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Singular Schrodinger operators and Robin billiards

Spectral properties and asymptotic expansions
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Abstract This paper summarizes the contents of a plenary talk at the Pan
African Congress of Mathematics held in Rabat in July 2017. We provide a
survey of recent results on spectral properties of Schréodinger operators with
singular interactions supported by manifolds of codimension one and of Robin
billiards with the focus on the geometrically induced discrete spectrum and
its asymptotic expansions in term of the model parameters.
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1 Introduction

In this paper we will investigate several classes of problems. Most of them are
related with singular Schrodinger operators that can be formally written as

Hyr=-A-ad(z—-T), a>0, (1)

in L2(RY), where the support I is a set of Lebesgue measure zero and some
geometric properties, for instance, a curve or a metric graph in R?, a surface
in R3, etc.

The motivation is twofold. Viewed from the mathematician’s ivory tower,
they are simply interesting objects in which different areas like operator theory
and PDE on the one hand, and geometry and topology of the set I" on the
other hand, are related in a nontrivial way. But there is also a practical side
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of this effort coming from the need to model a large class of nanostructures
usually dubbed quantum graphs and similar objects. The models commonly
used and widely studied [6] have one drawback, namely that they neglect
quantum tunneling between different part of such a structure. Operators of
the type (1) represent an alternative for which the term leaky quantum graphs
is often used — cf., e.g., [10] or [21, Chap. 10].

The topic is rather wide and we will adopt some limitation in the present
paper. In particular, we will focus on interaction supports of codimension one
and on singular potentials of the § type, higher codimensions and more singular
interactions will be mentioned only episodically.

One the other hand, we are also going to discuss another class of problems
which might be regarded as ‘one-sided’ analogues of the operator (1) describ-
ing motion in regions C R¢ with Robin (i.e., mixed, or third-type) boundary
conditions. We will see that the one-sided character makes these systems in
many respects different from the earlier mentioned class.

In all cases our interest concerns primarily the discrete spectrum of the
operators involved, its existence and asymptotic expansions of the eigenvalues
in terms the parameters of the model. Let us describe the contents of the
paper. In the next section we will set the scene with a proper definition of
the operators involved, and we will also collect basic facts about their spectra.
Section 3 is devoted to asymptotic behavior of the discrete spectrum in the
situation when the singular interaction in (1) is strongly attractive, o« — oo,
the analogous asymptotic problem for Robin billiards is discussed in Section 4.
In Section 5 we turn to a different sort of expansions, this time connected with
weak geometric perturbations of the trivial supports I" such as a line in the
plane or a plane in R3. In Section 6 we return to billiards, this time in the
particular shape of a planar wedge, and amend them with a homogeneous
magnetic field; we will investigate the existence of the discrete spectrum. We
conclude the paper with remarks about open problems. Since this is a survey,
proofs of our results will be only hinted, however, references will be always
given to sources where they can be found in their entirety.

2 Preliminaries
2.1 Definition of the operator

Let us look first how one can give meaning to the heuristic expression. If I
is a smooth manifold with codim I" = 1 one can define a self-adjoint operator,
H, r, or alternatively! —Ajs ,, by changing the domain of the Laplacian: we
suppose that the operator acts as —A on functions from H2_(R?\ I'), which
are continuous at I' and exhibit there a normal-derivative jump,

i %
on on

+

(z)

@] =-avio). @)

1 Both the symbols are used in the literature for the same operator.
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This is a physicist’s notation with the derivative taken in a fixed normal di-
rection at the point x € I'" which corresponds well to the formal expression
as describing the attractive d-interaction of strength a perpendicular to I at
the point z [2, Chap. 1.3]. A mathematician would prefer to take the sum of
the derivatives with respect to the outward derivatives and to stress that the
objects entering relation (2) are traces of the functions involved [5, Rem. 2.9].

The drawback of such a definition is that we want to have the operator also
defined for less regular sets I'. It is easy to check that the above introduced
operator H,  is associated with the quadratic form

4s5,alY] == “VwHi?(Rd) - a||f|F||%2(p) (3)

with the domain H'(R?). This makes it possible to introduce a substantially
wider class of operators. We start from the following definition:

A finite family of Lipschitz domains P = {2 }}_, is called a Lipschitz partition
of R4, d> 2, if

RY= |2 and 2N =0, kl=12...n k#I.
k=1
The union Up_,082, =: I' is the boundary of P. For k # | we set I} :=
082, N OS2, and we say that 2, and (2, k # [, are neighboring domains if
or(Ik) > 0, where o, is the Lebesgue measure on 92.

Using these notions we can state the following result [5]:

Proposition 1 Let P = {§2,}?_, be a Lipschitz partition of R¢ with the
boundary I', and let o : I' = R belong to L*°(I"). Then the quadratic form
g5, defined above is closed and semibounded from below.

Consequently, there is unique self-adjoint operator Hy 1, or —A; o, associ-
ated with this quadratic form. Note that this definition is not only more gen-
eral in term of the support regularity but also allows for the coupling strength
varying along I". In particular, the interaction support may be in fact a proper
subset of I', since o may vanish on a part of this set. We will use this fact to
define H, r on sets I' with a boundary, otherwise we will always assume in
the following that « is constant on its ‘true’ support.

Remark 1 Similarly one can define more singular interactions on sets of codi-
mension one. Prominent among them is the ¢’ interaction which on a smooth
I' is characterized by a modification of the boundary condition (2), namely
the continuity of the normal derivative and a jump of the function value,
Y|4 — |- = BOn; for less regular supports one can again employ quadratic
forms [5]. In a similar way one can also define the general four-parameter
family of singular interactions supported by I" [26].

Remark 2 A more singular problem is also represented by supports of higher
codimensions. It follows from general principles that they can be constructed
provided codim I' < 3. Most attention has been paid in the literature to the
case codim I = 2 where the operator can be defined via boundary conditions
matching generalized boundary values [15].
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2.2 Spectrum of —As 4

In general, the spectrum is determined both by the geometry of I' and the
coupling «, in particular, by its sign. If I" is compact, it is easy to see that
Oess(—As,o) = R4. On the other hand, the essential spectrum may change if
the support I' is non-compact. As an example, take a line in the plane and
suppose that « is constant and positive; by separation of variables one finds
easily that in this case 0ess(—As.0) = [—iaz, 00).

The question about the discrete spectrum is more involved. Suppose first
that the interaction support is finite, |I'| < oo. It is clear from the above
claim about the essential spectrum and (3) that ogisc(—As0) = 0 holds if
the interaction is repulsive, @ < 0. For an attractive coupling, on the other
hand, the negative discrete spectrum may be non-empty, but whether it is the
case is determined by the dimension. Specifically, for d = 2 bound states exist

whenever |I'| > 0, in particular, we have a weak-coupling expansion [34]

47

Ma) = (Cr+o(1)) exp (_a> as «all'l — 0+

This is not the case for d = 3 where the singular coupling must exceed a
critical value to bind. As an example, let I" be a sphere of radius R > 0 in R3,
then by [4] we have

Udisc(Ha,F) 7& @ Zﬁc aR > 1,
and in the same way, weakly bound states do not exist in dimensions d > 3.

Remark 3 For the more singular interactions mentioned in the above remarks
the weak coupling behavior may look differently. A curve in R?® may have no
bound states if it too short or the interaction is too weak [18]. The §’ interaction
supported by a planar loop is more interesting as the result depends here on
the topology of the support. If I" is a loop a discrete spectrum is nonempty as
a simple variational argument shows, on the other hand, a non-closed curve
has no bound states if the coupling is weak enough [33].

2.3 Geometrically induced bound states

The above results may seem predictable because H,, r is after all nothing but
a Schrodinger operator. What could be more surprising is that the geometry
itself may induce a discrete spectrum. As an example, consider the case d = 2
and suppose that I' is an infinite curve. We have mentioned above that if the
latter is a line, the spectrum is purely essential, o(—As,4) = [—ioﬂ, 00). Let us
now look what a geometric perturbation could do. To be specific, we consider
a non-straight, piecewise C-smooth curve I' : R — R? parameterized by its

arc length?, |I'(s) — I'(s")| < |s — §|, assuming in addition that

2 With an abuse of notation, we employ here and in the following the same symbol for
the interaction support as a set as well as for the function that parametrizes it.
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— |I'(s) = I'(s")| > ¢|s — §| holds for some ¢ € (0,1)
— I is asymptotically straight: there are d > 0, u > % and w € (0,1) such

that
[I'(s) — I'(s")]

s — 5|
holds in the sector S,, := {(s,'): w < & <w™'}.

1 — Sd[1+‘8+8/|2u]*1/2

Under these assumptions we have the following result [12]:

Theorem 1 0 (—As54) = [—2a?,00) and, in addition, —As . has at least

1

one eigenvalue in (—oo, —30?].

Sketch of the proof: The argument employs the (generalized) Birman-Schwinger
principle [21, Thm. 6.7] by which an eigenvalue —¢? with ¢ > 0 of —A; , exists

iff Rg % =1 where ’Rg r is integral operator on L?*(R) with kernel

R, pls,8') = 3= Ko(¢IT(s) = I(s))

The bending is regarded as a perturbation of the straight line for which the
equation Ri ¥ = 9 is of a convolution type and the spectrum of RC ris
easily found to be [0, 5¢]. The crucial observation is that, in view of the free
resolvent kernel properties, this perturbation is sign definite, and furthermore
in view of our asymptotic straightness assumption it is compact. Thus the
spectrum of RC r for the non-straight I" extends above 5z but the added part
may consist of 1solated eigenvalues only. It is easy to check that those depend
continuously on ¢ and tend to zero as ¢ — oo, hence there is a value ¢ > -

at which such a curve crosses the value one. |

Geometrically induced bound states exist in other situations too, let us
briefly recall some presently known results:

— the above result and its extensions mentioned below have implications for
more complicated Lipschitz partitions: if I’ O I' holds in the set sense, then
we have H_ < H, r. If the essential spectrum thresholds are the same —
which is often easy to establish — then ogisc(H,, 1) # 0 holds whenever the
same is true for oqisc(Ha,r)

— in higher dimensions the situation is more complicated. For smooth curved
surfaces, I' C R3, an analogous existence result is proved in the strong
coupling asymptotic regime, a — oo, only [16]

— on the other hand, we can mention the example of a conical surface of an
opening angle 6 € (0, %w) in R3, where for any constant a > 0 we have
Oess(—As.o) = Ry and an infinite numbers of eigenvalues below —%aQ
accumulating at the threshold [5]

— moreover, the above result remains valid for any local deformation of the
conical surface. We also know the accumulation rate for conical layers: by
[36] it is

cot 6

N 142 p(~Asa) ~ Zp=IE|, B = 04,

and a similar result also holds for non—cylmdmcal cones [37]
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— on the other hand, the result is again dimension-dependent: for a conical
surface in RY, d > 3, we have ogisc(—As.4) = 0, cf. [36]

— for Schrédinger operators with ¢’ interaction mentioned in Remark 1 above
one can often establish the existence of geometrically induced bound states
comparing them to —As o with the same I" and o := %, cf. [5]

3 Strong coupling asymptotics

Our next topic is the strong-coupling behavior of the discrete spectrum. The
main idea is that for large values of « the eigenfunctions are localized transver-
sally being concentrated in the vicinity of I" and the problem becomes effec-
tively (d — 1)-dimensional; the question is how are the geometric properties
of the support manifested. We have to adopt stronger regularity assumption.
Consider first a C* smooth curve in R? without ends and self-intersections,
either infinite or a closed loop. In the limit o — oo the j-th eigenvalue of H,
behaves as

1
Aj(a) = —Zozz—i—ﬂj—|—O(oz_11na)7 (4)
where p; is the j-th eigenvalue of the operator

— d 1 2
Sr =5 — 1 Als) 5)

on L?(I) where I refers to the arc-length parameter being either R or a finite
interval with periodic boundary conditions and k(s) is the signed curvature of
I' at the point s, cf. [27] or [10, Thm. 4.1].

Under similar hypotheses on smoothness and absence of boundaries im-
posed on a surface in R®, we have according to [16] the same asymptotic
expansion, (4), however, pu; is now the j-th eigenvalue of

Sp=-Ar+ K- M?, (6)

where —Ap is the Laplace-Beltrami operator on I' and K, M, respectively, are
the corresponding Gauss and mean curvatures of the surface.

Let us recall the technique which allows one to derive these results. It
has three essential ingredients. The first is Dirichlet-Neumann bracketing [41,
Sec. XIII.15]: we impose additional boundary conditions at the boundary X,
of the tubular neighborhood of I" of the halfwidth a. This yields a two-sided
bound on —A;, and we have only to care about the neighborhood part be-
cause we are interested in the negative spectrum and the Dirichlet/Neumann
Laplacian in the remaining part of R? is positive.

In the second step one uses inside the tubular neighborhood the natural
curvilinear coordinates, sometimes named after Fermi, and estimates the co-
efficients to squeeze the operator between those with separated variables. For
a curve in R?, e.g., they are

Hf, =Ufe@l+1®Tf

a,o
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where )

o d
Uf = (1 F allnll) > g+ Vals)
with periodic b.c. in the case of a loop, where V_(s) < —1£2(s) < Vi (s) with
an O(a) error. In other words, the UF are O(a) close to Sr. The transverse
operators, on the other hand, are associated with the forms

tralf) = [ 1F P du-alsO)P
and t,,[f] = t2.[f] = [kl (lf(a)* + |f(—a)|?) defined on Hj(—a,a) and
H'(—a,a), respectively. We observe that for large values of o the presence of
the boundaries causes just an exponentially small error:

Lemma 1 There is a positive cy such that Tia has for a large enough a
single negative eigenvalue, being a negative square of Cg;a satisfying

a2

I (1 +cn e_‘m/2) <(ha <-—

2 2
% <(l.< —% (1 — 8e‘a“/2>
In the final step we relate the neighborhood halfwidth with the coupling con-
stant choosing a = 6a~!Ina which yields the result. In the dimension three
the argument proceeds in the similar way, the only difference is that we cannot
‘straighten’ the layer neighborhood fully, the geometry of surface I' remains
to be present in the Laplace-Beltrami operator [16].

The technique sketched above works in a number of other situations:

— instead of a loop or an asymptotically straight curve one can consider
periodic manifolds, connected or disconnected; the asymptotic expansion
analogous to (4) can be then derived for the fibre (Bloch) eigenvalues,
cf. [10, Secs. 4.3 and 4.4] for details

— in a similar way one can treat two-dimensional loops in a magnetic field
perpendicular to the plane, where the role of the quasimomentum is played
by the magnetic flux through the loop, cf. [10, Sec. 4.5]

— one can also derive asymptotic expansions for interactions supported by
curves in R? mentioned in Remark 2. In that case the divergent first term in
(4) is replaced by 4 e2(=2ma+¥(1) where —)(1) &~ 0.577 is Euler-Mascheroni
constant, i.e. the eigenvalue of a two-dimensional point interaction, cf. [2,
Chap. I.5] and [10, Thm. 4.2]; recall that the strong coupling regime means
in this case the limit @« — —oco

— with a small modification one can also derive in this way asymptotic ex-
pansions for the ¢’ interactions mentioned in Remark 1, cf. [13,14]. The di-
vergent term in this case replaced by —% and the error term is O(8|1n g|),
recall that weak coupling here means the limit 5 — 0

On the other hand, the described technique is of limited use in the situation
when I' has a boundary as, for instance, a finite curve in the plane. The
reason comes from the Dirichlet and Neumann conditions which now have to
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be imposed also on the ‘lids’ of the tubular neighborhood I',. As a result we
get an estimate in which the comparison operator (5) appears with different
boundary conditions which is sufficient to estimate asymptotically the number
of etgenvalues but it is too rough to pinpoint each of them separately. A
natural conjecture is that the ‘correct’ boundary conditions for (5) are in this
respect Dirichlet. It appears that it indeed the case [25]:

Theorem 2 Suppose that I' is a C* smooth open arc in R? of length L with
regular ends, i.e. there is neighborhood in which the curve can smoothly ez-
tended. Then the strong-coupling expansion of the j-th negative eigenvalue of
Ha,F 18

In

1
)\j(a):—ZaQ—l—uj—i-(’)(T) as a — 00, (7)

where ; is the j-th eigenvalue of operator (5) on L?(0, L) with Dirichlet b.c.

Sketch of the proof: We employ again a bracketing. The upper (Dirichlet)
bound works as before, while for the lower (Neumann) we use the fact that I
has by assumption regular ends. This allows us to take an ‘extended’ tubular
neighbourhood, at each endpoint longer by a := gln a. The trouble is that now
we loose the advantage of variable separation and the task is to show that the
Neumann condition imposed at this distance from the curve endpoints will
have an effect which can be included into the error term.

The way to find such an estimate presented in [25] is based on the (gen-
eralized) Birman-Schwinger principle mentioned in the proof of Theorem 1
above. It says, in particular, that the eigenfunction of H,  corresponding to
an eigenvalue \; = —(7 can be written as

0i(@) = 5= [ KolGle =T £, ds.

where f; is the corresponding eigenfunction of the Birman-Schwinger oper-
ator acting on L?(I',ds) ~ L?(0,L); the claim of the theorem then follows
from simple geometric estimates combined with the exponential decay of the
Macdonald function K at large distances. O

In a similar vein one can treat surfaces with a boundary. Let I' C R® be
a C*-smooth relatively compact orientable surface with a compact Lipschitz
boundary 9I". In addition, we suppose that I' can be extended through the
boundary, i.e. that there exists a larger C*-smooth surface Iy such that I" C
I's. As in the case when the boundary is absent we consider the operator
Sp = —-AR+K—M? where — AR is Laplace-Beltrami operator on I", now with
Dirichlet condition at 9", and K, M, respectively, are again the corresponding
Gauss and mean curvatures.

We denote eigenvalues of this operator as ujD , J € N, then we have [9]:

Theorem 3 Let I" be as above, then for a fived j € N the asymptotic expansion

1
Aj(Ha}F):—1a2+MjD+0(1) as o — oo
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is valid. If, in addition, I' has a C? boundary, then the remainder estimate
can be replaced by (’)(ofl In a).

Sketch of the proof: As in the previous case, the upper bound is easy because
one can take a layer neighborhood of the surface I' itself and impose the
‘correct’, that is, Dirichlet conditions at its boundary. Using then an estimate
with separated variables, we get the result. The lower bound can be done in
two different ways. One is to construct an explicit family of operators, cf. [9] for
details, using the projection to the lowest transverse mode and its orthogonal
complement, and to employ its monotonicity to prove the convergence. This
gives the result but without an explicit error term; the advantage is that it
requires the Lipshitz property for OI" only. An alternative is to use the same
idea as for the curves with ends based on Birman-Schwinger principle. This
yields an error term, but since the boundary is a more complicated object now,
we have to require a C? smoothness in order to be able to perform the needed
geometric estimates. O

4 Robin billiards

Let us now pass to our second topic, the motion in a finite region C R? with a
mixed boundary conditions imposed on the boundary, for the sake of brevity
we speak of ‘billiards’ with Robin boundary. We start with the two-dimensional
situation. Let thus {2 be an open, simply connected set in R? with a closed
C* Jordan boundary 02 =T":[0,L] > s+ (I',I%) € R?, with : [0, L] = R
being the signed curvature of I'. We consider the boundary-value problem

of

—Af=Af nQ, L=
f=Af i@, 2

Bf onl, (8)
with 8 > 0, where % is the outward normal derivative. The corresponding
self-adjoint operator Hg is associated with the quadratic form

golf] = IV £ 250 — B / IORE (9)
I

defined on Dom(gp) = H'(12).
The spectrum of Hpg is purely discrete, as before we are interested in the
behavior of the eigenvalues as f — oco. We consider again the operator S :=
d? 1

—£5 — 1K%(s) on L*(0, L) with periodic b.c., and furthermore, we introduce

the symbols k* = max k(s) and k. = %nu} k(s). It may seem that the quadratic
0,L

) 3

forms (3) and (9) are closely similar to each other and that the previous results
might be easily translated to the previous situation. However, more caution is
needed. A naive use of the technique that led to the expansion (4) yields only
a much weaker result,

log 3
B

log 3
B

—(ﬁ+%*)2+un+0( )SAn(B)S—(ﬁJr%)ZJFMﬁO( )-
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The reason is that passing to the curvilinear coordinates in the vicinity of
the boundary we get in the one-sided case a boundary term containing x. If
we want estimates with separated variables we have to employ rough bounds
with £* and k.. However, the lower bound can be improved by a variational
technique [24]; this yields at least the first two terms in the expansion:

Theorem 4 In the asymptotic regime 3 — oo the j-th eigenvalue behaves as
Aj(B) = =B — "B+ O(82°).

This result can be further improved in several directions, in particular, one
can extend it to higher dimensions [38]:

Theorem 5 Let Hg be the Robin Laplacian in an open, connected domain
2 C R d>2. Its j-th eigenvalue behaves in the limit f — oo as

Ni(B) = =B+ E;(—As — B(d—1)H) + O(log B) ,

where the second term is the j-th eigenvalue of the indicated operator; here
—Ag is the Laplace-Beltrami operator on S := 02 and H is the mean curva-
ture of the boundary, (d — 1)H = k1 + -+ + kq—1. In particular, if 2 has a
compact C? boundary, then the second term is given by the mazimum of H,

)\J(B) = _52 - ﬁ(d - ].)Hmax + O(B) :

The error term can be further improved if 92 is more regular [38] but it
still does not distinguish between individual eigenvalues. This result also il-
lustrates well the difference between the one- and two-sided situation. Take
d = 3, then in the Robin case the next-to-leading-order term is linear in the
coupling parameter and the ‘effective potential’ is given by the mean curva-
ture only, while for Schrodinger operators considered in the previous sections
the next-to-leading term is independent of the coupling and the potential is a
combination of Gauss and squared mean curvatures, K — M?2.

In the two-dimensional situation, the asymptotic expansion can be under
stronger assumptions improved to pinpoint individual eigenvalues [30]:

Theorem 6 Consider 2 C R? with a C* smooth boundary, possibly infinite.
Suppose that the curvature K attains its marimum Kmax 6t a unique point,
and the mazimum is non-degenerate, i.e. ko := —x"(0) > 0. Then for any
positive j there exists a sequence {(; ;j} such that, for any positive M, the j-th
eigenvalue has for 8 — oo the following asymptotic expansion

1—

BIT 41877 o(1).

A M
Aj(B) = =% = fmaxB + (27 = D\ 1812 + 3G
=0

Let us now make a short detour and show that a part of these results can be
extended to monlinear eigenvalue problems, specifically to the question about
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the spectral bottom of the p-Laplacian with Robin boundary conditions, that

is
ou
—Apu = AlulP"?u in 2, \Vu\p_Q% = BlulPu at 912,
where A, is the p-Laplacian, Ayu =V - (|[Vu[P~2Vu), and n is the outer unit
normal. We ask about the smallest A satisfying the above equation, i.e.

VulP dz — rd
N2p 3= nt  JolVAT P lag i do
0AueW Lp(2) Jo lulP dz

We call a domain 2 C R?, d > 2, admissible if

— the boundary 92 is C*!, i.e. is locally the graph of a function with a
Lipschitz gradient

— the principal curvatures of 92 are essentially bounded

— the map 992 x (0,6) 3 (s,t) — s —tn(s) € {x € 2 : dist(z,012) < 6} is
bijective for some § > 0

The mean curvature H of 0f2 is, as above, the arithmetic mean of the principal
curvatures, and we set Hpax = Hpax(2) := supess H. Then we have the
following result [35]:

Theorem 7 For any admissible domain 2 C R d > 2 and any p € (1,00)
we have

A(2,p,8) = =(p = 1)B” ™D — B(v — 1) Hnax (2) + o(8)

as 8 — oo.

Remark 4 Before proceeding further, let us stress that these asymptotic re-
sults hold only for the ‘attractive’ boundary condition, i.e. 8> 0 in (9). In the
‘repulsive’ case, 8 — —oo, the behavior is completely different [28]: the eigen-
values approach those of the Dirichlet problem in {2 and the second term in the
expansion reflects the behavior of the corresponding Dirichlet eigenfunctions
on the entire boundary.

5 Asymptotic expansions for geometric perturbations

Returning now to singular Schrédinger operators, we note that the strong
coupling regime is not the only asymptotic problem the leaky structure can
offer. Let us turn to geometric perturbations. The simplest example is a broken
line I' = I'g, that is, two halflines meeting at the angle 7—f with a small 5 > 0.
Since o > 0 is fixed now, we drop it from the notation of Hy r, = —Aa 1y
writing it simply as Hr,, etc. By Theorem 1 this operator has eigenvalues, in
fact a single one for small enough 3, and by a simple scaling argument together
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with an analogy with bent Dirichlet tubes [21, Chap. 6] lead us to conjecture
that
1
MHry) = =70® +aB + o(8")

with some a < 0 as 8 — 0+. The question now is (a) what is the coefficient a,
and (b) whether a similar formula holds for more general slightly bent curves.

Let us first specify the class of curves we shall consider: I' will be a
continuous and piecewise C? infinite planar curve without self-intersections
parametrized by its arc length, i.e. the graph of a piecewise C?-smooth func-
tion I : R — R? such that |I'(s)| = 1. Moreover, we suppose that

— there exists a number ¢ € (0,1) such that |I'(s) — I'(s')| > ¢|s — §'| holds
for s, € R,

— there are real numbers s; > so and straight lines Y;, ¢ = 1,2, such that I"
coincides with Xy for s > s; and with X5 for s < so,

— one-sided limits of I" exists at the points where the function 4 is discon-
tinuous.

In particular, the signed curvature x(s) = I5(s)I(s) — I (s)I%(s) is piecewise
continuous and the one-sided limits of I, i.e. tangent vectors to the curve at
the points of discontinuity exist. We denote them as II = {pz}fgl and shall
speak of them as of vertices. Consequently, I" consists of §II 4+ 1 simple arcs or
edges, each having as its endpoints one or two of the vertices. The curvature
integral describes bending of the curve. Specifically, the angle between the
tangents at the points I'(s) and I'(s") equals

o5, = S clps) + / () iy,

pi€(s,8") (s,s")\IT

where ¢(p;) € (0, 7) is the exterior angle of the two adjacent edges of I meeting
at the vertex p;. Alternatively, we can understand ¢(s, s’) as the integral over
the interval (s,s") of & : R(s) = K(s) + >, c(p)d(s — p). By assumption
K, k are compactly supported, thus ¢(s, s’) has the same value for all s < sy
and s; < s’ which we shall call the total bending. What is important, one can
reconstruct I” from k, uniquely up to Euclidean transformations, by

I(s) = (/0 cos é(u, 0) du,/os sin ¢ (u, 0) du) .

Now we introduce the one-parameter family of ‘scaled’ curves I,

Ty(s) = ( /O " cos f(u,0) du, /0 S sin6¢><u,0)>du) . 18l€ (0,15

note that depending on (non)vanishing of the total bending of I" the limit
B8 — 04 may have a different meaning, which one might characterize as
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‘straightening’ or ‘flattening’, respectively. To state the main result, we de-
fine next an integral operator A : L%(R) — L2(R) through its kernel,

4 s 2 s
AGs, ) i= oI (S1s - ) <|s—s'|1 ([ om) - [ dn> ,

which has the following property [19]:

Lemma 2 Under the stated assumptions, we have [, p A(s,s")dsds’ < oo.
Now we are in position to state the weak-perturbation result [19]:

Theorem 8 There is a By > 0 such that for any 8 € (—Bo,0) U (0, 5y) the

operator Hr, has a unique eigenvalue N(Hr,) which admits the asymptotic
expansion

4

Sketch of the proof: We refine the technique used in the proof of Theorem 1
and employ again the generalized Birman-Schwinger principle noting that not
only —¢? with ¢ > Ja belongs to oqisc(Hr,) iff ker(I — R%ﬁ) # () but also
the dimensions of the latter and of ker(Hp, + ¢?) are the same. The formula

M) = ot = ([ Ass)dsas) st 0

(10) is then obtained by analyzing tge spectral behavior of R%ﬁ under the
perturbation; the above lemma ensures that the second term of the expansion
makes sense. (]

Ezxample 1 Let us return to the broken-line example mentioned in the opening
to this section. In this case A(s, s") can be found easily, it vanishes if s, s’ have
the same sign, being otherwise
4 !
e! ! |

A(s,s") = %K{) (5\5 - s'\)
where xo(-,-) is the characteristic function of the set {2, the union of the
second and fourth quadrant. The integral of A(s,s’) over the both variable

can be computed explicitly giving

—iOéQ — )\(Hpﬁ)

_1.2
T

|ss

!
5] xa(s, s,

= B o8 (11)

If we go one dimension higher the problem becomes more subtle because
then global properties of the interaction support play now role; recall that if I
is a (possibly locally deformed) conical surface in R? the discrete spectrum is
infinite however ‘flat’ the cone may be [5,37]. Let us thus restrict our attention
to locally deformed planes: consider I3 = I'3(f) C R® with 8 > 0 given by

Ig:= {(55171'27333) ER a3 = 5f(x17$2)} CR?,

where f: R? — R is a nonzero C?-smooth, compactly supported function and
ask how the spectrum of Hg behaves in the asymptotic regime, 5 — 0+. The
answer, obtained again using Birman-Schwinger analysis [20], brings to mind
the weak-coupling behavior of two-dimensional Schrédinger operators.
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Theorem 9 Let a > 0 be fized and set

203 A
Daf = /2 p|® <a2 ) |f(p)]2dp > 0,
R

VAP +alta

where f is the Fourier transform of f. Then #o04isc(Hg) = 1 holds for all suf-
ficiently small 8 > 0, and moreover, N(Hr,) admits the asymptotic expansion

167

1
)\(Hpﬁ) = —— a2 — exp <_W

: )om), a0+

6 Magnetic wedges

This section is devoted to a different problem, the existence of bound states
in the presence of a magnetic field with a particular geometry. To be specific,
consider a charged particle constrained to a wedge {24 of a opening angle
¢ € (0,7) with Neumann or Robin boundary and subject to a homogeneous
magnetic field perpendicular to the plane. The scale invariance of the wedge
allows us to assume without loss of generality that the field intensity B = 1.
This problem is of physical interest appearing as a model in the analysis of
the Ginzburg-Landau equation in the regime of superconductivity onset in a
surface, occurring when the intensity of an exterior magnetic field decreases
from a large, critical, value, cf. [32,39,40] and references therein.

Let us first introduce the operator of interest. To begin with, we employ
the circular gauge choosing the vector potential A: R? — R? as

1
Ay, m2) = 5(—$2,$1)T, z=(z1,72) € R?,
and define the associated magnetic gradient, V 4 := iV 4+ A, and the magnetic
first-order Sobolev space H(§2). On the latter we define the (closed, densely
defined, and semi-bounded) quadratic form

HA(2) 3w blu) = | VaulTzg.ez — BlulrlZar (12)

which is a magnetic generalization of (9). To keep track of the parameters, we
denote b for £2 = 2, by hr 4 5. It is useful to consider at the same time 2 = R?
where (12) is a magnetic generalization of (3) when we will write s 4 g; the
analogous symbols will employed for the associated self-adjoint operators. In
particular, Hy ¢ := HR 4,0 is the magnetic Neumann Laplacian on the wedge
24, and H; 4 g is the magnetic Schridinger operator with a d-interaction sup-
ported on the broken line I" supported on the broken line I" (in the notation
of previous section we would write I' = I';_g ).
Let us first recall what is known and expected:

— the quantities O g := inf oess(Hp p.5) and Osg = inf oess(Hs 6, 8) are
independent of the aperture ¢
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5

=&
;

\/F D minxe(o,m) P¢,5 (X) >0
. minxe(g,w) P¢_;3 (X) <0
¢, =0.5097

3.0

Fig. 1 The discrete spectrum of the Robin wedge is nonempty in the shaded region

— in the Neumann case we have @) := Oy g =~ 0.5901

— there is a conjecture [40] saying that ogisc(Hn,4) N (0,600) # 0 holds for
any aperture ¢ € (0, )

— this conjecture is proven for ¢ < I, cf. [40], the unpublished thesis [7]
extends this result to apertures ¢ < 0.5117

— in the nonmagnetic case a Neumann wedge obviously has empty discrete
spectrum, in contrast, Robin wedges and leaky broken lines have bound
states, see [23] and Theorem 1 above

While we are not able to prove the above conjecture, our aim is to enlarge
the range of parameters in which the answer to the question is affirmative.
The method we employ is variational. First we take a simple trial function

u(r, 0) = emar’/2 exp (icr [ee — e¢_0]) , a,c>0,

expressed in the polar coordinates (r,6); in contrast to earlier studies it con-
tains the angular-dependent coefficient in the imaginary exponent. Evaluating
the quadratic form for fixed ¢ € (0,7) and 8 € R we arrive, cf. [22], at the
fourth-order polynomial Py g(z),

Py 5(z) := 2" (2¢ — mtanh (3¢)) — 80k spa”® — 168y/mx + 8¢; (13)

if minge (0,00) Pyp,p(x) < 0, then ogise(Hr,¢,8) N (—00,Or ) # 0 holds. Plotting
the (¢, 8)-plane we get a graphical solution to the condition shown in Fig. 1.
Note that this yields the existence of a bound state below the threshold of the
essential spectrum also for the repulsive boundary, 5 < 0 with small absolute
value, which cannot happen without the magnetic field. Furthermore, one can
make the following conclusion:

Proposition 2 For any wedge aperture ¢ € (0,4/7), that is, ¢ < 0.564m,
odisc(HR,¢,3) N (—00,Or,g) # 0 holds for all 8 > 0 large enough.
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From the physical point of view, however, the Neumann case, § = 0, is
the most interesting, and there the indicated variational argument yields the
sufficient condition ¢ < 0.5097, slightly worse than < 0.5117 obtained in [7].

To get a better result we use a more sophisticated trial function,

N
uy(r,0) = e~ /2 oxp (inkbk(9)> , NeN,
k=1

with the parameter a > 0 and arbitrary real-valued functions by, € C*°([0, ¢]),
k = 1,2,...,N. Using functional derivative we can get an optimal choice
of {bk}ff:l by solving an appropriate system of linear second-order ordinary
differential equations on the interval [0, ¢] with constant coefficients. In par-
ticular, for N = 2 we arrive at the following conclusion [22]:

Theorem 10 Let s := /9 — 27, p12 := %, and vy o = 7%' If

¢ € (0,7) is such that

20507 [2(;55 — 122 {1/1 tanh (%,ulgb) + v tanh (%uggi)) }] S , (14)

then oaisc(Hn,p) N (—00, ) # 0.

Numerical analysis of (14) yields now the existence of at least one bound state
for all ¢ < 0.583, which is an improvement with respect to [7]. In principle
one could proceed to larger values of N but it becomes more difficult to execute
the functional derivative optimization rigorously. Using the above Ansatz with
N = 4 we get numerically ¢ < 0.5957; we expect that the present method is
not likely to work beyond ¢ 2 0.6, still far from the ‘full’ conjecture.
Finally, let us mention briefly a related problem, bound states of the
Schrédinger operator with § interaction on a broken line, now in presence
of a homogeneous magnetic field. Here we can make the following claim [22]:

Theorem 11 Let ¢ € (0,7) and B > 0 be fived, and let further Fy g(-) be
defined by

4

Foploy) =1+ 5 — 22655 — fom e 0 1y erf ()

If inf, ye0,00) Fo,8(2,y) <0, then oaisc(Hs,, ) N (—00,055) # 0.

Sketch of the proof: We change the gauge, or equivalently, we rotate and shift
the broken line I" by the angle 7/4 — ¢/2 counterclockwise and shift it by the
vector (—c, —c) T, where ¢ > 0 is a parameter to be determined. Using the trial
function given in the polar coordinates (r,6) by

u(r,8) := e=ar’/2 , a>0,

we get the sought statement after analytical optimization with respect to the
parameters a,c > 0. O
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o
2

[ infxye(e) Fop(xy) >0

W infyyee) Fop(xy) <0

Fig. 2 The discrete spectrum of the Schréodinger operator refers to the shaded region

A graphical solution to the above condition is shown on Fig. 2. We see that
bound states always exist provided the shape of I is sharp enough, ¢ < %77.
At the same time, the result expressed by Theorem 11 is far from optimal.
In particular, it is natural to expect that for weak magnetic fields (which by
scaling correspond to large values of ) the bound states will survive even in
situation close to the straight line, ¢ = 7.

7 Conclusions

Despite a number of results achieved in this area recently, many questions
remain open. Let us mention briefly some of them:

— The asymptotic expansions in Sec. 3 were derived under relatively strong
regularity requirements to the interaction support I'. It is obvious that they
cannot hold, say, if the latter is not smooth; one is interested what could
replace them is such situations. More generally, an open problem concerns
the strong-coupling behavior in situations when I' has a more complicated
topology, for instance, that of a branched graph.

— In particular, consider the operator —A, ; where I" is a graph with some
edges semiinfinite and asymptotically straight and oess(—Aa,r) = [-3a?,00).
As we have seen above in such situation we often have ogisc(—Aaq,r) # 0 for
« > 0. The natural question motivated by the analogous problem in quantum
waveguides [21] concerns the behavior of the ‘renormalized’” operator —A, r+
%aQ as a — oo, particular, the existence of the limit in the operator-norm

sense. Motivated by [1,8,29] we propose

Congecture 1 The said limit, denoted as —A'S", exists if —A, r has a thresh-
old resonance for some a > 0. It satisfies ogisc(—A%") = 0 but a nonempty



18 Pavel Exner

discrete spectrum of the limiting operator could be achieved if we change si-
multaneously the geometry of I" in a suitable way.

— Scattering theory for leaky wires have been so far worked out only in par-
ticular cases such as I" being a local deformation of a straight line in R? [17].
For sufficiently smooth curves we expect that in the strong-coupling behavior
of the scattering matrix the one-dimensional character will be dominant:

Conjecture 2 Let I' be a C*-smooth and asymptotically straight planar curve.
The on-shell scattering matrix X, (k) at energy k? satisfies X p(k—1a?) —
Ys, (k) as a — oo, where Xg,. (k) is the on-shell scattering matrix referring to
the one-dimensional comparison operator (5).

— Concerning Robin billiards, the only result known so far which makes it
possible to distinguish individual eigenvalues is Theorem 5. If the global maxi-
mum of the curvature is not unique, one has to consider tunneling between the
corresponding ‘potential wells’ in the way analogous to the multi-well problem
in the usual Schrodinger operator theory [31]. To extend the result of Theo-
rem 5 to higher dimensions, one would have to address the known problem of
frequency commensurability of the harmonic oscillator approximation at the
bottom of the effective potential [3].

— Validity of the magnetic wedge conjecture is another important open ques-
tion, together with the analogous problem for magnetic Schréodinger operators
with a broken ¢ line (and more general supports). In the latter case we do not
even have a numerical hint that motivates the conjecture in [40]; one could
guess that a sufficiently strong magnetic field may destroy weakly bound states.

— Another open problem concerns for periodic manifolds. One naturally expects
that the spectrum of —A, p with I" periodic in d’ directions, 0 < d’ < d, would
be absolutely continuous, but only a partial result is known, or a similar claim
in the situation when the geometry of I" is trivial but the coupling strength is
a periodic function, cf. [11] and references therein.

— The list may continue but we prefer to stop here with the hope that we
managed to convince the reader that the subject of this survey is interesting
and it offers still many challenges.

Acknowledgements Our recent results discussed in this survey are the result of a common
work with a number of colleagues, in the first place Jaroslav Dittrich, Sylwia Kondej, Chris-
tian Kiithn, Vladimir Lotoreichik, Konstantin Pankrashkin, and Axel Pérez-Obiol whom I
am grateful for the pleasure of collaboration. The research was supported by the Czech
Science Foundation (GACR) within the project 17-01706S. Thanks also go to the referee for
careful reading of the manuscript.

References

1. S.A. Albeverio, C. Cacciapuoti, D. Finco, Coupling in the singular limit of thin quantum
waveguides, J. Math. Phys. 48, 032103 (2007)



Singular Schrédinger operators and Robin billiards 19

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

S. Albeverio, F. Gesztesy, R. Hgegh-Krohn, H. Holden, Solvable Models in Quantum
Mechanics, 2nd edition; AMS Chelsea Publishing, Providence, R.I. (2005)

A.Yu. Anikin, S.Yu. Dobrokhotov, M.I. Katsnel’son, Lower part of the spectrum for
the two-dimensional Schrédinger operators with periodic in one variable potential and
applications to quantum dimers, Teoret. Mat. Fiz. 188, 288-317 (2016)

. J.-P. Antoine, F. Gesztesy, J. Shabani, Exactly solvable models of sphere interactions

in quantum mechanics, J. Phys. A: Math. Gen. 20, 3687-3712 (1987)

. J. Behrndt, P. Exner, V. Lotoreichik, Schrodinger operators with d-interactions sup-

ported on conical surfaces, J. Phys. A: Math. Theor. 47, 355202 (2014)

. G. Berkolaiko, P. Kuchment, Introduction to Quantum Graphs, xiii + 270 p.; AMS,

Providence, R.I. (2013).

. V. Bonnaillie, Analyse mathématique de la supraconductivité dans un domaine 4 coins:

méthodes semi-classiques et numériques, Thése de doctorat, Université Paris XI, Orsay
(2003)

. C. Cacciapuoti, P. Exner, Nontrivial edge coupling from a Dirichlet network squeezing;:

the case of a bent waveguide, J. Phys. A: Math. Theor. 40, F511-F523 (2007)

. J. Dittrich, P. Exner, Ch. Kithn, K. Pankrashkin, On eigenvalue asymptotics for strong

d-interactions supported by surfaces with boundaries, Asympt. Anal. (2016) 97, 1-25
(2016)

P. Exner, Leaky quantum graphs: a review, in Proceedings of the Isaac Newton Institute
programme “Analysis on Graphs and Applications”, AMS “Proceedings of Symposia in
Pure Mathematics” Series, vol. 77, Providence, R.I.; pp. 523-564 (2008)

P. Exner, R. Frank, Absolute continuity of the spectrum for periodically modulated
leaky wires in R®, Ann. Henri Poincaré 8, 241-263 (2007)

P. Exner, T. Ichinose, Geometrically induced spectrum in curved leaky wires, J. Phys.
A: Math. Gen. 34, 1439-1450 (2001)

P. Exner, M. Jex, Spectral asymptotics of a strong ¢’ interaction on a planar loop, J.
Phys. A: Math. Theor. 46, 345201 (2013)

P. Exner, M. Jex, Spectral asymptotics of a strong §’ interaction supported by a surface,
Phys. Lett. A378, 2091-2095 (2014)

P. Exner, S. Kondej, Curvature-induced bound states for a § interaction supported by
a curve in R3, Ann. H. Poincaré 3, 967-981 (2002)

P. Exner, S. Kondej, Bound states due to a strong § interaction supported by a curved
surface, J. Phys. A: Math. Gen. 36, 443-457 (2003)

P. Exner, S. Kondej, Scattering by local deformations of a straight leaky wire, J. Phys.
A: Math. Gen. 38, 4865-4874 (2005)

P. Exner, S. Kondej, Hiatus perturbation for a singular Schrédinger operator with an
interaction supported by a curve in R3, J. Math. Phys. 49, 032111 (2008)

P. Exner, S. Kondej: Gap asymptotics in a weakly bent leaky quantum wire, J. Phys.
A: Math. Theor. 48, 495301 (2015)

P. Exner, S. Kondej, V. Lotoreichik, Asymptotics of the bound state induced by 0-
interaction supported on a weakly deformed plane, J. Math. Phys. 59, 013051 (2018)
P. Exner and H. Kovaiik, Quantum Waveguides, zxii + 382 p.; Springer International,
Heidelberg (2015)

P. Exner, V. Lotoreichik, A. Pérez-Obiol, On the bound states for magnetic Laplacians
on wedges, Rep. Math. Phys. (2018), to appear; arXiv:1703.03667

P. Exner, A. Minakov, Curvature-induced bound states in Robin waveguides and their
asymptotical properties, J. Math. Phys. 55, 122101 (2014)

P. Exner, A. Minakov, L. Parnovski, Asymptotic eigenvalue estimates for a Robin prob-
lem with a large parameter, Portugal. Math. 71, 141-156 (2014)

P. Exner, K. Pankrashkin, Strong coupling asymptotics for a singular Schrédinger op-
erator with an interaction supported by an open arc, Comm. PDE 39, 193-212 (2014)
P. Exner, J. Rohleder, Generalized interactions supported on hypersurfaces, J. Math.
Phys. 57, 041507 (2016)

P.Exner, K.Yoshitomi, Asymptotics of eigenvalues of the Schrédinger operator with a
strong d-interaction on a loop, J. Geom. Phys. 41, 344-358 (2002)

A.V. Filinovskiy, On the asymptotic behavior of eigenvalues and eigenfunctions of the
Robin problem with large parameter, J. Math. Model. Anal. 22, 37-51 (2017)



20

Pavel Exner

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

D. Grieser, Spectra of graph neighborhoods and scattering, Proc. London Math. Soc.
97, 718-752 (2008)

B. Helffer, A. Kachmar: Eigenvalues for the Robin Laplacian in domains with variable
curvature, Trans. AMS 369, 3253-3287 (2017)

B. Helffer, K. Pankrashkin, Tunneling between corners for Robin Laplacians, J. London
Math. Soc. 91, 225-248 (2015)

H. Jadallah, The onset of superconductivity in a domain with a corner, J. Math. Phys.
42, 4101-4121 (2001)

M. Jex, V. Lotoreichik, On absence of bound states for weakly attractive §’-interactions
supported on non-closed curves in R2, J. Math. Phys. 57, 022101 (2016)

S. Kondej, V. Lotoreichik, Weakly coupled bound state of 2-D Schrédinger operator
with potential-measure, J. Math. Anal. Appl. 420, 1416-1438 (2014)

H. Kovaiik, K. Pankrashkin, On the p-Laplacian with Robin boundary conditions and
boundary trace theorems, Calc. Var. PDE 56, 49 (2017)

V. Lotoreichik, T. Ourmiéres-Bonafos, On the bound states of Schrédinger operators
with d-interactions on conical surfaces, Comm. PDE 41, 999-1028 (2016)

T. Ourmieres-Bonafos, K. Pankrashkin, Discrete spectrum of interactions concentrated
near conical surfaces, Appl. Anal., to appear; arXiv:1612.01798

K. Pankrashkin, N. Popoff, An effective Hamiltonian for the eigenvalue asymptotics of
the Robin Laplacian with a large parameter, J. Math. Pures Appl. 106, 615-650 (2016)
N. Popoff, The model magnetic Laplacian on wedges, J. Spect. Theory 5, 617-661 (2015)
N. Raymond, Bound States of the Magnetic Schrdinger operator, EMS Tracts in Math-
ematics, Ziirich (2017)

M. Reed, B. Simon, Methods of Modern Mathematical Physics, IV. Analysis of Opera-
tors, Academic Press, New York (1978)



