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ABSTRACT. — We consider a perturbed Floquet Hamiltonian —id, +
H + BV (wt) in the Hilbert space L2([0, T], H, dt). Here H is a self-
adjoint operator in  with a discrete spectrum obeying a growing gap
condition, V (¢) is a symmetric bounded operator in H depending on ¢ 27 -
periodically, w = 27 /T is a frequency and B is a coupling constant. The
spectrum Spec(—id, + H) of the unperturbed part is pure point and dense
in R for almost every w. This fact excludes application of the regular
perturbation theory. Nevertheless we show, for almost all w and provided
V (¢) is sufficiently smooth, that the perturbation theory still makes sense,
however, with two modifications. First, the coupling constant is restricted
to a set I which need not be an interval but 0 is still a point of density of 1.
Second, the Rayleigh—Schrodinger series are asymptotic to the perturbed
eigen-value and the perturbed eigen-vector. © Elsevier, Paris
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242 P. DUCLOS ET AL.

RESUME. — On considére un Hamiltonien de Floquet perturbé —id, +
H + BV (wt) dans un espace de Hilbert L2([0, T1, H, dt). Ici H est un
opérateur self-adjoint dans H avec spectre discret, et dont les lacunes
croissent, V (¢) est un opérateur borné symétrique dans H dépendant de ¢
2m-périodiquement, w = 27/ T est une fréquence et B est une constante
de couplage. Le spectre Spec(—id; + H) de la partie non perturbée est
purement ponctuel et dense dans R pour presque tout w. Ce fait empéche
I’application de la théorie standard des perturbations. Nous montrons
néanmoins pour presque tout w et pourvu que V(¢) soit suffisamment
régulier, que la théorie des perturbations a un sens, mais avec deux
modifications. D’abord, la constante de couplage doit étre restreinte a un
ensemble / qui n’est peut-€tre pas un intervalle, mais pour lequel O est
toutefois un point de densité. Ensuite, la série de Rayleigh—Schrédinger
est seulement asymptotique a la valeur propre perturbée et au projecteur
propre perturbé. © Elsevier, Paris

1. INTRODUCTION

The so called Floquet Hamiltonians were introduced by Howland [10]
and Yajima [25] in order to study time-dependent quantum systems
described by an Hamilton operator H(¢) acting in a Hilbert space H.
Already before this strictly mathematical setting of the problem one
could meet similar ideas in the physical literature [22,21]. In our paper
we restrict ourselves to T-periodic time-dependent Hamiltonians. In
this case the Floquet operator is formally written as K = —id, + H(¢)
and it acts in the Hilbert space K = L?([0, T1, H,dt). Usually H(t)
is decomposed into a sum of a time-independent part H and a time-
dependent perturbation BV (wt) where w =2x/T and B is a parameter
(coupling constant). The primary question to be answered is that of
the character of the spectrum of K [9]. What makes this task difficult
is the fact that, in many interesting situations, the spectrum of the
Floquet Hamiltonian associated to the unperturbed (time-independent)
Hamiltonian H is pure-point and dense in R. Particularly this excludes
application of the regular perturbation theory due to Rellich [20] and Kato
[13]. Let us mention a few landmarks (but definitely not all of them) in
the comparatively short history of the problem which have motivated us
to deal with this subject.

Annales de 1’Institut Henri Poincaré - Physique théorique



PERTURBATION OF AN EIGEN-VALUE FOR FLOQUET HAMILTONIANS 243

In the article [2] Bellissard introduced a technique to study time-
dependent Schrodinger equations which was inspired by the method
of proof of the classical KAM theorem [14,1,16]. He considered a
model on the circle (in which H = L2(S!) and H = —A with periodic
boundary conditions) and looked for sufficient conditions to get pure-
point spectrum of the associated Floquet Hamiltonian. The density of
the unperturbed spectrum leads to a small divisors problem which was
mastered in this paper, for appropriate diophantine frequencies w and V'’s
small enough, by a method similar to the original KAM algorithm. We
note that Bellissard considered a perturbation V acting as a multiplication
operator by a function analytic both in the time and in the spatial
variable.

Soon after Combescure addressed in [5] the same question, with H
being the one-dimensional harmonic oscillator and V not necessarily
analytic. To cope with the lack of analyticity she has adapted the Nash—
Moser regularization trick [16]. However, she had to face a more severe
problem: the spectrum of H did not satisfy a growing gap condition
(this is an important technical property which was satisfied in the
Bellissard’s model). This is why she had to restrict the class of admissible
perturbations, particularly excluding realistic local potentials. Let us
mention also the work [3] devoted to an interesting model with constant
gaps in the spectrum of H and with an analytic perturbation V.

Later on, the first two authors of the present paper considered in [6] the
same question in a more abstract situation: H is discrete, simple, with a
growing gap condition (see formula (2.1)), acting in a separable Hilbert
space H and with V being not necessarily analytic. More precisely, one
did not require that the matrix entries of V' in the eigen-basis of —id, + H
were exponentially decaying. The paper was based on a combination of
two methods: the Nash—Moser trick and the adiabatic regularization due
to Howland [11]. The latter method makes it possible, roughly speaking,
to convert the regularity of V in the time variable into a regularity in
the spatial variable. For further development of this procedure the reader
can consult [17,12]. We note that in [11] Howland proposed another way
to prove the pure-point character of a spectrum which was based on a
“randomization” of the original operator but he did not extend this results
to the case when H was a Schrodinger operator.

Two main characteristics are common to all the above works. First,
the results are global in the sense that they describe the character of the
full spectrum. Second, all these approaches are based on the accelerated
convergence method which is of iterative nature. In fact, this method is an
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244 P. DUCLOS ET AL.

adaptation of a procedure used in the celebrated KAM result concerning
perturbations of classical integrable systems. The present paper has
another goal and an essentially different method was necessary to reach
it. Here we concentrate on one single eigen-value. More precisely, for
operators of the same type as in [6] we shall answer affirmatively the
question: Is it possible to show that one single unperturbed eigen-value
gives rise to an eigen-value of the perturbed operator? We shall do it
using a direct method, this is to say, by showing directly that the standard
eigen-value equation has a solution at least for appropriate values of the
coupling constant 8.

In our approach the eigen-vector is written in a form of an infinite
series and to verify its convergence we again have to cope with the
small divisors problem. However, we do not use any kind of iterative
methods and instead we rearrange partially the series and estimate its
summands directly. This compensation method was more explicit in our
previous paper [7] which was inspired by the pioneering work of Eliasson
[8] (see also an earlier paper by Siegel [23]). Its purpose was to check
some basic ideas on an concrete example. Here we treat the general
case but we borrow from [7] some intermediate results, particularly
this concerns Proposition 3.1 below. Apart of the rearrangement of
the series we use another crucial technical trick. This is a sort of a
reduction procedure based on the observation that the eigen-values of the
unperturbed Floquet Hamiltonian which may be suspected to contribute
by small denominators are rather rare (see Sections 5 and 6). We note
that this idea, in a bit heuristic version, already appeared in the physical
literature [18].

The paper is organized as follows. The main result (Theorem 2.1) is
formulated in the very beginning, i.e., in Section 2. The proof is split into
several steps which are carried out in the remainder of the paper, i.e., in
Sections 3-8. In fact, already after reading Section 3 one can guess about
the structure of the proof. Its summary is given at the end of Section
8. The paper contains three appendices. In Appendix A we present, for
the sake of completeness, a proof of the fact that the spectrum of the
unperturbed Floquet Hamiltonian is dense in R for almost all frequencies.
In Appendix B we construct an example of a perturbation for which the
formal solution of the equation on eigen-values (so called Rayleigh—
Schrodinger series) does not exist. Appendix C contains a summary of
the results about Lipschitz functions that we need for our approach.

Annales de I’Institut Henri Poincaré - Physique théorique
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2. THE PROBLEM AND THE RESULT

Our goal is to study a perturbed Floquet Hamiltonian K + 8V acting in
K:=L*[0,T],dt) ®H,
where H is a given separable Hilbert space,
K:=-i1+1® H

is the unperturbed (time-independent) part and 8 is a coupling constant.
We assume that V(¢) is a given 2m-periodic sufficiently smooth func-
tion with values in the space of bounded operators B(H), and V (¢) is
symmetric for all ¢. The perturbation V is naturally induced by the T -
periodic function V (wt), with w := 27/ T being the frequency, and it is,
of course, bounded and self-adjoint. We assume further that H is a self-
adjoint operator in H, its spectrum Spec(H) = {Ey; k € N} is discrete,
simple and obeys the gap condition

Eyy1 — E
inf Ck k

2 ’ *
e = Cr @.1)

where Cg and « are strictly positive constants.

Here and everywhere in what follows we adopt the convention
according to which N stands for the set of natural numbers starting from 1
whereas Z includes also 0.

As usual, we assume the periodic boundary conditions in time. The
operator K is self-adjoint and its spectrum equals

Spec(K) ={F, :==wn|+ E,,; ne€Z x N}.

Denote by f,, n € Z x N, the corresponding normalized eigen-vectors
and by P, the orthogonal projector onto Cf,. With the help of this
eigen-basis we identify the Hilbert space K with [>(Z x N) and all
relevant operators with their matrices. Particularly the perturbation V is
represented by the matrix (V,,,),

T
1
Viun = T /(emz, V(wt)ey,)n exp(iw(ng —my)t) dt
0

2
1
- O/ (emps V(Den)r explitn —mt)di,  (2.2)

where {e;; k € N} denotes the orthonormal eigen-basis of H.

Vol. 71, n® 3-1999.



246 P. DUCLOS ET AL.

Note that the matrix entries of V do not depend on w and so the
frequency occurs only in the eigen-values of K. The problem depends
on two parameters—p and also the period 7. However, in the very
beginning, we shall fix @ so that a diophantine condition (cf. (3.11)) is
satisfied. Afterwards we do not move the value @ anymore and study the
dependence only on the coupling constant.

We have just described the general setting. Let us now formulate the
problem. We fix once for all an index 1 € Z x N and write

P:=P, and Q:=1-P.

Similarly, we redenote f := f, and F := F,;s0 Kf = Ff and Pf = f,
Of =0, with || f|| = 1. We ask whether the operator K + BV possesses
also an eigen-value F(B) which could be regarded as being inherited
from the eigen-value F' of K. The regular perturbation theory due to
Rellich [20] and Kato [13] in no way provides an answer to this question
since the set Spec(K) = wZ + Spec(H) is dense in R for almost all
w > 0. This property of the spectrum is quite familiar, nonetheless
we present an elementary proof in Appendix A. Recall that the basic
assumption for the regular theory to go through is that the eigen-value
F is isolated. Also because of the density of the spectrum, it makes little
sense trying to relate, for a single value of the parameter B, an eigen-
value F(8) of K + BV to the distinguished eigen-value F of K. But we
shall show that it is reasonable to relate to F' a whole function F(8), for
B running over some domain in the vicinity of zero.

In our case, F can be an accumulation point of Spec(K). On the other
hand, F is a simple eigen-value for a generic w and so the operator
K — F is injective on the subspace Ran(Q). In fact, practically all
subsequent manipulations will be concerned with this subspace while
the vector f plays a role of a “source”. This is reflected in the notation;
for an operator X in K we denote by X its block corresponding to the
subspace Ran(Q):

X:= QX (Q asan operator in Ran(Q). 2.3)

Then (I? — F)~!is a self-adjoint possibly unbounded operator.

There are more distinctions when comparing with the regular case. We
will discuss this point in a bit more detail in Section 3. Here we recall that,
according to the Rellich—-Kato theorem—the basic result of the regular
perturbation theory, if the eigen-value F was simple and isolated then
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F(B) would be an analytic function on a neighbourhood of the origin.
The same remark applies to the eigen-vector f(B) provided a convenient
normalizing condition has been imposed making it unambiguous. For
example, a normalization frequent in the physical literature [15] requires
that

(£, f(B) =1 f(B) — f €Ran(Q) (2.4)

is valid for all B from the corresponding domain. The analytic functions

FB)=F +Br + A+,
fB)=f+Bs+Ppe+- -,

are known as the Rayleigh—Schrodinger (RS) series, with the coefficients
Aj€Rand g; € Ran(Q) expressed explicitly [13,19]. More details are
given in Section 4. Here we recall only that

M=V, h=—(QVF (K—F)'QVf). (5)

On the contrary, this seems to be an intrinsic feature for the problems
with dense point spectrum that the common domain I for the functions
F(B) and f(B) cannot be chosen as an interval. Because of the resonance
effects it possesses numerous “holes”. Nevertheless 0 can be a point of
density of /. Furthermore, the relation of the RS series to the functions
F(B) and f(pB) is not straightforward. A priori it is even not clear whether
the coefficients A; and g; are well defined. For example, A, in (2.5)
does exist under the condition QVf € Dom((I? — F)~!). However, it
is not obvious at all whether this condition is fulfilled. Fortunately it
turns out that the coefficients up to some order do exist provided V (¢)
is sufficiently smooth. Then the RS series do not determine F(8) and
f(B) directly but instead they describe the asymptotic behaviour of these
functions as 8 — 0.

Now we are ready to formulate the result. Here |X| stands for the
Lebesgue measure of a measurable set X.

THEOREM 2.1. — Suppose that a self-adjoint operator H with a
discrete spectrum obeys the gap condition (2.1) and a symmetric
operator-valued function V(t) € C" in the strong sense, with r > 2
and r > 16/a. Then there exists a set 2 C]0,+oo[ of full Lebesgue
measure such that, for all w € 2 and any n € Z x N fixed, the Rayleigh—
Schrédinger coefficients 1; € R and g; € Ran(Q), 1 < j < ¢, are well

Vol. 71, n°® 3-1999.



248 P. DUCLOS ET AL.

defined, with € being the greatest integer which fulfills
ro
< — 2. 2.6
<5 2.6)

If, moreover, the second coefficient L, # 0 (as given in (2.5)) then there
exist a real function F(B) and a K-valued function f(B) defined on a
common domain I and having the properties:

(1) f(B) e Dom(K), (f, f(B)) =1, and (K+BV)f(B) = F(B)f(B)

forall Bel,

(2) limgsyo|I N[=5,68]1/26 =1,

3)

F(B)=F + Br+---+ B2 +O(18IT),
fB)=f+Bgi+-+Bg+0(BI).

From the construction of the set §2 (cf. (3.10) and Proposition 3.1) it is
evident that the eigen-value F of K is simple for all w € £2. Furthermore,
let us note that if V (¢) € C* then the coefficients A; and g; exist for all
j € N and the property (3) means that the functions F(8) and f(8) have
asymptotic expansions at g = 0 coinciding with the RS series.

We conclude this section by a brief comparison of this theorem with
some previous results. This concerns, first of all, the mutual role of the
two parameters w and 8. A notable approach to the spectral problem of
the operator K + 8V goes back to Bellissard [2] (see also [5,6]). Also in
this case, the spectrum of the unperturbed Hamiltonian H was supposed
to obey the same type of gap condition (2.1). Under some smoothness
assumptions on V (), one is able to show that, for each sufficiently small
B, there exists a set of “non-resonant” frequencies §2(B) such that the
Lebesgue measure of the complement of £2(f) is reasonably small and
the operator K + BV is pure point for each w € §£2(8). The dependence
of £2(B) on B is to be emphasized. On the contrary, the above theorem
focuses only on one distinguished eigen-value. But in this case one
can choose the set £2 independently of B so that it covers almost all
frequencies w > 0 in the Lebesgue sense. The basic problem now is to
construct a convenient domain I for the coupling constant 8, with @ € £2
being fixed. Naturally I depends on the choice of the unperturbed eigen-
value.

We split the proof of Theorem 2.1 into several steps, each of them
treated in one of the subsequent sections. A summary of all the steps is
given at the end of Section 8.
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3. PROJECTION METHOD, COMPARISON WITH THE
REGULAR CASE

We start the proof of Theorem 2.1 from the perturbed equation on
eigen-values,

(K+BV)(f+8)=F+M(f+8), 3.1

with A € R and, according to the normalization (2.4), g € Ran(Q).
Applying to (3.1) the complementary projectors P and Q (commuting
with K') we obtain an equivalent set of equations (using the notation (2.3))

A=BVLE Y+ B{VS g (3.2)
(K+BV—F—1g=—BOVSf. (3.3)

For a while we shall consider A as another auxiliary parameter and we
will try to solve Eq. (3.3), referred to as the eigen-vector equation from
now on. Its solution is a vector-valued function g = g(8, A) depending
on both parameters 8 and A, and taking values in Ran(Q). Plugging
g(B, A) into the equality (3.2) we get an implicit equation A = G(8, A)
from which one should extract a function A = A(8). Then

FB)=F+ArB) and f(B)=f+g(B,1(B)) (3-4)

will be the sought solution to our problem. This projection method was
rediscovered many times in the past and bears various names: Brillouin-
Wigner, Feshbach, Grushin, Schur, . ...

Naturally this procedure can be applied to the regular case as well
and one can rederive this way the Rellich—-Kato theorem. In order to
emphasize the difference between the regular and non-regular cases we
sketch below the basic steps. But before doing it let us introduce some
more notation used throughout the paper. Set

Ly:=(K-F)", (3.5

Li=(K—F-0)""'=1-Alp)' T (3.6)

Thus I is a self-adjoint operator acting in Ran(Q) provided Fisa

simple eigen-value of K. The same holds true for I'} if A ¢ Spec(K — F).
The regular case is characterized by the condition

dist(F, Spec(K) \ {F}) =:d > 0. 3.7

Vol. 71, n® 3-1999.



250 P. DUCLOS ET AL.

Hence the operator I} is even bounded and || 15| = d~'. Moreover, I,
is bounded as well and depends analytically on A in the domain |A| < d.
However, K itself need not be bounded and one can even consider a more
general situation with V being relatively bounded with respect to K. This
assumption 1mpl1es that | IV = || VFO|| < o0 and so it ensures that the
operator 1 + BT V is invertible provided the parameters 8 and A belong
to the domain

d||V || 18]+ 1Al <d. (3.8)

Consequently, there exists a unique solution to (3.3) given by

g(B,2) =—B(1+BV)  LQVS.

Obviously, the functionAg(ﬂ, A) is analytic in the domain (3.8) and its
values belong to Dom(K — F — X) C Dom(K). The equality (3.2) then
leads to the implicit equation

A=G(B,A), with

G(B, M) =B(Vf, f) — BXQVS, (1+BLV) T QVF).
Since G (B, A) is analytic and

A =GB, )lepyn=00 =0, Hh(rA =GB, M)pn=00=1,

the implicit mapping theorem tells us that there exists a unique analytic
function A = A(B) defined on a neighbourhood of the origin and such
that A(0) = 0, A(B) = G(B, A(B)). In accordance with (3.4) we get both
the perturbed eigen-value F(B) and the eigen-vector f(B) as uniquely
determined analytic functions.

Let us return to our problem with dense point spectrum and with V
being a bounded perturbation. Violation of the condition (3.7) means
exactly that the operator Iy is unbounded. We shall need another but
weaker condition in order to be still able to cope with Eq. (3.3).
Diophantine estimates are the standard tool used widely in this situation.
Let us first introduce the relevant exponents. The integer £, as specified
in Theorem 2.1 (cf. (2.6)), obeys

£>2 and 4+8<ra.
Hence one can find reals T > 4 and o > 1 such that

Ttl+2)<ra and 20+2<r. 3.9

Annales de I'Institut Henri Poincaré - Physique théorique
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Next we define the set of non-resonant frequencies,

2, = {a) >0; inf  n3|F,—F|> 0}. (3.10)

A simple adaptation of the proof of Lemma 4 in [7] shows that if o > 1
then £2, C]0, 4+oo[ is of full Lebesgue measure. It is clear that a non-
resonant frequency can be even chosen for all indices n simultaneously.

PROPOSITION 3.1. — Suppose that o > 1. Then almost all w > 0
belong to

2:= (] 2n.
meZxN
We fix, for the rest of the paper, a non-resonant frequency w € £2. Then
eigen-values of K — F fulfill the diophantine estimate

|F, — F| > yn,° foralneZ xN, n#n, (3.11)

with some constant y > 0. In addition, the property (3.11) guarantees that
F is a simple eigen-value of K. We shall write

k) i=yk, k)= %k". (.12)

We would like to warn the reader that, in order to avoid introducing
additional symbols, the restrictions (3.9) on t will be applied in the
subsequent procedure only at those places where they have some
consequences, otherwise 7 can be any real number. Similarly, £ can be
any non-negative integer if not specified otherwise.

Let us finish shortly the comparison of the regular and non-regular
cases by indicating some forthcoming steps. The discrete function v (k)
given in (3.12) will be used later, in Section 6, in another diophantine
estimate involving the parameters 8 and A and defining a closed set
D C R?. We shall be able to solve the eigen-vector equation (3.3)
provided (8, A) € D getting this way a vector-valued function g(8, A).
Consequently the function G(B8,A) := B(Vf, g(B, 1)) is defined only
on the set D, too, but fortunately one can show that G belongs to the
Lipschitz class Lip(¢ + 1, D), with £ specified in Theorem 2.1. This
enables one to apply the Whitney extension theorem in order to extend
G from D to R?. Making the standard simplifying assumption that
(Vf, f) =0 one again arrives at the implicit equation A = G (8, 1), with

Vol. 71, n°® 3-1999.



252 P. DUCLOS ET AL.

the extended right-hand side. The implicit mapping theorem guarantees
the existence of a solution A = 5\(,3). However, one has to restrict the
function A to the set I determined by the condition (8, X(B)) € D. Thus
the resulting function A(B) is not defined on an interval but, on the other
hand, one can verify that its domain / is still reasonably dense at the
origin.

4. PERTURBATION SERIES

In this section we summarize a few basic facts about the RS series,
particularly we recall the explicit expressions for coefficients in a form
relying on some combinatorial notions. We impose on an eigen-vector
f(B) the normalization (f, f(B)) = 1. One may prefer to treat the
orthogonal projector P(B) onto the 1-dimensional subspace Cf(B)
rather than the vector f(B) itself. Then the corresponding formulae take
a different appearence [13]. But, of course, our choice is only a matter of
taste and convenience as the both approaches are obviously equivalent;
for example,

1
fB)= mp(ﬂ)ﬁ

On the other hand, the eigen-value F(8) is unambiguous and the result
must be the same in any case. This point has been discussed shortly in [7].
We are forced to use a bit more general setting since the functions F(8)
and f(B) need not be analytic and instead they are characterized by their
asymptotics. However, this does not cause a serious complication.

LEMMA 4.1. — Suppose that 0 is an accumulation point of a closed
set I CR, £ €N, and we are given a real function F(B) and a K-valued
function f(B), both defined on I and having asymptotics at = 0:

F(B)=F +Bri+ -+ B A+ O(IBI"), 4.1)
fB=F+Bgi+ - +Bg+O(p™). 4.2)
Suppose, moreover, that for all B € 1, f(B) € Dom(K) and

(K +BV)F(B)=F(B)f(B). 4.3)
Then f, g1, ..., 8¢ € Dom(K) and

Kf(B)=Kf+BKgi+--+pKg+0(BI*"). (44
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Proof. — The function K f(8) has an asymptotic as well since

Kf(B)=—BVf(B)+ F(B)f(B) =uo+Pui+---+Bu+0(I81“").

Redenote temporarily f as go. Proceeding by induction in j we shall
show that g; € Dom(K) and Kg; =u;, j=0,1,...,£. This is obvious
for j =0as go= f(0) and Kgy = Kf(0) = up. Suppose that j > 1 and
set temporarily, for 8 # 0,

hi(B) =B/ (f(B)—go—Bgr—-— B gi1).

Then h;j(B) — g; and, by the induction hypothesis, 4 ;(8) € Dom(K)
and Kh;(B) — uj, as B — 0. But K is closed and so g; € Dom(K) and
Kgi=u;. O

From the existence of the asymptotics (4.1), (4.2) and (4.4) follows

immediately that the corresponding coefficients on the both sides of (4.3)
coincide up to the order £. This leads to the system of equations (go = f)

M-1

(K—=F)gu=-Vgu-1+ Z Aigm—-j+imf, 1<M<L (45)
j=1

If f(B) obeys the normalization (2.4), and so g; € Ran(Q) for j > 1, one
can again separate the parts belonging to Ran(P) and Ran(Q) getting this
way
R R M-1
(K=F)gu=-Vgu_1+ Z Aj8M—j, (4.6)
j=1
where Ay = (Vf, gu-1), M =1,...,£ (for AZ =1, VgM_l should
be replaced by QVf). We still assume that (K — F)~! = I} exists.
Clearly one can calculate, successively and unambiguously, the vectors
81, - - -, 8¢, and consequently the numbers Ay, .. ., A, as well provided one
canshow that g, ..., g,—1and QVf, Vgy,..., Vge_ belong to Ran(I}).
In this case we can rewrite (4.6) in the form

M-1

gu=—ToVegu1+ > ATogu—j, M=1,....6. (@47)
j=1

One deduces readily from (4.8) that g,, is a linear combination of the
vectors
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V.. VryrQvy with1<p< M, (s1,...,5,) €N,
and » s <M. (4.8)
Hence the existence of vectors (4.8), for M = 1,..., ¢, represents a
sufficient condition for the system (4.6) to have a unique solution.
Before approaching the explicit expressions let us recall a bit of
combinatorics. The set of rooted N-trees 7 (N) C Zﬁ is characterized
by the condition (|v|:=v; 4+ -+ vy):
l)=(U1,...,VN)€T(N) =4
Vet+--+UwWSN—k for2<k<N, and|v|=N —1.
Obviously vy =0, and if N > 2 then v; > 1. It is also quite easy to verify
a composition rule for two trees, namely

v eT(N'), V' e T(N") = v= (") +(1,0,...,00 T(N' +N").
As stated in the following lemma this procedure is invertible. We do not

recall the proof.

LEMMA 4.2. — Suppose that v € T(N) and N > 2. Then there exists
a unique decomposition v = (V',v") + (1,0, ...,0), where v' € T(N'),
V' €eT(N"Yand N'+ N”" = N.

Now we are ready to describe the solution to the system (4.6).

PROPOSITION 4.3. — Suppose that the vectors
V.. .0V, QVf

are well defined for all p e N, 1 < p < ¥, and all p-tuples (s, ...,sp) €
NP such that > s; < £. Then there exists a unique {-tuple g1, ..., g
solving the system of equations (4.6).

Suppose, in addition, that (Vf, f) = 0. Then the solution is given by
the formula (1 < M < ¢)

M=

NeN veT (N)k(1),....k(N)eN
> Gy (N, v, k(j), 1(j)), (4.9a)
p(ENKD 1 (N)eNKM)
where the range of summation is restricted by the conditions
k(D) +--+k(N)+ N=M+1, (DI =k(j) + v,
for 1< j <N, © (49b)
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and
Sy (N, v, k(j), u(j))

N L
o (_1)M+N+1 H <Vf, FOM(])I ‘71~0u(1)2 . ‘7F0u(1)k<j) Vf}
j=2
x OV vy, (4.9¢)

The numbers Ay, ..., Ay are given correspondingly by Ay = (Vf, f) =0
and, for2 < M < ¢,

M= (Vien)=>, > >

NeN veT(N) k(1),..k(N)eN
Lu(N, v, k(j), 1(j)), (4.102)
p(DENKD__ 1(N)eNKN)

where the range of summation is restricted by the conditions

k()4 +k(N)+ N=M, |u(j)I=k(j)+v; for1<j<N,
(4.10b)
and

2M(N9 v, k(])1 M(.]))

N
= (~D)MN (VS PV e Vi PO v ). 4.100)

j=1
Proof. — The first part of the proposition has been discussed above.
Let us show that the vectors gy, given in (4.9) obey the relation (4.7).
This-is easy to check for M = 1. Then necessarily N =1 and so, as
T (1) ={(0)}, the formula (4.9) gives the correct answer g = —IpVf.
Suppose that M > 2. Observe that the assumption (V f, f) = 0 implies
that A; = 0 and so the summation index on the RHS of (4.7) starts from
the value j = 2. Moreover, Vf € Ran(Q). The verification is based on

the following two equalities. First,

—oVBy_1 (N, V', k(Y 1(j)) = Sy (N, v, k(j), u(j)),  (4.11a)
where
N=N,v=v eT(N), k(1)=k(1) +1,
k(2)=kQ2),...,k(N)=k(N),
pn() = (1, (1)), p2)=p@2),..., u(N)=pn(N)". (4.11b)
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Second, if 1 < M, 2< M" and M = M' + M” then

L (N V" k(Y ()" ToBar (N', V' k(Y ()
=&y (N, v, k(j), u(j)), (4.12a)

where

N=N+N", v=("v")+(1,0,...,0) e T(N),

k(1) =k(1),...,k(N") =k(N"), k(N" 4+ 1)

=k(1)",....,k(N'+ N") =k(N")",
p(l) = pu(1y +(1,0,...,0), u(2)=p@,....,u(N')=u(N'),
w(N' +1)=pu@)’,...,u(N +N") = u(N")". (4.12b)

On the other hand, consider a summand &, (N, v, k(j), u(j)). We
distinguish two cases. If ;(1); = 1 then necessarily k(1) > 2 and there
exists a unique multiindex (N’, v, k(1),...,k(N"Y, n(1),..., w(N"))
determining a summand &,,_; such that (4.11) holds. If u(1); > 2
then necessarily N > 2 and, in virtue of Lemma 4.2, there exists a
unique decomposition v = (v/,v") + (1,0,...,0) where v € T(N'),
V' e T(N")and N'+ N” = N. Set

M=kD)+ ---4+k(WN)+N' -1,
M'=k(N'+1)+---+k(N)+N".

Observe that N” > 1 implies M” > 2. This way one obtains unambigu-
ously two multiindices (N’, Vv, k(j)', u(j)") and (N",v", k(j)", u(j)")
determining, respectively, summands &, and £ such that (4.12)
holds. This completes the verification. 0O

5. SET OF CRITICAL INDICES, EXISTENCE OF THE
RAYLEIGH-SCHRODINGER COEFFICIENTS

Let us continue the proof of Theorem 2.1. The arbitrarily small
numbers in Spec(I? — F), so called small denominators, represent the
principal difficulty we have encountered in the preceding discussion. This
is why the operator Iy = (K — F)~! is not bounded and thus it is not
a priori clear whether the assumptions of Proposition 4.3 are fulfilled
and whether the RS coefficients exist at all. The second basic ingredient
of our approach, apart of the projection method, is the observation that
the indices suspected of enumerating small denominators are distributed
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rather rarely in the lattice Z x N. We introduce the set S C Z x N\ {n}
of “critical” indices by imposing the condition

neS@Fn—Fe}—g,E)—J. G.1)
2°2
Clearly, to each n, € N, n, # n,, there exists exactly one n; € Z such
that (n1, np) € S and there is no such n; for n, = 1,. In other words, the
projection S — N\ {n,}:n — n, is one-to-one. Roughly speaking, the
indices from the set S are situated closely to the curve ny = n; + (E,, —
E,,)/w.

Now the gap condition (2.1) can be employed to get more information
about the set S. It is quite useful to observe that another inequality
follows straightforwardly from (2.1), namely

C
IEj—Ekl>ﬁ|j—klmax{j",k°‘}, Vj,keN. (5.2)

Indeed, if j > k then

j—1 J
Ej _Ek'__Z(Ezﬂ—l —Ep) > CE/SadS
k

p=k
CE 4o 1 Ce . .
= — k) > —k)j%.
1+a(J )/l—i-a(] )J

Using (5.1) one derives that, form,n € S,
1 1
miy—ni|=—|Fy — Fy— Ep, + Ep)| 2 —|Ep, — E,,| — 1. (5.3)
w w
A combination of (5.3) and (5.2) yields

mneS=1+\|m —ny > max{m$,n5}|m, —ny|. (5.4)

o(l+a)
Similarly,
neS=1+]| | > Ce max{mg, n$}| . (5.5
m my — _ my, my — 1yl .
1— M o(l+a) 2 2—Mm

The set S induces a splitting of the subspace Ran(Q) into the “singu-
lar” and “regular” parts. This idea will be exploited more systematically
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in Section 6. Here we introduce the corresponding projectors,

PS Z=ZP,,, PR Z=Q—Ps.
nesS

Note that
~ ) 2
(K - F)Ps| <=, IIToPrll <= (5.6)
2 w

Hence the restriction of Iy to the subspace Ran(Pg) is quite harmless.

Let us switch to the problem of RS coefficients. To show their
existence, and also later in Section 6, we shall need an inequality with
commutators. First we specify the underlying notions. Let A be a closed,
densely defined operator in L and X € B(K). By saying that ady X is
bounded we mean that: Dom(A) C Dom(A X) and the operator AX — X A
is bounded on Dom(A), and so it can be unambiguously extended to
an operator from B(K) that we call ad4 X. Particularly, [A, X] =0 is
equivalent to: Dom(A) C Dom(AX) and AX = XA on Dom(A). One
has the Leibniz rule in the following sense: if X;, X, € B(K) and both
ad4 X, ad4 X, are bounded then so is ad4 (X; X») and it holds

ads (X1X2) = (adg X)X, + X (ads X3).

More generally, saying that ad’, X is bounded, with r € Z,, means that:
Dom(A") is dense in K, Dom(A/) C Dom(A’X) for all j, 0< j <,
and the operator

3 <r> (1A XA, (5.7)
=0 \J

clearly well defined on Dom(A"), is bounded. We call the closure of (5.7)
ad, X. The Leibniz rule can be generalized as usual.

LEMMA 5.1. — Suppose that we are given p,r € N, a closed, densely
defined operator A and X, By, ..., Bp,_; € B(K) such that the operators

adf; X are bounded for all j, 1 < j <r, and
[A,Bi]="---=[A, B,—1]1=0.

Then ad,(XB1X ...B,_1X) is bounded and its norm is estimated from
above by
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p—1 |

r:

Il Bi l = P =D (p—[+ 1D

il;Il VEXZ% Hj:](.]!) iv;!
vi+2v+-trv=r

< IX11P T || addy X ). (5.8)
Jj=1

Proof. — Let us recall a formula of differentiation of functions,

!
Gh@" = Y gy PP D =D
veZ, =N
vi+2vy+-trv.=r
x h(x)P " T (3R (x))". (5.9)

j=1
In our case ad4 plays the role of differentiation. However, one cannot use
the formula (5.9) directly since generally ad’, X and ad’, X, for i # j, do

not commute. Nevertheless we have, according to the generalized Leibniz
rule,

ad;‘(XBIX“'BP_lX)
= ¥ <r>(ad§'X)Bl(ad’fx)--.Bp_l(ad’;"x).(5.10)
nezZl | \ul=r

Estimating the norm of each summand in (5.10) by

r p—1 r . -
(1) T T o x1”
K)oz j=1

and grouping together the terms with the same powers i, ..., 1,, up
to a permutation, one arrives obviously at the same coefficients as in
5.9. O

In the subsequent applications we substitute the time derivative for
the operator A. Set D := (—i/w)0d, ® 1; this is to say, when identifying
K=1*(Z x N),

(Dh), =n1hy, (5.11)

with the natural maximal domain Dom(D) C K: h € Dom(D) iff Dh €
I*(Z x N). It is clear that D is reducible by the projectors P and
Q. If V(t) € C" then the operator-valued function (—i)/ V) (wt), with
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0 < j < r, induces naturally the bounded operator ad{) V € B(K), and
we have
(ade V)mn = (m1 - nl)j an~

This is a standard remark that the differentiability or, more generally, the
boundedness of ad}, X induces a decay of matrix entries of an operator
X € B(K). More precisely, if X and ad}, X are bounded then

| Xmn| < max{[|X|l, 2" [lad}, X[ }(1 + my —m )" (5.12)

Particularly this applies to V € B(K).
To proceed further we employ the diophantine estimate (3.11).

LEMMA 5.2. — Suppose that, in the strong sense, V(t) € C", and r >
2. Then for any p-tuple (s1,...,s,) € NP and q € N such that go < ra
it holds true that R R

() Iy Ps(VIL'PRV ... I’Os” PrV)PsI, ! € B(Ran(Q)),

(ii) I{Ps(VIy' PRV ...T," PRV is well defined.

Both in (i) and (ii) the value p =0 is allowed and then the correspond-
ing expressions read I'y PsV PsIy ¢ and I'y PsV f, respectively.

Proof. — First we establish the inequality .

~ ~ s ~ 2 Zs,-
|(VFOSIPRV...FOPPRV)mn| < <5> Cv(l +|m1 —nll)_', (513)

where Cy = Cy(p, r) is a constant. Indeed, according to Lemma 5.1,
ad’s (VI3 PRV ... T;" PrV)

is bounded for [13, I'oPr] =0 and ad% V are bounded, 1 < j < r. When
applying the bound (5.8) observe that

2

p 5 . Zsj
I e < (2)
j=1

w

Now it suffices to use (5.12).
We shall verify the item (i); the proof of (ii) is quite similar. Set
temporarily
Y :=T{PsVI{' PRV ...Ty" PRV PsIy Y.
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Suppose that m,n € S. By the inequality (5.13) we have
|Ymn| < const |F,, — FI79(1 + |my — i)™ | F, — FI|2. (5.14)

The diagonal of Y is bounded and so it suffices to estimate only the
off-diagonal part. Combining (5.14) with (3.11), (5.6) and (5.4) we get
(m #n)

1 ’ q o—ra
|Yymn| < const (M%Q) y“’(%) m} |my —na|™"
E

< const’ |my —ny|™".
Since r > 2 we deduce that both
sup Y Yol and  sup D |Yyl

meSneS "E‘SmeS

are finite and, in accordance with the Schur—Holmgren criterion, the norm
|IY || is estimated from above by the maximal of these two numbers. O

As a straightforward consequence we get

LEMMA 5.3. - Suppose that V(t) € C", r > 2. Then for any p-tuple
(81, ..., Sp) € NP it holds true that '

;< s V. VL v
g
j=1
is well defined.
Proof. — Write, for each j,

Iy =TIy Pr+ Iy’ Ps

and expand the resulting expression getting this way 27 summands.
Lemma 5.2 ad(i) can be used to move, in each summand, those powers

I’OS " which are accompanied by the projector Py from the left to the right.
Thus the problem reduces finally to the existence of the vector

TEPsVI Pg...T," PRV I," PRV S,

where 1 < k < p + 1 (by definition, the expression reads Iy PsV f for
k= p+1)and g =3}s;. By assumption, ¢ < re/o and thus Lemma
5.2 ad(ii) proves the result. O
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Combining Proposition 4.3 with Lemma 5.3 we get

PROPOSITION 5.4. — Suppose that V(t) € C", withr > 2, and £ € N
obeys o€ < ra. Then the Rayleigh-Schrodinger coefficients Ay, ..., ¢ €
Rand g1,..., g € Ran(Q) exist and represent the unique solution to the
system of equations (4.5) (or, equivalently, (4.6)).

Remarks. — (1) The existence of the RS coefficients is guaranteed
by the differentiability of V (¢); the strong continuity is generally not
sufficient. One can construct, for almost all @ > 0, an operator-valued
function V(¢) which is strongly continuous and such that already the
coefficient A, does not exist. This is the subject of Appendix B.

(2) For the choice of o and 7 specified in (3.9) it holds clearly true that
of < t(£+2) and hence the assumptions of Proposition 5.4 are fulfilled.
So the first part of Theorem 2.1 has been proven. On the other hand, this
comparison suggests that the assumption r > 16/« of Theorem 2.1 is
very probably not optimal and could be improved.

6. SOLUTION OF THE EIGEN-VECTOR EQUATION

In the sequel we adopt a standard simplification which does not imply
any loss of generality. Namely, replacing V by V — V,, means just the
shift of spectrum,

Spec (K 4 B(V — V) = Spec(K + BV) — BV,

while all eigen-vectors stay untouched. Also the assumptions of Theo-
rem 2.1 are not influenced by this replacement; particularly the coeffi-
cient A, given in (2.5) suffers no change (as Qf = 0). So from now on
we assume that

Voy = (V£ f) =0 V£ € Ran(Q). (6.1)

This implies also that the RS coefficients are expressed explicitly by the
formulas (4.9) and (4.10). We rewrite the equalities (3.2) and (3.3) as

r=B(Vf g, (6.2)
(K+BV —F—1)g=—-BVf. (6.3)

Our task in this section is to solve Eq. (6.3), at least for particular
values of B and A. The first observation is that (6.3) can be reduced to the
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subspace Ran(Ps). We define
W(B,A):=V(1+BLPrV) ' =(1+BVIiPr)'V. (6.4)

Using (3.6) and (5.6) we get an estimate valid for |A| < w/2,

-1
113 Prll = | (1 = ATy Pr)~ o Pe]| < (% - m)

Hence W (B, A) is a well defined bounded operator and even analytically
depending on (B, A) in the domain

1

1
< V _17 A’ g _W, .
1Bl 12w” l A 3¢ (6.5)
and having the bound there
—1
WS, M < (1= IBILPIIVE) IVIEL2IVI. (6.6)

To simplify the notation we set
Ws(B, A) := PsW (B, ) Ps.
LEMMA 6.1.—If gs € Ran(Ps) N Dom(I? ) solves the equation
(K +BWs(B, 1) — F —1)gs = —BPsW(B, M) f, 6.7)
with B and ). being restricted by (6.5), then
g=(1—BLPrW(B,A)gs — BLLPRW(B, M) f

belongs to Dom(f ) and solves Eq. (6.3).

Proof. — Obviously g € Dom(I? ) since Ran(l}) = Dom(I? ). Further-
more,

(K + BV — F =\ [, PrW(B,A) = (Pr + BV PR)W(B, 1)
=QV — PsW(B, 1).

— F—21)gs — B(QV — PsW(B,1))gs
—B(QV — PsW(B, 1)) f
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= (K +BWs(B,\)— F —X)gs+BPsW(B, M) f —BVSf
=—BVf. O

We are about to solve the reduced Eq. (6.7). Let us write, for the
moment very formally,

(K +BWs(B, 1) — F — )
= (1+ AL (B, MWW (B, L)' T(B, 1), 6.8)

-1

where

rg,»):=(K+pwaep,a)—F—2)".
Here we have used the obvious notation: X°f := X — Xdiag gpd xdieg
is the diagonal part of an operator X € B(Ran(Q)). The next step is to
justify the equality (6.8) in which the diagonal and off-diagonal parts
of Ws(B, 1) have been separated. In order to treat the diagonal part we

introduce another diophantine-like condition, this time in the parameters
B and A,

|Fy— F — A+ BW(B, M| =¥ (ny) forallneS, (6.9)

with 1} having been defined in (3.12). If T > o > 1 then, in virtue of
(3.11), the point (8, 1) = (0, 0) obeys the condition (6.9). Let us rewrite
(6.9) in an operator form. For this sake we define, parallelly to the
definition of D in (5.11), a self-adjoint unbounded operator L acting in
K =1%(Z x N) by

(Lh), =nyh,, (6.10)
with the natural maximal domain Dom(L) C K: h € Dom(L) iff Lh €
I2(Z x N). The condition (6.9) is equivalent to

2
| 7B, L™ Pg|| < = (6.11)

Let us now focus on the off-diagonal part of Wg(B8, A). First we prove
an auxiliary estimate.

LEMMA 6.2. — Suppose that A is a closed, densely defined operator in
K, and B, X € B(K) are such that [A, B] = 0, the operators ad,] X are
bounded for 1 < j < p, | Bl Xl <1, and

18Il max ||ad) X[ <1.
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Then

pl2r*! — 1)
~IBIIX P+ 0<i<p

Jad x(1 = B < ¢ x |lad ]|

Proof. — The case p = 0 is evident. Suppose that p > 1 and set
temporarily

M= max Had’ X
(ANIAS

In virtue of Lemma 5.1 we have

oo
|lad} X (1 - BX)7'||=|> adf X(BX)*
k=0
< Y P Tlx”
vezl] [ Ghwv, i

v1+2v++pyp=p j=1

oo
x Sk Dk (k2= o) IBIF X

k=0
< Pt i 1B vt
S TGy O IBIIXDME
V4204t prp=p J=1
p'M [v|!

S 1 Bl X|)Pt+! p :
( - " ” ” “) ver_ 1—[ (_]')vf \)j!
v1+2vp+-+pvp=p j=1

Here we have used that, for |x| <1 and j € Z,,

> : - J!

To finish the proof we estimate

Iv]! 4 K\ &/ 1)”
> o<y > (H)(7)
veZi H (_]!)vj Vj! k=0 veZﬂ’_,|v|=k j=1 ’

V4204 prp=p J=1
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Lemma 6.2 applied to W(8, 1) yields

1+t —1 )
ladyy WB, | < e Dy [ad] V|
= BT PAIIVIY T o252,

|, (6.12)

<r127*? max ||adj V
osjsr

where the couple (8, 1) obeys (6.5).

In accordance with (5.12), the existence of ad}, X implies a decay of
the matrix entries of X. Below we derive some consequences of this
fact. We consider also the situation when X (z) is an analytic family of
bounded operators.

LEMMA 6.3. — Suppose that A is a closed, densely defined operator
in K, U C CV is open and X (z), z € U, is an analytic family of bounded
operators such that Ran(X (z)) C Dom(A) for all z € U. If the family
AX(2) is locally uniformly bounded on U then it is analytic.

Proof. — 1t is known (see VII§1.1 in [13]) that a family of bounded
operators Y (z) is analytic if and only if it is locally uniformly bounded
and there exist two fundamental subsets X, X, C K such that the
functions (h,, Y (z)h,) are analytic for all h; € &) and h, € &,. We apply
this criterion to Y (z) = AX (z), X} = K and X, = Dom(A*). Then the
functions

(ha, AX (2)h1) = (A*h2, X (2)h1)
are manifestly analytic. O

The symbol ¢ (z) below stands for the Riemann zeta function,
o0
£(@):=> k.
k=1

LEMMA 6.4. — Suppose that X € B(K), ad), X is bounded for some
r € N and a number t € R satisfies t < ra. It holds true that
(i) PsXf € Dom(L") and

1 r
|L*PsXf| < +/2¢2r) (9(—;;—“)> max{|| X, 2"|| ad}, X|| },
(6.13)
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(ii) if r > 2 then Ran(PsX°TPs) c Dom(L") and

w(l+a)

,
: ) max{[[ X[}, 2'|| ad}, X }.
E
(6.14)
Suppose, in addition, that X (z) is an analytic family on an open set
U C CV and ad’, X (z) is locally uniformly bounded. Then, otherwise un-
der the same assumptions, the families L* PsX (z) f and L* PsX off () Pg

are analytic.

Proof. — The inequalities (6.13) and (6.14) follow readily from (5.12)
in combination with (5.5) or (5.4), respectively. For example, if m,n € S,
m # n, then

LT PsX°" Ps|| < 2;(r)(

o(l+a)\’
(L7300, < () max 10,2 ad, X[l = ol

Since m;"* < 1 and

the Schur-Holmgren criterion leads to (6.14). The verification of (6.13)
is similar; instead of the Schur—-Holmgren criterion one uses the equality
2

|L* PsX£]* = 3 (LX), |

neS

Concerning the second part of the lemma, the inequalities (6.13) and
(6.14) imply, respectively, that the families L*PsX(z)f and
L* P¢X°%(z) Ps are locally uniformly bounded on I/ and so, in virtue of
Lemma 6.3, they are analytic. O

Now we can formulate an existence result.

PROPOSITION 6.5. — Suppose that V(t) € C", with r > 2, and a
couple (B, 1) € R? obeys the diophantine estimate (6.9), i.e.,

|7 (B, %) L7 Ps|| < 2/y,
with some t, 0 < T < ra, and, in addition, it fulfills the inequalities

] 4 1 B w
|ﬂ|<mm{cg<r> L el ‘}, M<s 619
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where

8w (1 —|—ot))r

. max [Jad), V||.

0<j<sr

1
Co(r) = -—32;(r)r!(
Y
Then the vector

gs(B, 1) :=—B(1+ B (B, WS (B, 0) T TBAPSWEB M Sf
(6.16)
is well defined and the vector

g(B.2):=(1—BLLPRW(B,1))gs(B, }) — BLLPRW(B, M) f (6.17)
solves Eq. (6.3), i.e.,
(K+BV —F—1)g(B,A)=—BVY. (6.18)

Proof. — Recall the estimates (6.6) and (6.12), and note that (6.11)
implies

Dom (L") NRan(Ps) = Ran(L™* Ps) C Dom(I"(B, 1)).
According to Lemma 6.4 we have
PsW(B, M) f € Dom(F(ﬁ, A)), Ran(Wg’ff(ﬁ,A)) CDom(F(ﬂ, A)),
and it holds
1B, MW (B, M|

<[IF B, VL7 Ps[[|LTWST (B, 1]

2 1+ r

<—~%0(9L—9)mumWwJWJWMBWWAm}
Y Cg

8w(l +a)

! ; 1
J —
. ) o?f‘é,”adl’ V|= 2Cg(r).

< l16;‘(r)r!<
14

This shows that gs(8, A) is well defined.
Next we show that gs(B, 1) solves (6.7). It suffices to observe that
Ran(I" (B8, 1)) € Dom(K) and
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(K + BWs(B,A) — F — 1) (1+ BT (B, WWST(B, 1) (B, 1) Ps
= (K — F — A+ BWg8(B, 1))
x (1= BI (B, \) WET(B,2) (1 + BT (B, VWS (B, 1)) ™ ) (B, A) Ps

+BWET(B, M) (1+ BT (B, YWET(B, 1)) ™' I (B, 1) Ps
= Ps.

Hence

(K +BWs(B,1) — F —1)gs(B, 1) = —BPsW(B, 1) f.

The equality (6.18) is then a consequence of Lemma 6.1. O

7. MORE ABOUT THE DIOPHANTINE CONDITION ON g8
AND A

The diophantine condition (6.9) involves the diagonal of the operator
W (B, A) whose definition (6.4) represents in fact the geometric series
V — BV, PRV + ---. We start by checking more closely the term
V I, PR V. Here is some additional notation. As one observes from (2.2),
a matrix entry V,,, depends on m; and n; only through the difference
ny — my; we write

Von =:V(ny —my,my, ny).

Clearly,
V(k,p,q)=V(-k,q, p).
Set,forn € S,
|V (k, na, ny)|?
(M) = . 7.1
W=D e o F ) 7.1)

keN

In virtue of the condition (5.1), v,()) is well defined and even analytic
for |A| < w/3, with the uniform bound

||V||2( 1 1 ) ||V||2(36 3)
N —|—— = —+=).

It is also clear that on this domain all derivatives of v,(A) are bounded
uniformly and independently of n € S.
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LEMMA 7.1.— Suppose that V(t) € C'. Then there exists a constant
Cp > 0 such that the inequality

|(VIy PRV )pn + 2(F, — F — M) v,(M)| < Cpny® (7.2)

holds true foralln € S and all A e R, |A| < w/3.

Proof. — It suffices to verify (7.2) for the indices n € S with sufficiently
large components 7, € N. So we assume that

1 <cny, wherec:=Cg/3w(l+a). (7.3)

Write temporarily S, := S U {n}. We express the diagonal element
(VI PrV),, as a sum,

VPRV )un = D Ve (Fn — F = 1)\
m¢S,

Observe that the partial sum, with the summation index satisfying m ¢ S
and m, = n,, yields

> IV no,n)*(0k + Fy — F =)
keZ, k#£0

=Y IV k, na, )P ((wk + Fy — F = 1)~
keN
+(—wk+F, —F—1)"")
=—=2(F, — F — M)v,(A).
We split the rest (with the summation index m ¢ S,, m, # n,) into two

parts according to whether |m; — n;| > cn§ or |[m; —ny| < cn5. In the
first case we use the differentiability of V (), particularly the property

2
S lmi—niPVaml> = Y I(adp V)uml* < lladp V1%,
meZxN meZxN

and the fact that

|Fm—F—A|>|Fm—F|—|A|>§—

w|e
SRS

holds true for m ¢ S, and |A| < w/3, to estimate
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)6 lmi — ml)
g Z - )W
S > ( pr |V |?

meZxN

> Vaml*(Fn—F =1)
m¢S,

|my—ny|Zcng

——II adp V|>ny.
In the second case we derive, using successively (5.1), (5.2) and (7.3),

]F - F— )\l/lFm—Fnl_an_Fl_lxl

0w
2 |Ep, — Epy| — wlmy —nq| — 273
> Ce nS — wcng —w
l+a 2 2
> Ce nj
3(1+a)
Hence
3(1
S Wl = F = < X e 5 Vanl?
m¢S,
Imy—ny|<cng, my#ny
3(14+a) o
<= IV PRy
E
This completes the proof. 0O
Let us now define, forn € S,
Wp (B, L) :=W(B, My —28(F, — F — M)v, (1), (7.4)
wa(B, A) 1= Wn (B, A)/ (142820, (V). (1.5)

The diophantine estimate (6.9) can be rewritten as
[(Fy = F = 2)(1 + 2870, (1) + B (B, 1| > ¥ (n2)
foralln e S. (7.6)

However, in the sequel we will replace (7.6) by a stronger condition,
namely

|F, — F —A+Bw,(B,A)| =¥ (ny) forallneS. (1.7)

Actually, (7.7) implies (7.6) since from the expression (7.1) one finds
readily that v,(A) >OforallneSandall A e R, |A| < w/3.
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LEMMA 7.2.-The functions w,(8,A), n € S, are analytic in a
neighbourhood of the closed set

w, (7.8)

W | ==

1 _
1BI< eIV Lo g

and on this set all their derivatives have bounds independent of n € S.
Suppose, moreover; that V (t) € C'. Then for each & > 0 there exist
k, € N and 8, > 0 such that

sup |95wa (B, V)| <.
ny ks, |B1<os, |A<w/3

Proof. — Concerning the uniform boundedness, one deduces from the
formulas (7.4), (7.5) and from the properties of the functions v, (1), as
discussed above (see the definition (7.1)), that the problem reduces to
an analogous assertion about the functions W(8, A),., n € S. But the
latter case is quite obvious as the operator-valued function W(8, 1) is
analytic in the indicated domain (see the definition (6.4) and the related
discussion).

Again from the definition (6.4) one finds that

W(B,A) =V — BV} PRV + B2(V I, PR)*W (B, A).
It follows readily that

Wn (B, A) = Vi — B((V PRV )+ 2(F, = F — M), (M) + B2 0a(B, A),
(7.9)

where p,(8, 1), n € S, are analytic functions on the same domain and

with all derivatives bounded there independently of n. Lemma 7.1 then
implies the result. 0O

Denote by D the closed set determined by the countable family of
diophantine inequalities,

D:= {(B, ») € R?; (B, 1) satisfies (7.8) and (6.9)}. (7.10)

In this definition the exponent 7 (cf. (3.12)) can be, in principle, any real
number but D 3 @ is possible only for r > 0. Similarly, D is defined
in the same manner but with the condition (6.9) (or, equivalently (7.6))
being replaced by the stronger condition (7.7). We know thatif T > o > 1
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then (0, 0) € D C D. Next we are going to show that D contains, and so
does D, much more points than just the origin. But first we give two
elementary lemmas (though at least the first one is a well known fact).

LEMMA 7.3. - Suppose that h € C*(R) and h"(x) > a > 0 for all
x € R. Then, forall ¢ > 0,

l{x € R; |h(x)| <&} <4\/§.

Proof. — The function A has exactly one local extreme, namely a
minimal value Ay, = h(xmin), and, according to whether Ap;, > ¢ or
—& < Rmin < € OF Apyin < —&, the set h~!(] — ¢, [) is either empty or an
open bounded interval or a union of two open bounded intervals. Even in
the case when h=!(] — &, &[) is an open interval we split it by the extremal
point x,;, into two intervals. So it suffices to estimate the measure of
an interval [xq, x,] such that A([x;, x,]) C [—¢, €] and A is monotone
on [x;, x;]. For definiteness consider the case with A increasing. Then
W (x1) =20, —e < h(x)) < h(xy) <&, and we have

x3
2¢ Z/h/(s) ds
x)

= (2 —x1) W) + / (x2 — $)H"(s) ds

1
> = (x — x1)%a.
2(362 x1)‘a

Hence |x; — x1| <24/¢e/a. O

LEMMA 7.4. - Suppose that h € C*(R) and there are positive con-
stants a, b, ¢ such that

h©)| =c, |W'(0)|<b, and |h"(x)|>a forallxeR.

Then for all € > 0, ¢ < min{b?/a, c/2}, and all 8 > 0 it holds true that

|(x € =8, 81; 1h(x)] <e)| < 859\/3
C a

Proof. — Let us assume for definiteness that 4”(x) > a for all x € R.
We distinguish two cases. First, assume that £(0) > ¢ (and ¢ > 2¢). We
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apply Lemma 7.3 and the following observation. Consider the tangent

line y = h(0) + A’ (0) x to the curve y = h(x) and its intersection (xo, £)
with the line y = €. If

h ([—e, ) N[—-8,8]1#0
then, owing to the convexity,
8> Ixol = |(h(0) — £)/ ' (O)] > (c — &) /b > c/2b.

This way we get

h710— &, 6D N [=3.5]] <4\/E <ss? o
a cva

Second, assume that 2(0) < —c. Then the set h~1(] — &, €[) is a union
of two open bounded intervals. Consider, for example, that one on which
h is increasing and denote it by 1x;, x;[. If

[x1,x]N[-6,8]#0

then 0 < x; < 8 and, of course, h(x;) = —¢, h(xz) = €. By convexity we
have

2¢e _ h(xy) — h(xy) S h(x;) — h(0) S € —e_ ¢

> —
X7 — X1 Xy — X1 X1 ) 26

and so |x, — x;| < 48¢/c. But the restriction & < b?/a implies
-1 & b [e
| (I—eeDN[-8,8]| <8-<8—/-. DO
c cVa
The following proposition gives a characterization of the set D which

is determined, according to (7.10), by the diophantine-like condition
(6.9).

PROPOSITION 7.5. — Suppose that V (t) € C! and the exponents t and
o in (3.12) satisfy o > 1 and © > 20 + 2. Furthermore, suppose that
¢ € CX(R), ¢(0) = ¢'(0) = 0 and ¢"(0) # 0. Set

I(p):={BeR; (B,¢(B)) €eD}. (7.11)
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Then 0 is a point of density of the set I1(p), ie.,
1
lim —|I(p)N[-6,68]|=1.
lim |1 (9) N[, 8]
Proof. — Set (in this proof)

hn(B) := Fu — F — @(B) + Bwn(B,¢(B)), neS.

For § > O sufficiently small we have, as DcD,

[—8,81\ I (¢) C |J @u(8),

neS

where
®,(8) :={B €[-8,8]; |h(B)] < ¥r(n2)}.
One finds that (cf. (7.9))
|ha(0)| = |Fp — FI 2 ¥ (n2),  h,(0) = w,(0,0) =V,
h,(B) = —¢" (B) + 285w. (B, p(B)) + 20,wa (B, 9(B)¢'(B) + O(IB)).

From Lemma 7.2 and from the fact that ¢’(0) = 0 we conclude that there
exist k, € N and 8, > 0 such that

|h,(B)| =a, VneS, ny>k,., and Vg €[-4,,4,],

where
a:= ]go”(0)|/2. (7.12)

Naturally we choose §, > 0 sufficiently small so that the inequalities
1Bl < w/(12[|V ) and |@(B)| < w/3 are fulfilled for |B| < é..

Furthermore, since ¥ (k) > ¥ (k), Vk € N, there exists a sequence of
positive numbers, {B,},cs, such that 0 < B, < 8, and

lha(B)| = ¥ (n2), VB E[—Pu,Bul, VneS.
In other words, @, (8) = @ for § < B,. If necessary we increase the value
k. € N so that
vk <IVI*/a, Yk>k.. (7.13)

Now we can apply Lemma 7.4, with ¢ = ¢(n2), b = ||V|, a given in
(7.12) and & = ¥ (n,), to the set @,(8). If n, > k, then the assumption
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e < min{lf/a,c/Z} is satisfied owing to (7.13) and to the fact that
¥(k) =2y (k), Vk € N. Hence

Vv v (n -1
|D,(8)| < 88u vin) < const 26n, e

va Yy

Summing up, provided

0<é6< min B, and §<4,
neS, ny<k,

(which implies that &, (8) = @ for n, < k,) we have the estimate

U @(8)‘

neS, ny >k,

1
—it+o
< const E nyt .
nes, Bn<$

1 1
5|88\ @) < 55

Recall that the projection S — N\ {n,} is one-to-one. Hence the sum

> esh 2" converges. Since
neS 2 ges.

ﬂ{neS; B.<8}=0

§>0

we get

1
lim —|[—=6,6]\ ] =0. O
31{925” 1\ 1(p)|

8. IMPLICIT EQUATION, COMPLETION OF THE PROOF

Let us return to Proposition 6.5. Suppose that V(t) € C", with r > 2,
and that T < ra, and denote by D(r) the intersection of the set D defined
in (7.10) with the closed unit ball in R? and with the closed set determined
by the inequalities (6.15). In fact, D(r), as well as D, depends also
on the exponent 7, t > 0, (cf. (3.12)). Then for all (8, 1) € D(r) the
vector g(B, A) defined in (6.16) and (6.17) solves Eq. (6.3). Recall that
V= QV Q; consequently

Vh=Vh+ (Vfh)f, VheRan(Q).
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Altogether this means that

(K+BV)g(B,A) = (F+21)g(B, 1)+ BV, g(B, M) f —BVS.
Since Kf = F f we arrive at the equality

(K+BV)(f +8B,1)=(F+1)(f+gB, M)+ (GB,A) -V,
8.1)

where

G(B.A):=B(Vf g(B,1)). (8.2)

Thus our final task, in order to get an eigen-value and an eigen-vector, is
to solve the implicit equation

A—G(B,A) =0, (8.3)

which is nothing but Eq. (6.2).

We will solve (8.3) in a Lipschitz class. The notion of Lipschitz
functions as well as their properties needed for our purposes are recalled
in Appendix C. This also concerns the celebrated Whitney extension
theorem [24]. We remind the reader that the target space is generally
allowed to be a Banach space or, more particularly, a Banach algebra.
When indicating that a function belongs to a Lipschitz class supported on
aclosed set we always assume tacitly that this concerns the corresponding
restriction. We have to decide about the Lipschitz property of the vector-
valued function g(B8, A) defined on D(r). Looking at the formulas (6.16)
and (6.17) one finds immediately that I"(8,A) is the only operator-
valued function occurring in the expressions which is not analytic (and
so automatically Lipschitz).

LEMMA 8.1. - For all £ € Z,, the function I'(B, 1) L=*“*? Pg be-
longs to the Lipschitz class Lip(£ +1,D N B1), where B; C R? is the
‘closed unit ball.

Proof. — Set temporarily
(B, A):=F, —F — A+ BW(B, M), nes;

hence I" (B, A)mn = dm (B, A7 8. Owing to (5.6), the operator-valued
function
(K — F — A+ BW92e(8, 1)) Pg
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is bounded and analytic on a neighbourhood of the closed set determined
by (7.8), and so it belongs to Lip(¢ + 1,D N By); denote by M, its
Lipschitz norm. This implies that (M (-) stands for the Lipschitz norm)

¢, €Lip(t+1,DNB) and M($,) <M, forallnes.

Since |¢, (B, A)| = (y/2)n;" (cf. (6.9)) one can apply Proposition C.5,
with the constant Cy (2, £) redenoted as C(£), to conclude that

42
M($,(B. 1)) < COME (%@) . Vnes.

This completes the proof for

) {42
M(rw,x)L-’““’Ps)<C<e>M£+‘<;) <o0. D

LEMMA 8.2. — Suppose that V(t) € C", withr >22and 0 < t(£+2) <
ra, and £ € 7. Then the vector-valued function g(8, A) defined in (6.17)
belongs to the class Lip(€ + 1, D(r)).

Proof. — The function I') Pr W (B, X) is analytic in a neighbourhood of
D(r) and so it belongs to the Lipschitz class of any order. Hence, in
virtue of the relation (6.17) and Proposition C.4, it suffices to verify the
assertion for the function gs(B, A) instead of g(8, A). Here the Banach
algebra in question is B(K). The fact that the expressions involve also
K-valued functions does not mean a serious complication: either one
can modify, in an obvious way, Proposition C.4 or one can replace
everywhere vectors & € KC by the rank-one operators h e B(K), hx :=
(f, x)h (e.g., f would be replaced by P). Furthermore, from Lemma 6.4
we deduce that the functions

LW (B,4) and LTPPW(B, M) f

are analytic as well. Now it suffices to examine the formula (6.16) for
gs(B, ). One concludes readily from Lemma 8.1, Proposition C.4 and
Proposition C.5 that gs(B, 1) belongs indeed to the indicated Lipschitz
class. O

Let us add a remark to Lemma 8.2. From the proof and from the
formulae (6.16), (6.17) it is quite obvious that the functions 8~ gs(B, A)
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and B~!g(B, 1) belong to Lip(£ + 1, D(r)). If T > o then (0,0) € D(r)
and we have

ﬂ_lgS(ﬂ7 )")l(ﬂ,l)=(0,0)= _FOPSVf»
B'8B M (p1y—0.0= —ToPsVf — ToPrVf =—ToVf.

The set D(r) is closed and so we can apply the Whitney extension
theorem to the function B~'g(B,A). As a consequence we get an
extension g(B, A) € Lip(£ + 1, R?) of the function g(B, A) itself. Then,
according to the formula (8.2), the function G(8, A) € Lip(£ + 1, D(r))
as well and

G(B, 1) :=B(Vf,§(B, 1)) e Lip(£ + 1,R?)C C*(R?)

is an extension of it. Moreover, the previous remark implies that
the function B~ 2G(ﬁ 1) belongs to the class Lip(¢ + 1,R?), too.
Consequently, (if T > o)

3/G(0,0)=0 and 930°G(0,0)=0
for j,k€Zy, j<Landk <€—1, (8.4)
and, if £ > 2,
395G (0,0) =287G (B, M| 5 1y—0.00= —2(V.f, ToV ).

Suppose that £ > 1. Instead of (8.3) we shall consider the implicit
equation in R?, this is to say with the extended function G € C*(R?),

A—G(B,1)=0. (8.5)
Since

A=GBVlpi-0o=0 &(*-GB M) |(ﬁ,A)=(0,0) =1

the implicit mapping theorem guarantees the existence of B, > O and of
a unique function xe C([—p., B.)) such that

A(0)=0 and i(B)=G(B,A(B)) forall Be[-B,,B.]. (86)
Let us calculate the lowest order derivatives of A:

X(B)=(1-G(8,%(B))) ' 3:G(8,(B)), 8.7
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and so /(0) = 0. If £ > 2 then
2(0) = 93G(0,0) = —2Vf, L Vf). (8.8)

PROPOSITION 8.3. — Suppose that V(t) € C", withr > 2 and t(£ +
2)<ra,and T > o > 1, £ € N. Then there exist B, > 0 and a solution

X € Llp(e + 1, [_ﬂw ﬂ*])

of the implicit equation (8.5), i.e., the equalities (8.6) hold true. Further-
more, the Ran(Q)-valued function g(B, 5»(,3)), too, belongs to the class
Lip(€ + 1, [-B., B.D)-

If, for some B € [—B,, Bl (B, A(B)) € D then F + A(B) is an eigen-
value of K + BV with the corresponding eigen-vector f + g(B, A(B)).

Proof. — We already know that A € C*([—B,, B.]).

To complete the proof we have to show that A even belongs to
Lip(£+ 1, [—B., B.]) or equivalently, A¥) € Lip(1, [—B., B.]). Let us first
specify more precisely the ch01ce of B, > 0. We can assume, because of
(8.4), that

.G (B, 1(B))| < VB € [=B., Bl

2,
Furthermore, since A(0) = 0, we require the points (8, A(B)), with
B € [—B., B.], to satisfy the inequalities (6.15) and, at the same time,
to belong to the unit ball B;. In other words, if g € [—B., B.] and
(B, A(B)) € D then (B, A(B)) € D(r).

In virtue of (8.7) we have

¢ j 4!
2;( )M”wnwej( ZG (B, X(B))) = dmlaﬂﬂﬂkw»
j=

8.9)

Deduce from Proposition C.6 and from the fact that re Lip(€, [—Bs, B
that

8}05G (B, A(B)) eLip(t — j —k+1,[-B.. B]) if1<j+k<L.

One can express A©) from the identity (8.9); according to our choice
of B,, |1 — 0,G(B, A(B))| = 1/2. Now the usual rules of differentiation
jointly with Proposition C.5 and Proposition C.4 imply that A9 €

Lip(1, [-B.. B.D-
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This is also because of Proposition C.6 that we can claim that the
composed function g(B, M(B)) belongs to Lip(¢£ + 1, [—B., B.]). The
final part of the assertion follows immediately from the equality (8.1)
for it holds, by our choice of 8, specified above: if 8 € [—B., B.] and
(B, A(B)) € D then

X(B)=G(B.A(B)) =G (B,A(B)). O

Proof of Theorem 2.1. — The first part of the theorem has been already
proven in Section 5—see Remark (2) at the end of the section. All the
steps needed to show the second part, too, have been already stated and
so we have just to summarize them. We make the choice of o and t as
specified in (3.9). Proposition 6.5 guarantees the existence of a solution
g(B, L) of the eigen-vector equation (6.3) provided (8, ) belongs to
D(r), a closed set introduced in the beginning of this section. Consider
now the function A € Lip(¢ + 1, [—B., B.]), as described in Proposi-
tion 8.3. Set

I:= [_ﬁh BN I(i),

with 7 (¢) having been defined in (7.11). Denote by F(B) the restriction
of the function F + A(B) to the set I and by f(B) the restriction of
f+gB,AB )_) to the same set. According to Proposition 8.3,

(K+BV)f(B)=FB)f(B) forallpel.

Since £, as specified in Theorem 2.1, fulfills £ > 2, and since
A0) =X (0)=0, A17(0)=2x,#0

(cf. (8.7) and (8.8)), Proposition 7.5 tells us that 0 is a point of density
of I. Finally, we know, again from Proposition 8.3, that both F(B)
and f(B) belong to the Lipschitz class Lip(¢ + 1, I). According to
Lemma 4.1, the same is true for (K + BV)f(B). Moreover, since
g(B,A) € Ran(Q) we have (f, f(B)) =1 for all B8 € I. Then, as
explained in Section 4, the coefficients from the asymptotic expansion of
the functions F(B) and f(B) at B = 0 obey Egs. (4.5) (or, equivalently
(4.6)). To complete the proof we note that Proposition 5.4 ensures the
existence and uniqueness of the solution to this system of equations
and Proposition 4.3 gives its explicit form coinciding with the standard
formulas known for RS series. O
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APPENDIX A. DENSITY OF THE SPECTRUM FOR ALMOST
ALL FREQUENCIES

PROPOSITION A.l. - Suppose that a set £ C R fulfills sup £ = +o00.
Then the set wZ + £ is dense in R for almost all w € R (in the Lebesgue
sense).

As —Z = Z we can consider only positive values of w. Furthermore,
we make use of the facts that the positive half-line can be covered by a
countable union of open bounded intervals and that the countable system
of open intervals with rational endpoints forms a basis of the topology
in R. We conclude from this that the following proposition, seemingly
weaker, is in fact equivalent to Proposition A.1.

PROPOSITION A.2. — Suppose that we are given an open interval
la,b[, 0 <a < b < 00, and a compact interval [u, v]. Then, under the
same assumptions about the set £ as in Proposition A.1, it holds

(WZ+EYN[u,vl#0 foralmostall w€]a,bl.

LEMMA A.3.-Suppose that £ is the same as in Proposition A.l,
[u, v] is a compact interval, U C Jv — u, +00[ is an open set and |U| <
00. Then there exists x, € R such that for all x > x, one can find a closed
set M(x) C U with the properties:

1) c+oZ)N[u,vl#0 foral we M(x),

@) IM@)| > tw—w) f, Lds.

Proof. — U, as an open set, is at most countable disjoint union of open
intervals. Since

1 1
/—ds< U] < o0,
5 S v—u
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there exists a finite subunion U’ = JU; C U, formed necessarily by
bounded intervals, such that

1 1 1 r1

_d - _ 2_ - .
/s s Z/sds 2/sds
u’ Ly U

We will seek a family of closed subsets M;(x) C U; so that, for each
i, the properties (1) and (2) are valid for M;(x) and Uf; in the place of
M(x) and U, respectively, with the only difference: we replace the factor
1/4 in (2) by 1/2. Suppose that we are successful. Then the disjoint union
M(x) :=J; M;(x) has all the required properties.

Fix an index i and write f; =]a,b[ where 0 <v —u <a <b < 0.
Assume that

{ vb—ua}
x >max< 0, v, .
b—a

Then

X—U X—-vV _X—V
<
b a v—u -’
and the union

M) i= [x_",x—”]
Ig\l k k

(x—u)/b<k<(x—v)/a

is disjoint. Consequently,

M= Y =L

(x—u)/b<k<(x—v)/a k

= — u)logg +0(x71)

1 b
2 ~(v—u)log—
2 a

for sufficiently large x. Moreover, if @ € M;(x) then there exists k € N
such that x —wk € [u,v]. O

Proof of Proposition A.2. - Clearly, (x + wZ) N [u, v] # @ for all w,
0 < w < v —u, and all x € R. Consequently we can assume, without loss
of generality, that v —u < a. Using Lemma A.3 we construct successively
a sequence M (x;), M(xy), ... formed by disjoint closed subsets of the
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interval ]a, b[, with the points x; € £, so that M (x;) is related to the open
set Uy =la, b[ \Ni where

Ni:=0 and N;:=M(x)U---UM(x_y) fork>2.

Set
N =N = M@p).

keN keN
The property (1) implies

WZ+EN[u,v]1#0, YweNN.

Furthermore, |A/| = lim |N| and, owing to the property (2), we have

1 1
Wl = NGl = IMil > 2 (0 =) / ~ds. A1)
Ja,b[ \Nk

Passing in (A.1) to the limit k — oo we get

1
0> / —ds
s

la,b[\N

and so |]a, [\N|=0. O

APPENDIX B. A PERTURBATION WITHOUT
RAYLEIGH-SCHRODINGER SERIES

In this appendix we exhibit an example of a perturbation for which
A, given in (2.5) does not exist. The symbols H, K, Ey, F,, e, f, and V
retain their meaning from Section 2. However, we do not require anymore
that the eigen-values E; of the Hamiltonian H obey the gap condition
(2.1). Instead we impose another restriction which has this time a
multiplicative form. More precisely, we assume that there exist constants
Cpy > 0 and © > 0 such that

' E k\*
j<k=>E—"_>cM(;> . (B.1)
J

Generally speaking, the conditions (2.1) and (B.1) are independent.
However in some cases, for example, when the eigen-values E; grow
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pblynomially, E; = const k#, the condition (B.1) appears to be milder
than (2.1). Actually, the condition (2.1) is satisfied provided u > 1 while
(B.1) holds obviously for any p positive.

PROPOSITION B.1. — Suppose that the spectrum Spec(H ) satisfies the
condition (B.1). Then, for almost all w > 0, there exists a bounded self-
adjoint perturbation V (t) (depending on w) which is a 2r -periodic and
strongly continuous function of t and such that the Rayleigh—Schrodinger
coefficient L, given in (2.5) does not exist, i.e., the series

1

Z F, — F,

neZxN, n#n * 1 n

| Von 12 (B.2)

diverges, and this holds true for all n € Z x N.

Let us introduce yet another condition. Namely, one requires that there
exist constants Cy; > 0 and u > 0 such that

Ey

= > Cuexp(utk — j)). B.3)
J

j<k=

Since, for 1 < j <k, it is true that k — j > logk — log j, (B.3) implies
(B.1). However we shall show that, in the text of Proposition B.1, one
can replace harmlessly, without doing any other change, “the condition
(B.1)” by “the condition (B.3)”. The new proposition will be called
Proposition B.1 (modified).

LEMMA B.2. - Suppose that the spectrum of a Hamiltonian H satis-
fies the condition (B.1). Then H can be decomposed into a direct sum,
H= Z;?€Z+ H,, so that the spectrum of each summand satisfies the con-
dition (B.3), of course, with modified constants Cy > 0 and p > 0.

Proof. —Each j € N can be written in a unique way as j = a + 2F,
with a, k € Z, and a < 2* — 1. For a given a € Z,, denote by «(a) the
smallest non-negative integer such that a < 2@ — 1, and set

N(a) :={a +2<@*1; k e N}.
According to what we have said,

N= ] N@)

aEZ+
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is a disjoint union. It induces a decomposition of H, H = foeZJr H,, so

that Spec(H,) = {Ex; k € N(a)}. Furthermore, if j,k € Nand j < k then
a-+ 2K(a)+k—l 143 2K(G)+k—1 1%
Cu (a + 2@ ) > Cu ((a + 1)2K<a>+f-1)

= C—Me/AIOgZ-(k—j).
(a+ 1~

We conclude that if Spec(H) satisfies (B.1) then Spec(H,) satisfies
B.3). O

COROLLARY B.3. — Proposition B.1 (modified) implies Proposition B.1.

Proof. — Suppose that Spec(H) satisfies (B.1). Decompose, in ac-
cordance with Lemma B.2, H = Z?em H,, and apply to each sum-
mand Proposition B.1 (modified) getting this way a family of pertur-
bations V,(¢), a € Z, (acting in mutually orthogonal subspaces). Then
the perturbation V (¢) := Z?€Z+ V. (t) obeys the conclusions of Proposi-
tionB.1. O

Construction of the perturbation. Set

V() = ZZZCOS([&)_1|EJ' — Exl]1) /6 ex, -)ne;,

jeNkeN

where

1
" klog2(k+ 1)
Here [x] denotes the integer part of x € R. In other words, the definition
of V(¢) means that

£ : keN. (B.4)

{ej, Ver)r =2cos([0 ' |E; — Ex|]t)\/Ei&,  j,keN.

Furthermore, from the prescription (2.2) one finds that V,,, does not
vanish if and only if m; —n; = +[w™! |Ep, — En,|]. Provided this is the
case then V,,, equals either 2./£,,,&,, or \/&,,&,, depending on whether
|my —ny|=0o0r|m; —n| >0.

Before proving that V (¢) actually fulfills the conclusions of Proposi-
tion B.1 (modified) we shall derive some auxiliary results. Nevertheless
one can make already now some straightforward observations. First, V (¢)
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is 27t -periodic and the matrix ((e;, V (t)ex)#) is real and symmetric. Sec-
ond,

2
ZZI(ej» V(t)ek)H|2 <4(Z‘;‘k) <00

jeNkeN keN

and so V(¢) is Hilbert—Schmidt, for each ¢, and strongly continuous in ¢.
Third, assuming that an index n € Z x N has been chosen, we find that if
Van # 0 and n, > 1, then (again F = F;)

F,— F=w{w (E,, — E;,)} forny=n — [0 (En, — Ey,)],
and
F,—F>E, —E;>0 forn =n+ [0 '(E, — E;,)].
Here {x} := x — [x] € [0, 1[ is the fractional part of x € R (in the text

one has to distinguish between the fractional part {x} and the sequence
{xx}+). Hence

>

neZxN, ny>mn;

LVl >3 & @5

Fn - w keN, k>, {Cl)—l(Ek - Enz)}

Let us add an obvious remark that the sub-sum of (B.2), with the
‘summation index being restricted by n, < 1, has only finitely many non-
zero summands.

In the remainder of this appendix we adopt the point of view of the
theory of probability. More precisely, the Lebesgue measure on [0, 1] will
be interpreted as a probability measure. This is reflected in the notation,
too. We write, for a measurable set A C [0, 1], P(A) instead of |A|,
and consider the measurable functions on the interval [0, 1] as random
variables; here we denote them by the capital letters X, Y, Z,.... As
usual, E(X) means the mathematical expectation (mean value).

Denote by xn, with N € [1, +o0o[, the characteristic function of the
interval JN~1, 1[.

LEMMA B.4. - Suppose that M, N € [1,+oo[and p,q € R, 1< p <
q. Set, for { € R,

Y(©) =) xu(p¢— Dy

keZ

Z@):=Y xngt —k)——

keZ ; k
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Then it holds, for the restrictions of Y and Z to the interval [0, 1], that

IE(Y Z) — E(Y)E(Z)| < 9M§ log N. (B.6)

Proof. — The verification of (B.6) is based on explicit calculations and
rather lengthy but elementary estimates. We only sketch the proof while
indicating some intermediate steps.

Observe that the function Y is p~!-periodic and, for each k € Z, it
vanishes on the interval [p~'k, p~!(k + M~')] and is decreasing on
1p~ 'k + MY, p~1(k + 1)[ from the limit value M to the limit value
1. The integral of Y over the period is p~!log M and so it is clear that
the mathematical expectation E(Y) is close to log M provided p is large.
More precisely,

1 1
[E(Y) —log M| < ;log M, |E(Z)—1logN|< —logN. (B.7)
q

Let us consider a bit more general situation and compose Z with a
translation,

Z,(8):=Z(t +q 'a) whereacR.

This time it holds
2
[E(Z,) —log N| < =log N. (B.8)
q
As a next step we treat the particular case with p = 1. We claim that
M
p=1=|EXYZ,) - E(Y)E(Z,)| <3—logN. (B.9)
q

Indeed, now we have the precise equality E(Y) = log M and so (note that
logx <x/eforx >1)

[E(Y)E(Z,) — log(M) log(N)| < (—ilog(M) log(N)

M
< —IlogN. (B.10)
q
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Furthermore, it holds

min({1,q ! (k+1—a)}

_ | d¢
E¥z)= = 2 / (@t +a—k’

k(“)<k<q_N_l+amax{M‘l,q"(k+N‘]—a)}

where k(a) := [M~'q + a]. It follows that
M k(a)+1—a d
Erz)< 2 S -
q §+a—k(a)

k(a)+N-1—a

1 k+1—a d%‘
+ Z - / E+a—k

a
k(a)<k<q—N~-l4a kAN-1—q

and

1 k+1—a d&

k+1—a E+a—k
k+N-1—qa

EYZ)> ),

k(a)<k<g—1+a

Proceeding this way one derives rather straightforwardly that
M
|E(Y Z,) — log(M)log(N)| <2—log N. (B.11)
q

The inequalities (B.10) and (B.11) imply (B.9).
The just discussed particular case (B.9) will be useful when verifying
the general case. Set

Jky:=[p7 (k+M"), p ' (k+1)] for0O<k<[p]—1.

We put also J([p]) equal to [P~ ([pl+ MY 11if M < {p}and to @
otherwise. Thus we get

IE(YZ) — E(Y)E(Z)| = |E(Y(Z - E(2)))|

1 d
> (2@ dg —logN [ ]
o<k<tpllyy PE s P8

+< 3 /__d§_>|1ogN—]E(Z)|. S B2

ngQ[P]J(k) p{ —k
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According to (B.7), the last term in (B.12) can be estimated from above
by

1 1 M
([p]+1);logM-5logN<;logN. (B.13)

On the other hand, for 0 < k < [p],

1 de
Z(¢)dt —logN —_‘
e p¢ —k J({) p¢—k
1
1 1= -
<= / _Z(&)dt —log(M)E(Z)
p §
M-1
1 ~
+;10g(M)|]E(Z) —log N|
< 4_1;_4_ log N, (B.14)

where we have set Z(§) := Z(p~'& + p~'k) and then we have applied
(B.9) and (B.8) with ¢ = q/p and a = kq/p. Quite similarly one
estimates

/ﬁZ(;)d;—logN / —df—[——i‘<4—”{logN. (B.15)
J(pD P P J(pD ps p d

Combining (B.12), (B.13), (B.14) and (B.15) we get
M M )4
— < — 10, — 108 S —10g iV,
|[E(YZ) —E(Y)E(Z)| < ([p] + 1)4—1log N + —log N <9M —1log N
q q q

as required. O

Next we will treat a sequence of random variables of the same type
as Y but with a particular choice of the parameters M and p. Fix 6,
0<6 <1/2, and set

Ye(@) =Y xuo (e — j)

Jj€Zy

1
-, keN, (B.16)
he& —j

where {h;}, is a sequence of positive numbers. We assume that i; > 1,
Vk, and that the sequence obeys the same type of condition as given in
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(B.3); this is to say that there exist constants Cy; > 0 and u > 0 such that
: hi wk—j)
j

Let us specialize some estimates to the random variable Y;.. According
to (B.7) we have

IE(Y,) — 0logk| < elsgk. (B.18)
Quite similarly, it holds true that k
|E(Y2) —k° +1| < keh; L (B.19)
As a consequence of (B.19) we get
E(Y2) < 2k°. (B.20)

Finally, Lemma B.4 jointly with (B.17) tells us that

. y h ]
Jj <k= |EY;Y) — E(Y)EY)| <9, log (k%) h—:

96 .
< — j? log(k)e %= (B.21)
Cu

LEMMA B.5. — Suppose that a sequence {hi}ren satisfies hy > 1, Vk,
and the condition (B.17). Set
Sy =Y1+---+Yy, NeN, (B.22)

where Y}, has been defined in (B.16). Then
o1
Nll_I)IgoN(SN —E(Sy) =0 (B.23)
almost everywhere on [0, 1].

Proof. — This would be a classical text-book result if the random vari-
ables Y; were independent (see §5.1 in [4]). The estimate (B.21) guar-
antees that, in our case, the random variables are correlated sufficiently
weakly. We only sketch the proof. Set

Y, ;=Y —EX)), Sy:=Sy—ESy) =Y+ --+7Y}.
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Fix 6’ such that 8 <6’ < 1/2. Using (B.20) and (B.21) we estimate

E(Sy))= Y E(m))+2 Y E(Y)

1<kSN 1<j<k<N
< > EX)+2 ) |EY;) -EY)EX))
1<kEN 1<j<k<N
<2 Z k9+@ Z jologNZe_’”
- 1<k<N Cm 1 &2
I \]\N seN
<C1N1+9/,

where C; > 0 is a constant. According to the Chebyshev’s inequality we
have, for ¢ > 0,

C;N 1+6’ C;

P(|Sy| > Ne) < N2g2  g2N1-¢"

and so
> P(|Sy2| > N%e) < 0.
NeN

By the Borel-Cantelli lemma, limsup N _2|S;V2| < ¢ holds true for all
¢ > 0 and for almost all ¢ € [0, 1]. One deduces from this, by a standard
argument, that

N .1
[\,11_1)1;o FZ-SNZ = Nh_r)réo ﬁ(SNZ —E(Sy2)) =0 (B.24)

almost everywhere on [0, 1]. To pass from (B.24) to (B.23) we introduce
the random variables

Dy = max Sha— S|
N2<M<(N+1)2| N M|

Using basically the same estimates as before one shows that
Cr

2
AZ P(Dy > N%¢) < Z SN < 00
eN NeN

and so limN~2Dy = 0 almost everywhere on [0, 1]. To complete the
proof it suffices to observe that, for N2 < M < (N +1)2,

ISjw|<|S’N2|+DN
M = N2
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LEMMA B.6. — Suppose that {h;}ren, a sequence of positive numbers,
satisfies the condition (B.17), and & ’s are the same as in (B.4). Then

2 7

keN ghk}

(B.25)

foralmost all ¢ > 0.

Proof. - Clearly it suffices to show that (B.25) is valid for almost all ¢
from an arbitrary bounded interval [0, z], z > 0. Having observed that
the condition (B.17) is invariant with respect to the scaling of h; we
can restrict ourselves to ¢ € [0, 1]. Furthermore, the conclusion of the
lemma is not influenced by omitting several first numbers of the sequence
{hi}x. This is why we can assume that the assumptions of Lemma B.5 are
satisfied.

Set

Xi(8):=1/{Ch}, keN.

Note that Y; (cf. (B.16)) is nothing but the cutoff of the function X,
obtained by annulling the values which exceed the level k%; hence X; >
Y. The symbol Sy retains its meaning from (B.22). We have

Y aXe=> &Y

keN keN
= G — &) (Se —E(S0)) + > G — & )E(S)).
keN keN

It is elementary to derive the estimate

3
<& — S5———.
(1 +k)2log2(2 + k) =8 S 15 log?(1 + k)

Hence ), k(& — &+1) < oo. Since, by Lemma B.5, the sequence
{k~1(Sk — E(Sk)) }xen is bounded almost everywhere we find that the sum

> G — &) (S — E(S)

keN

converges for almost all ¢. To finish the proof we need to estimate E(Sy).
The inequality (B.18) and the fact that limh; = 400 imply that there
exists k, € N such that

E(Y;) > 10logk, fork>k,.
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Consequently, if k > k,, then

E(Sy) > 160 > logj > Cri(1+k)log2+k),

kej<k

where C;;; > 0is a constant. Hence

%@k — &+ DE(SY) = Crn k;; (1+k) log(2 + k) - e

This completes the proof. O

Proof of Proposition B.1 (modified). — In virtue of the inequality (B.5)
and the remark following it, it is sufficient to apply Lemma B.6 to the
sequence {hy}xen defined by -

hkl-‘:Ek—Enz, k€N,k>7]2,

(in fact, we treat a countable family of such sequences labeled by 7, € N).
Observe that if n, < j < k then hy/h; > E;/E; and so (B.3) implies
(B.17). Hence the assumption of Lemma B.6 is indeed satisfied. 0O

APPENDIX C. LIPSCHITZ FUNCTIONS

Here we present some auxiliary results concerning Lipschitz functions
which are quite straightforward to verify but are not mentioned in [24],
our main source on this subject. Moreover, in view of applications we are
interested in, we allow the target space to be generally a Banach algebra
(sometimes only a Banach space) rather than C. In fact, this does not
cause any essential complication—one has just to be careful about the
order of multipliers in all expressions. The notation in this appendix is
autonomous, particularly the symbols f, g, P etc. have different meaning
in the main text of the paper.

DEFINITION C.1. - Suppose that IT C R" is a closed set and A is a
Banach algebra (or just a Banach space). A function f defined on I1
and with values in A belongs to the Lipschitz class Lip(€ + ¢, IT), with
LeZ, and 0 < ¢ < 1, if and only if there exists a family of functions

(fO; veZr, |v|< e}, with fO = f, and a constant M > 0 such that,
forallv eZ, |v| < ¢, it holds true that
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|fP )| <M, forallxell,
| fPx) =8y P(x, )| < Mlx — y|“** ™, forallx,y e,

where

YY)
Paroy)i= Y O
By i<t e

The smallest constant M with this property is called the Lipschitz norm

M(f).

As one can guess, we have denoted the norm in A by | - |. If not
specified otherwise, the multiindices u, v, ... are assumed to belong to
Z'. We use the partial ordering on Z;: i < v means that u; < v; for
all j,1<j<n. Set

Ry(x,y):=fMx)—93P(x,y), veZl, |v|<L.

If necessary, the dependence of P(x,y) or R(x,y) on f will be
distinguished by a superscript. A detailed proof of the following basic
theorem is given in [24].

THEOREM C.2 (Whitney extension theorem). — There exists a contin-
uous mapping

E:Lip(l +¢&,IT) > Lip(¢ + &, R")

such that E(f) is an extension of f for all f € Lip(£ + ¢, IT). The norm
of € has a bound independent of I1.

We shall use frequently the observation that f € Lip(€ + ¢, R") if and
only if f € C¢(R"), all derivatives of f up to the order £ are uniformly
bounded on R", and 9} f € Lip(e, R") for all v, |v| = £. This claim
still holds true when replacing R” by a closed convex subset IT of
dimension n. Clearly,

feLlipl+e IT)= f(") eLip(¢ — |v|+¢e,1T), forallv, [v|<L.
(C.1)
The family of functions corresponding to f® is { f“**}o<|<e—pv- The
extension operator has this property: £ (x) = 3" £(f)(x) holds true for

all x € IT and all v € Z'}, |v| < £. The following proposition is quite easy
to verify.
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PROPOSITION C.3.—Suppose that £ > 1 and I is bounded. If f €
Lip(€ + ¢, IT) then f € Lip(¢' + ¢, IT) forall ¢/, 0 < ' < ¢, and any €',
0 < &’ < 1. The embedding mapping

Ty e:Lip(€ +¢, IT) > Lip(¢' 4+ ¢', IT),

sending the family { f }u1<e to { f}vi<e» is bounded.

In the following two propositions we shall need the structure of algebra
on A.

PROPOSITION C.4. — Suppose that I1 is bounded and both f and g
belong to Lip(£ + ¢, IT). Then fg € Lip(£ + ¢, IT).

Proof. — Set h = fg and, more generally,

!

AV = R aa— O PO
2 e
Then
P"(x,y) = PY(x,y) PE(x,y) — ¥(x,Y),
where
FURNC 2 )
W(x,y) = > fP@EV»M——=—. (€2
v nlv!
|ul<E, VI, |u+v[ZE+1
It follows that
" (x) — B”Ph(x )
= > - (R G, AT PE(x, ) + P RRIu(x, )
M, u<v (v
+ BxlI/(x, y).

We conclude that |2 (x)| = O(1) and | R"(x, y)| = O(|x —y|*+*~ ). O

PROPOSITION C.5. — Suppose that I1 is bounded, f € Lip(£ + ¢, IT),
F(x)7! exists in A for all x € IT, and | f(x)™'| is uniformly bounded
on I1. Then g € Lip(£ + &, IT) where g(x) = f(x)~".

If. in addition, the diameter diamI1 < 1 and |f @)Y <k for all
x € I1 then

M(g) < CLM(f) e,
where Cp = Cr(n, £) is a constant.
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Proof. — We can assume from the beginning that diam /7 < 1 and,
by rescaling f, that |f(x)™'| <1 on IT, i.e., k = 1 (the norm M(-) is
homogeneous). Then we have

IfF@I=[fE)TIf@)I>1

and so M(f) > 1
We define successively, for 1 < |v| < £,

W _ v! v—p) (u))
g = _ (Z , (C.3)
§ M, ,Kvu!(l{—u)!f ¢

This means that the identity

v!
Y o Ut 1)) (w) —
u%v oo @0 =b (C4)

isvalid forallv e Z, [v| < ¢, and all x € IT.
Clearly, all g are bounded. By the assumption we know that |g(x)| <
1, and we claim that

gV @) < (M) for1<|vI<e, Yxell.  (C5)

To see (C.5) we proceed by induction in |v| using the formula (C.3),

eV@|< > M,( MO (kM)
Hy U<v
<MY —"'—,(|v|_1)wl
M, #<v v —w)!
= (vIM(£)"".

With the aid of (C.4) one finds readily that
P/ (x, y)PE(x,y) =14+ ¥(x,y), (C.6)

where ¥ is the same as in (C.2). Differentiating (C.6) and subtracting
(C.4) from the result one arrives at (0 < |v| < ¥£)

v!
M%:@ Pl ===
=V (x,y). (C.7)
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More conVeniently, let us rewrite (C.7) as a recurrence formula,

!
—fORSx, = D ,——f‘“ " (x) RS (x, y)
", p<v ulv
+ > ,(v R{ (2, 9)8% PE(x, y)
W, u<v
+0, ¥ (x,y). (C.8)

Using (C.5) one finds easily the required bounds for a part of the RHS
of (C.8). Namely,

oul |X — )’l'“l

P, < D (Iv+ulM() ]
. il <b—Iv] e
1
<Y = (emn)
unezly 7
andso (Jx —y| < 1)
|RI_,.(x, )8 P8 (x, y)| e M) x — y e, (C.9)
Furthermore,
|0y (x, )|
(o +w)! _
< FOm|g™ k) |x — y|lo =
lalé;ulél | I l"!“!(a“L“_”)!
lo+u|=2e+1, o+pu2v
< const M(f)Hx — y o+, (C.10)

So it remains to estimate, in the same manner, the first sum on the RHS of
(C.8). The three estimates ((C.9), (C.10) and the one still lacking) should
amount in the existence of constants ¢, > 0 (depending also on n and £,
0 < |v| £ £) such that

|RE(x, y)| < coM () |x — y|ite . (C.11)

To prove the proposition we shall proceed by induction in £. The case
£ =0 is obvious for |g(x)| <1 < M(f) and

|RE(x, y)| =] — fFG) ' RIxe, N FO T S M(P)lx =yl
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hence M(g) < M(f). Suppose now that £ > 1 and the proposition is
valid for all £', 0 < £’ < £. Write, for u < v,

Rey=Ren- ¥ et

o
U—|ul<lo|<l—|u|
where ¢/ =¢ — |v — u| and R; is the rest function related to Z, »(g) €

Lip(¢’ + 1, IT). Note that || < ¢’ < €. By the induction hypothesis and
by Proposition C.3, we have (¢' + 1 — |u| > £+ & — |v])

! ’ ! 1 , _
IR, (x,»)| < Cp(n, ) M(Zep(£))" " 1x — y|¢+1-Mnl
< Cr(n, ) Zeell M) x — y|ce,
In addition, for [o| > €' — |u| and |u + 0| < ¢,

|g# ) () (x — )| < (EM(f)) |x — y[¢FH1-IM
< (EM())"|x — y|ere,
We conclude that

|FOT@RE(x, y)| const MO x — |t (C12)

The formula (C.8) and the bounds (C.9), (C.10) and (C.12) prove the
validity of (C.11). O

The last auxiliary result concerns the composition of functions. This
time A is a Banach space.

PROPOSITION C.6. — Suppose that g:R" — A belongs to Lip(£ +
e, R".
(i) If €=0and f:I1 — R" belongs to Lip(1,IT) then g o f €
Lip(e, IT).
(ii) If € > 1 and f:R"™ — R" belongs to Lip({ + &, R™) then go f €
Lip(¢ + &, IT) for any compact set IT C R™.

Proof. — (i) This is obvious from the estimates g o f(x)| < M(g) and
|go f(x) —go fO| S M@|fx)— fFO| < M@E@M(f)ex — yI°.

(ii) We can restrict ourselves to the case when IT = U{ where U C R™
is an open, convex and bounded set. Write f as an n-tuple of functions:
f=U1.-, fu)s fi:R™ > R. Clearly g o f € C*(IT), IT is compact,
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and thus we have to show only that 9, g o f € Lip(e, IT) for all v,
|v] = £. However, 0y g o f is a polynomial in 3% f;, 1 < j < n and
|ul < £, and in (3} g) o f, || < £. This means that, when applying
an obvious mod1ﬁcat1on of Proposition C.4 (here we multiply scalar
functions by vector-valued functions), it suffices to verify that all the
multipliers belong to Lip(e, IT). By Proposition C.3, 0¥ f; € Lip(e, IT)
and f € Lip(1, IT). Furthermore, from the already proven part (i) we
conclude that (95 g) o f € Lip(e, IT). This completes the proof. O
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