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Abstract. We consider a generalized Schrodinger operator in LQ(R2) with an
attractive strongly singular interaction of ¢ type characterized by the coupling
parameter 3 > 0 and supported by a C*-smooth closed curve I' of length L without
self-intersections. It is shown that in the strong coupling limit, 8 — 0., the number of
eigenvalues behaves as % +O(]In g|), and furthermore, that the asymptotic behaviour
of the j-th eigenvalue in the same limit is — 25 + p; + O(3|1n B]), where u; is the j-th
eigenvalue of the Schrodinger operator on Lg(O7 L) with periodic boundary conditions
and the potential —in where + is the signed curvature of I'.
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1. Introduction

Schrodinger operators with singular interactions supported by manifolds of a lower
dimension have been studied for several decades starting from early works [Ku78, BT92].
In recent years they attracted attention as a model of a quantum particle confined to
sets of nontrivial geometry, a possible alternative to the usual quantum graphs [BK13]
having two advantages over the latter. The first is that they lack the abundance of
free parameters associated with the vertex coupling, the second, physically maybe more
important, is that the confinement is not strict and a certain tunneling between parts of
the graph is allowed. One usually speaks about ‘leaky’ quantum graphs and describes
them by Hamiltonians which can be formally written as —A —ad(- —I'), a > 0, where
I' is the support of the attractive singular interaction. A discussion of such operators
and a survey of their properties can be found in [Ex08].

One can think of the singular interaction as of a ¢ potential in the direction
perpendicular to I', at least at the points where the manifold supporting the interaction
is smooth. If the codimension of I" is one, however, there are other singular interactions
which can be considered, a prime example being the one coming from the one-
dimensional ¢’ interaction [AGHO5], that is, operators which can be formally written
as

H=-A-31%(-T).

The formal expression has to be taken with a substantial grain of salt, of course, because
in contrast to the J interaction which can be approximated by naturally scaled regular
potentials, the problem of approximating ¢’ is considerably more complicated — see
[Se86, CS98, ENZ01] and also [CAZ03+, GH10]. What is important for our present
purpose, however, is that irrespective of the meaning of such an interaction, there
is a mathematically sound way how to define the above operator through boundary
conditions, and moreover, one can also specify it using the associated quadratic form
[BLL13].

Apart from the definition, one is naturally interested in spectral properties of such
operators, in particular, in relation to the geometry of I'. In the case of d-type singular
interaction we know, for instance, that I" in the form of broken or bent line gives rise
to a nontrivial discrete spectrum [EIO1] and a similar result can be proven also for the
d'-interaction [BEL13]. In this paper we want demonstrate another manifestation of the
relation between eigenvalues of H and the shape of I'. Tt is inspired by the paper [EY02]
in which it was shown how the eigenvalues coming from a ¢ interaction supported by a
C* Jordan curve I' behave in the strong-coupling regime, o — oo, namely that after a
renormalization consisting of subtracting the I'-independent divergent term they are in
the leading order given by the respective eigenvalue of a one-dimensional Schrodinger
operator with a potential determined by the curvature of T'.

Here we are going to show that in the §’ case, where the strong coupling limit is
£ — 0., we have an analogous result, namely that the asymptotic expansion of the
eigenvalues starts from a I'-independent divergent term followed by the appropriate
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eigenvalues of a one-dimensional Schrodinger operator, the same one as in the ¢ case.
We will be also able to derive an asymptotic expression for the number of eigenvalues
dominated by a natural Weyl-type term. In the next section we state the problem
properly and formulate the indicated results, the next two sections are devoted to the
proofs. The technique is similar to that of [EY02], however, the argument is slightly
more complicated because the present form of the associate quadratic form does allow
one to estimate the operator in question by operators with separated variables. In
conclusion we shall comment briefly on possible extensions of the results.

2. Formulation of the problem and main results

We consider a closed curve I' without self-intersections, conventionally parameterized
by its arc length,
[:[0,L] = R*, s (T1(s),Ta(s)),

with the component functions I'y, Ty € C*(R). The operator, we are interested in, can
acts as the Laplacian outside the interaction support,

(Hpy)(x) = —(A¢)(z)
for » € R*\ I, and its domain is D(Hp) = {1 € H*(R*\T) | 0,00 (2) = O_pptb(x) =
Y (2)|r, —pY'(x)|r = ¥(x)]o,r — ¥ (2)|o_r}, where np is the normal to I', for definiteness
supposed to be the outer one, and ¥ (z)|s,r are the appropriate traces of the function
¥. The quadratic form associated with this operator is well known [BLL13, Prop. 3.15].
In order to write it, we employ the locally orthogonal curvilinear coordinates (s,u) in

the vicinity of the curve introduced in relation (3.1) below. With an abuse of notation
we write the value of a function ¢ € C(R?*) N H*(R*\ T') as (s, u); then we have

halt] = [IVel2 = 87 [ (s,04) = 6(s,0-) P ds

To state our main theorem we introduce the following operator,

S:_@_E (s)?, (2.1)

where v denotes the signed curvature of the loop, v(s) := (I'/T', —I"1I';)(s). The domain
of this operator is D(S) = {¢ € H*(0, L) | ¥(0) = (L), ¢¥'(0) = ¢'(L)}. We denote by
it; the j-th eigenvalue of S with the multiplicity taken into account.

Theorem 2.1. One has oess(Hg) = [0,00) and to any n € N there is a 8, > 0 such that
#oasc(Hg) > n  holds for g € (0,5,).

For any such 8 we denote by \;(5) the j-th eigenvalue of Hg, again counted with its
multiplicity. Then the asymptotic expansions

Ajw):—;ij(mmm), J=1,....m,

are valid in the limit B — 0.
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Theorem 2.2. The counting function 3 — #oaisc(Hpg) admits the asymptotic expansion

L
Hodisc(Hp) = 72r5 +O(|Inp|) as f—04.

3. Proof of Theorem 2.1

The essential spectrum of Hy is found in [BLL13, Thm. 3.16]. To prove the claim about
the discrete one we need first a few auxiliary results. To begin with, we introduce locally
orthogonal curvilinear coordinates s and u which allow us to write points (z,y) in the
vicinity of the curve as

(2, ) = (1(s) + ul'y(s), Ia(s) — ul’y(s)). (3.1)

Since I is supposed to be a C* smooth closed Jordan curve, it is not difficult to establish
that the map (3.1) is injective for all u small enough; for a detailed proof see [EY02].

We choose a strip neighbourhood Q, := {z € R*: dist (z,T') < a} of I with a small

enough to ensure the injectivity and use bracketing to get a two-sided estimate of the

operator Hg by imposing Dirichlet and Neumann condition at the boundary of €,, i.e.

Hy(B) < Hg < Hp(B), (3.2)
where both the estimating operators correspond to the same differential expression
and D(Hy(B)) = {¢ € D(Hg) | 0u,¥(s,a) = 0, _1(s,—a) = 0} while the other is
D(Hp(B)) ={v € D(Hp) | ¥(s,a) = (s, —a) = 0}. The operators Hp(B) and Hy(f)
are obviously direct sums of operators corresponding to the parts of the plane separated
by the boundary conditions, and since their parts referring to R? \ ©, are positive, we
can neglect them when considering the discrete spectrum. The parts of Hy(5) and
Hp(B) referring to the strip €, are associated with the following quadratic forms,

hslf) = IVAIE =57 [ 15(5.02) = (5,002 s,

hoslg) = Vgl = 87 [ 1g(s,0+) = g(s,0-)[*ds.

respectively, the former being defined on H*(Q, \T'), the latter on H}(Q,\T'). Our first
task is to rewrite these forms in terms of the curvilinear coordinates s and wu.

Lemma 3.1. Quadratic forms hyg, hpg are unitarily equivalent to quadratic forms
gy and gp g which can be written as

ool = 1L 4 0P+ (1) = 57 [ 15060020 = Fs.0P s

+3 / (£ (5,00 = 1£(5,0-)) s

— — L s, a 2 s i s. —a)l2ds
anls) = ale) = [ 575 gy (5 @ +/ ErreU ORI

defined on H((0,L) x ((—a,0)U(0,a))) and H'((0,L) X ((—a,0)U(0,a))), respectively,

with periodic boundary conditions in the variable s. The geometrically induced potential

in these formule is given by V = 29/ - % - é with g(s) == 1+ uy(s).
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Proof. Using the conventional shorthands, ds = % etc., we express ds and 0, as linear
combinations of 0; and 0, with the coefficients 0sz1y = I} + ul'y, Osze = T, — ul'y,
Ouyr1 =T, and O,z = —I'|. Inverting these relations we get

O =g (=10 — Ty —ul)d,), =g "(— T30 + (I +ul3)d,),
where g = (T} +ul'y) T+ (Th—ul )Ty = THT, =TT = 1+ury because I'2+T% = 1 holds
by assumption. The last relation gives I'? +T% = 1 which in turn implies y* = T'}/2+ T2,
Using these identities we can check by a direct computation that

45.8[Uf] = hjplf]
with (Uf)(s,u) := /14 uy(s) f(x1(s,u),z2(s,u)) holds for j = D, N and all functions
f € D(hip), Wthh proves the claim. ]

The forms gy g and gp g are still not easy to handle and we are going to replace the
estimate (3.2) by a cruder one in terms of following forms associated with operators. As
for the upper bound, we introduce the quadratic form q:[ﬁ acting as

Al = I+ (= 10+ (1. VED
l
57 [ 175,00 = Fs.00Pds + 5 [ A)17, 0,00 = 1£(5,0)P) ds

where V(+) = 20”;:”. — 4(1+a%)2 with +/ := (7”); and the positive (negative) part
given by the standard convention, fi := 2(| f|l £ f); we have neglected here the non-
positive term —%(u’y’ )2g~%. In contrast to the argument used in the ¢ interaction case
[EY02] the operator QIB associated with this form does not have separated variables,
however, one can write it as Q;/B =U @I+ fﬁm Tafﬁ(s) ds and we are going to show
that the spectrum of second part associated with the form

tes(s)Lf] = ILFII* - | 04) - (0—)\2+;7(8)(|f(8,0+)|2— [f(s,0-)%)

is independent of s. The operator 1tself acts as T, 5(s)f = — f” with the domain
D(T,f5(s) = {f € H*((~a,a) \ {0}) | f(a) = f(~a) =0,

F0-) = £10,) = 67 (F(04) ~ F(0)) + 52(5)(70) + F0)))

Lemma 3.2. The operators Tafﬁ(s) has ezactly one negative eigenvalue ty = —rK7
provided % > 2 which is independent of s and such that

2 4
BB

Proof. An eigenfunction corresponding to the eigenvalue —x? and obeying the conditions
f(£a) =0and f'(0_) = f'(04) is, up to a multiplicative constant, equal to sinh(k(zFa))
for +2 € (0,a). The function is odd, hence f(0_) = —f(0,) and the s-dependent term
does not influence the eigenvalue; the spectral condition is easily seen to be

Ky = e 1B L O e ®/P)  holds as B — 0.

K= ;tanh(/{a) : (3.3)
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We are interested in the asymptotic behaviour of the solution as § — 0. Let us rewrite
the condition as 8 = %tanh(/m); since the right-hand side is monotonous as a function
of k it is clear that there is at most one eigenvalue and that this happens if 8 < 2a.
Furthermore, the right-hand side is less that % which means that £ < 237! and the
inequality turns to equality as f — 0 and kK — 0o. Next we employ Taylor expansion

2 2
Z tanh(ka) = = (1 — 2e72"% 4 24 L O(e%%7)) |
B (ra) =3 ( (7))
and since K —> as 3 — 0, relation (3.3) yields the sought result. ]

Next we estimate in a similar fashion the operator with Neumann boundary
condition which we need to get a lower bound. To this aim we employ the quadratic
form ¢, 5 defined as

Gaplf1 = l0ufI* + (1+a7+)’2|\<9 FIP+(f V)
57 [ 175,00 = Fs.00ds = 5 [ A)(17,0,00 = 1£(5,0)P) ds
i [ 1 @) ds . /0 F(s,~a)*ds

where V() = —2(1:%”3 — 4(51(izlfi2)4 — 4(1_'22%)2. As in the previous case, the operator

associated with the quadratic form can be written as Q, 3 = U,y ® I + f[o ) Top(s)ds,
where the operator T, 5(s) referring to the transverse variable acts for any s € [0, L) as
T, 5(s)f = —f" with the domain

DT;5()) = 1f € H¥(=a,0) \ {0}) | F74f () = f'(2a) (3.4
F0-) = £10) = 67 (F(02) = F(0)) + 52(s)(7(0) + F(0)))

We are going to estimate the spectrum of 7, 4(s) and to check its independence of s.

Lemma 3.3. The operator T, 5(s) has exactly one negative eigenvalue t_ = —Kk2 as

long as 3 2 >y, it is mdependent of s and for f — 0 we have

2 4207 4 4 <2_ﬁ7+>2 ~8a/p
T B g +O(6 2+ ) |

Proof. The function satisfying f”(z) = k*f(z) for x # 0 together with the boundary
conditions Fv; f(£a) = f'(a), which has its derivative continuous at z = 0, is of the
form

Ae 4+ Be™™ if x € (—a,0)
fz) = . .
Ce™+De " if x€(0,a)

The constant A is arbitrary, while for the others the requirements imply B = AZ e=2%¢

with Z := :Jr:’/* and D = —A, C'= —B. The remaining property from (3.4) leads to

WA= B)= 2 (A+B—C—D)+ 5(s)(A+B+C+D),

B
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and since the last term vanishes we can rewrite the spectral condition as

21+ Ze 2
K= ———F7——.
B1— Ze 2ra
As before we are interested in the regime g — 0,. Note that as long as Z > 0 we have

2

k > 2371, hence k is large and &€ = Z e~2%* is small and the expansion

21+8 2 2 3
r=—-——==(1+1+E+E4+0(E%)
F1—¢ g0 o
yields the stated behaviour of xk as § — 0,. The assumption Z > 0 is satisfied for
2371 > ~,, and the uniqueness of the eigenvalue is a consequence of the above spectral
1 14+Ze~2re

condition and the monotonicity of the function x — = =257 O

Next we estimate the eigenvalues of the operators U, and U, referring to the
longitudinal variable s in a way similar to [EY02].

Lemma 3.4. There is a positive C' independent of a and j such that
15 (a) = 5] < Cag®

holds for 7 € N and 0 < a < ﬁ, where ,u;-—L(a) are the eigenvalues of UE, respectively,

with the multiplicity taken into account.

Proof. We employ the operator Sy = —9? with the periodic boundary conditions, i.e.
the domain D(Sy) = {f € L*((0,L)) | f(0) = f(L), f'(0) = f'(L)}; its eigenvalues,

counting multiplicity, are 4 [%} z—z, j =1,2,..., where [] denotes as usual the entire
part. Its difference from our comparison operator (2.1) on L?(0, L) is easily estimated,
1
1S = Sol| < ZV?H
and consequently, by min-max principle we have
1292
JI T L,
py —4 [2] A < 17+ (3.5)
for 7 € N. Next we can use another simple estimate,
e S S s ¢ S v

+ ;
0 (l=an)? 21—an)? Al +av)? A1 —ayy)?

and since the last two terms equal ay;v*(1 — a*y3)~2, we infer that

+_ K] 3.6
s (1 —ay4)?| — o (36)
holds for some ¢y > 0 and any 7 € N. Combining now (3.5) and (3.6) we get
: 1—(1—ayy)?
+_ <yt M 1. +
g = il < o (1 —ay)? &l ‘ (1 —ayy)?

< coa + cralp;] < Caj?
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with suitable constants. The second inequality is checked in a similar way: we use

U- 1 S avi 5&2(’)/;)2 an+ 2
a T 77 o e T T - - Y
(1+ay:)? 21 —av4)? 4l —ays)t  (1—ar4)*(1+aye)?
which implies
1
UJ — ms < Coa+01a2 < Coa
+

where in the second inequality we employed the fact that a is bounded. With help of
min-max principle we then get

_ 1
i (1+av4)?
hence finally we arrive at the inequality
1—(1+ayy)?
(14 avs)?

valid for a suitable C' which completes the proof. O

< coa

< coa + csalp;| < Caj*

1y — 5] < coa + |yl

Now we are ready to prove our first main result:

We define a(f) = —%5 In 5 and denote the eigenvalues of the operators ij 5 as tjiﬂ,
respectively, their multiplicities being taken into account. From Lemmata 3.2 and 3.3
we know that tliﬁ =ty for B small enough, while tiﬂ > 0 holds for j > 1. Collecting
the estimates worked out above we have

(&)
Qup)p = Vo) @ 1 + /(O,L) Top)5(8) Ds < Hy(B) < Hg

@
+ - —_ O+
< Uy ®I+ /(w Ty 5(s)ds = Qi s (3.7)

and the eigenvalues of the operators Qai(ﬁ)ﬂ between which we squeeze our singular
Schrédinger operator Hg are naturally 5, + 115 (a(8)) with k, j € N. Those with k > 2
and j € N are uniformly bounded from below in view of the inequality

th s+ 45 (a(B)) > i (a(B)) =y + O(=BIn(B)), (3.8)

hence we can focus on k£ =1 only. For j € N we denote

Wi,ﬁ = tli,ﬁ + M}t(a(ﬁ))
With our choice of a(f) we have e = (3 so from the above lemmata we get
Ky = % + O(B) and pj (a(B)) differ from p; by O(—3;52|1In B); putting these estimates
together we can conclude that
; 4
whg= N +p; +O(=pInp) as f— 04 (3.9)

with the error term in general dependent on j. Combining (3.8) and (3.9) we can
conclude that to any n € N there is a 5(n) > 0 such that

wisg <0, wig< t’fhﬁ + u;’(a(ﬁ)) and w” 5 < tliﬁ + ,uj_(a(ﬁ))
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holds for g < f(n), k > 2, and j > 1. Hence j-th eigenvalue of wa)ﬁ, counting

multiplicity, is w} 4 for all j < n and 8 < B(n). Furthermore, for 8 < f(n) we denote
& (B) and & () the j-th eigenvalue of Hp(5) and Hy(/3), respectively; then from (3.7)
and the min-max principle we obtain

Wy <€) (B Wi
for j =1,2,...,n, which in particular implies £ () < 0. Using the min-max principle
once again we conclude that Hg has at least n eigenvalues in the interval (—oo, & (8))
and for any 1 < j < n we have ¢ () < A\; < &\ (5) which completes the proof.

4. Proof of Theorem 2.2

For a self-adjoint operator A with inf o (A) = 0 we put N~ (A) := #{04(A)N(—00,0)}.
In view of (3.7) the eigenvalue number of Hg can be estimated as

N7 (Qup) < N™(Hnp) < #04(Hp) < N™(Hp(B)) < N (Qup)  (41)
In order to use this estimate we define

Kf={jeNuwl,;<0}
and derive the following asymptotic expansions of these quantities.

Lemma 4.1. In the strong coupling limit, 8 — 0., we have

2L
#K;=-""2+0(mpg|). (4.2)
T
Proof. We choose K such that 371 > K > 0 and (87! — K)? < 72 — 48 — 16*17_%.
With the preceding proof in mind we can write
Kf={j eN|tly+pf (a(B)) < 0}.

Lemma 3.2 allows us to make the following estimate,

4 16 4
K> {j EN|p;+Ca(B)j? < o — e aP/B = — 16ﬁ} ;

g B B2
using further (3.5) and the indicated choice of K we infer that
+ . J|T .2 4 .
Kﬁ 3{]€N‘4[2] ﬁ-l—ca(ﬂ)j <ﬁ2_166—47+}

™ 3 1 2
» {jEN‘j2p—4Cﬁlnﬁj2<4<ﬂ—K> }

. . 1 2 3 71/2
D{jEN‘j<2<B—K> (;—4051115) }
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We employ the Taylor expansion (M + z)~%/2 = M~Y2 — Lz M =32 4 O(2?); since we
are interested in the asymptotics § — 0., we rewrite the right-hand side of the last

inequality as
1

1 2 3 T2 1 L 3 IN?
2<B—K><L2 401113) 22<B—K>lﬂ+8051n5(7r>],

which allows us to infer that
2L
#3222+ O(|m ) (43)

holds as 8 — 0. In a similar way we estimate #K 5. First we choose a number K !
2

satisfying 0 < K’ < (45 + 7+)1/2 and note that 62 + 408 + 7* < (% + K’) . Then we

have

Ky ={j eNJt! s+ pj(a(B) <0}

. . 4 16 2 — 5’V+ —4
CljEeEN|p —CaB)j® < — + — e~ 1alB)/B
{ 1= Col0)* < 4 G 5,
‘ 3 . 4 2— By
CljeN|u +=-CBnBj%< — +16
{] \ug 1 BInpj 7 52+6’y+}

With help of the fact that 2(j — 1) > j for j > 1 we further have

L 4

B

c U {j >o|(j—1)? < <ﬂ2 +165+VI> <<Z>2+i051n5>_1}

N2 ~1/2
c{l}u{j22 j<1+2<;+K’> ((L> +i0b’lnﬁ> }

Now we can estimate the expression on the right-hand side of the last inequality in the

—c{1}u{j22 (U_U”) +icmn@(j—1)2 2+166—|—%“}

asymptotic regime § — 0, as

-

1 ™2 3 2 2L
2=+ K’ () 201 ~ 22 L O g)) .
<5+ )(L +46n6> 3 (|nBl)
In combination with the above inclusions this leads to

#K; < 2+ 0(g) (4.4

as 3 — 04. Finally, we know that t} ; < ¢! 5 which implies Kj C K5, and this together
with (4.3) and (4.4) concludes the proof. O

We also need to estimate the second eigenvalue of the operators T, 5(s).

Lemma 4.2. T 4(s) with a fived s € [0, L) has no eigenvalues in [O,min{;—z, (i)2}>
provided 0 < 3 < 2a.
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Proof. Let us check first that zero is not an eigenvalue. The corresponding eigenfunction
should have to be linear and the conditions Fv; f(+a) = f'(+a) and f'(0-) = f'(04)
would require f(x) = £A(Fvix + 1+ v4a) for 2 € (0,a), and as in Lemma 3.3 the
spectral condition would read —vy, = %(1 + vya) which cannot be true because the
right-hand side is positive. Furthermore, the spectral condition for an eigenvalue k% > 0

is found again as in Lemma 3.3; after s simple calculation we find that it reads
1, 1yytanka+k

2" kv, — ktanka

The right-hand side can be estimated by % provided that ka < % and at the same
v+ —k=a 2

time v, — ktan ka > 0; finding the value for which this expression equals % £ we would
obviously get a lower bound to k. Rewriting the condition as

2
—ka® = (1+ 10) 5 = T

we see that the left-hand side is negative while the right-hand side is positive under
our assumption, hence one has to ask about the restriction coming from the condition
vy —ktan ka > 0. In particular, for ka < %7? this is true provided 4 — 2k%a > 0, which

2
means that the spectral problem has no solution is &2 is smaller either than It or (ﬁ)

which concludes the argument. O

Now we are ready to prove our second main result:
We begin by showing that the relation
N7 (Qup)5) = #K5 (4.5)
holds for any sufficiently small § > 0. We know that all the eigenvalues of Q;(B% 5 can
be written as {t’ 5+ 4y (a(8))}, 4o With the multiplicity taken into account. From the

2
previous lemma we have t%ﬂ > min {327 (ﬁ) } which together with |} (a)—pu;| < Caj?

implies existence of a (3 such that
117 a(8) > 0
holds for j > 1, k> 1, and 3 € (0, 5y). This implies
N~ (Qasyp) = #{(k.) € N2 £ 5 4 17 (a(3)) < 0)
— G EN|E 4 iy () < 0} = K |
i.e. the relation (4.5); combining it with (4.1) we obtain
#K; < #oa(Hg) < N (Qup) = #Kj5

which by virtue of Lemma 4.1 concludes the proof.
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5. Concluding remarks

We have seen that, despite very different eigenfunctions, the ¢ ‘leaky loops’ behave in
the strong-coupling regime similarly to their 0 counterparts: the number of negative
eigenvalues is given in the leading order by a Weyl-type term, and the eigenvalues
themselves are after a natural renormalization determined by the one-dimensional
Schrodinger operator with the known curvature-induced potential.

The question is whether and how the current results can be extended. The
bracketing technique we used would work for infinite smooth curves I' without ends
provided we impose suitable regularity assumptions. If, on the other hand, the curve
is finite or semi-infinite the situation becomes more complicated because one has to
impose appropriate boundary conditions at the endpoints of the interval on which the
comparison operator (2.1) is defined. One can modify the present argument to get an
estimate on the number of eigenvalues because there those boundary conditions play
no role, the counting functions in the Dirichlet and Neumann case differing by an O(1)
term. For an eigenvalue position estimate, on the other hand, this is not sufficient
and one conjectures that the Dirichlet comparison operator has to be used. For a
two-dimensional open arc I' supporting a ¢ interaction this conjecture has been proved
recently [EP12]; the argument is more complicated because one cannot use operators
with separating variables. We believe that the same method could work in the ¢’ case
too, however, the question is not simple and we postpone discussing it to another paper.

On the other hand, finding the asymptotics in the case when I' is not smooth, or
even has branching points, represents a much harder problem and the answer is not

known even in the ¢ case, although some inspiration can be found in squeezing limits of
Dirichlet tubes — see, e.g., [CEQ7].
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