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Abstract

Bloch equations give a quantum description of the coupling between an atom and a
driving electric force. In this article, we address the asymptotics of these equations for high
frequency electric fields, in a weakly coupled regime. We prove the convergence towards
rate equations (i.e. linear Boltzmann equations, describing the transitions between energy
levels of the atom). We give an explicit form for the transition rates.

This has already been performed in [BFCDO03] in the case when the energy levels
are fixed, and for different classes of electric fields: quasi or almost periodic, KBM, or
with continuous spectrum. Here, we extend the study to the case when energy levels are
possibly almost degenerate. However, we need to restrict to quasiperiodic forcings. The
techniques used stem from manipulations on the density matrix and the averaging theory
for ordinary differential equations. Possibly perturbed small divisor estimates play a key
role in the analysis.
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In the case of a finite number of energy levels, we also precisely analyze the initial
time-layer in the rate aquation, as well as the long-time convergence towards equilibrium.
We give hints and counterexamples in the infinite dimensional case.

Keywords: density matrix, Bloch equations, rate equations, linear Boltzmann equation,
averaging theory, small divisor estimates, degenerate energy levels.

1 Introduction

Bloch equations model the time evolution of a quantum mechanical system described in the
density matrix formulation and driven by an electromagnetic field. This formalism is very
precise but sometimes difficult to interpret and to use in practical simulations. It is therefore
useful to find asymptotic models under appropriate scaling assumptions. In a former article
[BFCDO03] such a program is performed and leads to the rigorous derivation of rate equations,
which are often used in the physics literature. Here, we want to extend these results to the case
when the energy levels of the system are almost degenerate. There are many examples of such
almost degeneracies. This is the case for example of Zeemann hyperfine structures in complex
molecules, or quantum dots submitted to an external magnetic field. High levels of an atom
are also almost degenerate since there is an infinite number of levels with accumulation value
at the ionisation energy.

1.1 Bloch equations

According to the quantum theory, matter is described via a density matrix p, whose diagonal
entry p(t,n,n) is —in the eigenstates basis— the population of the n-th energy level at time ¢,
and the off-diagonal entry p(t,n,m) is linked to the transition probability from level n to level
m (conditioned by the corresponding populations). One may think of a collection of identical,
uncoupled atoms, with discrete energy levels. We refer the reader to [Boh79, Boy92, CTDRGSS,
Lou91, NM92, SSL77, Bid03] for textbooks about wave/matter interaction issues, where Bloch
equations occur. To treat the mathematical problem, we use a dimensionless version of these
equations and consider that the density matrix p(¢,n,m) is governed by:

e20p(t,n,m) = —iwe(n,m)p(t,n,m) + Qc(p)(n, m) (1)
+i5; [v (én k) p(t, k,m) =V (8% k,m) p(t,n, k)] .

Integers n € N, m € N, and k£ € N are labelling discrete energy levels, and time ¢ belongs to
R*. In the case of a finite number of energy levels, we add the restriction n < N, m < N,
E < N.

The dependence of the density matrix on the small parameter ¢ will always be implicit.
Here, the system is forced by a high frequency electromagnetic wave which is described by its
oscillatory amplitude ¢(¢/¢?) and contributes to the quantity

(fonm)-o(3) v
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where the interaction coefficient V(n,m) € C is (up to a rescaling) an entry in the dipole
moment matrix which is Hermitian: V' (m,n) = V(n,m)*.

The parameter € occurring in the scaling plays two roles. First, the coupling between atoms
and the wave is small, of order ¢, and its cumulated effects are considered over long time scales,
of size 1/¢%. This is the setting of the so-called weak coupling regime (see [Spo80, Spo91, vH55,
vH57]). Second, the scaling in Eq. (1) produces resonances between the eigenfrequencies wy,/e
of the free atom and the electromagnetic source ¢(t/e?).

The quantity w.(n,m) = w(n,m) + €Pd(n, m) is the transition energy between levels n and
m. In the non-degenerate framework w(n,m) = w(n) — w(m) € R is the difference between
the energies w(n) and w(m) of levels n and m respectively. Here we model almost degenerate
levels replacing the energy w(n) by w(n) + €Pd(n) where p > 0 and d(n) € R. Therefore
d(n,m) = d(n) — 6(m). We notice that a large value for p means that levels n and m are very
close from one another if w(n, m) = 0.

Last, relaxation terms are modelled by the operator (). which reads

Qf-?(p)(nv m) = _Euf}/(nv m)ﬂ(tv n, m>7 if n 7£ m,
= ¢? (Z (W (k,n)p(t, k, k) — W(n, k)p(t,n, n)]) : if n =m.

We assume that the Pauli coefficient W (n, m) is non-negative, as well as the longitudinal coef-
ficient y(n, m), which is besides symmetric: (n,m) = vy(m,n). To simplify further notations,
we extend its definition to the case when n = m introducing v(n,n) = 0.

We assume that 0 < p < 1/2. This is already the case in the nondegenerate case [BFCDO03].
This threshold value for p arises in the estimates and we do not know whether it is optimal
or not. However it is no wonder that there is a threshold value. Indeed, in the case when
p = 0, the initial Bloch equation (1) is time-irreversible and the asymptotic equation that we
derive in this paper is also time-irreversible. On the other hand, in the opposite case when
every coefficient v(n, m) is identically zero (which can also be interpreted as y = o0), the initial
Bloch equation is time-reversible and the nature of the problem has changed.

The relaxation operator (). determines an equilibrium state, to which the system has a
tendency to relax when no electromagnetic wave is applied. If the threshold p < 1/2 is not
necessarily optimal, it is very important that 4 < 2. This means that the off-diagonal terms of
the density matrix are more rapidly decreasing that the diagonal terms. We therefore expect
them to play no significant role on the time scale 1/¢2.

Finally, we associate to Eq. (1) an initial datum p(0, n, m) which satisfies

p(0,n,m) =0, Vn#m, and p(0,n,n) >0, Vn. (2)

The vanishing of the off-diagonal entries means that we are dealing with “well prepared” initial
data. This is a standard assumption in the field (see e.g. [KL57, LK58, Zwa66)).

Remark. Note that the small coupling in Eq. (1) a priori induces perturbations of size 1/e on
time scales 1/&2. As we shall see, the very Hamiltonian nature of the equation actually makes
these perturbations of size 1.
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1.2 Rate equations
To describe the asymptotic dynamics, we are only interested in the diagonal part of the density
matrix (the populations) and set

pd(t7 n) = p(t, n, n)v

which is the occupation number of the n-th level. The limiting model we look for as ¢ — 0 is
a system of rate equations which are Boltzmann type equations, in the form

0Py = (W)™, (3)
where the approximate populations p}’™ are viewed as a vector, and the modified relaxation

matrix operator (W™°4), is defined from coefficients W™°4(n, k) via the following notation.

Notation 1. To coefficients A(n, k), n # k (which may possibly be time dependent: A(t,n,k))
we associate the matriz Ay (respectively Ay(t)) through

Ag(n, k) = A(k,n) if n # k,
Ag(n,n) == — Z A(n,m) else.
m¥#n

If A(n, k) € I°1, VIR, Ay is a bounded operator on 1P, 1 < p < oo (see Appendiz 8.1).

Apart from [BFCDO03], in the past few years an extensive attention has been paid on the
rigourous derivation of Boltzmann type equations from dynamical models of (classical or quan-
tum) particles or models for the interaction of waves with random media. Convergence results
in the case of an electron in a periodic box may be found in [Cas99, Cas02, Cas01]. We also
mention the non-convergence result established in [CP02, CP03] in a particular, periodic situ-
ation. For the case when an electron is weakly coupled to random obstacles, the reader may
refer to [EY00, Spo77, Spo80, Spo91] and [KPRI6| for the formal analysis performed. The
computation of the relevant cross-sections is performed in [Nie96]. All these results address the
case of a linear Boltzmann equation. A nonlinear case is studied in [BCEP03].

As proved in [BFCDO03], in the non-perturbed case (§(n) = 0) the action of the wave
transforms the relaxation operator Wy associated with matrix W into a limit relaxation operator
(Wmed),.

The goal of this article is to specify the precise form of matrix W™°d(n, k) for the perturbed
case for a fixed €. Once this rate equation is derived, we also give results about the limit € — 0
and the size of the time-layer leading to equilibrium according to the value of u/p.

1.3 Main results
1.3.1 The modified relation operator (Wm°d),
The modified transition rates W™°d(n, k) is defined by

W, k) i= (D)% (0, k) + W (n, k),

4
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and the non-negative coefficient (U,)%™(n, k) is given (see Proposition 4 and Theorem 6) by

- B ) vk, n)
<\D€>d (n’ k) T 2|V(n’ k)| [;ZT ’7(]{3, n)2 + |w(n> k) + 6 Cw gpé(k;’ n)

e'y(k,n) .
=2 k)2 ’ g 2 f .
|V(TL, )| 52N7(k,n)2+52p5(k3,n)2 |¢5| 1 M>0
BEZT; w(k,n)+L-w=0

|2|¢5|2 1f,u:0,

Here, the electromagnetic wave ¢ is determined by its frequency vector w € R" and its Fourier
coefficients ¢,:

o(t) = Z ¢a exp(ia - wt), where we denote o - w := aywy + - -+ + AW,
a€EZ"
Under assumptions that we specify in Section 2), we prove the following: if p is a solution
to Eq. (1), and p3* the solution to Eq. (3) with the same initial datum, then for all 7" > 0,
there exists C' > 0 such that

| poal| £oe (o,77,1) < Ce' and ||pa — pFP|| oo o.r2) < Ce 4 ' 72).

1.3.2 The asymptotic state

We study the convergence of the solution p to Bloch equation (1) on some fized time interval
[0, 7], as € goes to zero. This dynamics is thus given by the corresponding solution pi*™ to
Eq. (3). Since the operator (W™°4), has a non-positive spectrum (see the Appendix 8.1), one
may think that, as time grows, pi™® approaches some equilibrium state, i.e. a stationary state
p € 1% belonging to the kernel of (W™m°4),. We describe this convergence carefully in the case of
a finite number of quantum levels. In the case of an infinite number of levels, we exhibit simple
examples for which convergence does not occur.

1.3.3 The case of a finite number of levels

The evolution of pq can be summarized as:

(i) The levels n which do not resonate with the wave ((¥.)%™(n, k) = 0 for all k) and are
not coupled to others via relaxations either (W (n, k) = 0 for all k) remain constant.

(ii) Polarization: the remaining levels belonging to the space (1*)-orthogonal to the kernel
of the singular part (W.);"® of (.){*™ vanish in time O(¢”). The precise definitions of

(\Ifa)ging and o > 0 are given in Section 6.

(iii) After this time, the evolution of the remaining levels is given by an e-independent system
app

for IIp3"",

OGP — TH(W -+ W3msme) 1707,
Here, II is the orthogonal projector onto the space orthogonal to the ones treated in
the first two steps. Also, we set (W )monsing .— (g )dom _ ([ )sing and WHO™™ ig the
value of (W, )1°"sine a5 ¢ vanishes. For each initial datum p(0), the solution to this system
converges, as t goes to infinity, to some (unique) equilibrium state p (see Appendix 8.1).

5
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In the unperturbed case 0 = 0 [BFCDO03], we have o = p. The perturbation can affect the
exponent o, the transition rates given by (W.);"™, as well as the final equilibrium (determined

by (\Ifa>§1°nsmg). The precise value of o and the possibility of modifying the limiting operator
according to the value of i /p are given in Table 1.

w/p o difference with the unperturbed case
[BFCDO03]

0<u/p<l i | none

u/p=1 1 transition rates

1< pu/p<2 |2p— p|transition rates and time-layer

2<u/p <o I projector II and asymptotic state

Table 1: Consequences of the perturbation for a finite number of levels.

1.3.4 The case of an infinite number of levels

For an infinite number of levels, Proposition 4 and Theorem 6 hold. They give the approxima-
tion of the solution to Eq. (1) by the solution to Eq. (3). The transition rates W (n, k) are again
transformed into W™°4(n, k). However, the analysis of the asymptotic behavior of the solution
to Eq. (3) is more intricate than in the finite case. In Appendix 8.1.2, we give examples for
which there does not exist any possible equilibrium state in [* (see Corollary 16).

It is still true that non-interacting levels remain constant, as in item (i) of Section 1.3.3.
Nevertheless, we are unable to prove the precise polarization property of the two other items,
even if we expect that the results of Table 1 hold. An equivalent to Table 1 for an infinite
number of levels is given in Section 6.5, for the values of p/p for which we can conclude.

1.4 Outline

The article is organized as follows. Section 2 is devoted to the introduction of the precise
notations and assumptions needed in the sequel. In Section 3 a closed equation which governs
populations only is derived from the Bloch equations up to an approximation of order O(g2(1=#)),
This equation is already a Boltzmann type equation, but the transition rates depend on time
and €. The off-diagonal terms are proven to be negligible, of order O(g'~#). This transformation
uses classical arguments for the Bloch equation in the weak coupling regime (see [Cas99, Cas02,
Cas01] and also [KL57, LK58, Kre83, Zwa66] for this point).

In Section 4 a new Boltzmann type equation is derived removing the time-dependence of the
transition rates up to an approximation of order O(g'~2#). These transition rates still include
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some terms which do not correspond to a resonance between the wave and the matter. These
contributions are removed in Section 5 with a new error of order O(e"). The thus obtained
equation is the rate equation we want to derive in this article. The main theorem in this Section
(namely Theorem 6) yields the form of the transition rates in the rate equation. The techniques
used are those of the averaging theory for ordinary differential equations (see [LM88, SV85]).
Diophantine estimates play naturally a key role in the analysis. Lemma 7 ensures that although
the Diophantine condition is not stable with respect to small perturbations, violations of the
condition only occur for large values of the indices, that are compensated by extra smoothness
assumptions (see [CCCT03] for a similar argument in another context).

The sequel of the article addresses the analysis of the limit process € — 0 in this equation.
Section 6 is devoted to the case study according to the value of 1 /p leading to Table 1 in the
finite dimensional case (finite number of levels) and to partial results in the infinite dimensional
case (see Table 2). The justification of the restriction to a finite number of levels is given in
Section 7: we show that there exists a number N such that considering only the N first levels
implies an additional error of order o(1). The number N a priori depends on ¢, except when
resonances do not occur beyond some level.

Finally, we give in Section 8 the proofs of several lemmas, concerning continuity and non-
positiveness of the relaxation operators first, then about existence and uniqueness of the as-
sociated equilibrium state, and finally, we show the genericity of the Diophantine condition 1
(see below).

2 Functional setting

The choice for functional spaces is first guided by some physical properties of the density matrix.
Throughout this article the initial datum is taken such that

p(0,n,m) =0, if n # m, p(0,n,n) >0 and Zp((),n, n) < oo. (4)

The energy levels are assumed to be bounded:
(W(n)),en €177 and (6(n)),,ey € 1

(which is physically relevant, since these energies are bounded by the ionisation energy), as well
as the relaxation coefficients

(v(7, 1)) e €1, inf y(n,m) == 7> 0.

We also suppose that the Pauli coefficients saisfy

W e sy = sgpz W (n, k)| +sup > [W(n, k)| < oo.
n n k

Matrix W describes the relaxation to a thermodynamic equilibrium. Entries W(n, m) and
W(m,n) are therefore related by the standard microreversibility relation (see e.g. [BBROI,

7
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Bid03])
W(n,m) = exp (@) W(m,n), (5)

where T is a normalized temperature. This specific form is of great importance when describing
the equilibrium states in Sections 6 and 8.1.
We recall that the interaction matrix V' is Hermitian. Thus we simply assume that

[V [z0er2 := s%pZ [V(n, k)| < oo.

Classical ordinary differential equation arguments (see e.g. [Cas99]) allow to state the
existence and uniqueness of solutions to System (1) for initial data in ['. Indeed, since we
assumed that V(t,n, m) belongs to L>=(R*, 1L NI} ), and also that W (n,m) € I%°01 NI} |
we may use the estimate of Lemma 12. The operators involved in Eq. (1) are thus continuous
on L°°(R*,['). This implies in a straightforward way that these solutions exist and have the
following regularity: p € C°(R™,[') and 9;p € L>®°(R™, '), for each € > 0.

A weaker result is the existence and uniqueness in [ and we will have to restrict to this
case from Section 4 on.

The summation and positiveness properties are preserved through the time evolution if the
density matrix is solution to the Bloch equations (1). More precisely we have the following
lemma (points (i7), (ii7), (iv) are addressed in [Lin76, BBRO1, Cas01]).

Lemma 1. Let p(t = 0) satisfy conditions (4). Then, under the above assumptions, for all
teR,

(i) there exists a unique solution p € CO(R™,1') to Eq. (1).
(i1) p(t) is Hermitian: p(t,n,m) = p(t,m,n)*,

(7ii) the trace of p is conserved:

Zp(t, n,n) = Zp(O,n,n) < 00, (6)

(iv) positiveness of populations is conserved: p(t,n,n) > 0.

We stress the importance of items (iii) and (iv), first established in [Lin76]. They give a
nontrivial /! estimate for the diagonal part pq. This proves to be crucial in Proposition 2 (see
also [Cas01] for a situation where the oscillations are much more difficult to handle).

The electromagnetic wave is real and bounded: ¢(t) € R and ¢ € L*(R). Although a
larger class of high frequency waves is addressed in [BFCDO03], we have to restrict here to the
quasiperiodic case. The amplitude ¢ is characterized via its frequency vector w € R" and its
Fourier coefficients ¢,:

o(t) = Z ¢a exp(ia - wt) where ¢ = ¢_, and Z |pa]? < 00. (7)

a€Z" a€Z"
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Here we denote o - w := aqwy + - -+ + a,w,..

We need a certain number of assumptions on the wave and the interaction coefficients.
Those already stressed will be valid (and not recalled) in the whole article. However, in some
places, we will have to reinforce the decay assumptions and therefore we also label some specific
hypotheses.

As it is usual in the field of oscillations in ordinary differential equations and averaging
techniques (see [Arn89, SV85, LM88]), we introduce a Diophantine condition on the frequency
vector w.

Hypothesis 1 (Diophantine condition). There exists a (small) number n > 0, and a constant
C,, > 0, such that

Va = (ay,...,a,) € Z"\ {0}, V(n,k) € N? such that a-w + w(n, k) # 0,
Gy

. k)|l > .
|Oz w+uJ(n, )| = (1+ |a|)7"_1+’7(1+n)1+”(1+k)1+77’ (8 a)
and similarly
., C

Remark. Given once and for all a fired n > 0, we can classically claim (see [Arn89]) that
there exists a constant C,, > 0, depending on w(n, m) and onn, such that for almost all value of
the frequency vector w = (wy, . ..,w,) Hypothesis 1 is satisfied. This is proved in Appendix 8.2.
This condition is therefore not much restrictive.

The same kind of estimate is also needed in the case when o = 0, which means that the
energies do not converge too fast towards the ionisation energy.

Hypothesis 2 (Convergence towards the ionisation energy). There exists a constant C,, > 0,
such that
077

(14 n)+n(1 + k)0’

where 1 is the number occurring in the Diophantine assumption (Hypothesis 1).

V(n,k) € N*,  |w(n, k)| >

From Section 4 on, we impose the following hypothesis in order to average transition rates
in time.

Hypothesis 3 (Smoothness assumption). The Fourier coefficients ¢, satisfy

Y (o)) gal* < oo,

a

where 1 is the number occurring in the Diophantine assumption (Hypothesis 1).

From Section 5 on, we need the following two hypotheses to justify the sorting out of
resonant and non resonant contributions.
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Hypothesis 4 (Reinforced smoothness assumption). There exists N, > 2u/p such that the
Fourier coefficients ¢, satisfy

ST+ )TN g 2 < oo,

where 1 is the number occurring in the Diophantine assumption (Hypothesis 1).

Hypothesis 5 ("Far from continuum” assumption). The interaction coefficients satisfy

sup > ((1+n)" (1 +m) ) |V (n,m)[? < o,
where 1 is the number occurring in the Diophantine assumption (Hypothesis 1) and N, is given
by Hypothesis 4.

This last hypothesis means that only low levels (i.e. levels which are far from the continuous
spectrum or ionisation threshold) really interact with the wave with a significant contribution.
To restrict to a finite number of levels we also use an assumption on the interaction of low and
high levels via the relaxation operator.

Hypothesis 6 (Weak interaction of low and high energy levels). The longitudinal relazation
coefficients satisfy

sup (14 n) (14 m) W (n, m)] < oo,
for some K > 0.
We introduce a last notation useful for describing approximations of p.

Notation 2. For s > 0, and ¢ > 1, the symbol Ope (& 10) (€°) means that for all T > 0, there
exists a constant C > 0, that does not depend on €, such that the corresponding term is bounded:

1O Lo~ (0,11,19) () | oo (f0,77,00) < C°.

In the whole article C' denotes constants which do not depend on the (small) parameter e.
It however possibly depends on all the coefficients of the problem and on the initial data, but
we will never make this dependence explicit.

3 A first closed equation for populations

3.1 Populations and coherences

In the same way as we defined the populations pq(t,n), we define the coherences as the off-
diagonal part of the density matrix

Pod(t,n,m) = p(t,n,m)1[n # m).

10
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Set
Q% (n,m) := —iw(n,m) —ie?d(n, m) — ey(n,m),

where we stress that Q°(n,n) = 0. With these notations, Eq. (1) reads for the populations:

1

dpaltn) = - k [ < )pod(tkn) v(;—an) pod(t,n,k)] (9.2)

+ Z[W pd t k’) W(nv k‘)pd(t,n)],

and for the coherences:

Opoalt,mm) = 0 (n,m) poa(tm,m) (9:b)
+ 3'V (%n m) [pa(t,m) — pa(t,n)]
+ _Z [ ( )pod(t k,m)—V (ékm) Podl(t, 1, k)] :

As a consequence of the Hermitian properties of Eq. (1) recalled in Lemma 1, Eq. (9.a) can
also be cast as

Dupalt,n) — —%ImZ[ ( )pod(tkn)} (10)

+ D Wk, n)palt, k) — W (n, k)pa(t,n)].
k

3.2 An equation for populations only

In this section, we transform the coupled system (9.a)-(9.b) into one equation governing the
populations pq(t,n) only. More precisely, we show the following proposition.

Proposition 2. Define the time dependent transition rate

t/e?
v, (5% k:n) = 2|V (n, k)|2Re/0 dsexp ($°(k,n)s) ¢ (5%) ¢ (5% - 5) -

Then, for all T > 0, the vector pq satisfies
t _
8tpd(t) = <\I’€ <8_2> + W) pd(t) + OLoo([O’T]Jl) (81 2“) . (11)
#

Remark. Fq. (11) is a linear Boltzmann type equation with a time dependent transition rate.
This is our first description of the behavior of the populations at leading order in €.

We could likewise obtain approximations of pq at each order (in €), thus providing a hier-
archy of Boltzmann type equations for the successive orders.

11
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Remark. Using Lemma 11 and since ReQF(n,m) < —etvy, uniformly in n and m, n # m,
operator W, is a priori of order e * on [ orI. More precisely we have the following estimates.

|W.t/Mpally < CIV (W) 613 eyl (12.0)
19.t/M0alle < C IV k) B 161 oyl (12.b)

Proof. Proposition 2 is proved in three steps that follow [BFCDO03]. First, coherences poq(t,n, k)
are computed at leading order in €. These leading order terms are expressed in terms of
populations pq(t,n) only as stated in Lemma 3 below. Next, we plug this result into Eq. (10)
governing populations. The closed equation for populations (14) which is thus obtained is a
linear Boltzmann equation with a time-delay term. To show this delay is indeed small and
can be removed to obtain the delay-free equation (11) we then use calculations inspired by
[Cas99, Cas02, Cas01].

First step: computation of coherences
Since the initial data for coherences is poq(t = 0,n,m) = 0, the integral form for Eq. (9.b) reads

t/€2 t
pod(ta n, m) = ZE/ ds €xXp (Qe(na m)s) v (? — SN, m) [pd(t - 5287 m) - Pd(t - 5287 TL)]
0

Ak(f46p0d)(t>7177n)7 (13)

where
t/e?
(Acpoa)(t,n,m) := ie/ ds exp (2°(n,m)s) X
0
t t
X Z {V (g —s,n, k;) Pod(t — %5, k,m) =V (5_2 — s, k,m) Poa(t —e%s,m, k)| .
k

We are only interested in the first term in the expansion of p,q. Indeed, we only use leading
order terms in . From the integral equation (13), we would however be able to express poq
as a complete expansion in powers of €, in terms of pg. The following lemma states that the
remainder of the expansion is indeed small.

Lemma 3. Set

t/e? ¢
,ngl)(t,n, m) = ie/ dsexp (Q°(n,m)s)V <€—2 —s,n, m) [pa(t — £2s, m) — pa(t — e2s, n)].
0

Then, for any given time T > 0, there exists a constant C', that does not depend on €, such
that we have the estimates

(0)

Pod — pod 082(17“)7

IA

‘L‘X’([O,T},ll)
Cel=",

IA

HpOdHLOO([O,T},ll)

12
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Proof. (Lemma 3).
Let T' > 0 be given. Because Re Q%(n,m) < —etv < 0, uniformly in n and m, n # m, we have
the estimate

/o Oods lexp (2°(n, m)s)|

IVl oo+ t501, ruzern) | Poal| oo (fo0,7.01)

oo
ln,m

[AcpoallLoo oy < 2¢
< Ce" M| podll Lo qory)-
According to the definition of p(()%) (t,n,m), Eq. (13)
poalt;n,m) = pll (¢, 7, m) + (Acpoa) (t,n, m),

and we can estimate the difference

Hpod_p(()((]i)HLoo([O,T],ll) < Ce"" M| podl| L o)

< Ce" ||poa — pP ooy + C M0 | Lo oryt)-

Hence, if ¢ is small enough, we have
0 —uy 0
[Poa — p((,d)HLOO([O,T],ll) < Ce' MHp(()d)HLOO([O,T]Jl)-
According to the definition of p,g%) (t,n,m), and using the same type of estimates,

0 _
”p(()d)”Lw([O,T],ll) < Ce! MHVHLOO(R;lgﬂ}CﬂlgOl}L)”pd”Lw([O,T],ll)-

Now the crucial estimate stems from the trace conservation property (6) which also reads
| pall o< (o,101) = ||pa(t = 0)||;2. This I'-estimate on the diagonal terms of the density matrix is
therefore sufficient to control all the off-diagonal terms in turn, and Lemma 3 follows. U

Second step: the time-delayed differential equation for the populations
Lemma 3 together with Eq. (10) governing pq implies that

atpd<t7 n) = Z[W<k7 n)pd<t7 k) - W(”? k)pd(tv n)] (14>

k
/et 2 2
e S dslpate = s = pale = )] ¢
k

) t t
x2 Re {exp(Q (k,n)s)V (;,n, k) V (6—2 — 8, k,n)}

+Ope (o)) (67) -

13
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Third step: convergence to a delay-free equation
From now on we will only deal with Boltzmann type equations and use extensively the shorter
expressions defined in Notation 1. Hence Eq. (11) can be cast as

Arpa(t,n) = (Ve(t/e*)ypa) (t,n) + (Wypa)(t,n) + Opeeqorymy (£772) .

Moreover, if T' > 0 is given, the delayed terms pq(t — £2s) in Eq. (14) read

pa(t —&%s,n) = pa(t,n) + O (523||5t,0d(', n)||L°°([O,T])) .
Thus, Eq. (14) yields
atpd<t7 n) = (\I]€<t/€2)ﬁpd) (tv n) =+ (Wﬁpd)<t7 n) + OLOO([O,T],ll) (81—2M) + T€<t7 'I’I,), (15>

where the remainder r. can be estimated by

+o0
82/ ds sexp(£2°(n,m)s)
0

17 oo j0,77.01) < Cl|Oepall Loo(j0,77,01)
1%
2—2p
< Ce |0y pall Lo (fo,m7.01)
< Ce e | pall Lo (o.11.01) thanks to Eqs (15) and (12.a)

< O3 thanks to Eq. (6),

for some constant C', that does not depend on ¢, if € is small enough. Including this new
estimate in Eq. (15), we have

Oupalt,n) = ((Wo)opa) () + (Wpa) () + Ope oy (1% +235%)

We recall that ;1 < 1/2 therefore 1 — 2 < 2 — 3 and Proposition 2 follows. O

4 Time-averaging of transition rates

Proposition 2 reduces the problem to the asymptotic analysis of a leading order equation,
namely Eq. (11). As e goes to zero, the rapid oscillations of the time-dependent coefficient
U_(t/e?) are naturally smeared out, so that only the time average of W, plays a significant role.
The corresponding rigorous mathematical statement is proven here, as in [BFCDO03], upon using
averaging techniques (see e.g. [SV85]). This leads to substitute Eq. (11) by a new Boltzmann
equation, with time-independent rates.

The result of these averaging procedures strongly depends on the specific form of the wave.
In the present article, we need explicit forms for the averaged transition rates and therefore
restrict to the case of a quasiperiodic wave, as described in Section 2. The small divisor
problems that stem from this analysis are handled assuming strong decay properties on the
Fourier coefficients, namely Hypothesis 3.

The averaged transitions rates we obtain in this section still depend on €. Besides we do
not discriminate dominant and negligible (with respect to €) contributions. We postpone this

14
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sorting out to Section 5 where negligible contributions will be pointed out as non-resonant
contributions.

Using the explicit value of the wave ¢(t) given by Eq. (7), we compute from Eq. (11) the
time-dependent transition rate W.:

v, (é,k‘,n) =2|V(n,k)|*Re Z bapexp (i(a + B) wé) %

a,BEL”
1 —exp ([—etv(k,n) —i(w(k,n) + B - w + P (k, n))]t/sz).

16
iy (o) + i@ (k) + B 1 70(k, ) (16)
The goal of this section is to prove the following result.
Proposition 4. Define the averaged transition rate
1 S
(Vo)(k,n) == lim —/ dsVU.(s).
s—+o0 § 0
Its explicit value is
ety(k, n)
(We) (k,n) =2V (n.K)* ) [¢s*- (17)

2 ik n) + o, k) + 5 -w + P (k, mP?

Define pél) as the vector solution to
Ouplt) = ((Te) + W)epl) (18)

with initial data p((il)(O,n) = pa(0,n). Under Hypotheses 1 and 3, for all T > 0, there exists
C > 0 such that

lpa = p |1y < CE 2.
Remark. In the transition rate (V.)(k,n) there are still contributions of non-resonant waves,
i.e. thoses such that w(n, k) + -w # 0. They are removed in the next section. However, we

gained in defining a time-indepedent transition rate, in that we filtered oscillations.

The simple but crucial remark that leads from Proposition 2 to Proposition 4 is the fact
that (U.) € 2 NI5°lL and its entries are non-negative. We can therefore apply Lemma 11
directly.

Lemma 5. For any € > 0, operator (V.); is a bounded non-positive operator on the Hilbert
space I*. In particular, the exponential exp(t(¥.)y) is well defined as an operator on [* fort > 0,
and its norm s less than 1, for all t > 0.

(Proof: see Appendix 8.1, Lemma 11)

Remark. This property proves to be crucial in the sequel, and therefore the asymptotic result
in Proposition 4 and Theorem 6 may not hold when the transition rate has no sign. This is
why we restrict the analysis to the case of a quasiperiodic wave when relaxations tend to zero
with . The asymptotic result may also be false if applied to the time-dependent transition rate
U_(t/e?), which clearly changes signs.

Proof. We follow [BFCDO03| to prove Proposition 4.

15
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First step: splitting of V.
Proposition 4 amounts to estimating the difference

A(t) = pa(t) — p{(1).

To this aim, we first give shorter forms for the equations governing pq and pél) respectively.
Namely Eq. (11) can be cast as

t
Dipalt) = (w (%) pd> (1) + (Wypa) (1) + O ().
#
where the transition rate W_(¢/£?) is given by Eq. (16), and Eq. (18) also reads

a0l (1) = (()apll) (1) + (Warl) (1)

Hence the difference A(t) satisfies the equation

QAW = (1),A)(1) + (q, (i)ﬁp) (1) + (W) (1) + O(), (19)

¢ t

contains the oscillatory contribution to the transition rate, which we want to prove to be
negligible. Gathering the terms for which o + § = 0, this contribution is equal to

osc i _ 2 _ |¢5|2
w2 (82,k,n) = 2|V(n, k)| Re( ;ZTew(k,n)+i(w(k,n)+6-w+5p5(k:,n))x

x exp((—ey (k) — ik, n) + 5w+ <5 (k, )|
budyexplila+B) wifh)
* 2 Tt + k) T Bt o) .

where

aF—BEL”

« [1 — exp([—ey(k, n) — i(w(k,n) + B - w + Pk, n))]ég)])

This expression carries “time-oscillations” (at frequency e 2# at least), which kill the possibly
diverging factors e * (due to the denominators), and make them of size £272.

Second step: preliminary bounds
Since V€ 130l N1l and 37 4 |pp]? < oo, we first find that

supZ\ Yk, n)| < Ce™H, supz |Wee(t/e? k,n)| < Ce™*,
"k
supZ\ Yk, n)| < Ce™H, sipz |Woc(t/e? k,n)| < Ce™*,

16
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for some C' > 0 that does not depend on ¢ and . Lemma 11 yields the operator estimates
(@ )sulls < Cfulle, ||weyu]| , < Cefulle. (21)

Besides, we have the upper bound

< Qe (22)

Ieelknigely,

sup
0<t<T

t/e?
/ dsU(s, k,n)
0

Now, according to Eq. (20), Uo°(¢,k,n) is a sum of two different terms. We use the decay
assumptions V' € I°l] N I5°1} and ¢, € [* to estimate the contribution of the first term to the
integral by

9]

¢ XB: Vo ) T i) 1 8w § 78

< Ce 2,

1ot nigell

The second contribution is estimated by

c|l v |V (n, k)?|¢al| Pl _ 1
o [ (Rsn) Fi(w(k,n) + 5w+ ePd(k,n))| (et B)-wl)|
leelznigell
|V (n, k)?|¢all Pl
I a%ﬂ) lety(k,n) +i((a+ B) - w+ePd(k,n))|?

Ieeltnigely,

< O Y [9alldgllar+ B+ Ce7 3 |allis
a,f o,
< Ce,

thanks to the Diophantine estimate (Hypothesis 1), together with Hypothesis 3. This yields
inequality (22).

Third step: integral form of the equations
Since A(0) = 0, the integral form for Eq. (19) governing A(t) reads

A(t) == AW (1) + AP (1),
where

asexp(ft - /()0 (5) puls).

e2/y

AV @) =

t

dsexp([t — s](T.)) (W3A)(s) + ().

>
I
é?“‘~§ é?“‘~§

17
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Fourth step: estimating AN (t) and A ()
Here Lemma 5 proves crucial, in that we use the exponential of the bounded operator (V).
This together with Lemma 11 applied to operator W yields an estimate for A):

1200 < ¢ (221 [ asjae)e) (23)
(s [ s

On the other hand, to take advantage of the time oscillations of the operator Wo(t/&?), we
carry out a natural integration by parts in the expression for A():

t/e?
AV = < / duwzsc<u>> palt)

i

t s/e?
b /0 ds exp([t — 5](0.)) () ( /0 du@?“(u)) pals)

i
e / ds o[t — 51(2.)) ( / " du@?“(tt)) x

X (<\If€> + we <€_32) + W + O(Elmt))ﬁpd(s),

where we have used Eq. (11) to express O;pq(s). Estimates (21) on the operators (¥.) and
Wose(t) together with Lemma 11 and Lemma 5 (non-positiveness of (¥.)) lead to

t/e?
/ dsWe™(s)
0

Besides we have ||pal|re(0,11,2) < [|pallLee(o,r,1y < €, and it follows that, for € small enough,
we have

|’A(1)HLOO([O,T]712) S ng_ﬂ sup
0<t<T

[ pall Loe ((o,77.2) -
13(12)

t/e?
”A(I)HLOO([O,T]JQ) < Ce*™* sup /0 dsUZ(s)

0<t<T

L(1?)

t/e?
< Ce** sup / dsU(s, k,n)
0

0<t<T

Ieeltnigely,
< O
This, together with estimate (23), and Gronwall lemma, yields
IA@) | Lo (o172 < Ce' 2

and Proposition 4 is proved. O

18
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5 Keeping only resonant contributions in transition
rates: the main theorem

In this section we prove that the non-resonant contributions, which correspond to the triples
(n, k, B) such that w(n,k) + 5w # 0 in the transition rate (17), are negligible in the limit
e — 0. We therefore replace the transition rate (¥.) by a purely resonant transition rate
(D)4 which however still depends on . To get rid of this last dependence, we will have to
specify the value of p/u, which is the goal of the next section.

Still due to small denominator problems, we need to reinforce the decay assumptions on the
coefficients and assume Hypothesis 4 and 5 hold.

Theorem 6. Define the transition rate

dom o 2 5“7(k7 TL) 2
<\I[€> (ka n) T 2|V(n7 k)| 52“’7(]{7, n)g + 521’5(]{3, n)g E ‘¢5| . (24>
BEZ; w(k,n)+pL-w=0

Let also péz) be solution to
oy = ((T)*m + W), p (25)

with initial data péz)(O, n) = pa(0,n). We assume that u < 1/2. Then, under Hypotheses 1, 2,

4 and 5, for all T > 0, there exists C' > 0 such that
lpa = P = oy < C(H +€2),

Remark. When =0, Theorem 6 does not give a good approximation of pq, and we do not have
a better description than the one from Proposition 4, where all (resonant and non-resonant)
frequencies have a contribution to the transition rates.

The proof of Theorem 6 follows closely that of Proposition 4. However, we notice that the
resonant values that play a role here satisfy w(n, k)+/5-w = 0 and not w(n, k)+f-w+ePdé(n, k) =
0. Therefore we need to understand the effect of a perturbation on Diophantine estimates.
Lemma 7 below answers this problem.

5.1 Perturbed Diophantine estimates

Lemma 7. If w and w(n, k) satisfy the Diophantine condition (8.a) and Hypothesis 2 with
constants n and C,, then the following assertion holds.
If (n,k, B) € N x N x Z¢ satisfies

1 C
. P <= K
15wl k) + €0 W< 5 Ty 4 myta(T 1 Ry

then O o
(14 18] (1 4 n) (1 + k)7 > W
loo

19
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Remark. The Diophantine condition (8.a) is not stable with respect to small perturbations:
coefficients w(n, k) + €Pd(n, k), that can be arbitrarily close to w(n, k), are capable of violating
the Diophantine condition (8.a). Indeed, for e small, the condition

1 C
. v > = -
18- w+wn,k)+ePd(n, k)| > 2(1 4 |B])—1+7(1 + n)tn(1 4 k)L+n

does therefore not necessarily hold, only assuming that the left hand-side is non-zero. Neverthe-
less, Lemma 7 claims that this condition may only be violated for values of the triple (n,k,[3)
which are very large when ¢ — 0. See [CCCT 03] for a similar argument.

Proof. Set K = (/2 and take (n, k, 3) such that

K

8w +w(n, k) +eP(n, k)| < (1+ |B))r="+7(1 + n)*+n(1 + k)10

Then
K

(L B =111+ n) (1 4 k)10
and according to condition (8.a) (or Hypothesis 2, when 5 = 0)

|6-w+w(n, k)| —e|o(n, k)| <

2K PIS(n, k)| < K
T+ By im0 < e e

Hence
K

(L4 B =+1(1 4 n) (1 + k)t+n
which ends the proof of Lemma 7. U

< ePlo(n, k)|,

5.2 Proof of the main theorem

First step: Integral formulation
To deduce Theorem 6 from Proposition 4 only amounts to estimate the difference

A(t) = pP(t) - (1),

where we use once again the notation A. Now péz)(t) and pél)(t) are respectively solution to

02 1) = ((wmn ) () + (Wirk?) (1),

and
oo (1) = ((well) (6 + (Wiel) )

Hence

AA(M) = ()A) (1) + (W% ) () + (WA) (1) (26)

20
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where

(o)™ (k, n) = (V)" (k,n) — (L) (k. n)

contains the contributions to the transition rate, that we want to prove to be negligible. Since
A(0) = 0 the integral form for (26) reads

Alt) = / dsexp([t — s](0.)) ({22 ) (s) + / ds exp([t = s{T2)) (W, A)(s).

Second step: Estimating (V.)"°®
In view of Eqs (17) and (24), we have

S 2|V (n, k)[Pety(k,n)|¢s|”
ey (k,n)? + |w(k,n) + B - w + eP6(k,n) [

H(‘I]€>neg|’lz°llml°°l,1l = sup
k' "k
n

k,B; w(n,k)+B-w#0
We split this expression into two contributions according to the fact that

Cy
(L4 B =171 4 n) (1 + k)t

or not. Using Lemma 7 for the second contribution, we obtain
neg
[(P2) ||lg°l,1€mlg°lgl

A\V (n, k) [Pet~y(k 2
< sup{ Z ‘ (n, )‘ 507( 7n>|¢5‘ (1 + |5|)r—1+77(1 +n)1+n(1 +k‘)1+7]
" N kB wn,k)+B-w£0 n

18w+ w(n, k) +ePd(n, k)| > %

O BT ) R 2 Ce

2|V (n, k)Pe|¢sl }
k.85 w(n,k)+B w0

N

The first sum is estimated using Hypotheses 4, 2 and 5. The second term is first multiplied
and divided by the quantity [(1+ [3])"1F"(1 + n) (1 + k)70, Therefore we get

||<qle>neg||lg°llml°°lgl < Ce"
k' "k

O ST (L 1B A ) L 4 )YV (0, K)ol
n,k,B

Since we assumed that N, > 2u/p, we finally have

()" [igonrupers, < Ce™

Third step: Conclusion
Using Lemma 5 (non-positiveness of (¥.)) leads to

t
ne 2
[A@][ < Cl(Ye) g||w2>||,0§)||Loo([om,z2)+C/ ds||A(s) |l
0
t
ne; 1
< I k) sy, [|8]qome + 16 li=qonm] + € [ dsla@)]e
0
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A by-product of Proposition 4 is that the quantity ||pél)||Loo([07TLl2) can be estimated by a
constant. Therefore

t
IAOIe < U™, e (1 + [Al=qome) + C / NINOIP
t
< Ce(1+ || Alsmqoie) + C / ds|A(s) -
0

Thanks to the Gronwall lemma
| A oo (0,772 < Ce,

which proves Theorem 6. O

6 Time-layers and equilibrium states in the ¢ — 0 limit
In the previous sections we have derived the rate equation (25), with the transition rates
W2(n,m) = (Te)*™ (n,m) + W (n,m),

which may be considered as modified rates, via the interaction with the wave. We now turn to
the study of the dynamics of the solution to Eq. (25).

For a fixed e, this dynamics is described in Appendix 8.1. However, in most cases, the
coefficients prove to be singular in €. Therefore the time evolution of the solution obeys two
different regimes as € goes to zero: first a time-layer, and then relaxation to an ”equilibrium”
(if it exists, see Appendix 8.1). The duration of the time-layer is always less than O(1), thus
the Bloch equation (1) and the rate equation (25) behave in the same way on this time-range
(as Theorem 6 asserts). On the contrary, the relaxation towards an equilibrium state, as time
goes to infinity, is a priori specific for the rate equation, since Theorem 6 only applies on the
fixed time-interval [0, 7.

In this section, we split the rate operator (W™°4), into three contributions.

1. Some levels are decoupled from all other levels. The corresponding columns (and subse-
quently lines) in the matrix (W™°%), are identically zero. These levels have a constant
population for all time (exactly for the rate equation, and at leading order for the Bloch
equation). They are excluded from the sequel of the argument. We call ¥, the subspace
spanned by these levels in [? (this subspace does not depend on €). The projection onto the
levels which have a non trivial time evolution is denoted by IIy. Therefore ¥y = Ker Ilj.

2. We split (¥_)4™ into two contributions: (¥.)*"8 collects the singular coefficients, which
go to infinity as ¢ — 0. Then, (¥,)"""8 gathers the non-singular coefficients, which
are O(1). The corresponding case study according to the value of u/p is performed in
Section 6.1.

3. Finally we define the [2-orthogonal projection II onto the space [>-orthogonal to ¥, in
Ker(W.)*"8. Tt does not depend on ¢ either. The quantity (1 — IT)pg will be proved
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to vanish in time O(g?), where o depends on the ratio p/p (see Table 1). After this
time, 7.e. past the initial time-layer, a polarized solution pSOI persists. It is given by the
e-independent system

Hpgol _ pgol’ 815ng1 _ HWﬁPOIHngla
where WPel = W 4 W58,

This section is organized as follows: in Section 6.1 we set some notations and explain why
the transition rates are in general splitted into three types of terms. Their respective sizes are
given by powers of . Under the assumption that the number N of quantum levels is finite, a
precise description of the time layer is given according to the value of 1/p in Section 6.3. The
key lemma for this analysis is given in Section 6.2. Section 6.4 is devoted to the particular
case i = 0. In Section 6.5, we discuss the few cases (in terms of values of y/p) when we may
conclude for an infinite number of levels. A rigorous framework for the justification of the
restriction to a finite number of levels is given in Section 7.

6.1 Setting for the time-layer

We first split (¥.)4°™(n,m) into two contributions according to whether d(n,m) = 0 or not.
We restrict the discussion to the case when p > 0 since the form of the transition rates in
Section 5 does not apply when u = 0. This case is treated separately in Section 6.4. To
simplify notations, we set

C(n,m) :2‘V<n7m)|2 Z |¢5|27
BEZ™; w(n,m)+L-w=0

and (¥ )9 (n, m) = A.(n,m) + B.(n, m), where

A(n,m) = c<n,m)g%(m:;(i’ggé(mmy1(5(n,m):0), (27.0)
B.(n,m) = C(n,m) ey(n, m) 1(5(n, m) # 0). (27.b)

e2y(n,m)? + e?Pd(n, m)?

Of course Eq. (27.a) also reads

A.(n,m) = e *C(n,m) 1(0(n,m) =0) =: e *A(n,m).

7(n,m)
In a similar way we rewrite Eq. (27.b) as
B.(n,m) =: e VB*(n,m),

where v is chosen such that B® — B in [*l!, as ¢ — 0, and therefore also as an operator on
I2. To this aim we consider two cases, namely p < p and u > p. We set

. 7(n,m) .
v =p and B*(n,m) := C(n, m)v(n, Y+ 295, m)21(5(n, m) #0) if u <p,

. v(n,m .
v=2p— pand B*(n,m) := C(n,m) 82(“p)fy(n,<m)2 j_ S m>21(5(71, m) #0) if u>p.
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With the above notations, we have cast Eq. (25) governing y = pff) as

Oy = (e "A+e7"B*+ W)yy. (28)

Using the block decomposition described in Appendix 8.1, we notice that Ker(B¢) = Ker(B")
is constant with respect to € > 0. This is a priori only true if all the minimal stable eigenspaces
are finite-dimensional.

Now, sorting between singular and non-singular contribution yields the different cases in
Table 1. In the framework of [BFCDO03] B, is identically zero. If u < p then B. contributes to
singular terms at the same order e * as A. If p < u < 2p, there are two orders of magnitude
e7" and €7 in the singular term. Finally if 2p < p, the effect of B. is of order O(1) and
must be associated to that of W. In other words, if ;1 < 2p, the non-zero entries in A and B.
contribute to (¥.)*"8 and (W )momsine = (). If 4 > 2p, only the non-zero entries in A contribute
to (U,)sme: (P, )romsing — B which has a non-vanishing value Wy only if u = 2p.

6.2 A finite dimensional lemma

Lemma 8. Let 0 < v < p. Let A and B° € My(R) be symmetric non-positive matrices
such that B — B°, and assume that Ker(B¢) is constant for ¢ > 0. Let II be the orthogonal
projection onto Ker AN Ker B®. Then there exists a constant ¢ > 0, namely

= i —((A+ B°
© 7 JalShia=o (A + Bz, 2),

such that any non-zero eigenvalue \° of (1 —II)(e A+ e VB®)(1 — II) satisfies
AN < —ce™".
Proof. Since p > v, we write
(1-ID)(e A+ "B)(1—-1I) = (1 =1I)(B+&""A)(1 —1I).

Let x° be a non-zero eigenvalue of (1 —1II)(B*+e""#A)(1—1I). Since A and B* are non-positive
matrices, we have k° < 0. We therefore want to prove that for the constant ¢ defined in the
lemma, k* < —c. Let 2° € Range(1 — II) be an eigenvector associated with the eigenvalue x°
and such that ||| = 1. We have (1 — II)(B® + " "A)(1 — [I)2° = k°z°. Taking the scalar
product with ¢, we obtain

KE||2%))? = ((B° + " #A)a, 2%) = (B°2°, 2°) + " #(Aa®, 2°).
Since € € [0,1], v—p < 0 and (Ax®, 2°) < 0, we have e” #(Ax®, 2°) < (Az®, 2°). A subsequence

of 2¢ converges to 2° and therefore

sup £°[|2||* < ((A+ B%)a® 2%) < —c[|2°||*.
e>0

Finally, if ¢ were zero, then ((A + B%)z,x) = 0 that is (Az,z) = 0 and (B%,z) = 0 and
therefore x € Ker AN Ker B°. Thus (1 — II)x = 0 and = = 0 which is impossible. U
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Remark.
(i) The above proof is restricted to the finite dimensional case for two reasons. First, in the
infinite dimensional case the convergence of x¢ to x° would only be weak. Second, the
mazimum of (A + B%)x,z) on vectors x such that ||x|| = 1 could be zero.

(i1) To avoid such limitations we could think about replacing B® by the leading order terms
(those which are not vanishing as € — 0) in the series expansion of B. (Lemma 8 can
clearly be extended to a finite number of matrices) extending the computations of Sec-
tion 6.5 to sums of several powers of €. This is not possible since such a procedure would
not ensure the non-positiveness of the resulting operators, which is crucial in the proof.

Lemma 8 allows to split the solution y to Eq. (28) into two parts: (1 — II)y vanishes
exponentially and a solution z associated with the initial data IIy(0) survives.

Corollary 9. Let 0 < v < u. Let A, B € My(R) be two symmetric non-positive matrices
such that B — BY, and assume that Ker(B®) is constant for ¢ > 0. Let W € My (R), and let
IT be the orthogonal projection onto Ker Ay N Ker By. If y is solution to

Oy = (e A+e"B*+ W)y

and if z is solution to

Oz = IWIlz, z(0) = Iy(0), (29)

then
1A -yl < C(e” +exp(—cte™)), (30.2)
My = 2)[| < C(e” + exp(—cte™)), (30.b)

where C' depends on W, y(0), T and ¢ (the constant of the previous lemma). In particular,
lim.o(1 — M)y = 0.

Proof. The proof is standard. We reproduce it for the sake of completeness. We first prove
estimate (30.a). Since II is the orthogonal projection onto Ker A N Ker B®, we have IIA; =
I1B; = Al = B{Il = 0, and therefore

O(1-1y=(1-1oy = (1-I)(e A+ "B )+ (1 -I)Wy
= (EiuA + 87VB€)ﬁy + (1 — H)Wﬁy,
(eTFA+e7"B%)y(1 — Iy + (1 — I)Wyy.

The solution to this equation reads
(1-IDy(t) = exp(t(e"A+e"B%);)(1—11)y(0)

+/0 dsexp((t —s)(e A+ "B%)y)(1 — I)Wyy(s).
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Lemma 8 yields a bound for the spectrum of (¢ A + 7" B°);, namely Sp(e *A+¢7VB%); <
—ce™¥ and we also have ||1 — IT|| < 1, therefore

11 = 1Dy < exp(—cte™)[ly(0)[| + C/O ds exp(—(t — s)ce™).

Finally ||(1 — I)y|| < C(e” + exp(—cte™")) which is estimate (30.a).

We now prove estimate (30.b). We write y — 2 = II(y — 2) + (1 — [I)y — (1 — II)z. By
definition I1z = 2z and we already have estimated (1 —II)y. Thus there remains to estimate the
quantity II(y — z), which is solution to

Oll(y — z) = Olly — ollz =loyy — O,z
= (e A+e7"B)yy + MWy — IIW411z
= Wy — [IWAI12
= W, lly + IWy(1 — )y — IIW,11z
= HOWII I(y — 2) + W, (1 — )y.

The solution to this equation may be estimated by
t
ITI(y = 2)|| < / ds|| exp((t — s)ITWID)|| > [[TTW,(1 — Iy (s)]]
0

because Iy (0) = 2z(0) = I12(0). Since IIW4IT < 0 we finally have
My — 2)|| < C(e” + exp(—cte™))
and estimate (30.b) follows. O

Remark. If IIW,I1 =0 then 2’ =0 and y is constant at leading order.

6.3 Finite dimensional case study

We now discuss the implications of Lemma 8 for the different values of 1/p. We have already
seen that a transition occurs in the definition of B¢ when p = pu. Another transition happens
when v = 0, i.e. © = 2p. The main results of this part are summarized in Table 1.

Case when 0 < < p. If 0 < pu < p, we may apply Corollary 9 with v = p and the limit
operator B is

B%(n,m) = C(n,m)

b m)1(5(n, m) # 0).

In this circumstance there is no need to separate the cases when §(n, m) # 0, since

(A + e B (n,m) = e " (gg:;:)) + 0(1)) .
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Hence for large values of p compared to p, the dynamics is the same for almost degenerate
levels and for exactly degenerate levels. After a time-layer of size O(e*) the system is driven
by Eq. (29), namely

Oz = [TWyl1z, 2(0) = ITy(0),

where II the orthogonal projection onto Ker A; N Ker Bé] = Ker(\Ifa)glom.

Case when p = p. If u = p, we again apply Corollary 9 with v = yu, but the form of B is
slightly different, and now §(n, m) plays a role, namely

B(n,m) = B(n,m) = C(n, "o mV)(Q”ﬂ;()n 3 m) £0)

The limit equation is as in the previous case.

Case when p < < 2p. If p < pu < 2p, we really have three different orders of magnitude in
Eq. (28). The form for B is now

B%(n,m) = C(n, m)%l(é(n, m) % 0),

and the size of the time-layer is O(£?*~#). The limit equation is still unchanged.
Case when = 2p. If u = 2p, then v = 0 and the contribution of B competes with that of

W. Therefore the projector mentioned in Corollary 9 is here 114, the orthogonal projection on
Ker Ay, and the limit equation is

Oz = Ua(B° + W),Il4z, 2(0) = 4y(0),

where

BO(n, m) = C(n,m) 21 (6(n, m) # 0),

d(n,m)?
after a time-layer of size O(e*). In this case, and in the following one, the projection only

depends on A (and not on B°). The constant ¢ is simply ¢ = minj, <1, o—0 — (A2, x).

Case when ¢ > 2p or B. = 0. If p > 2p, then v < 0 and B® — 0. This case is therefore
treated in the same way as when B. = 0. In both cases, the limit equation is

8tz = HAWﬁHAZ, Z(O) = HAy<O),

after a time-layer of size O(¢#). Hence for small values of p compared to u, two almost de-
generate levels n and m for which d(n,m) # 0 are already too far apart to resonate with the
wave.
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6.4 Case when p = 0.

In the case when p = 0, Section 5 does not yield an interesting result since pq — pf) is of order

O(1). Therefore we have to use the transition rates obtained in Section 4, namely

(Te)(n,m) =2V (n, m)|2[;2r v(n,m)? + |w(m:y7gl;rmﬁ) - w +ePd(n, m)|? 951"

For a finite or an infinite number of energy levels, we have at leading order pq = p3*”, where
Opg”™ = ((Wo) + W)epg™

and

n.m) — p—t: v(n,m) 2
(0 nm) =2V ()P 3 S ol

The discussion of the long time behavior and equilibrium state for such an equation is the same
as for Eq. (25) (see Appendix 8.1).

6.5 Infinite dimensional case study

In the infinite dimensional case the convergence of B¢ towards B is not sufficient to conclude.
However, we can use series expansions when they only include one non-positive order in ¢, i.e.

(T )dom L W =74+ o(1).
In this case, we consider at leading order the solution pi™ of
atpzpp — ng\Ilgpppzpp (31)

where W?PP is homogeneous of order O(1). In this case, time has to be changed into t' = ¢7¢.
With this time scale, the equation is not singular any more. There remains to list the cases
when such an homogeneous rate operator occurs, restricting the discussion to u > 0. As for a
finite number of levels, the value of the ratio x/p is crucial. We once more have to consider the
two cases u < p and g > p. The main results of this section are summarized in Table 2.

Case when i < p. If u < p, series expansions yield that

E_M

(‘I’s>dom(na m) = C(n, m)m

+ O(e2P73m),

If 2p — 3 > 0, ie. u<2p/3
(W), m) =: e *UPP(n,m) + o(1).

Since v > 0, 0 = u and rates are homogeneous only if W = 0.
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Case when ;1 = p. In the case when p = p no series expansion is needed and we have exactly

e "y(n,m)

dom =C(n,m
(L) (n,m) = C(n, )v(n, m)? + d(n, m)?

=: ¢ PP (n,m).
Once more, we can only conclude if W = 0.

Case when i > p. If u < p, series expansions lead to

€

(W )m(n,m) = C(n, m)ml(é(n,m) =0)
e~ Cr—n~(n.m
+ C(n,m) 5(71,775)27 )1(5(71, m) # 0) + O(e*~ ).

Two cases lead to only one term e?A 4 o(1), either §(n,m) is always nonzero, u > sp and
W = 0. In this case 0 = 2p — . Or p > 2p and o = pu. We once more need to assume that
W =0.

In all the above cases, using the same type of estimates and integral formulations as in the
proofs in Section 4 and 5, we define an approximate solution p3™ to Eq. (31) such that

1pa — Pl Lo ro,11.02) = 0(1),

and W*P has the properties described in Section 8.1.

1/p gR(n, m)
ag
2|[V(n,m)[> > 5 [#5l*
0(u=0, p>0) L (see caption)
=0,p see caption
a " Aem)
1
0<pu/p<2/3
1/ / I )
v(n,m)
—1
b | Smml + dmmp
v(n,m)
4 2 |2p—
/3 <pu/p< D — 1 ENTE
v(n,m)
—9
/p 0 5. m)?
2<pu/p< oo 0 0

Table 2: Cases when the transition rates are single powers of €, for an infinite number of levels.
The sum over [3’s includes only resonant contributions in general, except when p = 0 where

el .
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7 Restriction to a finite number of levels

It is important to show that we can restrict the study to a finite number of levels since we have
seen in Section 6 that we are able to give precise results on the time evolution of rate equations
only in this case. Another perspective is numerical simulations, which in any case can only
treat finite data.

Consider a solution p to Bloch equations (1) with initial datum p(0), and infinitely many
quantum levels. In this section, we show how p may be approximated by p", solution to Eq. (1)
with only a finite number N of levels.

For this purpose, for all N € N, we define 7V, the projection of the space CV* of infinite
matrices onto the space of N x N matrices, by

(7Nu)(n,m) := u(n,m)1[n,m < NJ.
Then, the N-level truncated system (1V) is defined from Eq. (1) by

20" (t,n,m) = —iw:(n, m)p" (t,n,m) + (7 Q=) (p") (n, m)
+ie [v <én k) Nt kom) —V (512 k,m) (b, k;)] RN

The initial datum p™(0) is also naturally defined as

p™(0) == 7 p(0).

The analysis of the previous sections shows that, in the limit ¢ — 0, p is approximated by
the diagonal solution pff) to rate equations (25). Theorem 6 also gives an approximation of p

by pév’(z), which turns out to be solution to the truncated system obtained from Eq. (25):
N, (2 om N, (2 N,(2
Opy® = (@M (LY 4+ TN W)epy . py " (0) = 7V p(0). (25V)

To apply Theorem 6, we need Hypotheses 1 to 5. Under the additional condition that
longitudinal relaxation coefficients are decaying enough at infinity (Hypothesis 6), we show
that this truncation procedure is compatible with the evolution according to Bloch equations
and rate equations:

Lemma 10. Under Hypotheses 1 to 6, for all v, T e > 0, there exists an integer N such that,
if (I =aM)p(0)lz < v, then |lp — p™||Lqorre) < 20 4 Cleh +£72),
where C'= C(T) is the constant from Theorem 6, and N has the form
N = Ny(v, T)gfm,

with n and N,, giwen by Hypotheses 1 and 4.

If, in addition, no resonance occurs between the wave and high energy levels (i.e. there exists
M € N such that, when min(n, k) > M, the set {f € Z"; w(n, k) + - w = 0} is empty), then
N has the form N = Ny(v,T), uniformly with respect to e.
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Proof. Theorem 6 applies for both the infinite and the finite number of levels problems, therefore

lp— Péz) | oo,y < Ce* + &' 72)

and
N,(2 _
167 = 20" oy < O+ €17),
and we only need to estimate the difference A := pé) pév ‘@ Which is solution to

OA = (L) + W), A+ (W) — (W )%omN) o 4 (W — 7V W), pi @

Thanks to the non-positiveness property of the operators associated with (¥_)4°™ and W, an
integral formulation leads to

1A Lo o,r102) < C(H(l —7M)p(O) [l + [| (L) — 7@ ™), o3P e o,
W =75 W), 032 e o)
I = 7™)p(O) z + (L™ = 7 (D)%™ ey e
+[W - WNW”lgol}LﬂlgOl}c)-

The first term goes to zero as N goes to infinity simply because the initial datum p(0) is in
I2. The third one reads

supZ|Wnk |+supZ|Wnk |+supZ|Wnk: |+supZ|Wnk)|

n>N k>N n>N

<C<supZ|Wn k) |+supZ|Wn k)|>

n>N n kSN

<CNK (sup Z( +n)5|W (n, k)| —i—supz (1+ k)XW (n, k)\)
n>NT k>N
<CN7F,

thanks to Hypothesis 6. Thus, this term is also o(1) uniformly with respect to € as N goes to
infinity:.
Finally, taking into account the fact that (¥.)d°™ is symmetric, the second term is

dom dom
su E (n, k)| + su E n, k

k>N
< Ce™"sup Z > el IVin k)
n>N
B; wn,k)+p-w=0
< Ce P N~UFmNg gy 1+n(1+") 2V (n, k)|?
3 > 1oV k)

B; w(n,k)+p-w=0
< CgfﬂN*(lJF’?) n
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which vanishes in fact when no resonance occurs between the wave and high energy levels. Else,
we obtain a o(1) as € goes to zero under the condition

N > E*ﬂ/Nn(lJFW) .

8 Appendix

In this section, we give the lemmas concerning the modified relaxation operator from Eq. (3),
in order to describe the dynamics of the solution. We also give a proof of the genericity of the
small divisor estimates of Hypothesis 1.

8.1 Relaxation operators

We first prove some non-positiveness properties of (Wem"d)ﬁ.

8.1.1 Continuity and non-positiveness

Lemma 11. Let A(n,m) € I5°1L NIXIL.
(1) Its associated operator Ay is bounded on the spaces 19, 1 < q < oo, and

[Asullia < [[A(, M) 1003, rugey lullaa-

(i) If in addition A(n,m) > 0, then for all positive integer N, the spectrum of the restriction
of Ay to RN is contained in {Re A < 0} U {0}.

(iii) If A(n,m) > 0 is symmetric, Ay is non-positive on >, and the exponential exp(tAy) is
well defined as an operator on 1*> when t > 0. Its norm is 1.

Proof. (i) For ¢ = oo or ¢ = 1, the result is immediate. The remaining cases are obtained by
interpolation.

(11) The localization of the eigenvalues of Ay is obtained wia the Hadamard-Gerschgorin
method applied to M := tA_ﬁ = "Ay, whose eigenvalues are the conjugates of those of Ay: if A is
an eigenvalue of M, there exists an index n such that

m#n
Remarking that for m # n, M(n,m) = Ay(m,n) > 0, and M(n,n) = =%, _, M(n,m), the
conclusion is straightforward.
(111) In the symmetric case, compute for all u € 2

(Apu,u) = Z Z Ag(n, m)u(m)u(n) + Z Ay(n, n)u(n)?

n  m#n
< S Al m) ()P + ()~ 33 Aylm, nyu(n)? = 0.
n  m#n n m#n

The norm of exp(tA;) is 1 on I? for ¢ > 0 because Ay has a non-trivial kernel (see below). O
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In the same way as for item (i) of Lemma 11, we have the estimate usually called Schur’s
lemma.

Lemma 12. Let A € I[P, N I°L, and 1 < g < co. Then, ifu €ld,, (N x N),

8.1.2 Asymptotic states of the rate equation

< [[A(n, m) |lizens, rugons [[u(r, m)fig, .-

> " A(n, k)u(k, m) — A(k, m)u(n, k)
k

q
ln,m

We define the asymptotic state p associated with Eq. (3) and with the initial datum p(0), the
limit (in 1'), if it exists, of the solution p4(t) to Eq. (3) with the initial value p(0) as ¢ goes
to infinity. Such an asymptotic state is necessarily an equilibrium state (i.e. it belongs to the
kernel of (Wm°d),). As an example, the usual thermodynamic equilibrium Btherm (corresponding
to Wmed = W satisfying Eq. (5)) for the N-level Bloch model is given by

therm eXp (_an)
(n) = _—
B Egzl exp (_Tk)

We study the kernel of operators A; modelled on (W™°4),: the —finite or infinite- matrix
A, written in the eigenstates basis e = (eq, ey, ... ), has the property (P).

A(m,n) =0« A(n,m) =0. (P)

In particular, thanks to this property, a vanishing column in Ay corresponds to a vanishing line,
and conversely.
The kernel of Ay is linked to the spaces generated by elements of the basis e,

Ep := Span{e,,; m € L},
when L is a finite subset of indices.

Proposition 13. Let A(m,n) € I5°1L NIl satisfy property (P), and A(m,n) > 0 when
m # n. In addition, suppose that there exists a decomposition of I' into Ay-stable subspaces of
the form E, (each with finite dimension).

Then, the restriction of Ay to any such non-zero subspace with minimal size has a one-dimensional
kernel.

Such a minimal subset can be one dimensional, i.e. generated by a single e,. This corre-
sponds exactly to the case when the n-th line (or column) of A; vanishes. When the cardinality
of L is greater or equal to two, E, is characterized by:

m<néel << dn=:m; <---<mg:=n, such that
m; € Lforallj=1,...,s
and Ay(m;,m;j41) #0forall j=1,...,s—1.
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Proof. When the dimension of E, is one, the result is trivial. Now, suppose that the cardinality
of L is at least 2.

Denote by AﬁL the restriction of Ay to £. Since the dimension of £, is finite, the dimension
of the kernel of AﬁL is the same as the dimension of the kernel of the transposed matrix, tAﬁL .
Let u belong to this kernel. Written relatively to the basis {e,; n € L}, the relation tAﬁLu =0
reads

> Amk) | um)= > Aln,ku(k)

keL\{n} keL\{n}

for all n € L. Each coefficient A(n, k) is non-negative, and thanks to the property (P), the sum
> ke (ny A(n, k) is positive. Therefore, u(n) belongs to the convex hull of the other coordinates.
Since this is valid for all n € L, all the coordinates must be equal, and the kernel of tAﬁL is
generated by >, en. O

Corollary 14. Under the assumptions of Proposition 13, for each initial datum p(0) € I
satisfying Eq. (2), there is a unique p € I'NKer Ay such that for all minimal Ay-stable subspace

Er,
> p(n) =" p(0,n).

neL nel

Since the decomposition of [! into As-stable finite dimensional subspaces corresponds to the
splitting of Eq. (3) into a countable set of decoupled finite dimensional systems which have
bounded solutions (thanks to the results of Lemma 11 on the spectrum of Ay), a diagonal
argument allows to extract a converging subsequence of pq(t). Finally, the normalization of the
trace on each minimal subspace ensures the uniqueness of the limit. This shows that the whole
sequence (p4(t))i>o converges to p, which is actually an asymptotic state.

In the purely infinite dimensional case, i.e. when no decomposition into finite dimensional
Ag-stable subspaces exists, the results above may break down.

Proposition 15. Consider A(m,n) € I5°1L NIl satisfying property (P), A(m,n) > 0 when
m # n, and either symmetric, or in Pauli form (relation (5)). Suppose that there exists a
minimal Az-stable subspace E of It generated by an infinite number of eigenstates e,,.

Then, the kernel of Ay~ (the restriction to E of the operator on 1) is {0}.

Proof. Denoting éﬁE the restriction of Ay to £, we have a one-to-one relation between elements
of the kernel of Ay” and elements of the kernel of tAf :

u € Ker Af & u e Ker tAf in the symmetric case,

& (u(n) exp <@) i n € L) € Ker ‘A} in the “Pauli” case.

Since we have the bounds

w<1> w(”) Wionisation
7 7 < o
O<exp< )<exp< exp( )
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for all n, this correspondence preserves the summability property.
Finally, the proof of Proposition 13 shows that the kernel of ‘Af (in I') is {0}, and this
gives the result. O

Corollary 16. Under the assumptions of Proposition 15, for any initial datum p(0) with non-
vanishing component in E, there is no equilibrium state p € I' N Ker Ay with the same trace as
p(0) in E.

Remark. In the symmetric case (when (¥ )%™ = 0, Wmod = W) according to Lemma 11,
the 1?>-norm of the solution pq to Eq. (3) is decreasing in time; thus, it tends to a certain value
r > 0. This means that pq approaches a limit cycle in [? belonging the intersection of the sphere
lpallize = r and the hyperplane where the I'-norm is one (assuming for simplicity that there is
no strict Ay-stable subspace of I*). In this case, only weak convergence (to zero) can occur.

8.2 Diophantine estimates
We show the genericity of Hypothesis 1.

Lemma 17. For alln > 0 and all real sequence w(n,m), there ezists a constant C,, > 0, such
that for almost all value of the frequency vector w = (wy, ..., w,),

Va = (ay,...,a,) € Z"\ {0}, V(n,k) € N? such that a-w + w(n, k) # 0,
Gy

. k)| > :
o w+wn, k)| > 0+ a1 1(1 + n) (1 + k)i

Proof. We follow the standard approach (see e.g. [AG91]). Restricting w to a ball B in R", we
show that the measure of the set of “bad frequencies” violating the inequality for all constant

C' is zero.
For n,c> 0, a € Z"\ {0} and (n, k) € N? fixed, set

ne . . ¢
Bk = {w € B; |o-w+wn, k)| < (14 |a)=1(1 + n) (1 + k:)””} :

This limitates w in the direction of a.. Introducing a constant K which depends on the size of
B only, we obtain

meas (B"’c )< Ke )
an,k) — (1+|a|)r—1+n(1+n)1+n(1+k)1+77

Now, with 7, ¢ > 0 fixed, the measure of the set of frequencies for which the inequality is false
at least for some («, n, k) is less than the sum (over «, n and k) of the ones above, and thus is

O(c). O
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