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Abstract

We study a XY model which consists of a spin chain coupled to heat baths.
We give a repeated quantum interaction Hamiltonian describing this model. We
compute the explicit form of the associated Lindblad generator in the case of the
spin chain coupled to one, two and several heat baths. We further study the
properties of quantum master equation such as approach to equilibrium, local
equilibrium states, entropy production and quantum detailed balance condition.

1 Introduction

The object of the quantum theory of open systems is to study the interaction of a
quantum systems with very large ones. There are two different approaches which have
usually been considered by physicists as well as mathematicians: The Hamiltonian and
the Markovian approaches.

The Hamiltonian approach consists of studying the reversible evolution of a small
system in interaction with an exterior system and its main tools are: modular theory,
W*-dynamical system, Liouvillean...

The Markovian approach consists of studying the irreversible evolution of these sys-
tems in interaction picture. The interaction between the two systems is described by
a quantum stochastic differential equation (quantum Langevin equation), a Lindblad
generator (or Lindbladian) which is the generator of quantum Markovian semigroup...

It is well-known that any quantum Markovian semigroup dilate a quantum stochastic
differential equation in the sense of Hudson-Parthasarathy (cf [HP]). Moreover, its Lind-
blad generator is used for guessing the quantum master equation which allow to study
the physical properties of a quantum system in interaction with a quantum field: quan-
tum decoherence, approach to equilibrium, quantum detailed balance condition ...(cf [L],
[Dav], [F],...). In the literature, in order to explicit the form of a Lindblad generator, we
use the weak coupling limit which describes the passage from the Hamiltonian approach
to the Markovian one.



Recently, in [AP] the authors consider the setup of a small system having repeated
interactions, for a short duration h, with elements of a sequence of identical quantum
systems. They prove that for a good choice of the repeated quantum interaction Hamil-
tonian, we get the explicit form for the associated Lindblad generator.

Here, we study a XY model which consists of a spin chain coupled to several heat
baths. The heat bath is modeled by an infinite chain of identical spins. The full system
is described by the means of a repeated quantum interaction Hamiltonian H defined
on the Hilbert space Hg ® 1, where Hg = ®@_, C? and n = C?. After computing the
Lindblad generator, we study the properties of the associated master equation when we
discuss the case of the spin chain coupled to heat baths at the same inverse temperature
[ and the case of distinct temperatures.

This paper is organized as follows. In Section 2 we compute the Lindblad generator
describing the spin chain coupled to one and two heat baths at inverse temperatures (3
and (’. In Section 3 we study the Markovian properties of the spin chain coupled to two
heat baths. We give the explicit form of the stationary state p® of the associated master
equation in the case of § = (3, this is proved in Subsection 3.1. The property of approach
to equilibrium is studied in Section 3.2. The explicit form of the local equilibrium states
is treated in Subsection 3.3. In Subsection 3.4 we compute the entropy production. If
B = ', we show that a quantum detailed balance condition is satisfied with respect to
p?, this is given in Section 3.5. Finally, in Section 4 we study the case of a spin chain
coupled to r (2 < r < N) heat baths.

2 A Lindblad generator for a spin chain

In this section, we give a repeated quantum interaction model associated to a spin chain
coupled to one and two heat baths. We modelize the heat bath by an infinite chain of
spins. We fuhrer give the GNS representation associated to the spin chain coupled to
one piece (spin) of the heat bath (cf [AJ]). Finally, from [AP] we obtain the associated
Lindblad generator.

2.1 Repeated quantum interaction model

In this subsection, we present one of main results of repeated quantum interaction
models. We refer the interested reader to [AP] for more details.

Let us consider a small system H, coupled with a piece of environment H. The
interaction between the two systems is described by an Hamiltonian H which is defined
on ‘Hy®H and depending of time h. The associated unitary evolution during the interval
[0, ] of times is

L=

After the first interaction, we repeat this time coupling the same Hy with a new copy
of H. Therefore, the sequence of the repeated quantum interactions is described by the

space
Ho @ ® H.
N*



The unitary evolution of the small system in interaction picture with the n-th copy of
‘H, denoted by H,, is the operator L, which acts as IL. on Hy ® H,, and acts as the
identity on copy of ‘H different to H,,. The discrete evolution equation describing this
model is defined on Hy ® @y H as follows

{ Vn+1 - Ln—l—lvn (1)

Let {X;}eaugoy be an orthonormal basis of H with Xy = 2 and let us consider the
coefficients (]L;)me Au{oy Which are operators on Hj of the matrix representation of L in
the basis {X;}icauop. Then a natural basis of B(H) is given by the family of operators
{a%, i,5 € AU{0}} where

a;(Xk) = 0,,X;, forall,i,j, ke AU{0}.

It is useful to notice that

L= ) Lad.
1,jEAU{0}

Now let us put ¥ = ®@y+2. Then from [AP], we have
(U, V(X x I)V,) = L"(X), forall X € B(H,),

where L(X) = EiEAU{O} L2 XY is a completely positive map.
The following result is deduced from [AP].
Theorem 2.1 Suppose that there exist operators LY, LY, i € A such that:
i) LY =1+ hL)+ o(h)
i) LY = VRL? + o(\V/h).
Then there exists a self-adjoint operator Hy on Hy such that
L(X)-X
im 28 =X o) vx e Bi),
h—0 h
with ]
L£(X) = i[Ho, X]+ 5 > (QLYXL) - XLYL) — LY LIX).
1EA
Proof Let X € B(Hy). Then we have
LX) = ) Urxu
1€ AU{0}
= X +h(LyX + XL+ L¥XLi) +o(h). (2)
€A
Note that the operator LL is unitary. This gives
LLY + > L¥LY = 1.

€A
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This implies that
I+h(Ly+ LY+ L¥LY) +o(h) = 1.
1€EA
Hence we obtain
LY+ Ly ==Y L¥L) +o(1).
1EA
It follows that

g X A () X ) ot
ic i€

Then there exists a self-adjoint operator Hy on Hy such that

1
L3+ ST L¥LY = —iHy + o(1). (3)

iEA

Thus if we replace (J) in (f), then the operator L is written as

1
L(X) = X + h{ilHo, X]+ 5> QLVXLY = XLULY — LO19X) } +o(k).  (4)
€A

This proves the above theorem. O

2.2 Spin chains coupled to one heat bath

The system we consider here consists of N spins, each of them described by the 2-
dimensional Hilbert space n = C2. Thus the Hilbert space of the spin chain is Hg =
®4_, C?. The Hamiltonian of the system is given by

N-1

N _
Hs=DB Z o+ (o @l + g0 @ olFD),
k=1 k=1

where

(01 (0 =i (1 0
@=\10) %" \i o) T \0 -1

and B is a real number describing the influence of an external magnetic field in 2z-
direction, while the interaction between nearest neighbors is described by J,, J, € R.
In the following, we treat only the case that J, = J, = 1 and we assume that the
scalar B is equal to 1.
Now, let us consider a heat bath which is modeled by an infinite chain of 2-level
atoms (spins). The quantum repeated interaction Hamiltonian of the system coupled
at the first spin to this heat bath is written as

1
H:HS®[+[®HR+E<U§1)®0':v+0'351)®0y)7

with Hr = o..
Put



/(01 (00 (10 (00
““Loo) 7" \1o0) ™ \oo) " Vo 1)

Let us consider the orthonormal basis {2, X} of C?, with

= (o) = (1)

Then in this basis we have

and the unitary evolution during the interval [0, h] of times is given by

[ —ihl —ihHg —2h oMo'V 4 o(h?) —2ivho) + o(h3/2)
L= ) 32 - - 1) _(1) E
—2ivVhol + o(h3/?) I +ihI —ihHg —2hoy o) + o(h?)

Let us define the scalar product on Ms(C) by
<A, B>5 = Tl"(pﬁ A*B), VA, B € MQ(C),

o e P o ﬁo 0
PE= Te(efry —\ 0 fy
is the equilibrium state at inverse temperature § of a single spin.
Put

_ _ 1L (00 _ 1 (01 _ 1 (B0
do=h A m<10)’X2 m(o 0)’X3 Fm(o —ﬁo)'

It is clear that {Xy, X7, Xs, X3} form an orthonormal basis of Ms(C) equipped by the
scalar product (, )s.

The GNS representation of (C?, pg) is the triple (7, ﬁ, Qr) where
i QR = Ia
o H = My(C),

with

o 7: My(C) — B(H), such that 7(M)A = MA, VM, A € My(C).
Now we prove the following.

Theorem 2.2 The Lindblad generator of the repeated quantum interaction model as-
sociated to the spin chain coupled to one heat bath at positive temperature 371 is given

by
Li(X)=i[Hs, X] + 2620 X — (nY, X}
+ 26 200 x0M — {0V X},
for all X € B(Hg).



Proof Set L = mr(L). In the basis {Xo, X1, X5, X3} we have
L0 = —ihHg + ih(By — Bo)] — 2k Bo oMo' — 20 8, 6o + o(h?),
IE? = —2@'\/%\/%0(;) + o(h3/?),
IDQ) = —Qi\/E\/EU(,l) + o(h3/?),

Set
Hy = Hs+ (8o — 1)1,
L8 = —iHy — 2600 0® — 28,6V6 ),
L0 = —2iy/Bo o,
LY = —22\/@09.
Then it is clear that ,
Ly = —iH, — % z; LILY.

Therefore by using Theorem P.1], the result of the above theorem holds. 0

Remark Note that if N=1, then the Lindblad generator is written as

Li(X)=i[Hs, X] + 2Bp[20-Xo —{n_, X}]
+ 26, [20+X0— - {TL+, X}]v

for all X € M,(C). This Lindbladian describes a two-levels atom in interaction with
a heat bath. It is easy to show that the associated master equation has the properties
of approach to equilibrium and the quantum detailed balance condition with respect to
thermodynamical state of the spin at inverse temperature [ is satisfied. We refer the
interested reader to [D] for more details. Moreover at zero temperature, that is § = oo,
we can prove in the same way at [D] that the associated quantum dynamical semigroup
converges towards the equilibrium.

2.3 Spin chains coupled to two heat baths

In this subsection, we suppose that the spin chain is coupled to two heat baths respec-
tively at the first and the N-th spin. Moreover, the two heat baths are supposed to
be respectively at inverse temperatures § and (3. Therefore the associated repeated
quantum interaction Hamiltonian is of the form

|
H=Hs®I+I@Hp+—= (o) @0y +o) @) + oV @ ot + o)) @ o),

Vh

where (R), (L) indicate the left and the right heat bath.
The proof of the following theorem is similar as the one of Theorem P.J.
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Theorem 2.3 The Lindblad generator associated to the spin chain coupled to two heat
baths at inverse temperatures 3 and 3’ is given by

L(X)=i[Hs, X] + 20 [QU,UXO— {n XN
+ 261 200 X0 — {nll), X}]
+ 20 [20 N)XO' — "™, X}
+ 2820 xc™ — (2 XV,
for all X € B(Hg).

3 Markovian properties of a spin chain coupled to
two heat baths

In this section, we describe the Markovian properties of the spin chain coupled to two
heat baths at inverse temperatures 5 and 3'. We start by giving the associated quantum
master equation. Moreover, we study the property of approach to equilibrium and we
compute the local states. Finally for 8 = (', we compute the entropy production and
we study the quantum detailed balance condition.

Note that, in order to study the two last physical properties, we need to know
explicitly the stationary state which is complicated to compute it in the case where

B# 0.

3.1 Quantum master equation

For all density matrix p € B(Hg), the quantum master equation of the spin chain
coupled to two heat baths at inverse temperatures 3 and (' is defined as

L(p) = —i[Hs, p] + 209 [20'+ pa —{n, p}]
+ 26 [20’ pa+ {n+ ,p}]
+ 26 [20+ PU {” , P}]
+ 26 [20 N’pcr+ —{nt", p}l.

Note that dim Hg < oo. Therefore there exists a stationary state for the above master
equation. Hence in order to prove the uniqueness of the equilibrium state we need the
following theorem (cf [F]).

Theorem 3.1 Let (©,); be a norm continuous quantum dynamical semigroup on B(K)

for some separable Hilbert space KC whose generator L is given by

= Z VIAV; + KA+ AK*, (5)

where V; € B(H) and K = iH — % E ViV, H= H* € B(K) (L(I) = 0). Suppose that
(©7)¢ has a stationary faithful state p. Then p is the unique stationary state for (©7),
if and only if

{(H, V7, V;} =CI.



Put
PP=pp® ... ®pg=@iipp.

Now we prove the following.

Theorem 3.2 If 3 = [, then p° is the unique faithful stationary state for the quantum

dynamical semigroup (e*");o.

Proof Note that it is straightforward to show that
[0, ® 0y + 0y ® 0y, p3 @ pg] = 0.

Therefore we get [Hs, p°] = 0. Moreover, if we note by £ the dissipative part of £*,
then it is easy to show that L£;(p”) = 0. Hence we have £*(p®) = 0. Thus p° is a
stationary state for the above master equation.
Now let us consider an operator A such that
A € {Hg, asrl), W U(N), O'SFN)},.

— —

In particular we have
Ae {af), o oM, aer)}’.

This gives
A=1V® A 0I™,

where A; is an operator defined on ®f€\;—21 C2. On the other hand, we have A commutes
with Hg. Therefore we get

oM @ (A1, PR IM + oV & [A), 0P @ I™) +

IV ®[A, ol W@é’+l”®k& oMV @aM +
N-1 N-2

1WA, ) o+ oht) + 0P @ olF )] @ 1Y) = 0.
k=2 k=2

Hence we obtain the following
A1, 0P] = [A1, 0] = [Ar, o V] = [Ar, 0" Y] = 0.

This implies that
A =1% ® A, ®](N—1)’

where As is an operator on ®N 2 2.

Repeating this argument untll one arrives that A = A\I. Thus we obtain
{Hg, oV, oW, o™ My = Cr.

Therefore by Theorem B.1] we can conclude. 0J



3.2 Approach to equilibrium

The aim of this section is to prove that the quantum dynamical semigroup associated to
the spin chain coupled to two heat baths has the property of approach to equilibrium.
The following theorem is introduced in [B].

Theorem 3.3 Let L be a generator of a norm continuous quantum dynamical semigroup
(61): on B(K) which has the form given in () and where the number of induces j is
finite. Assume that the following hypothesis hold:

i) There exists a stationary state p for the quantum dynamical semigroup (©});,
i) The linear span of all V; is self-adjoint,
iii) If A € B(K) such that ©,(A*A) = (0,A*)(©,A), for allt > 0, then A = CI.

Then the state p is faithful and the quantum dynamical semigroup (OF); has the property
of approach to equilibrium, that is

tlim Tr(0;€A) = Tr(pA), for all normal state & and for all A € B(K).

Under the hypothesis of the above theorem, p is the unique stationary state for the

*

quantum dynamical semigroup (07);. In fact, let us consider an element A in B(K)
such that [H, A] = [V}, A] = [V}*, A] = 0 for all j. Thus from hypothesis ii), [V}, A] =0
implies that [V}, A] = 0. Hence we obtain

L(A) = L(A") = L(A*A) = 0.

It follows that ©,A4* = A*, ©,A = A and ©,(A*A) = A*A for all ¢ > 0. Then we

get ©,(A*A) = (0,A*)(0,A), for all t > 0. Finally, from the hypothesis iii), we have

A = M. Note that p is a faithful state. Therefore by Theorem B.1 we can conclude.
Now as a corollary of Theorem B.3, we prove the following.

Theorem 3.4 The quantum dynamical semigroup {T; = e'*", t € R, } associated to
the spin chain coupled to two heat baths at inverse temperatures 3 and (3’ has the property
of approach to equilibrium to a unique stationary faithful state p® 7.

Proof Note that dim Hg < oco. Then there exists a stationary state for the quantum

dynamical semigroup (7});. This implies that assumption i) of the above theorem is

satisfied. Moreover, it is clear that the linear span {a(_l), asrl), a(_N), aer)} is self-adjoint.

Now set A € B(Hgs) such that
Ti(A*A) = (T,A)(T:A), Yt > 0. (6)

By using the properties of the semigroups we can deduce that

T(TA)(TA) = T.(TA™)(TA))
T(T(A™A))
Tt (A™A)
(Ts+tA*) (Ts+tA)
= (T(TA)NTL(T:A)),



for all s > 0. Therefore for all ¢ > 0 the operator T; A satisfies relation ([j).
Note that by taking the derivative in (ff) with respect to ¢, we have

LT(AA) = (LLA™)(TA) + (TA") (LT A).
But we have T;A* = (T A)*. Hence we obtain
LT AYTAY) = (E(TAY)(TA) + (TA)(ETA), ¥t > 0. (7)
In particular, for t = 0 we have
L(AA) = (LA")A+ A*(LA). (8)
In the other hand we have the following

L(A*A) — (LAA — A*(LA) = 4ﬁ0[0$),A]*[OELD,A]+451[09),A]*[09),A]
+ 48l0), Al [0, Al + 4810, A [0, 4]

— 9 —

Hence if A satisfies relation (f), then the operator A satisfies
Ae {oW, asrl), o™, aer)}’.

This gives
A — I(l) ® AV® ](N)’

where A is an operator on ®n ' C2. Besides from relation ([]), the operator T} A satisfies
also (§). Therefore T;A has to be of the same form as A, that is

T,A = i) ® §t ® [(N)’

with gt is an operator on ®£’;2ng. Furthermore by taking the derivative of T; A with
respect to t at t = 0 we obtain

L(A) = i[Hs, Al
)

+ iIYe [o
— ](1)®§®I(N)’

where B = %gt’ +—o- Then from equality (B) we have

o, A = o, A = [0V, A = oY, 4] = 0.

x

This implies that



and
A — I(l) ® ](2) ® Avl ® ](N—l) ® ](N)_

Note that T; A satisfies relation (f]) for all ¢ > 0. Hence by the same argument as before,
T;A is written as
TA=IV®I?®gR @ M-V g™,

where R, is an operator on ®f€\7;32(c2. Repeating this reasoning until one obtains the
result that is only possible if A is a multiple of the identity. This ends the proof. O

3.3 Local equilibrium states

Here we suppose that the spin chain is coupled to two heat baths at inverse temperatures
§ and (3'. Let us recall that there exists a unique stationary state p?% of the associated
quantum dynamical semigroup. For i € {1,..., N}, we denote by p{ the local state
associated to the ¢-th spin which is given by

Te(pDAD) = Te(p* (I © A @ 1)),

where A® is an operator acting on the i-th copy of C? in the chain ®2_,C2.

In this section, we treat the cases of the spin chain when it is made up of 2, 3 and 4
spins.
- For N = 2, we have

: ps+psy  pstpyy 1
PP = (62 Ty ( 62 ﬁ)—g(ﬁo—ﬁ())%z@@
+M[n+®n—n®n+]+i@f@)[0+®0_a®‘7+]
Therefore we get
W _ Petey 1 ps—ps
o _ pater L pr=ps
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- For N = 3, the equilibrium state p*? is given by

, + ppr + pur
8,8 (pﬁ p5)®(p5 pﬁ)®(

pstpsy 3 ps—ps . PstPp
— ) — 7 ( ) @ ( )

® (pﬁ _pﬁ’)

pe = 2 2
3

2 4 2

2 2

+ 7l

Bo — S

2 2 2 2

P8 — Py ps+ Py ps+ Py ps+ Py ps+ Py P8 — Ps
( )@ ( )@ ( )= ( )@ ( )@ (=)

2 2 ]

+ == [(ppon_©n —ps@ny@n)+(n-Qny ®py —ny On_ py)]

pﬁ+pﬁ')_

. (pﬁ +pﬁ’)]

o_QoL X

+ pa

[
3
[
[

PRI, RO —pgRT_R0y]

0, R0_Qpy—0_ R0y py]

(Bo — Bp)* [

16 0+®[®J,+a,®[®a+}.

Thus the local states are given by

a _ pstey 1 ops—py
S0 — Petpr p + pt¥

2 2
@ _ pstoy 1 .py—pp
P ;T )
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- For N = 4, we have

8 _ (Pst Py
pP7 = ( )

+ ool

(B = By)?
(B —)° (L tee

+

+

+

" (Bo — B) (28 + PSy & (22 + py
(B =1 Loty o (L3t oy
L o= 15)
;B = By)

+

i (Bo = B) [

Zwo )

ps+ P
B e

P+ Py
e (

ps+ P ps+ Py
o (L) o (T

P+ Py P+ Py
2 )@ 2

® ® pﬁ/

ps+ Py
B e

+ pur
pﬁQpﬁ)®

ps+ P
(BSE
Ps
(

7 &
Ps — pﬁ/)

J— pBl
5 )
+ oy
® (pﬁ Pp )
2
P — Pp
)

® (

_p/Bl

5 )

(pﬁ+/?ﬁ'
2

( 2
Lep
3 (%

) @ ( )@ (

1 P8 — Pp'
gPs® ()

P8 — Pp
(b
p5+p5’)

p
5 (

ﬁ+p5')

[n_®( 5

RI@ny +n, @1® ®n_]

32
Pgs + pPp’ )
2

@ny ®@ny @n_ + ( ®n_@n_ @ny]

16
(B —B)? [n
16
(50 1650) [n_®(pﬁ;
(ﬁo (6o — 5p)? [
32
(ﬁo (6o — 5p)? [
32
(Bo — 5o)®
32

a2
36 — %)
32
(B —5y)? [
16

2
Pgs + pﬁ')

ps+ P
. )

_®n+®n+®( 2

+n+®n_®n—®(

Py ps+ Py
) (=)

@y ®n_+ny ®n @ (F—

X n.d
PON_®ny ®n_+ny @ny @n_ @ pgl
P @n_Qny @ng+n_Qny n_Q py

(Bo+ By)ny @ny @n_ @ny

[n+®n,®n,®n++n,®n+®n+®n,]
Ny ®@ny @n_®@n_ +n_@n_@ny Qny)

)®oL R0

32 2 2

32 2 g ) Po-®0s

Ps + pp
(S
- 0__®0_+®(P6‘;P6’)
(ﬁO ﬁo) [

16
(ﬁO ﬁo) [
16

P+ pp
(A
ps+ Py
(HSE

oL RO_® ®

32

2y
P8R Py © 0L R0 —pg@py Qo R0y

0, R0 Qps®py —0_R0L®ps® py)

P+ pﬁ’)

P+ pﬁ/)
2

0L Qo ®( Dpp =00 ® () ® py]

8
pPs+ ps
(7ﬁ ﬁ)

P
5 (

5+p5')

Ps @ 5

®o, ®o_ — ps® Qo ®oy]
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3(6o — ) (Lot o
32 2
3(6o — ) (Lt ry
32 2
(ﬁO ﬁo) [
32
(50 ﬁo) [
32
(ﬁO ﬁo) [
32
(ﬁO ﬁo) [
32
(50 ﬁo) [
32
(50 ﬁo) [
32

1 1
+(@(ﬁo+ﬁf))2 —1—6%2)(%—56) [Uz®0+®f®cr_+oz®cr_®l®a+]

1 1

(ot B = B) (Bo— ) [ @1 @0 R0 40 @ @0, B 0]
Y

_% [n7®a+®[®o—,+n7®07®[®0+]

/\2

—% (o, @I®o @n +0-@I®0 @n_]

(B0 — Bo)°
B

L (Bo— (Bo — Bp)?

16

(B —B)°
16

Hence we obtain

Pg + Py )
2

ps+ P
L3

Roy®@o_®(

Ro_®@op®(
n+®n_cr+®cr_—n+®n_®cr_®o+]

n_@ny oy @o_ —n_Qny Qo_ Qo]
0L Qo_ QN On_—0_ Q0oL ®ng@n_|
0L Qo_®Nn_Q@n, —0_ QoL ®On_Qn,]
ny oy Qo_Q@n_ —ny Qo_ QoL n_|

n_-®oyRo_Q@ny —n_.Qo_ QoL Qn,)

@0, @0 @I+IQ0_@0;®I]
[U+®07®0+®a,+a,®a+®a,®a+]

[a+®a,®a,®a++a,®0+®a+®a,}.

ay _ pstey 1 .ps—pp
2 2
@ _ pstey 1 .py—pp
7 )

p

Note that for N > 5, it is very hard to find the stationary state p*?#. Moreover,
from the computation done in the cases of the spin chain when it is made up of 2, 3 and
4 atoms, we see that when N increase, the number of the off-diagonal terms increase
quickly in the explicit form of the matrix of the state p®? in the canonical basis of Hs.
Besides the off-diagonal terms do not contribute to the calculation of the partial trace
at any site. However the form of the diagonal terms given in the cases N =2, 3 and 4
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are similar enough that we believe that the following conjecture is true: For N > 5, the
local states are given by

p(l) — + =

ps+pp 1 (PP

2 2 9
(2) — _ (N_l) o pﬁ + p/@/ - p(l) + p(N)
1Y = ...=9p — _ ’
2 2
w — potey  Lopw—ps
P 2 T 2( 2 )

3.4 Entropy production

In this section, we treat the case of the spin chain coupled to two heat baths at the
same temperature 37!. Let us recall that from Theorem B.3, there exists a unique
stationary faithful state p® for the associated quantum master equation in the case of
same temperature § = 3. The definition of entropy production, that we give here, is
taken from [SL].

Let p be a state on Hg and set p(t) = e
respect to p” is defined by

S(p(t)|p”) = Te(p(t)(log p’ — log p(t))).

Hence the entropy production is given by

£%(p). Then the relative entropy of p with

o) =~ SO,
= Tr(L*(p)(log p” — log p)),

where Tr(L*(p) log p) is given as

Tr(L*(p)logp) = Z (U, L*(p)¥;) log p;,
(U, L*(p) W) logp; = {aoo i <\I]j’£<;<i>iiz;;?j;idof)j:0

Theorem 3.5 The entropy production associated to the spin chain coupled to two heat
baths at the same inverse temperature (3 is written as

a(p) =460 > [Tk, o DU + (W, 070 ) 2] (2 pi — py)(log pr. — log p; + 23)].
7,k

where p =3, p;|V;)(V;| is the spectral decomposition of p.

Proof Note that
Lr=L; + L,
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where £} is the Hamiltonian part of £* and £} = /32(1) + ,CZ(N) is its dissipative part
with

)
Q. ¥
=
S
)
N—
Il
)
s
)
q
=tz
b
S)
=
FH
|
i)
s

D
&/\
=z
>
I
[\
iSY)

Put

It is easy to show that the equilibrium state p° is given by

| )
53 BH
pr=-e ,

where Z = Tr(e=##""). Thus we obtain log p® = —3H —log Z. On the other hand, a
straightforward computation shows that

Tr([Hs, p]log p) = Tr(Hs[p, log p]) = 0
and
Tx([Hs, pllog p”) = —GTe([H'), Hslp) = 0.
Therefore we get

Tr (L5 (p(log p” —log p))) = 0.
This gives

o(p) = o1(p) +on(p) = —Tr(Ly(p) log p) — B Te(Ly(p) H), (10)

where 0;(p) = —Tr(L:" (p)log p) — BT(LS (p)HS)) with i = 1, N.
Now let us compute the terms of the second member in ([[(). We have

Te(L, (p) logp) = 450[2 (5, o W) (T, o1 T5) p;log i
7.k
- > ng)‘l’ﬁpﬂogm}
j
+ 451 |:Z <\I’j, O'Srl)\l’k> <\I/k, Ug)\I’]> Pj lngk
7k
- > ”Srl)‘l’ﬁpjlogpj},
j
Tr(L V() HS) = 860 Y (U5, n5) p; =861 > (05, n @) ;.

J J
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Note that

1

<‘I’j,nsr)‘1’j> = |0'+‘I’||2 § ‘\I[]WJ-F j‘a
1

(@, nVw;) = [loDw|]? = 23\%, o w2

Therefore we obtain

o1(p) = 4Bo| D (W, oL;)[2 pj(log p; — log pi — 25)|

ik
+ 4B [Z (W, W) 2, (log p; — log pi + 25)]- (11)
ik

If we substitute 3; by €’3 in ([]), then we get

71() = 4603 10, oW (¢ — py) 10 e ~ 08 py +28)].
.k

In the same way, we prove that

p) =46 |3 W, oW, (% py — py)(10g pr — log p; +25)].
ik

This ends the proof of the above theorem. O
Remark : Note that as a corollary of the above theorem, we have o(p) > 0 for any
density matrix p.

3.5 Quantum detailed balance condition

In this section we suppose that the spin chain is coupled to two heat baths at same
inverse temperature 3. Let us recall that

p’ = 108

is the only stationary faithful state of the quantum dynamical semigroup (77}°);.
The following definition is introduced in [AL].

Definition 1 Let © be a generator of a quantum dynamical semigroup written as
C"‘) - —’l [H, ] + @07

where H is a self-adjoint operator. We say that © satisfies a quantum detailed balance
condition with respect to a stationary state p if

i) (84(A), B), = (A, ©4(B)),, for all A, B € D(6y),
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with (A, B), = Tr(pA*B).
Now we prove the following.

Theorem 3.6 The generator L* of the quantum dynamical semigroup of the spin chain
coupled to two heat baths at same inverse temperature 3 satisfies a quantum detailed
balance condition with respect to the stationary state p°.

Proof Note that
LY =—i[Hg, .|+ L},

where L} is the dissipative part. On the other hand, we have [Hg, p°] = 0. This proves
that assumption i) of the above definition is satisfied. Furthermore it is easy to show
that £} is a self-adjoint operator with respect to the scalar product (A, B),s. Thus the
above theorem holds. O

4 Spin chain coupled to several heat baths
Let us consider now a spin chain (/N spins) coupled to r heat baths at inverse tempera-

tures 3, plk2) 3k where 2 < r < N for all j = 1,...,7 and k; is the k;-th site of
the chain ®,C2. The quantum repeated interaction Hamiltonian is given by

H=Hs®I+1® Hp+ — Z (k) + o) @ olh)),

Therefore we prove in the same way as in subsection 2.2 that the associated Lindblad
generator is written as

L(X)=1i[Hg, X] + [zafﬂxo—kl) {n™ X
+ 251’“ 208 xo™ — (] XY
+ 265 [20* >Xo—f2> (™, x}]
+ 28 260 x o %) — (n2) X
+ 260" [2 *’Xo—i” —{n, X}

for all X € B(Hg).
Actually we prove the following.

Theorem 4.1 If p*) = gk = = gk = 3 then p° = @Y ps is the unique
stationary state of the quantum dynamical semigroup Ty = et~

Proof The proof of this theorem is similar as the one of Theorem B.2. U
The following theorem can be proved in the same way as Theorem B.4.
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Theorem 4.2 The quantum dynamical semigroup T; = e'*" associated to the spin chain

coupled to r heat baths at inverse temperatures %), g*2) 3% has the property of
approach to equilibrium to a unique stationary state.

Now our purpose is to study the associated entropy production. Here we suppose
that k1) = gk2) = = pk) = 3. Let us put

71 (p) = 450 [0, 0, (e pyn — ;) (108 pm — 0g p; +25)].

j,m
Then it is easy to show that o;(p) is the entropy production of the spin chain coupled
to the i-th heat bath at the k;-th spin.
Theorem 4.3 If g*1) k) 360 then the entropy production of the spin chain
coupled to r heat baths is given by

T

a(p) = onlp)- (12)

i=1

Proof We prove in the same way as in Theorem 3.5 that the entropy production of the
spin chain coupled to r heat baths is given by

o(p) = —Tr(Lj(p)logp) — BTr(Ly(p)HS)
= DT () logp) = BTH(LT™ (0)H)

- Zaki(p)a
i=1
where
£ o) = 265" 208 X0 — {n™, X}
+ 200 260 X0 — () X1,
But from the proof of Theorem 3.5, we have
k;
71, (p) = 400 D [1{¥m, o870, (e prn — ;) (108 prn — Tog p; +28)|.
j,m

This proves our theorem. 0
As a consequence of ([J), we conclude the following.

Corollary 4.4 We have o(p) > 0 for any density matriz p. Moreover, o(p) =0 if and
only if o, (p) =0 foralli=1,...,7.

Note that if g¥1) = gk2) = = gkr) = 3, then it is easy to show that the quantum
dynamical semigroup of the spin chain coupled to r heat baths satisfies a quantum
detailed balance condition with respect to the stationary state p®.
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