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UPPER BOUNDS FOR COURANT-SHARP NEUMANN AND ROBIN
EIGENVALUES

BY KATIE GITTINS & CORENTIN LENA

ABSTRACT. — We consider the eigenvalues of the Laplacian, with a Neumann or Robin
boundary condition, on an open, bounded, connected set in R” with a C? boundary.
We obtain upper bounds for the eigenvalues that have a corresponding eigenfunction
that achieves equality in Courant’s Nodal Domain theorem. In the case where the set
is also assumed to be convex, we obtain explicit upper bounds in terms of some of the
geometric quantities of the set.

RESUME (Majoration des valeurs propres Courant strictes de Neumann et Robin). —
Nous considérons les valeurs propres du laplacien sur un ouvert borné connexe de R™
4 bord C2, avec condition au bord de Neumann ou de Robin. Nous majorons celles
qui ont une fonction propre dont le nombre de domaines nodaux atteint la borne de
Courant (dites Courant strictes). Lorsque 'ouvert est convexe, nous présentons une
majoration explicite en fonction de grandeurs géométriques.

1. Introduction

1.1. Statement of the problem. — Let {2 be an open, bounded, connected set
in R™, n > 2, with a Lipschitz boundary 9f). Consider the Neumann Laplacian
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100 K. GITTINS & C. LENA

acting on L?(2) and note that it has discrete spectrum since €2 is bounded. The
Neumann eigenvalues of €2 can hence be written in a non-decreasing sequence,
counted with multiplicity,

0=p11(2) <pa() <+ <pp() <0

where the only accumulation point is +oo.

By Courant’s Nodal Domain theorem, any eigenfunction corresponding to
1k () has at most k nodal domains. If uy is an eigenfunction corresponding
to pux () with k nodal domains, then we call it a Courant-sharp eigenfunction.
In this case, we also call u(2) a Courant-sharp eigenvalue of Q.

The Courant-sharp property was first considered by Pleijel [15] in 1956 for
the Dirichlet Laplacian. In particular, Pleijel proved that there are only finitely
many Courant-sharp Dirichlet eigenvalues of a bounded, planar domain with a
sufficiently regular boundary. See [6, 14] for generalisations of Pleijel’s theorem
to higher dimensions and other geometric settings. Following from Pleijel’s
result, for a given domain, natural questions are, how many such eigenvalues
are there and how large are they?

The recent articles [5, 2] consider these questions and give upper bounds for
the largest Courant-sharp Dirichlet eigenvalue and the number of such eigen-
values in terms of some of the geometric quantities of the underlying domain.
In Theorem 1.3 of [5], the authors bound this number using the area, perimeter,
maximal curvature and minimal cut-distance to the boundary, for a set in R?
which is sufficiently regular but not necessarily convex (the cut-distance will
be defined in Section 3). In [2], such geometric upper bounds are obtained for
an open set in R™ with finite Lebesgue measure. In the case where the domain
is convex, the upper bound given in Example 1 of [2] could be expressed in
terms of the isoperimetric ratio of the domain. From this, one can deduce that
if the domain has a large number of Courant-sharp Dirichlet eigenvalues then
its isoperimetric ratio is also large.

It was shown recently in [10] that if € is an open, bounded, connected set
in R® with a C! boundary, then the Neumann Laplacian acting on L?(Q)
has finitely many Courant-sharp eigenvalues (we refer to [10] for a description
of prior results). As mentioned in [5], the aforementioned questions are also
interesting for the Courant-sharp eigenvalues of the Neumann Laplacian.

1.2. Goal of the article. — The aim of the present article is to obtain upper
bounds for the Courant-sharp Neumann eigenvalues in the case where 2 C R”
is open, bounded, and connected with a C2? boundary. In the case where ) is
also convex, we obtain explicit upper bounds for the Courant-sharp Neumann
eigenvalues of 2, and for the number of such eigenvalues, in terms of some
of the geometric quantities of 2. These results correspond to some of those
mentioned above for the Dirichlet case, with some additional hypotheses due
to the difficulties in handling the Neumann boundary condition.

TOME 148 — 2020 — N© 1
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We follow the same strategy that was used in [10]. This involves distinguish-
ing between the nodal domains of a Courant-sharp eigenfunction u for which
the majority of the L? norm of u comes from the interior (bulk domains) and
those for which the majority of the L? norm of u comes from near the bound-
ary (boundary domains), and then obtaining upper bounds for the number of
each type of nodal domain. In the first case, the argument used by Pleijel [15],
which rests upon the Faber-Krahn inequality, can be used as the eigenfunc-
tion in a bulk domain almost satisfies a Dirichlet boundary condition. For the
boundary domains, it is not possible to employ the same argument as Pleijel
as these nodal domains have mixed Dirichlet-Neumann boundary conditions so
the Faber-Krahn inequality cannot be employed. The strategy of [10] to deal
with the boundary domains is to locally straighten the boundary of the domain
Q) and then to reflect the nodal domain in order to obtain a new domain that
almost satisfies a Dirichlet boundary condition. One then has to compare the
L? norm of the gradient of an eigenfunction corresponding to a Courant-sharp
eigenvalue on the boundary domain to the L? norm of the gradient of the
reflected eigenfunction on the reflected domain. See Section 5.

We restrict our attention to Euclidean domains with a C? boundary. We
can then make use of tubular coordinates in order to set up and describe the
reflection procedure explicitly. This allows us to keep explicit control of the
constants appearing in the aforementioned estimates in order to obtain esti-
mates for the Courant-sharp Neumann eigenvalues.

In Proposition 7.1, we obtain an upper bound for the Courant-sharp Neu-
mann eigenvalues of € in terms of some of its geometric quantities. More
specifically, it depends on || the area of Q, p(2) the square-root of the isoperi-
metric ratio, ¢4 () the smallest radius of curvature of the boundary, and the
cut distance to the boundary (see Section 3 for precise definitions of the latter
quantities).

A simpler presentation of this upper bound is possible in the case where
Q) is convex, since one of the additional conditions in the general case is no
longer required (see Section 8). In addition, we obtain an upper bound for
the number of such eigenvalues by using the upper bound for the Neumann
counting function which is proved in Appendix A. In particular, we have the
following proposition.

PROPOSITION 1.1. — Let Q be an open, bounded, convezr set in R? with a C?
boundary. There exist constants C > 0 and C' > 0, that do not depend on €,
such that for any Courant-sharp eigenvalue iy (2),

8
o e
and
2
@) v o (e o).
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102 K. GITTINS & C. LENA

We note that the left-hand side and right-hand side of Inequality (1) have
the same homogeneity with respect to scaling, and that Inequality (2) is scaling
invariant. In addition, in Section 8, we obtain an upper bound for the Courant-
sharp Neumann eigenvalues which also depends upon the diameter of (2.

By Proposition 1.1, we then observe that if Q is a sufficiently regular convex
set with a large number of Courant-sharp eigenvalues, it has a large isoperi-
metric ratio or a large curvature at some point of its boundary (or both). If
we additionally assume that 1z () is large compared with |Q[t, (2)~%, we can
conclude that the isoperimetric ratio is large. We note that a large isoperi-
metric ratio is enough to generate a large number of Courant-sharp Neumann
eigenvalues. Indeed, this is the case for a rectangle (0,1) x (0, L) with large L.
By contrast, to the best of the authors’ knowledge, it is not known whether a
boundary point with large curvature alone can generate many Courant-sharp
eigenvalues. It could be interesting to investigate this further.

By ng, we denote the Laplacian on €2 with the following Robin boundary
condition

ou
— + fu =0 on 09,
ov
where % is the exterior normal derivative and 3 : 92 — R is a non-negative,

Lipschitz continuous function. We denote the corresponding eigenvalues by
(1 (92, 8))k>1. It was shown in [10] that there are finitely many Courant-sharp
eigenvalues of —Ag. By monotonicity of the Robin eigenvalues with respect
to 3, we obtain the same results for the Courant-sharp Robin eigenvalues (see
Subsection 2.2).

In addition, we obtain analogous results to those mentioned above for any
dimension n > 3, namely Propositions 9.2, 9.3 and 9.4 in Section 9.

1.3. Organisation of the article. — In Section 2, we show that in order to ob-
tain upper bounds for the largest Courant-sharp eigenvalue p, it is sufficient
to obtain upper bounds for the number of nodal domains and the remainder of
the Dirichlet counting function. Estimates for the latter are obtained in Sec-
tion 6. To deal with the former, we first consider the 2-dimensional case and
set up tubular coordinates in Section 3. Following [10], we then define cut-off
functions in Section 4 that allow us to distinguish between bulk and bound-
ary domains. In Subsection 5.1 we perform the straightening of the boundary
procedure and obtain the desired estimates. We then use these estimates in
Subsection 5.2 to obtain an explicit upper bound for the number of nodal do-
mains. In Subsection 5.3 and Subsection 5.4, by taking the geometry of the
domain into account, we improve the estimates from Subsection 5.1 in special
cases. We then combine all of the preceding results in Section 7 to obtain an
upper bound for the largest Courant-sharp eigenvalue. In Section 8, we obtain
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explicit upper bounds for the largest Courant-sharp eigenvalue and the num-
ber of Courant-sharp eigenvalues of an open and convex planar domain with a
C? boundary that involve some of its geometric quantities. In particular, we
prove Proposition 1.1. In Section 9, we obtain analogous results in arbitrary
dimension n > 3. In Appendix A, we prove an upper bound for the Neumann
counting function of a convex set, which is used in the two preceding sections
to control the number of Courant-sharp eigenvalues.

2. Preliminaries

2.1. Strategy for Courant-sharp Neumann eigenvalues. — For p > 0, we define
the Neumann counting function as follows:

NG () = #{k € N* 1 i (Q) < p}.

Let (Ax(€2))r>1 denote the Dirichlet eigenvalues of the Laplacian on €. By
the min-max characterisations of the Neumann and Dirichlet eigenvalues, we
have, for k € N*, that

(3) () < ().

For 1 > 0, we define the Dirichlet counting function:
NE (1) := #{k € N* = \e(Q) < pu},

and the corresponding remainder RE (1) such that

wn9)]
4 ND — 7 n/2 _ RD

( ) Q (/j/) (2,“_)”/1/ Q (M))

where w,, denotes the Lebesgue measure of a ball of radius 1 in R™, and the
first term in the right-hand side of Equation (4) corresponds to Weyl’s law. By

(3), we have
N (1) = NE (),

and therefore

Consider an eigenpair (p,u) for the Neumann Laplacian, and denote by
v(uw) the number of its nodal domains. If u is a Courant-sharp eigenfunction
associated with p > 0, p = pg () with v(u) = k. On the other hand, Courant’s
Nodal Domain theorem implies that ju;_1(2) < ui(Q), so that N (1) = k— 1.
We therefore have

(5) NG (1) = v(u) < 0.

Hence, in order to obtain upper bounds for p, we require upper bounds for
v(u) and RE (). These will be obtained in Sections 5, 6 respectively.

BULLETIN DE LA SOCIETE MATHEMATIQUE DE FRANCE



104 K. GITTINS & C. LENA

To obtain an upper bound for v(u), we follow the strategy of [10] in which
an important step is to straighten the boundary locally. By restricting our
attention to domains with a C? boundary, we can make use of tubular coordi-
nates to straighten the boundary which allow us to obtain the desired explicit
estimates in Subsection 5.1.

2.2. Application to Courant-sharp Robin eigenvalues. — Analogous arguments
to the above hold for the Robin eigenvalues (i (€2, 8))k>1. For u > 0, we define
the Robin counting function:

NG (n) == t{k € N* : (9, B) < i}
For k € N*, the Robin eigenvalues satisfy the following monotonicity property
with respect to 5 > 0:

P (2) < pa(S2, B) < Ak(),

where 8 = 0 gives rise to the Neumann eigenvalues and  — +o00 corresponds
to the Dirichlet eigenvalues. We then have

NS (1) > N& (),
and hence
wn |9
2m)n

NG (u) > 1"? — RE ().

—~

(See, for example, [10, Section 4]).

3. Tubular coordinates in 2D

We assume that n = 2, that is  C R?. For any r > 0, we define the inner
tubular neighbourhood of 092 with radius r:

o0 == {z € Q; dist(z,00Q) < r},
and its volume
7(r) := [0Q].

We now assume that € is simply connected (we consider multiply connected
domains in Subsection 5.3). Let v : [0, L] — R? be a closed, simple and C?
curve parametrised by arc length, such that 9Q = ([0, L]). In particular, L
is the total length of 9Q. For each s € [0, L], we write t(s) := 7/(s), the unit
tangent vector at v(s), and denote by n(s) the unit vector such that (t(s), n(s))
is a direct orthonormal basis. Up to reversing the orientation of the curve v, we
can assume that n(s) points towards the interior of Q. The signed curvature

of v at the point y(s) (relative to our choice of orientation), denoted by «(s),
is then defined by

t'(s) = k(s)n(s).

TOME 148 — 2020 — N© 1
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We define the mapping
(6) F: [0,L] xR —R?
q:=(5,t) = x:=y(s) +tn(s).

The function F is of class C*, and its differential at ¢ := (s, ), expressed from
the base ((1,0),(0,1)) to the base (t(s),n(s)), is

_(1—tk(s)0
7 s =(175).
Following Subsection 3.1 of [5], we define
-1
(8) t(Q) == ( sup |x(s)]) .
s€[0,L]

and, for s € [0, L], the (internal) cut-distance to 9Q at y(s):

(9) 04+ (s) :=sup{d > 0; dist(F(s,t),00) =t for all t € [0, ]}.
We set

(10) 3,(0) = _inf 3:(5)

and

(11) 50(Q) = min{t, (), 8, ()}

By construction, F' is a diffeomorphism of class C'* from (0, L) x (0, 80(92))
to 89};(9) \ 4, where g is the segment F ({0} x (0,d¢(£2))).

Given f : R — R continuous and piecewise C* and § < dp(2), we define the
function ¢ : 9QF \ €o — R by ¢(z) = f(t), where x = F(s,t). By the definition
of 60(€2), this can alternatively be written as ¢(x) = f (dist (z, 092)).

PROPOSITION 3.1. — The function ¢ is continuous, and is of class C* except
on the regular arcs

T, ={z € Q; dist(z,00) = t;},

where {t;; 1 <1i < N} are the points of discontinuity of f' in (0,00(Q2)]. Fur-
thermore,

(12) Vp(z) = f'(t)n(s),
with x = F(s,t), if x ¢ Ufil T;.

Proof. — This follows from the chain rule, using the expression for the Jaco-
bian matrix given in Equation (7). O

BULLETIN DE LA SOCIETE MATHEMATIQUE DE FRANCE



106 K. GITTINS & C. LENA

4. Cut-off functions

The purpose of this section is to define the cut-off functions 9, ¢ in order
to characterise the nodal domains as bulk domains or boundary domains, as in
Subsection 2.2 of [10]. The key point here is to obtain explicit estimates.

Step 1: We construct two functions xg, x1 : R — R which are continuous,
piecewise C!, and satisfy

for t < 1, xo(t) =0and x1(t) = 1;
fort e [474] 0<xo(t), x1(t) <L
: fortz T Xo(t) =1 and x1(t) = 0;

v x% +xi=1
We write B := max (|| x| zee, X4l Le)-

We first construct ¢ : R — R, continuous, piecewise C'* and non-decreasing,
such that ¢(0) = 0 and ¥ (1) = 1 and satisfying 0 < ¢ < 1. We impose the
additional condition

Y(t)? +v(1—t)? =1

for all ¢ € R. One possible choice for v is given at the end of this section.

We then set
wse-1))

worns(o(2-0)

The functions xo and x; have the desired properties with B = 2||¢|| .

Step 2: For each & € (0,80(9)], we construct two functions ¢J, ¢ : @ — R
which are continuous and piecewise C* (the gradient is continuous except for
finite jumps on regular arcs), and satisfy, for some positive constant C inde-
pendent of 4,
. for dist (z,00Q) < 1
. for dist (z,00) € [% ?’76 , 0 < @), pi(z) < 1;
. for dist (z, 6(2) >
iv. (4100) + (@1) =1
v Vel [[Vedll o < GO

The functions xg and 7 of Step 1 being given, we define, for x € 89;,
t
A = (3):
t
A= (}).

TOME 148 — 2020 — N° 1
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We make the obvious extensions of 9 and ¢{ so that both functions are con-
tinuous. From the enumerated properties of xo and x; and Equation (12), it
follows that (9 and ¢ have the desired properties with C' = B.

Ezxplicit constants: In order to obtain explicit estimates in what follows, it is
necessary to specify 1. One possible choice for v is given by

2'_71 tS — S S
w@.—ﬁsu_ﬁﬁl (1—s)ds,

for t € [0,1], extended by 0 for ¢t < 0 and by 1 for ¢ > 1. More explicitly,
Y(t) = /32 — 2¢3

for t € [0,1]. In that case ||¢'||r~ = v/3. The functions yo and x; that we
construct satisfy the listed properties with B = 2v/3, and the functions cpg and
¢$ with C = 2v/3.

5. Estimates of the nodal count

We wish to count the number of each type of nodal domain. For the bulk
domains, one considers a Pleijel-type argument via the Faber-Krahn inequality.
For the boundary domains, one reflects them in the boundary (after straight-
ening it) and then applies the Faber-Krahn inequality to the reflected domains.
See Section 2 of [10] for the full details and Subsection 5.2 below.

5.1. Straightening of the boundary. — We start by giving explicit versions of
some estimates in Subsections 2.4 and 2.5 of Reference [10], in order to control
some quantities of interest when we straighten the boundary using tubular
coordinates.

LEMMA 5.1. — Let V be an open set V. C (0,L) x (0,30(2)/4) and let U =
F(V). There exist constants 0 < m_ < my such that, for any measurable and
non-negative function g: V — R,

mf/gdqﬁ/fdm§m+/gdq,
1% U 14

where f = go F~1. Furthermore, we can choose m_ = 1/4 and my = 7/4.
Proof. — This follows directly from the change of variable formula
| f@ydo= [ gta) (1~ tx(s)) da
U v
and the fact that V' C (0, L) x (0,360(2)/4), so that t|x(s)| < 3/4. O

By taking g = 1, we deduce the following from Lemma 5.1.
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108 K. GITTINS & C. LENA

COROLLARY 5.2. — IfV is an open set V. C (0,L) x (0,350(2)/4) and U =
F(V), we have

(13) m_|[V| < |U| < my|V],

where m4., m_ are the constants in Lemma 5.1.

COROLLARY 5.3. — There exists a positive constant M such that, for all r €
(0,360($2) /4],

(14) 7(r) < MLr.

Furthermore, we can choose M = m., where m4. is the constant in Lemma 5.1.

PROPOSITION 5.4. — There exists a positive constant K such that the following
holds: if V is an open set V C (0,L) x (0,360(Q)/4), U = F(V), u € HY(U)
and v :=uo F, we have

Iy |Vul? dg K Jor |Vul® da
fv vidg fU u2dz

Furthermore, we can choose K = 4m_., where my is the constant in Lemma
5.1.

(15)

Proof. — From Lemma 5.1, we have directly

/qux§m+/02dq.
U A%

On the other hand, for any ¢ € V,
Vo(g) = J(q)" (Vu) o F(q),
so that

. 2
[Vu* o F(g) = |(J(@)") ' Ve(a)|
From this we deduce, using the change of variable z = F(q), that

L1l de = [ (s o) + (1= o) @00t0)?)

1 2
> = da.
f4/V\W| q

Putting together the two previous estimates, we obtain Inequality (15). (|
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5.2. Number of nodal domains. — To ease the notation in the computations
that follow, we set A := || in the rest of this section. Let us fix g9 € (0,1).
We consider an eigenpair (u,u) for the Neumann Laplacian (as in Subsection
2.1 of [10]) or for —Ag (as in Section 4 of [10])). We define ug := @du and
uy = @fu, so that

u? = u% + u%

Following Subsection 2.2 of [10], we say that a nodal domain D of w is a bulk

domain when
/ u%dw > (1—60)/ u? dx
D D

and a boundary domain when

/u?dx>so/ u? dx.
D D

We denote by vg(eg, u) and v1(gg, u) the number of bulk and boundary domains
respectively, so that

v(u) = vo(eo, u) + v1(eo, u).

We now need to bound vy(eg,u) and v4(gg,u) from above. Reproducing the
argument in Subsection 2.3 of [10] with n = 2, we obtain

Afl+e 1+Ei C?
<= o | 2
(16) VO(EO’H) - A <1 7€0M+ (1 — &0 52 ’

where A is the first eigenvalue of the Dirichlet Laplacian on the disc of unit
area and C' is the constant given in the construction of ¢§ and ¢ in Section 4.

Let us now consider a boundary domain Djl (1 <j<wleg,u)). In a similar
way to Subsection 2.4 of [10], we define

U:={ze€Dj;u(z)#0} C DjNINL,.
4

To simplify the notation, we set @ := u;. We consider V = F~1(U) and
0 =10 F. We define

o(s,t) := (s, —t)
and VT as the interior of the closure of V U (V). We extend ¥ to a function
9% on V' such that 9% oo = o (i.e. 9 is even with respect to the variable t).
By the Faber-Krahn inequality,
A Jyr VR dg
VE| — fVR |®R\2 dq ’

| 2

and therefore
A _ fyIvoP dg
2|Vl = [, |5 dg

BULLETIN DE LA SOCIETE MATHEMATIQUE DE FRANCE



110 K. GITTINS & C. LENA

Applying Inequalities (13) and (15), we obtain

m-A _ KfU|va2|2 de

20| fU |a|” dx

Let us note that in the computation leading to Inequality (17), we implicitly

assume that the boundary of V is regular enough, so that V is a connected

open set and 9% belongs to H&(VR). In order to avoid such an assumption, we

can proceed as in Subsection 2.5 of [10]: we perform the steps indicated above,

in a super-level set V,, = {3 > a} for some a > 0, and afterwards let o go to

0. By Sard’s theorem, we can find a sequence of ’s tending to 0 so that V,, is

regular enough (this method was introduced in [6]). Furthermore, as shown in

Section 4 of [10], Inequality (17) also holds for an eigenfunction u of —Ag.
Since @ = uy = % u, we find, after applying the Leibniz formula and Young’s

inequality,
2 2
/ \Va|* do <2 / \Vul® do + 2 / u? dz,
U D! 0% Jpr

and we have, by definition of a boundary domain,

/112dx=/ u?daz>€0/ u? d,
U Dj D

for our choice of gy. Substituting this into Inequality (17), we get

2
|2 4K <M+C >

m_A€0 (572

(17)

Summing over all boundary domains, we find

AK . 2
vi(eg,u) < Ao ‘89% <,u+ 52> .
By Inequality (14) and since § € (0, dp(£2)], we have
]aﬂg < MLSZ(S,
and therefore
3K ML C?
1 < — — .
( 8) V1(507U)_ m_ASO <M+ 52)

In order to deduce from Inequalities (16) and (18) a bound on v(u) which is
invariant by scaling, we set
AN\ /4
6= <> .
u

We note that this choice of § assumes that p is large enough. That is, pu >
Ao ()74,

TOME 148 — 2020 — N© 1
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For our choice of ¢ € (0,1), we therefore obtain that

1(1—1—50 3KM

(19) v(u) < A4, (Ap) + EOTPQ(AM)BM

141 3KMC?
+ 2 + /5O(Au)1/2+ pQ(AM)1/4>,
1— 30 Eom—
where the parameter p is the square-root of the isoperimetric ratio for the
domain £2:
L1/2
P= g

5.3. Geometry of the domain. — Let us first sketch how to extend the above
results to a multiply connected domain. We now assume only that {2 is an open,
bounded and connected set in R?, with a C? boundary 9§2. The set R?\ Q has
an unbounded connected component, which we denote by Dy. We define b € N
as the number of bounded connected components of R? \ Q, which we denote
by Di,...,Dy. For h € {0,1,...,b}, Dy, is a C?-regular closed curve, and we
denote its length by L. We set

h
Sp = E Lz
=0

for h € {0,1,...,b} and s_1 := 0. As in Section 3, we choose an arc-length
parametrisation v, : [sp—1, Sn] — R? of 9Dy, oriented in such a way that for
all s € [sp—1,sn], the normal vector ny(s) to v, at ,(s) points towards the
inside of Q. Furthermore, we denote by kp(s) the signed curvature of 7, at
Yr(s). We keep the notation L for the total length of the boundary 912, so that

L=Lo+Li+- -+ Ly.
We define

b
F = U (Sh—h Sh).
h=0
We give a natural generalisation of the definition of the function F' in Equation
(6): F: E xR — R? is now defined by
F(s,t) :=vn(s) + tny(s)
if s € (sp—1, sn). Extending the definition given in Equation (8), we write

—1
ty(Q) =
+( ) ( her{%??.(,b} se[ssh,lili,sh] |K:h (3) D ’

while we continue todefined , (s), 0., (£2) and 60(£2) by Equations (9), (10) and (11).
By reasoning separately on each of the connected components of 92, we can

BULLETIN DE LA SOCIETE MATHEMATIQUE DE FRANCE



112 K. GITTINS & C. LENA

show that F is a C! diffeomorphism from E x (0,350(Q2)) to 8(2;;(9) \ UZ:O L,
where the segment ¢}, is defined by
by = ’yh(sh_l) + (0, 60(9))nh(5h_1).

Furthermore, the constructions of Section 4 and the estimates of Section 5 still
hold.

Let us now discuss how to improve the estimates of Subsection 5.1 for do-
mains with particular geometric properties. We have the following improve-
ment of Corollary 5.3.

PROPOSITION 5.5. — If Q is either simply connected or homeomorphic to an
annulus, then, for all 6 € (0,00(9)],

7(9) < Lo.

Proof. — Let us first consider the simply connected case. From the change of
variable z = F'(¢q), we obtain

7(5):/0L/06(1—t/<a(s)) dtd8:L5—622/0L/i(s)ds.

Since « is a simple, closed, positively-oriented curve,

L
/ k(s)ds =2,
0

giving the desired inequality (see for instance Corollary 9.5.2 of [3]).
In the case where (2 is homeomorphic to an annulus, 9f2 has two connected
components. After a similar computation for each of them, we find

T(0)=L§— 6—22 (/OSO Iio(S)dS-l—/s:l m(s)ds) :

Since the normal vector has been chosen to point inwards, vy and 7; have
opposite orientations and the second term in the right-hand side vanishes. The
desired inequality is an equality in this case. O

REMARK 5.6. — Suppose €2 is a multiply-connected domain that is homeomor-
phic to a disc with b € NU {0} discs removed. By the Gauss-Bonnet theorem,
we then have

L
/ k(s)ds = / kg(s)ds =2mx(Q2) = 2m(1 —b),
0 19)

where x(2) is the Euler Characteristic of Q2 and k, denotes the geodesic cur-
vature. If the width of the interior tubular neighbourhood is sufficiently small,
that is 6 < §p(£2), then we obtain

7(0) = L§ — 7(1 — b)62.
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We recover the cases b = 0,1 as discussed above. If b > 2, then we have that
7(6) = Lo + 7(b—1)6% > LS,

for all § € (0, 00(2)]. The quantity Ld is no longer an upper bound of 7(§), but
is the leading order term for § small.

A similar upper bound was obtained in [18], but there the width of the
interior tubular neighbourhood need only be smaller than the in-radius of the
domain (see also [1]).

5.4. Application to convex domains. — In this subsection, we assume that
is a convex domain. We show that Lemma 5.1 and Proposition 5.4 hold for
convex domains, and give explicit constants in the corresponding bounds. We
first make the following remark.

REMARK 5.7. — Let us assume that €2 is convex. Then do(2) = ¢t (). Indeed,
this is equivalent to saying that a ball of radius smaller than ¢ (€2) can roll freely
inside the set 2. This follows from a more general result that was established in
[4], where this particular case is discussed on page 53, in answer to a question of
J.A. Delgado [7]. Furthermore, Inequality (14) holds with M = 1 for any r > 0.
Indeed, let us define the inner parallel set at distance r > 0 by Q,. := Q\ 9Q;.
The set €, is convex. We write m(r) := |§2,| and we have, by definition,
7(r) := |Q — m(r) for all » > 0. According to [11], the function r — m(r) is
differentiable and m/(r) = —|09,|. Therefore, for r > 0,

) = / 100, dt.
0

The desired inequality then follows from the fact that the perimeter is non-
decreasing with respect to inclusion among convex sets. We note that both
results in the present remark hold in arbitrary dimension.

PROPOSITION 5.8. — If Q C R? is convez, then

1. Lemma 5.1 holds with m_ = 1/4 and my = 1. That is, if V is an open
set V.C (0,L) x (0,3t+(Q2)/4) and U = F(V) with F' as defined in (6),
then for any measurable and non-negative function g: V — R,

1
f/gdqé/fdwﬁ/gdq,
4 |4 U \%

where f = go F~1,
2. Proposition 5.4 holds with K = 4. That is, if V is an open set V. C
(0,L) x (0,3t4(Q)/4), U=F(V),u€ H (U) and v:=uo F, we have
2 2
Sy Vol dg | Jy [Vl de
Jyvidg — [putdx
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Proof. — Since Q is convex, we have k(s) > 0 for all s € [0, L], so that
1/4<1—tk(s) <1

for all t € (0,3t4(€2)/4). Using these inequalities in the change of variable
formula, we obtain the desired results. O

6. An upper bound for RD (1)

As discussed in Section 2, in order to obtain an upper bound for the Courant-
sharp Neumann (or Robin) eigenvalues, we require an upper bound for the
remainder of the Dirichlet counting function RE (1).

In [2], the authors obtain an upper bound for RE(x) by using an inner
partition of € into squares of uniform side-length and Dirichlet bracketing.
Suppose these squares have side-length ¢. Then, in the notation of the present
article, Inequality (13) of [2] becomes:

2 Q
RE(n) < Lﬁg)u - \|/§|£u1/2-
Corollary 5.3 gives an upper bound for the volume of the inner tubular neigh-
bourhood provided that the width is sufficiently small. Choosing ¢ > 0 so that
V20 < 360(Q) /4, and applying Corollary 5.3, we obtain

V2MUL Q12
REG0) < “pag (190 + (0 2

We then use the freedom in the choice of ¢ to minimise the right-hand side,

meaning that we set
o 27| —1/4
C=\ " #
to get
ML|Q| . M
(20) R () < MR v A oy,

as soon as p is large enough for v/2¢ < 36,(£2)/4 to be satisfied.

Since we used Corollary 5.3 in this section, Inequality (20) holds with M =
7/4, for all @ C R? with a C? boundary, as soon as p is large enough for
the condition v/2¢ < 304(2)/4 to be satisfied. If we additionally assume € to
be simply connected or homeomorphic to an annulus, Proposition 5.5 tells us
that Inequality (20) holds with M = 1 as soon as p is large enough so that
V20 < 55(). Finally, if we assume Q to be convex, Inequality (20) holds with
M =1 for all u > 0.
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7. Upper bound for Courant-sharp eigenvalues

We again set A := || to ease the notation. Let us consider an eigenpair
(1, u) such that u is a Courant-sharp eigenfunction. We assume that p is large
enough so that

1/4
(21) _ (f) < 60(Q)
and
47TA 71/4 3
=== <?Z .
(22) Vi = [T < 2@

We recall that gy € (
Inequality (19), Equation
the necessary condition

(i ) - (o 5

1+1/e 3KMC?
ﬂ(fm)lﬂ _ oAy
(1 —eg)A eom_A

We can reformulate Inequality (23) by saying that if p is Courant-sharp and
satisfies (21) and (22),

Fo(€) := ao€® + a1 (p)&* + az2€ + as(p) <0,

. i_ 14+ ¢ )
W= \4r T Q—e)A )’

3KM , [M
ai(p) = — e G Vil

141
ay = —C? +1/%

0,1) is fixed as in Subsection 5.2. By substituting
(4) and Inequality (20) into Inequality (5), we obtain

- C? P2 (Ap)* <.

with

(1— o)A’
) 3KMC?
a = ——0p"
3P Eom,A P
g = (Ap)'/*.
Therefore, we have that
Ap <€ (),

where £*(p) is the largest real zero of the function § — f,(£). We summarise
the above discussion in the following proposition.

BULLETIN DE LA SOCIETE MATHEMATIQUE DE FRANCE



116 K. GITTINS & C. LENA

TABLE 7.1. Possible choices for the constants

Nature of 2 A C |m_| e | M| K
General case T, | 2V3 | 1/4 | 1/6 | T/4| T
Simply or doubly connected wjg,l 2v3 | 1/411/6] 1 | 7
Convex g, |2V3 [ 1/4]1/6| 1 |4
ProrosiTION 7.1. — If p is a Courant-sharp eigenvalue of the Neumann
Laplacian on Q or of ng, we have
40967°|9)| 2] & (p()*
< .
e (81M2p<9>450<9>4’ (@ 1]

We note that the function f,, and therefore also £*(p), only depend on the
geometric properties of the domain 2 and the choice of £y. Sections 4 and 5
allow us to specify several sets of possible choices of constants in the definition
of f,, according to the nature of the domain €2, which we always assume to
be open, bounded and connected with a C? boundary. We summarise them in
Table 7.1, where jo 1 denotes the smallest positive zero of the Bessel function
of the first kind Jy.

8. Geometric upper bounds for Courant-sharp eigenvalues
of convex planar domains

8.1. Geometric upper bounds. — In this subsection, we suppose that 2 is an
open, bounded, convex planar domain with a C? boundary. To simplify the
notation, we set A := |Q|, t4 = t1(Q) and p := p(). Let u be a Courant-
sharp eigenvalue of the Neumann Laplacian on 2, or of —Ag. We assume that
 is large enough so that Inequality (21) is satisfied. We recall that ¢ € (0,1)
is fixed as in Subsection 5.2.

In order to obtain upper bounds for a Courant-sharp eigenvalue p in terms
of some of the geometric quantities of the domain Q, we rewrite Inequality (23),
with the constants from the last row of Table 7.1, as follows.

(i~ a=aia)

3KM 9 | M C? 1_1,_1/50 3K MC? P2 s
< - A /4
B <50m_/\p T T p+ (Au)1/4 (1 _ €O)A + Eom_A (A,U)l/Q ( ,u) )
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which implies that
—4
1 1+¢g
20) Ap< | — — —+—
(24) Au =< (471' (1—50)A>

3KM , [M C? 1+1/eq 3KMC® p2 \'
X prtA\ —p+ + .
gom_A T (Ap)/4 (1 — o)A eom_A (Ap)t/2

As Q is convex, 69(2) = t; (see Remark 5.7). In particular, there exists
a ball of radius ¢, which is contained in ), that we denote by B;,. Then

A= Q| > |By;, | = 72, so At;* > 1. Together with Inequality (21), we then

have
A2
Ap > (tQ) > 2.
+

Substituting this into Inequality (24), we obtain

28802 504 3456p2\"
(25) A,uSD2_4< K +7rf/2+57r1/2[\+ WA”) ,
which implies
a1 (2880 p 504 3456p2\"

4 1 .

(26) IUSDQ A < A 7T1/2+57T1/2A+ A - Ll(va)v
_ 7

where Dy = ﬁ - Ex

With Proposition 7.1 and the preceding discussion in mind, we have that, if
u is Courant-sharp, then

(27) < max (é,mp, n).

Note that since € is convex, Inequality (14) holds for all > 0 (see Remark 5.7),
so Inequality (22) is not necessary in the convex case.

In what follows, we obtain an upper bound for p that involves some of the
other geometric quantities of Q2. We consider Inequality (24) and use the fact
that g = pug(2) > pa(Q2) for k£ > 2. We can then make use of known geometric
estimates for the first positive Neumann eigenvalue of 2. This is sufficient for
our purposes due to the monotonicity of the Robin eigenvalues with respect to
the function 3. That is, for k € N*, pr(Q) < ur(Q, 8).

From Inequality (24), we have

28802 p 504 34562 )4

28 Ap < Dy*
(28) H= g ( A +7r1/2+5A(Au2)1/4+A(Au2)1/2

which implies that

4
{28802 p 504 3456,°

29 < D;*

(29) 1< D; (AA1/4+7r1/2A1/4+5AA1/2M§/4+AA3/4N§/2
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Since €2 is convex, we invoke the 2-dimensional version of the classical in-
equality due to Payne and Weinberger, [13], for the first positive Neumann
eigenvalue of €2,

7.(.2

p2($2) > m’

where diam(2) denotes the diameter of €2, to obtain

(30)

i (2887 p 504 diam ()2 34562 diam(Q)\ "
p=Dy \ Aaia T e gia BARL/2A1/2 TAA3/A
(31) =: Ly(p, A, diam(Q2)).

By Proposition 7.1 and the fact that € is convex, we have the following
inequality:

A

@ < max (#,Lg(p, A,diam(Q))) .
+

REMARK 8.1. — It is also possible to obtain an upper bound for the largest

Courant-sharp eigenvalue of ) involving only the geometric quantities 4, p and

t+ via the above approach by making use of Lemma 5.2 of [12] with K = Q

and L a ball of radius ¢, that is contained in €.

We collect the preceding upper bounds in the following proposition.

PROPOSITION 8.2. — Let Q be an open, bounded and convex set with a C?
boundary. If i is a Courant-sharp eigenvalue of the Neumann Laplacian on )
or of —Aé, then we have that

< max (8 Lo 1))

and

< (g La(p(0), 10, diam()).

where the functions Ly and Lo are defined in (26) and (31) respectively.

Suppose that g is large enough so that (21) holds. Note that since Q is
convex, diam () < % and so pa () > ZLLL;, by the Payne-Weinberger inequality.
Substituting this into (28), we obtain

phor288p 1 504 3456p°
W= Apa ToaE T aN

D3 A i/ 5(2m)1/2A 2w A
where p — G(p) is an increasing function for p > 0.

In fact, in this convex case, we can deduce a simplified upper bound for p and
obtain a geometric upper bound for the number of Courant-sharp eigenvalues.

4
) = A_1D54P4G(p)4,
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PROPOSITION 8.3. — Let Q be an open, bounded and convex set with a C?
boundary. Let p = pug(Q) or u = uk(Q, B) where 5 is a non-negative Lipschitz
continuous function on 0Q. There exist positive constants C' and C’ that do
not depend on € such that, if p is Courant-sharp, then

9 )
“§C<t+<m4+ 0] >

e
b< o ([ o).

The first inequality of Proposition 8.3 follows from Inequalities (25) and

and

(27), by using the Isoperimetric inequality p > V2r1. The second inequality
follows from the first one and Corollary A.2, together with Remark A.3, after
applying Young’s inequality repeatedly. Indeed, by following this procedure,
we obtain

288 1 35064
C=D;"=— =
2 ( At i T TomA
and ¢/ < C +1.

We remark that this proves Proposition 1.1 since the latter is Proposition 8.3
restricted to the Neumann case.

4
) ~ 8.98 x 107,

8.2. Application to the disc of unit area. — For the disc D C R? of unit area, we
have p(D) = (47)*/* and 6o(D) =t (D) = 7~ /2. We wish to evaluate Propo-
sition 7.1, so we must first calculate £*(p). We use the last line of Table 7.1.
The value of £*(p) can be computed either numerically or with Cardano’s for-
mula. We find, for any Courant-sharp Neumann (or Robin) eigenvalue p(D)
of D,

w(D) < 2.67 x 107,
It is well-known that the first positive Neumann eigenvalue of D is 7 ( j{’l)g
where ji ; is the first positive zero of Ji, the derivative of the Bessel function

J1. By substituting this into Inequality (29), we obtain that any Courant-sharp
Neumann eigenvalue p(D) of D satisfies

(D) < 1.26 x 1020,
We also have diam(D) = 27~/2. By Inequality (31), we have that any

Courant-sharp Neumann (or Robin) eigenvalue u(D) of D satisfies
(D) < 2.09 x 102,

By comparing the two preceding upper bounds, we remark that we do not
lose a great deal by appealing to the bound of Payne and Weinberger, even
though it is not the natural choice for our situation. Indeed, equality is achieved
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in (30) for a rectangle of fixed area with one side shrinking to 0. Such shrinking
behaviour is not possible in our situation since 2 contains a ball of radius
t+(Q) > 0.

We now evaluate the first inequality of Proposition 8.2 for the disc of unit
area. We obtain that any Courant-sharp Neumann (or Robin) eigenvalue p(D)
of D satisfies

(D) < 1.42 x 102,

which is better than the second inequality of Proposition 8.2 for the disc of
unit area, but worse than using Inequality (29) directly (see above).

In addition, Proposition 8.3 applied to the disc of unit area gives that any
Courant-sharp Neumann (or Robin) eigenvalue u(D) of D satisfies

w(D) < 1.51 x 102,
and the number of such eigenvalues k < 1.51 x 1020,

For comparison with the above upper bounds, we recall that the third posi-
tive Neumann eigenvalue is the largest Courant-sharp Neumann eigenvalue as
proved in [9]. In addition, ps(D) = 7(j5,)* ~ 3.0564*7 < 30 (where jj, is
the first positive zero of Jj, the derivative of the Bessel function Jy). The
Courant-sharp Robin eigenvalues of D are not known (to date).

9. Generalisation to any dimension

9.1. Tubular neighbourhoods of the boundary. — We now assume that 2 is a
bounded, open and connected set in R”, with n > 3, such that 0 is a C?
submanifold of R™. We extend the methods used in the previous sections to
this situation.

To simplify the notation, we write I' for the submanifold 9). As before, for
r > 0, we define the inner tubular neighbourhood with radius r:

= {z € Q; dist(z,T) < r}.

For all 2’ € T', we denote by n(z’') the outward unit normal vector at z’. In order
to parametrise the inner tubular neighbourhoods, we introduce the normal
bundle of T. Furthermore, for all ' € T, we identify the one-dimensional
vector space spanned by n(z’) with the real line R. We therefore write the
normal bundle as a trivial product:

NI):=T'xR
and we define a C! mapping F': N(I') — R" by
(32) F(2',t) =2’ — tn(2).

We recall that the mapping 2’ +— n(2’) from T' to S"~! is known as the
Gauss map (see for instance Subsection 2.5 of [17]). Its differential is a sym-
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metric linear endomorphism of T,.T", the tangent space to I at 2/, seen as a
subspace of R™. It is called the Weingarten endomorphism, and we denote
it by W,,. Its eigenvalues are called the principal curvatures of T' at z’. Let

(e1,...,en—1) be an orthonormal basis of T,/T' consisting of eigenvectors of
W, and let (k1 ('), ..., kn—1(2")) be the associated principal curvatures. Then
(e1,...,en_1,1) and (ey,...,e,_1,n(z’)) are orthonormal bases of T(, ) N(T'),

identified with T, ' ®R, and R"” respectively, and the matrix of the differential
Dy 1 F' in those bases is

1—tri(z) --- 0 0
0 1 —thp_1(z’) O
0 0 -1

We now define
-1
t (Q) = | su max  |ki(z > ,
@)= (s o o)
and, for any «’ € I, the (internal) cut-distance to T at 2’
54 (2") :==sup{d > 0; dist(F(2',¢),I') =t for all ¢ € [0, 4]}
We set

e /
0. (@) = inf 6,(a")

and
00(€2) := min{t, (), 6, ()}

By construction, F is a diffeomorphism of class C* from T'x (0, §o(Q)) to F(J{)(Q).

LEMMA 9.1. — Let V be an open set in T x (0,80(2)) and let U = F(V'). For
any measurable, non-negative function g : V — R,

/Uf(x)dz:/F (/Om lv(as’,t)g(x',t)ﬁ(l—tﬁsi(a:’)) dt) da'

where f = goF~1, 1y is the characteristic function of V and dx' is the surface
measure in ' induced by the Lebesgue measure in R™.

Proof. — The proof is similar to the proof of Weyl’s formula for the volume of
tubes given in Chapter 6 of [3]. First, we use Proposition 3.3.16 of [3] to get

/U f() do = /V g F*(dw),

where dz denotes the Lebesgue measure in R™ and F*(dz) the pullback of dz
by the diffeomorphism F'.
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TABLE 9.1. Possible choices for the constants in R™

Nature of 2 | C m_ M K
General case | 2v/3 | 1/47=1 | (7/4)n=1 | 771
Convex | 2/3 | 1/4n~1 1 4n—1

Then, we note that, up to a change of sign, the mapping F defined in
Equation (32) is the canonical map defined in Equation 2.7.5 of [3]. According
to Equation 6.8.2 of [3], there exists a function G defined on T" x (0, dp(2)), to
be specified below, such that

F*(dz) = G(2',t) dx’ @ dt,
where dz’ ® dt denotes the product measure in N(I') = I x R, with dt the

Lebesgue measure in R. From Equation 6.7.16 of [3], we obtain

/gF*(da:):/ Lo (2, (e G, 1) da’ @ di
1% I'xR

:/F</R 1V(x’,t)g(x’,t)G(x',t)dt) da'.

Finally, we give an explicit formula for G(a/,t). We fix u — x(u) a local
parametrisation of I" such that x(0) = 2’ and, for i € {1,...,n — 1},

ox
8ui

From Equation 6.8.9 and Proposition 6.6.2 of [3], we obtain
det (I (0) — t522%(0)), ..., T (2 (0) — £ 52%(0)))

(0) = €e;.

/ Dtir 1 OUupn—1
Gl 1) = det(T(20)). - (525 (0))) |

where II is the orthogonal projection from R"” to T, T". It follows from the chain
rule that, for all i € {1,...,n — 1},

Onox
Bui

(0) = Wy le)] = ki(a)e;.

This implies that

n—1

G2/, t) = H(l —tr;(z")). O

=1

Lemma 9.1 allows us to extend the estimates of Section 5 to higher dimen-
sions in a straightforward manner. Indeed, Lemma 5.1, Corollaries 5.2 and 5.3,
and Proposition 5.4 hold with the constants given in Table 9.1.
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9.2. Upper bounds for Courant-sharp eigenvalues. — To simplify the formulas,

we write V := |Q] and S := |09 (the total (n —1)-dimensional surface measure

of ) in the rest of this section. We denote by Ng either N or Ng, since

the lower bound that we derive holds for both types of counting function.
Following [9], we define

(2m)"

y(n) == W,

and we recall that v(n) < 1 for all integers n > 2. For the rest of this section,
we set

(33) go = % : 71 IZEZ;

This choice of ¢ will be explained below.

We consider (u, u), an eigenpair of the Neumann Laplacian on € or of —Afp
with u large enough, in a sense to be made precise.

Following the steps of Subsection 5.2, we obtain an upper bound for the
number of bulk domains

1% 1+e9 1"‘% C? H
< 0
VO(EO,U)_ A(n)% <150’u+ (150 52 ’

where A(n) is the first eigenvalue of the Dirichlet Laplacian on a ball of volume
1 in R™. More explicitly,

o] 3o

3

1

where w,, denotes the volume of a ball of radius 1 in R™ and j%,l,l the smallest
positive zero of the Bessel function of the first kind Jz ;. We also obtain the
following upper bound for the number of boundary domains

3.235-1K3SMs 02\ ?
v1(c0,u) < <u+ )

m_A(n)% 50% &2

Both bounds hold assuming ¢ € (0,9(€2)]. Let us now set

6= v .
i

It follows from the two previous upper bounds that, if u is large enough so that

(34) Cﬂy<%mx

I
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then we have the following upper bound for the nodal count

(35) v(u) < 1 <1+€05+1 500251/2) +

A(n)% 1—80 1—¢
3-2%_1MKgp2 1 z
S et (cv )T
m_eg

where & := V?/"y and p := SV/2/V1/2-1/2n,
An upper bound for the remainder RE () is given in Section 2 of [2] for
arbitrary dimension. Repeating the argument in Section 6, we obtain, for any

L€ (0,3(4y/)160(9).
wn M S\/nt 2, m™EwpV s

D < 2
Setting
mmV 1
e - MS /’(‘ bl

we find that, if p is large enough so that

(36) ﬂnVM_; Sii;g)7

IN

MS
we have the following upper bound for the remainder
an n 1

D n n_ 1

(37) RG (p) < W\/WMPEZ 4

As before, if the eigenfunction u is Courant-sharp,
v(u) = No(u) +1,

and therefore, if Inequalities (34) and (36) are satisfied, from Inequalities (35)
and (37), we obtain

Wn .n 2nw, VM 5%7%
2m)" en "’
1 n
A(n)% 1—¢9 1—¢g
3.25 1 K% n
-SSP (e 0% E <o

A(n)zm_gg

(38) fo(&) =

A straightforward computation shows that, since
2
1—y(n)»

0<egp < 5
1+~v(n)»

TOME 148 — 2020 — N° 1



UPPER BOUNDS FOR COURANT-SHARP NEUMANN AND ROBIN EIGENVALUESI25

we have

lim f,(&) = +o0.

£—+oo

Taking into account the conditions (34), (36) and (38), we can summarise our
result in the following proposition.

PROPOSITION 9.2. — Let QQ C R™, n > 3, be an open, bounded and connected
set with a C? boundary. If v is a Courant-sharp eigenvalue of the Neumann
Laplacian on Q) or of ng, we have

1\ 4 x !

§*(p) :=sup{¢ > 0; f,(§) <0},
the function t — f,(t) being defined in Formula (38).

with

We note that the function f,, and therefore also £*(p), only depend on the
dimension n, the geometric properties of the domain 2 and the choice of €.

9.3. Geometric upper bounds for Courant-sharp eigenvalues of convex bodies.
— We now assume that the set € is convex. In that case, t4.(Q2) = §, (),
as discussed in Remark 5.7, and therefore dp(2) = t4(2). To simplify the
formulas, we write ¢t = t(Q). Again ¢ is fixed as in (33). Additionally,
the constants appearing on the left-hand side of Inequality (38) can be chosen
as in the second row of Table 9.1, which implies a smaller value of £*(p).
Furthermore, again from Remark 5.7, Corollary 5.3 holds, with M = 1 and
for any » > 0. The estimate (37) on the remainder therefore holds without
Condition (36). We conclude that, if u is Courant-sharp, then

IR
10 < max (‘/2> 7€(p)

ty Va

We now obtain an explicit upper bound for £*(p).
From Inequality (38) and the constants from the second row of Table 9.1,
we have

(39)

(2m)n A(n)z \1—¢gg 1—eo
3.2%—1(471—1)%—&-1
A(n)#ed

1+L \*

PPt (5 + 125%)% <0.
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In what follows, we use the fact that, by (34),

1/n 4

sz/”uZ<Vt ) > wi/™,

+
since V = |Q| > | By, | = w,t?} as By, C Q.

We also invoke the Mean Value theorem which implies that for N > 1, there
exists z € (0, ) such that

A4+z2)¥N —1=N1+2)N "1z,
We have that

n 1 2
1 14+e9\2%2 .= a0 .1
= 2 [1+12 0£72
A(n)z <16> 5 ( + 1 €0€ >
n Z-1 1
1 14+e\? » 1"'% 0\ 1+
< n 2 (146n|1+12 O£ 2 —0¢ 2
_A(n)? <1—€0> ¢ ( TL( 1—1—505 1—1—805
n F—1 1
1 14+e)\2 . 1+L _2\? 141
< - 2 (146n|1+12 % wop ™ 8¢z
~ A(n)=2 <1—50> ¢ ( + n( + 1+60w 1—1—505
_ 1 1+¢9 %gn
_A(n)% 1—60

and

Substituting these into (39), we obtain

Wn, 1 1+€0 5
2nwp /T 3.25-1(4n-1)5+1
<< e " A(n)es

|3
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We note that the coefficients of £%, ¢ = only depend on the dimension, while

the coefficient of & 5-1 depends on the dimension and the isoperimetric ratio.
Inequality (40) implies that

2nwp 3-2571(yn-1)z+L _2.a
1) ¢ < Dy (2T, el
(2m) A(n)zed
1 1 1 1 Z-1
+ 6nn Lreo)*(1H s 1412 "5 o) gigi,
An)z \1—¢o 14+ ¢g 1+4+¢g
b _1
where Dy, i= 3245 — A(;)% (ﬁgg) * . Substituting €% < wy, ™ into Inequality

(41), we obtain

2nwy, L2537l (gn— 3+l —2.n
(12) ¢ < Dyt 2oy, BT (T P 1 g By
(2m) A(n)seg

1

—1 n 1 1 n_1\4
+6nwn£’ L+eg\2 (145 1412 Lt g w;% ’ )
A(n)z \1—¢g 1+¢ 1+¢

which implies that

2nw, L2343t 2,
) <ty (Ml SRy

-1 o 1 1 31\ 4
TR (o I (e Y PRSP (Rl
An)z \1—¢o 1+eo 1+e¢g

=: Mi(n,p,V).

If instead we consider the bound due to Payne and Weinberger, [13],

2
™
44 Q) > —
(49) (@) > e,
then
et < diam(Ql)% ‘
T mVer
The following bound due to Gritzmann, Wills and Wrase, [§],
Sn—l
diam(Q) < —————
iam(Q) < o (V)
gives that
n—1
i< —1h

s
7 Bl
Vw2 n?
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By substituting the latter inequality into Inequality (41), we have

2nw, 3.2z 1(gn-1yz+l
nw fp+ (n )2
(2m)" A(n)%

e
e (2 ()
Vw2 n3i7iA(n)3 1 —¢o 1+eo

T4+ 2\ _z2\27! !
x<1+12( Eo)wn")
1+¢9

We can summarise both versions of the upper bound in the following proposi-
tion.

(1+ 12w, 7 )% p?

Cwnls

(45)  p<D;* (

§ Wl

=: Ma(n, p,V).

PROPOSITION 9.3. — Let Q C R"™, n > 3, be an open, bounded and convex
set with a C? boundary. If 1 is a Courant-sharp eigenvalue of the Neumann
Laplacian on Q or of —Aé, we have

(46) 4 < max (J&'w M (n, p(€2), |Q|)>

and

1 < max (t'j'm Ma(n, p(Q), Q|>> ,

with My and My defined in Formulas (43) and (45) respectively.

Similarly to the end of Subsection 8.1, we can find simpler, although less
explicit, upper bounds.

PROPOSITION 9.4. — Let Q C R", n > 3, be an open, bounded and convex set
with a C? boundary. Let u = pi() or pu = up(, B), with B a non-negative
Lipschitz continuous function on 9. There exist positive constants Cy, and C),
that do not depend on Q such that, if p is Courant-sharp,

9 o)
<Gy + z
s <t+(Q)4 02

and
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The first inequality in Proposition 9.4 follows from Inequalities (42) and (46),

taking into account p(Q) > /nw 2". The second follows from the first and
Corollary A.2, together with Remark A.3, after applying Young’s inequality
repeatedly. Both C,, and C/ could be computed explicitly.

As described in the introduction for the case of dimension 2, the previous
inequality implies that a sufficiently regular convex set with a large number
of Courant-sharp eigenvalues has a large isoperimetric ratio or a point in its
boundary where the curvature is large (or both). Additionally, if there exists a
Courant-sharp eigenvalue which is large with respect to |7 ¢, ()%, the set
has a large isoperimetric ratio.
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Appendix A. An upper bound for the Neumann counting function
of a convex domain

PROPOSITION A.1. — Let Q) be an open, bounded and convex set in R™ with a
C? boundary. Then, for all > 0, we have
. Yt
47 N, < —1|Q o0
(47) N < et + ) @Hl =,

where t4(§) is the smallest radius of curvature, as defined by Equation (8).

Proof. — We combine the Payne-Weinberger lower bound (see Inequality (44))
with Neumann bracketing. Reference [2] uses a similar approach with Dirichlet
bracketing.
For o € Z", we define the open hypercube C, := a + (0,1)". Let us fix
a > 0. We define
To:={aeZ";aC,nNQ #0}

and denote by K(a) the cardinality of Z,. For all @ € Z,, we define Q, 4 :=
Q2 NaC,. By construction, €2, is a convex, open set with diameter bounded
from above by y/na. We define

= U Qa,av

a€Z,

which is open and bounded, but not connected.
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We consider the spectrum of the Neumann Laplacian on (~2a, which we denote
by (pr(a))k>1. Since Q, has K(a) connected components, 0 is an eigenvalue
of multiplicity K (a), that is

0=p(a) = p2(a) = = pg((a).
The eigenvalue fix (q)+1(a) is the smallest among the non-trivial eigenvalues of
the sets Qo With o € Z,, and therefore, according to the Payne-Weinberger
inequality,
T < i (a)
— a)+1(a).
nad = HEK(a)+1
It follows from the variational characterisation of the eigenvalues that ux(a) <
pr () for any integer k (see, for example, Proposition 4(c) in Section XIII.15
of [16]), so that
2
T
— < Q).
na? = MK(a)H( )
Equivalently, the counting function N (-) satisfies
2

(48) NY (7;2> < K(a).

To finish the proof, let us give an upper bound for K (a). We define D, as the

interior of
U aca,
a€Z,

and note that |D,| = K(a)a™. Furthermore, we have
D, C Q+ vnaB,

where B is the ball of radius 1 in R™ and the right-hand side is understood as
a Minkowski sum. We obtain

(49) K(a) <a™™|Q+ vnaB].

Using normal coordinates in the exterior of ) (similarly to Subsection 9.1 but
for the outer parallel sets), we find, for any 6 > 0,

5 n—1
Q-+ 6B| = |Q|+/O (/m H(l—l—tm(ax’))dw’) dt.

Expanding and using x;(z') <t (Q)~! for all 2’/ € Q and i € {1,...,n — 1},
we find
n—1 ('n,fl)(si{-l
Q4 6B| < Q] + 09  TEETwrara
081 2 01+ 091 G
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We now choose 0 := y/na := m/,/ii. We obtain the desired result by substitut-
ing this value into the previous inequality and by using Inequalities (49) and
(48) successively. O

Let us denote by F,(|],]09Q],t4+(2), 1) the right-hand side of Inequality
(47). It is a continuous and increasing function of p.

COROLLARY A.2. — Let Q be an open, bounded and convex set in R™ with a
C? boundary. For any integer k > 1,
(50) k< Fu19, 1091, £4.(9), 11(2).

Proof. — Let us fix ¢ > 0. We have NY((1 + )ux(2)) > k. We obtain
Inequality (50) by applying Inequality (47) and letting e go to 0. O

REMARK A.3. — We recall that ug(2) < ux(Q, 8) for every non-negative Lip-
schitz continuous function 5 on 9, and every k > 1. Since F,, (|2, |09, t4(2), u)
is increasing in p, Inequalities (47) and (50) hold when substituting Ng(u) for
N (1) and g (Q, B) for uy(Q), respectively.
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