
n χnDiscretized Gauss law
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Gate Representation (Jorden-Wigner Representation)
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Real time evolution and Thermal average

Operator

Energy-eigenstates

Initial pure state
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Real time evolution and Thermal average

Time evolving state |Ψ⟩t = ∑
n

cne−iEnt |n⟩

Time evolving expectation value

⟨Ψt |𝒪 |Ψ⟩t = ∑
n,n′ 

cn c*n′ 
ei(En′ −En)t⟨n′ |𝒪 |n⟩
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Real time evolution and Thermal average

Temperature β := {∑
n

|cn |2 En =
∑n e−βEnEn

∑n e−βEn
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Canonical average ⟨𝒪⟩β = tr(ρT𝒪) =
∑n e−βEn⟨n |𝒪 |n⟩

∑n e−βEn

Micro-canonical average ⟨𝒪⟩MC =
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Equal time Wigner function for 1+1D system

Wab(t, z, p) = ∫ ⟨Ψt | ψ̄a(z +
y
2

)ψb(z −
y
2

) |Ψt⟩eipydy

Decomposition W = Ws + Wv γ0 + Wa γ1 − iWp γ5
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Eigenstate thermalization Hypothesis

Classical trajectories of a bouncing particle in a cavity 

Integral system Non-integral system

ErgodicNon-ergodic

Chaotic Bunimovich stadium  Non-chaotic

ETH: A chaotic quantum system in a finitely excited energy eigenstate behaves thermally when probed by few-
body operators 

⟨Ea |𝒪 |Eb⟩ = f𝒪(E)δab + Ω−1/2(E)rab E =
Ea + Eb

2

Quantum explanation

Diagonal term of  operator 
matrix element on energy basis

Many-body localization

V(t) V(t)V(t)

Scrambling of operator
t

[Mark Srednicki Phys. Rev. E 50, 888 ]



Eigenstate thermalization Hypothesis
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Entanglement Entropy & Reduced density matrix

Time evolution of entanglement entropy

Subsystem eigenstate thermalization hypothesis  

| |ρA
a − ρA(E = Ea) | | ∼ O[Ω−1/2(Ea)]

| |ρA
ab | | ∼ O[Ω−1/2(E)], E =

1
2

(Ea + Eb)

Diagonal 

Off-diagonal 
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Summary

Outlook

How does the system reach the thermal equilibrium: 
 hydrodynamics?  

attractor?

We calculate the real time evolution of a closed system with  quantum computing.

Find the momentum distribution function will thermalize when the system satisfies ETH. 

Thanks for listening!🌶🥟

After trace out part of the system, the subsystem ETH is verified.


