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o Motivation

o The real-time simulation by quantum computing algorithm
o Thermalization of different systems
o ETH analysis

o Conclusion
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QGP in heavy-ion collisions:
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Kinetic theory weak coupled/dilute
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* Strong coupling quantum system Quantum
¢ Real time Quantum Simulation Distribution

* Quantum many body system thermalize of function
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Schwinger model

o 1+1 QED Mimic QCD / Chiral condensate/Confinement
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Schwinger model

o 1+1 QED
Topological @ angle
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Schwinger model

o 1+1 QED |Mimic QCD / Chiral condensate/Confinement

1
Lagrangian £ =w(lD — m)y — —F"F
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Schwinger model

X

: : : 1 2
o Discretization of pg-= Jl—y?(iylaz+m)w+5 gJ 1/7;/01//) ]dz
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Non-physical energy scale —
a

Energy scales
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1+1 D QED Chain ‘ fermion

. . . anti-fermion
Dimension of fermion sector N ‘

Dimension of electric field sector M
Hamiltonian with periodic boundary condition

Dimension of total Hilbert space N« M
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Schwinger model

o (Gate representation

X, = (O 1)
X,—i¥, . 10
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Schwinger model

o (Gate representation One qubit gate

X = (O 1)
Xn o lYn n—1 ' O
An = 1Lz (=14y)
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Time evolution of a quantum state

o A Closed System Energy-eigenstates {|n)}

O Initial pure state |¥), = Z c,|n)
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Time evolution of a quantum state

o A Closed System Energy-eigenstates {|n)}

O Initial pure state |¥), = Z c,|n)

n

Operator O For estimation

Real-time evolution

— E
Time evolving state |¥), = § , €n€ il n)
; (E —E )t
Time evolving expectation value (P, | OY), = § , Cn C,jiel ' O n)

Long time average (O) 14 = 2 |Cn |2(n\ O|n)
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o A Closed System Energy-eigenstates {|n)}

Q Initial pure state |¥), = Z c,|n)

n

Operator O For estimation

Closed system + Unitary Time evolution =——§ Energy conservation

Canonical Ensemble average ‘

CE of any operator €= Inverse T / €= Assuming thermal equilibrium
Closed system + Energy Spectrum -  Density of energy state

Micro-canonical Ensemble average ‘
8 MCE of any operator



Wigner function

O Equal-time Wigner funCtiOH Quantum distribution function

_ y y ;
W (t, 2, p) = [(‘Pt | W, (z + E)Wb(z — 5) | \¥,)e'Pdy



Wigner function

O Equal-time Wigner funCtiOH Quantum distribution function
B _ y Y iy
W (t,z,p) = | (¥, |w,(z+ 5)1//19(2 — 5) | W,)e P dy

Decomposition W=W+W, y'+W y - W, &
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Time evolution of Wigner function

Strong coupling| | Weak coupling_
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Time evolution of Wigner function

Strong coupling
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Eigenstate Thermalization Hypothesis

o ETH A chaotic quantum system in a finitely excited energy eigenstate
behaves thermally when probed by typical operators
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Eigenstate Thermalization Hypothesis

o ETH A chaotic quantum system in a finitely excited energy eigenstate
behaves thermally when probed by typical operators

Classical point of view

Trajectories of a bouncing particle in a cavity

* Non-integral system
* Integral system

* Non-ergodic * Ergodic

e Non-chaotic  Chaotic Bunimovich stadium

(b)

Luca D’Alessio, Yariv Kafri; Anatoli Polkovnikow, and Marcos Rigol,

Adv.Phys. 65 (2016) 3, 239-362
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Eigenstate Thermalization Hypothesis

o ETH A chaotic quantum system in a finitely excited energy eigenstate

behaves thermally when probed bv typical operators

Quantum point of view
Matrix element in energy basis
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Discrete branches

smooth/narrow

Eigenstate Thermalization Hypothesis
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e Very large fermion mass
e Approx. conserved quantity
e Particle number\ Chirality

Energy Degenerac

Not change with Unitary Time

Localized in Fock space

Evolution



o ETH
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Eigenstate Thermalization Hypothesis
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e Very large fermion mass
* Approx. conserved quantity
e Particle number\ Chirality

Energy Degenerac

Not change with Unitary Time Evolution

Localized in Fock space

L.ocalization vs Thermalization

D.A.Abanin, E.Altman, I.Bloch and M.Serbyn, Many-body localization,
thermalization, and entanglement,’ Rev. Mod. Phys. 91, 021001 (2019)
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Entanglement & reduced density matrix

o Subsystem eigenstate thermalization hypothesis

[ p2 —pME=E)|| ~ O[Q "*E)]
1
[ p2 || ~ O[Q VH(E)], E= (B, + Ep) 2
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N
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Entanglement & reduced density matrix

o Subsystem eigenstate thermalization hypothesis
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Entanglement & reduced density matrix

o Subs
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Entanglement & reduced density matrix

o Time evolution
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RDM for pure state == entanglement entropy
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Entanglement & reduced density matrix

o Time evolution

Strong coulp. =% Equilibrium
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Conclusion

* We simulate the real time evolution of a closed many body system with qc algorithm.
* Find the momentum distribution function will thermalize when the system satisfies ETH.

* Reduced density matrix of a subsystem is thermalized for the strong coupled system.

o Outlook How does the system reach the thermal equilibrium:
Hydrodynamics?
Attractor?

Open quantum system!

Thanks for listening!!
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Backup Quantum simulation

If you want to make a simulation of nature, youd better make it quantum

mechanical, and by golly its a wonderful problem because it does not look so easy.
—— Richard Feynman, 1982

o Lattice QCD

lattice gauge theory 1maginary time evolution sign problem

o Quantum computing

finite Hilbert space  real time evolution



Back up “Thermal” average

o A Closed System Energy-eigenstates {|n)}

O Initial pure state |¥), = Z c,|n)

n

Operator O For estimation

Inverse Temperature p =1 Z | c, \zEn = z": L, J
3,0
Canonical average (0)s = tr(pr0) = — S 7",

Zn: |E, —E|<AE @”a”

Micro-canonical average (O)yc =
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Back up-Schwinger model

Energy scale of mass and coupling constant

: : : 1
o Discretization of H= J(— priy'o, + my + E%Z)dz

m=0 theory with 1/a -> not analytical/chiral symmetry

Dimension of fermion sector N

<
1+1 D QED Chain @ fermion Dimension of electric field sector M

Dimension of total Hilbert space N s M

@ anti-fermion

£, = g_lE(Zn) Ent1 — & = ! Hamiltonian with periodic boundary condition
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Localization

o Many-body localization
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Scrambling of operator
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Localization

o Many-body localization

Y

Scrambling of operator
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