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Abstract

In this article we investigate the long-time behavior of solutions to
a class of infinitely many master equations defined from transition rates
that are suitable for the description of a quantum system approaching
thermodynamical equilibrium with a heat bath at fixed temperature and
a reservoir consisting of one species of particles characterized by a fixed
chemical potential. We do so by proving a result which pertains to the
spectral resolution of the semigroup generated by the equations, whose
infinitesimal generator is realized as a trace-class self-adjoint operator de-
fined in a suitably weighted sequence space. This allows us to prove the
existence of global solutions which all stabilize toward the grand canoni-
cal equilibrium probability distribution as the time variable becomes large,
some of them doing so exponentially rapidly. When we set the chemical
potential equal to zero, the stability statements continue to hold in the
sense that all solutions converge toward the Gibbs probability distribution
of the canonical ensemble which characterizes the equilibrium of the given
system with a heat bath at fixed temperature.
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1 Introduction and outline

It is well known that the grand canonical ensemble of statistical mechanics
provides a formalism suitable for the description of the properties of classical
or quantum systems in thermodynamical equilibrium with a heat bath a fixed
temperature and a reservoir of possibly different species of particles, each of
which being characterized by a chemical potential (see, e.g., [1] and [10] for
definitions and applications of the above notions in various concrete situations).
From the microscopic properties of the systems it is then possible in principle
to derive all their macroscopic thermodynamical properties by means of the so-
called grand canonical partition function, which depends on the temperature
and on the chemical potentials we alluded to above. In order to achieve that
for systems that are not in thermodynamical equilibrium initially, an important
link may be provided by the solutions to certain master equations. In the sim-
plest setting of a system described by a Hamiltonian having a discrete point
spectrum, those solutions represent time-dependent probabilities which deter-
mine the chance for jumps to occur between the various quantum states. They
also play a significant role in the stochastic approach to equilibrium and non
equilibrium thermodynamics of chemical reactions (see, e.g., the theory and the
applications developed in [13], [14] and their numerous references, as well as in
Chapter V of [15]. For the investigation of master equations in a different or
more general context with many important applications we also refer the reader
to [3]-[7], [9], [11] and [12]).

It is precisely the long-time behavior of solutions to a class of various initial-
value problems for infinitely many master equations which is the main theme of
this article. The class in question is associated with sequences of real numbers
(Am) and of non-negative integers (N,,) indexed by m € NT, where the former
may be interpreted for instance as the point spectrum of some Hamiltonian and
the latter as the sequence of number of particles of a single species in the corre-
sponding quantum states. More specifically, we organize the remaining part of
this article in the following way: in Section 2 we define the relevant initial value
problems in which the transition rates depending on (Ay,) and (Ny,) are chosen in
such a way that the so-called detailed balance conditions of statistical mechanics
hold with respect to the grand canonical equilibrium probability distribution.
We then interpret the master equations as a dynamical system defined on a
suitable infinite-dimensional weighted sequence space, which allows us to real-
ize the infinitesimal generator of the system as a trace-class self-adjoint operator
whose spectral properties we investigate in detail. In particular, we prove there
a localization principle for all of its eigenvalues and note the absence of a spec-
tral gap around the zero eigenvalue. This eventually leads us to the spectral
resolution of the corresponding semigroup whose consequences we analyze in
Section 3, where we show that the system of master equations we consider pos-
sesses global solutions which all stabilize toward the grand canonical equilibrium
probability distribution as the time variable becomes large, some of them doing
so exponentially rapidly. In the important particular case where the chemical
potential is set equal to zero, the stability statements remain true in that all



solutions converge toward the Gibbs equilibrium probability distribution of the
canonical ensemble, some of them again exponentially rapidly. Finally, we also
consider there a concrete example involving the quantum harmonic oscillator
which shows how the decay properties of the Fourier coefficients of the initial
conditions can impact on the speed of convergence of the solutions, ending up
with power-law and even logarithmic rates of decay.

We conclude this introduction by noting that the mere idea of making the
generator of a system of master equations a formally self-adjoint operator by
using the detailed balance conditions already appears as a set of remarks scat-
tered in Chapter V of [15]. As we shall see below, the method of investigation
we use in this article represents a systematic and rigorous implementation of
those remarks in a very specific context.

2 On the spectral resolution of the semigroup
generated by a class of master equations

As outlined in the introduction, we start out with a sequence of real numbers
(Am) and of non-negative integers (N,) indexed by m € NT, such that the grand
canonical partition function satisfies

+oo
O =Y exp [ (Am — iNm)] < +00 (1)
m=1

for each 8 > 0 and every p € R, where 5 may be interpreted as the inverse
temperature and p as the chemical potential. By means of (1) we then define
the grand canonical equilibrium probabilities by

Pum = O3, exp [=5 (Am — iNp)] (2)

for each m € N*, and with every such m we associate the class of initial-value
problems for master equations of the form

+oo
dpr;T(T) = ; (Tm,npn (T) — 'n,mPm (T)) , TE [07 +OO) 3
pm(0) = pn (3)

where (pf,) stands for any sequence of initial-data satisfying
“+oo
=0, 3 ph=1. )
m=1

In (3) the transition rates 7m, > 0 from level n to level m are chosen in such a
way that the so-called detailed balance conditions

TmnPBopn = TnmPg,pum (5)



are satisfied for each 8 > 0, every 1 € R and all m,n € N*. In this manner the
Pg,u,m Provide a time-independent solution to (3) when we choose pf, = pg,um
for every m, in addition to the fact that they make the corresponding entropy
production as defined in [12] equal to zero (see also, e.g., Section IT A in [13]
for a thorough discussion of this point). Therefore, they do provide genuine
equilibrium probabilities indeed. Furthermore, owing to (2) we may rewrite (5)
as

Tt exp [~ (Am — An) + B11 (N — N1 (6)

n,m
which is the starting point for the analysis of chemical reactions by means of
stochastic thermodynamics put forward in [14] (see, in particular, Section IIT of
that article). In particular we may take

B

Tm,n = Cm,n €XP 7é (Am - )\n) + 7 (Nm - Nn) (7)

2
where the prefactors stand for any choice of real coeflicients satisfying the sym-
metry condition ¢mn = cam for all m,n € N*. In what follows we investigate
(3) as a dynamical system on a suitable weighted sequence space with rates of
the form (7), which requires a specific and of course non unique choice of the
Cm,n to ensure that the dynamical system in question be well defined. In fact, in
order to keep our upcoming computations as simple as possible we shall settle
for

Cmn = exp [—B (Am + An) = Bt (Nm + Nn)] (8)
which will play the role of convergence factors in Proposition 1 below as we shall
soon explain. Thus, let us denote by l%’wﬁ “the set of all complex sequences p :=

(pm) satistying
+oo

2 2
IPlI3 s, = D wWhsm pml” < +00 (9)

m=1
where wg ;; m := exp [8 (Am — ttNm )], which becomes a complex separable Hilbert
space when endowed with the usual operations and the sesquilinear form

+oo
(pa q)QaWB,u = Z wﬂ,u,mpm@m (10)
m=1

defined with respect to the weight sequence wg ;= (wg,,,m). Furthermore, let
us reformulate (3) as

dpm (7) =3
— = ; AmnpPn (T), T € [0,+00),
pm(0) = py (11)

where
— Z:_:OT km Tkom  form=n,
Amp = (12)
Tmn for m#n.



Then the following preliminary result holds, which is interesting in its own
right:

2

Proposition 1. For each p € | , the expression

Cwgs,u
—+o0
(Ap)m = Zam,npn (13)
n=1
defines a linear, self-adjoint trace-class operator A : Z<2C7Wﬁ.u — l%,wmt whose
trace is given by ' '
’I‘I‘A:@257,M—(“)§_’73#®% s < 0. (14)

Proof. We begin by showing that A is a bounded operator. Rewriting (13) as

+oo

_1 1
(AP = > (amatv i) (3,0000)
n=1

and using the Cauchy-Schwarz inequality we first obtain

+oo +oo
2 - 2 2
HAPHQ,W,W < Z W, p,m Zwﬁ,h,n |am,n|” % HP”Q,W,M : (15)
m=1 n=1

Furthermore, using (12) we may write and estimate the right-hand side in (15)
as

+o00 400

1 2
§ :w67ﬂ7m § :wﬁ,p,,n |am7n|
m=1 n=1

+o00 too

= Z |@m,m‘2 + Wa p.m Z wg,}t,nri],n (16)
m=1 n=1,n#m
+oo +oo 2 +oo

< X (Z T”*m) W D W e
m=1 n=1 n=1

In addition, putting (8) into (7) gives
_ B B
Tmn = €Xp | =5 (3Am + pNm) — 5 (A +3uNy) |, (17)

so that by taking (1) and the expression for wg , m into account we obtain

Zrn m — 6%,_% €xp |:2 ()‘m + 3,U'Nm):|
n=1
and
o0
S wil 12 = O exp [~ (3Am + iNm)]
n=1



The substitution of these expressions into the last line of (16) and a straight-
forward computation then lead to the estimate

+6367_H < +OO, (18)

-
73

“+oo +oo

-1 2 2
E Wg,p,m E :w[;{,p,m |am,nl” < @ﬁ,—i’w@%
m=1 n=1

which proves that A is indeed a bounded operator.
Next, we observe that the detailed balance conditions (5) may be rewritten
as

AmnWg,pu,m = Gn,mWg, p,n

for all m,n € NT, which immediately implies the relation

+oo too
(AP,CI)Q’WK,L = Zl W8, p,mAm,nPndm = Z W3, 1,nGn,mPnGm = (pﬁAq)Q,Wﬁm,
m,n= m,n=1

so that A is self-adjoint.

In order to prove that A is trace-class let us introduce the sequence of canon-
ical vectors (em) given by (em), = dm,n for all m,n € N, and let us consider the

1
sequence defined by f,, = wﬁ’i nem for each m € N*. From this and (10) it fol-
lows immediately that the f,, form an orthonormal system in l<2c,w5 R Moreover
l — .
we have (fm’q)lw,ﬁ,u =wWj , mdm for every q € lé‘,”e,u’ so that if (fm,q)waﬁYM' ='0
for each m then q = 0. Therefore the f,, constitute an orthonormal basis in
l%’wﬁ_#, and furthermore a direct computation shows that
1 _1
(Afn'” fn)Z,W[jYM = wé,#,na":mwﬁ,z,m (19)

for all m,n € N*. For any orthonormal basis (gn) in léwﬁ , We now have

—+o0

Agm =Y (8m: i)y, , Af
j=1

after expanding each gm along the basis (fj). In this manner we obtain

+oo

1 _1
(Agm: 8m)opy,, = D WF @i o5 (@ms ), (i Bm)a,
k=1

according to (19), so that the estimate

+oo
> ‘(Agm,gm)z,vvﬁ,“
m=1

1 —+oo 1 a1 —+oo 2
2 . 2 .
3 > wh okl wg g ’(gm’ﬂ)zw,u
jk=1 m=1
+oo

1
_ 2 .
= Z W3k

Jk=1

N

e

+ | (s ),

1
-2
Wg i




holds. The last equality in (20) follows from the expansion of each fj along the
basis (gm), which entails the relation

+oo 9 )
Z ‘(gmafj)zwﬁ’u‘ = Hfjllg,wﬁ,# =1
m=1

for every j € N*. According to (12) we then have

+oo . +oo .
3 on "2
Z W5,k Z ksl ws g
k=1 j=1
+oo —+oo 1
= E: |akk|+wﬁuk Z dewﬁu]
k=1 j=1,j#k
+oo —+oo N +oo .
< D Dokt Wi D rews g | < oo
k=1 \ j=1 j=1

for the right-hand side of the equality in (20), where we used (17) and compu-
tations similar to those leading to (18) to prove convergence. The series

+oo

Z (Agmv gm)Z,w/;,M

m=1

is therefore itself convergent and since the orthonormal basis (g, ) was arbitrary
we may conclude that A is trace-class, with

+00 400
TrA=> (Afm,fn)gw, Zamm— > Z
m=1 m=1n=1, n#m

as a consequence of (12) and (19), which eventually leads to (14). W

REMARK. Had we chosen (7) for the rates with ¢y, = 1 for all m,n € N*
instead of (17), some of the series in the proof of Proposition 1 would have been
divergent, for instance the very last series on the right-hand side of (16). That
is the reason why we referred to (8) as convergence factors.

In what follows we state and prove the main result of this section, in which
we investigate in detail the spectral properties of A including in particular a
principle of localization of the eigenvalues, from which we obtain the spectral
resolution of the semigroup generated by A. In this context the sequence (by,)
given by

1 €Xp —g (Am + 3uNpm) (21)

plays an important role.



Theorem 1. Let A be the operator defined by (18). Then the spectrum
of A, o(A), is a discrete compact set with infinitely many real elements (vi)
indexed by k € Nt which are all eigenvalues including vy = 0.

Assuming in addition that

)\m-i—l — Am > 3,U, (Nm — Nm+1) (22)

for every m € N, the following two statements also hold:
(a) Each eigenvalue of A is simple and the corresponding eigenspace is
spanned by Pk = (Px,m) where
exp {—g (3Am + 1iNm)
Vk + bm

ﬁk,m =

Moreover, each such an eigenvalue is implicitly characterized by the relation

+oo
exp [_6 (3)\m + NNm)} _
> . =1. (23)

m=1

Furthermore, the set of normalized eigenvectors given by

b= P
.
2
vaﬁ.u’
(b) If the nonzero eigenvalues of A are ordered as vy < vyi1 for every
k € {2,3,...}, then they are localized according to

for every k € NT constitutes an orthonormal basis of 1

VK € (—bk,h —bk) (24)

for every such k. In particular, all the nonzero elements of o(A) are negative
and furthermore, for every p € l(%,WB . we have the norm-convergent spectral

resolution
+oo

exp[rAIp =3 (P8, . oxP 11 8 (25)
k=1

of the semigroup exp [’TA]TG[O’_,'_OO) generated by A.

Proof. From (2) it is straightforward to check that pg , := (pg,um) € léw‘,@'
Moreover, we infer from Proposition 1 that A is a compact self-adjoint operator
in l(%,wﬁ’“, which implies in particular the very first statement of the theorem
since we have

Apg# =0

as a consequence of (5), (12) and (13).
As for the proof of Statement (a), we first note that the eigenvalue equation

Ap = vp



is equivalent to having the relation

+oo +oo
Z Tm,nPn = (Vk + Z Tn,m) Pm (26)
n=1 n=1
satisfied for all m,k € N*. We then use (17) in (26) to get
p _
Cp, 3, EXP -5 (BAm + pNm) | = (Wk + bm) Pm (27)
where we took (21) into account and defined
+oo 6
Cp, B = Zexp |:_2 (3An + MNn):| Pn. (28)
n=1

Now for any p € l%,w;m we evidently have either ¢, 3, # 0 or ¢y 3,, = 0. In the
first case Relation (27) implies that (vx + by) pm # 0 for each m € Nt so that
we may solve for p,, and get

Pk,m = Cpk,B7p,ﬁk7m (29)

where
R exp —g (3Am + pNpm) 0
Plom = Vi + bm ' ( )

Moreover, with the pxm given by (30) we claim that px : = (Pxm) € l(%,w[f,“' On
the one hand, this is clear if v = 0 for then (30) reduces to pg,, up to a trivial
multiplicative constant. On the other hand, if v, # 0 we have

+oo
Z Wg,p,m |Vk + bm|2 |ﬁk,m|2
m=1
—+oo
= Z exp [—26 (Am + tNm)] = O2p,_,, < +00 (31)

m=1

from (30) and (1), the latter also implying that limy,_, oo bm = 0. Therefore we
have

mliIEOO [Vk + bm| = |vk| # 0
so that (31) implies
—+oo
Z Wg, p,m ‘ﬁk,m|2 < 400
m=1

by asymptotic comparison, as desired. In this manner the Py provide a set of
eigenvectors of A associated with the vy, and we now prove that there are no
others. Indeed, in the second case we alluded to above where c, 3, = 0, we



have (v + bm) pm = 0 for each m € N+ and therefore there exists an m* € NT
such that vy 4+ by« = 0 since p = 0 is not an eigenvector. But the spectral
condition (22) is equivalent to having byni1 < by for each m € NT, so that the
m* in question is unique. Consequently we necessarily have p, = 0 for every
m # m" and py- # 0, which implies the relation

B
Cp,B,n = EXP D) (3)\m* + MNm*) Pm+ # 0,

a contradiction. Finally, the characterization (23) of the eigenvalues is a direct
consequence of the substitution of (29) into (28). The preceding considerations
thus prove the first part of Statement (a), while the second part follows imme-
diately from the fact that A is a compact self-adjoint operator.

Let us now prove Statement (b) by first ordering the non-zero eigenvalues
of A as vk < vy for every k € {2,3,...}. To this end we consider the auxiliary
function a : (—00,0) \ {—bm, m € NT} defined by

+oo
Xp [ (3Am + (tNm)]
a(v) = exp| ,
mgl v+ bm

and remark that this series is absolutely convergent by virtue of (1) and the fact
that b, — 0 as m — +o00. Furthermore, it is easily verified that

lim a(v) = +oo,
v\ —bk—1

lim a(v) = —oo,
I//*bk

and that a’(v) < 0 for every v € (—bk_1, —bk), which implies the existence of a
unique v; € (—bk—1, —bi) satistying a(v}) = 1. Therefore, from the characteriza-
tion (23) of the eigenvalues we necessarily have v; = vy for every k € {2,3,...},
thereby proving the first part of Statement (b). Finally, for every p € léwﬂﬁuwe
have the norm-convergent expansion

—+oo

p= Z (pa Qk)Q,WBV,‘ ak

k=1

from the last part of Statement (a), which implies (25) at once. W

REMARK. Since A is trace-class, it follows from Lidskil’s theorem (see, e.g.,
Theorem 8.4 in Chapter III of [8]) that the so-called matrix trace (14) coincides
with the spectral trace, to wit,

)

whw

)

+oo

E V=093 _, —0s . O3

; k 2B,—p g,f&u 757
=1

which implies that limy_, ;o ¥k = 0 = v1. Therefore, there is no spectral gap
around the zero eigenvalue of A whose eigenspace is generated by pg,,. In the
next section we investigate some consequences of this fact.

10



3 On the eigenspace associated with the zero
eigenvalue of A as a global attractor

Since v1 = 0 is an accumulation point of o (A4), we might want to truncate ex-
pansion (25) in order to get an exponential decay of some sort for the solutions
to (3), or else proceed more generally to obtain convergence statements without
error bounds, or more specifically with bounds that may be slower than expo-
nential. We first make the idea of truncation precise by writing VN_, E,, (A) for
the closed linear hull of UN_; F,, (A) in 12, forany N € N*, where E,, (A)
stands for the eigenspace of A associated with the eigenvalue v¢. Then we have:

Theorem 2. Let A be the operator defined by (13), and let p* € l%,wﬁ# be
any initial condition satisfying (4). Then

400
(exp[TA]p*),, =0, > (exp[rA]p*), =1 (32)

m=1

for every T € [0, +00).

Assuming moreover that (22) holds, and that the ordering v < vky1 for
every k € {2,3,...} is still valid, then for each N € Nt with N > 2 and p* €
VN E,, (A) satisfying (4) we have the exponential decay estimate

lexp [TAIP™ = Ps pllyw, , Sexp =7 [nllIP"llow, , (33)
for every T € [0,400), where pg,, is given by (2).

Proof. Relations (32) are an immediate consequence of some continuity
arguments and of the summation of (3) over m € N*.
As for the proof of (33), we start out from (25) to get

N
exp [TA]p* = (P, 81)5p, , G1= Y (P, 8)aw, , XD [T04] ik
k=2

since p* is orthogonal to §i in l(%’wﬁ . for each k > N + 1, so that from Parseval’s
relation we obtain

A

2
HeXP [TA]p* = (P", 1)z, , G1 ’

* 12
<ep-2r il P10, (39
2,wg, ’

for every T € [0,400). It remains to show that
(P*81)ow, , 81 = PB.u- (35)

From (2) and (9) we first have
2 <«
1P5,ull3 0y, = Oz D exP [=8 (Am — 1iNm)] = O3,
m=1

11



1
as a consequence of (1), so that we may choose §; = @é P8, as one of the unit
eigenvectors associated with v; = 0. Moreover, using (9) on the left-hand side
of (34) we eventually get

* * A ~ /8 *
(e A1) = 7 ), G| <050 |5 O )| x0 7 il 197,

for every m. Therefore, the summation of both sides of this expression over
m € N7 leads to

—+oo

1- (p*a al)QvWBwu Z al,m

m=1

<0y, xp [T ] 9" s,

where we have used (1) and the normalization condition in (32), so that letting
T — 400 in the preceding relation necessarily gives

400
(p*’ dl)Z’W[ML Z al,m =1. (36)

m=1

But from our choice of §; we have

+oo . +oo )
> bim =07, Prum =03,
m=1 m=1

and thereby
(p*7 61)27WB,M = @g,i
independently of p*. Consequently we end up with

*

_1
(P™,81)2m,, 1 = O 81 = Pau;

as desired. W

REMARK. All the p* € VI E,, (A) satisfying (4) provide a large supply of
initial data for which estimate (33) holds, which obviously grows with N. But
this is at the expense of having a smaller exponential rate of decay whenever N
becomes large since |vn| > |vnt1| and imy_ 4o exp [—7 [vn|] = 1.

We can avoid the truncation method and yet obtain convergence results for
the solutions to (3) by modifying the basic argument, but that is at the expense
of having no error bounds in general unless we impose additional conditions
regarding the Fourier coefficients of the initial data, as in Corollary 2 below.
We begin with the crucial observation that (35) still holds for an arbitrary
initial condition p* € léjwﬁ’“ satisfying (4). More precisly we have:

Lemma 1. Let p* € léwa,u satisfy the second relation in (4). Then we have

(p*7€11)2,w[3,“ 41 = pau-

12



Proof. From (2) and the definition of the weights wg ,, m we have

(Poser @)y, = Oy D Gkm =0
m=

for each k €{2,3,...} by virtue of the orthogonality of the eigenvectors of A, so
that

+o0o
Z Gim =0 (37)

for every such k. Furthermore, for p* € lcc s, We have the norm-convergent
series expansion
+o00
P* = (P, 81)aw, , G1 Y (P 8o, , G
k=2

and therefore
—+oo
mef R szqumfl

as a consequence of (37) and the second relation in (4). In this way (36) holds
again, so that we may conclude as in the proof of Theorem 2. H

Lemma 1 now allows us to get the following generalization of the preceding
theorem:

Theorem 3. Let A be the operator defined by (13), and let p* € 12 W
be any initial condition satisfying (4). Assuming moreover that (22) holds, and
that the ordering vy < vii1 for every k € {2,3,...} is still valid, we have

hm |lexp [T A] p*

T—4

Proof. From the preceding lemma and its proof we may write

—+oo

p* = Pa,u + Z (p*, dk)Q’Wﬂ-ﬂr Ak
k=2

and therefore
2
‘ exp [27vk] < 400 (38)

+
* 2 % A
lexp 141" = Paul = D (08,
k=2

for every 7 € [0, +00], without truncation. Now for every fixed k € {2,3,...} we

have
2

exp [27vx] =0

lim (p*7Qk>2,W[i,;L

T—+00

13



since v < 0, and moreover

2

~

2
‘ exp [2Tl/k] < ‘(p*7qk)2,w/3,“

[CRER.

for every k uniformly in 7 € [0, +o0], with

+oo
Z ‘ (p*a Qk)2,wﬁ7}L
k=2

The result then follows from dominated convergence. M

2 2
<0713, < oo

All the preceding results remain valid when g = 0, which corresponds to the
description of a quantum system in thermodynamical equilibrium with a heat
bath at inverse temperature 8 > 0, and to transition rates in (3) of the form

5 (8hm + m} (39)

Tm,n = €XP |:_2

according to (17). Furthermore, in this case the components (30) of the eigen-
vectors of A reduce to

p 40
Px,m Vi + b ( )
where
b = Z% exp [_5)\""] . (41)
In the preceding expression we have defined
+oo
Zg:=0gop= Z exp [—8Am] < +00
m=1

for every 8 > 0, which stands for the usual partition function of the canonical
ensemble. Eigenvectors (40) then constitute an orthonormal basis of Z<257W/3 where
wg = Wg -0 = (wg,u—o,m) = (exp[FAm]), and moreover the grand canonical
equilibrium distribution pg,, reduces to pg := pg,—o whose components are
given by

Pam = Z5 " exp [—fAm] (42)

for every m € NT. In the next result we state two consequences of the above
theorems:

Corollary 1. Let A be the operator defined by (13), with the amn given
by (12) and (39). Then A : l(%)wﬁ — l(%,w/g is a linear, self-adjoint trace-class
operator whose trace is given by

TI'A:ZQB_ZQZ% < 0.
3 2
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Moreover, let us assume in addition that
Ami1 = Am >0 (43)

for every m € NT, and that the ordering v < viy1 of the eigenvalues still holds
for every k € {2,3,...}. Then the following statements are valid:

(a) For each N € Nt with N > 2 and p* € VN_|E,, (A) satisfying (4) we
have the exponential decay estimate

lexp [TA]p™ = pslly,, <exp[=7 |on[] P72,

for every T € [0,400), where pg is given by (42).
(b) Let p* € l(2c,w,3 be any initial condition satisfying (4). Then we have

: . _
Jlimlexp [rA]p* —psll,, =

REMARK. The operator A of the preceding corollary may also be realized as
a non normal and non dissipative trace-class operator in the usual unweighted
Hilbert space % consisting of all square summable complex sequences. This
approach was implemented in [2], with the goal of putting the analysis of A
into the perspective of the spectral theory of linear non self-adjoint operators
as developed in [8]. However, this was at the expense of having to deal with
a host of more complicated technical issues while imposing a more restrictive
condition on the spectral condition (43), namely,

>\m+1 - >\m > cexp [70Am]

for every m € N*, with both ¢ > 0,0 > 0 independent of m.

We complete this section by analyzing a concrete example which illustrates
the direct impact of the decay properties of the initial data in (3) on the speed
of convergence of the corresponding solutions. The example involves the quan-
tum harmonic oscillator whose spectrum we rescaled and shifted by irrelevant
constants. We assume throughout that p = 0:

Corollary 2. Let us consider the initial-value problem (3)-(4) where the
transition rates are given by (89) and A\, = m € N*. Moreover, let us assume
that the ordering vy < viky1 of the eigenvalues of the operator A still holds for
every k € {2,3,...}. Then the following statements are valid:

(a) If the Fourier coefficients of p* € I2 along the orthonormal basis

(C,Wg
(@wen+ of 12, satisfy

* < wexp oK (44)

‘(p*’ qk>2,Wﬁ

for every k € {2,3,...} and some k,d > 0, then we have

* _s
lexp [TA]p" = pslly, < cansT 7 (45)
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for all sufficiently large T and for some cg 5 > 0 depending solely on B,k and
0.
(b) If the Fourier coefficients of p* € léwﬁ along the orthonormal basis

(@)ers of 12, satisfy

~

2
[T

< kk™0 (46)
for every k € {2,3,...} and some k >0, § > 1, then we have

s—1

llexp [TA]P™ = pglly, < cpms(lnT) > (47)

for all sufficiently large T and for some cg,.5 > 0 depending solely on 3,k and
4.

Proof. The starting point is the relation
2 = 2
lexp [ A]p* = Pall3,, = D | (0", @)z, | exp[2704]
k=2

which is (38) with 4 = 0, where we assume that 7 > 0. Using (44) along with
vk < —by, the latter being a consequence of (24), we first obtain

* 2
lexp Al p* — psllZ,,,

—+oo
< mZexp [—(5k - 27Z% exp [—'gk” (48)
k=2

by using (41). In order to extract an explicit dependence in 7 from the preceding
expression let us now consider the function f (.,7) : (0, 4+00) — R™T given by

f(x,7) :=exp {—5x — 27738 €xXp {_SX” . (49)
2
We remark that f (.,7) possesses a unique critical point at

CpT

2
XC(T) =In (T) ’ (50)
where ¢z = 2 3p.- Furthermore we choose 7 sufficiently large so that the in-

teger part of (50) satisfies [x.(7)] > 3, with f(.,7) monotone increasing for
x € (0,x.(7)) and monotone decreasing for x € (x.(7), +00). For the right-hand
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side of (48) we then obtain the estimate

> flk,7)
k=2
[xe(T)]—1 +o0
= Y fkn+ D> flk+1,7) (51)
k=2 k=[xc(7)]—1
< /[XC(T)]df( )+ F(fxe(n)] ) + F(lxe(m)] + 1 >+/+°° dxf(x,7)
~ 2 9 C b C b [XC(T)]J’_l b
+oo
< / dxf(x,7) + F(Bxe(r)] 1) + F(le(r)] + 1,7).

It is now easy to extract the desired dependence in 7 for each term in the
preceding expression. For the integral this follows from the change of variables

X —Yy = Texp [—gx} , which leads to the estimate

+o0
dx exp [—6x — 277 35 €xXp {—
2

7 exp[—f] 25 28
/ dyy® 'exp [—QZ%y} TF
0

+oo
(/ dyy%&_1 exp {223;34) % (52)
0

- ()

for some cg,s > 0 depending only on 8 and §, where I" stands for Euler’s Gamma
function.

As for the second and third terms on the right-hand side of (51), we first
note that the direct substitution of (50) into (49) gives

@I N S—

¥

Flxe(r),7) = ég 57

where ¢35 > 0, and therefore we get

f(xe(m)],7) < 87

since [x.(7)] < x.(7) and since f (., 7) is monotone increasing there. An identical
estimate holds for f([x.(7)]+1, 7) since x.(7) < [x.(7)]+1 with f (., 7) monotone
decreasing there. The substitution of all the gathered information into (51) and
the use of (48) then lead to (45).

The proof of (47) follows a similar pattern but is a little bit trickier. We
start with

25
B

2
llexp [TA] p* — psll5,w,

“+oo
< K ; k=% exp {272325 exp {ik” (53)
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and
f(x,7) :=x"%exp |:2TZ32[;‘ exp [gx” . (54)

It is easily seen that the possible critical points of (54) are solutions to the
equation

0[5 o
x0

where ¢g is as in (50), and that the function on the left-hand side of (55) is
convex, possesses an absolute minimum at x* = % and is strictly increasing for

(55)

x € (x*,+00). Then for every sufficiently large 7 there exists a unique critical
point x.(7) € (x*,4+00) of f(.,7), this function being monotone increasing for
x € (x*,x.(7)) and monotone decreasing for x € (x.(7), +00). Moreover, writing
[x*] for the integral part of x*, we may break up the right-hand side of (53) as

+oo
> fk7)
k=2

[x*]+2 [xe(7)]—1 +00

= > fm)+ > fkn+ D fk+1,7) (56)
k=2 k=[x*]+3 k=[xc(7)]-1
[<"]+2 oo

< Y f(k,f>+/ dxf(x,7) + f(xe(T)], 7) + f(xe(T) + 1], 7).
k=2 [x*]+3

We now claim that the first term on the right-hand side of the preceding in-
equality satisfies the exponential decay estimate
x"]+2
Z f(k,7) < cgsexp [—caT] (57)
k=2

for some cg 5,c3 > 0. Indeed we have

[x*]+2

k= exp {—27’235 exp {—gk”
2
k=2

< 279([X*] + 1) exp [—27232/, exp [—g (x*] + 2)”

since 2 < k < [x*] 4+ 2, which is (57) with an obvious choice for cg s and cg as
[x*] depends only on .
As for the integral we have

+oo 6
/ dxx % exp [—27235 exp {—x”
[x*]4+3 2 2

8

Texp[- 5 (]+3)] 4 -0
= 05’5/ el (1n T> exp {—2Z3gy}
0 y
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following the same change of variables as in (52), for some cg 5 > 0. Therefore,
integrating by parts and using the fact that § > 1 to control the completely
integrated term we obtain, changing the value of cg s if necessary,

+oo
/ dxf(x,7) (58)

[x*]+3
Texp[fg([x*]jLS)] ’ 1-6
= cgsexp|—caT] + 6575/ dy (ln ) exp [72Z%y}
0 y 2

for some cg,ég,s > 0, thereby exhibiting the exponential decay of the first term
on the right-hand side. In order to extract the dependence in 7 of the second
term we start with

v

Texp[—g([x*]—&-S)] T 1-6
/ dy (ln ) exp {—QZ
0 y

JT 1-6
= / dy <ln T) exp {—2Zﬂy}
0 y 2

Texp[fg([x*]Jr?))] - 1-6
+/ dy (ln ) exp {72Z%y} ,
v y ¢

w‘g

which leads to the estimate

J7 1-5
/ dy (ln T) exp [—2Zﬁ y}
0 y 2
e 1-5 _ 1-5
< ¢ dy exp {fQZ%y} (InT)" " =cgs(n7) (59)
0

for the first term on the right-hand side where c5,c3,6 > 0. As for the second
term we get

Texp[— g ((x"]+3)] A\
/ dy (ln ) exp [—2Zﬁ y}
VT Y 2

T exp[— 5 ([x"]+3)] A\ 170 1
< / dy (ln ) exp |:72Zﬁ\/;
VT y 2
oxp[— 5 ("] +3)] 1\ 19 -
= / dy <1n ) T exp [—2Zﬁ\/?
B y z
v s
exp[— 5 (x"]+3)] 1\1¢ ]
< / dy <ln ) T exp {—2Z%\/;
0 y 2 -
= (g oTexp [—QZ¥ ﬁ} (60)

for some ¢35 > 0, the last improper integral being convergent. The combination
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of (58)-(60) thus leads to

/ o dxf(x,7) < cgs (In7) 0 (61)

[x*]+3

for some appropriate cg,s > 0.
It remains to estimate the last two terms on the right-hand side of inequality
(56). We begin by observing that (54) implies

Flxe(r),7) <x°(7) (62)

for every T € (0,+00), while (55) and the fact that x.(7) > x* for 7 sufficiently
large lead to
COT o L CAT

] J

exp [ )] =t

Since x* = 2, we may therefore change the value of cg if necessary and thus

obtain the lower bounds

2 CpT 1
X(T) 2 =In— > —1InT 63
CEETECES (63)
for the critical point, where the second inequality follows from the fact that we

C3T

may take % > /7 for 7 sufficiently large since % > 0. From (62) and (63) we
then get

F(xe(7),7) < cgs (In7)~°

for some suitably chosen cg,s > 0, so that arguing as in the proof of Statement
(a) we end up with

F(xe(r)],7) S egs (Inr) ™

and with an identical bound for f([x.(7)] 4+ 1,7). The substitution of this infor-
mation along with (57) and (61) into (56) then leads (47). W

REMARK. Throughout this article we carried out our computations with
transition rates given by (7) and (8) mainly for the sake of clarity and sim-
plicity. However, there are plenty of other choices for them that lead to similar
results, as long as they satisfy the detailed balance conditions (6). Furthermore,
as an illustration of our considerations we showed in Corollary 2 that even if
the quantum harmonic oscillator is initially steered away from thermodynamic
equilibrium due to its interaction with a heat bath at inverse temperature 5 > 0,
it will eventually return there at a rate which strongly depends on the decay
properties of the initial conditions (4), a result that is complementary to those
in Section 3 of [4].
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