@ CrossMark

Proceedings of the Royal Society of Edinburgh, 150, 2871-2893, 2020
DOI:10.1017/prm.2019.48

Plummeting and blinking eigenvalues of the Robin
Laplacian in a cuspidal domain

Sergei A. Nazarov

Saint-Petersburg State University, Universitetskaya nab., 7-9, St.
Petersburg, 199034 Russia (s.nazarov@spbu.ru;
srgnazarov@yahoo.co.uk)

Nicolas Popoff

Institut de Mathématiques de Bordeaux UMR 5251, Université de
Bordeaux, 351 cours de la Libération — F 33 405 Talence, France
(nicolas.popoff@u-bordeaux.fr)

Jari Taskinen
Department of Mathematics and Statistics, P.O.Box 68, University of
Helsinki, 00014 Helsinki, Finland (jari.taskinen®@helsinki.fi)

(MS Received 6 August 2018; accepted 16 July 2019)

We consider the Robin Laplacian in the domains © and Q°, £ > 0, with sharp and
blunted cusps, respectively. Assuming that the Robin coefficient a is large enough,
the spectrum of the problem in 2 is known to be residual and to cover the whole
complex plane, but on the contrary, the spectrum in the Lipschitz domain QF is
discrete. However, our results reveal the strange behaviour of the discrete spectrum
as the blunting parameter € tends to 0: we construct asymptotic forms of the
eigenvalues and detect families of ‘hardly movable’ and ‘plummeting’ ones. The first
type of the eigenvalues do not leave a small neighbourhood of a point for any small
€ > 0 while the second ones move at a high rate O(|Ine|) downwards along the real
axis R to —oo. At the same time, any point A € R is a ‘blinking eigenvalue’, i.e., it
belongs to the spectrum of the problem in Q¢ almost periodically in the |In¢g|-scale.
Besides standard spectral theory, we use the techniques of dimension reduction and
self-adjoint extensions to obtain these results.

Keywords: Laplace operator; robin condition; spectral problem; cuspidal domain;
eigenvalue; residual spectrum

1. Introduction

1.1. Formulation of the problems.

We consider a family of spectral problems for the Laplace operator with the
Robin condition

—Auf(z) = Nu'(z), x€Q°, (1.1)
Oyut(z) = au®(z), =€ 90, (1.2)
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a) Y b)

Figure 1. Problem domain with a cusp (a) and domain with a blunted cusp (b).

in the domain (figure 1b)
QF=Q~\TECR”, n>2, (1.3)

where € € (0, 9] is a small parameter, a € R a constant, A° the spectral parameter,
0, is the outward normal derivative,

M ={z=(y,2) eER"'xR:2=2,€(0,d), n=2"2ycw}, d>0, (14)

w is a domain in R”~! with Lipschitz boundary and compact closure @ = w U Ow,
and () is assumed to coincide with the cusp II? in a neighbourhood of the coordinate
origin O (figure 1a). The domain (2 is Lipschitz everywhere, except at the point O.

For £ >0 the domain (1.3) is Lipschitz and the spectrum of the problem
(1.1)-(1.2) is discrete, consisting of the monotone increasing unbounded sequence
of eigenvalues

X <A KA. <N, <. — +oo. (1.5)

1>
As studied for example in [3], it is possible to define a limit problem (¢ = 0) in the
cuspidal domain € = QY,

—Au(z) = Mu(z), € Q, Jdu(xr)=au(x), x € 09, (1.6)

Moreover, it is known that if the constant coefficient in (1.2) is non-positive, this
problem has discrete spectrum. When a is positive, it was proven in [24] that the
discrete spectrum constitutes the whole spectrum o of (1.6) only in the case a < ay,
while o becomes the residual spectrum and covers the whole complex plane C in
the case

sai— (n-3) L 17
azar=|n-g EXR (1.7)

where |w| = mes,,_jw is the volume of the cross-section and |Jw| = mes,,_20w is
the area of its boundary.

1.2. State of art

When the parameter a is positive, it is not clear how to present a reasonable
weak formulation of the limit problem (¢ = 0) in the cusp. The Robin Laplacian has
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been studied in arbitrary domains in different ways. Using a variational approach,
a possible start is to consider the quadratic form

wr [V LA(Q))|? — [la*u, L2(0Q)1%,

defined on its natural domain, as shown in [1, § 3] and [4]. In these works, measures
on the boundary are considered, including our case a > 0. For a domain with a
cusp, the resulting operator is not necessarily self-adjoint. If the cusp is, roughly,
less sharp than quadratic, then the form is bounded from below, and the spectrum is
discrete (see [16,22,24] and, e.g., [11] for a recent study of the corresponding eigen-
value sequence itself). But, as it was shown in [22, 24], the nature of the problem
operator may become completely different, as it may lose its semi-boundedness,
if the cusp is sharper than quadratic, see also [4, §5]. For the critical case of a
quadratic cusp (1.4) considered here, the spectrum is discrete if and only if a < as,
while the spectrum becomes residual and fills in the whole complex plane when
a > ay, see [24].

Let us review the Steklov problem related to (1.1)—(1.2). In the paper [21] it was
shown that the spectrum (subset of R, ) of the Steklov problem in a domain with a
peak type boundary singularity is either discrete or may contain a continuous com-
ponent depending on the sharpness of the peak. Related to this, the linear water
wave problem, which contains the Steklov condition on a part of the boundary, was
considered in [23] in domains with rotational cusps: a formulation of the problem
as a Fredholm operator of index zero was given with the help of appropriate radia-
tion conditions, and it was proven that the continuous spectrum is non-empty and
consist of the ray [A+, +00) C R with a certain cut-off point Ay > 0.

The reference [25] contains a study of the Laplace equation

—Au(z) =0, z€QFf, (1.8)
with the spectral Steklov and Dirichlet boundary condition
Oput(x) = Nu(z), x € 00 N\ we,

u(z) =0, x€uw, (1.9)

where w® = {z € 1" : z = £} is the end of the blunted cusp. The spectrum of this
problem is discrete and similar to (1.5). According to [21], the spectrum of the
limit Steklov problem (e = 0) in the cuspidal domain € is continuous and equals
[At, +00) with the cut-off value Ay = a4, (1.7), while it was discovered in [25] that
the eigenvalues A, > A; of the Steklov-Dirichlet in 2 behave ‘strangely’ as ¢ —
+0, namely they ‘glide’ within the semi-axis (A;,+00) at a high rate O(|Ine|),
which, however, slows down near A; so as to make A}, ‘parachute’ smoothly on
Ai. Moreover, each point A > A; constitutes a ‘blinking’ eigenvalue of the problem
(1.8), (1.9), namely, for every A > A; there exists a positive sequence {ex(\)}72,
tending to 0 such that A becomes a true eigenvalue for the problem (1.8), (1.9) in
the domain Q° for some ¢ close to £ (\), for any k. This phenomenon can be used
to construct a singular Weyl sequence at A for the Steklov problem operator in €2,
which provides a novel mechanism to form the continuous spectrum from a family
of discrete spectra.
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1.3. Outline of the paper

The asymptotic expansions of the solutions of the problem (1.6) near the tip O
were derived in detail in [24] and will be reproduced in §§ 2.1-2.3, and although
they are the same as in the case of the Steklov problem in [25], the rest of
the material is quite different. In §2.4 we determine all self-adjoint extensions
of the Robin-Laplacian, which is originally defined in the small domain (2.19).
However, none of the extensions is lower semi-bounded (for general results on non-
semi-bounded sesquilinear, see [5,18]), which somehow reflects the fact that the
spectrum of the problem (1.6) covers the whole complex plane C, see [24]. Some
of these extensions Ag: have a peculiar property, namely their eigenfunctions leave
a relatively small discrepancy in the Robin condition at the end of the blunted
cusp, see §4.1, and thus can be regarded as good candidates to model the singu-
larly perturbed problem (1.1), (1.2), cf. the argumentation in [8]. This plan will
be realized in §§ 4.2-4.4, where it is shown that a small neighbourhood of any
point of the spectrum of the extension Ag: contains an eigenvalue of the problem
(1.1), (1.2) in Q=.

An important property is that the extension parameter 65 in (4.4) depends peri-
odically on the quantity |Ine|, hence, the spectrum o(Ay:) gains the same property.
Among the eigenvalues of o(Ay:) there exist the so-called stable eigenvalues, which
are hardly movable and are generated by ‘trapped modes’, i.e., solutions of the
problem (1.6) in the Sobolev space H'()). However, according to theorem 3.3
there certainly exist also eigenvalues of o(Ag;) which are generated by ‘diffraction’
solutions (3.5) of the problem (1.6), move downwards at a high speed along the real
axis according to the formulas (3.18) and (4.4), and therefore are called ‘plummet-
ing’. In other words, the spectrum o (Ap;) is indeed periodic in |In¢l, although as a
set only, because some points of it move purposefully to a fixed direction as e — +0.
Such a situation may occur only in a situation when the model operator is not lower
semi-bounded. This does not happen in the case of the Steklov problem, which is
investigated in [25] and characterized by the phenomenon of ‘gliding’ eigenvalues
(see the end of §1.2).

2. Theorem on asymptotics in the cuspidal domain

Section 2 is devoted to the study of the solutions of the non-homogenous ver-
sion (2.1)-(2.2) of the problem (1.6), with a given right-hand side f € L?((Q).
The solutions will be formally derived using asymptotic analysis, and the valid-
ity of the solution will be stated in theorem 2.2, which has been proven in
[24]. The leading term of any solution is a linear combination (2.8) of two solu-
tions w® of an Euler ordinary differential equation, but the requirement that the
problem operator corresponding to (2.1)—(2.2) is self-adjoint, will bind the two
coefficients by of (2.8) via the relation (2.22) containing one parameter 6 € [0, 27)
in the coefficient € only. This also provides a parametrization of all self-adjoint
extensions of the problem operator, theorem 2.4. The considerations of §2 will
be applied in §3 to the homogeneous problem (2.1)—(2.2), i.e. to the spectral
problem (1.6).
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2.1. Formal asymptotics

We aim to present the asymptotics of solutions of the problem

—Au— u(z) = f(z), =€, (2.1)
Oyu—au(x) =0, =z €09, (2.2)

where a satisfies (1.7), and first of all, we will describe a formal procedure under the
assumptions that the boundary dw is smooth and the right-hand side f vanishes
near the cuspidal tip O.

Since the diameter O(¢?) of the cross-section

Wt ={(y,2) e?:2=(}, 0<(<d,

is much less than its distance  to the tip O, it is logical to accept the standard
asymptotic ansatz in thin domains, see e.g. [17, Ch. 14],

u(@) = w(z) + W(n,2)+ - (2.3)

where the dots stand for inessential higher order terms, n = 2z~ 2y is the ‘rapid’
variable used in (1.4), and the power-law functions

w(z) = 2"wg, W(n,z) = 2" Wo(n), (2.4)

where Wy € H'(w), are to be determined. We insert the ansatz (2.3) into the
differential equation (2.1),

(A = A)(w(z) + W(n, 2))
= p(p— 1)2P 2wo + p(p — 1) 2" Wo(n) + 2P 22740, Wo(n) + -+ = f,

extract terms of order z*~2 as z — +0, and thus obtain the relation
—A,W(n,2) =2*02w(z), ne€w. (2.5)

The normal derivative on the lateral side I'* = {x : n € dw, z € (0,d)} of the cusp
14 equals

0y = (L+ 420 - v/ ()]*) 272 (n) - Vi = 220 ()0 + 2(n - v/ () (n - Vi),

where »/(n) is the unit normal vector on the boundary of the domain w C R*~!
and the central dot stands for the scalar product in the Euclidean spaces. Hence,
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by considering the order z* in the boundary condition (2.2), we derive the relation
V' (n)-V,W(n,z) =20V (2)20.w(2) + az’w(z), 1n € dw. (2.6)
Using the formula
| onvmas, = [ 9y ndn=@= 1)
we see that the compatibility condition in the Neumann problem (2.5), (2.6) reads as
0=z / O*w(z)dn + / (2n -V (n)2°0,w(z) + az*w(z)) ds,
= |w|z*0%w(2) 4+ 2(n — 1)|w|220,w(2) + az?|0w|w(2)

and turns into the ordinary differential equation of Euler type

_ 4 amendw ) a2
P (2 P (2) | = Az w(z), z>0, (2.7)
where
A= a@.
|w]

The general solution of the equation (2.7) is of the form
w(z) =byw’(2) +b_w(2), bs€C, (2.8)

where we have in the case a > a4, (1.7),

3\ 2
wF(2) = wez o3/ with pg = 1| A — (n - ) > 0, (2.9)

and in the case a = ay, A = (n — 3/2)?
wF(2) = wez "2 (In 2 T 4). (2.10)

The normalization factor wg and the peculiar form of (2.10) will be clarified later on.

Since the compatibility condition in the problem (2.5)—(2.6) is fulfilled, there
exists a solution W defined up to an additive constant with respect to 1. To make
the solution unique, we impose the orthogonality condition

/ W(n,z)dn = 0. (2.11)
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2.2. Weak formulation of the problem

We introduce the weighted Sobolev space Vﬁl(Q) as the completion of the linear

space C°(Q . O) (infinitely differentiable functions vanishing in a neighbourhood
of the point O) with respect to the norm

lus V(@) = (Vs (@) + [P~ Ha; L2 (2)]%)/ (2.12)

where r = dist (z,0) and § € R is a weight index. The weighted Lebesgue space
V() is endowed with the norm [|rPu; L2(Q)].

REMARK 2.1. The norm (2.12) is the same as the classical Kondratiev norm [10],
but the reason for the use of this norm in [24] as well as in the present paper is
not the conventional one, since the shape of the domain 2 near the singularity
point O is not conical nor angular as in Kondratiev’s works. This can be seen
for example in the asymptotic ansatz for solutions: Wy being in H!(w), the sum
w(z) + W(z"%y, 2), see (2.4), belongs to Vﬁl(l_[d)7 if and only if

B>-Rep—n—+3/2

even in the case w = 0. However, if w =0 and Wy(n) is independent of the fast
variable n = 272y, the condition for the space Vﬁ1 (I14) to include W becomes much
less restrictive:

B>—-Rep—n—1/2.

According to [24], the weak formulation of the problem (2.1)-(2.2) for the
unknown u € V() reads as the integral identity

(Vu, Vo)g — Mu,v)q —alu,v)g = f(v) Ve V_lﬁ(Q), (2.13)
where f € V_lﬁ(Q)* is an (anti)linear functional on V_IB(Q)7 in particular

f) = (f,v)q with f € Vg, ,(Q). (2.14)

Here (-, -)q is the natural scalar product in L?(2) (the notation will be used in the
paper also for other domains in place of ), extended by density to the duality
between the spaces VJ(Q) and VY5(Q2). According to definition (2.12) and the
weighted trace inequality [24, lemma 2.2]

lrPu; L2(@)1] < ellu; V3 ()],

all expressions in the integral identity (2.13) are properly defined so that it
determines a continuous mapping

Vi(Q) 3 u— Ta(Nu= f € V:i(Q)".

We observe that for every 3, 7_g(\) is the adjoint operator of 73(\). In §3 we use
the arguments of [24] to describe the properties of 71g(\) in the particular case

6=1.
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2.3. Theorem on asymptotics

We consider the problem (2.1)—(2.2) with the right-hand side
feL?Q) cVvi(Q)* (2.15)

(i.e. 3= —11in (2.14)) and its solution u € V}(Q) C L*(9).
The following assertion was verified in [24].

THEOREM 2.2. If (1.7) and (2.15) hold true, the above-mentioned solution has the
asymptotic form

u(z) = x(z)(w(z) + W(z" %y, 2)) + u(x), (2.16)

where x is a smooth cut-off function which is equal to 1 in TI%? and 0 in QF,
see (1.4) and (1.3). The term w in (2.16) is the linear combination (2.8) with
some coefficients by and terms (2.9) or (2.10), and W € H*(Q) is the solution of
the problem (2.5), (2.6), (2.11). The coefficients b+ and the remainder u € V1, (Q)
satisfy the estimate

1B+ %+ (o= + 117 VI (1) < e(llf; 2@ + lus VD), (2.17)
here the factor ¢ > 0 is independent of f and w.

REMARK 2.3. According to formulas (2.9), (2.10) and remark 2.1, the detached
asymptotic term on the right of (2.16) belongs to the space Vvl (Q) with any v > 0,
but it is not contained in V1, (). Furthermore, as for second derivatives we have
V2w e VO, (%) and V2W € V.0, ,(I1%), but in general V2W ¢ V| (II). As it was
verified in [24], for the solution u there holds V2u € Vi1 ,(Q) and V2@ € V1, ,(Q).
We emphasize that the term W, generated by (2.9), (2.8) and (2.6) is defined up
to the addendum

bE)‘rZJri;LfnJr?/Q + b(lzfi,ufn+7/2

which is independent of 1 and belongs to V{}(2) and can therefore be omitted in
the asymptotic representation (2.16); this was the very reason for imposing the
orthogonality condition (2.11).

All these peculiarities again underline the difference of the conical [10] and
cuspidal [24] irregularities of boundaries.

By V1,(9) we denote the weighted space with detached asymptotics (see [20,
Ch. 6], [19, §3] and others), which consists of functions of the form (2.16) and
endow it with the norm on the left of (2.17); the Hilbertian structure of this norm
can also be identified with the direct product

C*x V() 3 (by, 1), (2.18)

although these will not be used later on.
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2.4. Symmetric and self-adjoint operators

As in [23] we associate to the problem (2.1)—(2.2) the symmetric operator A in
L?(Q2), which has the differential expression —A and the domain

DA) ={uecVH(Q): Auec L*(Q), Ou=au ondQ~ O}  (2.19)

Notice that the inclusions in (2.19) assure that u € H%(Q ~ O) and therefore the
trace of d,u is properly defined on 9Q \ O. By theorem 2.2, see also [24, proposi-
tion 3.11], the adjoint operator A* has the same differential expression but a larger
domain

DA*) ={uc V}(Q): Auc L*(Q), O,u=au ondQ~ O}.

In view of theorem 2.2 on asymptotics, the dimension of the quotient space
D(A*)/D(A) equals 2.

In order to describe the self-adjoint extensions of the operator A we reproduce a
calculation from [24, § 3.4]. Let ¢ > 0 and let u', u? € D(A*). We apply the Green
formula in the domain Q¢ and send ¢ to 40, to get

(A*ul,UQ)Q _ (ul,A*u2)Q

= Jim [ y (WP (y, 2)0:u' (y, 2) — u' (y, 2)0:u(y, 2)) W (2.20)

see (2.14) for the notation. Substituting here Vi'(Q) 3w’ — @/ € V1,(Q) at least
for one of the indices j = 1,2 makes the limit on the right of (2.20) equal to zero,
due to the decay of the functions in V1, (Q2) as z — +0. Hence, we can replace in
(2.20) the functions w’/ by w’ + W7 of the representation formula (2.16). For the
same reason, since W7 has the additional factor 22, cf. (2.4), we can also neglect
this term and write (2.20) in the form

(A*u!,u?)o — (ul, A"u?)g

= lim ¢2(»=D w? wt —wt w? .
= lim ¢ /w (@00 (C) - w () Pw?(0)) dy

Finally, we fix the normalization factor in (2.9) and (2.10),

V2uolw|  for a > ay,
- v/ 2|w| for a = ay,
and obtain
(A u?)g — (ut, A"u?)g = i(b2bL — b2bL), (2.21)

where bji are the coefficients of the linear combination w;, see (2.8).

Assume that u; and us belong to the domain of some self-adjoint operator
obtained as a restriction of A*. Then, the left-hand side of (2.21) must vanish,
and we recall a traditional argument in [26] on the null spaces of symplectics
forms and conclude that the coefficients must be related as b’ = ewbj for some

https://doi.org/10.1017/prm.2019.48 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2019.48

2880 S. A. Nazarov, N. Popoff and J. Taskinen
0 € [0,27), as this indeed annuls the form (2.21). These observations lead to the

following assertions.

THEOREM 2.4. The restriction Ay, where 6 € [0,27), of the operator A* to the
subspace

{ue DAY b, =ePb_} (2.22)

is a self-adjoint extension of the operator A. Moreover, the domain of any
self-adjoint extension of A equals (2.22) for some parameter 6 € [0,27).

3. Spectra of self-adjoint extensions

In this section, we consider eigenfunctions of the problem (1.6) by applying the
results of § 2 to the homogeneous equation (2.1)—(2.2). Examples of eigenfunctions
belonging to the space V1, (Q) of (2.12), with some decay as z — O, are investi-
gated in §3.2. However, more important will be the eigenfunctions (3.5) in V}(Q),
the asymptotic form of which comes from theorem 2.2 and formula (2.21), and
in particular depend on the parameter ©(\) € [0, 27) in the ‘scattering coefficient’
¢"®), The crucial relation of ©()\) to the geometric parameter ¢ will be made clear
in §4, see, e.g., (4.4), (4.17).

The dependence of the eigenfunctions on the spectral parameter is treated in
§3.3.

3.1. Operator kernels

We fix the parameter A, assume (1.7), and compare the Fredholm operators
T+1(N) and 7_41(X), which are adjoint to each other and therefore

dim ker731 () = dim cokerZ+; (X)) = Ind7;1(A) = —Ind 7_1(N). (3.1)
Clearly, V1, (Q) c V},(Q) and
ker7_1(\) C ker7T, 1 (). (3.2)
Furthermore, theorem 2.2 on asymptotics shows that
Ind7;1(A) =2+ Ind7_4 () (3.3)
where 2 is nothing but the number of the detached terms in formula (2.16), see
(2.8) with free constants b1. From (3.1) and (3.3) we deduce that Ind 7. (\) = +1,
and taking (3.2) into account yields
ker7,1(A\) = ker7_1(\) @ Z, dimZ =1.

Any non-zero function Z € Z = ker7;1(\) © ker 7_1(\), i.e. a solution of the homo-
geneous problem (2.1)—(2.2) belonging to V;}(Q), has the representation (2.16) with
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the linear combination (2.8); the generalized Green formula (2.21) with u! = v? = Z
yields the equality

0 =i|by|? —i|b_ |2 (3.4)
If by = 0, we arrive at the contradiction
ZeVH(Q) = Z e kerT_i(N).

Thus, none of the coefficients by vanishes, and in view of (3.4) we can write b_ = 1,
by = e®™ for some O(\) € [0,27) and thus choose a particular solution

Z(@) = x(@)(w_(2) + W_ (=%, 2) + ¢OD(wy (2) + Wy (2%, 2)) + me(). |
3.5

where and Z, € V1,(Q).

REMARK 3.1. The singular functions (2.9) and (2.10) can be interpreted as ‘waves’
travelling along the axis of the cusp, cf. [23] for a physical argument in a similar
geometric situation. Although such an interpretation is not directly needed in our
paper, it is convenient to use the corresponding physical terminology, namely to call
solutions in ker 7_;()\) ‘trapped modes’ and to consider e’®M) as the ‘scattering
coefficient’ in the ‘diffraction’ solution (3.5).

All functions u € kerZ;(\) C VH(2) C L?(2) belong to the domain (2.20) of A*,
because the inclusion Au = —A\u € L?(Q) really occurs. Hence, a trapped mode is
an eigenvector corresponding to its eigenvalue X for every self-adjoint operator Ay
of theorem 2.4. Furthermore, it can be readily seen that in the case § = ©(\) there
appears a second eigenvector (3.5) of Ayp.

3.2. Examples of trapped modes

Following the ideas of [6] and [21] we assume that the domain Q is mirror
symmetric with respect to the plane {z; = 0}, i.e.,

Q={z:(—x1,29,...,2,) € Q} (3.6)

and restrict the problem (2.1)—(2.2) with f =0 to the half Qy = {x € Q:z; > 0}
of the domain (3.6),

—Auy(z) = Apuy(z), v € Qy, (3.7
dyuy (1) = auy(z), x € (00)y = 004\ T, (3.8)

where we impose the artificial Dirichlet condition
up(z) =0, zex, (3.9)

on the middle plane ¥ = {x € Q : 21 = 0}.
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LEMMA 3.2. Assume that the function uy € HL (Qy \ O) satisfies the inclusion
Vuy € L2(2y) and the Dirichlet condition (3.9). Then, the following weighted
inequality is valid:

=2 L) + I~ "uss Z2((09) )] < el Vugs L2Q)]1 - (3.10)

Proof. 1t suffices to verify (3.10) in the cusp II¢ = {z € II* : ; > 0} and on the
surface 'Y = {z € T : z; > 0}. To this end, we write lower-dimensional inequalities

in the half-section wf_ ={y € w1y >0},
[ o <e [ 19,000
wi Wi

[ hwoPds <c [ 19w 0P B.1)

+

coming from the Dirichlet condition (3.9) and the coordinate dilatation y — n =
(~2y. The proof is completed by integrating (3.11) in ¢ € (0,d) and taking into
account that ds, = (1 + 422|n-v/(n)|?)'/2 ds,dz. O

The variational formulation of the problem (3.8)—(3.9),
(Vaus, Vavi)a, — alug,vi)oa), = Muy,vi)o, Vop € Ho(Q4;3)  (3.12)

is posed in the Sobolev space Hg (24; %) C HY(Q) of functions vanishing on 3. Since
the weight r~! in the second norm of (3.10) is large when z — O, the embedding
H}(Qy, %) € L*(Q,) is compact, and therefore the whole left-hand side of (3.12)
is lower semi-bounded. We deduce that the spectrum of the variational problem
(3.12) or the differential problem (3.8)—(3.9) is discrete and consists of the monotone
unbounded sequence of normal eigenvalues

AL <A <A <L <A T <L o 4o (3.13)

The corresponding eigenfunctions v/ € Hj(Q4,%), m=1,2,,..., have smooth,
odd extensions over the Dirichlet surface ¥ to Q. The extensions belong to H!(£2)
and thus become eigenfunctions of the original problem (1.6), due to the symmetry
of the domain (3.6). Using (3.10) we conclude that the extended eigenfunctions u™
belong to V% (w) and therefore to V1, (), by theorem 2.6 of [24]. In this way the
eigenvalues (3.13) are embedded into the residual spectrum of the operator A. They
also belong to the point spectrum of any self-adjoint extension Ay of theorem 2.4.

It would be possible to show, using a general result of [12,15], that the eigen-
functions of the problem (1.6) belonging to V!, (w) decay exponentially as O(e=%/")
for some § > 0, although this argument would require lengthy additional compu-
tations contained in [13, Ch. 10] and [24, §1.5]. However, theorem 2.6 of [24], the
proof of which is much simpler, directly implies that a solution u of (1.6) belongs
to € Vjﬁ(Q) for all g € Ry, i.e., it gets a super-power decay rate, which will be
sufficient for our purposes.
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3.3. A peculiar property of the scattering coefficient

Let us consider the solution Zy s of (1.6), when A is replaced by the perturbation
A+ 0, where § is a small parameter with an arbitrary sign. We accept the sim-
plest asymptotic ansétze with respect to small ¢ for this solution and its scattering
coefficient:

Zyis(x) = Za(2) + 62 (2) + Zrys(x), (3.14)
OA+6) = O(\) + 560’ (\) + O(A +d).
Both Zy;s5 and ©(\ + §) depend smoothly on §, so that we only need to compute
the correction terms, while the estimates of the remainders are evident due to the
general perturbation theory, cf. [9].
We derive the following problem for the function Z} by inserting (3.14) to (1.6)
with A — A 4 0 and extracting terms of order O(9):
—AZ\(z) — N\Z\(z) = Zx(x), z€Q,
0,7\ (x) = aZ\(z), z€IUNO. (3.15)

Using the formulas (3.5) with A and A — X + 0, and the Taylor formula
eOOH) — 19N (1 150/ (N) + 0(6?)),
we derive the representation
Z4(@) = 0 (Ve @V x(@)(ws (2) + Wy ("2, 2)) + Zh(a)  (3.16)

where Zﬁ\ € V1,(Q) and the incoming wave w_ does not appear. The problem (3.15)
has a solution of the form (3.16). Indeed, since the solution (3.5) is originally defined
up to a trapped mode in ker 7_; (), the orthogonality conditions

(Zx,0)a=0 VovekerT_1()\) (3.17)

can be satisfied, and because of the Fredholm property of 7.1()), they guaran-
tee the existence of a solution of the problem (3.15) belonging to Vi}(Q); the
solution is defined up to an addentum in ker7;(\), in particular, up to the
term c¢yZy. By theorem 2.2, this general solution has the representation (2.16)
with w = by (AN w4 + b_(AN)w_, see (2.8). Setting cx = —b_(\) gives (3.16) and the
orthogonality conditions (3.17).

We now insert the functions Z} and Z, into Green’s formula in O¢ and take the
limit ¢ — +0 as in (2.20) and (2.21). The inhomogeneous equation in (3.15) implies

Zv L2(O)]? = 1 Zy: L2(Q9)))?
1Zx; L=(Q)|| <g{goll A LE(Q0) ]

= - Chrf‘rlO (Z)\(ya C)azZS\(:% C) - Zs\(yv C)azZ)\(yv C)) dy
— ¢

=i(~1-0+e®Ni@e®N) = —@.

Let us formulate the result.
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THEOREM 3.3. There holds the formula
O = —[2x; LA(Q)|* <0, (3.18)

where Z is the solution (3.5) of the problem (1.6), with (1.7), subject to the subject
to the orthogonality conditions (3.17).

The relation (3.18) means that the growth of the spectral parameter A in (3.16)
makes the scattering coefficient ¢’®*) run along the unit circle {z € C: |z| = 1}
counter-clockwise. Unfortunately, our calculation does not allow to control the run-
ning speed, because the solution Z) is normalized by the unit coefficient of the
incoming wave w. , while the norm || Zy; L?(Q2)|| depends on the function Z, in the
whole domain.

4. Asymptotics of eigenvalues in the domain with a blunted cusp

In §4.1, the parameter 6 will be chosen such that, given € > 0, the eigenfunction cor-
responding to 6 approximatively satisfies the Robin boundary condition on the end
surface of the blunted cusp. This will create the desired connection of the spectra
of the limit problem and the one on the blunted cusp: we obtain the formula (4.4)
for the parameter 6, and this allows us to specify the behaviour of the eigenvalues
as described already in §1.3.

4.1. Formal procedure

We consider a solution of the limit problem (1.6), with (1.7), of the form (2.16)
and use the coefficients by in (2.8) to satisfy the boundary condition (1.2) at the end
w® of the blunted cusp (1.3). We denote here by dots terms which are inessential for
our present asymptotic analysis and postpone their estimates to the next sections.

In the case a > a+ we apply formulas (2.9), (2.6) and obtain

3 _
dyu(y,e) + au(y,e) = wo <+i,uo —nt gt €a> by etito—nt1/2

3 .
+ wo (—i,uo —n-+ 3 + 5@) b_gTto—ntl/2 4 (4.1)

Hence, the main asymptotic term in (4.1) vanishes provided

B fiuo+€afn+3/2€

by =B(e)b_, B(e)=
N (€)=, Be) +ipo +ea —n+3/2

—2io, (4.2)

The coefficient B(e) is unimodular and thus
B(e) = T with T(e) = To(e) — 2uoIne € R,

—1 — 3/2
Ty(e) = —iln (ot eaznt3/2)
Fipo +ea—n+3/2

(4.3)

so that Ty(e) is a smooth real function of ¢ (the moduli of the numerator and
denominator in the quotient on the right of (4.3) are the same so that the real part
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of the logarithm vanishes), and po is as in (2.9) (notice that po =0 for a = ay).
Comparing (4.2), (4.3) with (2.22), we see that the self-adjoint extension Ap; of
theorem 2.4, with the parameter

0y =T(g) =To(e) — 2uplne  (mod 2m) (4.4)
is the first candidate to model the problem (1.1)—(1.2).
In the case a = at+ we use formula (2.10) and arrive at the relation

0u(y,e) + au(y,e) = wp ((n + % + 5a) (Ine —1) + 1) T2y,

3
+ wy ((—n—l— 3 —l—aa) (Ine+14) + 1) e H/2p 4
(4.5)
Deleting the main asymptotic term in (4.5) gives the relation

+i+Ine—2(2n—3—¢ca)™! P
b= Byle)bs, Bile) = —i+Ine—2(2n—3—¢ca)"?! =,

The corresponding parameter

05 = T;(e) (4.6)
of the appropriate self-adjoint extension Ag; for modelling the problem (1.1)-(1.2)
behaves in a very different way as ¢ — +0 in comparison with the function (4.4),
which is ‘almost linear’ in Ine, namely we have

Bi(e) =1+ 0(|Ine|™"), Ti=0(|lneg|™") ase — +0.
4.2. Operator formulation of the problem
We consider the integral identity [14]
(Vus, Vos)ge — a(u®,v%)ane = X°(u,0%)qs V& € HY(QF) (4.7)

for the problem (1.1)—(1.2); notice that Q° is a Lipschitz domain.
The following inequality, where c is independent of u® € H' (), can be verified
along the same lines as proposition in [21]:

I~ s L2(QO)|] < efluts H(29))]].

Thus, the standard norm of H'(QFf) is equivalent with the weighted norm
|5 Vot (©9)]], uniformly in €, see (2.12).
We need some estimates in order to write an abstract formulation of (4.7).

LEMMA 4.1. The trace inequalities
[[u; L2(09° N w)[|* < e8] Vuss L2QO)P + (1 + 671 [[r 1 L2(Q7)1%),  (4.8)
[[u; L2 ()| < evellus; Vg ()] (4.9)

hold true with constants ¢ depending on neither u® € H'(Q°) nor e € (0,¢).
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Proof. The inequality (4.9) is verified in [25], lemma 5.1. Concerning (4.8), it is
enough to check the statement for smooth real-valued functions and by replac-
ing QF — 4TI and 0Q° — I'* \T'°. To this end we make the coordinate
compression 1 — y = 221, cf. (1.4), in the standard trace inequality

1U5 L2 (0w)|* < eolUs H ()| |U; L ()
and obtain
lus; L*(0w%) |1
< ez 2 (FVyus; LP(@F) 12 + [luts L2 (@)]1%) 12 |ut; L2 (w7))
< co(2l|Vyu®s L2 ()| + 27 luss L2(w®) )2~ |u®; L2 (w)

<0 (A e+ (143 IS RER) @)

Here we replaced z with d in front of V,u®, inserted 2z~ as r~! inside the Lebesgue
norms of v, and applied the Cauchy inequality 2ab < da? + 6~1b%. Finally, (4.8)
follows by integrating in z € (g,d) the inequality obtained in (4.10). O

We introduce in the Hilbert space H® = H'()?) the new scalar product

(u®,v%). = (Vu®, Vo)a, —a(u®,v%)aq, +€5*2(u€,v5)9 ;

e

(4.11)

the properties of a scalar product follow for a large enough ¢ > 0 from lemma 4.1
and the obvious relation r > ¢ in €°. Moreover, we can and do fix ¢ such that

[us 1|12 = (uf, uf)e = e72[|u; L2(Q9) ). (4.12)
We define the operator K¢ in H® by the identity
(Kfuf,v%). = (u®,0%)q: YV u,0® € HE, (4.13)

so that K¢ becomes positive, continuous and symmetric, hence, self-adjoint. More-
over, it is compact, and by [2, theorem 10.1.5.], its essential spectrum coincides
with { = 0}, and according to (4.11) and (4.13), problem (4.7) is equivalent with
the abstract equation

Kfu® = k°u® in H®
with the new spectral parameter

kS = (L2 +2°)7 ! (4.14)
The discrete spectrum of K¢,

K >ks>... >k, >...— 40, (4.15)

€
is related to the eigenvalue sequence (1.5) via formula (4.14).

The next assertion is known as the lemma on ‘near eigenvalues’, [27], and it
follows from the spectral decomposition of a resolvent, see [2, Ch. 6].
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LEMMA 4.2. Let u§ € HY(QF), u # 0, and ki € R satisfy
K ug — kque; HE|| = dgllug; HEII,  6¢ € [0, k¢). (4.16)
Then, there exists an eigenvalue kS, belonging to the sequence (4.15) such that
ke — ko] < d5.

4.3. Error estimates for the approximation of the spectrum in ¢

We fix a spectral parameter A € R, assume (1.7) and consider the solution (3.5) of
the problem (1.6) with the scattering coefficient e’ and find a positive sequence
{ek }ren tending to 0 such that

O(\) =Ty(er) — 2upIneg,  (mod2mw). (4.17)

Then, ugk = Z is an eigenfunction corresponding to the eigenvalue A\ of the self-
adjoint extension Ajger of theorem 2.4. Notice that the exponent ©(A) depends

continuously on the parameter A (to see this recall that the space V1 () D D(A*)
can be identified with the direct product (2.18) and apply general results on non-
selfadjoint linear operators in [7, Ch. 1], [9, Ch. 4]), and therefore

1Z3; Vi (N < Cz, 120 L2 Q)] 2 ez >0 (4.18)
uniformly with respect to A in a compact set. We have

g 29| < e 77 27 Mgt L2(119)
2(1— 2(1—
<t s VIR < et 20 VL9
where € (0,1) and D(Agex ) C D(A*) C V) (), cf. remark 2.1. This, (4.12) and
(4.18) imply
lugh; HEN? > e 2 [lugh; L2(Q9)|1?

~2 (11 e e Lo -
> e 2 (lugh; LA(Q)I* — [lugt; L2 (1)) > 5022%2 (4.19)

for large enough k, since ugk = 7.

We are going to prove that the problem (1.1)—(1.2) with a > a4 in the domain
Q+ has an eigenvalue A°* in the vicinity of A. In what follows we write € instead of
k- The threshold case a = a; as well as other eigenvalues with stable asymptotics
will be considered in §4.4.
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According to (4.14) we set
kS = (Le™ 2+ NN (4.20)

To compute the factor §5 in (4.16), we use the definition of the norm of a Hilbert
space, (4.11) and (4.13), and write

117 ug — kgug; HE|| = sup [(Kug — k{ug, v°)<|
=2(+2N) " tsup |(Le72 + N)(us, v%) g — (Vus, Vod)ge
+ a(ug, v%)an: — le? (ug, v%)or |

=2 (0 + N7 sup [(Aug + Aug, v)as + (Dnug — aug, v%)ao: .
(4.21)

Here, the supremum is taken over the unit ball {v® € H® : [[v®; HE|| < 1} and the
Green formula was applied. Furthermore, on the last line the scalar product in
L2(2¢) is null, and also

(Onug — aul, v¥)aaewe = 0.

So we are left with only
) = | Fa0ui.e) + ani(v.2) d (1.22)

According to our preparatory calculation (4.1) of the parameter 65 in (4.4), the
main asymptotic term w_ + ¢?®*Mw . disappears in the integrand in (4.22) so that
the integral itself reduces to the sum

dy

z=€

Iy (v°) + ff(va) = - /wE ve(y,e) (ddz + a) W(z2y,z)
- /w e (y,€)(0:U5 (, €) + atig (v, €)) dy.

Recalling the form (2.4) of the correction terms W_(z~2y, 2) + ¢"® MW, (272, 2)

we get
d 5 2 L ow ,
dZW(Z y,Z) - Z3y VUW(Z yv Z) + 82 (Z ya Z)

= =221y -V, Wz 2y) + 2 W (2 %y)

For y € w® there holds |y| < ce?, therefore,

‘ (i« + a) W(z"2y, 2)

e ()] + om0 ()]

z=€

Integrating over y € w® yields

[ (5 +e) W] sz

z=€e

< C{;‘l_n+3/28n_l ||W0§ Hl(w)”

= Y2 |Wo; H' ()|
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The inequality (4.9) implies
|15 (v°)] < ce'/2e3/2 = 2.

Since 1, € V1,(9), we again apply (4.9) to obtain

\/Eﬁy,a)a &) dy| < [Jv%; L2 (w®)|| |[ag; L2 ()|

212 |0 HE el ag; L2 (wf)

<e
< e? |G Vo () < ee?[ug; V2 (@) (4.23)

However, the estimation of the integral with 0.3 is much more involved. Indeed,
a direct application of the weighted trace inequality in lemma 4.1 does not help,
because [24, lemma 3.2] proves that the second derivatives V25 belong to V2 (Q),
not to V3 () as in the Kondratiev theory, cf. also remark 2.3. However, the situation
can be improved in the case of the trivial right-hand side f = 0. Indeed, in our case
the function ug satisfies the homogeneous problem (1.1)—(1.2) so that the one can
use the procedure in [24, § 2] to construct several higher-order asymptotic terms

W(k)(z_Qy,z) _ Z2k—n+i/L0+3/2W()(-];3_)(z—2y) + Z2k—n—z‘,m+3/2WO(ﬁ)(Z—zy) (4_24)

(notice that W coincides with W) and to obtain a remainder as®

with any
desired power-law decay rate as z — +0. In particular, 0, RS V1 (Q). The addi-
tional term W) can be processed similarly to the calculation (1.6), while the

integral

[ w0t .o

can be estimated in the same way as in (4.23). Summing up, we conclude that the
order of the norm (4.21) with respect to & is determined by the main correction
term (4.24) at k = 0. Thus, collecting the estimates derived so far and comparing
(4.16) with (4.19) we conclude that

0 <Pl + 2N (4.25)
THEOREM 4.3. Assume a > a;. Let X\ € R be fized, and let the sequence {ej }ren
satisfy (4.17). Then, there exist €4 > 0 and ce > 0 such that for ey, < e, the problem
(1.1)«(1.2) with € = €}, has an eigenvalue )\fr’;(sk), (1.5), satisfying the estimate

‘)\ /\‘ < Co€l-

m(ey)
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Proof. According to lemma 4.2 and formula (4.25) we find an eigenvalue kfr’;(ak) of
the operator K¢ see (4.15) and (4.13), such that
|kek L — K| < ee® (042Nt

m(er)

Taking into account (4.14) and (4.20) we can write

Nokeny = Al S e (4 eRN) (e + ) (L + A% )

Fixing a small enough &, < 1, namely ce? < 1/2, we obtain from (4.26) that

Sk

m(ex)

S+ cep(l+20°%, ) = A%

m(ek) mv(Ek)

SA+L<2N+0 O

4.4. Threshold case and ‘stable’ eigenvalues

At a = a4 the spectral parameter A € R still gives rise to the exponent ©(\) of
the scattering coefficient in (3.5), but now the sequence {ej }ren will be defined by

O(\) = Ti(e). (4.27)

The waves (2.10) include the logarithmic factor In z, and the logarithm only causes
only self-evident technical differences in the calculations and arguments in §4.3.
Hence, we just reformulate theorem 4.3 as follows.

THEOREM 4.4. Assume a = a;. Let A € R be fized, and let the sequence {ex}ren
satisfy (4.27). Then, there exist 4 > 0 and ce > 0 such that for e, < €q the problem
(1.1)~(1.2) with e = e}, has an eigenvalue )‘fr’;f(ek)’ (1.5), satisfying the estimate

‘)\i:'f(gk) — A < ceer(1+ |Ineg]).

If '™ € V1, () is a trapped mode for the problem (1.6) with some A € R (remark
3.1 and §3.2), then this point A is an eigenvalue of every self-adjoint extension Ay,
0 € [0,2m), see theorem 2.4. Moreover, since u'" € V!5(Q) for all weight indices
0, repeating the calculations and arguments in the previous section leads to the
following assertion, which includes the threshold case too, because a trapped mode
has the same fast decay properties both in the case a = a; and a > a;.

THEOREM 4.5. Assume that A € R is an embedded eigenvalue of the problem (1.6),
a > ay, related with the trapped mode u'" € V_lﬁ(Q). Then, for any N € Ry there
exist ey > 0 and ¢y > 0 such that, for all e € (0,en), the problem (1.1)~(1.2) has
an eigenvalue X, .. (1.5), satisfying the estimate

|>\er(5) - )‘| < CN‘C:N'
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5. Conclusions and possible generalizations

5.1. Asymptotic behaviour of eigenvalues above threshold

According to theorem 4.5, any trapped mode u** € V1, (Q) of the problem (1.6)
with A = A" gives rise to a family {)\fn(s)}ee(o,w) of eigenvalues of the problems

(1.1)—(1.2) in QFf staying in the cye™-neighbourhood of the point A". We call
the eigenvalue A7 ) as a stable one in spite of the fact that the number m(e) of
these eigenvalues in the sequence (1.5) changes infinitely many times, when e — +0
(see the explanation in the next paragraph).

We have detected eigenvalues in the spectra of the problems (1.1)—(1.2) having
completely different behaviour as ¢ — 40. Indeed, let A € R be fixed. Theorem 4.3
shows that in a neighbourhood of A periodically, with the period

7r_1m0

in the logarithmic scale | Ine|, there appears an eigenvalue of the problem (1.1)—(1.2)
in the domain ¢, which grows because the length of the broken piece II® diminishes.
This eigenvalue crosses a neighbourhood of A at a high speed O(|In¢|) (in particular,
A becomes an eigenvalue of the problem (1.1)—(1.2)); notice that this is the very
reason for the rapid changes of the number m(e) of the stable eigenvalues mentioned
above. In other words, any point of the real axis above the threshold becomes a
‘blinking eigenvalue’, as ¢ — +0.

We may change the point of view and watch over eigenvalues the eigenfunctions
of which are of the form (3.5) with the exponent

O(\) =Ty(e) — 2poIne = 2pp|Ine| + Tp(0) + O(e) (5.1)

of the scattering coefficient. The function (5.1) is monotone growing when |Ine| —

+00. Hence, the scattering coefficient ¢?©Y) moves counter-clockwise, when e — +0.

By theorem 3.3, such movement of the coefficient corresponds to the monotone
descend of the spectral parameter down along the real axis.

5.2. Other boundary conditions

We have imposed in §1 the same Robin condition (1.2) both on the blunted
surface of the peak II¢ \ TI° and on the massive part 9Q° \ w® of the boundary.
Replacing (1.2) by

ou(x) = au®(x), x € IN° \ we, (5.2)
ou(z) =0, ze€w (5.3)

does not cause any changes to the calculations and justification. Replacing the
Neumann condition (5.3) by the Dirichlet one,

u(z) =0, x€uws, (5.4)

the properties of the problem (1.1), (5.2), (5.4) still remain very similar, although
our calculation of the extension parameters (4.4) and (4.6) requires a minor
(simplifying) modification.
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5.3. Other shapes

All the results on the problems (1.1), (1.2) and (1.1), (5.2), (5.3) or (5.4) remain
unchanged, if the straight end w® = {z € TI? : 2 = £} of the domain (1.3) is made
into a curved one, i.e.

O ={z=(y,2):2>e+e’H( %)}

where H is a Lipschitz function in @.

One may also divide the lateral boundary of I'? of the cusp II% into two non-empty
and non-intersecting parts Fﬁ ={2:2€(0,d), 272y € 4}, where both sets vy,
k =1,2, are open submanifolds of dw and dw =77 U73. If one keeps the Robin
condition on I'¢Y and imposes the Neumann condition on I'§, the above-discovered
properties of the spectrum are still retained by the modified problem. However,
in the case of the Dirichlet condition on I'§ the spectrum of the problem on Q°
is discrete and therefore its eigenvalues are hardly movable. In general, changes of
the boundary conditions outside a neighbourhood of the tip O do not affect the
above-described properties of the spectrum.
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