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Abstract: We investigate spectral properties of the Laplacian in L?(Q), where Q
is a tubular region in R3 of a fixed cross section, and the boundary conditions com-
bined a Dirichlet and a Neumann part. We analyze two complementary situations,
when the tube is bent but not twisted, and secondly, it is twisted but not bent.
In the first case we derive sufficient conditions for the presence and absence of the
discrete spectrum showing, roughly speaking, that they depend on the direction
in which the tube is bent. In the second case we show that a constant twist raises
the threshold of the essential spectrum and a local slowndown of it gives rise to
isolated eigenvalues. Furthermore, we prove that the spectral threshold moves up
also under a sufficiently gentle periodic twist.
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1 Introduction

Relations between spectral properties and geometry belong to trademark
topics in mathematical physics. A particularly interesting class of problems
concerns spectra of the Laplacians and related operators in tubular regions
which has various applications, among others they are used to model waveg-
uide effects in quantum systems. The turning point here was the seminal



observation that ‘bending means binding’, that is that the Dirichlet Lapla-
cian in a tube of a fixed cross section which is bent but asymptotically straight
has a nonempty discrete spectrum. It inspired a long series of investigations,
for a survey we refer to the monograph [11] and the bibliography there.

A nontrivial geometry can be manifested not only in the shape of the tube
but also in the boundary conditions entering the definition of the Laplacian.
A simple but striking example can be found in [6]: an infinite planar strip
of constant width whose one boundary is Dirichlet and the other Neumann
exhibits a discrete spectrum provided the Dirichlet boundary is bent ‘inward’
while in the opposite case the spectral threshold remains preserved. One is
naturally interested whether this effect has three-dimensional analogue. The
geometry is substantially richer in this case, of course, nevertheless our first
main result provides an affirmative answer of a sort to this question, namely
that some bending directions are favorable from the viewpoint of the discrete
spectrum existence and some are not.

Another class of geometric deformations are tube twistings. In general,
they act in the way opposite to bendings: to produce bound states of the
Dirichlet Laplacian supported by a locally twisted tube of a non-circular
cross section, an additional attractive interaction must exceed some critical
strength [8]. On the other hand, a discrete spectrum may arise in a tube
which is constantly twisted and the twist is locally slowed down [10]. Note
that these results have a two-dimensional analogue, namely a Hardy inequal-
ity in planar strips where the Dirichlet and Neumann condition suddenly
‘switch sides’ [12] and the appearance of a nontrivial discrete spectrum when
a sufficiently long purely Neumann segment is inserted in between [7].

In the second part of the paper we examine twisted tubes with a mixed
Dirichlet-Neumann boundary. We show that the effect of twisting and its
local slowdowns is present again, now it may occur also if the tube cross
section itself exhibits a rotational symmetry but the boundary conditions
violate it. Furthermore, we consider a wider class of tubes where the twist
is not constant along the tube but only periodic and ask whether in this
case too the threshold of the essential spectrum moves up; we prove this
property for twists that are sufficiently gentle. The bending and twisting,
constant and periodic, results are presented and proved in Sections 4, 5, and
6, respectively. Before coming to it, we collect in two preliminary sections
the needed properties of the tubes and the operators involved.



2 Preliminaries: geometry of the waveguide

Let us begin with a curve ¢ : R — R? that will play the role of waveguide
axis supposed to be a C3-diffeomorfism of the real axis R onto ¢(R). Without
loss of generality we may parametrize it by its arc length, that is, to assume
that £1(2)? + £4(2)? + f5(2)> = 1, where by ¢; we denote the derivative of
function ¢; with respect to the variable z. Dealing with the curve ¢, we want
to associate with it the Frenet frame, i.e. the orthonormal triad of smooth
vector fields {t,n, b} called respectively the tangent, normal, and binormal
vectors, defined as follows

tzé, n:/flg, b=txn.

where the cross denotes the vector product in R? and k := |€ | is the curvature
of £. Put like that, the Frenet frame may not exist, in particular, because
it is necessary to assume that x > 0 holds to make sense of the definition
of the normal and binormal. If a part of ¢ is a straight line segment, i.e.
x = 0 holds on it identically, one can employ any fixed triad one element of
which coincides with the tangent vector. With a slight abuse of terminology
we will say that ¢ possesses a global Frenet frame if triads corresponding to
its straight and non-straight parts can glued together smoothly, modulo a
rotation of the Frenet parts on a fixed angle around the appropriate tangent
vector vector, see [8, 9] or [11, Sec. 1.3].
In such a case the Serret-Frenet formuleae give

t=rn, n=-xt+7b, b=—7n, (2.1)

where 7 stands for the torsion of the curve £. Given a function 8 € C*(R)
we introduce further a general moving frame {T#,N? B} by

Ts=t, Ng=ncosf—bsing, Bzg=nsinf+bcosfi; (2.2)
the equations (2.1) show that this triad elements satisfy the relations

Ts = k(Ngcos 3 + Bgsin 3),
Ny = —kTscos 8+ (1 — §)Bg, (2.3)
Bﬁ = —HTﬁ sinﬁ - (7’ - ﬂ)Nﬁ .
A particular choice §(z) = f_zoo 7(s)ds yields the so-called parallel transport
frame, in the physics literature often referred to as the Tang frame.
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Let next w be a two-dimensional bounded domain with the boundary dw
supposed to be C2?. The waveguide we are going to consider is defined as the
tube ¢ 3 obtained by moving the cross-section w along the reference curve
¢ keeping its position fixed with respect to the frame (2.2). More precisely,
we set

Qgﬁ = {X eR®: X = €(5E3) + l’lNB +$2BB, = ({L’hl'g) cCw, z2=2x3¢€ R}
(2.4)
|

Denoting a := sup,.,, |2| and assuming that

allclleo < 1 (2.5)

one can check easily that the formula (2.4) induces a local C!-diffeomorfism
between (), and the straight tube Q) = w x R. We will assume, without
repeating it every time, that this diffeomorphism is global, in other words,
that the tube (), 3 has no self-intersections.

With the eye on the definition of the operators in the next section we
divide the boundary dw into two parts. One denoted as 7yp is assumed to
be a union of a finite number of arcs, each of a positive measure, while its
complement dw \ vp is denoted as yy. The pair (w,~p) is called rotationally
wmvartant if w and vp are both rotationally invariant with respect to the
origin. From the viewpoint of this paper, this trivial case that can occur
only if w is a disc, an annulus, or a family of concentric annuli, and each
connected component of dw is circle belonging to only one of the sets vp, vn.
In the following we will consider only rotationally non-invariant pairs (w,yp).

Let us now specify two types of geometric deformations which we will
consider in this paper. We say that the tube (g is bent if the reference
curve / is not a straight line, that is, the curvature x does not vanish identi-
cally. Furthermore, the tube Qs is said to be twisted if the pair (w,yp) is
not rotationally invariant and 7 — B # 0. Looking at the equations (2.3) it
is obvious that these perturbations are mutually independent. For the sake
of simplicity, we will study separately the following two cases:

(i) bending without twisting: k # 0 and 7 — 3 =0, and

(i) twisting without bending: k=0 and T — B£0.



3 Preliminaries: definition of the operator

Before introducing the operator of our interest, we need a couple of auxiliary
notions. We denote by A; the lowest eigenvalue of the problem

~AYp=X\) inw, =0 onvyp, Ihty=0 onyy, (3.1)

where A’ = V' . V' stands for the Laplace operator with respect to the
variables 2’ and 0, is the outward normal derivative. The corresponding
eigenfunction normalized in L*(w) will be denote by ¢;; we note that v can
be chosen positive in w and it satisfies the integral identity

(V'1, V'§)y = M(¥1,0) Vo € Hy(w,vp), (3.2)

where (-, -),, is the natural scalar product in the Lebesgue space L?(w) and
Hi(w,yp) consists of functions from the first Sobolev space that vanish on
vp- If (w,vp) is not rotationally invariant we have

O £0 & /|8@¢1|2dx’7£0. (3.3)

By 0, we denote here the first-order differential operator x40y — 220, which
corresponds to differentiation with respect to the polar angle ¢ in the plane
(x1,22), or up to the imaginary unit, to the angular momentum operator
generating rotations around the tangent vector to the tube axis.

The main object of our interest is the Laplace operator Ty 5 on L*(Qep)
with mixed Dirichlet-Neumann boundary conditions that can be associated
with the closed quadratic form

ay,plul :/Q IVxul?dX, ue Hj(Qup Tep),
£,8

where Fgﬁ = {X eR?: X = K(:cg) + $1N5 + QJQBg, x e YD, T3 € R}

The diffeomorphism (2.4) can be used to map E”/j in the usual way [11,
Secs. 1.3 and 1.7] to an operator on the straight tube @ in which the geometry
is encoded in the coefficients. Specifically, in case (i) the operator f’fg’g is
unitarily equivalent to operator T} sz associated with the quadratic form

arplu] == / [g(|81u|2 + |Ooul?) + gillaguﬂ dov, we€ Hy(Q,T,g), (3.4)
Q
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in the weighted Lebesgue space L*(Q, g) with the scalar product

(u> 'U)Qﬂ = (u97 U)Q )

where g(z) := 1 — (z1cos f(x3) + xasin f(z3))k(x3). In particular, when
the bending is absent, x = 0, and the cross-section remain fixed in the
parallel transport frame, 3 = 7, the spectrum of Ty 5 is found by separation
of variables: it is purely continuous and equal to [A;, +00), where \; is the
eigenvalue appearing in (3.2). The question we address in the next section
is under which circumstances can a bending of such a tube give rise to a
nonempty discrete spectrum below the threshold A;.

Similarly, in case (ii) the operator T} 5 is unitarily equivalent to the op-
erator T3 associated with the quadratic form

aglu] := /Q [|01ul® + [Oaul® + [ (5 + B@w)um dr, we H}(Q,Tp), (3.5)

in the space L?*(Q). Here the role of an unperturbed system will be played by
tubes with a constant twisting; in Sec. 5 below we will discuss what happens
if the twisting rate is modified locally.

4 The effect of bending

Let us first focus on spectral properties of Ty g if the tube exhibits a bending
without twisting, i.e. the case (i) indicated in Sec. 2. To state the results,
we need to introduce two quantities,

1 .
Aj:§/a anlel‘/:/Q/ﬁajwldx/, J=12,

where (ny,n2) are the components of outward normal to the boundary dw.
Note that while we use modulus in the first expressions as it is common in
quantum mechanics, we suppose that the function 1, is real-valued.

Theorem 4.1. If there exists a compact interval I C R such that

/Ii(l‘g)(Al Ccos ﬁ(l’gg) + Ay sin 6(1’3)) drs <0

I
and k(x3)(A; cos f(x3) + Agsin f(x3)) < 0 holds for all x3 € R\ I, then

inO'(Tg”B) < )\1 .
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In particular, if the curvature k is compactly supported, the discrete spectrum
of Ty g is nonempty.

Proof. Tt is sufficient to find a trial function v € Hj(Qrp, v ) such that
aslu] = Mllullg,, <0, (4.1)

where ay g is the quadratic form (3.4). We will seek it in the form u(x) =
v(z3)1(x'), where v is a smooth function with compact support such that
v(xzg) =1 for x3 € I and

“83U||L2(R) = (5, (42)

where 0 is a parameter to be chosen. The assumption (2.5) in combination
with relation (4.2) imply that there is a C' > 0 such that

/ g Hosu*dz < C82,
Q

At the same time, the remaining part of the quadratic form in question is

/Q g (@) (V'u(@)? — Mlu(z)[?) dz =
= —/R’f@s)0085($3)|U($3)|2d$3/$1(|V,¢1($/)|2—)\1|@/’1($,)|2)d$,—

—/Rf”»(ﬂ?s) Sinﬁ(x3)‘v(x3)|2d$3/$2<‘v/¢1($,)|2_)\1|¢1($/)|2)d$lv

where we have employed the explicit formula of g(z) and relation (3.2). Next
we note that

A== [ 890 = M@)o’ G =1,2.

Indeed, let us insert ¢(z’) = x;91(2’) into the integral identity (3.2) and
rewrite it in the following way

~ [HITREE - A @A = [0 T
= / Y1 (2") 0591 (2") da’



Under the stated assumptions the whole expression is negative and choosing
9 small enough we can make relation (4.1) satisfied. We know that for the
tube without bending, k = 0, the spectrum is purely essential and equal to
[A1,4+00) and it easy to check that it remains preserved under a compactly
supported perturbation, hence the spectrum below \; must be in such a case
discrete and nonempty. W

On the other hand, we can state a condition under which the bending
does not move inf o(7} 3) down, which means, in particular, the absence of
eigenvalues for (non-twisted) tubes with a compactly supported curvature.

Theorem 4.2. If for all x3 € R and 2’ € w the inequality

k(x3) (011 (2') cos B(xs) + Oatpy (') sin B(x3)) > 0 (4.3)
is valid, we have inf o(Ty ) > 1.

Proof. Fix an arbitrary function v € C§°(Q). Since 1)y is positive in w we
can write it as u(z) = t;(2')v(z) with some v € H'(Q). The ‘shifted’
quadratic form entering (4.1) can be estimated from below by neglecting the
non-negative term containing the derivative with respect to the longitudinal
variable x3,

agglu] — M|ullg, > /Qg(x) (IV'u(@)]? = Mu(@)|?) da. (4.4)
The above described factorization yields the formula
V' (10)* = [P V0P + Vi - V (910%)
which allows us to split the last integral in (4.4) into two parts,
5= [ o @PI o) 2 0
and

Jo = / g(@) (Vi (2) - V(a0 (2)) = A (@) Plo() ) da.
Q

Using the explicit form of g(z) in combination with (3.2) we get



Jo = —/ w1 c0s Bws)i(xs) (Vi (2) V' (11 (2 )v* () =M (2) Plv(2) ) da
Q
—/Q:rzsinﬁ(xg)ﬁ(xs)(V’%(ﬂﬂ')'V’(%(x')vQ(I))—>\1|¢1(90’)|2|v($)|2) dz.

Inserting next the function x4 (z')|v(2/, x3)|? into the integral identity (3.2)
as a test function with z3 as parameter, we obtain

/:er’wl( )V (@ (2o 2($))d$/—)\1/$j|¢1(xl)|2|v(:v)|2dx':
/¢1 Vi - Vi (x /wl )0y () da’,

and consequently,

Jy = / K (3) (011 (2') cos B(xs) + Oatpr (2) sin B(x3) )1 (2 )v*(x) da
Q

which together the assumption (4.3) shows that agglu] — Ai[Jul|,, > 0 holds
for any v € C§°(Q). To finish the proof it is enough to observe that this set
is dense in H}(Q) and also, mutatis mutandis, in H}(Q,T). N

In the particular case where the waveguide axis is a planar curve and
the Jacobian depends only on the coordinates z; and x3, in other words,
T(z3) = B(x3) = 0 holds for all x3 € R, we have N = n, B = b and the
quadratic form expression simplifies to

acol] = /Q (1 = z1m(zs) (@) + (1 — 21m(zs)) (| V'u(2)[?) da

then the above theorems lead to the following conclusions:

Corollary 4.3. If there is a compact interval I C R such that

Al//{(l'g) drs <0
I

and Aik(z3) <0 for all x5 € R\ I, then inf o(Ty0) < A;.



Corollary 4.4. If for all x3 € R and for all ¥’ € w the inequality
f{,(l’g)al’(/)l(l'/) Z 0
is valid, then inf o(Ty0) > A1.

It is instructive to compare these results with the spectral properties
of a bent and asymptotically straight two-dimensional guide which has one
boundary Dirichlet and one Neumann. As mentioned in the introduction, it
is known [6] that the discrete spectrum of such a system is nonvoid if the
total bending of the strip is positive (in fact, nonnegative) and the Dirich-
let boundary faces ‘inward’, and on the other hand, the spectral threshold
remains preserved if the bend is simple, i.e. the curvature does not change
sign, and the Dirichlet condition is on the ‘outward’ side. This nicely fits
with the above corollaries if we realize that the normal, in other words, the
x1 direction points “inwards’ in a bend and the outward normal derivative
of 11 is zero at the Neumann segment(s) of the boundary and negative at
the Dirichlet one(s). Note also that while a waveguide with a rectangular
cross-section and two flat sides does not satisfy our boundary smoothness
requirement, the above reasoning can nevertheless be carried through. If the
bent sides of such a rectangular tube are Dirichlet and Neumann and a fixed
condition is chosen on each of the flat sides, by separation of variables we
get a direct correspondence between the said two-dimensional properties and
the results obtained here.

5 Twisting without bending

Let us now turn to the second class of geometric perturbations indicated in
Sec. 2 and discuss the situation when the waveguide with a mixed Dirichlet-
Neumann boundary is twisted waveguide. Recall first how the situation
looks like for tubes with purely Dirichlet boundary. If the twisting is only
local there it does not affect the essential spectrum of the Laplacian, and
moreover, it does stabilize it against negative perturbations — see, e.g., [4, §].
This has consequences such as the absence of weakly coupled bound states of
Schrodinger operators in twisted waveguides [8, 13]. If the twist is not local
but constant, then it even increases the threshold of the essential spectrum
of the Laplacian, and moreover, any local slowdown of the constant twisting
rate induces at least one bound state of the corresponding operator [10].
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Our aim in this section is to show that the behavior of twisted tubes
with a mixed Dirichlet-Neumann boundary is similar. We thus suppose that
Bo(z3) = a and introduce a model eigenvalue problem on the cross section,

—Ayp® —azﬁiwo‘ =\inw, Y*=0on~vp, 0, =0o0nvyy.

We denote the smallest eigenvalue of this problem by A{, the correspond-
ing normalized eigenfunction in L?*(w) will be 1¢; we note that ¢® can be
supposed to be positive without loss of generality and that it satisfies the
integral identity

(VYT V'0)u + (0,07, 0p0) = AT (U1, 0)w Vo € Hy(w, D).

Proposition 5.1. If 8, = « is constant the spectrum of the positive self-
adjoint operator T, coincides with the interval [A], +00).

Proof. Similarly to the proof of Theorem 4.2, we consider function from a
core of Tp, writing them as u(z) = ¢ (2)v(z) with v € H'(Q), then a direct
calculation shows that

ag,[u] — AYJullg = /Q U7 @) (IV'0(@)* + (05 + ady)v(2)[?) dz > 0

and by the density argument we obtain the estimate info(T3,) > Ay. To
complete the proof it is sufficient to construct in the standard way Weyl
sequences for any A € [A},+00). N

In this way a constant twisting, Bo = «, changes the essential spectrum
in a way depending on «. Consider next a local slowdown of the twist. Let
0 = 0(z3) be a C'-function supported in a compact interval I and assume
that the rotation angle ( is of the form

B(xs) = a—6(x3). (5.1)

From the compactness of supp @ it follows by a standard perturbation argu-
ment that
inf oess(T3) = inf o(Tp,) = AT .
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Proposition 5.2. Let 3 be given by the formula (5.1) and

/R (18(z3) — a2)dzs < 0.

then inf o(T) < A}, and consequently, oaisc(13) # @.

Proof. We employ trial functions v € H(Q,Tp) of the factorized form
u(z) = YP¢(2")v(xs), where v is a smooth function such that v(zz) = 1 if
x3 € I; it is easy to check that for any 6 > 0 one can choose v so that
|05v]| L2(r) = 0. A straightforward calculation then yields

aslul = N ully = 8+ [ (3l - o?)das [ (0,05 o

Taking into account relation (3.3) we find that for § small enough we have
aglu] — Af[lull?y < 0 which completes the proof. M

6 Periodic twisting

Now we are going to consider a more general situation, bending still absent
and the twisting is non-constant but periodic leading to a band-gap structure
of the spectrum. It is natural to expect that a higher twisting rate could
increase the spectral threshold. Our aim here is to demonstrate that it is
indeed the case provided the twisting is gentle. To state the result let us
denote by 8 € C%*(R) the twisting function with a positive and 1-periodic
derivative 3. Let A+(B) be the spectral threshold of the Laplacian with the
mixed Dirichlet-Neumann boundary conditions in the twisted tube Q3. The
main result of the present section is the following theorem:

Theorem 6.1. Let U1,9, € C*(R) with U1, Uy being positive 1-periodic

functions and
1 1
/ |’l91|2d5(73 < / |’l92|2d1'37
0 0

then there exists an €9 > 0 such that the inequality M\i(e01) < A\i(e¥2) holds
for all € € (0,¢p).

We will prove the theorem in several steps.
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6.1 Formulation of the problem

If the function £ is 1-periodic the spectrum of positive self-adjoint operator
Ty is known to be purely essential having a band-gap structure,

o(Ts) = Ba(B). (6.1)

One naturally expects it to be absolutely continuous, however, this property
has been so far established in some cases only [11, Chap. 9]. Among spectral
properties of periodic waveguides, the gap opening for Laplace operator with
various boundary conditions has been discussed in many papers — cf., e.g.,
[1, 5, 14, 16] — in particular, for the case of Dirichlet Laplacian in periodically
twisted waveguide see [3].

To study the spectrum (6.1) we use Floquet-Bloch theory and decom-
pose the operator Tj into a direct integral of the operator family {73(n)}
parametrized by the quasi-momentum 7 € [—m, 7]. The fiber operators Tj(n)
can be defined through their quadratic forms

aslU] = /Q VUP + [0 + 80U de, U €Hy,

related as usual to the corresponding sesquilinear forms Ag, by ag,[U] =
Ap (U, U), where Q = w x [0,1] is the periodicity cell and the form domain
H.,, consists of functions U € H} (2, vp X [0, 1]) satisfying a quasi-periodicity
condition

Ux',1) =eU(2',0), 2/ €w.

The inner product in H,, is given by (U, V) = (VU,VV)q. It is not difficult
to check that the quadratic form ag,, is positive and closed, and therefore as-
sociated with a unique self-adjoint operator T3(n). Due to the compactness
of the periodicity cell the latter has a compact resolvent, and as a conse-
quence, the spectrum of operator T(n) is purely discrete, in other words, a
sequence of eigenvalues

0 < Aus(n) < Aos(n) < Aasln) < ... (6.2)

accumulating only at infinity; as the inequalities (6.2) suggest, except the
first some on them may not be simple. We denote the corresponding eigen-
functions by Uy 3 € H,, where for the sake of simplicity the dependence on
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1 will usually not be shown. We can choose them so that they satisty the
orthogonality property

(Uj,ﬂ7Uk7,3)Q = 6]',167 ]7k = 172737 BRI

where ¢, is the Kronecker symbol. The band functions n — A, g are known
to be continuous and 2m-periodic so the sets

B;(8) = {Ajs(n)|n € [=m 7]} C [0, +00),

the spectra bands, are closed intervals. In this notation the overall spectral
threshold can be written as

M(B) =1info(Tp) = inf Ayg(n).

776[771-’71-}

In the absence of twisting, 5 = 0, the eigenvalues and eigenfunctions of the
fiber operator are easily found explicitly,

Vig(a,n) = e (2") | My(n) = (n+2rk)* + A, k€ Z, j €N,

(6.3)
where (¢, \;) is the jth eigenpair of the problem (3.1). The family {1;}52,
can be chosen to be othonormal in L?(w) and the eigenvalue sequence {;}52,
is conventionally ordered in the non-decreasing way counting multiplicities.
Rearranging the sequence {M;(n)} in the ascending order we obtain (6.2)
for 8 = 0, in particular, A; o(n) = A1 +71?; we note that these eigenvalues are
simple unless n = +£7.

6.2 Small twisting, simple estimates

Let us introduce a positive parameter ¢ € (0,1) and discuss the properties
of the spectrum o(7.5) as ¢ — 0 for a given function 5. We start with the
following simple lemma.

Lemma 6.2. There is a constant C such that for alle € (0,1), n € [—m, 7],
and U € H,, the estimate

|aep.q[U] = aon[U]] < Coe| VU5, (6.4)

holds.
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Proof. In view of (3.5) we have
aep.n[U] — a0,5[U] = 2¢ Re(05U, BawU)Q + 52“58@U||522 ,

and since [0,U| < sup,cq |z| |VU|, we get the desired estimate. W

Corollary 6.3. There is an €(8) € (0,1) such that for all e € (0,£(3)) and
n € [—m, | the estimate

1
U] 2 SIVUI3
holds.
Proof. Observing that [|[VU||3 = ag,|U] and using (6.4) we obtain
|ac5.q[U] = [IVU G| < Csell VUG,

thus for all € € (0,Cy 1) the inequality

ac54U] = (1= Cpe) || VUI[G
is valid and it is enough to take e(8) = (2C5)"!. N

This allows us to estimate the twist effect on the fiber operator eigenvalues.

Lemma 6.4. To any k there exists a constant Cy g such that
[Akes(n) = Aro()] < Cipe
holds for all € € (0,¢(5)) and n € [—m, 7).

Proof. Due to the min-max principle, cf. [2] or [15], we have

QeB [V]
A = su 1 ’
ke (1) P e} V113

where E stands for any subspace in H, of codimension & — 1. Since the
sequence {Uj’()}?:1 is chosen orthonormal in L?(Q) and each E is infinite-
dimensional we can within it an element U of the form

k k
U:ZajUj70’ Z|O./j|2:1.
j=1 g=1
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Consequently,

acpy[V] < <
€ 8alU] — aoy[U]) .
vl Vg < esnlU) < aoalUl+ (acaalU] = aoa (U]

By definition of the form ag, we have

k
IVUIE = a0q[U] = la;*Aj0(n) < Aio(n),
j=1

and in combination with inequality (6.4) this yields the estimate

Apes(n) < Apo(n) (14 Cpe) . (6.5)

In a similar way one can write

Cl(),n [V]
A = su ’
k,o(n) Ep VeE\{0} ||V”?z

where F runs though the same family of subspaces as above. Repeating the
argument we find U € E of the form U = 25:1 a;U; .5 with 25:1 || =1
and infer that

inf o1V

< A, 1+2C3¢
VeR\{0} ||‘/||?2 = LA, 5(”)( B )

and
Ako(n) < Apes(n)(1+2C5e). (6.6)

The inequalities (6.5) and (6.6) imply the claim of the Lemma. W

6.3 Asymptotic procedure

Now we are going to present, in (6.7) and (6.8) below, asymptotic expansions
for the eigenvalues Ag.5(n) and for the eigenfunctions Uy .z as ¢ — 0. We
consider only simple eigenvalues Ay o(n) which is sufficient for our purpose.
Regarding the eigenpair (U s, Akcp(n)) as a perturbation of (U, Ak o(7))
it is natural to seek the asymptotic formulae in the form

Aes(n) = Aio(n) + Ay (n) + €A} () + Ag(n), (6.7)
Upep = Uro + UL + E2U} + UE, (6.8)
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where A} (n), AJ(n), U, U] are the coefficient to be determined and Ki(n),
U; the remainders to be estimated. To begin with, we write the operator

T.5(n) as
Tes(n) = To(n) + T (n) + £To(n), (6.9)

where Tp(n) is the operator associated with the quadratic form ay,, while
T1(n) and T5(n) correspond to the forms

b1 o[U] := 2Re(dsU, f0,U)q  and by, [U] := ||50,U|3

in H(n), respectively. Substituting from (6.7)—(6.9) into the eigenvalue equa-
tion Teg(y Uk, = Ar,5Ukcp and collecting terms of order € and €? we get

To(m) Uy, = Meo(Uy, = Ay (m)Uro — To(n) Uk, (6.10)
TO(W)UIZ - Ak,O(n)Ulg = A/k/(n)Uk,O — T2(77)Uk,0 + A;c(77>Ullc - T1<7]>Ullc . (6-11>

Since the eigenvalue Ay g is supposed to be simple and the resolvent of T(n)
is compact, equation (6.10) has by Fredholm alternative one solvability con-
dition, namely its right-hand side must be orthogonal to Uy in L?(£2). Due
to the normalization condition we get

AL(n) = (Ty()Uko, Uro)a = 2Re(05Uk 0, B0,Ur0)a = 0, (6.12)

where we have used the representation (6.3) of the function Uy, and the
following simple observation,

(w’m acpwn)w =0 Vn e N.
In view of (6.12) the equations (6.10) and (6.11) simplify to

To(n)Uy, — Mo(mUy, = =T1(n)Ukyp (6.13)
To(n)U;Q’ - Ak,O(n)Ullcl = AZ(’?)Uk,o - T2(77)Uk,0 -1 (U)Ulé . (6-14>

Note that the solution U}, to (6.13) is determined up to a multiple of the
eigenfunction Uy, o, hence without loss of generality we may assume that

(U, Ukp)a =0. (6.15)
In the same way, using the solvability condition of (6.14), we obtain
A (n) = (T2(n)Uko, Uko)a + 2 Re(05Uy, Uk o)
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= 180,0nllé, + Ao UGG = VUG -
Here we assume that the function Uy is represented as
Urol(z,n) = €2y, (/)
for some j and n and as before we choose U}/ in such a way that
(U, Up)a =0.
Summarizing the above reasoning, we have reached the following conclusions:

Lemma 6.5. Let I C (—m,m) be a compact set such that Ago(n) is simple
for all m € I. Then for all n € I the equations (6.13) and (6.14) have
unique solutions U, and U} orthogonal to Uyy. Moreover, functions U}, and
U} satisfy the estimate

max{|[Uglla,, U], } < cxs (6.16)
with a constant c 1 independent of 1.
Now we are in position to formulate the main result of this section:

Theorem 6.6. Let the eigenvalue Ay o(n) of operator To(n) be simple forn
from a compact set I C [—n, x|, then there exists a ¢ g1 such that for all
e € (0,e(8)) andn € I one has

| Akes(n) = Aro(n) — 2A(n)| < cpre’.

Before proceeding with the proof of the Theorem 6.6 a bit of preliminary
work is needed. Let us first introduce a new scalar product

(U, V)ery = Ap U, V] (6.17)

in the space H,,. According to Lemma 6.2 and Corollary 6.3 the correspond-
ing norm is uniformly equivalent to the gradient norm for all € € (0,¢(5)).
The Hilbert space with the inner product (6.17) will be denoted by H.,.
Next we define the operator L., by the formula

<L€,77Uv V)ﬁ,n = (U, V)Q ;
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it is easy to check that it is compact and self-adjoint and its discrete spectrum
consists of the eigenvalue sequence

Vie(n) = (Ares(n) ™ - (6.18)

Proof of Theorem 6.6: According to Lemma 6.4 it is sufficient to prove that
there is a constant c; 3 ; > 0 such that the interval

(Aro(n) + 2N () — crpre®, Aro(n) +*AL(n) + cppie®)

contains at least one member of the sequence {A;.3(n)};>1. Equivalently,
it is enough to establish the existence of at least one eigenvalue from the
sequence (6.18) in the interval

(Aro(n) + ML) " = chpse®, (Meo(n) +A50) " + g 8°)

for some ¢} 5; > 0. To do this we construct a function W € H.,, \ {0} such
that
[ LeyW = (Aro(n) +*A(0) " W, < g€l Wlhae,,

namely, we put W := Uy + U}, + €*U}. Then
(L= (Aro(m)+e* A5 (m) W e, = SLVIP<(La,n—(Ak,o(n)+€2AZ(77))_l)W View
where V' € H,, runs over over unit-length vectors,

V.., =1 (6.19)

Let us observe the following chain of equalities

7 =((Ley — (Aro(n) + AL (0) " HW, Ve

(W, V)a = (Aro(n) + e A(0) " Acp [ W, V] =
(

(

W, V) — (Ako(n) + A% ()~ (To(n) + Ta(n) + *To(n)) W, V)
Aro(n) +e*Ag(n)™
x (N (UL + e*N'(n)UY — 3 ToU" — ETU" — *ThU", Vg .

Since the expression (A o(n)+€2A%(n)) ™" is bounded from above on I, in view
of the estimates (6.16) and normalization condition (6.19) we can conclude
that there is a Cj g such that

|7’| S CkaJ 63
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holds for all € small enough. To complete the proof it is sufficient to ob-
serve that by virtue of the estimates (6.16) combined with Lemma 6.2 and
Corollary 6.3 the expression ||[WW{|4,, is uniformly bounded away from zero
forn € I and € € (0,2(5)). O

Corollary 6.7. There is a cg > 0 such that for alln € [—7/2,7/2] we have

[Aies(n) — M — 2] < cge?.

6.4 Concluding the proof

We now able to prove the main result of this section, Theorem 6.1. Let us
divide the interval [—, 7| into three parts. On the first part, I, := {n: |n| >
7w/2}, we write using Lemma 6.4

A cp(n) = Aio(n) — Cree = A + n — Ciee > M + (7/2)2 —Ccc.
On the second part, I := {n: |n| € [ae, 7/2]}, we use Corollary 6.7 to obtain
Aies(n) > A+ 0" — cge” > M + (o — eg)e™;

the parameter a will be specified below. As for the third part, I3 := {n: |n| <
ac}, applying the estimate from Theorem 6.6 we get

Ares(n) = M+ 1" +°A(n) — cLp,e® 2 M+ €A (n) — crpne’
where AY(n) can be calculated by the formula
AL(n) = [1B0nI3 + Ao (UG = VUL

1
Z/ |B(173)|2d9€3/|0¢w1(x')|2dx'—0a252.
0 w

The last inequality holds true, because the solution of the equation (6.13) for
k = 1 with orthogonality condition (6.15) satisfies the estimate

[Utlle + [[VUilla < C|Ti(n)Urolla
= Cnlll Bl 20,1 10481 || 2 -
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Now we put a? := ¢z + fol |B(x3)|? ds [, 10,91 (2)|? dz dy and obtain for all
sufficiently small € the estimate

1 .
MED) 2N+ 2 [ [Ban)day [ ()P da’ - Cac.
0 w

Together with the result of Theorem 6.6 for n = 0 and £ = 1 we get in this
way the asymptotic expansion

1 .
M(eB) =M + 62/ |B(x3)]? dxg/ |8@w1(x’)]2 da’ 4+ O(&%).
0 w

The claim of Theorem 6.1 is then a simple consequence of this formula and
relation (3.3). O
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