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Abstract. We study the relaxation properties of the quantized electromagnetic field in a cavity
under repeated interactions with single two-level atoms, so-called one-atom maser. We improve
the ergodic results obtained in [BP] and prove that, whenever the atoms are initially distributed
according to the canonical ensemble at temperature 7' > 0, all the invariant states are mixing.
Under some non-resonance condition this invariant state is known to be thermal equilibirum
at some renormalized temperature 7™ and we prove that the mixing is then arbitrarily slow, in
other words that there is no lower bound on the relaxation speed.

1 Introduction

During the last years there has been a growing interest for the rigorous development of the
quantum statistical mechanics of open systems. Such a system consists in a confined subsystem
S in contact with an environment made of one or several extended subsystems R4, . . . usually
called reservoirs. The study of the dynamics of these open quantum systems is an important
topic due to its relevance in the description of several basic physical mechanisms of interest,
such as convergence towards a thermodynamical equilibrium state of onset of heat or particle
fluxes between reservoirs at different temperatures or chemical potentials for example. At the
same time, it is a very active field of present research in mathematical physics. One of the
reasons for this is to be found in the fact that the description of return to equilibrium or onset
of stationary states in open quantum systems appeals explicitly to the description in the large
time regime of the unitary dynamics of quantum systems and the effective dispersive effects
induced by the intrinsic properties of the reservoirs. Besides non trivial modeling aspects, the
mathematical analysis still represents a challenge for many physically relevant models. We
refer the reader to [AJP] and in particular [AJPP] for a modern introduction to the subject.

Motivated by several new physical applications as well as by their attractive mathematical struc-
ture, a class of open systems has recently become very popular in the literature: repeated inter-
action (RI) systems. There, the environment consists in a sequence &1, &, . . . of independent
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subsystems. The “small” subsystem S interacts with & during the time interval [0, 71[, then
with &, during the interval [y, 71 + 7[, etc... While S interacts with &,,, the other elements of
the sequence evolve freely according to their intrinsic (uncoupled) dynamics. Thus, the evolu-
tion of the joint system & + & + - - - is completely determined by the sequence 7, 7o, . . ., the
individual dynamics of each &,, and the coupled dynamics of each pair S + &,),.

In the simplest case, all the subsystems are identical, i.e. each &, is the copy of the same &,
and interact with S by means of the same coupling operator V' on S + &£ for the same duration
7. The dynamics restricted to the small system is shown to be determined by the map £ which
assigns ps(7) to ps, see , as the result of the interaction of S with one subsystem & for the
duration 7. Heuristically, from the point of view of the small system, all subsystems interacting
in sequence with S are equivalent, so that the result of n € N repeated interactions amounts to
iterating n times the map £ on the initial condition ps. This expresses the Markovian character
of repeated interactions in discrete time. As a consequence, spectral methods will be available
to perform the analysis of the exact dynamics restricted to states on the Hilbert space Hs of
the small system. Such models have been analyzed in [BJM1, WBKM] (see also [BJM2] for
a random setting). For a pedagogical introduction to RI systems, we refer the reader e.g. to
[BJM3]]. Let us also note here that when the dimension of Hs is finite the spectral analysis of
the map L is, in principle, straightforward. However, in case Hgs is infinite dimensional, as in
the present paper, it becomes much more delicate.

The physical situation which is perhaps the most tightly linked to the repeated interaction
models is that of the one atom maser [FJM| ICDG, MWM, WVHW, WBKM]|, and some of
its subsequent elaborations [DRBH, [G-al, RH, RBH]. Here, S is the quantized electromag-
netic field of a cavity through which a beam of atoms, the &,,, is shot in such a way that
no more than one atom is present in the cavity at any time. Such systems play a funda-
mental role in the experimental and theoretical investigations of basic matter-radiation pro-
cesses. They are also of practical importance in quantum optics and quantum state engineering
MWM, WVHW, WBKM., RH. [VAS|]. So-called “One-Atom Masers”, where the beam is tuned
in such a way that at each given moment a single atom is inside a microwave cavity and the
interaction time 7 is the same for each atom, have been experimentally realized in laboratories
[MWM, WVHWI.

In this paper we continue the mathematical analysis of a specific model of RI system describing
the one-atom maser experiment mentioned above and initiated in [BP] (the model is described
in Section [2). The first natural question is that of thermal relaxation (a question which has been
extensively studied when a small system S with a finite dimensional Hilbert space is coupled
to an ideal quantum gas, see e.g. [JP, BES, DJ, [EM]): is it possible to thermalize a mode of
a QED cavity by means of 2-level atoms if the latter are initially at thermal equilibrium? It is
proven in [BP] that the answer is positive but the relaxation was proven only in a mean ergodic
sense. Numerical simulations however indicated that such an ergodic average was not needed,
in other words the thermal equilibrium state of the cavity field (at a temperature dictated by
the one of the 2-level atoms) was not only ergodic but mixing. These simulations also showed
that the relaxation would be slow due to the presence of infinitely many meta-stable states, see
Section 4.4, The purpose of the present article is to prove these two facts. As in [BP], we
would like to emphasize that in our situation the Hilbert space of the small system S is not
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finite dimensional. Moreover, we do not make use of any perturbation theory, i.e., our results
do not restrict to small coupling constants.

The paper is organized as follows. The precise description of the model is given in Section 2]
In Section 3 we recall some of the important features of the model and state our main results
(Theorems [3.4] and [3.7). The proof of Theorem [3.4] will be found in Section 4 and the one of
Theorem [3.7]in Section

Acknowledgements. The author is grateful to V. Georgescu for fruitful discussions and to C.
Pellegrini for drawing his attention to reference [GvH]. This work was partially supported by
the Agence Nationale de la Recherche, grant ANR-09-BLAN-0098-01.

2 Description of the model

2.1 The Jaynes-Cummings Hamiltonian

The atoms of the beam are prepared in a stationary mixture of two states with energies £y < £}
and we assume the cavity to be nearly resonant with the transitions between these two states.
Neglecting the non-resonant modes of the cavity, we can describe its quantized electromagnetic
field by a single harmonic oscillator of frequency w ~ wy = E; — Ej.

The Hilbert space of the cavity field is Hs = (*(N) = ", (C), the Bosonic Fock space over C.
Its Hamiltonian is

Hs =wN = wa*a,

where a*, a are the creation/annihilation operators on H s satisfying the commutation relation
[a,a*] = T1and N is the number operator. Normal states of S are density matrices, positive trace
class operators p on Hgs with Trp = 1. As in [BP], these are the only states we shall consider
on S. Therefore, in the following, “state” always means ‘“normal state” or equivalently “density
matrix”. Moreover, we will say that a state is diagonal if it is represented by a diagonal matrix
in the eigenbasis of Hg.

The Hilbert space for a single atom is H¢ := C? which, for notational convenience, we identify
with I'_(C), the Fermionic Fock space over C. Without loss of generality we set £y = 0. The
Hamiltonian of a single atom is thus

Hg = wob*b,

where b*, b denote the creation/annihilation operators on H¢. Stationary states of the atom
can be parametrized by the inverse temperature 5 € R and are given by the density matrices
pp.e = e PHe [Ty e=Plle,

In the dipole approximation, an atom interacts with the the cavity field through its electric
dipole moment. The full dipole coupling is given by (A/2)(a+a*)®(b+b*), acting on Hs@H.¢,
where A € R is a coupling constant. Neglecting the counter rotating term a ® b+ a* ® b* in this
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coupling (this is the so called rotating wave approximation) leads to the well known Jaynes-
Cummings Hamiltonian
1
H=Hs® g+ 1s ® He + \V, VE§(a*®b—|—a®b*),
for the coupled system S + &£ (see e.g., [Ba, ICDG, Dul]). The operator H has a distinguished
property which allows for its explicit diagonalisation: it commutes with the total number oper-
ator
Ntot =a"a + b*D. (21)

The rotating wave approximation is known to be in good agreement with experimental data as
long as the coupling is small, |A\| << w, and the detuning parameter A := w, — w satisfies
|A| << min(w, wp).

2.2 The one-atom maser model

Given an interaction time 7 > 0, the system S successively interacts with different copies of the
system &, each interaction having a duration 7. The issue is to understand the asymptotic be-
havior of the system S when the number of such interactions tends to +oo (which is equivalent
to time ¢ going to +00). The Hilbert space describing the entire system S + C is then

H:: HS@HC, HC ::®H‘Sn7

n>1

where Hg, are identical copies of He. During the time interval [(n — 1)7,n7), the system
S interacts only with the n-th element of the chain. The evolution is thus described by the
Hamiltonian H,, which acts as  on Hs ® Hg, and as the identity on the other factors Hg, .

Remark 2.1 A priori we should also include the free evolution of the non-interacting elements
of C. However, since we shall take the various elements of C to be initially in thermal equilib-
rium, this free evolution will not play any role.

Given any initial state p on S and assuming that all the atoms are in the stationary state pg ¢,
the state of the total repeated interaction system after n interactions is thus given by

efi‘an L efiTH1 <p ® ® pﬁ,é’) eiTHl L eiTHn.

k>1

To obtain the state p,, of the system S after these n interactions we take the partial trace over
the chain C, i.e.,

Pn = TrHc

e—’iTH7L . e—iTH1 <p ® ®,0/3,5> eiTH1 . eiTHn] )

k>1
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It is easy to make sense of this formal expression (we deal here with countable tensor products).
Indeed, at time n7 only the n first elements of the chain have played a role so that we can replace

®k21 pp.e by p(ﬁng» = @);_, ps.c and the partial trace over the chain by the partial trace over

the finite tensor product Hén) =Q_, He,-

The very particular structure of the repeated interaction systems allows to rewrite p(n) in a
much more convenient way. The two main characteristics of these systems are:

1. The various subsystems of the environment do not interact directly (only via S),
2. The system S interacts only once with each subsystem &,,, and with only one at a time.

It is therefore easy to see that the evolution of the system S is Markovian: the state p,, only
depends on the state p,,_; and the n-th interaction (see [AJ, [BIM1, [BP]). More precisely, we
have

pn = Ls(pn-1),

where
Ls(p) = Try, e ™ (p@pse)e™]. (2.2)

Definition 2.2 The map L defined on the set J1(Hs) of trace class operators on Hs by
is called the reduced dynamics. The state of S evolves according to the discrete semigroup

{L% | n € N} generated by this map:

In particular, a state p is invariant iff Ls(p) = p.

Note that L3 is clearly a contraction. To understand the asymptotic behavior of p,,, one has to
understand its spectral properties and in particular its peripheral spectrum sp(£Lz) N S*.

Remark 2.3 When the atom-field coupling is turned off, the reduced dynamics is nothing but
the free evolution of S, i.e. Lg(p) = e "™Hs pe'™s_ Thus, for X = 0, the spectrum of L is pure
point

sp(Lp) = spyp (L) = {7 [d € Z}.

This spectrum is finite if Tw € 2w Q and densely fills the unit circle in the opposite case. In both
cases, all the eigenvalues, and in particular 1, are infinitely degenerate: one has, for any n,

Ls(|n)(n +d|) = ™ n)(n +d|.

This explains why perturbation theory in \ fails for this model. As we shall see, this spectrum
will actually survive after turning on the coupling, i.e. for any A one has {e™?|d € Z} C
sp(Lg), even though only 1 stays as an eigenvalue.

Remark 2.4 A similar model has also recently been studied in [NVZ]], with a coupling operator
of the form'V = (a + a*) ® b*b. The latter has the advantage to leave invariant the state of the
atom and therefore leads to more tractable computations.
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3 Mixing properties of Lg

3.1 Rabi resonances

An essential feature of the dynamics generated by the Jaynes-Cummings Hamiltonian are Rabi
oscillations. In the presence of n photons, the probability for the atom to make a transition from
its ground state to its excited state is a periodic function of time. The circular frequency of this
oscillation is given by v, := v/ A?>n + A2 where A = wy — w is the detuning parameter, a fact
easily derived from the propagator formula (4.1I) below. These oscillations are at the origin of
what was called a Rabi resonance in [BP]. Such a resonance occurs when the interaction time
T is an integer multiple of the period of a Rabi oscillation, i.e. 7 = k:?/—: for some k£ € N. In
terms of the dimensionless detuning parameter and coupling constant

(AT 2 ¢ = A\’
= \or ) Co\2r /)
a positive integer n is a Rabi resonance if
En+n =k, (3.1

for some positive integer k. Depending on the arithmetic properties of 1 and & one easily
proves ([BP]], Lemma 3.2) that the system has either no, one or infinitely many Rabi resonances.
Accordingly, the system is called non-resonant, simply resonant or fully resonant.

If R(n, &) denotes the set of Rabi resonances, the Hilbert space H.s has a decomposition

U — @Hék)’
k=1
where r — 1 is the number of Rabi resonances, Hfgk) = (?(I;) and {I, |k = 1,...,7} is the

partition of N induced by the resonances. Hfgk) is called the k-th Rabi sector, and P}, denotes
the corresponding orthogonal projection.

Example 3.1 An infinite number of resonances can occur only if n and & ar both rational. For
example in a perfectly tuned cavity, i.e. 1 = 0, and if ¢ = a /b is the irreducible representation
of &, it is easy to see that n = abj? is a resonance for any j € N.

3.2 Ergodicity

In [BP] we investigated the ergodic properties of the map Lz and of its invariant states. For
any density matrix p, we denote the orthogonal projection on the closure of Ran p by s(p),
the support of p. We also write 1 < p whenever s(u) < s(p). A state p is called ergodic,
respectively mixing, for the semigroup generated by £5 whenever

1 .
]&glgoﬁ ;Tr (L5(p) A) =Tr(p A), (3.2)
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respectively
lim Tr (Lj(u) A) = Tr(p A), (3.3)

n—oo

holds for all states 1 < p and all A € B(Hs). p is exponentially mixing if the convergence in
(3.3) is exponential, i.e., if

[Tr (£3(1) A) — Te(p A)| < Cape™",

for some constant C'y , which may depend on A and 1 and some o > 0 independent of A and
1. A mixing state is ergodic and an ergodic state is clearly invariant.
For 5 € R we set §* := fwp/w and to each Rabi sector Hék) we associate the state

® e*ﬁ*HSPk _ e*ﬁwoNPk
Poes =y e~BHspP, — Tre BwNp,’

The following theorem is (part of) the main result of [BP]. It relies on the analysis of the
peripheral eigenvalues of L.

Theorem 3.2 [BP] 1. If the system is non-resonant then Lz has no invariant state for 3 < 0

—B*Hg

e .

Tr o Fls for B > 0. In the latter case any initial state
re”

relaxes in the mean to the thermal equilibrium state at inverse temperature 3*.

and the unique ergodic state pg« s =

2. If the system is simply resonant, then Lg has the unique ergodic state ,0(51*)’ sifB<0andtwo
ergodic states p(ﬁl*)’ S ,0/(62*)7 sifB>0.

3. If the system is fully resonant then for any 3 € R, Lg has infinitely many ergodic states
P e k=12 ..

4. If the sector Hfgk) is finite dimensional the state péﬁ{ s is exponentially mixing.

Remark 3.3 [. Notice the renormalization factor § — [* = fwy/w when the detuning A =
wo — w is non-zero. This comes from the fact that this is the total number operator Ny, =
a*a—+ b*b which is invariant under the interacting dynamics and not the free energy Hs + He =
wa*a + wob*b, unless A = 0. Although the mathematical results are valid for any values of
the various parameters, one should keep in mind that the Jaynes-Cummings hamiltonian makes
use the rotating wave approximation which is in agreement with experimental data only when

|A| << min(wy,w). In particular the ratio %o shall be close to 1 and hence [* ~ .
w

2. Assertion 3 says that if the initial state p is supported on the k-th Rabi sector then Eg(p)
converges in the mean to the “local” thermal equilibrium of that sector. In other words, the
cavity splits into independant sectors, each of them having the property of return to equilibrium.
When 3 < 0, i.e. the atoms are prepared in such a way that they are more likely to be in the
excited state, this leads to an inversion of population in each Rabi sector.

3. That a fully resonant system possesses infinitely many invariant states is not new. If the atoms
are intially in the excited state, which amounts to take 3 = —oo, the corresponding invariant
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states are pure Fock states. Such a procedure to prepare Fock states has been proposed and
realized experimentally in [WVHW|, see also [FFJM2].

4. A slight variation of the parameters, like the detuning parameter 1, may change the situ-
ation from fully resonant to non-resonant. In the latter case, although there is no resonance
and hence no independant Rabi sectors, so-called quasi-resonances exist (see Section[5.1|and
[FIM?2|]) and almost independant sectors emerge. Their corresponding “local” thermal equi-
librium states are the metastable states mentionned at the end of Section [I| (see also Section
[5.1). For a finite number of interactions the behavior is then nearly indistinguishable from a
resonant one.

Numerical experiments support the conjecture that actually even in infinite dimensional sectors
the ergodic states are mixing. Moreoever the map L3 has an infinite number of metastable
states in the non-resonant and simply resonant cases (see Section 4.5 in [BP] and Section [5.1]).
As a result one expects slow, i.e. non-exponential, mixing. The purpose of the present paper is
to prove these two facts:

1. all the ergodic states are mixing,
2. if the sector ’Hék) is infinite dimensional then p(ﬁk*),g is slowly mixing.

3.3 Mixing

From now on, we will only consider the non-resonant case. In the simply resonant case, to

prove that the invariant state pg*) s 1s (slowly) mixing, it suffices to consider the restriction of

L3 to the second Rabi sector, i.e. to J; <7—[§52)>, and we then come back to a non-resonant
situation. Our main result is

Theorem 3.4 Suppose the system is non-resonant and let 3 > 0. Then for any initial state p
one has

lim ||£%(p) — pges||, = 0. (3.4)

n—o0

In particular, the unique invariant state pg- s of Lg is mixing. In other words, any initial state
relaxes to the thermal equilibrium state at inverse temperature (3*.

The ergodic properties obtained in [BP] rely on the analysis of the peripheral eigenvalues of the
operator Lg. The main obstacle to the proof of mixing is the lack of information concerning
the peripheral spectrum of the operator £3 (only information about peripheral eigenvalues were
obtained). We briefly sketch here the strategy, the detailed proof is given in Section ]

The idea will be to consider the dual map (£3)* on B(Hs), actually the dual map in the interac-
tion picture (see , and, following [CFE, (GvH], consider its representation L in the following
embedding of B(Hs) into the space J>(Hs) of Hilbert-Schmidt operators:

O B(Hs) > X = pll'sXpilts € Ta(Ms),
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i.e. Ly is such that Lg (®(X)) = @ (L(X)).

We prove in Section that L extends to a contraction on J>(Hs). As a consequence of
the conservation law [H, Ni,t] = 0, Lg is gauge invariant with respect to the gauge group
e N . 6N and we show in Section [4.3|that it leaves invariant the subspaces

«72(d)(7'l$) ={X € B(Hs) |e N XN = X forall § € R},

and analyze separately the spectrum of Lg on each of these subspaces. The restriction Lg))

of Lg on jg(o) (Hs) is studied in Section We show that it is self-adjoint and satisfies

—-1l<ac< Lg)) < 1. Then for any d we prove in Section |4.5|that its restriction on jQ(d)(”HS)

can be written as a compact perturbation of Lg)) (up to considering both operators as acting on

(*(N)). As a consequence, except maybe at 1, the peripheral spectrum of L(ﬂd) consists only

in peripheral eigenvalues. We then rule out such peripheral eigenvalues as in [BP] using the
following Perron-Frobenius type theorem due to Schrader ([Sch], Theorem 4.1)

Theorem 3.5 Let ¢ be a 2-positive map on Jo(H) such that st(¢) = ||¢||. If X is a peripheral
eigenvalue of ¢ with eigenvector X, i.e. p(X) = A\X, X # 0, |\| = sr(¢), then | X| = vV X*X
is an eigenvector of ¢ to the eigenvalue r(¢): ¢(|X|) = r(¢)| X].

We use these spectral information to derive mixing properties of L in Section {.6| and finally
deduce similar mixing properties for the operator L3 in Section Our main tool to go from
the spectrum of Lg to its mixing properties is the following theorem due to Badea, Grivaux and
Miiller [BGMI].

Theorem 3.6 Let Z be a Banach space and T € B(Z) a power bounded mean ergodic op-
erator with spectrum sp(T) included in D U {1}, where D denotes the open unit disk in the
complex plane. Then the sequence of iterates I is strongly convergent to the projection onto

ker(T' — 1) along Ran(T — 1).

This theorem is actually an almost immediate consequence of a celebrated theorem due to
Katznelson and Tzafiri [KT] which asserts that if 7" is a contraction on a Banach space then
lim |7 — T"*!| = 0 if and only if sp(7) N S* C {1}.

n—oo

3.4 Arbitrarily slow mixing

The next question concerning the mixing properties of L is that of the speed of convergence in
@. As mentioned in the previous section, there is numerical evidence that this convergence
is slow which is due to the presence of an infinite number of metastable states with arbitrarily
large life-time. We shall give partial information in this direction, showing that not only the
mixing is not exponential but that there is no lower bound on the speed of convergence.

In order to state our result about the slowness of convergence in (3.4)), we introduce the notion
of arbitrarily slow convergence. Following [BGM], if T" is an operator such that 7" — T, in
the strong sense, we shall say that it satisfies
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(ASC) If for any sequence (€, ), of positive numbers such that lim ¢,, = 0 there exists a vector
x and a linear form ¢ such that for n large enough

(o, T"x — Toow)| > e€n. (3.5)
(ASC) stands for arbitrarily slow convergence and corresponds to condition (ASC3) in [BGM].

Theorem 3.7 Suppose the system is non-resonant and let 5 > 0. Then Lz satisfies (ASC).
More precisely, for any sequence (€,),, of positive numbers such that lime,, = 0, there exists
an initial state p, an observable A, C > 0 and ny € N such that,

|Tr (L%(p) A) — Tr (pps A)| > Cen, Vn > ny. (3.6)

The above theorem precisely says that there is no lower bound on the convergence speed in
Theorem [3.4) and in particular that the mixing is not exponential. It is still an open question to
get an upper bound on this convergence speed.

Remark 3.8 As mentioned in [BP|], Theorem implies in particular decoherence in the en-
ergy eigenbasis of the cavity field. We will see on Section[5.2]that this decoherence too can be
arbitrarily slow.

4 Proof of Theorem 3.4

4.1 Gauge invariance and Kraus representation of Lz

It follows from its definition, see (2.2)), that the map L is a trace preserving completely positive
map on J;(Bs).

Denote by |—) and |+) the ground state and the excited state of the atom £. This orthonormal
basis of H¢ allows us to identify H = Hs @ He with HgPBHg. Using the fact that H commutes
with the total number operator N, (recall (2.1)), an elementary calculation shows that, in this

representation, the unitary group e =" is given by
‘ e*i(TwN*i’TW]l/Q) C(N) _iefi(TwN+7rn1/2)S(N> a*
e T — , 4.1
1efi(rw(N+1)+7r171/2)S(N + 1) a e—i(TW(N+1)+7T771/2) C(N + 1)*
where
sin(mv/EN + 1) 12 SIL(mVEN + 1)
C(N) := cos(m\/EN + n) + in'/? . S(N):=¢Y , (4.2)
VEN +1 EN 41

with the convention sin(0)/0 = 1 to avoid any ambiguity in the case n = 0. Let wg(o) =
(o] pg|a> = (1 + e?P«0)~! denote the Gibbs distribution of the atoms. The defining identity

(2.2) yields
La(p) =Y (o'l |o)ws(0)p(ole™|0") ZVJ oV o (4.3)

o,0’
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where the operators V., are given by

V. = wg(—)l/Q e—im;N C(N), V_+ — wﬂ(_'_)l/Q e—iTwN S(N) a*’
4.4)
Vio =ws(—)"2e ™ N S(N +1)a, Vif =ws(+)?e ™NC(N +1)".

The above formulas give an explicit Kraus representation of the CP map L3, see e.g. [K, [Sch,
St]. Using the facts that [H, Niot| = [He, psc] = 0, one also easily shows from the definition

(2.2) that _ _ ' .
[’B(eflaNXeﬁN) — efleNﬁﬁ(X>619N’ (45)

holds for any X € J;(Hs) and 6 € R.

4.2 The J, embedding: the operator Lg

As we mentioned, we shall not directly study the peripheral spectrum of Lz but the one of a
closely related operator Lg (the representation in J>(#s) of the adjoint of £ in the interaction
picture) which we now describe more precisely.

Introducing the non-interacting evolution operator
u(p) — e—iTngeiTHs — e—inNp einN’ (46)
we define the reduced dynamics in the interaction picture as
Ls:=LzolU™" 4.7)

Using (4.5) we get . .
p=LiolU™ =UT"oL] (4.8)
for any n.

Let /3; denote the adjoint of £z w.rt. to the duality (A|p) = Tr(Ap). The map /32} acts on
B(Hs), i.e. on observables. The map Eg is also a CP map whose Kraus representation is given
by

Ly(A) = Vi, AV, (4.9)

where V., = €NV, for any o, o’
Consider now the following embedding of B(Hs) into J2(Hs):

©: B(Hs) 3 A pillsApills € To(Hs). (4.10)
Since pg- s > 0, ® is injective and on Ran(®P) we define Ls by

Lg (®(A)) := @ o L3(A). (4.11)

In the sequel we shall simply write > for Jo(H.s).
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Lemma 4.1 The operator Lg extends to a contraction on [Js.
Proof. Let X = ®(A) € Ran(®P) so that Lz(X) =P o EE(A). For any Y € J, we have

(Y, Lp(X)) 7,
= TI‘S [Y*LE(X)]

= Trs [Y*péﬁ%SZE(A)pEGS]

= Trs [ﬁg(e”Hs péﬁ%SY*péi%se_”Hs )A}

— Trsge [ o—irH <p%ilsesty*e—irHsp%4:S ® pg,g) o™ (A g Ilg)}

= e [ (il ) (e e e @ ) (s @ ) 7 (A5 1)
= Trsee -<P;{f,1$ ® p;/;l) e iTH (eiTHSY*efiTHS ® P;/‘g) oiTH (P;{*%SA ® p;/gﬂ

= o [ (e ) oo (X0 1)

where we have used (4.10)-(@.T1) in the second equality, the cyclicity of the trace and (4.6)-
—Bwo Ntot
li in the third one, li in the fourth one, the fact that pg- s ® pge = c

Tr (e—ﬁwoN:ot)
“H in the fifth one, and the cyclicity of the trace again in the last one.

commutes with e

Therefore, since ¢/™’s and ¢/ are unitary, we have for any Y € 7,
Y, Ly(X < |eitfsye=iHs g pl/2 x HX ® p2
¥ LX)l < PBE| 7, sente) Poel 7y msome)

1/2
1Y | ares) > 1 X zamas) % 05 212 20e)
= Y lmas X Xm0,

and hence ||Lg(X)||zos) < | X (2s)- The operator Lg defines a contraction on Ran(®)
and thus extends to a contraction on /5. O

Note that Ran(®) is dense in J» (it contains all finite rank operators since pg- s is faithful) so
this extension is actually unique.

It now easily follows from (4.4), (4.9) and (#.11]) that
Lo(X) =) V3 XV, VX €, (4.12)

where the operators V.., are given by

14 L o = s
i — ) -+ = a,
V' Zs V23
4.13)
N e—Bwo/4 . —Buwo/2
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with ZB = Tr(pg’g) =1+ e_ﬁ“’o.

In particular Lg is also a CP map and the above formula gives a Kraus representation for it.

Moreover, since L is trace preserving one easily gets that ,0;425 is an invariant state of Lg

so that sr(Lg) = ||Lg|| = 1 where sr denotes the spectral radius. Note also that V* ;=

‘7+_ so that Lg is self-adjoint on J» if C'(IV) is self-adjoint on Hs, which is the case when
the detuning parameter 7 vanishes (perfectly tuned cavity). In that case the analysis of the
peripheral spectrum of Lg is particularly simplified. In the general case, Lg will more or less
be a compact perturbation of a self-adjoint operator (see Lemma[4.6).

4.3 Gauge invariance of Lz and action on diagonal elements

Let

D) = {X € To(Hs) | e N XN = %X forall § € R},
(it is the set of bounded operators X on Hs = ¢*(N) which, in the eigenbasis of Hgs, have
the form X = Y z,|n)(n + d| with 3, |z,|2 < 00), so that Jo(Hs) = Baez TV (Hs).
It follows directly from the gauge invariance of the map Lz, see (4.5)), that L is also gauge
invariant (this is also clear from its Kraus representation (4.12)-(@.13)). It therefore leaves the
subspaces jQ(d) (Hs) invariant and hence admits a decomposition

L =Ly

deZ

In this section, we analyze the action of Lg on diagonal elements of 5, i.e. the operator Lg)).

Denoting by z,, the diagonal elements of X € 7.° we can identify 7. with ¢2(N), and we
immediately get from the Kraus representation (4.12)-(4.13)) that

(E92), = o | (co(my/En ) + e 5 cos’(my /G + 1) 77))
B
sinz(wm) —Bwo /2
(VT (1, 4 ot )
in + 1 + —pw —pPwo

Following [BP], to rewrite this expression in a more convenient form we introduce the number
operator
(Nz), = nw,,

as well as the twisted finite difference operators

forn =0,

_ ) Zo * e a—Bwo/2
(Vﬂiﬁ)n T { T, — e—ﬁw0/2xn71 for n. > 17 (Vﬁx)n = Tp S Tn+1,
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on /%(N). A simple algebra then leads to

LY =1 V5D(N)V5, (4.14)

where . N
D(N) := — sin*(7\/éEN : 4.15
(N) ZBSIH(W 3 +n)§N+n (4.15)

Note in particular that Lg)) is self-adjoint.

4.4 Spectral analysis of L(ﬂo)

The first result concerning the operator Lg)) follows quite immediately from (4.14)-(4.15

Lemma 4.2 The operator L(ﬁo) satisfies

e~ wo/2

_ e (0)
1< T o o <Ly’ <1, (4.16)
and 1 is a simple eigenvalue, with eigenvector p;/zs
Proof. 1. It follows directly from ll that 0 < D(N) < He%ﬂwo so that
1 v, <9< 4.17)
1 +eboo BYF =75 =" '

One then computes V5V 3 = —e P2 A 4 (1 + e7Pw0), where (Ax),, = Tpp1 + T, is the
discrete Laplacian on ¢?(N) with Dirichlet boundary condition, so that

V5V < 2e M0 41 4 e7F0,

Combined with @.17) we get (4.16).

2. X is an eigenvector for the eigenvalue 1 if and only if V3 D(N)VzX = 0. Since Vj is
clearly injective we thus have D(N)V3X = 0. It follows from and that D(n) =0
iff n is a Rabi resonance. Since we are in a non-resonant situation D(N) is injective as well.
We end up with

VeX =0 <= X = Ce P0N2 = pl2,

1.e. 11s a simple eigenvalue with pé/fs as eigenvector. O

The above lemma will be sufficient to prove that L is mixing, i.e. Theorem4.9} By mimicking
the proof of Lemma[5.5] we can actually also prove the following

Proposition 4.3 1 is in the essential spectrum of Lg)).
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Such a result would be usefull to prove that Lg is slowly mixing. We shall however directly
prove that L3 is slowly mixing without using a similar property for Lg.

Remark 4.4 The nature of the spectrum of L/(BO) plays no role in our mixing results. However
it follows almost immediately from the same argument which leads to Proposition that this
spectrum is purely singular. Let

LYy =1 — V5Do(N) Vs,

where Do(N) is defined as in . Then L L(ﬂoz) is a trace class operator. Decomposing
(%(N) as ?(N) = @0 ({my, . . mk+1 - 1}) where the m/.s are defined in (5.1)) it is easy to
see, using Dy(my,) = 0 for any k: that LB o leaves each 62({mk, ..., Mgy1 — 1} invariant. Since
all these subspaces are finite dimensional the spectrum of Lo 0 is actually pure point. By trace

class perturbation, see e.g. Sect. X.4. in [K|], the spectrum of LY 3 ) is indeed purely singular.
We however do not know the precise nature of this spectrum.

4.5 Spectral analysis of L(ﬁd)

We shall further use the spectral results about the operator L(ﬁo)

operator L/(Bd)

to get information about the

for arbitrary d € Z. The goal of this section is to prove

Proposition 4.5 For any d # 0, sp( ) NS = {1} and 1 is not an eigenvalue.

Denoting by z,, the coefficients of X € J.¥, ie. X = >, Tn |n){n + d| (the sum starts
at max{0, —d}), we can identify jQ(d) with ¢*(N), and we immediately get from the Kraus

representation (#.12))-(@.13) that

(L), = Ziﬁ [(Wc(n vd) +e P Cm+1)Cn+ 1+ d)) z

+e 02\ /n(n +d) S(n)S(n + d)zn_

e P02 [iny ) (n+d+1)S(n+ 1)S(n+d+ 1)%1} .

where C'(n) and S(n) are defined in (4.2). A simple algebra leads to

1 * —bw *
LY = Z—B[O(N) C(N +d) +e ™ C(N +1)C(N +d +1) (4.18)

+S(N)*S(N + d)(1 = Vg) + (1= V5)S(N)'S(N +a)
where N,V and V7 are as in Section 4.3/ and S(N) = \/NS(N).

Via this identification, we can consider that both L ) and LY 3 ) act on (2 (N). An easy calculation
shows that C(n+d)—C(n) = O (n="/?) and S(n—l—d) S(n) = O (n~'/). Since the operators
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C(N), S(N) and V are bounded we get from (4.14), (4.18) and the fact C'(N)*C(N) +

S
S(N)*S(N) = 1 the following
Lemma 4.6 For any d € Z, the operator L(ﬁd) — Lr(BO) is compact.

As a consequence spess(L(ﬂd)) = spess(L(ﬁO)), and in particular

—Buwo/2
(d) _ 2e
le Spess(‘LB ) - |: 1 +e_5w071:| )
so that sp(L/(Bd)) NSt ={1}u (Spdisc(L,(Bd)) ns 1). The following Lemma shows that Lgi) does
not have eigenvalues on S* for d # 0. This completes the proof of Proposition

Lemma 4.7 The only peripheral eigenvalue of Ls is 1 and it is simple, with invariant vector
p;/*?s € .72(0). In particular spdiSC(Léd)) NSt = 0 for any d # 0.

As we mentioned in Section[4.2] L is a completely positive operator with st(Lg) = || Lg|| = 1

so we can apply Theorem [3.5]

Proof of Lemma Let 0 € Rand X € J, such that Lg(X) = e?X. According to
@3

the decomposition (4.3)), it suffices to consider X € jQ(d). By Lemma we only need to

consider d # 0.
Note that X* € jQ(fd) satisfies then Lg(X*) = e *X* so that, by Theorem _ both Y =
VX*X € j2(0) and Z = VXX* € J5(0) are invariant vectors. It follows from Lemma

that Y and Z are proportional to P}J/*is > 0. Since either Y (if d > 0) or Z (if d < 0) has a
non-trivial kernel, this proves that either Y or Z is zero and hence X = 0. O

Remark 4.8 The same reasoning applies to the operator L} and, since Lg)) is selfadjoint,

shows that
ker(Lj — 1) = ker (Lg)) — ]1) = (C,O};(fs.

4.6 Mixing properties of Lz

The purpose of this section is to prove the following

Theorem 4.9 The iterates of Ls converge strongly to \péﬂs) (p;ﬂs , Le.
lim L%(X) = Tr <p1{? X) 2 VX € J. (4.19)
n—00 p p*.s B,

Our main tool is Theorem Although, for any d € Z, sp (Lgd)) C DU {1} we do not have

such an inclusion for Lg: sp(Lg) = Ugezsp (L(Bd)> and we may have eigenvalues of ng) which

accumulate toward the unit circle when d becomes large. We shall bypass this issue using the
following approximation argument
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Lemma 4.10 For any X € Jo(Hs), there exists (Xy)x such that

Xe € I = @ IO (M)

d<k
and lim X = X in Jo(Hs).
k—o00
Proof. If X =} xun|n)(m| € Jo, it suffices to take Xy := 37 o) Tom|n) (m]. 0

Proof of Theorem 4.9,  First note that since Ly is a contraction on the Hilbert space 5, the
von Neumann mean ergodic theorem asserts that

L
—lim—S L1 =P
where P is the projection onto ker(Lg — 1) along Ran(Lg — 1) = (ker(Lj — ]1))% By Lemma
and Remarkwe have ker(Lg — 1) = ker(Lj — 1) = Cp;{fs so that P = ]p;/zsﬂp;ﬂs :
We will prove (4.19) for X € @‘ dl<k \72(‘1) (Hs) where k € N is fixed. The result then follows

from Lemma [4.10]since the left hand side of (#.19) is continuous in X uniformly in n while
the right-hand side is continuous in X.

For any given £, ‘72(9“) is a closed invariant subspace for Lg and

sp(Lg| g=0) = Ujai<ksp (L(gd)> ;

so that, using Lemma#.2]and Proposition 4.3} we have
Sp <L,3 (‘72(319)) cbu{1}.
We can therefore apply Theorem which proves 1) if X € j2(§k)_ 0O

Remark 4.11 One can also prove that the mixing is slow, i.e. Lg satisfies (ASC). Indeed, since
1 is a simple eigenvalue and belongs to the essential spectrum of Lg one has

ST (LIB (Ran(LB—Il)) =1

so that, by Theorem[5.1] Ly satisfies (ASC).

4.7 Proof of Theorem 3.4

Since L is a contraction and finite rank operators are dense in J;(Hs) it suffices to prove
the result for initial states p which are finite rank operators. Then, because the non-interacting
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evolution U/, see (4.6), preserves the trace norm, using (#.8)) and the fact that ps- s is U-invariant,
it suffices to prove that

lim jég(p) _ pﬂ*,SHI —0. (4.20)

n—o0

Moreover, because £ 3 1s a completely trace preserving map and p is a state, one has for any n

and in particular lim HENg(p) H = ||pg+.s||;- To prove (4.20) it therefore suffices to prove that,
n—oo 1
see [S],

50|, =1 (£500)) = 1= los-sln,

1

lim Tr [ﬁg(p)A} = Tr[pssA]l, VA€ B(Hs). 421

n—oo

Let therefore p be an initial state with finite rank and A € B(Hs). We have
An ~1/a  —1/4 Ax\n
Tr [ﬁﬂ(p) X A] - T [pﬁ,},{g Py x @0 (L) (A)]
= T 5 posts x Li(@(4))]

where we used the cyclicity of the trace in the second line (p;/; ppg*lg is a well defined trace

class operator since p has finite rank and pg- s > 0). By Theorem[#.9] we thus have

lim Tr [ﬁg(p) X A} = Tr [pg*lg pp[;}’{;l X ,02;{«23] x Tr {PEQS‘I)(A)} = Trlpp-s4],

n—oo

which proves (4.21)).

Decomposing an element X € Ji(Hs) as X = X, — X, - +1(X; 1 — X; ), with X, ; 1
positive, one then actually gets

Corollary 4.12 Under the hypotheses of Theorem s—1limLj = L on Ji(Hs) where
n—oo
LF(X) = Tr(X)ppe 5.

5 Proof of Theorem

Besides the notion of arbitrarily slow convergence, the authors of [BGM] also introduce the
notion of quick uniform convergence (QUC) if there exists C' > 0 and o €0, 1] such that
|T" — T || < Ca™ for all n. Note that the latter implies in particular exponential mixing. The
main ingredient in the proof of Theorem [3.7|is the following result due to Badea, Grivaux and
Miiller [BGMI].
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Theorem 5.1 Let Z be a Banach space which contains no isomorphic copy of COEI and T €
B(Z) such that the sequence of iterates T" is strongly convergent to T € B(Z). Then the
following dichotomy holds: T satisfies either (QUC) or (ASC). Moreover (QUC) holds if and

OI’lly l'fSI' <T (m) <1

Remark 5.2 The necessary and sufficient condition for (QUC) is not stated in this form in
[BGM|] but it appears explicitly in the proof of their theorem.

We shall apply Theorem [5.1/to T = L acting on Z = J1(Hs). Note that J;(Hs) indeed
contains no isomorphic copy of ¢y. We then have to prove that the initial vector in 71 (Hs) such

that (3.5) holds can be chosen as a state.

5.1 Block structure and essential spectral radius of Lz

Since the operator L3 is gauge invariant, see (4.5)), it can be decomposed in a similar way as
Lg. If

jl(d) (Hs) = {X € Ji(Hs)| eV XN = %X forall § € R},

L leaves Jl(d) (Hs) invariant and thus admits a decomposition

Ls=PcLy

deZ

In view of Theoremwe are interested in the spectral radii of the E(ﬁd) restricted to Ran(ﬁgd) —1).
In this section we prove the following

Proposition 5.3 Forany d € Z, ¢ € sp_, (Eéd)). As a consequence, for any d € 7,

(d) —

Remark 5.4 For any d € 7Z, ™ € sp,.(Ls). In particular, as mentionend in Remark
2.3} the spectrum of the uncoupled reduced dynamics operator survives when one turns on the
interaction.

As in Section 4| we shall first obtain information on £(ﬁo) and then derive information for C/(Bd),
d # 0.

Lemma 5.5 1 € sp, (/j(ﬁo))

I'co denotes the Banach space of complex sequences which converge to 0 (endowed with the £>° norm).
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From its Kraus representation l)li and up to identifying jl(o) (Hs) with ¢! (N), one gets
an expression similar to (4.14) for ﬁg)):

LY =1— ViD(N)Vas.

Remark 5.6 From the above formula one may, at least formally, write £(ﬁ0) as

EE;O) _ e—ﬁwoN/QLg))eBWON/?_
This explains the origin of the embedding ® used in Section

We shall prove that Ego) is actually a compact perturbation of an operator which has 1 as an
infinitely degenerate eigenvalue. For that purpose we recall the notion of Rabi quasi-resonance
introduced in [BP] and already mentioned in Section[3.2]

Definition 5.7 We say that m € N* is a Rabi quasi-resonance if it satisfies D(m) < D(m=£1).

Let (my)ren be the strictly increasing sequence of quasi-resonances. It is straightforward to
show that
D(my) =O0(k™%) as k — oo. (5.1)

Proof of Lemma Let

ifn € {my,mo,...},

0
Dy(n) = { D(n) otherwise, (52)

and
L) =1~ V;Do(N)Vas.

It immediately follows from (5.1)) that the operator D(N') — Do(N) is compact. Since Vo5 and
V§ are bounded we get that

T = Ego) — ﬁg?z],
is a compact operator as well.

A similar argument to the one of Lemma [.2] (see also [BP], Section 4.5.3) shows that 1 is an
infinitely degenerate eigenvalue of Eg),% with corresponding (normalized) eigenvectors

e‘ﬂwONﬁk
Pk = ~\
Tr <e—5w0NPk>
where P, denotes the orthogonal projection onto ¢2({0, ..., my, — 1}), and with my = 0.

Indeed, p is an invariant vector iff Dy(IN)Vag p = 0, and because Dy vanishes at the m/s the
eigenvalue equation splits into an infinite number of finite dimensional systems

Pn =¢€ Pn-1, MEMmMp_1+1,....myp—1.
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In particular, 1 is in the essential spectrum of Eg),z) and hence of ﬁg)) . O

The presence of these quasi-resonances imply that the “quasi Rabi sectors™ * ({my, . .., mpy1—
1}) are very weakly coupled for large k. The vectors py, are the metastable (or almost invariant)
states we already mentioned and which are at the origin of the slow relaxation.

Proof of Proposition Denoting by x,, the coefficients of X € 7{?,i.e. X = > xn|n) (n+
d|, we identify jl(d) with /1 (N). We can then proceed as in Section [4.5|to prove that via this

identification the operator Egl) — eimdﬁ(ﬁo) is compact and the first part then follows from
Lemma We leave the details to the reader.

Since 1 is a simple eigenvalue of L3 (see Theorem , and actually of E(O), we get that for
any d € Z

iwTd (d)
e € sp (ﬁﬁ (Ran(ﬁg@—]l))

(it is actually trivial when ™74 =£ 1), O

5.2 Proof of Theorem 3.7

Combining Corollary .12} Proposition [5.3|together with Theorem [5.1] we immediately get the
following

Proposition 5.8 For any d € 7 the operator E(Bd) satisfies (ASC).

Proof of Theorem[3.7, It follows from the above proposition that £ satisfies (ASC). It remains
to show that in (3.6) we can indeed chose p to be a state.

Let (¢,), be a sequence of positive numbers and let d # 0. Since E(ﬁd) satisfies (ASC) there
exist X € Jl(d), A € B(Hs) and ng € N such that

Te(L3(X) A) = TH(LF(X) A)| = [TH(LHX) A)| 2 €0 ¥ > no.
(Note that when d # 0 one has Tr(.X) = 0 so that £3(X) = 0.) One can actually assume that
B
Aec B = {A e BHs)|e AN = e A forall § € R}.

Indeed, L3 leaves jl(d) invariant and if X € jl(d) and A € B® then Tr(X A) = 0if k # —d.

The operator X +X*-+|X|+|X*|is then positive. Moreover X* € 7% and | X |+|X*| € 7.”
so that

| Tr (L3H(X + X"+ |X]|+ X)) A)| = [Te(LEH(X) A)| > €n,  Yn > ng. (5.3)

It thus remains to take p = Tr)((;jfxﬂr)\()l(ﬂ)fx‘\) (recall that Tr(pg- s A) = 0for A € B9y, O
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As mentioned in Remark [3.8] the above proof shows that the decoherence in the energy eigen-
basis of the cavity field is arbitrarily slow too: inequality (5.3) is due to the off-diagonal part
of LF(X + X* + X[ + |X*]). Actually, our proof of Theorem 3.7/ could give the impression

that the slowness of the mixing is only due to slow decoherence (we started from X & Jl(d),
d # 0). The following Proposition shows that this is not the case and one can also have slow
mixing starting from an initial state p € ‘71(0).

Proposition 5.9 Suppose the system is non-resonant and 3 > 0. Then for any sequence (€,),
of positive numbers such that lim €,, = 0, there exist an initial state p € [71(0), an observable A,
and C' > 0 such that (3.6) holds up to extracting a subsequence.

Proof. Given a sequence (¢,),, from Propositionthere exist X € 7\, Ae B (H) and ng
such that
Tr(L3(X) A) — Tr(X)Tr(pg- s A)| > €n, Vn > ng. (5.4)

Writing X = X, — X, _ +i(X;;+ — X; ), with X, ; 4 positive, we have for all n > n,

e < ITHLE(X0) A) = Tr(Xp ) Tr(pe.s A + [T(L5(X,.) A) = Tr(X,, ) Tr(pse.s A)
T (LX) A) = Tr(Xo ) Te(pse.s A)] + [T(L5(Xi ) A) — Tr(X, ) Te(pge s A)l.

Up to extracting a subsequence (5.4) therefore holds for at least one of the X, ; +. It suffices to

Xr 7 .
take p = e (the trace can not be 0 since X, /; + > 0 and (5.4)) holds). O
TI'(Xr/i7i) ’

Remark 5.10 That one has to extract a subsequence is certainly an artefact of our proof and
Proposition certainly holds without such an extraction (recall that Lg is a contraction so
that one can not expect that the convergence would be “fast” along another subsequence).
However, even if it holds only up to a subsequence, Proposition 5.9 shows that there is also no
lower bound on the speed of convergence in J, 0,

Remark 5.11 As mentioned in Remark the spectrum of the operator L(BO) is purely singular.
A further analysis of the latter would be important to investigate an upper bound on the con-
vergence speed, e.g. the presence of point spectrum would lead to an exponential upper bound
on the convergence speed for Lg.
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