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1 Introduction and Statement of the Main Results

A famous result of Morse theory concerns the classification of nondegenerate critical points of a smooth
function u. We recall it in the particular case of the plane,

Lemma 1.1 (Morse Lemma). If(0, O) is a nondegenerate critical point of u, then there exists a C? change of coor-
dinates in a neighborhood of (0, 0) such that the function u expressed with respect to the new local coordinates
(x, y) takes one of the following three standard forms

e u(x,y) =u(0,0) - x* - y2if (0, 0) is a maximum point for u,

e u(x,y) =u(0,0) +x* + y2 if (0, 0) is a minimum point for u,

o u(x,y) =u(0,0) + x*> —y%if (0, 0) is a saddle point for u.

By saddle point we mean a critical point for u which is neither a maximum nor a minimum. We recall that
(0, 0) is a nondegenerate critical point of a function u € C%(B;) if the Hessian matrix

Uxx(0,0)  uyy(0, O))

Hu((o’ 0)) = (uxy(o, 0) u}’y(o’ 0)

is invertible.

A lot of study has been devoted to the case where the critical point is degenerate, mainly addressed to
study the topological properties of the sublevels of u (critical groups, Betti number, etc.). It is virtually impos-
sible to provide a complete bibliography on this subject; we simply mention the classic books by Conley [6]
and Milnor [14] and the paper [8] where some applications to (1.1) have been considered.

Anyway if the critical point is degenerate, a complete classification like in the Morse Lemma is impossible
without some additional assumptions. Here we require that u is a solution to

-Au = f(u) inBy, (1.1)
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where u € C*(B1) and B is the unit ball of R?. We assume that f: R — R is a smooth nonlinearity, say
f € C*. In many cases this assumption can be relaxed, we do not care about the optimal regularity for f
and u.

We would like to stress that a Morse Lemma for solutions to (1.1) provides a precise qualitative informa-
tion on the shape of u in a neighborhood of the critical points. This local information, jointly with some global
properties like Dirichlet boundary conditions allows to derive some important properties of u as the number
of critical points or the shape of the level sets. Some examples will be given in Sections 4 and 5.

In this paper we want to extend the Morse Lemma to degenerate critical points of solutions of prob-
lem (1.1). We would like to stress that
o we do not assume any sign assumption on f,

o our result is local, so no boundary condition is needed,
o the critical point (0, 0) does not need to be isolated.

In order to state our results, we need to fix a suitable setting. For a complex number z = x + iy € C, let us
denote by Re(z) and Im(z) the real and imaginary part of z. Moreover, if (0, 0) is a degenerate critical point
of u, it is not restrictive to assume that (up to a suitable rotation)

Uyxx (0, 0) = uyy(0,0) = 0. (1.2)

Finally, if uy # 0, let us consider the minimum integer n > 3 such that

o"u

W(O,O)#O forsomek=0,...,n-1. (1.3)
X" toy

By classical results (see [3] or [5, p. 422]), if u, # 0, such an n always exists. Throughout the paper, we refer
to n as the integer satisfying (1.3).
Our first result considers the case where (0, 0) is a degenerate maximum point.

Theorem 1.2 (Morse Lemma for Degenerate Maximum Points). Let u be a nonconstant solution to (1.1). If
(0, 0) is a degenerate maximum point of u satisfying (1.2), then

uyy(0,0) < 0. (1.4)

Moreover, if uy % 0, the following expansions hold:
(i) Ifnis even, we have that
o"u

Re(z") + ax"n;:ay(o’ 0) Im(z") + O(|z|™), (1.5)

uyy(;y O)yz " BX" (O O)

u(x,y)=u(0,0) + o

with 40, 0) < 0.

ox"
(ii) Ifnisodd, we have that % ax” “0,0) =0, axn L ay(O 0) # 0 and there exists an integer l € [n + 1, 2n — 2] such
that 1
9 0,0)<0 (1.6)
ox!
and
0,0) , 395;(0,0) 940, 0)
u(x,y) =u(0,0) + uyy(z )y2 = a,iu m(z") + % Re(z') + O(|z™"). (1.7)
Finally, ifl = 2n - 2, we have that
o"u 2[(n-1)12 02" 2y
<6 n-1gy © ’0)> = (2n-2)! tyy 0, O)a pr 2(0 0). (1.8)

Before we give an idea of the proof, let us make some comments on Theorem 1.2.

Remark 1.3. The same result holds if (0, 0) is a degenerate minimum point of u. In this case, u,,(0, 0) > 0,
24(0,0) > 0, %(O, 0) > 0 and (1.8) does not change.




DE GRUYTER M. Grossi, A Morse Lemma for Degenerate Critical Points of Solutions of Nonlinear Equations =— 3

Remark 1.4. Note that in Theorem 1.2 the assumption uy # O is not restrictive. Indeed, if u, = 0, then (1.1)
becomes
-u" =fw), u'(0)=0,

and expansions of the solution u follows immediately. This case appears when u(x, y) = cos y, which verifies
—Au = u and admits y = 0 as maximum points.

In our opinion, (1.4) is the most relevant result of the theorems (see [2] for some properties of solutions
satisfying (1.11)). In particular, we get that there is no u verifying (1.1) such that u(x, y) ~ u(0, 0) — x* - y*
in a neighborhood of (0, 0)!
Some similar properties to (1.5) and (1.7) can be found in [5], where the authors study the properties of
the zero-set of solutions u to
Au = f(x, u, Vu),

with
Ifx, u, Vu)| < Alu|* + Blulf, A,B>0, a,B=1.
Our result can be seen as an extension of [5, Theorem 1.2] in an appropriate setting.
An interesting particular case of Theorem 1.2 is when the maximum (minimum) point is non-isolated.
Here we show that equality holds in (1.8).

Proposition 1.5. Let u be a nonconstant solution to (1.1) and assume that (0, 0) is not an isolated degenerate
maximum point of u satisfying (1.2). Then n is odd, | = 2n - 2 and the equality holds in (1.8).

A known case is that of radial functions. Here we have that n = 3 always occurs in Theorem 1.2.

Corollary 1.6. Let u be a nonconstant solution to (1.1) and suppose that (0, 0) verifies (1.2) and it is a maximum
point of a radial function u = u(r), with r*> = x> + (y — P)?, P # 0. Then the following expansion holds:

p P
u(x,y) = u(0,0) - (f(u; ) + 0(1))y2 N (f(l;(P))

_ (f(g}(f;)) . 0(1))(X4 —6x22 + Y, (1.9)

+0(1))3x%y -y?)

and
2(u(p Uyy (0, 0)Uyxxx(0, 0
(uxxy(oy 0))2 _ f (ug ) _ yy( M ( ) (1.10)
P 3
The next step is to get an analogous result of Theorem 1.2 when (0, 0) is a saddle point of a solution u to (1.1).
Here we cannot expect that (1.4) holds for any saddle point to u. Indeed, if we consider

u(x,y) = Re(z"), withnz>3,

we get that u satisfies Au = 0, uy,(0,0) = 0, and (0, 0) is a degenerate saddle point. Note that in this case
i[u, (0,0)] =1 -n < -2, where i[u, (0, 0)] denotes the index of Vu at (0, 0).

Recall that if (0, 0) is an isolated critical point, then the index of Vu at (0, 0) is given by (denoting by
B(0, €) the ball centered at the origin with radius €)

i[Vu, (0,0)] = lir% deg(Vu, B(0, €), (0, 0)).

The next result shows that if (0, 0) is an isolated saddle point with index greater than -2, then the condition
uyy(0, 0) # 0 is again verified.

Theorem 1.7 (Morse Lemma for Degenerate Saddle Points). Let u be a solution to (1.1) and assume (1.2).
If (0, 0) is an isolated degenerate saddle point of u verifying

i[Vu, (0,0)] = -1,

then we have that
Uyy (0, 0) # 0. (1.11)
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Moreover, if i[u, (0, 0)] = —1, the following expansions hold:
(i) Ifnis even, we have that

0,00 , 2%(0,0 5974(0,0)
u(x, y) = u(0,0) + ”W(z I fﬂ ) Re(z") + ""+Im(z”) +0(|z™1), (1.12)
and if ‘3"7',{(0, 0) # 0, then
o"u
St (0> 0uyy (0,0 <. (1.13)

(ii) Ifnis odd, we have that

o"u
Uyy(o, O) y2 + axn—ly (O’ O

)
5 o Im(z") + O(|z|™1). (1.14)

u(x,y) =u(0,0) +

Finally, ifi[u, (0, 0)] = 0, we can only say that

n o"u
Uy (0,0) , 5#(0,0 w1y (0
yy( )yz + X ( ) Re(z") + % Im(Z") + O(|Z|n+1)'

u(x,y) = u(0,0) + 5 o

We stress that (1.11) holds even if i[u, (0, 0)] = 0. In general this is the “worst” critical point to handle,
since its existence does not imply a change of topology in the sub-levels of u. A typical example is given
by u(x, y) = y? - x> + 3xy?. Despite this, (1.11) is still valid.

Now we describe the proof of Theorems 1.2 and 1.7. The basic idea is to mix some algebraic identities
satisfied by the derivatives of u and topological properties of Vu.

The first step (Proposition 3.2) is to prove that if u,,(0, 0) = 0, then necessarily (0, 0) is isolated and
furthermore we have that

i[Vu, (0,0)] < -2,

where i[Vu, (0, 0)] denotes the index of Vu at (0, 0). In this way, recalling that a maximum (minimum) point
has index 1 (see Theorem 2.4), we have the claim of (1.4) and (1.11). Next, assuming that (1.11) holds, we
use again some algebraic identities satisfied by the derivatives of u in order to write the following expansion
(Proposition 3.2):

Uyy(0,0)+0(1) , %2(0,0) 35574-(0,0)
y-+

u(x,y) = u(0,0) + 5 o Re(z") + % Im(z") + R(x, y), (1.15)

with R(x, y) = O(|x|" + |y|") and n given by (1.3). If (0, 0) is a maximum point from (1.15), we deduce (1.5)—
(1.8). If u is a saddle point, of course is more difficult to deduce general properties of the coefficients of (1.2).
However, if i[Vu, (0, 0)] = —1, some topological arguments allow to deduce (1.13) and (1.14). We believe that
Theorems 1.2 and 1.7 are very useful tools for studying qualitative properties of solutions to (1.1).

The last part of the paper (Section 4) is strongly influenced by the paper [4]. Here we assume that u has
a unique critical point satisfying

-Au = f(u) inQ,
u>0 inQ, (1.16)
u=0 on 0Q,

and extend some results of [4] without requiring that u is a semi-stable solution to (1.1).
More precisely, we want to understand if the maximum point is degenerate or not jointly with the prop-
erties of the level set of u. First let us recall some known results where nondegeneracy is proved:
o The Gidas—Ni-Nirenberg theorem [11] in convex and symmetric domains.
o The Cabré—Chanillo Theorem [4] for semi-stable solutions in strictly convex domains.
o  Solutions which concentrate at some point [12].
All the previous examples will be discussed with more details in Section 2.
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Now we want to explore more closely the properties of the solution u according the degeneracy of its
critical points. Our first result generalizes those considered in the previous examples because neither the
symmetry of the domain nor any hypothesis on the solution is required.

Theorem 1.8. Let us consider a solution u to (1.16) and assume that 0Q has strictly positive curvature, f(0) > 0,
and (0, 0) is the only critical point of u in Q. Then (0, 0) is nondegenerate.

Note that f(0) > O is used to apply the Hopf lemma to the boundary of Q but it can be relaxed to Vu # (0, 0)
on 0Q) (see Remark 4.1).

The proof of Theorem 1.8 relies on the study of the zero-set of some partial derivatives of u. Similar tech-
niques was used in [7] (see also [15]). An interesting consequence of the previous theorem is the following
result.

Corollary 1.9. Let us consider a solution u to (1.16) with f(0) > 0. Suppose that (0, 0) is the only critical point
of u. Then the following alternative holds: either

(a) (0, 0) is a nondegenerate critical point for u, or

(b) alllevel sets of u have a point with nonpositive curvature.

A curious consequence of the previous proposition is that the behavior of the level sets of a solution to (1.16)
seems to be more difficult to predict if the maximum point of u is nondegenerate! In fact, in this case, we
can have both convex and non-convex super-level sets (the latter case appears in [13]). An explicit example
where (b) holds is given in Example 4.4.

Another consequence of Theorem 1.8 concerns solutions in the whole space.

Corollary 1.10. Suppose that u verifies
~Au=f(u) inR?,
with f(0) > 0. Assume that (0, 0) is the only critical point of u and all level set of u are Jordan curves. Then the
following alternative holds: either
(@) (0, 0) is a nondegenerate critical point for u, or
(b) all level sets of u have a points with nonpositive curvature.

We end this introduction by pointing out that Theorems 1.2 and 1.7 suggest some nice explicit examples.
In one of them we prove the existence of a star-shaped domain Q, where a semi-stable solution for (1.16)
admits exactly two critical points. This proves that the assumption on the positivity of the curvature of 0Q in
Cabré—-Chanillo’s result cannot be relaxed.

Our project is to continue to study properties of the level sets of u and the degeneracy of its critical points
when u admits two or more critical points.

The paper is organized as follows. In Section 2 we recall some useful preliminaries. In Section 3 we prove
Theorems 1.2 and 1.7. In Section 4 we prove Theorem 1.8 and its consequences. Finally, in Section 5 we prove
Proposition 1.5 and Corollary 1.6.

2 Known Results

The first result of this section is a direct consequence of the Gidas—Ni—Nirenberg theorem [11]. Since in [11]
it is not explicitly stated, we give the proof.

Theorem 2.1. Let Q an arbitrary bounded domain in RN, which is convex in the x; direction and symmetric with

respect to the plane x; = O foranyi=1,...,N.Letu € C2(Q)n C(Q) be a positive solution to
-Au =f(u) inQ,
u>0 inQ,
u=0 on o0Q,

with f € CY(Q). Then the Hessian matrix at the origin is diagonal and strictly negative definite.
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Proof. We give the proof only for N = 2; there is no difference in higher dimensions. By the Gidas—Ni-
Nirenberg theorem, the function v = (;’—;‘1 satisfies

-Av=f'(uyy inQnix; <0},

v>0 inQn{x; <0},
v=0 on QN {x; = 0}.
Smce v(0, x2) =0 in Q, we get that 0 = "V (0 0) = axl ax (0,0), and by the Hopf lemma, it follows that
axz 4(0, 0) < 0. In the same way, we get that ax2 4(0, 0) < 0, which ends the proof. O
1 2

The second result, due to Cabré and Chanillo, removes the symmetry assumption requiring that u belongs to
a suitable class of solutions.

Theorem 2.2. Let Q be a smooth bounded and convex domain in R?> whose boundary has positive curvature.

Let u be a smooth nontrivial solution to

{—Au - f) inQ, o)
u

=0 onoQ,

with f € CY(Q) and f > 0. Moreover, assume that u is a semi-stable solution to (2.1), i.e., the first eigenvalue of
the linearized operator £ to (2.1) at u defined as

L=-A-f(wI

is nonnegative. Then u has a unique critical point x in Q. Moreover, xg is the maximum of u and it is nondegen-
erate.

For the proof, see [4].
The last result concerns solutions which concentrate at some points. There are several results of this type
(also in higher dimensions) for various nonlinearities. We just mention one of them.

Theorem 2.3. Let Q c R? be a smooth bounded domain and let u, be a solution to

-Au=2e"* inQ,
u=0 onoQ,

satisfying A fQ e’ —» 8mas A — 0. Let x; € Q be the point where uj(xy) = |uplloo. Then x, is a nondegenerate
critical point of u, for A small enough.

Proof. In[12, Lemma 5] it was shown that

1
2A(0) = up(8ax + xp) — wa(xa) — log ———  in Cjo (R?),
(1+5%)?
with 65 = m — 0. Hence, fori,j = 1, 2, we get
0%z 1
det{a Sxiox A )}‘det{a Sxio O 0)} 4’
and so the claim follows. O

The next result is classical and it will be used in the proof of Theorem 1.2.

Theorem 2.4. Let (0, 0) be an isolated minimum (maximum) point of f: By — R, where By c R2. Then
ilVf, (0,0)] =

where i(Vf, (0, 0)) denotes the index of f at (0, 0).

For the proof, see [1].
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In the proof of Theorem 1.7 we need to compute the index of some suitable vector field. The next lemma
will be useful for it.

Lemma 2.5. For m > 1 being an integer, and B; c R? being an open neighborhood of (0, 0), assume that
f € C(By, R?) can be written in the form

fO,y) =L(x,y) + Hn(x,y) + R(x, y),
where L: R?> — R? is linear and not invertible, Hy, is homogeneous of order m and R(x, y) verifies

R(x, )
(5y)=(0.0) (x2 +y2)%

If Hy(x,y) ¢ Im(L) for any x(x, y) € Ker(L) \ {(0, 0)}, then i(f, (0, 0)) is well defined and
i(f’ (07 O)) = l(L +]P5 (07 O)) : i(]_laHleer(L), (Os O))s
where Q is any projector such that Ker(Q) = Im(L) and J : Ker(L) = Im(Q) any isomorphism.

For the proof, see [10, Corollary 6.5.1, p. 51].

3 Proof of Theorems 1.2 and 1.7

In this section we prove Theorems 1.2 and 1.7. We have the following.

Proposition 3.1. Let us suppose that (0, 0) is a degenerate critical point of a nonconstant function u satisfying
(1.1) and (1.2). If
uyy(0,0) = 0,

then we have that i[Vu, (0, 0)] is well defined and
i[Vu, (0,0)] < -2. (3.1)
Proof. Differentiating (1.1) with respect to x and y, we get that u, and u, are solutions to
-Av=Ff"(uyv inQ. (3.2)

First let us consider the case where u, = 0, and consider z(y) = uy(0, y) which satisfies (since uy,(0, 0) = 0)

-z" = f'(u(0,y))z in (-6, $6),
z(0) = z'(0) = 0.

So, z = 0 and u(0, y) is constant. Since uy = 0, we get that u is constant in B, which contradicts our assump-
tion.
Hence, u, # 0, and since uy solves (3.2) as pointed out in the introduction, there is an integer n > 3 such

that
o"u

ayn—kaxk

Let us choose the minimum integer n such that (3.3) holds for some 1 < k < n.

Next we prove that all derivatives of u with order less than n are zero, i.e.,
o™Mu

aym—h oxh

(0,0)#0 forsomel <k <n. (3.3)

(0,0)=0 foranyO<h<m<n, m>3. 3.4)
This is obvious if h > 0 by the definition of n. Hence, consider h = 0 and by contradiction suppose that

——(0,0) #0, (3.5)
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where we take the minimum integer m such that (3.5) holds. Differentiating (1.1) m - 2 times, we get (using

the minimality of m)
am m

0#5—(0,0) = —am2a2

which is not possible again by the definition of n. Hence, (3.4) holds.
Finally, we differentiate (1.1) n — 2 times with respect to x and y. We get that

(0,0),

o"u B o"u f . 6
W(0,0)——W(0,0) or any k=2,...,n,n>2, (3. )

An important consequence of (3.6) is that

a" o"u o"u noMu
3.7
a"u o"u o"u n o'u
BQZjTS;(O’O)='_5;;:§5;§(0’0)="’:: 5;;?5:?5;5;?(0’0)2(_1) SEZjTE;(O’O)
This gives, by the definition of n, that
an

(Sx0,0, 520 Spiriay ©0) # 0,0 (3.9)

The previous computations allow to write the following Taylor formula for u:

nlu(x, y) = nlu(0 0)+i n ﬁ(o 0)x"*yk + R(x, y)
. F) . E) k:O ]( axn*ka k ’

[5] n
n o"u ~2h,2h
= n'u(0, 0) + Z <2h>—(0, 0)x"“ty

axn—zhayzh

1
T an
—-2h-1,,2h+1
Z (zh+1>aﬂ12h—1aym(0’0))f" v+ R(GY)

n

o"u 2 n k- n—
=n! _ n-2h, 2h
ntu(0,0) + - (O,O)hE_O(Zh)( DRSS A v 1ay( ,0)

(%]
n hyn-2h-1,2h+1
-1 R(x,
+ hg <2h+1)( )'x Yy + R, y)

Yl

—nu(O 0)+ (O O)Re(Z)+W

(0,0)Im(z") + R(x, y), (3.9)

with R(x, y) = O(Jx|"™*! + |y|"*1). Note that in the last line of (3.9), we used that

1

(5] %2
— RN (I k. n- 2k 2k _1\k,n-2k-1,,2k+1
= O+ i) = Z(2k>( D¥x Z (2k+1)( Dy

Re(z") Im(z")

Then differentiating (3.9) with respect to x and y, we get

Uy(x, 0, n-1 o"u 1 1. OR(x,y)
x(X,y) = : n( O)( ) Re(z"™%) + - y(0,0)( Ol Im(z"%) + R 10
uy(x,y) = o"u 1 OR(x, 3.1
y(%,y) (0 O)( 0! Im(z"") + axn—lay(0,0)( D Re(z"1) + (y y),
with

| OR(x,y)

OR(x, y) C —ky 1k
5 o | < € Y WKyt < COxl” ¢ 1" < Clzl".

k=0

>
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Set o o
u u
“= W(O’ 0, B= ox"-19y
A first consequence of (3.10) is that (0, 0) is an isolated critical point. Indeed, if (ux(x, y), uy(x, y)) = (0, 0),
by (3.10), we get

(0, 0).

R 2 R(x, 2
(e + B2)([Re(z" V)] + [Im(z"1)]?) = [(n—l)!ﬁ(%) +(%’;”) ]

o (@ + B2z 2 < Clz)*" (3.11)

and since (a, 8) # (0, 0), we get that any other critical point satisfies |z| > C. Hence, the index i(Vu, (0, 0)) is
well defined.
The final step of the proof is to show that i(Vu, (0, 0)) < -2. Let us introduce the vector field

ﬁ n-1 B n-1 a n-1
oD mET), Gy ReE ) - ey Imz )>

€= (L1, £2) = ( Re(z") +

@
(n-1)
and the following homotopy for ¢ € [0, 1]:
H(t,x,y)=tVu+(1-t)L.

Let us show that H(t, x,y) # (0, 0) for any ¢t € [0, 1] and x? + y? = § > 0 small. By contradiction, suppose
that H(t, x,y) = (0, 0) for some ¢ € [0, 1] and x? + y? = § small enough. Then arguing as in (3.11), we get a
contradiction. This means that

i(Vu, (0,0)) = i(£, (0, 0))

(in other words we can neglect the remainder term VR in (3.10)). Finally, let us compute i(£, (0, 0)). Suppose
that a # 0 (if a = 0, then, by (3.8), B # 0 and the proof is the same) and set

M = a(n - 1)/(Re(z" 1), -Im(z""1)).
Using again the homotopy H(t, x, y) = t£ + (1 — t)M for ¢t € [0, 1], we get that H(¢, x, y) = (0, 0) implies
aRe(z" ) + tfIm(z" 1) =0, tBRe(z" ) - talm(z"!) =0,

and then z = 0. This implies that
l(L, (0’ 0)) = I(M) (0’ 0))!

and by known arguments (see, for example, [9, Theorem 3.1]),
i(M, (0,0))=1-n.

So, we have that
i(Vu,(0,0)=1-n<-2,

since n > 3. Then (3.1) follows. O
Proposition 3.2. Let us suppose that (0, 0) is a degenerate critical point of u satisfying (1.1) and (1.2) with
i[Vu, (0,0)] > -2. (3.12)

Then if uy # 0, the following expansion holds:

n o"u
0,0 1 o, 0 seitsy (0, 0)
u(x, y) = u(0,0) + 224 2)“’( yo ) o ;, )Re(z")+%lm(z")+mx, y,  (13)
with R(x, y) = O(|x|" + |y|") and n is given by (1.3). Moreover,
o"u o"u
—(0,0), ———(0,0 0, 0). .1
(50,0, Sriay ) # 0,0 (3.14)
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Proof. By (3.12) and Proposition 3.1, we get that u,,(0, 0) # 0.
Next we prove (3.13). Since u, # 0, as in Proposition (3.1), let us consider the integer n > 3 such that
(1.3) holds. Then we have that

o™Mu

W(O,O):O foranym <nandk=0,...,m- 1. (3.15)
xXTroy

Note that, unlike what happens in (3.4) of Proposition 3.1, since uy, (0, 0) # 0, (3.15) does not hold for k = m.
Next let us differentiate (1.1) n — 2 times with respect to x and y. We get that

o"u o"u 0" 2(f(w))
axn_—kayk(o,o) :—W(O, ) W(O, 0) f0ranyk=2,...,n. (3.16)
Observe that in 2 S k(g(“k) > (0, 0) appear the derivatives of u with order 1, ..., n — 2. All these are zero by (3.15)
except when k = n. So we have
0"2(f(u)
ax"+ayk‘)2(0’0)zo foranyk=2,...,n-1. (3.17)

As in the proof of Proposition 3.1, we get, from (3.16) and (3.17),

6" o"u
(O, 0)=- W(O 0) =
o"u ka u n-1
:>—6X”‘2kay2k(0 0) = (-1) k=1....[=]
o"u o"u
axriay 0 = gy 0=
o"u « o'u n-2
:W(O’O)z(_l) W(O O) k = 1,...,[ 5 ],

By the previous equality and the definition of n, we get (3.14).
Now using the previous identities in Taylor’s formula, we get

o"u

W(O O)Xn k k+R(X, y)

~ uy(0,0) , & oMu 1% n
u(x, y) = u(0,0) + =—"—y>+ ) ay_m(o’ oy + Z r

2 m=3

(O, O)XYI—Zkka

0,0+ uyy(00)+o(1)2 1 <n> o"u

2 n' 2k ) oxn-2kgy2k

[45]
LI n 0o"u n-2k-1,,2k+1
Tl kzo <2k+ 1>W(O,0)X y*H RO y)

Uyy(0,0)+0(1) , %%(0,0) .
— u(0,0)+ Yy 5 y2+ 0. - Z( )( 1)k 2k Zk

n 1]
" ox"- 13}/(0 0) < n )(_1)kxn2k1y2k+l +R(X, y)

n! 2k+1
0,0) +o(1 0,0 520, 0)
=u(0,0) + yy( 2) +ol )yz + X ;' )Re(z") %Im(z )+ R(x,y),
with R(x, y) = O(|x|™ + |y|™). This ends the proof. O

Now we are in position to give the proof of our theorems.

Proof of Theorem 1.2. Since (0, 0) is a maximum point, by Theorem 2.4, we get that i[Vu, (0, 0)] = 1. Hence,
Propositions 3.1 implies (1.4). Next to verify (1.5) and (1.7), we consider the cases n even and n odd sepa-
rately.
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The case n even. From (3.13), we have to show that 2:4(0, 0) < 0. If

ax"

n
6 (O 0) #0,

taking y = 0 in (3.13) and using that (0, 0) is a maximum point, we get

24(0,0)
n!

u(0, 0) > u(x, 0) = u(0, 0) + X"+ O(|x|™h,

and because n is even the claim follows by choosing |x| small enough. Hence, suppose that 2
(3.14), we have that (0, 0) # 0, and choosing y = Bx""1in (3.13), we get

4(0,0) = 0. By

ax"

bx" 16y

uyy(0,0) + o(1) +B X 1ay(0

0)
5 3 )sz + o(Ix[22) > u(0, 0)

1(0,0) = u(x, BX"1) = u(0, 0) + (32
if B satisfies
uyy (0, 0) + o(1) L B2 1ay(0 0)

BZ
2 n!

> 0.

This gives a contradiction.

The case n odd. First let us prove that gx'n‘ (0, 0) = 0. As in the previous case let us test (3.13) for y = 0. We
get

afl
5(0,0)

u(0,0) < u(x, y) = u(0, 0) + == =—x"+ 0(Ix|""1),
and since n is odd we necessarily have that -4 ax" “(0,0) = 0 and by (3.14) we deduce that axn o U _ 5 (0,0) #0.
Now we prove (1.7) and (1.8). We claim that
. olu
there exists | < 2n — 2 such that ﬁ(o, 0) # 0. (3.18)
X
By contradiction, let us suppose that
an+1 an+2 2n—2u
an+1( ,0) = an+2(0 0)="-- aZn 2(0 0) = (3.19)

and complete the expansion in (3.13) adding the terms up to the order 2n - 2. We get

o"u 1 1
~ Uy (0,0)+0(1) ,  rigy(:0) 1 n+ 1 o™y ne1k k
u(x,y)=u(0,0) + 5 Yo+ o Im(z") + —— TR Z Xk gyk (0, 0)x y
1 n Zl’l 62" n- k k

with R(x, y) = O(|x|?™1 + |y|?™*1). Setting y = Ax"1 in (3.20) (4 > 0 will be chosen later) and observing that
l-k+(n-1)k>2n-2foranyk>1and! € [n+ 1, 2n - 2], we derive that

uyy(O, 0)A2 N dx"— 16y(0 0)
2 (n-1)!

u(x, X" = u(0, 0) + ( A+ 0(1))){2"‘2 + o(x2"2),

Choosing

uyy(O, 0)A2 N dx"— 1by(0 O)
2 (n-1)!
and |x| small enough, we have that u(x, x™ 1) > u(0, 0), which contradicts the fact that (0, 0) is a maximum
point. Hence, (3.18) holds, and choosing the minimum integer [ in (3.18), we get that (3.20) becomes

A>0

o"u
u(x,y) = u(0,0) + tyy(0,0) + 0(1)y2 + ( oy

1 l
> = +o(1))1m(z")+<ﬁ +o(1))%(0,0)xl,
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which is equivalent to (1.7). Since (0, 0) is a maximum point, we get that (O 0O)<Oforle[n+1,2n-2]
and, finally, if I = 2n - 2, setting y = Ax""1 in (1.7), we get

uy(0,0) 5 5274-(0,0) . 340, 0)
2 (n-1)! Il

u(x, y) = u(0, 0) + ( N o(1))x2"’2,

which implies
1
u)’)’(oa O)A2 N dx" 1y (O O) . %(0’ 0)
2 (n-1)! 1
Then (1.8) holds and this ends the proof. O

<0 foranyA € R.

Proof of Theorem 1.7. Since i[Vf, (0, 0)] = -1, Proposition 3.1 applies and so u,, (0, 0) # 0.

In order to prove (1.12)—(1.14), we first remark that u, # 0. Otherwise, we get that u = u(y) verifies
—u'"" = f(u), and since uyy # 0, we deduce that (0, 0) is a maximum or minimum point for u. So, Proposi-
tion (3.2) applies, and as in the proof of Theorem 1.2 we use (3.13) to handle the cases n even and n odd.
However, here the condition

i(Vu, (0,0)) = -

plays a crucial role.

The case n even. From (3.13), we get that

20, 0 597-(0, 0)
Uy = & © )Re( nelyy OOy T Im(z"’1)+—aR(X’y),
(n-1)! (n-1)! ox (3.21)
0.0 1 3:(]:( ’ ) I n-1 axar:i’lay (O’ O) R n-1 aR(X’ y) .
uy = (uyy(0,0) + o(1))y - (n i m(z )+nw e(z )+a—y'
Then let us consider the vector field f(x, y) = (f1(x, y), f2(x, y)) given by
o'y syisy (0, 0)
fiiy) = 22D ooty oty @0y, OROY)
(n-1)! (n-1)! ox (3.22)
o"u ’
%(0,0) . ety (0,0) 1, OR(X, y)
ox’ n-1 X y n-1 4
f2(x,y) = uyy(0, 0)y - —( i Im(z") + —(n— i Re(z"™ %) + —ay .
If $£(0, 0) # 0, then f satisfied the assumptions of Lemma 2.5, with
m=n-1, L(x,y)=(0,uy(0)y),
o"u o"u
40, 0) L 52-(0,0) 240, 0) L 52-(0,0)
_ [ ox n-1 X y n-1y _ ox n-1 y n-1
Hoa(6y) = (G557 Re@ ™) + 2020 Im(@ ™), B P Im( ™) ¢ 2o Re(2' ) ),
_(OR(x,y) OR(x, )/))
R(Xs )’) - ( ()X ’ ay .
Moreover,

N(L) = (x,0), withxeR, R(L)=(0,y), withyeR,
Qx,y)=(x,0)=P(x,y) and J=1I

We claim that the main assumption in Lemma 2.5, Hn_1|n@yo ¢ R(L), is satisfied. Indeed, if (x, y) € N(L) \ O,
then y = 0 and x # 0. Hence,

o"u

1
20, 0x™ STy

Hn1(x, 0) = U (0, 0" 1),

n-1)! < oxn
and since a 54 (0,0) # 0, this does not belong to R(L) = (0, y). Then the claim of Lemma 2.5 yields

i[f) (0’ 0)] = I[L +]P9 O]i[]_lQHn—llN(L), O]y
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and since in our case,
(L +JP)(x,y) = L(x,y) + P(x,y) = (0, uyy(0, 0)y) + (x, 0) = (x, uyy(0, 0)y),

we get that
i[L +]JP, (0, 0)] = sgn(uyy(0, 0)).
On the other hand, we have that

-1 _ 1 o"u n1 0'U n-1) _ 1 o' n-1
U7 QHy-1) (6, 0) = 0 5 0. 0", 5yt 0 O)x )= (=i 5 ©- 9" 0).

and since n is even,

A o"u

iU/ QHn-1ln, (0, 0)] = sgn( 5-2(0,0)).
Hence, we get that

an
ilf, (0, 0)] = sgn(i (0, 0))sgn( 510, 0))-

Finally, by (3.21) and (3.22), we get that Vu is a small perturbation of the vector field f in a suitable small ball
centered at (0, 0). Then i[f, (0, 0)] = i[Vu, (0, 0)] and, since by assumption i[Vu, (0, 0)] = -1, (1.13) follows.

The case n odd. Here we proceed as in the case where n is even. Let us suppose that ‘3"7’"‘(0, 0) # 0 and using
the same notation, we get that i[f, (0, 0)] is well posed and again

i[f, (0, 0)] = i[L + JP, O]il/ "' QHp-1In(1), O]

However, since in this case n is odd, we have that (J-'QH,_1)(x, 0) = 0, and so i[f, (0, 0)] = 0. As in the
previous case, this implies i[Vu, (0, 0)] = 0, a contradiction. Then we have that

o"u
T (0,0) =0. (3.23)

Hence, (3.13) and (3.23) imply (1.14). O

4 Nondegeneracy of Solutions with One Critical Point

In this section we consider a solution u to (1.16) with f(0, 0) > 0 and 0Q with positive curvature. Moreover,
we assume that (0, 0) € Q is the unique critical point of u (of course its maximum).
First let us recall some results proved in [4]. For 6 € [0, r1), set

ug = cos Quy + sin Ouy,

and
No = {(x,y) € Q : up(x, y) = 0}.

We have the following result.

Lemma 4.1. We have that Ng n 0Q consists of exactly two points P1 and P, and, around each P;, Ng is a smooth
curve that intersects 0Q transversally at its end-point P;, i =1, 2.

Proof. Let P € NgnoQand let v = (vy, vy) be the exterior unit normal to Q. Then, since u = 0 on 0Q, we have
that ug(P) = %(P)(cos Ovx(P) + sin Bvy,(P)). Since f(0) > 0, by the Hopf lemma, we get that %(P) < 0, and so
ug(P) = 0 if and only if the vector (cos 8, sin 0) is orthogonal to the normal v, and since the curvature of 0Q
is positive, it happens exactly at two points P; and P;.

Next let us show that around each P;, i = 1, 2, Ny is a smooth curve. We have that

(Vug, (cos 0, sin 0)) = cos? Quyy + 2 cos 0sin Ouyy, + sin? Ouyy, (4.1)
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and using that u = 0 on 0Q and (cos 6, sin ) is orthogonal to v, we get that

P
uy(P) and sin@:—uX(P)

0s 0 = .
% (P) % (p)

Hence, (4.1) becomes
(Vug, (cos 0, sin 0)) = uy (P)uxy + 2Uxlty (P)uyy + Uz (P)iyy # O,
because the curvature of 0Q is positive. Then the implicit function theorem applies and the claim follows. [

Remark 4.2. The condition f(0) > 0 is used to apply the Hopf Lemma on 0Q and deduce that 3—5 < 0. What
we need in the proof of Lemma 4.1 is that Vu # (0, 0) on 0Q.

We say that P € Q is a singular point for ug if
Vuy(P) = (0, 0).

Lemma 4.3. If P € Ny is a singular point for ug, then the curve Ny “encloses” a subdomain w c Q. More pre-
cisely, there exists a subdomain w c Q such that

e Owis aJordan curve,

e OJwnoQ =40,

e 0w C Np.

For the proof, see [4].
Now we are in position to prove Theorem 1.8.

Proof of Theorem 1.8. By contradiction, let us suppose that (0, 0) is degenerate. Up to a rotation, we can
assume (1.2) and then
Vu,(0, 0) = 0.

By Lemma 4.3 the curve Ny encloses a region w cc Q. Moreover, uy verifies

—_ — / i
{ Auy = f'(Wuy inw, (4.2)

Uy =0 on ow,
and we can suppose that u, > 0 in w. Next let us take Q € w and set

w(x,y) = uy(Qux(x, y) — ux(Quy(x, y)

and
M={(x,y) e Q:w(,y) =0}

Of course Q € M, and since Vu(Q) # (0, 0) (uniqueness of the critical point), the definition of w is well posed.
Moreover, w satisfies
-Aw = f'(uw inQ,

and by [5], we have that around Q the set M consists of a finite number of curves intersecting transversally
at Q (this is actually a smooth curve if Vw(Q) # 0).
We have the following alternative:

Case 1: M n ow is given by at most one point. In this case, we have that M encloses at least one region in w
and there exists D ¢ w such that

-Aw = f"(w)w inD,

w=0 on oD.

This implies that the first eigenvalue A, (-A — f'(u)I) < 0 in w, and this contradicts (4.2).

Case 2: M now is given by at least two points. In this case we would have that the derivatives ug and w
intersect at two different points and this contradicts the uniqueness of the critical point unless w = Cuy. This
implies that ug(Q) = Cw(Q) = 0 and so Q € ow. This is a contradiction, which ends the proof. O
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Proof of Corollary 1.9. Let us suppose that (0, 0) is a degenerate critical point of u and consider a level set
€ ={u = c} with 0 < ¢ < |ul|. Since (0, 0) is the unique critical point, we have that C is a smooth closed
curve. By contradiction, suppose that the curvature of € is positive everywhere. We have that u solves the
following problem:

-Au = f(u) in{u>c},
u=c on C.

The proof of Theorem 1.8 applies with 0Q replaced by €. The only difference is that here the condition f(0) > 0

is not sufficient to apply the Hopf Lemma to € in Lemma 4.1 because ¢ # 0. However, if %(P) = 0 for some

P ¢ G, then Vu(P) = 0 and this contradicts the uniqueness of the critical point. The claim of Theorem 1.8 gives

that (0, 0) is nondegenerate, a contradiction. This means that any level set {u = ¢} must contain a point with
nonpositive curvature. This ends the proof. O

The proof of Corollary 1.10 is the same as that of Corollary 1.9.
We end this section with two interesting examples of solution to (1.16), both suggested by Theorems 1.2
and 1.7. The first one shows that (b) of Corollary 1.9 can occur.

Example 4.4. If we put n = 4in (1.5), we are lead to consider the set
1
Dy = {(x, y)eR?: zyz +xt—6x%y? +y < a},

It is not difficult to show that there exists ap > 0 such that for any 0 < a < ag, the set aD, is a closed curve.
Note that 0D, shrinks to the origin as a — 0. Fix & € (0, ap) and let us consider the function

1
u(x,y) =a- (—y2 +x*—6x?y? + y“).
2
We have that u verifies
-Au=1 in Da,
u>0 in Dg, (4.3)
u=0 on 0Dy,
and (0, 0) is the unique critical (maximum) point to u in Dy, provided that we choose & suitably smaller.
Moreover, u is a semi-stable solution to (4.3). A straightforward computation shows that the curvature at a
point (0, y) € {u = ¢} with 0 < ¢ < & is given by
Unxlly — 2UxyUx Uy + Uyy Uy _ o 12)y

=— <0
W2 +uj)? 1+4y3

k(O,Y) ==

for y < 0. This means that there is always at least a point in {u = ¢} with negative curvature, which gives the
claim.

Next example shows that semi-stable solutions to (1.16) can have two critical points in star-shaped domains.

Example 4.5. Theorem 1.7 with n = 3 suggested the construction of this example.
For ¢ small enough, let us consider

1
D¢ = {(X, y) eR?: Eyz +2° = 3xy? + A(x* - 6x%y? +y*) < c}.

Some tedious computations show that for A > % and c small enough, D, is a closed curve.
For the same parameters A and c let us consider the function

1
u(x,y)=c- (Eyz +x° = 3xy? + A(x* - 6x%y? + y“)).

We have that u verifies
-Au=1 inD,,
u>0 in D,
u=0 onoD..
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A straightforward computation shows that u admits exactly two critical points, Py = (0, 0) (saddle point) and
P = (_4%1’ 0) (maximum point). As remarked in the introduction, D, is a star-shaped domain with respect to
the origin. Since u is a semi-stable solution to (1.16), this example shows that in Cabré—Chanillo’s theorem,
the assumption of positive curvature cannot be relaxed to star-shapedness with respect to some point.

5 Non-isolated Maximum Points

In this section we show some consequences of Theorem 1.2 when the maximum (minimum) points of u is
not isolated.

Proof of Proposition 1.5. Since (0, 0) is not isolated we have that the sets
Se={x*+y>=¢€} and C={(x,y) € By : u(x,y) = u(0,0)}
verify
SenC+#0 (5.1)

for € > 0 small enough. Let us consider (x¢, ye) € Se N C. If, by contradiction, n is even in Theorem 1.2, using
that for (x, y) € Se,
Re(z") = x"+o(y?) and Im(z") = nx"ty + o(y?),

we get, by (1.5) and (5.1) and the Young inequality,

- (20D o)z (M +o(1))(e? -yt + ("(HL(S,O) +o(1) Xt lye
(290 o (B0 o),

which implies y¢ = € = 0, contradicting (5.1).
So, n is odd and repeating the previous computation for (1.7), we obtain

o"u
(0, 0) L0, 0 !
- (M+o(n)yé+(""(n’_—l)+o(n)ye(e —y)'T +(¥ +o(D))(€? -y
_ (Uyy(0,0) , [ 35(0,0) 250, 0)
= (T + o(1))y€ + (W + 0(1)) (l— 0(1)) (5.2)
From (5.2), we deduce that
2 1 n 2
(0, 0) (0 0)el - m(a)‘()n—_uly(o, 0)) €2 <o, (5.3)

and if [ < 2n - 2, we get uy, (0, 0)%(0, 0) < 0, contradicting Theorem 1.2. So, [ = 2n - 2 in (5.3) and using

(1.8), we deduce that
2 olu 1 0w 2

which ends the proof. O
Proof of Corollary 1.6. Assume that u = u(r) is a radial function, with r? = x? + (y — P)%, P # 0, and u solves
—Au = f(u).

Suppose that u’(P) = 0 and u'’(P) < 0, and so (0, 0) belongs to a circle of maximum points. The derivatives
at (0, 0) are given by

uyy(0, 0) = u" (P) = —f(u(P)),

Uxxx(0,0) =0

Uy (0, 0) = —u” (P) = $f(u(P)),

Uox(0,0) = " (P) = 2 f(u(P)).

(5.4)
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So, by (1.7), we get (1.9), and by (5.4), we have

2
u)z(xy(O, O) — f (;gp)) _ uyy(o, O)I;XXXX(O, 0) .

So, the equality is achieved in (1.8) (equivalently in (1.10)). O

Remark 5.1. We do know examples of solutions with a curve of maximum point for [ > 3 in Proposition 1.5.
It should be interesting to construct it (if there exist!).

We end this section with some additional properties of solutions with curves of maximum points.

Proposition 5.2. Assume the same assumptions of Theorem 1.2 and suppose that y is a smooth curve of max-
ima for u. Then, denoting by k(0, 0) the curvature of y at (0, 0) the following alternative holds: either

k(0,0) #0

or
U, consists of 4 curves intersecting transversally at (0, 0). (5.5)

Proof. Let us suppose that k(0, 0) = 0 and show that (5.5) holds. Let us parametrize y as follows:

x = x(t),
y(6) =
y = Y(t), te (_67 e))

with y(0) = (0, 0). Then since u(y(t)) = u(0, 0) for any ¢ € (—¢, €), a straightforward computation gives

d2
0= Wu(y(t))L—o = uy,(0, 0) (¥(0))* = y(0) = 0,
@ _ (5.6)
0 = UV (D)],_, = txeux(0, 0)X(0) + S1tny (0, 0)(X(0)2F(0) + 3 (0, 0)(F(O))2.
Since k(0, 0) = 0, from y(0) = 0, we get that j7(0) = 0 and by (5.6), we deduce that
Uxxxx(0,0) = 0. (5.7)

Since by Proposition 1.5 we have that n is odd, (5.7) and (1.8) imply that n > 5 in Theorem 1.2. Finally, from
(1.7), we deduce that in a neighborhood of (0, 0), it holds

ux(x,y) = (A +o0(1))Re(z"™") + (B + 0(1)) Im(z" ™),
withn -1 > 4 and (4, B) # (0, 0). This gives (5.5) and the claim follows. O

Let us recall that the Morse index m(u) of a solution u to

-Au = f(u) inQ,
u=0 on 0Q,

(5.8)

is given by the number of negative eigenvalue of the operator
L=-A-f'(ul
Our final result is a consequence of Proposition 5.2.

Corollary 5.3. Assume the same assumptions asin Theorem 1.2 and suppose thaty is a smooth curve of maxima
for u. Then if u is a solution to (5.8) with m(u) < 3, then

k(0,0) # 0.
Proof. By Proposition 5.2 it is enough to prove that (5.5) cannot occur. Indeed, if it happens, we deduce that

N={x,y) € Q:ux,y) =0}
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encloses at least three nodal regions w1, w>, w3 ¢ Q (straightforward extension of Lemma 4.3). So, the func-
tions
u, if(x,y) € wi,

vi(x,y) = ) )
0 if(x,y)eQ\wi,i=1,2,3,
verify that v; € Hj(Q), [, VviVv; = 0fori # jand [ |Vvi|? - f'(u)v} = Ofori = 1, 2, 3. Then, by the definition

of Morse index, we derive that m(u) > 3 and this gives a contradiction. O
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