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“The law that entropy always increases holds, | think, the
supreme position among the laws of nature. If someone
points out to you that your pet theory of the universe is in
disagreement with Maxwell's equation — then so much the
worse for Maxwell's equations ... but if your theory is
found to be against the second law of thermodynamics, |
can give you no hope; there is nothing for it but to collapse
Sir Arthur iIn deepest humiliation.” (1928)

Eddington
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~ “The second law of thermodynamics is the only
physical theory of universal content concerning which
| am convinced that, within the framework of the
applicability of the basic concepts, it will never be
~ overthrown.” (1949)

S

Albert Einstein



When a system strongly interacts with environments,
Is the second law

Q
AS > =
S—T

correct?




Thermal Equilibrium - Why is the Gibbs state so special?

_,,,/”"""'/Maximum entropy principlé\‘\\\
Slp] = —tr(plnp)
E =tr(pH) = tr(pcH)
po =e PH /tre PH
Slpe] = Slp] = Slpllpe) = 0

Decoherence Theory

Entanglement with environment

Why and how does the environment
choose energy basis for decoherence?

Does it have to be energy basis?
Unitary evolution

9:S|pllpc] =0

Maximization

\

- Decoherence in energy basis

Zurek’s superselection (einselection)?




Decoherece

System + Environment

d

ap:_i[ﬂjp] H=H;®I+1®H;+AX;® Y
Reduced system

d . : _

aps = —i[Hs, ps] — iA[ X, ns], ns = trs(Ysp) Ps = g p

d . : : .

Eps = —i[Hg, ps] —irlxs.msl. A< 1 Diagonal in energy basis

d . : . . :

— ps =il — INXs, 1], A> 1 Diagonal in pointer basis

dt



Measurement = Decoherence in observable basis

system state observable

) = Z ¢ |wi) O w;) = w; |w;)

before measurement after measurement

P< = Zcic;'f | wi Xw| = P> = Z i | JwiYws| = Z |wiXwi| p< |wi Xws|
% ) )

Continuous measurement by environment

0 e Z lej)Xej| pale;j)e;) A1 lej) = energy basis
J

p o Z |70 X7 5| pa |5 (7] A>1 |7;) = pointer basis
J




Energy basis
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Weak coupling

W Environment (B)
|
\/
4 ..... .<
3 Q
System (S)

S and B are separable
(Thermodynamics concerns only S)

Equilibrium pg = e A5 / 7,

Maximum entropy principle
 (maxS(p.), tr{psH} = E)

Strong coupling
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Qs

Qs Vi

S and B are not well separated.
( V; belongs to both S and B)

Maximum entropy?

Extremely strong coupling

Equilibrium: diagonal in pointer basis |
Quantum Zeno effects |




Question

The laws of thermodynamics determine the energy transaction between the system
and its exterior without knowing the state of the exterior.

Is the thermodynamics of systems strongly interacting with the environment
consistent with the conventional laws of thermodynamics?

Yes, but needs No, the laws of
some modification. thermodynamics No, we need a
v depend on the state of completely new set of
Hamiltonian of the environment. laws.

. mean force




Hamiltonian of Mean Force G. Kirkwood (1935), U. Seifert (2016)
e_BHS e_/BHB

Equilibrium Psp 7 70—
S B

Etotal f— trSB {(HS _1_ HB _|_ Hl)e_/B(Hb—I_HB—I_HI)} /ZSB

Effective System Hamiltonian

—U+U +U" N 1

/BU// HS — —E 1n |:trB {e_B(Hq_‘_HB—i_HI)} /ZBi|

_|_

/ -~ ~
F+U U' = trg{ps(t)(Hy — Hy)}
W -~ ~ ~
=Q — AV + U’ + AU” U = tirs{ps(t) 05 Hs}

SB y

@z % = S
||

P. Strasberg and M. Esposito,, Phys. Rev. E 99 (2019) 012120.
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Non-equilibrium

~ Conventional Thermodynamics

Equilibrium 2
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Measurable Quantities

Internal energy U(t) = trs{ps(t)Hs } |

Work = energy injected into the whole system by a “classical external agent”
= change of the total energy

W<t) — trSB{pSB( )HSB} trSB{pSB(tO HSB}

Heat = energy released from the environment
Q(t) = trp{pp(to)Hp} — tra{pp(t)Hy }

Coupling energy  Vi(t) = A(t) trSB{pSB(t)HI} |

~

Energy conservation law: W (t) + Q(t) = AU(t) + AVi(t) 1% law?

/




2" law and Entropy Production

Thermodynamics
Yo =A8 - 5Q >0

Yw=0B(W —-AF)>0

/

Non-equilibrium statistical mechanics

s = ASs — 8Q > 0, Sy = — trg ps In pq

Sur = S 4+ U (> 0?)




Designing experiments

S
S N 7 /
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Relaxation of measurement
No-equilibrium ,ﬁ \
to Initial state t1 to ts ty

A=0—1 _
Aug, wo, Asg A=1 A=1—=0 A=0

Qqs(t2), Wes(t2)

A

|

Qqs(@l,),v qu(t4>

4

A=0 A=1 A=1-0 A=0
)

Q(ts), W(ts)

A



Protocol 1 (quasi static)

A=0—1
AUO,wo,ASO A=1 A=1-=0

A.F — qu(tg) — Wy
AS = BQqs(tQ) + Asg

AF = Wes(ta) — Was(ta)

AS = 5 [Qqs (t2) — Qqs<t4)]
AU = qu(tQ) - Usc(tél)

Y

Wo = qu (t4)

A30 — _/BQqs(tél)
AUO = AUqS(t4)



Protocol 2 (Relaxation)

A=0 A=1 A=1—=0

Y

Yw(te) = Wity) — AF
— W(t2) _ qu (t2) + qu (t4)
Yo(ta) = AS —pQ(t2)

— 6 [Q(tQ) — Qqs(tQ) + Qqs(t4)]



Various expression of entropy production

Experimental

Theoretical

Ad hoc correction

X (t) = W(t) — Was(t) + Wes (t4)

Yo(t) = B1Q(I) — Qqs(t) + Qqs(ta)]
S () = ASs(t) — BQ(t)

Sovlt) = Zq + 5 () ~ (0]

Sev(t) = X + gAVI(t)



Spin-Boson Model

System (S) HSB — HS + HB + )‘(t)HU 1> )‘(t) >0

w_() T w_o wo wo

— — HS:702®I+?I®0Z+A(0+®O’_—|—0_®U+)
Coupli-ng At) HB — Z ay a;{ a;

21
Hl(t) — )\(t) XS ® YB'

2Kk w
Vo= v (a}+aj), J(w) = .
J

X¢=Hyand o, ®1+1R®o,



try {

d
dt

Computation

. d
—7PsB = _Z[HSBHOSB]} — =

aps =

—i[H, ,.] — iA(t)[Xs, 7]

where 75 = trg {YBIOSB}

W(t) = / A(T) trs { Xags (7)) dr

(Xs @ V) — (Xg) (V)
trs { Xsms (1)} — trs { Xsps(8)} - trs {ns(t)}-




Hierarchical Equations of Motion (HEOM)
Non-equilibrium initial state  pss(to) = ps(to) @ e P2/ Z,
Environment correlation  (Y5(7)Y5(0)) ~ (c1e™ 7 + coe™ 727 + 2¢00(7))

Cn,m = auxiliary operators € Hg

HEOM d
C0,0 Ecm,nz (t) = —i[Hs, Cnlm?]—
/ \ — (M1 +72n2)Cn1n2(t) — )‘CO)‘2<t)S_S_ Cn1.n2(t)
Cr,0«»Co1 — 1A (1)G1 Cny—1,m5 (F) — in2A(E)G2 Gy iy —1(2)
/ \ / \ —iANE)S™ {Cni+1,n2 (1) + Cut,n24+1(8)}

CQ’O -—> C1,1<—> CO,l

/4 \ / \ / \ where ST = [Xg, ], G; =Re{c;}S™ +ilm{c;}S*

Depth = 50 ps = C0,0 ns = A(t) (C1,0 + Co,1) + oS~ Co,0
#of ( =1326



Choice of Xgin H = A1) Xy ® Y,

" Extreme case: Xs=Hy — »Hg,Hyg] =0 > AU = ()
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Diagonal elements of ps(t)
In energy basis conserves
Qs but not off-diagonal elements

Vi Dissipation takes place
outside the system

" Aless extreme case: Xe=0, Q1 +1®R o0,

1
Decoherence free state: |¢) = — (|01) — |10))

V2

Final steady state # conventional canonical equilibrium
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Energy
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Case I1: XS — HS , pS(tO) = G_BHS/ZS

Energy
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CaselV: Xg=o0,@I1+1R0;, [Y(ty))= (100) + [11))
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Conclusions

Empirical Thermodynamic Laws

for systems with strong coupling //r/lf\/lean Force Theory

T |
U U—|_‘/I U/:UH:§1
Q B n 1 - xy -
S:SS+2V F:F+§VI U=U+U"+U
G-q  Wow S, = S+ BU"
F=F+U
1% law: /WV+C§:A(7 W=W
Q

(W+Q = AU + AV))

~

2" law: ¥ =S5 —BQ (> 07)

g
- BQ+ SV,




Professors Eddington and Einstein,

| hope you tell me if | collapsed in
deepest humiliation.
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