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“Let us remind you that the program is intended to
discuss open questions and new ideas in a lively
atmosphere. Accordingly, we would prefer talks on
such open questions,

but overviews of past work and/or historical perspectives are
also welcome.”
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Thermalization and Decoherence
in Energy Eigenbasis

1
Thermalization: pg — Po = Ee_ﬁH (Gibbs state)

Gibbs state is very special.

Diagonal in the energy eigenbasis
Decoherence in the energy eigenbasis
Decoherence is induced by the environment

Why and how does the environment select the energy
eigenbasis?

Does it have to be the energy eigenbasis?
If not, what else is possible?

In what basis decoherence happens in non-equilibrium
steady state?



Quantum Measurement Postulate
(Projective Measurement)

system state observable probability

[Ys) = Zci |wi) O w;) = w; |w;) P = ¢
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Collapse of wavefunction

before measurement after measurement

pe=Y sl = ps =D |l el = 3 lwidwil o< i
Y measurement ' '

Decoherence in Observable Basis

Decoherence happens for different basis depending
on what you measure.

If the decoherence is induced by the environment,
how does the environment know what you measure?




von Neumann - Everett Theory of measurement.

system apparatus

\w > @ |7Tz> pointer state
) G

entanglement  |ig,) = Z C;i |wi) ® |m;)

This correlation does not solve the problem.  |ig,) = Z d; |vi) ® &)
i

We need collapse of wavefunction

before measurement after measurement

ppure = Y > Cich lwiXw;| @ [}l = pmixea = Y lail® lwidws| ® |mi)mi]
i i

J. von Neumann (1955), H. Everett Il (1957)




Environment-induced Decoherence

T) =) i |wi) ®|m) @ |E;)

system environments '
) | .m < 23 di ) ®16) © |F)
psa = trg |[UNY|

apparatus

_ Z i |? Jwidwi| @ |mi )]

Environment picks pointer states and induces decoherence
among pointer states.

Why is the pointer state? - V., picks the pointer state.

When Vagr is dominant, the pointer states are determined by:
|:ﬁ®IE7VAE:| =0 [T |m;) = |ms)

Environment-indeuced Eigenselction (Superselection)  W. Zurek (1981, 1982)



Thermodynamic Steady State and Eigenselection

heat bath

system
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Open Quantum Systems

Environments Entanglement
: .
S v

Open System

+

# Energy
Exchange

Assuming that the whole system is completely isolated,
how does the system evolve in time?

Hamiltonian: Hsg =H; Q@ Iz + I3 @ Hy + Vg
Unitary Evolution 0psB i
Of the Total System ““or HsB, pss]

State of the System ps(t) = trg[psp(t)]




Dynamics of System State

Separable Hamiltonian: Hsy = Hs ® Iy + I @ Hy + Ag X5 @ Y5

r P
ZaPSB = |Hsg, pss] t:> Zaps = |Hs, ps] + Ap[ X5, 0]
I'y
ns = trg [Yapss] system-dependent mean

displacement of environment
If there is no correlation:

Psp = Ps @ pg == Ns = ps (Y3)

If 7sis a functional of ps , then we have a self-consistent
equation of motion for ps (ex. Lindbrad equation).



Born-Markovian Approximation: Quantum Master Equation

* Weak Coupling between S and B: Born Approximation
pss(t) = ps(t) ® pe

e Short correlation time for B: Markovian Approximation

e Other approximations: Secular, Rotating Wave

9ps _ —i{ﬁsaps} + Dlps]

ot
\ Dissipator

In energy eigenbasis,
» Off-diagonal element vanishes very quickly (Decoherence)

* The transition between eigenstates is incoherent.
The dynamics is semi-classical.

» Correlation between S and B is considered only perturbatively.
» Steady state exists: Gibbs state.

Not suited for the present issues.



Model: A Pair of Q-bits
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Wy > Ag
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Exact Solution: Step 1

Htotal — ﬁS + HB1 —’_ HBQJ—FQXSl ® YBL—'_;XSQ ® YBQJ

H 0 Vl V2

Interaction Picture

i pen = 3 Vi (0), o

J

Unitary Evolution of the total system

pont) = { T [T e W% 4 g to) {7 []e %(S)ds}
J ¢




Exact Solution: Step 2

ps(t) = trs pss(t)
This partial trace can be computed if,
1) Initial state: psg (to) = Ps (to) & Pp, (to) & Pg, (tO)

1 _3.4
2) ps, (to) is a quasi-free state. o, (to) = e B; Hy,
J

- _ [t ot |
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Exact Solution: Step 3

0

iaps — Z [ij (t)ﬂb‘}
n;(t) = —z?/ ds {Re C;(t — )85 (s) +iIm Cy(t — 3)8?(3)}

to
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J

Numerically tractable if Ci(t) = A, [cje™ " +2A,6()]




Hierarchical Equation of Motion (HEOM) Tanimura-Kubo(1989)

Auxiliary operators
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Choice of Basis Sets

Atom Basis
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More Basis Sets

Bell Basis
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Thermodynamic Steady State and Eigenselection

heat bath

system
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Steady State: Diagonal Elements
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Non-Equilibrium Steady State and Heat

O1

S

heat
T, > T

15

Jj = —itrg {[ij,ﬁj] ﬁs}

Does heat flow under the observation by the
environment?



Internal Coupling ’\s

Internal Coupling AS
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QME vs HEOM
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Internal Coupling A

Entanglement between Q-bits

QME (Born+Markov)
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Heat conduction dies off at strong coupling
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Disappearance of Heat ---> Quantum Zeno effect

Rebentrost et al. (2009), Kato-Tanimura (2015)



Non-Equilibrium Steady State: Diagonal Elements
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Autonomous Quantum Heat Engine

Linden et al. (2010) \ C [
Youssef et al. (2010) \ [
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heat current

Heat at stalled force
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Conclusions

Equilibrium

* Continuous measurement by the environment projects Gibbs
state to pointer states.

* Probability distribution of pointer states is insensitive to the
coupling strength.

Non-Equilibrium

e Continuous measurement by the environments kills heat
conduction.

About Born-Markovian quantum master equation

* Decoherence predicted by Born-Markovian quantum master equation
predicts the Gibbs state for equilibrium situation but exhibits unrealistic
results for non-equilibrium situation.

Numerical Method

* Hierarchical Equation of Motion (HEOM) provides exact numerical
solution for open quantum systems.
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