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The eigenvalues of the Laplacian with Dirichlet boundary
condition in R? are almost never minimized by disks
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Abstract Minimization of the Dirichlet eigenvalues of the Laplacian among sets of pre-
scribed measure is a standard problem in shape optimization. The main result of this paper is
that in the Euclidean plane, apart from the first four, no Dirichlet eigenvalue can be minimized
by disks or disjoint unions of disks.
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1 Introduction

Shape optimization problems associated to the eigenvalues of the Laplacian are numerous
and received a lot of attention since the end of the nineteenth century. The most classical one
is the minimization of the eigenvalues of the Laplacian with Dirichlet boundary condition
among sets of prescribed measure. In dimension 2, this problem was introduced in the late
nineteenth century by Lord Rayleigh. He conjectured that the first eigenvalue is minimized
by a disk. Faber and Krahn proved Rayleigh’s conjecture in all dimensions in the 1920s. It
is a straightforward consequence that the second eigenvalue is minimized by two identical
balls. This result is usually attributed to Pélya and Szegd, but it seems to be contained in
one of Krahn’s older papers. The problem of the minimization of the kth eigenvalue of the
Dirichlet-Laplacian for k > 2 is still open whatever the dimension.
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Yet, despite many research articles on the subject, still very little is known on optimal
shapes (see [7] or [9] for instance). Progresses regarding existence have recently been made
[4,11] but very few geometrical information are available on optimal shapes (connectivity,
regularity. . .).

Identifying a minimizer is a very difficult task. Actually, even the computation of the
eigenvalues of a given shape is a non-trivial problem. Except for some very particular shapes
such as disks and rectangles, analytic formulae do not exist. Nevertheless, the approximation
of the eigenvalues of a shape is possible with a relatively good precision by standard Finite
Elements Methods tools. Then suspected optimal shapes can be found using some optimiza-
tion methods. But these shapes usually cannot be described theoretically, for instance with
usual functions.

Thus following the works of Pélya and Szeg6 and the works of Wolf and Keller [15], we
restrict in this article our study to the class of unions of disks, eventually the disk. This class
always contains an optimal shape. However, based on numerical results obtained in [14] and
[2], we cannot expect these optimal shapes to be optimal for the general problem.

More precisely, this article addresses the question: “Is the disk or a disjoint union of disks
a minimizer of A;?”

We start part 2 by recalling some definitions and classical results in spectral optimization.

Theorem 4 states that the eigenvalues are not locally minimized by a disk apart from the
first and perhaps the third. The proof of this Theorem, in part 3, is broken down in three parts.
First, in part 3.1 we compute the asymptotic development of order two of the eigenmodes with
respect to a radial deformation of the disk. This development has already been established
by Wolf and Keller [15] for A, and A3 while Rayleigh established the one for A;. We provide
here a detailed computation leading to the more general result for any A;. We then distinguish
two different cases. First the case of simple eigenvalues in part 3.2 then in part 3.3 the case
of double eigenvalues.

Theorem 5 states that A is not globally minimized by a disk or a disjoint union of disks
exceptperhapsif1 < k < 4ork € {6, 7, 9}. In part 4 we first show Theorem 5 using a theorem
due to Wolf and Keller. In fact we use this theorem twice. First, a restricted version allows us
to find the minimizer of a given eigenvalue when considering only the class of disjoint unions
of disks and disks. Then, we determine which eigenvalues could be minimized by a union of
a given number of disks. Finally we rule out possibilities by comparing with the best unions
of disks and with rectangles. Notice that Theorem 5 can be improved by comparing the best
unions of disks with reliable numerical results. In fact, the numerical schemes introduced in
[14] and [2] give a numerical estimate which is greater than the exact one.

Theorem 7 is a local version of Theorem 5 which identifies which eigenvalues are perhaps
locally minimized by a disjoint union of a given number of disks. In part 5 we give a local
version of the theorem due to Wolf and Keller with a sketch of proof. We then prove Theorem
7 with an induction based on arguments and ideas of the proof of Theorem 5.

2 Definitions and main results
Let £2 be a bounded open set of R? and let us denote by Az (£2) the kth eigenvalue of the

Laplacian with Dirichlet boundary condition. That is to say there exists a function u# such
that

ey

—Au =Au on £,
u=0 on 052.
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For a given bounded open set £2 in the plane we know that
0<21(£2) =22(82) < -+ = Fo0.

We are looking for open sets £2; € R? with |£2¢| = 1 which are optimal in the following
sense:

M (82;) = min {1, (£2); 2 C R?  bounded open, [£2]=1}. 2)

The question of the existence of such optima is a difficult one. For years there have only been
partial answers, see [5,8] for instance. But recently there have been improvements. Indeed
we can cite the following result due to Bucur [4].

Theorem 1 For every k € N, the problem
min{i¢(A), A S RN, |A] = ¢}

has at least one solution in the family of quasi-open sets. Moreover, every solution is bounded
and has finite perimeter.

Notice that the first part of this theorem (existence) has also been proved in [11] by Mazzoleni
and Pratelli contemporarily by other means. Notice that there is no more general existence
result too.

It is easy to show the following property.

Property 1 (Homogeneity) Let ¢ > 0 be a real. Then
2j(c2) = ¢ 2hj(2). A3)

Using this property, it is straightforward that an equivalent problem to (2) is to find £2;, € R?
such that

|22k ($2¢) = min {|2[A(£2); 2 € R%open). )

Definition 1 1. We say that £2; is a minimizer of A if it is a solution of (2)<(4).
2. We say that a regular set £2 is a local minimizer of Ay if for all analytical deformations
F we have, | F (21) | A (F ($21)) > |82k |2k (825).

We refer to [7] for a proof of the following two theorems.

Theorem 2 (Faber—Krahn)
A1(B) = min{A(2), 2 C R? open, |2]| =1}
where B is the disk of area 1.

Theorem 3 (Krahn—Szeg8) min{A,(2), £2 C R2open, |2| = 1} is realized by the union
of two identical disks.

The only other useful result for us is a result of Wolf and Keller who proved in [15] that A3
is locally minimized by a disk, considering particular radial deformations. We use the same
ideas to show our first result:

Theorem 4 The eigenvalues of the Laplacian with Dirichlet boundary condition A with
k > 3 are not locally minimized by the disk in dimension 2 among sets of constant measure.
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Notice that this result agrees with the available numerical results (see Fig.2). To complete
Theorems 2 and 3 we now have the following global result:

Theorem S — A3 is perhaps minimized by the disk but is not by any disjoint unions of disks,
— A4 and Ag are not minimized by a disjoint union of disks nor by the disk except perhaps
by two particular unions of two disks (known radii),
— A7 and Ay are not minimized by a disjoint union of disks nor by the disk except perhaps
by two particular unions of three disks (known radii),
— As, Ag and the eigenvalues Ay with k > 10 are not minimized by the disk nor by a disjoint
union of disks.

Remark 1 Theorem 5 can be improved using two numerical upper estimates for g and A7.
As noticed previously, the tools used in [14] and [2] give reliable numerical upper bounds
which makes it possible to conclude the proof of the improved theorem:

Theorem 6 — X3 is perhaps minimized by the disk but is not by any disjoint unions of disks,
— A4 is not minimized by a disjoint union of disks nor by the disk except perhaps by a
particular union of two disks (whose radii are in the ratio \/ jo.1/j1,1),
— the eigenvalues Ay with k > 5 are not minimized by the disk nor by any disjoint unions
of disks.

Also, notice that Theorem 4 is a local result whereas Theorem 5 is global. Nevertheless we
can obtain a local version of Theorem 5:

Theorem 7 Letn € N*. If a disjoint union of n disks minimizes locally the eigenvalue ) then
A must be some A,y withk € {0, ..., n}.

Remark 2 We will not show that A, 42 withk € {0, ..., n}is minimized locally by a disjoint
union of n disks. We will not give arguments indicating that they are not. But we will show
that any other cases are not possible.

3 Proof of Theorem 4
3.1 Eigenvalues on a set obtained by a small deformation of a disk

To show that the disk is not a local minimizer, we consider shapes obtained by small defor-
mations of the disk. We choose a relevant perturbation such that the eigenvalue of the corre-
sponding shape is smaller than the one of the disk. The aim of this section is to estimate the
eigenvalues of such profiles.

Since we only work on radial deformations, we use polar coordinates in R2. Let us intro-
duce parameters (r, 6) satisfying

x =rcos(d),
y = rsin(0)

with r €]0, R[, R > 0,60 € [0, 2x][.
We recall the analytic expression of the eigenvalues and eigenfunctions of the Dirichlet—
Laplacian of the disk.
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Theorem 8 The eigenvalues and eigenfunctions of the disk of radius R (normalized for the
L2-norm) for Dirichlet—Laplacian are given by

s
)‘O,p = Ri’zpv P = 17
1 1 jOpr
uo,p(r, ¢ =\/j Jo|=—). p=1
0,p(r,0) = R17Go)| 0( R p>
J .
Am,p = %, m, p > 1, multiplicity 2

RIT, Gl I (]m 3 )COS(’”Q)

]m,)r .
‘\/>R|J,,,(/m,,> ( 7 )Sm(me)

where jy, p is the pth zero of the Bessel function J,,.

, m,p=>1, 5)

um,p(r’ 0)

This result is easy to show and elements can be found in [7].

We will consider here a disk of radius 1. Thus, we consider the case of the constraint
measure .

We consider deformations of the unit disk in the following sense: for ¢ > 0 a small
parameter, the boundary points of the new domain £2; are described by the parameterization
(R0, ¢), 0) where

o0 o0
R(O,e)=1+¢ Z ae™ + g2 Z bpe" + 0(e?) (6)

n=—00 n=—00

with a_, = @, and b_,, = b,, for all n.
We will see in Sects. 3.2 and 3.3 that we need a second order development.

2
o0 o0
Using ( > ane’"e) = > @a,e!™ q.a_, = |a,|* and fozn ei"?dg = 0 for

n=—00 n,l=—o0
n # 0 we show that the area of £2; is

2 R(0,¢)
Ale) = / / rdrd@—n|:1+28ao+s (2b0+ > lanl )+0(s )} %)

n=—0o

We will deal with the measure constraint in two times. First, let us make A(¢) = 7+ 0 (&3).
‘We thus obtain the conditions

] oo
ay=0 and by = -3 Z lan|?. (8)

n=—0oo

Then, from Property 1, we will have to compare A(e)A($2;) with Ti(£2p).

Let us consider an eigenvalue X of the disk. From Theorem 8§ we know that there exist
m > 0 and p > O such that . = j,%,p. So let us fix them.

Now, Part VIL.6.5 of [10, pp. 423-426], gives us an expression of the eigenvalues and
eigenfunctions of the Laplacian on the new domains. For some more details we can also refer
to the pp. 155-160 of [12] and to [13] or [6] for details on the theorem used in [12].
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For the following and for simplicity, let us denote A(£2;) = w? and u(r, 0, &) an associ-
ated eigenfunction. Note that even if it is not explicit, they depend on m and p. Since the
eigenfunctions given in (5) define a basis and since J_,, = (—1)"J,, Vn, let us write

o0
u(r6.6)= > An(e)Jo(wr)e™, with A, =(=1)"4, ©)
n=—oo
and with
An(&) = 8luimQn + &Bn + %yn + O (&) (10)

where 8y, = 0if |n] #m an7d else §j,m = 1. Since A_,, = (—1D"A, we deduce that
apy = (=1)"y, By = (=1)"Bu, Y—n = (=1)"¥x.

Remark 3 Form # 0 o, # 0 and must satisfy
u(r,0,0) = (ameim9 + e ) (@), (11)

u(r, 0, 0) being an eigenfunction on the disk associated with A(£2p) = j,%,,p. Thus, if we
choose «,, = 1, the eigenfunction associated with j,%’p Sum,p=2Jn (jnzw,r) cos(m@) and
if we choose o, =i, u,p = —2Jp (j,%w,r) sin(m6).

From [10] we know that we can write
= wy+ew) + 2wy + 0(e). (12)
Thus, remembering A(£2;) = w?
MR2e) = 0 + 2emw) + &% 2wowy + w7) + O(&). (13)

We now want to express wg, o, w2 with (a,), (b,), (an), (By) - ..
The Dirichlet boundary condition becomes

oo
u(R©.8).0.6)= D Ay(e)Jy (@RO, )™ =0. (14)
n=—o0
Remark that wR = wg + (v — wp) + @ (R — 1). Using this in (14) and expanding J, in a

Taylor series

> A'1(8)|:Jn(w0) + Jy (@) (@ — wo + @ (R — 1))

n=—00
1

+EJ,;’(w0) (@ —wo+ o(R —1)*+ 0(53)]e""9 =0. (15)

@ Springer



Ann Glob Anal Geom (2015) 47:285-304 291

Using (6) for R, (10) for A, and (12) for w in (15) we obtain the equation

0= Zslnlman Jn (C‘)O)eino

n

ey (ﬂn T (@0) + 8jnimen J}, (o) |:a)1 + wozalei19:|)eine
n

[

+822(yn Jn(@0) + BnJ, (@) [wl + wozazeiw:|
n I
+ Sjnmn [J,; (o) (wz + wi Za;e”o + wOZble”@)
! [
2
+ = J”(wo)<w1 + 2wowlza,e”9 + o} (Zale ) )De""" + 0. (16)

This equation is true if and only if the coefficients ahead of el j=0,1,2..., are all equal
to zero.

We now have to separate the cases m = 0, that is to say simple eigenvalues of the disks,
and m > 0, double eigenvalues.

Case m = 0: simple eigenvalues

Lemma 1 With previous notations, if A(£20) = jg’ » then

A©M2e) =75 (1 +42>° (1 + M) |az|2) +0(e). (17
=0 l(]O,p)

Proof Term in &°

apJo(wp) = 0. But g # O else u(r, 8,0) = 0. So Jo(wp) = 0 that is to say wy = jo,p-

Term in &'

Jo(wo) = 0 and ap = 0 so

0 = agwi Jy(wo) + z [ct0 J§(@0)woan + BuJn(wo)] ™.
n#0

Forn # 0, B, = —apwoay jggig; and for n = 0, agw; J{(wp) = 050 w; = 0.
Term in &2

Using w1 = 0 and Jo(wp) =0

0= Z (Vn Jn(@0) + BuJ,, (wo)woZazeilg) e/nf

n 1

“+oo ]0(0)0) (a)z + (l)()zble’le) + — Jé/(a)o)wozala el(l+l‘l)9

n,l

Then, for n = 0 we obtain

wy = —woby — wyo—ad

Bn Jy/, (o) 1 J() (o)
—n; - E la;
o o Jy(wo) 2 ‘,0
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Using B, = —apwod, 15 J (w 5 X forn # 0, J (wp) = — L Jj(@o), I, = (=1)"J} and |a_,| =
lan] = lax

J7 (wo) (wo)
w2 =w0§ (H‘”Ofn(wo))' ol =202, (H @ )) onf”

In conclusion, replacing wg, w1, w; by these values in (13) and considering A(e) = 7+ O (e3)
we deduce (17). ]

Case m > 0: double eigenvalues

Lemma 2 With previous notations if M(£29) = j,fl,p, m > 0 then

P Uy
A(e)A(82,) = Jij,P(l —2eay, —
U
I Gm,p)
+2‘92 2|ay |2+ z 1+ mplj.& | mfl|2+ idZm - am
J1(m p) m m
|I|#m ’
J{ Gm. p)
— by + + Jmnp =) agram—r ) | ) + O(E). (18)
Ji1Gm,p)
I11£m e

Remark 4 From Remark 3 we know that for a double eigenvalue we can choose different «,
such that one of the eigenvalues becomes of the form j,%’ » (1 — 2easy,) + O(g?), for instance
for o, = 1, and the other one j,%l’p (1 4+ 2eany) + O(g?), for instance for o, = i.

Proof Term in &°
With J_,, = (=1)"Jy and a—,, = (—1)"

U I (@0)™ + &y T (@0)e— ™ = 2Re (ameim‘g) Tn(wo) =0 VO

s0 Ji (wp) = O that is to say wo = ji, p-

Term in &'

0= Z [,Bn Jn(@0) + (Aman—m + Cmapim) a)O‘]y/n (wO)]einG
In]|#m

+ (@1 + Tmwoazm) Iy (@0)e™ + (@nw) + dpwoa—om)J), (wo)e ™.
n (@0) U
Forn # |m| B, = —wo (@n—m®m + antm®n) Jm(wo) , for n = m we obtain 2L = —ay, o
2
— @wlr — Uy w1 Dm __ [ %m
andforn = —m, 2 wo =~ gt S0 Gl € Rand w; € R. Therefore, if ay,, # O, =z = (W)
S0 W] = —wpasme 2ae@m) which is also true if apm = 0.
In conclusion w; = —azmwoo‘i’ and wl = a)0|a2m |2.
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Term in &>
With J_,,, = (=D)"Jp, a0y = (=)™, J, (w0) = ——OJ,’W (wp) by definition of Bessel
o0 A 2 00 .
functions and ( > anel"f?) = > aqapelttme
N=-00 n,l=—00

0= Z(ann(wO) + ,3”.1;1(&)0) |:wl + wozalei10i|)ein0

n i

2
’ e | ilg _ %0 i(l+n)0 im0
+apJ, (wo) | @2 —zwo + wo El bie > E aja,e e

+ 0 J, (o) | w2 — T + wozblelle _ fzaza im0 | o—imb
n,l
For n = m, with (8), we have that
2

[0 o 1 ,3 () J/(a)li)
1 2 2 m 2 : m 1
w)= “+wo ay|  —wo— bz — = Am+1Gm—] |— — W] — — E ,Bla —1

Ty (@0)

Using the previous expressions for 8, |n| # m, wi, w% and with 8_,, = (—1)"B,, and
J.,, = (=D"J we deduce

w) laz | J/(CUO) B  Bm
;OZTm'i'Zm” +w02|am L + :mGZm_aimHZm

[ m Ji(wo) Um m
r 7
Uy J (wo)
+ - —bam + Z ( Z Am+1Am—1
O (wo)
|117#m

T
Similarly, forn = —m, =I'+71+7>.

Thus, since I" € R, Zé =I'+MNM+THL=I+"T+71= F—{—Tl—l—’fgso 2 ¢ Rso
wy € R. Furthermore, I" € R so 77 + 7> € R so, in particular, 77 + 1> = :i:lT] + 13|.
Moreover 71 € iR so 11 = —Im(73).

With Z:|a;|2 laam|> + > |am—1|* we obtain
[T]#m

J _
(a)O) m_—
S+ 3 (100 ) g 4 ( L2 P2,
Il 2m J (o) Oy Am

U 1 -][ (wo)
— | b m A~ m m—
+ 2m + Z (2 + o 0 @0) Am-+1Gm—1

o I1|£m

In conclusion, replacing wg, w1, w> by these values in (13) and considering A(e) = 7+ O (€3)
we deduce (18). ]

We obtained asymptotic developments of the eigenvalues on domains with respect to small
deformations of the disk. Now, if we find some families (a,,) and (b,,) such that A(e)L(£2;) <
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(20 =7 j,%,, p for corresponding m and p, then the disk is not a local minimizer for the
corresponding eigenvalue.

On the contrary, Wolf and Keller have shown that for these deformations, A3 is always
greater than j12.1-

3.2 Simple eigenvalues of the unit disk

Lemma 3 Let Ay be an eigenvalue of the Dirichlet—Laplacian which is simple for the disk.
Then, for k # 1, Ay is not locally minimized by the disk among sets of constant measure.

Remark 5 Tt is easy to show that for A; simple for the disk, the disk is a critical point for the
function # > |£2;|A; (£2;). We can use the expressions for the derivatives with respect to the
domain given in pp. 38-39 of [7] prove it or remark that in (17) we do not have terms in €.
So we have an example of a lot of critical points which are not (local) minimizers.

The case of the simple eigenvalues corresponds to the case m = 0, so A(e)rx(§2;) is

given by (17). If we can find a [ such that 1 + %éj;)”)

not a local minimizer. In fact we have the following estimates:

< 0 we can show that the disk is

Lemma 4

. J/ . . J/ .
Jo.1J3(jo,1) -0 and 1+ Jo.pJ3(jo,p)

; - <0 Vp=>2.
J3(jo,1) J3(jo.p)

Proof of Lemma 3 From Lemma 4, if we choose (a,) given by a; = 0,V|i| # 3,a3 # 0

small enough and a_3 = a3, and (b,)) such that by = —|az|? and b,, = 0 for n #0,

Jo.pJ3Cjo.p)
J3 (jO,p)
<0

A@)M(2:) = jg , +4me’ i, (1 + ) las|®> + 0(%) Vp = 2.

Remark that it corresponds to the case
R(0,8) =1+ 2¢[Re(az) cos(30) — Im(asz) sin(36)] — 52|a3|2 + 0(83).

So there exist shape obtained from the unit disk by small variations for which simple eigen-
values apart from the first are less than the ones of the unit disk. This concludes the proof.
O

Proof of Lemma 4 To prove the lemma we use the following classical results on Bessel
functions:

VneN,Vx eRY, xJ;=nJy —xJuq (19)

VneN, Vx eRY, xJ,=—-nly+xJy1 (20)
2n

and  VneN, Vx eRY, —J,=Ji—1+ Jnyl1. (21
x

These results can be found for instance in [1, pp. 358-361].
From (21) and Jo(jo,p) = O we deduce that

2 . . ) . J2(jo,p) 2
—01Go,p) = JoGio.p) + LGjo.p) = hGop) = ——I=-"—

— = (22)
Jo,p Ji (]O,p) Jo,p
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From (19) and (22)

JHGop) 1 hGop 1

Lo dop  JiGop)  dop

Therefore,

Jo,pJ1 Go,p)

Ji (jO,p) 0,p

Moreover, (22) is

JZ(jO,p) . 2 N Jl(jO,p) o ]07

P
-]l(jO,p) jO,p JZ(jO,p) 2 ’

With this equality and (20)

1
=1+ jop X (——) =0, VpeN*
J

. . . 2
Jz/(]O,p) __i -]1(]0,1)) __i_i_]()i,p_ JO,p_4
J2(jo.p) Jo.p  J2(jo,p) Jo.p 2 2jo.p
Si . . s« Ho.p)
ince jo,p > jo,1 > 2,Vp € N¥, 2o ) > (0 and
T
1+ J0.p75%J0.p) 2_(J0’p) >0, V peN-
-12(]0.]1)
Now, (19) gives
. . 1Y) . .
LGop) 2 J3(jo.p) _ Jop —4 J2Gjo.p)  2jop
JQ(jO,p) jO,p J2(j0,p) 2jO,p J3(j0,p) 8 — j&p
Therefore with this equality and (19)
BGop) _ =3 BGop) =3 | 2oy _ Sjo,p —24

J3(j0,p) B jO,p J3(j0,p) B jO,p 8 —jozyp B jO,p (8 — ]gp)

2 2_
Let us define f(x) =1 "‘xjfcg,xzf) = 4§7x‘2"

Then f(x) > 0 Vx € ]2, Zﬁ[and F(x) <0Vx €10,2 u]zﬁ, +oo[.
But jo 1 € ]2, 2«/5[ so f(jo,1) > 0 whereas jox > jo2 > 24/2 s0 fGox) <O0Vk>2

so we proved lemma 4.

3.3 Double eigenvalues of the unit disk

[}

Lemma S Let X be an eigenvalue of the Dirichlet—Laplacian which is double for the disk.
Then, for s # 3, A is not locally minimized by the disk among sets of constant measure.

We are in the case m #% 0 and A(e)A(£2;) is given by (18).
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For simplicity let us choose ay,, = 0. Therefore, (18) becomes

. S Gm,p)
A(E)A(82;) = n,,,%,p<1 + 26‘2|: > (1 + Jm,pﬂ) |11

i1 m Jl(jm,p)
o7 1 T Gmp)
— (— bom + Z (7 + Jm,pl.#) am+lam—1) i|) +0().
7 lilm 2 Jl(]m,p)

v
It is then easy to nullify ¥ (choice of by,,). So we just have to study

J Gim,p)

A(©)A(2,) = nj,%hp(l +262 > (1 + i p
Jl(]m,p)

) |am_1|2) + 0. (23)
[L|#m

Thus, if we find a / such that
e P .
(1 T Jm,p {(]m,p)) 4 (1 I Jm,p Qm_[.(]m.p)) -0
Jl(]m,p) J2mfl(]m,p)

(lam—11 = lai—m|) we will be able to find some (a,) and (b,) satisfying the necessary
conditions and such that A(e)A(£2;) < mwA(§2p), which proves Lemma 5.

Lemma 6

. J/ . . 7 .
Vm > 1, Vp € N* (1 4 Smep a2 tim.p) ’"*2(1’””’)) + (1 4 Imepdm—2tim.p) ’"*2(1’”"’)) <0.

-]m+2(jm,p) Jm—Z(jm,p)

Lemma 7

jl,lfz/(j],])) ( . Ji(jl,l))
I+ ———= )+ {1+ 15 >0
( LG AT
jl,pJQ/(jl,p)) ( . J;{(J'l,p))
and (14 L2200l (g g el <0 ¥p=>2.
( J2(]1,p) pJ4(]l,p)

Proof of Lemma 5 The idea of this proof is similar to the previous one.

Let us begin with the case m > 1, p € N*.

From Lemma 6, if we choose (a,) given by a; = 0, V|i| # 2, a; # 0 small enough and
a_p = ap, and for (b,,), such that by = —|a2|2, by = 0 for k # 0, then

AOMR) =7y , +4me% i lasl®

i . Lo .
% ((1 n Jm.,p m+2.(]m,p)) n (1 I Jm.,p m,z.(]m,p))) +0(83).
Jm+2(]m,p) Jm—Z(]m,p)

<0

Remark that it corresponds to the case
R, ) =14 2¢[Re(az) cos(20) — Im(ay) sin(20)] — 82|az|2 + 0(83).

So there exist shapes obtained from the unit disk by small variations for which A(e)A(£2;) <
T A(§20) when A(£20) = j,%l’p, m > land p > 0.
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Now form = 1, p > 1, from Lemma 7, if we choose (a,) givenby a; = 0, V|i| # 3, a3 #
0 small enough and a_3 = a3, and for (b,) such that by = —|a3 |2, by = 0 then

A@M$2:) = mji , +4me’ ji las|®

jl,,,Jgul.p)) ( jl,,,u(jl,,,))) \
I+ == ) (1 4+ 22 ) ) +0 Vp>2.
X (( 1201) J3(p) ) Vo2

<0

Remark that it corresponds to the case
R0, ¢) = 1 4 2¢ [Re(az) cos(30) — Im(a3) sin(30)] — &%|az|® + O (7).

So there exist shapes obtained from the unit disk by small variations for which A(e)A(£2;) <
TA(§20) when A(£20) = jlz’p and p > 1.

Notice that jf | = 22(£20) = 43(£20). o
Proof of Lemma 6 One more time, we use (21) and J,, (jin,p) = 0 s0
2m+ 1) . . . .
ij+l(]m,p) = Jm(]m,p) + Jm+2(]m,p) = Jm+2(]m,p)
Ini2Unp) _ 20+ 1) o
Jn+1Cm, p) Jm,p
(19) and (24) gives
J,;H.](jm,p) _m +1 B Jn+2Cjm, p) __m + 1. 25)
Jm+l(jm,p) jrn,p Jm+1(jm,p) jm,p
Therefore,
1+M:1+J‘m,px (—m,+1):—m<o, VpeN, Vm> 1.
Im+1Cm,p) Jm.p
Then we rewrite (25)
-]m+2(jm,p) _ 2(m + 1) Jm+1(jm,p) _ jm,p
TntGmp) — Jmp Jn2Cjmp) — 20m+ 1)
With this equation and (20)
J,/n+2(jm,p) o om+ 2 Jn+1Um,p) _ m+ 2 Jm.p
Int2Gmp) — dmp Iw2Gmp)  dmp  2mt D)
_ J3, = 2m+2)(m +1) 6)
2(m ~+ 1) jm, p
So
1+ jm’pj;"ﬂ_(jm’p) = j,?,,,, —2m 1)2, Vp e N*. 27
Jn+2Cim,p) 2m+1)
On the other hand, for m > 1, (21) gives
2(m = 1) . ) . .
me—l(Jm,p) = JuCm,p) + In—20m,p) = Im—20m,p)

Jm—l(jm,p) _ jm.p
Jm—Z(jm,p) 2(m — 1).
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With this equation and (19)
J,:1_2(jmvl7) _ m—2 _ Jmfl(jm,p) _ m—2 _ jm,p
Jm72(jm,p) jm,p Jm72(jm,p) jm,p 2(111 - 1)
_2m=Dm=-2) -,
2(m — 1)jm,p .

(28)

So
imp o Gmp)  2(m — 1 = j2
Jm,pdm_2Um,p) Jm,p
Jmn—2Cm. p) 2(m — 1)
Still form > 1,Vp € N*, from (27) and (28)
(1 + jm,p-,,;lJrz.(jm,p)) + (1 + jm,p-’,%z.(jm,p))
-]m+2(]m,p) Jm—2(]m,p)
JE,=2m+ D2 2m—1*—j2 o p+20m+D(m—1)

2m +1) + 2(m —1) N m+1)(m—1)

j2
—_— n‘l7p

Proof of Lemma 7 Now, with (26) and (19) we have

14+ , VpeN*

To2Ump) — m 42 Jn3Gmp) Jmp = 2m+1)(m +2)
In2Gmp) — dmp Ima2Gmp) 2(m + 1) jm,p
Jm+2(jm,p) _ 2(m + l)jm,p
In3Ump)  Am+1)(m+2) —j2

Therefore, with this equation and (20)

Jr/n+3(jm.p) . —(m+3)  Jmt2(m,p)
Ins3Cm.p)  Jmp Ins3Cim,p)
_ —(m+3) 2m+ 1) jm.p
" mp Am+ D)(m+2) — j2,

_ (3m+5)j,,21,p—4(m+1)(m+2)(m+3)' 29)

mp [40n + Dn +2) = 2., ]

In the particular case m = 1, we obtain, respectively, from (25) and (29)

. 22
Jﬁi(]l,p) _ 8]1,1) —-96
Ja(j1,p) 24 — jlz’p

jl,p‘]z/(jl,P) .
14 2b222JbP) g and 14y,
J2(j1.p) r

SO

LIl J (i 8]2 —96
(1 + Ji,p 2'(]1,p)) T (1 +jl,p 4(]‘1,p)) _ 1,p —.
12Gnp) WGip) T 272,
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Let us define f(x) = 3°=% Then f(x) > 0 for x €]2+/3,2v/6[ and f(x) < 0 for x €

24—x2
[0, 2+/3[U12+/6, +o00[. But ji .1 €]2+/3,24/6[ s0 f(ji1,1) > O whereas ji,, > ji2 > 23/6
so f(j1,p) <0Vp > 2.So0 we proved Lemma 7. O

Conclusion With Lemmas 3 and 5 we have proved exactly Theorem 4.

Remark 6 1t is clear that if A4 is not a local minimum, then it is not a global minimum.

4 Proof of Theorem 5

In this section, we use the previous results on disks to obtain information on the optimality
of disjoint unions of disks. For that, we need a result linking eigenvalues of disjoint unions
of disks and of disks. Wolf and Keller obtained such a result in [15].

Let us define the open set £2)° by |$2)| = 1 and satisfying

A (£2)) = min{%, (£22); £ open set, |2| = 1}

n

and

Ar =y (£2)) = min{},(2); £ open set, |2| = 1}.

n

Theorem 9 (Wolf—Keller, dimension N) Suppose that §2,} € RN is the union of at least two
disjoint open sets of positive measure. Then

N/2 N/2 N/2 . N/2 N/2
0" = 000 00" = i | (1) ()] oo

where i is avalue of 1 < j < % minimizing the sum ()S;)N/z + ()L;;fj)N/z. Moreover,

e\ 172 2\ 172
Q::[(A%) QZ{|U|:(Z;§_I) Q:_ii| (disjoint union). (31)

This theorem gives an iterative way of finding candidates for unions of sets minimizing
eigenvalues of the Dirichlet-Laplacian. It can easily be restricted to disks and disjoint unions
of disks of same measure.

Therefore, we can obtain the disjoint union of disks, eventually the disk, of measure
one which minimizes each eigenvalue. We can do exact computations. But for simplicity I
used a computer to obtain the results given in Fig. 1. Notice that the results given here are
approximations but I did them at the very end of the process. Moreover these results are
essential for the proof of Theorem 5.

Now we want to identify if there exists such a union of disks which can be a minimizer of
a given eigenvalue. For that, we use one more time iteratively Theorem 9 to find candidates.
We can then compare with results of Fig. 1 to determine if the union candidate is better than
any other union of disks. If the candidate is not in Fig. 1 then it cannot be a minimizer by
construction. We also have the possibility to compare with the eigenvalues of the rectangles
since the formulae are known. In fact, recall that if 2 = [0, L] x [0, %] then A, =

2
72 (% + L2n2) ,Vm,n > 1.
With these observations and results of previous sections we can establish Theorem 5.

Proof of Theorem 5 — Suppose that £/ is a union of two disjoint disks. According to
Theorem 9, there exists an 1 < i < k such that .Ql* and .Q;f_i are both disks. We deduce
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R O
(@]
A1 Q 18.169 A7 O Q 110.418 A3 199.071
OO O 30O
A2 36.337 A8 127.884 A4 o 217.239
A3 Q 46.125 A9 O O 138.375 A5 Q 227.027
A Q 64.294 Ao Q 154.625 A6 Q 241.711
30 o() O
As 82.462 A1 172.793 A7 241.711
OO O o)
A6 92.250 A2 180.903 A8 259.880

Fig. 1 Disjoint unions of disks, eventually the disk, of measure one which minimizes eigenvalues of the
Laplacian with Dirichlet boundary condition and their approximated values

that at besti € {1,3} andn — i € {1, 3}. Therefore if k ¢ {2, 4, 6} A is not minimized
by a union of two disjoint disks.

— Suppose that £2;° is a union of three disjoint disks. According to Theorem 9, there exists
an 1 <i < ksuch that £2" is a disk and £2_; is a union of two disjoint disks. It follows
that at best i € {1,3}and n — i € {2, 4, 6}. Therefore, the only possibilities are k = 3,
k=5k=7andk =9.
But we have to exclude k = 3 since the eigenvalue of one disk is smaller than for any
union of disks (cf. Fig. 1).
Then, Antunes and Freitas in [3] found the minimizing rectangle for As (whose lengths
are (5/3) 1/4 and its inverse). The eigenvalue of this rectangle (~~81.5463) is smaller than
the one for any union of three disks (~82.462 for the best union of three disks from
Fig. 1).
Soif k ¢ {7, 9} Ak is not minimized by a union of three disjoint disks.

— Suppose that £2} is a union of four disjoint disks. We have here to consider two cases:

— there exists an 1 < i < k such that 2} is a disk and 2 . is a union of three
disjoint disks. It follows that at besti € {1,3}and n —i € {7, 9}. Therefore, the only
possibilities are k = 8, k = 10 and k = 12,

— there exists an 1 < i < k such that .Ql.* and Q;‘_i are both unions of two disjoint
disks. It follows that at best i € {2,4,6} and n — i € {2, 4, 6}. Therefore, the only
possibilities are k =4,k =6,k =8,k =10 and k = 12.

But for all these last three eigenvalues, the eigenvalue of one disk is smaller than the ones
of any union of disks (cf. Fig. 1).
On the other hand A4 and A¢g are smaller in the case of the union of two disks than in the
case of a union of four disks (cf. Fig. 1).
So Vk, Lk is not minimized by a union of four disjoint disks.

— Suppose that 2" is a union of five disjoint disks. We have here to consider two cases:

— there exists an 1 < i < k such that .Qi* is a disk and 9:—1‘ is a union of four disjoint
disks. From previous considerations this is not possible,

— there exists an 1 < i < k such that £2} is a union of two disjoint disks and £2*_; is a
union of three disjoint disks. It follows that at best i € {2,4,6} andn —i € {7, 9}.
Therefore the only possibilities are k = 9,k = 11,k = 13 and k = 15.
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But Ag is smaller in the case of a union of three disks than in the case of a union of five
disks (cf. Fig. 1). Likewise, A1, A13 and A5 are smaller in the case of a union of two
disks than in the case of a union of five disks (cf. Fig. 1).
So Vk, Xk is not minimized by a union of five disjoint disks.

— Suppose that £2" is a union of six disjoint disks. We have to consider three distinct cases:

— there exists an 1 < i < k such that .Qi* is a disk and 9:—1‘ is a union of five disjoint
disks. This is not possible from previous items,

— there exists an 1 < i < k such that £2* is a union of two disks and 9:4 is a union
of four disjoint disks. This is not possible from previous items,

— there exists an 1 < i < k such that .Qi* and 'Q:f—i are both unions of three disjoint
disks. It follows that at best i € {7,9} and n — i € {7, 9}. Therefore, the only
possibilities are k = 14, k = 16 and k = 18.

But A4 is smaller in the case of a union of three disks than in the case of a union of six
disks (cf. Fig. 1). Likewise, A1¢ (resp. A1g) is smaller in the case of one disk (resp. the
union of two disks) than in the case of a union of six disks (cf. Fig. 1).
So Vk, Ak is not minimized by a union of six disjoint disks.

— Suppose that £2;° is a union of m disjoint disks with m > 6. The different possibilities
are:

— there exists an 1 < i < k such that £2 is a disk and £2)"_; is a unionof m — 1 > 5
disjoint disks, but we see by induction that it is not possible,

— there exists an 1 < i < k such that .Qi* is a union of two disjoint disks and ‘Q::—i is a
union of m — 2 > 4 disjoint disks, but we see by induction that it is not possible,

— there exists an 1 < i < k such that 27 is a union of three disjoint disks and £27_, is
a union of m — 3 > 3 disjoint disks, but we see by induction that it is not possible,

— the other possibilities of unions of disks for £2 are not possible.

So Vk, Ak is not minimized by a union of more than 6 disjoint disks. O

Theorem 5 can be improved using numerical results. In fact if we find shapes, not neces-
sarily explicit, for which the eigenvalues are less than the ones of the best union of disks, then
these unions cannot be minimizers. For that we can use the numerical results of Oudet [14],
the improved ones of Freitas and Antunes [2] or the more recent ones given in Fig.2. These
last results were obtained by Oudet and me using finite element methods and are consistent
with the results of Freitas and Antunes.

We then can see that shapes exist for which A¢ and A7 are smaller than for any union of
disks. Taking this into account in the previous proof simplify it and the possibility for ig
disappears.

Remark 7 Notice that Antunes and Freitas used a method different from the one used by
Oudet and me to obtain these shapes. Moreover both these methods ensure that the numerical
values are greater than the real ones.

5 Proof of Theorem 7

The main idea of the proof of Theorem 5 can be used to show Theorem 7. For that we first
need to state a corollary of Theorem 9 in the case of local minima.
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o [ x o [ x

T 2 N '
11 159.821

6 88.502
1 18.169 .
’ 12 173.

2 | @@ | 3637 7 106.211 73.035
s ‘ 16126 8 ‘ 118.970 13 . 186.977

4 .. 4. ‘ ‘
64.306 9 132.493 14 199.286

5 ‘ 78.166 ' ‘
10 142.746 15 200.954

Fig.2 Shapes numerically obtained suggested as minimizers of the eigenvalues of the Laplacian with Dirichlet
boundary condition. These results obtained by Oudet and me are consistent with the ones obtained by Freitas
and Antunes in [2] (cf. Remark 7)

Let us denote A} a local minimum of A; achieved by £2/, open set of measure 1.

Corollary 1 (Local version of Theorem 9) Let A} be a local minimum of A, achieved by §2
with |§2)| = 1. Suppose that 2;f = §21 U §2; (disjoint) with |$21| > 0 and |$22| > 0. Then
there exists 1 <1 < n such that

1. $21 is a local minimizer of A; and $§2, is a local minimizer of \,,—;,
2.0 xF = 120N (1) and 35_p = 122N h,i(22) then GO = GHN/? 4+
G2,

3. if2F = ]/N and 2%, = —“4x then

1£21] _I-Q\

A\ 172 aF 1/2
2 = (—;) QF U ( ”*1) Qr_; | (disjoint union).
A’n )\'n

Proof of Corollary 1 The proof of this corollary is based on the proof of Theorem 5 as we
can find in [7]. Thus we will not do details here.

We first show that there exists an 1 < i < n such that A; (£21) = A,—;(£22) = A} with the
same arguments as in pp. 74-75 of [7].

Suppose that A;(£21) is not a local minimum of A;. So there exists a vector field V such
that Ve > 0 A;(£21) > X; (21 +eV) with |£21| = |21 + V.

Letnowben > Oand 2] = (1-1)£2{ = (1—n)(£21+¢V).For  smallenough, 1; (£2]) <
i (82]) < Ap—i(£22). Let be 2 = 21 U £ with 2] = «§2; such that |2{| + [£2}| = 1.
Thus A, (22) > An—i(2}) and 50 4, (R7) = max{in—; (2), 4 ()} < dn—i(22) = 1%,
which contradicts the hypothesis of local minimality of £2,.

Thus, 1; (£21) is a local minimum of X; with the constraint measure |$2;].

We similarly show that A,,_; (£22) is a local minimum of A, _; with the constraint measure

1221

Now let us define 2 = iz, I‘/N It is easy to show that |27 = 1 and A;(£2]) = A} =
12117/ k.

Similarly, for 2 ; = ;= |1/N wehave [ 2% .| = landA,_; (2" ) = A* . = [,V

Since |21] + [22] = 1, AHN/2 + (0 )N/2 (N2,
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Finally let us define

1/N 1/N

l

AHN? 2| (N2 o
= WHN/Z 4 (Ak_ N2 i AON2 4 (3 _HN/2 n—i

With arguments similar to [7] we show that |§ | =1and A, (ﬁ) =Ah. ]

Before giving the proof of Theorem 7, let us exhibit the result for the first values of n.
1 A and A3.

A union of | 2| disjoint disks can locally minimize at most | #2> 4 and 2.

Proof of Theorem 7 Let us do an induction. The result is clearly true for » = 1 from what
precedes. Suppose now that the theorem is true from 1 to n — 1 and let us prove that it is true
for n. We are looking for ks for which A can possibly be locally minimized by a disjoint
union of n disks. So there exists an 1 < m < n such that 2 = 2 U §£2, with £21 a disjoint
union of m disks and §2; a disjoint union of n — m disks. According to Corollary 1, £2 can
be a local minimizer of A; only if i = i| 4 i> where £2; is a local minimizer of ;, and £2; is
a local minimizer of 1;,. From the hypothesis of the induction we have that

ire{fm+2;11=0,....m} and ire{n—m+2;, 1pb=0,...,(n—m)}.
Therefore,
i=i1+ire{n+2;1=0,...,n} (independent of m)

which concludes this proof. O

Remark 8 This theorem does not say that these unions of disks are local minimizers of the
corresponding eigenvalue but only that it is possible.
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