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NON-BOUNDEDNESS OF THE NUMBER OF NODAL
DOMAINS OF A SUM OF EIGENFUNCTIONS

PIERRE BERARD, PHILIPPE CHARRON, AND BERNARD HELFFER

ABSTRACT. Generalizing Courant’s nodal domain theorem, the
“Extended Courant property” is the statement that a linear com-
bination of the first n eigenfunctions has at most n nodal domains.
In the first part of the paper, we prove that the Extended Courant
property is false for the subequilateral triangle and for regular N-
gons (N large), with the Neumann boundary condition. More
precisely, we prove that there exists a Neumann eigenfunction uy
of the N-gon, with index 4 < k < 6, such that the set {u # 1} has
(N + 1) connected components. In the second part, we prove that
there exist metrics g on T? (resp. on S?) which are arbitrarily close
to the flat metric (resp. round metric), and an eigenfunction f of
the associated Laplace-Beltrami operator such that the set {f # 1}
has infinitely many connected components. In particular the Ex-
tended Courant property is false for these closed surfaces. These
results are strongly motivated by a recent paper by Buhovsky, Lo-
gunov and Sodin (arXiv:1811.03835). As for the positive direction,
in Appendix B, we prove that the Extended Courant property is
true for the isotropic quantum harmonic oscillator in R2.

1. INTRODUCTION

Let 2 C R? be a bounded domain (open connected set) with piecewise
smooth boundary, or a compact Riemannian surface, with or without
boundary, and let A be the Laplace-Beltrami operator. Consider the
(real) eigenvalue problem

{ —Au = Au in

(1.1) B(u) =0 on 092,

where the boundary condition B(u) = 0 is either the Dirichlet or the
Neumann boundary condition, u = 0 or d,u = 0 on 0f2, or the empty
condition if OS2 is empty.
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We arrange the eigenvalues of (1.1) in nondecreasing order, multiplici-
ties taken into account,

(1.2) A <A< A<
The nodal set Z(u) of a (real) function u is defined to be
(1.3) Z(u) ={r e Q| u(x)=0}.

The nodal domains of a function u are the connected components of
O\ Z(u). Call By(u) the number of nodal domains of the function w.

The following theorem can be found in [7, Chap. VIL.6].

Theorem 1.1 (Courant, 1923). An eigenfunction u, associated with
the n-th eigenvalue X\, of the eigenvalue problem (1.1), has at most n
nodal domains, Fo(u) < n.

For n > 1, denote by L£,,(2) the vector space of linear combinations of
eigenfunctions of problem (1.1), associated with the first n eigenvalues,
Ay Ap

Conjecture 1.2 (Extended Courant Property). Let w € L, () be a
nontrivial linear combination of eigenfunctions associated with the n
first eigenvalues of problem (1.1). Then, Go(w) < n.

This conjecture is motivated by a statement made in a footnote! of
Courant-Hilbert’s book.

Conjecture 1.2 is known to be true in dimension 1 (Sturm, 1833). In
higher dimensions, it was pointed out by V. Arnold (1973), in rela-
tion with Hilbert’s 16th problem. Arnold noted that the conjecture is
true for RP2, the real projective space with the standard metric. It
follows from [12] that Conjecture 1.2 is true when restricted to linear
combinations of even (resp. odd) spherical harmonics on S* equipped
with the standard metric gg. Counterexamples to the conjecture were
constructed by O. Viro (1979) for RP3. As far as we know, RP? is the
only higher dimensional compact example for which Conjecture 1.2 is
proven to be true. We refer to [1, 2] for references, and for several
counterexamples, including convex domains in R?, with the Dirichlet
or Neumann boundary condition, and to Appendix B for a proof of
the Extended Courant property for the isotropic quantum harmonic
oscillator in R2.

Questions 1.3. Natural questions.
(1) Fiz Q as above, and N > 2. Can one bound Py(w), for w €
Ln(2), in terms of N and geometric invariants of Q¢
(2) Assume that Q C R? is a convex domain. Can one bound Bo(w),
forw € Ly(Q), in terms of N, independently of Q7

p. 454 in [7].
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(3) Assume that Q is a simply-connected closed surface. Can one
bound Gy(w), for w € Ln(Q), in terms of N, independently of
953

A negative answer to Question 1.3(1) for the 2-torus is given in a re-
vised version of [4]. In this paper, the authors construct a smooth
metric g on T?, and a family of eigenfunctions ¢; with infinitely many
isolated critical points. As a by-product of their construction, they
prove that there exist a smooth metric g, a family of eigenfunctions
wj, and a family of real numbers ¢; such that Sy(w; — ¢;) = 400, see
Proposition 4.1.

Remark 1.4. When the metric is real analytic, an eigenfunction can
only have finitely many isolated critical points. In [4, Introduction],
the authors ask whether there exists an asymptotic upper bound for
the number of critical points of an eigenfunction, in terms of the cor-
responding eigenvalue.

The main results of this paper are as follows. In Section 2, we prove
that Conjecture 1.2 is false for a subequilateral (to be defined later on)
triangle with Neumann boundary condition, see Proposition 2.3. In
Section 3, we prove that the regular N-gons, with Neumann bound-
ary condition, provide negative answers to both Conjecture 1.2, and
Questions 1.3(2), at least for N large enough, see Proposition 3.1.

The second part of the paper, Sections 4 and 5, is strongly motivated
by [9, 4] and [6]. We give a new proof that Conjecture 1.2 is false for the
torus T?, and we prove that it is false for the sphere S? as well. More
precisely, we prove the existence of smooth metrics g on T? (resp. S?),
which can be chosen arbitrarily close to the flat metric (resp. round
metric), and an eigenfunction f of the associated Laplace-Beltrami op-
erator, such that the set { f # 1} has infinitely many connected compo-
nents. We refer to Proposition 4.3 for the torus, and to Propositions 5.1
and 5.2 for the sphere. In the case of T2, we also consider analytic met-
rics, see Proposition 4.5. As a by-product, we give a negative answer
to the question raised in Remark 1.4.

In Appendix A, we prove the weaker result Sy(w) < 8 d* when w is the
restriction to S? of a polynomial of degree d in R3. In Appendix B, we
prove that Conjecture 1.2 is true for the isotropic quantum harmonic
oscillator in R?. Both appendices rely on [5].

2. SUBEQUILATERAL TRIANGLE, NEUMANN BOUNDARY CONDITION

Let 7(b) denote the interior of the triangle with vertices A = (v/3,0),
B =(0,b), and ¢ = (0, —b). When b =1, 7(1) is an equilateral triangle
with sides of length 2. From now on, we assume that 0 < b < 1.

The angle at the vertex A is less than %, and we say that T'(b) is a
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subequilateral triangle, see Figure 2.1. Let T(b), = T(b) N {y > 0},
and 7 (b)—- =T (b) N {y < 0}.

C

FIGURE 2.1. Subequilateral triangle, BC < AB = AC

Call v;(T (b)) the Neumann eigenvalues of T (b), and write them in
non-decreasing order, with multiplicities, starting from the index 1,

(2.1) 0= (T(b)) <wa(T(b) <ws(T(b)) < -
We recall the following theorems.

Theorem 2.1 ([10], Theorem 3.1). Every second Neumann eigenfunc-
tion of a subequilateral triangle T (b) is even in y, u(z, —y) = u(x,y).

Theorem 2.2 ([13], Theorem B). Let T (b) be a subequilateral triangle.
Then, the eigenvalue vo(T (b)) is simple, and an associated eigenfunc-
tion u satisfies u(O) # 0, where O s the point O = (0,0). Normalize
u by assuming that u(O) = 1. Then, the following properties hold.
(1) The partial derivative u, is negative in T (b) \ (370 U {A})
(2) The partial derivative u, is positive in T (b)4 \ (mu {B}),
and negative in T (b)_ \ (m U {C})
(3) The function u has ezactly four critical points O, A, B and C
inT.
(4) The points B and C' are the global mazima of u, and w(B) =
u(C) > u(0) > 0.
(5) The point A is the global minimum of u, and u(A) < 0.
(6) The point O is the saddle point of .

As a direct corollary of these theorems, we have

Proposition 2.3. Conjecture 1.2 is false for the subequilateral triangle
T(b) (0 <b< 1), with Neumann boundary condition.

Proof. Fix some 0 < b < 1, denote T (b) by T, and (T (b)) by v
for simplicity. Let u be an eigenfunction of T associated with 15, and
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such that u(O) = 1. In the proof, we write (A1) for Assertion (1) of
Theorem 2.2, etc..

For a € R, call v, the function v, := u—a. This is a linear combination
of a second and first Neumann eigenfunctions of 7. We shall now
describe the nodal set of v, carefully.

According to Theorem 2.1, for all a, the function v, is even in y, so that
it is sufficient to determine its nodal set in the triangle 7, = OAB, see
Figure 2.2.

Case u(A) < a < u(B).
e By (A4) and (Ab), the nodal set Z(v,) is nontrivial if and only if
u(A) < a < u(B).

e By (Al) and (A2), the directional derivative of v, in the direction

e

of BA is negative in the open segment BA, so that v,|pa is strictly
decreasing from v,(B) to v,(A), and therefore vanishes at a unique
point Z, = (&,,1,) € BA. We now consider three subcases.

Case u(A) < a < u(0) < u(B).
e By (Al), va|oa is strictly decreasing from v,(O) to v,(A), and there-
fore vanishes at a unique point W, = (w,,0) € OA. By (A2), w, < &,.

e By (A1) and (A2), it follows that the nodal set Z(v,)N7T; is contained
in the rectangle [wq, &) X [0,7,], and that it is a smooth y-graph over
[Wa, €4], and a smooth z-graph over [0, 7,].

We have proved that v, has exactly two nodal domains in 7.
Case u(A) < a. = u(0) < u(B).
The analysis is similar to the previous one, except that w,, = 0. As a
consequence, v, has exactly three nodal domains in 7.

Case u(A) < u(0) < a < u(B).
e By (A2), v,|op is strictly increasing from v,(0) to v,(B), so that it
vanishes at a unique point V, = (0,(,) € OB. From (Al), it follows
that (, < 1q-

e From (Al) and (A2), it follows that the nodal set Z(v,) N T is

contained in the rectangle [0,&,] X [(4, 7], and that it is a smooth
y-graph over [0,&,], and a smooth z-graph over [(,, 7).

It follows that v, < 0in | —(,, ¢ [x[0,/3]NT, and that v, has precisely
three nodal domains in 7. Proposition 2.3 is proved. O
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F1GURE 2.3. Nodal behaviour for the subequilateral triangle

3. REGULAR N-GON, NEUMANN BOUNDARY CONDITION

Proposition 3.1. Let Py denote the reqular polygon with N sides,
inscribed in the unit disk D. Then, for N large enough, Conjecture 1.2
is false for Py, with the Neumann boundary condition. More precisely,
there exist m < 6, an eigenfunction u,, associated with v,,(Py), and a
value a such that the function u,, + a has N + 1 nodal domains.

Proof. When N tends to infinity, the polygon Py tends to the disk
in the Hausdorff distance. According to [11, Remark 2, p. 206], it
follows that, for all j > 1, the Neumann eigenvalue v;(Py) tends to the
Neumann eigenvalue v;(D) of the unit disk. The Neumann eigenvalues
of the unit disk satisfy

(3.1) 11(D) < 12(D) = v3(D) < v4(D) = v5(D) < v5(D) < v7(D) - - -

and are given respectively by the squares of the zeros of the derivatives
of Bessel functions: 0 = jj, 11,751, Jo2, and js . It follows that, for
N large enough, the eigenvalue v4(Py) is simple.

From now on, we assume that N is sufficiently large to ensure that
v(Pyn) is a simple eigenvalue. Let ug be an associated eigenfunction.

Call A;,1 < i < N, the vertices of Py, so that the triangles OA; A;11
are subequilateral triangles with apex angle .

Call D; the 2N lines of symmetry of Py. When N = 2m is even, the
lines of symmetry are the m diagonals joining opposite vertices, and
the m lines joining the mid-points of opposite sides. When N = 2m+1
is odd, the lines of symmetries are the N lines joining the vertex A;
to the mid-point of the opposite side. Call D; the line of symmetry
passing through the first vertex. Call Dy the line of symmetry such
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that the angle (D;, Dy) is equal to m/N. Denote the corresponding
mirror symmetries by Dy and Dy as well. The symmetry group of the
regular N-gon is the dihedral group Dy with presentation,

(3:2) Dy = {Dy, Dy | D} = D2 =1,(DoDy)V = 1} .

FIGURE 3.1. Py and P;2, Neumann boundary condition

The group Dy acts on functions, and commutes with the Laplacian.
It leaves the eigenspaces invariant, and we therefore have a represen-
tation of degree 1 in the eigenspace £(vg). This representation must
be equivalent to one of the irreducible representations of Dy of de-
gree 1. When N is even, there are 4 such representations, p,, ,, with
01,09 € {—1,1}, and such that p,, ,,(D1) = o1 and p,, 0, (D2) = 09.
When N is odd, there are only 2 irreducible representations of degree 1,
Poos With o € {—1,1}. Eigenfunctions corresponding to simple eigen-
values must be invariant or anti-invariant under D; and Dy depending
on the signs of o; and 0,. Anti-invariant eigenfunctions must vanish
on the corresponding line of symmetry. If (01,09) # (1,1), the func-
tions must have at least N nodal domains. For N > 7, this is not
possible for £(v5). An eigenfunction in £(vg) must be D; and Dy in-
variant, and must therefore correspond to an eigenfunction of 7 with
Neumann boundary condition, and with eigenvalue vg > 1v5(7T). We
can now apply Proposition 3.1. U

Remark 3.2. The above proposition also shows that the regular N-
gons, with the Neumann boundary condition, provides a counterexam-
ple to Questions 1.3(2), when N is large enough. This is illustrated by
Figure 3.1.

Remark 3.3. As shown in [2], Conjecture 1.2 is false for the regular
hexagon Pg with Neumann boundary condition. In this case, v5(Ps) =
v7(Ps), and has multiplicity 2, with two eigenfunctions associated with
different irreducible representations of Dg.

Remark 3.4. Numerical computations indicate that the first eight
Neumann eigenvalues of P; to P12 have the same multiplicities as the
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first eight eigenvalues of the disk and, in particular, that vg is simple.
Proposition 3.1 is probably true for all N > 6. Numerical computa-
tions also indicate that this proposition should be true for Py with the
Dirichlet boundary condition as well. The argument in the proof of
Proposition 3.1 fails in the cases N = 4 and N = 5 which remain open.

4. COUNTEREXAMPLES ON T2

4.1. Previous results. The following result appears in Section 3 in
an updated version® of [4].

Proposition 4.1. There exist a smooth metric g on the torus T?, in
the form g = Q(x)(dz*+dy?), an infinite sequence ¢; of eigenfunctions
of the Laplace-Beltrami operator A,, and an infinite sequence c; of real
numbers, such that the level sets {(x,y) | ¢;(z,y) = ¢;} have infinitely
many connected components.

Remarks 4.2. (i) The proof of Proposition 4.1 shows that the func-
tions ¢; — ¢; have an infinite number of nodal domains, contradicting
any extension of Conjecture 1.2.

(ii) A weaker result was independently proved by the second author
[6]. Namely, for any integer n, there exist a conformal metric g,,, a set
{¢pnj,1 <j <n} of eigenfunctions of A, , and a set {c,;,1 <j<n}
of real numbers, such that the level sets {¢, ; = ¢, ;} have infinitely
many connected components. Furthermore, it is possible to choose the
metrics g, arbitrarily close to the flat metric.

In this section, we give an easy proof of Proposition 4.1, in the partic-
ular case of one eigenfunction only, avoiding the subtleties of [4]. We
note that this particular case is sufficient to prove that Conjecture 1.2
is false on (T?, g) for some Liouville metrics which can be chosen arbi-
trarily close to the flat metric.

4.2. Metrics on T? with a prescribed eigenfunction. In this Sec-
tion, we apply an approach due to Jakobson and Nadirashvili [9], see
also [4].

Consider the torus T2 = (R/27Z)? with the flat metric gy = da® + dy?,
and associated Laplace-Beltrami operator Ay = 92 + 83. Consider
Liouville metrics on T?, of the form Q(z) (dz* + dy?), where Q is a
positive C™ function on T = R/27Z.

Generally speaking, identify functions on T! (resp. T?) with periodic
functions on R (resp. R?).

2The authors would like to thank I. Polterovich for making the new version of
[4] available to them.
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For a given function () > 0, and for £ € N, consider the family of
eigenvalue problems

(4.1) —y"(z) + k*y(z) = 0 Q(z) y(z) on T',

with associated complete sets of spectral pairs {(o;, Fr;) | 7 € N*}
(here N* = N\{0}).

A complete set of spectral pairs (A, ¢) for the eigenvalue problem

(4.2) — Dod(z,y) = AQ(z) d(z,y) on T?,
is given by

(4.3) {0k, Frj(w) cos(ky)) , (on, Frj(x) sin(ky)) [k € N, j € N°} .

Given a positive C™ function F' on T?, and an integer m € N°, define
the function ®(x,y) = F(x) cos(my). The function ® is an eigenfunc-
tion of the eigenvalue problem (4.2), for some positive function @, if
and only if there exists some A > 0 such that

w1
0w =" (1= w1

with m chosen such that
(4.4) F'(z) <m?F(z), forallzcRR.

Since the flat metric gy corresponds to @ = 1, we choose A to be m?,

and
(45) Q) =1 - o )

so that the associated metric on T? appears as a perturbation of gy.

4.3. Example 1. In this subsection, we prove the following result by
describing an explicit construction.

Proposition 4.3. There exists a metric go = Q(x) (dx® + dy*) on the
torus T?, and an eigenfunction ® of the associated Laplace-Beltrami op-
erator, —Ag® := Q7' Ag® = P, such that the super-level set {® > 1}
has infinitely many connected components. As a consequence, Conjec-
ture 1.2 is false for (T?, gg).

Remarks 4.4. (i) The metric gg in Proposition 4.3 is smooth, but not
real analytic. In Subsection 4.4, we give a different kind of result for real
analytic metrics. (ii) This proposition also implies that ® has infinitely
many isolated critical points, a particular case of [4, Theorem 1].
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Proof.

Let ¢ : [—m, 7] — R be a function such that
0<¢(x) <1,

(4.6) Supp(¢) C [-5, 3],
¢p=1on[-%, %]

Define the function F} : [-m, 7] — R by

A7) Fi(2) = 6(x) exp (-3}2) cos (;) 41— ().
It is clear that Fj satisfies

Fi(0) <1,
(4.8) lz| > 5 = Fi(

x)=1
x| > § = Fi(z) > 0.

It follows that Fy vanishes only in [~%, %], with zero set Z(F1) =
{z | Fi(z) =0} given by

1
(4.9) Z(F) = {0} U {im ’ keN}.

The zero set Z(F)) is an infinite sequence of distinct points with 0 as
only accumulation point, and the function £} changes sign at each zero.

Define Fy to be the function Fj extended as a 2w-periodic
function on R, and F' to be F := 1+ %FO. Given m € N, define the

function ®,, : T?> — R to be @,,(x,y) = F(x) cos(my).

The functions F' and ®,,, satisfy,

F e C>=(T?),

F>3,

(4.10) {Fo <0} xT' Cc{®,, <1},

{®,, > 1} C {Fy >0} x T,

{Fo >0} x {0} C {D,, > 1}.

It follows from (4.9) that {Fy >0} C T' is the union of infinitely
many pairwise disjoint closed intervals, Iy, ¢ € Z. It follows from (4.10)

that there is at least one connected component of the super-level set
{®,, > 1} in each I, x T'.

We have constructed a family of functions, ®,,,m € N, whose super-
level set {®,, > 1} has infinitely many connected components in TZ.
This is illustrated in Figure 4.1 (in the figure, m = 1, the red curve is
the graph of a function which is rapidly oscillating, like the function Fj
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defined in (4.7), and the closed blue curves are part of the corresponding
level set {® = 1}.)

0.2
0.15
0.1
0.05 o

A A A A N 4 A\ /

0 Eeeef-0-G- 0 ;\_»C N / /\\ ( ) /\

T ~ N \\

-005 " —
-01

-0.15

-02
0.1 015 0.2 0.25 0.3 0.35 0.4

FIGURE 4.1. Level set {® =1}

m Since F' € C*(T'), and F > i, the function £ is bounded
from above. We choose m such that

F”(.T)
4.11 m? > su )
and we define the function Q,, : T — R,

1 F'(x)
4.12 m(r)=1—— .
(412 Q@) =1 oz T

Under the condition (4.11), the function @, defines a Liouville metric
Gm on T2,

(4.13) Gm = Qu(x) (d2® + dy?)

and this metric can be chosen arbitrarily close to the flat metric dz? +
dy? as m goes to infinity. For the associated Laplace-Beltrami operator
A, , we have

(4.14) = Dy, Pon(x,y) = m*Cpo(2,y),

so that the function ®,, is an eigenfunction of A, , with eigenvalue
m?2. The super-level set {®,, > 1} has infinitely many connected com-
ponents in T2. In particular, the function ®,, — 1 has infinitely many
nodal domains. U

4.4. Example 2. The metric constructed in Proposition 4.3 is smooth,
not real analytic. In this subsection, we prove the following result in
which we have a real analytic metric.

Proposition 4.5. Let n be any given integer. Then there exists a real
analytic Liowville metric g = Q(x) (da® + dy?*) on T?, and an eigen-
function ® of the associated Laplace-Beltrami operator, —A,® = ®,
with eigenvalue 1, such that the super-level set {® > 1} has at least n
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connected components. One can choose the metric g arbitrarily close
to the flat metric go. Taking n > 4, and g close enough to go, the
eigenvalue 1 is either the second, the third or the fourth eigenvalue of

A

g
Remarks 4.6. (i) It follows from the proposition that the function
® — 1 provides a counterexample to Conjecture 1.2 for (T?, g).

(ii) The proposition also gives a negative answer to the question raised
in Remark 1.4. Indeed, given any n > 4, the function ® given by the
proposition is associated with the eigenvalue 1, whose labelling is at
most 4, and ¢ has at least n isolated critical points.

Proof. Fix the integer n. For 0 < a < 1, define the functions
{ Fo(z) =1+ a cos(nx),
Dy (z,y) = Fulz) cos(y).

Following the construction of Subsection 4.2, equation (4.5) yields the
function

(4.15)

B cos(nx)
(4.16) Qu(r) =1+ anzm ,

which is positive provided that an? is small enough.

Call A, ; (written in non-decreasing order, with multiplicities) the eigen-
values of the Laplace-Beltrami operator —A, = — (Qq(z)) ™" Ay, asso-
ciated with the metric Q,(z) (dz* 4+ dy?) on T?. The eigenvalues of
—Aq are given by

Aot = 0,
(417) )\02 = 1 for 2§j§5,

)\07]‘ Z 2 for ] Z 6.

For n fixed, and a small enough (depending on n), the eigenvalues A, ;
satisty

)\a,l = 07
(4.18) Aoj € ]0.8,1.2] for 2< 5 <5,
)\0’]' 2 1.8 for ]2 6.

We note that the operator A, is invariant under the symmetries > :
(x,y) = (—z,y) and X9 : (x,y) — (x,—y), which commute. Con-
sequently, the space L*(T?, g,) decomposes into four orthogonal sub-
spaces

(4.19) Serer = {0 € I(T°) | 516 = 210, 30 = 20}

and the eigenvalue problem for A, on L?(T?) splits into independent
problems by restriction to the subspaces S., ,, With 1,69 € {—,+}.
The eigenvalue 0 corresponds to the first eigenvalue of —A,|Sy ;.
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When a = 0, the eigenvalue 1 arises with multiplicity 2 from —A,|S;
(the functions cos x and cos y), with multiplicity 1 from —A,|S_ ; (the
function sin z), and multiplicity 1 from —A,|S; — (the function siny).

For a small enough, the same spaces yield the eigenvalues A, ;,2 <
J < 5. From the above construction, the functions F,(x)cos(y) € Sy +
and F,(z)sin(y) € S; _ correspond to the eigenvalue 1. There are
also a second eigenvalues for —A,|S; 4, 0., and 7, an eigenvalue for
—A,|S_ ;. It follows that

{Naj2<j<b}y={1,1,04 7},
so that the eigenvalue 1 of —A, is either A\, 2, Ay 3, Or Ay 4.
Arguments similar to those used in Subsection 4.3 show that the super-
level set {®, > 1} has at least n connected components. It follows that
the function ®, — 1 has at least n+ 1 nodal domains. When n > 4, this
also tells us that ®, — 1 provides a counterexample to Conjecture 1.2.
This is illustrated in Figure 4.2 (in the figure, n = 4,a = 0.01, the red

curve is the graph of a cos(nx), and the blue curves are components of
the corresponding level set {®, = 1}). O

0.8

0.6

0.4

0.2

L

-0.2

-04

-06

-08

FIGURE 4.2. Level set {® =1}

4.5. Perturbation theory. We use the same notation as in Subsec-
tion 4.4. Using perturbation theory, we now analyze the location of
the eigenvalue 1 in the spectrum of the operator A,, and refine Propo-
sition 4.5. More precisely, we prove

Proposition 4.7. For n > 4, and a small enough, the eigenvalue 1 is
the fourth eigenvalue of the operator —A, associated with the metric
9o = Qu(x) (dz* + dy?), with Q.(z) defined in (4.16)

Proof. We have chosen the metrics g, such that 1 is always an eigen-
value of multiplicity at least 2. Assuming (4.18), we analyze the be-
haviour of the two other eigenvalues. It will actually be sufficient to
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compute the first three terms in their expansions in powers of a. We
note that the operator A, is invariant under (z,y) — (—z,y) and
(x,y) — (z,—y). Consequently, we get four orthogonal subspaces de-
pending on the symmetries. We first concentrate on the eigenfunction
which is even with respect to the two symmetries, and then consider
the eigenfunction which is even in y and odd in z.

We first concentrate on the eigenfunction which is even with respect to
the two symmetries, and then consider the eigenfunction which is even
in y and odd in z.

Even case. For a = 0, the eigenvalue o, is equal to 1, and simple,
with corresponding eigenvector cosz. Hence the perturbative analysis
is easy (perturbation of a simple eigenvalue). Using Fourier decompo-
sition in the y-variable, we are reduced to a 1D-problem,

(4.20) —u"(z) = 0 Qqu(x) u(z) on T,

and we only consider even functions. We look for the expansions of
the second eigenvalue o, of (4.20) restricted to even functions, and of
a corresponding eigenfunction u,, in the form,

0o~ 14> 05d , ug(x) ~cosz+ Y u;(x)d,
7>0 7>0

with the additional condition that the functions u; are orthogonal to
cosx in L?(—m, 7). We observe that

Qa(z) ~ 1+ n*> (=1) " cos(nz) a’ .

7>0

Recalling that u, is even, we plug the above expansions into (4.20).
The coefficients of the term a° satisfy the equation. The coefficients of
the term a in (4.20) give:

(4.21) —u}(z) = uy(x) + n? cos(nw) cosx + oy cos
together with the orthogonality condition
(4.22) / uy(z) coszdr = 0.

Taking the L? scalar product with cosz in (4.21), we get (for n > 2)

(4.23) o1 =0.

We now have to find an even function u; satisfying (4.22), and
—ul(z) = u1(z) + n? cos(nz) cos .

We write

(einac + e—inw)(eix + e—il’)

(e H)e | giln=Dz 4 =in-Dz | =ilnt1)r)

cos(nx)cosz =}
1
4
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and look for a particular solution of the differential equation in the
form

2

u(x) = Z(&_(n+1)e—i(n+l)z o upe i

+a(n_1)ei(n—l)x + a(n+1)€i(n+l)x) )
We get
1 1
A=(nt1) = rnz-1> == = Gmoz-1
_ _ 1
A(p—1) = 1)1 A(nt1) = 1)1 "
The general solution of the differential equation for u; is given by

acos(z) + fsin(x) + u, and since u; is even and orthogonal to cos(z),
we find that u; = u.,

We now compute of o9, our main concern being its sign. We have,
(4.24) —uf(x) = uy(z)+n? cos(nx)ui(x) —n? cos*(nr) cos r+04 cos x .
Taking the scalar product with cosz, we have

nz/COSQ(n.I‘)(COS x)de—n2/cos(nx)u1(x) cosx dr = o9 /(cos r)’dx .

The sign of oy is the same as the sign of

+7 +m
A, ::/ cos(na:)2(cosa:)2dx—/ cos(nx)uy () cosx dx .

—T —T

Computing each term of the sum, we get

/COS(TLJZ)Q(COS r)’dr = g ,

and
n?
/cos(nx)ul () cosxdr = v (g1 + ape1) -
Finally,
2 n? 4
;An =1- ?(Oén+1+an_1) = —n2 ) < 0.

Since o9 < 0, the eigenvalue o, satisfies o, < 1, and the eigenvalue 1
has at least labelling 3 for a = a,, small enough.

Remark 4.8. We could continue the construction at any order, but
we do not need it for our purposes.

Odd case. The reasoning is the same, except that we work with odd
functions. We look for the expansions of the first eigenvalue 7, of (4.20)
restricted to odd functions, and of a corresponding eigenfunction v,, in
the form
Ta~ 14> 150", ve(z) ~sinz + Y vj(x)d,
3>0 5>0

with v, odd, and the functions v; orthogonal to sinz. We now expand
in powers of a in (4.20). The coefficients of @ in (4.20) give this time:

(4.25) — v} (x) = v (z) + n*cos(nz) sinz + 7 sinz .
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The orthogonality condition reads

(4.26) /7; vi(x)sinxdr =0.

Taking the L? scalar product with sinz in (4.25), we get (for n > 2)
(4.27) 1=0.

We have now to solve (with the parity and orthogonality conditions)

—v](z) = vi(z) + n*cos(nz) sinz .

We write
cos(nz)sinz = L (™ + e ) (e — )
— i(ei(nJrl)z _ 6i(nfl)x + efi(nfl)x _ e*i(nJrl)x)

41 )

and we look for a particular solution in the form
v(x) _ ﬁ(ﬁ_(n+1)e—i(n+l)x + B_(n_l)e—i(n—l)x
+Bn1ye' YT 4 ﬁ(nﬂ)ei(”“)x) .
We get
5—(n+1) = —Wﬁ; 5—(n—1) = W7
Bn-1) = ECEESE Bn+1) = 21 "

As in the preceding case, taking parity and orthogonality into account,
we find that v; = v.

We now compute 7. We have

(4.28) —vly(x) = va(z) +n? cos(nz)vy (1) —n? cos®(n) sin v+ sinz .
Taking the scalar product with sin x, we have

nQ/COSQ(nx)(sin x)*dx — n? / cos(nx)vy(z)sinx dr = 1o /(sin r)’dx .

Computing the terms in the left-hand side, we get

/Cos(nx)2(sin r)’dr = g :
and
2
/cos(nx)vl (x)sinz dx = —% (5_(n+1) + b’n,l) :

We conclude that 7 < 0 as o5.

We have shown that 1 has exactly labelling 4 for n > 4, and a small
enough. Il

Remark 4.9. When n = 0 modulo 4, the 1D-operator commutes with
r +— 5 + . In this case, 0, = 7,, and it follows that 1 has labelling 4
for a small enough.
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4.6. Comparison with a result of Gladwell and Zhu.

In [8], the authors prove the following result for a bounded domain in
R

Proposition 4.10. Let Q C RY be a connected bounded domain. Call
(0;,u;) the eigenpairs of the Dirichlet eigenvalue problem in S,

—Au =duinQ,
(4.29)
u =0 ondQ,
where the eigenvalues 61 < 09 < 03 < ... are listed in non-decreasing

order, with multiplicities. Assume that the first eigenfunction uy is
positive. Forn > 2, let v = u, + cuy, for some positive constant c.
Then, the function v has at most (n — 1) positive sign domains, i.e.,
the super-level set {v > 0} has at most (n — 1) connected components.

The same result is true if instead of the Dirichlet boundary condition,
one considers the Neumann boundary condition (assuming in this case
that 02 is smooth enough), or if one considers a closed real analytic
Riemannian surface®.

A more convenient formulation, is as follows. For a function w, and
e € {—,+}, define 5 (w) to be the number of nodal domains of w, on
which € w is positive. Proposition 4.29 can be restated as follows. For
any n > 2, and any real nonzero constant c,

(4.30) BIEC) (4 +ocuy) < (n—1).

Proposition 4.10 is weaker than Conjecture 1.2. Indeed, it only gives
control on the number of nodal domains where the function u,, + cu;
has the sign of sign(cu;). Propositions 4.3 and 4.5 show that one can a
priori not control B, “#“) (), at least in the case of the Neumann (or
empty) boundary condition. However, one can observe that, fixing ny,
it is easy to construct examples for which Conjecture 1.2 is true for all
linear combinations of the n first eigenfunctions, w € L£,,, with n < ng .
Indeed, for L large, the rectangle |0, 1[x]0, L] provides such an example
for the Dirichlet or Neumann boundary conditions. More generally, one
can consider manifolds which collapse on a lower dimensional manifold
for which the ECP is true.

5. COUNTEREXAMPLES ON S?

5.1. Results and general approach. In this section, we prove the
following results.

Proposition 5.1. There exist C*® functions ® and G on S?, with the
following properties.

31 might be necessary to use a real analytic surface in order to apply Green’s
theorem to the nodal sets of a linear combination of eigenfunctions.
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(1) The super-level set {® > 1} has infinitely many connected com-

ponents.

(2) The function G is positive, and defines a conformal metric
gec = Ggo on S?* with associated Laplace-Beltrami operator
AG =G! Ao.

(3) —Ag® = 2.
(4) The eigenvalue 2 of —Ag has labelling at most 9.

Proposition 5.2. There exists M > 0 such that, for any m > M, there
exist C* functions ®,, and G,, on S* with the following properties.

(1) The super-level set {®,,, > 1} has infinitely many connected com-
ponents.

(2) The function G, is positive, and defines a conformal metric
gm = Gmgo on S* with associated Laplace-Beltrami operator
Agm = G;nl Ao.

(3) Form>M, (1-2) <G, < (1+2), and

(4) =A,, D, =m(m+ 1) Dy,

These propositions provide counterexamples to Conjecture 1.2 and to
Questions 1.3.

Remark 5.3. The eigenfunctions on S? constructed in the above propo-
sitions have infinitely many isolated critical points. For a similar result
on T?, see Remark 4.4(ii) which is a particular case of [4, Theorem 1].

The approach is inspired by Section 4, with the following steps.

(1) Start from a special spherical harmonic Y of the standard sphere
(S2, go), with eigenvalue m(m + 1).
(2) Modify Y into a smooth function F', whose super-level set {F' > 1}
has infinitely many connected components.
(3) Construct a conformal metric go = Q go on S?, whose associ-
ated Laplace-Beltrami has F' as eigenfunction, with eigenvalue
m(m +1).
The proofs of Propositions 5.1 and 5.2, following the above steps is
split into the next subsections.

5.2. Metrics on S? with a prescribed eigenfunction. Let gy be
the standard metric on the sphere

ng{(x,y,z)€R3 | x2—|—y2+z2:1}.

The spherical coordinates are (0, ¢) — (sin9 cos ¢, sin 6 sin ¢, cos 8),
with (0, ¢) €]0, 7[x]0,27[. In these coordinates,

go = df* + sin® 0 dop? |
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the associated measure is sin 6 df d¢, and the Laplace-Beltrami opera-
tor of gg is given by
1 0 0 1 0?
= —(sinf — — .

0= 7 99510 55) T 57 062
We consider conformal metrics on S?; in the form gg = @ go, where Q
is C* and positive. We denote by

Ag=Q 1A,

the associated Laplace-Beltrami operator. We assume that () is invari-
ant under the rotations with respect to the z-axis, i.e., that () only
depends on the variable 6.

Assume that F is a smooth function on S?, given in spherical coordi-
nates by F(0,¢) = T'(0)P(¢). If F is an eigenfunction of —A( asso-
ciated with the eigenvalue A, then the functions 7" and P satisfy the
equations,

(5.1) P"(¢) +m*P(¢) =0,
(5.2) (AQ(0) sin*(0) — m*)T(0) + sin(6) (sin(0)T'(9)) =0,

where m is an integer.

When @) = 1, we get the spherical harmonics
(6,0) = cos(m¢) Yy, (6) and (6, ¢) = sin(me) Y, (),
with A=/¢(¢{+1), ¢ € N, and £ > m > 0.
For m > 1, we consider the special spherical harmonics
Yinm(0, @) = sin™(6) cos(me)

with ¢ = m (we could consider cos™(f) sin(m¢) as well). For later
purposes, we introduce the linear differential operator IC,,, defined by
(5.3)

T — (K, T)(0) =sin?0)T"(0) + sin(#) cos(§) T"(6)

+ (m(m + 1) sin?(0) — m?) T(6) .
With the notation Y(,,,)(#) = sin™(f), we have
(5.4) KnY(m) = 0.

Given () a smooth positive function, which only depends on 6, a neces-
sary and sufficient condition for the function F(6,¢) = T(6) cos(mo)
to satisfy —AgF = m(m + 1) F, is that

_ m2T(0) — sin(6) cos(0)T"(0) — sin*(0)T"(0)

(55) Q) m(m + 1) sin?(6)T () ’
or, equivalently,

(kD))
(5.6) 1-Q0) = m(m + 1) sin?(0)T(0)
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In particular, taking F'(0, ¢) = Y(;,)(€) cos(me¢), we find that @ = 1.

Remark 5.4. The main difficulty in prescribing the eigenfunction F,
and hence the function 7', is to show that function @ defined by (5.5)
is actually smooth and positive.

5.3. Constructing perturbations of the function sin™ ().

Given m > 1, we start from the spherical harmonic sin™(6) cos(me) in
spherical coordinates. We look for functions F' of the form F(0,¢) =
T'(0) cos(m¢). To determine 7', we construct a family 7}, ,, o of pertur-
bations of the function Y{,,)(¢) = sin™(#), in the form,

(5.7) Tinna(0) =sin™(0) + Pona(0) + tmna(f),
with n € N (to be chosen large), and o € (0, 1] (to be chosen small).
The function P, , . is constructed such that

sin™(0) + Puna(d) =1

in an interval around 7, and U, , o is a rapidly oscillating function in
the same interval. The construction of the family 77, ,  is explained
in the following paragraphs.

5.3.1. Construction of Py q-

Proposition 5.5 (Construction of P, ,.,). For allm > 1 and «

(0, 1], there exist N(m, ) € N, and a sequence of functions (P p.a)n>1,
Prna (0,7 = R, such that Pmna(ﬂ 0) = Ppna(l) forallf € [0, 7],
with the following properties for all n > N(m,«).

(1) Pona is smooth;
(2) for0 e (5 + %,ﬂ') Prna(d)=0;
(3) for 6 € (5 5+ ), Pmna(G) =1—sin™(0);,
(4) Jor 0 € (5.17], [Pona(®)] < 22 and [P, a(0)] < 22
(5) for 6 € [, 7], —m(1 +5a) < P, . (0) <m(l+a).
The idea is to construct P, , o as

for 6 € [5, 7], and to extend it so that Prna(m—0) =P, ,a(0). We
first construct a sequence Sy, . (Lemma 5.6), and then the sequence
Rina = Smmna + Smna (Lemma 5.7).

Lemma 5.6 (Construction of Sy, ,.4). For any m > 1, and any o €
(0, i], there exists a sequence of functions (Smn.a)n>1, Smma : [0, 7] =
R, such that Sppa(m —0) = —Spmna(f) for all 6 € [0, 7], with the
following properties.

(1) Spn.a is smooth;

(2) for 0 e (5 + ﬁ,ﬂ), Smna(@) =0;
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( ) fO?“ 0 € (%7 % + (m(fz)2)’ Sm,n,a(e) = —m COS(@) sinm_l(é) s
(4) for 6 € [Z,7], [Smnal®)] < Ly ;
(5) for 0 €[5, 7], —m(1+4a) < S, (0) <m

Proof. We construct Sy, on [5,7], and extend it to [0,7] so that
Smna(m—0) = =S n.a(0).

Choose a function x, : R — [0, 1], such that x, is smooth and even,
Xa<0) =1lon [—Oé,Oé], Supp(Xa) - [_]—7 1]7 and

1
(5.9) —1—da < —

< XL <0,Vt>0.

A natural Lipschitz candidate would be a piecewise linear function &,
which is equal to 1 in [0, ], and to 0 — 1— (0 —a)/(1 — ) in [a, 1]. To
get X, we can regularize a function &g, keeping the other properties at
the price of a small loss in the control of the derivative in (5.9).

For 6 € [5, 7], we introduce 0 =6 — 7, and we take Sy, in the form
Smna@) =-m Xa((mn)QG) cos(f) sin™~1(0)
= m Ya((mn)20) sin(f) sin™1(6).
Properties (1), (2) and (3) are clear. Property (4) follows from the

A

(5.10)

inequality | sin(d)| < 4] and (2). To prove (5), we introduce
h(0) := —m cos(#) sin™ ' (0) .
We have

and hence,

m sin™2(0) > 1'(0) > % sin™2(f),

in the set {9 | 0 < (mn)20 < 1}, as soon as n > 2.
We have,

Shamal0) = Xal((mn)?0) B'(0) + (mn)? x;,((mn)*0) h(6) .
Using the inequality | cos 0] = |sind| < ||, and (5.9) for 0 < § <
we obtain

(5.11) m(l+4a) < S, (0)<m.

m,n,x

(mn)Q Y

The lemma is proved. U

Lemma 5.7 (Construction of Ry, ,.0). For allm > 1 and a € (0, i],
there exist N(m,a) € N, and a sequence of functions (Rmn.a)n>1,
Riyna @ [0,71] = R, such that Ry, po(m —0) = —Ryna(f) for all
0 € [0, 7], with the following properties for alln > N(m,«).

(1) Ry 1S smooth

(2) for e (5 + -, 7), Rnuna(d) =0;

mn’
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(3) for 0 € (3.5 + Gmyz)» Rmna(e) = —m cos(f) sin™1(0) ;
(4) for 0 € [, 7], [Rona(0)] < mn2 ;
(5) for 0 € [5, 7], —m(1 +5a) < Ry, ,(0) <m(l+a);

)

Proof. We construct Ry, , . on [5,7], and extend it to [0,7] so that

Ryna(m—0) = —Rpna(). Define

g_&.#
Bm,n,a = / om? Sm,n,a<t> dt.
3
Using (5.10), we find that 3, . satisfies,
B = fﬂ T ( —m cos(t) sinm_l(t)) dt ,and

Brna < f,r e (— m cos(t) sinm_l(t)) dt .

Using the inequalities 2¢ < sin(¢) <t for ¢ € [0, 3], we obtain,

) ) 1

(5.12) Tt S 7 T 2 cos™ 1

m

) ﬂmna_2(

(mn)? mn)*’

where the first inequality holds provided that n is larger than some
N1 (m)

Choose a C* function ¢, such that 0 < ¢ < 1, Supp( ) C (3,1), and
Jg &(t) dt = 1. Note that for n > 3, [0, — ]ﬂ[ 2(7).

(mn)?

2mn’ mn]

Define s, 5.0 by,

(5.13) Smma(0) = = Ymna d(mnb) |
and note that for n > 3, Supp(Sp.n.a) N SUPP(Smna) = 0.
Define

Rm,n,a = Sm,n,a + Smn,a -

Property (2) is satisfied. Choose 7y, n. such that Property (6) is satis-
fied,

[ Rttt = [ (Suat) + sn(t)) di = 0.

so that,
Ve = MN Brn.a -
We get
2 m 1 m
(5.14) < for n > Ny(m).

ol < il
72 (mn)® — Tmana =g (mn)3’
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Properties (1) and (3) are clear. Using the properties of S, . given
by Lemma 5.6, inequality (5.14), and the fact that % < mnf <1 when
¢’ # 0, we obtain

2

)
mn?

‘Rm,n,a(e) ‘ S

and

o (10t g ) < B <0 (14 50 )

Properties (4) and (5) follow by taking n larger than some N(m, «).
Property (7) follows from (4). d

Proof of Proposition 5.5. Recall that

Prnal0) = [ Ronnal2)dz

w/2
for & > 7/2, and that P,,,, is symmetric with respect to 5. The
properties of P, follow from Lemma 5.7. For [0 — 7| < (m%
Prnald) =1— sin (0). We also note that P, ,(0) = 0 for § €
( ) g - %) ( + %7 7T) O

5.3.2. Construction of U n.q-

Define the family of functions w,, .« : [0,7] — R, such that they are
symmetric with respect to 7, and given by the following formula in the
interval [7, 7).

(5.15)
1 1
Umna(l) = Grna €Xp | == cos | —= )
mal0) = aman, p(me—amm)a> (me—@mm)a)

for 0 < § < a(mn)~2, and 0 otherwise. This function is smooth with
compact support, therefore we can choose the constant a,, ,, o such that,
for any m,n > 1, and « € (0, 1],

(516) |umna|+|umna|+|umna|<a'

5.3.3. Properties of Ty pna-

From the construction, Tm n O4(9) — 1 changes sign infinitely many times
on the interval [T — g2 5 T a2 5]. Indeed, sin™(0) + Py na(f) =1
on that interval, and u,,, . changes sign infinitely often on the same
interval. Also, since sin™, P, o and o are all smooth, T, , o is
smooth.
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5.4. Non-degeneracy of the metric.

We use Subsection 5.2. To the function 75, ,, o We associate the function
Qmn.o through the relation (5.5). This function defines a conformal
metric ¢, ..o on S? provided that it is positive and smooth. Taking
into account the relations (5.4) and (5.6), we have the relation

(5.17) L= Qunal®) = g
where
(5.18) { N(O) = (/Cum,n,a)('G) + (Kntimn,a)(0)
D) =m(m+1) sin®(0) Trpna(f).
Because Py, 0 and U, , o are supported in Jy,, = [g — %, 5+ %],

we have Qmna =110 (0,7)\ Jin-

It therefore suffices to study @, .« in the interval J,,, and, by sym-
1

metry with respect to 7, in Jy = [0,5 + —-]. As above, we set
0=0-—7%.
From (5.7) and the definition of T, ,, o, we deduce

Trnna(0) — 1] <1 —sin™(0) + | Prnal0)] + [tmna(0)] -

Using (5.16) and Proposition 5.5(4), we obtain

(W?;ZL)QﬂLa, forn > N(m,a), 0 € Ji -

It follows that for @ small enough and n > N(m, a),

|Tm,n,a(6> - 1| <

1
(5.19) Toanall) =1 < 5 i T

In particular, this inequality implies that for o small enough, and n
large enough, Q.. is well-defined on §?* and C*.

For 0 € J4 ., we have,

(5.20) [m(m + 1) sin3(8) — m?)| < m + ;2

For n > N(m,a) and 6 € J, ,,,,, we have,

(5.21) D(0) > m(m +1) (1 - — - oz) >m(m+1)(1 —2a).
n

From (5.3), (5.16), and (5.20), we have

|(]Cmum,n,a)(‘9)| < ‘u;/n,n,a(gﬂ + |u;n,n,a(‘9)|
+(m(m + 1) sin®(0) — m?) [t n.a(0)])
< (m+1a
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We now need to estimate |/C,;, Ppyno|. We clearly have
|(KnPrana)(0)] < | B a(O)] + [ By (6)]
+(m(m + 1) sin?(8) — m?)| Poy.n.a(6)])

Using the estimates in Proposition 5.5, and the fact that |sin(t)| < |¢|,
we obtain the following inequalities for n > N(m, «) and 0 € J4 i,

[P a0 < m(l+5a),

Pa®)] < 25,
’Pm,n,a(eﬂ S (172177:)3 :
From these estimates and (5.20), we obtain

5
(K P )] < m(1+50) + —

for n > N(m,«) and 6 € J .

Finally, we arrive at the following estimates in J4 ,,,,, for n > N(m, )

N(0) §m<1+%+50z),
{h—@maw <1 (1420 1 100)

Proposition 5.8. For any m > 1, and o € (O,i), there exists

Ni(m,«) such that, for n > Ni(m,«),

1
(5.22) Qunalf) =1 < == (1+120).

In particular, the metric gmp.a = Qmmn,a 5 smooth and non-degenerate.

5.5. Proof of Propositions 5.1 and 5.2. We Apply the results of
the preceding subsections, with m = 1, and define the function ® in
spherical coordinates by,

(0, 9) = Tinalf) cos(¢),

where n is large enough, and « small enough. This function is clearly
smooth outside the north and south poles of the sphere. Near the
poles @ is equal to the spherical harmonic sin(6) cos(¢). It follows that
® is smooth. By Proposition 5.8, the function (), . associated with
T1.n.o by the relation (5.5) extends to a smooth positive function on S?.
Choose G' = Q1,5,o. Then,

—Ag® = 29.

The proof of Assertion (4) follows from the min-max. Note that G can
a priori not be chosen close to 1.

Similarly, when m > 1, an appropriate choice of («, n) yields a function

D,,(0,0) = Tinnal(f) cos(mo),
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and a function G,, = Q... satisfying (5.22), such that
—Ag,, ®,, = m(m + 1)P,,.
Choosing m large enough, the metric g,, = G, go can be made as close
as desired from the standard metric go.
It remains to prove that the eigenfunctions ® and &,, have the re-
quired nodal properties (Assertion (1) in the propositions). We give
the argument for ®,,.
The function V' = T, , o is of the form V(0) = sin™(0) + Pn.a(6) +
Umn,a(0). Let Vo(0) = sin™(0) + Prpna(f). We have V4(3) = 1. From
the properties of P, ,, o, we deduce that
Vi(0) = m cos(#) sin™1(0) (1 - Xa(m2n2é))
—~ cos(0) sin™ 1 (0) p(mnf)

and it follows that V{(#) < 0, so that 0 < V5(0) < 1in [0, 7]. With the
notation 4 = Uy, o, we have

{u(f) <0} x [0,27] C {P,, < 1},
(5.23) {®,, > 1} C {u(f) >0} x [0,27],

{u(0) = 0} x {0} C{®p > 1} .
This means that the set {®,, > 1} has at least one connected compo-
nent in each band {u(#) > 0} x [0, 27]. O
Remark 5.9. If we restrict the eigenfunction ® (Proposition 5.1) or
®,,, (Proposition 5.2) to the hemisphere {(6’, ¢) €[0,%) x [0,27'(']}, we
obtain counterexamples to Conjecture 1.2 for the hemisphere, with a

metric conformal to the standard metric gg, and Neumann boundary
condition.

APPENDIX A. BOUNDS ON THE NUMBER OF NODAL DOMAINS ON
S? WITH THE ROUND METRIC

The following result can be found in [5]:

Proposition A.1. Let f : R" — R be a polynomial of degree d. Then,

the number of nodal domains of its restriction to S*! is bounded by
22n71dn71'

In the case of S? with the round metric, every eigenfunction is the
restriction of a harmonic homogeneous polynomial to the sphere. Also,
for such a polynomial of degree ¢, the eigenfunction on the sphere is
0(£+1), with multiplicity 2¢+ 1. For a sum w of spherical harmonics of
degree less than or equal to ¢, Conjecture 1.2 would give By(w) < £2+1.
Using Proposition A.1, we get the following weaker estimate.
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Corollary A.2. Let gy be the round metric for S*>. Then, the sum w
of spherical harmonics of degree less than or equal to £ has at most 8 (>
nodal domains.

However, this property is highly unstable in the case of C'* metrics, as
we have shown in Section 5.

APPENDIX B. ISOTROPIC QUANTUM HARMONIC OSCILLATOR IN
DIMENSION 2

In this section, we will show that Conjecture 1.2 is true for the harmonic
oscillator H : L?(R?) — L*(R?), H = —A + 2% + 3%

Proposition B.1. Let f; be the eigenfunctions of H with eigenvalues
ordered in increasing order with multiplicities. Then, for any linear

combination f = i a; f;, we have Bo(f) < n.
i=1
A basis f, of eigenfunctions of H is given by

22442
Ha,b(x7y) =e J2r Ha(‘r)Hb<y)> 0 S a, b € Za

where H,, refers to the n-th Hermite polynomial.

The associated eigenvalue is given by 2(a + b + 1), with multiplicity
a + b+ 1. Therefore, counting multiplicities, for each n in the interval
[k(k;l) +1, (k+1)2(k+2)] for some positive integer k, f, is a polynomial of

degree k.

For a polynomial f of degree k in 2 variables, we have the following
upper bound on the number of its nodal domains:

Lemma B.2. For any polynomial f of degree k in R?,
Bo(f) <k(k+1)/2+1.

The upper bound is achieved by k non-parallel lines.

To prove this, we first note that the number of nodal domains is
bounded from above by U(f) + S(f) + 1, where U(f) is the num-
ber of connected components of the nodal set and S(f) = > (s; — 1),
where the sum is taken over all singular points a; and s; is the order of
the singularity at a; (the lowest homogeneous order term in the Taylor
expansion of f around a; ).

Now, we use a classical theorem by Harnack:

Theorem B.3 (Harnack’s curve theorem). Let f be a real irreducible
polynomial in two variables, of degree k. Let a; be the singular points
of the nodal set, with order s;. We have the following inequality* for
the number of connected components of its nodal set:

4In fact, the original theorem as stated in [3] deals with algebraic curves in RP?.
However, it is easily adapted to R? by adding at most k& unbounded components.
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(k — 1)k

' —Zsi(si_l)—l—l.

U(f) < 5

%

Now, we proceed by induction. For £ = 1, the lemma is trivial. Now,
consider a polynomial f of degree k > 1. It can be either irreducible
or the product of two smaller degree polynomials.

If f is irreducible, then by Harnack’s theorem we have

Po(f) < (k=1)k/2+2,

since foralla >1,a—1<a(a—1)/2.

If f = PQ with degP = j and deg() = k — 7, the number of nodal
domains is bounded by So(P) + 5o(Q) + j(n — 7) — 1. Indeed, every
intersection between P and () adds the same number of nodal domains
as the degree of their intersection, and this number can be bounded by
Bezout’s theorem. We need to substract 1 to remove the initial original
domain of R? (otherwise, multiplying two linear functions would give
5 nodal domains.)

By induction, we have the following inequality:

JjG+1)  (n—j)n—j+1)
Bo(f) < 5 + 5

n(n+1)
2

+jn—j)+1

< +1.
Now, since this was achieved by P and @) being the product of linear

factors, then f is a product of linear factors. This proves lemma B.2.
O

We can now complete the proof of proposition B.1.

Let n € [k(k+1)/2+1,(k+ 1)(k +2)/2]. Then, any linear combi-
nation of fi, fo,..., f, will be a polynomial of degree at most k. Any
such polynomial has at most k(k + 1)/2 + 1 nodal domains. There-
fore, Conjecture 1.2 is true in the case of the isotropic two-dimensional
quantum harmonic oscillator.

Remark B.4. It is still unclear if this upper bound can be reached for
any k> 2.

Remark B.5. Considering the results of this paper, it seems likely
that a small perturbation of either the metric in R? or the potential
could break this upper bound.
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