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Abstract

The main subject of this thesis is devoted to studying the multiplicity and uniqueness of
solutions for the Yamabe-type equations, for that, we explore the geometric and topolo-
gical properties of the equation. Our most important assumption is the existence of an
isoparametric function on a Riemannian manifold. Indeed, we classify the isoparametric
functions on R"x M™ , n,m > 2, with compact level sets, where M is a connected, closed
Riemannian manifold of dimension m. Also, we classify the isoparametric hypersurfaces
in S? x R? with constant principal curvatures.

On the other hand, we study positive solutions of the equation —Aju + Au = Au?,
with A > 0, ¢ > 1. If M supports a proper isoparametric function with focal varieties
M, M, of dimension d; > dy we show that for any ¢ < % the number of positive
solutions of the equation —Agu 4+ Au = Au? tends to oo as A — +o00. When dy > 0, this
result implies multiplicity for positive solutions of critical and supercritical equations.
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Chapter 1

Introduction

In the early of 20th century, H. Poincaré [36] and P. Koebe [28] gave a proof of the
celebrated Uniformization Theorem of Riemann Surface which, in particular, implies that
every closed Riemannian 2-manifold has a conformal metric of constant Gauss curvature.
In the subsequence years, different proofs appeared for this theorem both for its original
formulation and for generalizations of it. But all of them in the case of dimension two. It
was not until 1960 when H. Yamabe claimed in [49] the proof of a sort of generalization for
the last statement in all dimensions; every closed Riemannian n-manifold is conformally
equivalent to one of constant scalar curvature. Let us describe the main idea of Yamabe’s
approach.

Let (M", g) be a closed Riemannian manifold of dimension n > 3. We denote by [g] the
conformal class of the metric g. Writing a conformal metric as h = uP»~2g € [g] (for a
positive function u) we have that h has constant scalar curvature \ if and only if u is a

positive solution of the Yamabe equation
4(n—1
— %Agu + sgu = AP (1.0.1)

where p,, = % and s, is the scalar curvature of metric g.
In the case of s, = @ € R one can normalize the solution u by an appropriate constant !

such that v = lu is a solution of
—Agv+ Bu =gt BeR.
Yamabe considered the total scalar curvature functional

Joy Sn dvoly,
h p—
S = ol 7

where dvol), is the volume element of h.
Expressing the metric h as uP»~2g the functional S(h) take the following form:
Sy el Vul? + sgu? dvol,

[ull3,

S(h) = Y,(u) :

Y



where a, = 4(n — 1)/(n — 2). The functional Y, (which can be defined in the Sobolev
space W12(M)) is called the Yamabe functional.

Yamabe noted that the critical points u of this functional are solutions of equation
for A = Y, (u)|[u|>-P". Therefore solutions of equation correspond to critical points
of S restricted to the conformal class [g].

It is not hard to see that the Yamabe functional satisfy that Y, > (inf s,)Vol(M, g)*/™ if
inf s, < 0, otherwise Y, > 0 . So we can define:

Y (M,[g]) = inf Y,(u)= inf S(h).

ucCo helg]

This invariant of the conformal class [g] is called Yamabe constant and play an important
role in the analysis of equation .

The goal of Yamabe was to prove that this constant is realized. But his proof contained
a subtle error discovered by N. Trudinger in [44] given rise to the known nowadays as the
Yamabe problem. The solution of this problem was completed in several steps beginning
with Neil Trudinger in [44], Thierry Aubin [4] and finally by Richard Schoen in [40].
Guaranteed the existence of the problem it is very interesting to try to understand the
set of all solutions. In the case that Y (M,[g]) < 0 the solutions are unique up to a
constant. Thereby the only appealing case is Y (M, [¢g]) > 0. By a result of M. Obata [34]
the uniqueness holds in the positive case when the Riemannian manifolds is Einstein dif-
ferent from the round sphere (S™, go). The trivial example with Y (M, [g]) > 0 completely
understood is (S", go), where the set of solutions is a noncompact family in C? topology
but all of them produce isometric metrics of constant scalar curvature n(n — 1). In [37]
D. Pollack proved that every conformal class with positive Yamabe constant can be C°
approximated by a conformal class with an arbitrary number of (non-isometric) metrics
of constant scalar curvature.

Another feature investigated per years in the positive case it is the compactness of solu-
tions for manifolds not conformally diffeomorphic to (S™, go). In [42] Schoen proved the
compactness for manifolds locally conformally flat and conjectured that it is true for the
general setting. However, in [§] S. Brendle showed a metric in S, 52 < n for which
the compactness fails. After that, Brendle and Marques in [9] constructed examples in
dimension 25 < n < 51 where again the compactness fails. Surprisingly, the compactness
holds for all remaining dimensions (Brendle-Marques-Schoen [25]).

In general, it is a very difficult task to describe the space of solutions of the Yamabe equa-
tion. Only in some cases it is possible, one of them is the case of cylinders (S" x S, [go +
T?2dt?]) for T € R. For instance in [26], [27] O. Kobayashi and Schoen in [41] pointed out
that all solutions are constant along the spheres S™ and therefore the Yamabe equation
reduces to an ordinary differential equation. They finally conclude that the number of
solutions increases with respect to 7.

In 23] Q. Jin, YY. Li and H. Xu considered in (S™, go) the Yamabe type equation

—Agnu = AMu? — u),



for A € Ryg and ¢ < p,—1 (subcritical exponent). They were concerned about multiplicity
result of this equation restricted to the space of radial functions on S™ respect to a fixed
axis, which again, it turns out to be an ordinary differential equation.

In [22] G. Henry and J. Petean studied multiplicity results for solutions of the Yamabe
equation on the products (S™ x Sk, g + T?gF) for 2 < n, k. First, they considered the
Yamabe equation for functions that only depends on the factor (S",gp). Thus, if u :
S" x S¥ — R is a smooth function constant along S* then solutions of the equation

(n(n = 1) + (1/T*)k(k — 1)) (P~ —u),

_ASTLU —
Antk

correspond to solutions of the Yamabe equation on (S" x SF, g? + T?gk) constant along
Sk,
Since pp4x < p, the last equation is subcritical on S™. So, similar to [23] the authors in [22]
studied the ordinary differential equation associated to the Yamabe equation restricted
to special space of functions. In order to precise their statement, we need to introduce
the following definition.
Let (N, h) be a complete connected Riemannian manifold. A non-constant smooth func-
tion f: N — R is called isoparametric if there exist smooth functions a,b : R — R such
that

(1) IVFZ = a(f) and (2) Af = b(f).
The smooth hypersurfaces M; = f~1(t) for t regular value of f are called isoparametric
hypersurfaces.
Suppose now a positive function ¢ : R — R and function u of the form u = ¢ o f for an
isoparametric function on S". By chain rule, —Agnu is a function of f so that the Yamabe
equation for functions u = ¢ o f become in an ordinary differential equation.

Theorem 1.0.1 ([22]). Let f be an isoparametric function on (S", go). If

I _6(n+5)Mn+k—-1)—nn-1)
T2~ Kk —1) ’

then there exists a solution u of the Yamabe equation on (S™ x S¥, gt + T?gk) with level
sets u=l(t) = (¢ o f)71(t) x SF.

In particular, this theorem produce infinitely many solutions for each isoparametric
hypersurface.
For this fact, it seems to be reasonable to look at solutions of this type in other manifolds.
In this direction, would be interesting to investigate the existence of isoparametric func-
tions in some family of manifolds. For example, in the case of a Riemannian product
(M x N,g+ h) an isoparametric function on any of the factors gives an isoparametric
function in the product. However, there are examples of products with mixed isoparame-
tric functions. A trivial family are the radial functions on R", but there are also examples
for instance in S? x §? (see [45]).



In this work, we first study isoparametric functions on Riemannian products with Eucli-
dean space, namely (M x R™, g+dz?). The motivation to understand these are into study
of the finite energy solutions to the Yamabe equation in such products (see for instance
[T, 3]). Note that positive finite energy solutions (which have to vanish at infinity) must
have compact level sets. There is a well-known such solution which is a radial function
on R" (see [1]). Are there other solutions? It is conjectured that the answer is NO under
certain conditions, for instance if g is Yamabe (the metric g realize the Yamabe constant
Y (M, [g])). This conjecture implies that

Y(M x R" dz*)):= inf Y, = inf Y, .
(MR g +del) o= Jb o Yorar (W) = dnf ) Yorae(®)
uF#£0
The advantage of this equality is that the Yamabe invariant of M x N is bounded below
by Y (M xR™, [g+dz?]) for any closed Riemaniann n—manifolds N ([I]), and the constant

Yan (M x R", g + dz?) = uecigrgf(w) Yoyar2 (u)
u7#0
can be computed numerically in some cases.
The case when (M, g) = (S™, go) is particularly important. For instance, when n = m = 2
if the conjecture is true then one would prove that the Yamabe invariant of S? x S? is
strictly greater than the one of CP2.

Our first result says that such solutions could not be built by an isoparametric function:

Theorem 1.0.2. An isoparametric function on R™ x M™, n,m > 2, with compact level
sets (where M™ is a closed Riemannian manifold) is a radial function of R™.

Without the compactness condition on the level sets of the isoparametric function one
would still like to know if there could be examples which do not come from isoparametric
functions on M. We will only consider the case of S? x R2. Using the ideas developed by
F. Urbano in [45] for the case S? x §?, we will prove

Theorem 1.0.3. The isoparametric hypersurfaces with constant principal curvatures in
S? x R? are of the form S* x R, S? x S*(r) (forr € RT) or S'(t) x R? (fort € (0,1)).

Note that in general, there are examples of isoparametric hypersurfaces with non-
constant principal curvatures, as in the examples in [46] for certain complex projective
spaces.

Another remark in the Henry-Petean results (Theorem 1.0.1) is about of the tools emplo-
ying in the study for subcritical Yamabe equation of (S", gp). They used the bifurcation
theory and properties of isoparametric hypersurfaces in the round sphere so as to describe
the global behaviour of nontrivial solution branches emanating from bifurcation points.
In this thesis, we generalize this description to closed Riemannian manifolds of constant
scalar curvature with an isoparametric function.



We take a closed Riemannian manifold (M™,g) of dimension n > 3 and consider the
following Yamabe-type equation

— Agu+ A = Auf, (1.0.2)

with A > 0 and ¢ > 1. Also we will assume that there is an isoparametric function
f M — [to,t1] and look for solutions of equation of the form v = ¢ o f, where
¢ : [to,t1] = Rsg. It is known from the general theory of isoparametric functions that
the only zeros of the function b : [tg, t;] — Rsq are t5 and ¢;. Moreover M, = f~*(ty) and
M,y = f~1(t;) are smooth submanifolds and are called the focal submanifolds of f. We call
d; the dimension of M;. If dy,dy < n — 2 we call f a proper isoparametric function, as in
[19]. We will assume that f is proper. The most familiar case of isoparametric functions
comes from cohomogeneity one isometric actions. Assume that G acts isometrically on
(M, g) with regular orbits of codimension one and that the orbit space is an interval.
If f is a smooth function which is G-invariant and its only critical points are the two
singular orbits, then f is isoparametric. Note that in this situation the singular orbits
have codimension at least 2, and therefore the isoparametric function f is proper. In [22]
this situation was considered when (M, g) is the round sphere (S™, gj) and ¢ is subcritical,
and multiplicity results were obtained in this case for f-invariant solutions of equation
(1.0.2). But there are proper isoparametric in much more general situations than the one
of cohomogeneity one isometric actions. For instance in [38] C. Qian and Z. Tang proved
that given a Morse-Bott function f on a closed manifold M (with appropriate conditions
on its critical set) there is a Riemannian metric g on M so that f is proper isoparametric
for (M, g).

We consider the space C’?’a of C?“ functions on M which are f-invariant and we

consider equation l} as an operator equation on (u, \) € C;’a x (0,00). We study
solutions bifurcating from the family of trivial solutions A — (1, A). Using the well-known
theory of local bifurcation for simple eigenvalues [16], we prove :

Theorem 1.0.4. For any q > 1 there is a sequence of values A\, (q) — 0o and branches

t — (u(t),At)), t € (—e,¢e), of f-invariant solutions of so that A\(0) = A\,
u(0) =1 and u(t) # 1 if t #0.

Next we study the behavior of the local branches appearing at the bifurcation points.
We will apply the global bifurcation theorem of P. Rabinowitz [39]. To do so we will need
to impose conditions on ¢ as it the analytical properties of the equation depends
drastically on the value of exponent ¢. For instance, when ¢ < p, — 1 (subcritical case)
the equation is easy to solve and it might be impossible to solve in the case ¢ > p, — 1
(supercritical case). Recall that d; is the dimension of the focal submanifold M; of the
proper isoparametric function and let d = min{d;,d>} < n — 2. Then we let p; = Z:—gfg,
ps = oo in case d = n — 2. Note that if d > 0 then py > p, — 1. For the next results we
will ask that ¢ < py. If d > 0 the results apply to some supercritical equations.

An interesting question that was raised for instance in [0, [10, [30] is to find conditions
under which for A small the only solution of ([1.0.2)) is the trivial solution u = 1. In fact, in

10



the subcritical case J.R. Licois and L. Veron proved in [30] that there exists some positive
constant A\g = \g(M, g, q) for which the equation admits only the constant solution
for all 0 < A < \g. We will prove a similar result, restricting to f-invariant solutions but
allowing ¢ to be supercritical:

Theorem 1.0.5. If ¢ < p; there exists Ao > 0 such that if X € (0, Xo) and u is a positive
f-invariant solution of then u = 1.

Theorem says that at each bifurcation point (1, \,,) appears a branch B,, of
nontrivial solutions. Explicitly, let B,, be the connected component containing the non-
trivial solutions appearing close to (1, A,,), in the space of nontrivial solutions of .
Theorem says in particular that if (u, A) € B,, then \ € [\, 00). This will allow us
to apply the global bifurcation theorem to prove:

Theorem 1.0.6. Let (M", g) be a closed Riemannian manifold of dimension n > 3, and
f M — R a proper isoparametric function. For any q € (1,ps) and any positive integer
k there exists A\ > 0 such that the sequence (\;) is increasing, N\, — 00, and for any
A € (Mg, Aky1] equation has at least k different positive solutions.

The value of A\, in Theorem is the same as A\;(¢) appearing in Theorem [1.0.4]
The theorem is proved by showing that the branches B,, are disjoint to each other and
“bend to the right to 0o0”, meaning that for any A > A there exists a solution (u, \) € B.
We will prove in this thesis that for any fixed A > 0 only a finite number of the branches
cut the “vertical” line CJQJO‘ x {A}. This implies that for any K > 0 there exists k such
that if k > ko the branch By, C C7* x [K, ).

Consider the isometric O(n)-action on the curvature one metric on the sphere, (S, go),
fixing an axis. A linear function invariant by the action gives a proper isoparametric
function. In this case d = 0 and Theorem [1.0.6| applies to the subcritical case ¢ < p,, — 1.
In this case the theorem was proved by Jin - Li - Xu in [23] (note that in this case the

invariant functions are precisely the radial functions, with respect to the invariant axis).
In this case Theorem was proved by M-F. Bidaut-Veron and L. Veron in [6], and the

n

constant Ay is explicit: \g = pag In [22] it is considered the case of any isoparametric

function on the sphere, but again only for the subcritical case.

The simplest example to apply Theorem is to consider an isoparametric function
f on (S3, gg) invariant by the natural isometric cohomogeneity one action of S* x S'. Both
singular orbits have dimension 1, so f is proper and py = 0o. Moreover the values of A
in Theorem and Theorem are Ay = 2%, where i, are the eigenvalues of —A,
restricted to f-invariant functions (and are easily computed in the case of torus invariant
functions on the round S?). Therefore Theorem says

Corollary 1.0.7. For any q > 1 the equation (11.0.2 on (S3,g0) has at least k positive

different torus invariant solutions if A\ € (4]“(5?[1), 4(k+q_(1k+2)).

—

Note that as ¢ — oo we obtain solutions with A very close to 0. In (S?, g5) one could
consider an isoparametric function f invariant by the isometric cohomogeneity one action

11



of O(3) x O(2). In this case the singular orbits have dimensions 1 and 2, respectively.
Then f is proper and p; = 5 (note that p, = 3) and we obtain:

Corollary 1.0.8. For any q € (1,5) the equation (IZ.O. 2) on (S*, go) has at least k positive

different O(3) x O(2)-invariant solutions if A € (Qkff;“‘), 2(k+;)_(fk+5)).

One can consider of course more general spaces. For instance one has isoparametric
functions invariant by cohomogeneity one actions on complex projective space (CP", grs),
where grg is the Fubini-Study metric. The simplest is the action by U(n) for which
the singular orbits are a point and CP™'. Theorem then gives solutions in the
subcritical case. But one can consider other cohomogeneity one actions. For example
in the case of (CP?, gpg) there is a natural cohomogeneity one action by SO(3) which
has singular orbits of dimension 2: the real points RP? C CP? and {2, 21, 23] € CP? :
22422422 =0} = S% Then an invariant isoparametric function f is proper and p; = oco.
It is well-known that the eigenvalues of —Agp2 restricted to SO(3)-invariant functions
are 16k(k + 1). Therefore Theorem says

Corollary 1.0.9. For any q > 1 the equation on (CP?, grs) has at least k positive
16k(k+1) 16(k+1)(k+2))
q—1 7 q—1 ’

different torus invariant solutions if X € (

There is also an action on (CP",grs) by U(m) x U(l) where m +1 = n + 1 and

m > | > 2. We will see in section 3.4 that for an invariant isoparametric function f
one has py = % > po, and that the f-invariant eigenvalues are the same as the

eigenvalues of the full Laplacian, then applying Theorem [1.0.6| we obtain:

Corollary 1.0.10. For any q € (1, 2224) the equation on (CP", grs) has at

2n—21
4k(k+n) 4A(k+1)(k+14n)
q—1 7 q—1 ’

least k positive different U(m) x U(l)-invariant solutions if \ €

Finally, we give an application for SO(n + 1)-invariant solutions in (CP", grs) (by
cohomogeneity one isometric action of SO(n+1) C U(n + 1))

Corollary 1.0.11. Let ¢ € (1,2£2).  Equation on (CP" grs) has at least k
Ak(4k+2n)  A(k-+1)(4(k+1)+2n)
g—1 q—1 ’

positive different SO(n + 1)-invariant solutions if A € (

This thesis is organized in the following way. In chapter 2 we introduce the principal
tools from the nonlinear analysis that we will use in the next chapters. More precisely, we
recall the implicit function theorem and some consequences from it. Also, we explain the
Lyapunov-Schmidt reduction in order to prove the local bifurcation theorem for simple
eigenvalues. In chapter 3 the theory of isoparametric functions is explored. Using struc-
tural results of Wang [47] and minimal immersion into product M x R", we will show the
Theorem . Furthermore, we consider the Kéhler structures on S?, R? so as to describe
the behavior of isoparametric hypersurfaces with constant principal curvature in S? x R?
with respect to product structure on S? x R?. This approach was made by Urbano [45]

12



in the case of S? x S? and will allow us to prove Theorem . In chapter 4 we shall see
the proof of Theorem [1.0.4] Through of asymptotic behavior of mean curvature function
associated to isoparametric function f we obtain the conditions in order to apply Theorem
2.3.2 and get the local bifurcation result for Yamabe-type equation. Moreover, we built a
barrier for non-trivial f—invariant solution of equation showing a priori estimate
for this solutions (Theorem [1.0.F)). Finally, we use the Global Bifurcation Theorem so as
to prove theorem [1.0.6

13



Chapter 2

Elements of nonlinear functional
analysis

In this chapter, we give a brief review of some basic tool from nonlinear functional analysis
needed for our treatment of Yamabe-type equation in later chapters. For more details,
we recommend the books [2], [33] and references therein.

2.1 Calculus in Banach space

Let X,Y be Banach spaces, u € X and consider a map F': X — Y. In the particular
case that Y = R, F' is called a functional. The map F' is called Fréchet differentiable at
u € X if there exists a linear continuous map L : X — Y such that

|1 F(u+v) — F(u) — L(v)|ly

]l x

—0 as |jv]|x — 0.

The linear map L is uniquely determined by F' and u, so that we will denote dF}, := L.
When X,Y are Euclidean spaces the Fréchet derivative coincides with the usual notion
of differential.

We say that F'is continuously differentiable at u if F' is Fréchet differentiable in an open
neighbourhood of v in X and w +— dF,, € L(X,Y) is continuous at w = u.

Now we state two classical properties of Fréchet derivative.

Theorem 2.1.1 (Chain rule). Let X, Y, Z be Banach spaces. If F: X —-Y and G :Y —
Z are Fréchet differentiable at u and F(u), respectively, then G o F' is differentiable at u
and the following holds:

d(G o F), = dGp o dF,.

The Fréchet derivative has also a version of implicit function theorem

Theorem 2.1.2. Let X,Y,T be Banach spaces. We consider a map F': T'x X —'Y and
a fix point (to,ug) € T x X which satisfies:

14



1. F(to,UU) =0
2. F continuously differentiable at (to,uo)

3. Partial Fréchet derivative d,Fiy, .y 15 mvertible.

Then there exists a neighbourhood U of ug in X and a neighbourhood N of ty, such that
the equation F(t,u) =0 has a unique solution u(t) for allt € N. Moreover, the function
u(t) is continuously differentiable and

duto - _(duF(to,uo))_l o th(to,’LLo)'

In the particular case that X = T =Y = R, for each real-valued function F' € C'(R?) with
F(to,0) = 0 if VF(t0,0) # 0 then F satisfies the last theorem at (¢y,0). However, when
V F(ty,0) = 0 it is possible to give conditions on F' in order to guarantee the existence
of an implicit curve t(u) of solutions for the equation F'(¢,u) = 0 in a neighbourhood of
(to,0). Indeed, we suppose that F' € C*(R?) and VF(ty,0) = 0. If F(¢t,0) = 0 for all ¢,
we can define a function h(t,u) of class C! in a neighbourhood of (to,0) by h(t,u) = @
for u # 0 and h(t,u) = 0,F(t,0) if u = 0.

Clearly h(to,0) = 0. On the other hand, one has

dyh(to,0) = lim O (to, u)

u—0 u

Therefore, 97, F(to,0) # 0 implies that there exists e > 0 and function t(u) defined in
u € (—¢,€) such that

t(0) =tog, h(t(u),u) =0, u € (—¢¢).

Thus, h(t(u),u) = 0 implies F'(¢t(u),u) = 0.
We summarize this argument in the following statement.

Proposition 1. Let F be a real-valued function of class C? in a neighbourhood of (t,0) €
R2. We assume that

1. F(t,0) =0 for all t,
2. VF(ty,0) = 0,
3. 02, F(t, 0) # 0.

Then there exists € > 0 and curve t : (—e,€) — R such that F(t(u),u) =0 foru € (—¢,e¢).

15



Remark 1. This proposition gives us two curves of solutions for F(t,u) =0 in a neigh-
bourhood of (t,0); the curve (t(u),u) and trivial one (t,0). In virtue of Morse Lemma
we can see that these are the only ones. We consider the assumptions of proposition 1.
The Hessian of F' at (to,0) has the form

2
HessF(ty,0) = ( y at’“F(tO’O)) :

8zuF(to, 0) *

From 0} ,F(to,0) # 0 we have that det(HessF(to,0)) < 0, so the critical point (to,0)
1s non-degenerate with index 1. By Morse Lemma there exists a diffeomorphism ¢ on a
neighbourhood of (to,0) such that

Flo  (z,y) =2 -y’ = (x—y)(z+y).

Thus the function F (up to diffeomorphisms) has only two curves of zeroes in a small
enough neighbourhood of (to,0).

2.2 Compact Operators

In this section we will recall some results about linear compact operators in Banach spaces.
We begin with the definition of compact operators.

Definition 2.2.1. A continuous map K : X — Y is compact if K(B) is a relatively
compact in'Y for all B C X bounded.

In other words, the compact operators send bounded sequences to sequences with a
converging subsequence.
Compact operators are, in some sense, the generalization of the class of finite-rank opera-
tors in an infinite-dimensional setting. In fact, the class of these operators (defined from
a bounded subset €2 of Banach space X into X)) are characterized by the following result.

Theorem 2.2.2. Let 2 be any closed, bounded subset of X. Then K : Q2 — X is compact
if and only if K is a uniform limit of mappings whose ranges lie in finite-dimensional

subspaces.

Sketch of proof. If K is compact then K(£2) is compact in X. For € > 0, there exist n(e)
open balls B,(z;) of radius € and centers z; with j € {1,...,n(e)} such that

n(e)
K(Q) c U Be(z;).

We take nonnegative ¢;(x) such that {¢;} is a partition on unity on K(£2) subordinate
by B.(z;). Since ) ¢p; = 1 we get,

1K = s (K @)zl = 1) o5 (K (2)) (k(x) — ;)]
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If ;(K(x)) # 0 then K(z) € Be(z;). Thereby ||[K — > ¢;j(K(x))z;]| <e.

Also, we note that the function K, := ) ¢;(K(z))x; belong to the convex hull of finite
set in X, i.e. the range of K. is finite-dimensional. O]

Definition 2.2.3. A linear operator L : X — X is called a Fredholm operator if
dimKer[L] < oo and Range[L] is closed and has finite codimension.

In this case, the index of L is dimKer[L] — codimRange|L)].

Compact linear operators provide a especial family of Fredholm operators in the following
way

Theorem 2.2.4. Let X be a Banach space and let K : X — X be linear and compact.
Then:

1. Ker[l — K] is finite dimensional,

2. Range[l — K| is closed, has finite codimension and Range[l — K] = Ker[l — K*]*,
where K* denotes the adjoint of K |

3. Ker[I — K] =0 <= Range[l — K] = X.

We remark some consequences from this theorem. One of them is that the index of
operator I — K is zero. The other is that either for all v € X, there exist a unique solution
in X for the equation (I — K)u = v or else, the homogeneous equation (I — K)u = 0 has
nontrivial solution. This dichotomy is called the Fredholm alternative.

Another important subject in nonlinear analysis is devoted to the spectrum of compact
operators , we recall this definition.

Definition 2.2.5. Let K be a compact operator. The resolvent of K is the set
p(K) ={\ € R/K — A is bijective from X to itself}.

The spectrum A(K) of K is defined as A(K) = R\ p(K) and X is called an eigenvalue
of K if K — AI has non-trivial kernel.
The Riesz—Fredholm theory allows obtaining the next interesting assertion.

Theorem 2.2.6. Let K be linear and compact. Then MN(K) spectrum of K is compact
and \(K) C [—||K||, || K||]]. Additionally, if X is infinite dimensional, it follows that:

1. 0 € M(K);
2. Every A\, € A(K)N\{0} is an eigenvalue of K ;
3. Fither \(K) = {0}, or AM(K) is finite, or \(K)\{0} is a sequence which tends to

zero.
Moreover, for every A, € N(K)N\{0}, there ezists 1 < m such that
Ker[(K — A" = Ker[(K — A1), vm <1
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2.3 Bifurcation from simple eigenvalues

We now turn to local bifurcation theory which is a prototype for nonuniqueness in non-
linear analysis. We will discuss the simplest situation, bifurcation points from a simple
eigenvalue by analytical methods.

Let S: R x X — Y be a continuously differentiable map.

Definition 2.3.1. A point (A, 0) is called a bifurcation point for the equation S(\,u) = 0
if S(As,0) =0 and there exist sequences A\, € R, u, € X — {0} such that

1. S(A\y,uy,) =0,
2. (An, upn) — (A, 0) as n — oo.

In other words, bifurcation points are accumulation points of the set of non-trivial
solutions.
From now on we assume that the line R is a trivial solution, i.e. S(A,0) =0 for all A € R.
The first neccesary condition for the existence of bifurcation points is due to the implicit
function theorem

Proposition 2. If (\.,0) is a bifurcation point then d,S, 0y € L(X,Y) is not invertible.

Proof. If d,S, 0y is invertible, by implicit function theorem, there exists e > 0 and
neighbourhood Uy of 0 in X such that

V(A\u) € (A —e,A+¢€) x Uy, SAu)=0 ifandonlyif wu=u(l\).
But S(A,0) =0 for A € R. Hence u = 0, and (A, 0) can not be bifurcation point. O

The rest of this section is devoted to give sufficient condition for existence bifurcation
points. We restrict our attention in the case L := d,5,, o) not invertible. Additionally,
assume that S € C*(R x X,Y) and

e Ker(L) has topological complement W in X.

e Range(L) is closed and has a topological complement Z in Y.

For any u € X there exist unique v € Ker(L) and w € W such that u = v+ w. Also, we
can define projections P, @ on Y onto Z and Range(L), respectively. Writting u = v + w
and applying P and @ to S(A,u) = 0 we get the following equations:

PS(A\,v+w) =0,
QS(\,v+w)=0.

Near to (A4, 0) equation (2.3.2) satisfies the implict function theorem:
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Proposition 3. There exist neighbourhoods Vo of v = 0 in Ker(L), Wy of w = 0 in
W, e >0, and a function w(\,v) € C*((A — e, A+ €) x Vo, Wy) such that V(\,v,w) €
(A — 6, M\ +€) x Vo x Wy, we have

QSN v+w)=0 ifand only if w=w(\v).

Moreover
VAe (M —e, A +e€), w(A0)=0;
and
de(k*,O) =0.
Proof. One has that QS € C'(R x Ker(L) x W, Range(L)), and

T :=d,QS, 00 = QduSir, 00 = QL

is a linear map from W to Range(L). Therefore T is the restriction of L to W (so T is
bijective). Since that Range(L) is closed we conclude, by bounded inverse theorem, that
T is invertible. The proposition follows from implicit function theorem. O]

If we replace w = w(\, v) into equation (2.3.1) the initial problem to find solutions of
S\, v+ w) = 0 is reduced to the problem

PS(\, v+ w(A,v)) =0.

The procedure described above is known as Lyapunov-Schmidt reduction and the latter
equation is called the bifurcation equation.

Remark 2. The Lyapunov-Schmidt reduction implies that if (A.,v = 0) is a bifurcation
point for the bifurcation equation then (M., u = 0) is of bifurcation for S(\,u) = 0. More
precise, if a sequence of solutions for bifurcation equation satisfying that (An,v,) — (A« 0)
with v, # 0. Then u, = v, +w(Ay,v,) # 0; up, — 0 and S(\,, u,) = 0 for n large enough.

Roughly speaking, the Lyapunov-Schmidt procedure allows us to splits the initial
equation S(A,u) = 0 in a system of two equations, one of them is uniquely solved (by
implicit function theorem), while the other one ( bifurcation equation) possibly has no
non-trivial solutions. In the next theorem, we will impose some additional conditions on
operator S so as to get bifurcation points for the bifurcation equation.

Theorem 2.3.2. Let S € C*(R x X,Y) and A\, € R such that
1. S(A\,0) =0 for all \;
2. L :=d,S, 0 is not invertible;

3. Ker(L) is one dimensional (span(u*) = Ker(L)) and has topological complement
Win X.
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4. Range(L) is closed and has a topological complement Z in'Y.

5. codimRange(L) = 1 and there exists ¢ € Y* — {0} for which Range(L) = {y €

The value A\, is of bifurcation, provided that
2 \Sr. 0)[u’] ¢ Range(L)

Proof. By conditions 1 to 4 and last Remark we have that if (A, = 0) is a bifurcation
point of bifurcation equation

PS(\ tu* +w(\ tu*)) =0,

then (\.,u = 0) is also bifurcation for S(A,u) = 0.
On the other hand, condition 5 implies a correspondence between solutions of

PS(\ tu* +w(\ tu*)) =0

and solutions of,

ﬁ()\, t) = <¢7 S<>‘7 tu” + w(/\7 tu*))> = 0.
First, we note that 5(\,0) = 0 since w(A,0) = 0 (proposition 3).
Now, we calculate the first derivative of 3 respect to t:

at5(>V t) = <¢7 duS()\,tu*+w(A,tu*)) [u* + de()\,tu*)u*D-

Again proposition 3 says that d,w(,- )y = 0 so that 9,3(\*,0) =0
Finally we compute the second mixed derivative @Z VB T)
07 \B(N*,0) = (&, d \Six..0)[u" + dywn. 0yu’])
+ (¢, duSa, 0) [ ywin. 0)u’])
= (¢, 2 \Sir. 0)[u’]) + (¢, LId2 ywin, oyu]).

In virtue of the condition 5 we get

(¢, L[d2 \win, 0yu']) = 0.

Also we have that (¢, d, ,S(x, 0)[u*]) # 0 by hypothesis.

From Proposition 1 we obtain € > 0 and curve A(t) such that S(A\(¢),t) = 0 for t € (—¢,€).
Therefore the pair (A(¢), tu* + w(A(t), tu*)) are non-trivial solutions of P.S = 0 such that
converge to (A*,0).

Hence (A*,0) is a bifurcation point of S(\,u) = 0. O
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Finally, we conclude this section with the celebrated global bifurcation theorem due
to Rabinowitz. For this, we consider equations of the form:

S\ u) :=u— N NAu—T(u) =0, (2.3.3)

where A is a linear compact operator from X to in itself and 7" € C'(X, X) is compact
such that 7'(0) = 0, dT = 0.
We denote by X the set of non-trivial solutions of [2.3.3]

Theorem 2.3.3 (Global bifurcation). Let 1/\, be an eigenvalue of A with odd multipli-
city. Then (A, 0) is a bifurcation point of (i.e (A\,0) € ).

Furthermore, let X, be the connected component of ¥ containing (A, 0). We have the
following dichotomy:

1. X, s non-compact in the domain of S, or

2. X\, contain other bifurcation point A, # ..

Our main purpose in Chapter 4 is to give, via this theorem, a global bifurcation
description of Yamabe-type equations for simple eigenvalues. In order to do that we rule
out the option 2. Explicitly, we will show that all bifurcation branches associated to
different bifurcation points are disjoint, so by an argument similar to Remark 1 we will
get only two curves of solutions in some neighbourhood of each bifurcation point, the
trivial one (A, 0) and the respective bifurcation branch. Thus, Global bifurcation theorem
will imply that all bifurcation branch are unbounded.
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Chapter 3

Isoparametric functions

This chapter is devoted to the theory of isoparametric functions on general Riemannian
manifolds. We divided the chapter into four sections. In the first one, we begin with the
classical definition of isoparametric functions (as far as we know) and we describe the
main properties from it.

In the second section, we use some structural result of section 3.1 and classify the iso-
parametric functions on R"” x M™, n,m > 2, with compact level sets, where M™ is a
connected, closed Riemannian manifold of dimension m.

In the third section, we turn to the isoparametric hypersurfaces in S? x R? with constant
principal curvatures. Through the product structure of S? x R? we prove that the unit
normal vector field of such isoparametric hypersurfaces has a constant position in the
tangent space T'(S* x R?) and therefore the only families obtained are S* x R, S? x S*(r)
(for r € RT) or S'(¢) x R? (for t € (0,1)).

Finally, in section 3.4 we will calculate the eigenvalues of Laplacian —A, respect to some
isoparametric functions on a compact Riemannian manifold (M, g)

3.1 Background of isoparametric hypersurfaces

The first notion of isoparametric functions can be founded in the works of Carlo Somigliana
[43] about to the relations between the Huygens principle and geometric optics, in par-
ticular he claimed the following:

“According to the Huygens principle, one of the most simple models of what wave pro-
pagation in an isotropic media should be consists in a family of parallel surfaces that
are intersected perpendicularly at every point by a set of straight lines. The sequence of
parallel surfaces, each one of which can be considered as the envelope of a set of spheres of
radius equal to the distance between the surface and one of the previous ones, constitutes
the family of wavefronts.”

This work leads the following definition introduced (possibly) by T. Levi-Civita in [29]
for the case of Euclidean space R®. But for our purpose we will present it in the general
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Riemannian manifolds.

Definition 3.1.1. Let (N,h) be a connected Riemannian manifold. A non-constant
smooth function f : N — R is called isoparametric if there exist smooth functions
a,b: R — R such that

(W) IVAI?=0b(f) and (2) Af = a(f).

The smooth hypersurfaces M; = f~(t) for t regular value of f are called isoparametric

hypersurfaces. The preimage of the maximum and minimum of the isoparametric function
f are denoted by M, and M_ (resp.); they are called focal varieties of f.
The main research line on this subject has been the problem of classification in Rieman-
nian manifolds, which started with the works of E. Cartan who proved in [I1] that, when
the ambient manifold has constant sectional curvature (space form), a hypersurface is iso-
parametric if and only if has constant principal curvatures. A complete classification in
Euclidean and real hyperbolic spaces followed, but the case of the spheres was much more
difficult, and only recently a complete classification was obtained [I5]. Cartan classified
the isoparametric hypersurfaces in the sphere with [ € {1,2,3} different principal curva-
tures. Later, H.F. Miinzner [32] proved that, an isoparametric hypersurface in S* C R™*!
with [ distinct principal curvatures is contained in a level set of a homogeneous polyno-
mial of degree [ on R™"*! satisfying certain equations known now as the Cartan—Miinzner
differential equations. He used this to prove that the number [ of distinct principal cur-
vatures can only be 1, 2, 3, 4, or 6. Then several authors worked on the difficult cases of
[ =4 or 6 distinct principal curvatures: see for instance [I4] 12, [I5]. For a more detailed
study of isoparametric hypersurfaces in space forms see for example [13].

Now, we will explain some basic properties of isoparametric functions.

Proposition 4. The isoparametric hypersurfaces of an isoparametric function are parallel
hypersurfaces of constant mean curvature.

Proof. Let f: N — R isoparametric and L = V f/||V f]| a unit normal vector field to the
hypersurface M = f~1(c) (c regular value of f).

We suppose S(X) = —Vx L the shape operator with respect to L.

If {E;} is an orthonormal frame on M, then the mean curvature H of M is given by

—

n—1 n—
H=trS=> (SE,E;)=—

i=1 7

1 %WE Vi, E) § Hessy(E;, )
1
— —%(Af—Hessf(L, L)) = 7

Hence each regular hypersurface f~!(c) has constant mean curvature.

j=p)

1

(A~ V) = (20 ).

The proposition follows if we show that the regular hypersurface M; = expy(tL) parallel
to M is a regular level set of f. It is enough to show that integral curves of L are geodesics.
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Since ||L|| = 1 we get (VL,L) = 0.
On the other hand, for X € I'(T'M) we have

—(V L, X)=(V X, L) =(V, X —VxL,L)=([L,X],L) = (L, X|(f).

L
Vb
Therefore X (f) = 0 and X(L(f)) = X(v/b) = 0 imply that VL = 0. O

Remark 3. The converse of this proposition is also true, that means, family of parallel
hypersurfaces of constant mean curvatures define an isoparametric function.

A natural family of examples of isoparametric hypersurfaces and hypersurfaces with
constant principal curvatures is provided by cohomogeneity one isometric actions on a
Riemannian manifold. These are the so-called homogeneous hypersurfaces:

We consider M = G-p a codimension-one orbit of an isometric action G x N — N through
a point p € N. For any two points ¢,z € M there exists h € G such that h(M) = M
and h(q) = x. Then the shape operators of M at ¢ and z are conjugated S, = h.S,h;!
so that M has constant principal curvature.

Furthermore, Let o be a geodesic normal to M at some point p € M. The tangent space
to any orbit of GG is generated by Killing vector fields induced by G. If X is a Killing
vector field induced by G then (V;X, o) = 0 (skew-symmetry). Thus (X, ) is constant
along to o and vanish at p. We conclude that o is perpendicular to the other orbits
intersect it.

In the setting of Riemannian submersions we have the following elementary construction:

Claim 1. Let 7 : (E,§) — (B, g) be a Riemannian submersion such that each fiber is
minimal. If f is an isoparametric function on (B, g) then F' = f o7 is isoparametric on

(E,9)-

Proof. By definition F is a horizontal function on E, i.e. VIF is orthogonal to the fibers.
In particular this implies that )
IVOF|? = ||V f]*.

Assume that L is a fiber of the submersion. In the case that X, Y € I'(T'L) it follows that
Hess; F(X,Y) = g(VSVIEY) = —§(VIF, V%Y).
Henceforth
AIF = tr(HessF )|y + tr(HessF)|qr) = A f om — (H,VIF),

where H is the mean curvature vector of L.
From our hypothesis, the function F'is isoparametric. O
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Isoparametric hypersurfaces allow reducing certain systems partial differential equa-
tions to ordinary differential equations, which can help to find explicit solutions. This is
one of the reasons for which it is important to investigate the existence of such functions.
For instance it has been applied to the study of the multiplicity of solutions to the Ya-
mabe problem on the Riemannian manifold (M™, g) (see [22]), which consists of finding

metrics of constant scalar curvature conformal to g. If the scalar curvature of g (denote
4
sg) is constant, then writing a conformal metric as h = um-2¢ (for a positive function u)

we have that h has constant scalar curvature A\ if and only if u is a positive solution of

the Yamabe equation
4(m m
—(—2)A U+ SqUu = Aums,
If there is an isoparametric function f on (M, g) then one can look for solutions of the
form u = p o f, where ¢ : R — R™" is a positive smooth function. It follows that u solves

the Yamabe equation if ¢ solves the ordinary differential equation

4(m — 1 )
_(m 2)(90a+¢b)+$g90=&0m+3 for a,b given by (1), (2) in{3.1.1}

In this thesis, we are especially interested in the relations between isoparametric functions
and Yamabe-type equations which, in turn, is related to the conformal geometry. For this
reason we would like to see, for instance, about isoparametricity of functions under special
conformal deformation.

By direct computation we have the following proposition

Proposition 5. Let f be an isoparametric function on (N, g). Then f is isoparametric
on (N, §), where § = e**Hg for smooth function u: R — R.

Proof. Since VIf = e 2¢N)VIf,
IV2fIZ = e Db ).
On the other hand, for X, Y € T'(TN)
Hessy f(X,Y) = §(VEVIfY) = =20/ ()g(VO f, X)g(VIf,Y) + e 2D g(VEVILY).
The koszul formula for V9 tell us that,

QQ(Vg(Z, Y) = X(g(Z7 Y)) + Z(Q<X7 Y)) - Y(g(X’ Z))
—{9(Z,[X,Y]) + (X, [Z,Y]) + 9(V, [Z, X])}.
Hence, taking Z = V9f and the Koszul formula for V9 we get
2§(VE VO Y) =22 Dg(VEVILY) + ng( D)g(X,Y)
+ X (" )g(VOf,Y) =¥ (7 )g(V? f, X)
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=22V g(VEVI 1Y) + VI f(e)g(X,Y)
= 2e""U{g(VEVIL,Y) +u/ (F)b(f)g(X,Y)}.
Thereby

Hessy f(X,Y) = =2u'(f)g(V*f, X)g(Vf.Y) + g(VEVILY) + 4/ (F)b(f)g(X,Y)
= =20 (N)X(NY () + Hessg f(X,Y) +u/(£)b(f)g(X, Y).

If we take an g— orthonormal frame {E;} then {e“(f)E;} is g—orthonormal,
so that )
AIf = eI a(f) + (n = 2)u'(f)b(f)},

and f is isoparametric on (N, g). O]

Remark 4. There always ezists infinite Riemannian metrics admitting isoparametric
functions on a fixed manifold once there exists one.

In general setting Q.M. Wang in [47] proved and conjectured several beautiful struc-
tural properties about isoparametric hypersurfaces. Here we remember the main results

Theorem 3.1.2 (Wang,[47]). Let M be a connected, complete, smooth Riemannian ma-
nifold and f an isoparametric function on M. Then

1. The focal varieties of f are smooth submanifolds of M ;
2. Each regular level set of f is a tube over either of the focal varieties (the dimensions
of the fibers may differ on different connected components).

Remark 5. The theorem is valid for a more general space of functions, i.e. functions
that only satisfy (1) in definition|3.1.1. These functions are known as transnormal.

Lemma 3.1.3. Let d the only critical value of f in [c,d] C f(M). Then the improper
integral
¢t

e V(D)

CONVETGES.

As a consequence of this lemma, we can obtain that: The interior of f(M) only has
regular values.
If we suppose that there exists d critical value of f such that [d —€,d] C Intf(M) then,
b(d) = 0. Since 0 < b in f(M) we have that b'(d) = 0. Thus there exists a constant C
such that 0 < b(t) < C(t — d)? for t € [d — €, d].

Therefore
[a= ]

diverges for ¢ € [d — €,d] and € > 0 small enough. This is a contradiction according to
the lemma.
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Another simple consequence of lemma and the argument above is: At the maximum (resp.
minimum) of f we get b’ < 0 (b' > 0) if it exists.

Now, we recall two remarkable facts. Let f : N — R be an isoparametric function on a
complete connected Riemannian manifold N. It follows that

1. The focal varieties of an isoparametric function on a complete Riemannian manifold
are minimal submanifolds (Theorem 1.1, [20]);

2. The Hessian of f restricted to the focal variety M_ (resp. M, ) has only two eigen-
values: zero in direction of TM_ (T'M,) and b'(f(t_))/2 in direction (TTM_)* for
any t_ € M_ (Lemma 6, [47]).

Thanks to Wang’s result, the isoparametric hypersurfaces have a simple structure in
general Riemannian manifolds (are tubes over focal submanifolds) but this hypersurfaces
may be disconnected, which could lead to undesired behaviour. We conclude this section
with a brief description of a natural family of isoparametric functions with connected level
sets.

Definition 3.1.4. An isoparametric function is called proper if each component of focal
varieties does not have codimension less than 2.

This definition was introduced by J. Ge and Z. Tang in [19]. In this work, Ge - Tang
deduced very interesting properties of this special type of functions.

Proposition 6. If f : N — R s a proper isoparametric function then each level set
M, = f71(t) is connected.

Furthermore, when the ambient manifolds N is closed there exists at least one minimal
wsoparametric hypersurface My, .

Proof. First, let [c,d] = f(IN). The values ¢, d may be infinity.

If each component of M_ (and M) does not have codimension less than 2, then we have
that N —M_UM, = M, x (¢, d) is connected (for some ¢ < ty < d) and thus each regular
level hypersurface is connected, therefore M_ and M, are connected. This implies the
first assertion.

We assume now that N is closed. As in the proof of proposition [4 we can obtain the mean
curvature function h(t) associated to hypersurfaces M, by formula

h(t) = Ziﬁ(—za(t) FH ().

From the last result of latter section
1
a(c) = Af|u_ =tr(Hessyf)|m_ = ib/(C)codim(M,).

Hence
—2a(c) +b'(c) = (c)(1 — codim(M_)).
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We know that ¢/(c) > 0, so that lim;_,. h(t) < 0.
By analogous argument, lim,_,4 h(t) > 0.
Continuity of h implies that there exists ¢ty € (¢, d) such that h(ty) = 0. O

Additionally, when the closed ambient manifold has positive Ricci curvature the minimal
isoparametric hypersurface given by the above proposition is unique. More precisely,

let L(t) := Vf(t)/|Vf(t)| be the normal vector fields of isoparametric hypersurfaces M;.
By radial curvature equation we have

VLSt — St2 ‘l‘ RL,

where S; is the shape operator of M; and Ry (-) = R(-, L)L the curvature tensor of V.
The trace of this equation allow us to describe the monotonicity of h:

(n — 1)’ (t) = tr(S?) + Rice(L, L) > Rice(L, L) > 0.

Thereby h is strictly increasing so that there exists a unique minimal isoparametric hy-
persurface associated to f.

Remark 6. We consider a simple example of non-proper isoparametric function. Let
f:S* = [0,1] defined by f(xo,x1,22,73) = x3. The function f is isoparametric since
IVf(2)||*? =4f and Af = 2; and non-proper because f~1(0) = S?. Fort € (0,1) we note
that the reqular level hypersurfaces f~1(t) are disconnected and no minimal.

3.2 Compact isoparametric hypersurfaces in R" x M"™

In this section, we will prove Theorem [1.0.2]
First, we start stating a structural result of R. Miyaoka, Theorem 1.1 in [31].

Theorem 3.2.1 (Miyaoka). Let M be a complete connected Riemannian manifold which
admits a transnormal function f. Then either one of the following holds:

1. M is diffeomorphic to a vector bundle over a submanifold Q) of M.

2. M is diffeomorphic to a union of two disk bundles over two submanifolds QQ and Q'
of M, where @ and/or Q)' may be hypersurface(s).

Now, Let M™ be a connected, closed Riemannian manifold. We consider a family
of compact isoparametric hypersurfaces M; in R” x M™ with n,m > 2, i.e. exist an
isoparametric function f: R" x M™ — R such that each M; = f~1(t) is compact.

If the focal varieties of f are empty (i.e. M_ = M, = ¢) then, from Miyaoka’s Theorem
and the fact that R” x M™ can not be an S! bundle over some M; (since each M; are
compact), R™ x M™ is a rank one vector bundle over some M, regular hypersurface.

It is well-known that exits a deformation retract of the total space over the base space of a
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vector bundle. This implies that the homology group of M, and R™ x M™ are equivalent.
In particular, we obtain 0 = H,, 1,1 (M™) = H,qn—1(M;) since n — 1 > 0, which is a
contradiction. Therefore there is a non-empty focal variety.

In the case that f has M_ # ¢ and M, # ¢, again by Miyaoka’s Theorem we have that
M™ x R™ is diffeomorphic to a union of two disk bundles over M, and M_. Since that
M_ and M, are compact, R™ x M" would be compact.

Without loss of generality, we can assume that the set M_ of minimum points of f it is
non-empty and M, = ¢.

Since R™ x M cannot be the union of two disk bundles over compact submanifolds, we
have that R™ x M™ is a vector bundle over M_.

Now, we point out a fact about minimal submanifolds. See [48] for more details.

Lemma 3.2.2. Let ® : L — R* be an isometric immersion with the mean curvature
vector H, then
Ad =nH,

where A® = (AD!, ... ADF),
Proof. Let {e;} be a local orthonormal frame field of L. Then

ACD—ZVRk D,e; — B Vee,
—qu)*efl)ez — nH.

O

On the other hand, let L — L C_[:/ be isometric immersions with connections V, v:
and V respectively. Denote H and H to be the mean curvatures of L in L and L in L
respectively. Then

nH = Z(V—;i@i)L
= (D (Vee)™)*
= (Y (Ve = nl™™.
In our situation, ® : M_ — R x M™ C R"** is minimal for some k. Thus
AdP L T(R" x M™).

Hence, (A®!, .- A®") = 0.

Since M_ is compact it follows that the functions ®’ are constant for all j = 1,...,n.
Thus, the focal variety of f is of the form M_ = {p} x V', where V. C M" is a submanifold
and p € R™.
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Since the submanifold V' and R™ x M"™ are homotopy equivalent, we have
H,(M™) = H,(V).

Therefore, dim(V') = m and
M_ = {p} x M™.

But since the level sets M, are tubes over M_ this, of course, implies Theorem [1.0.2]

3.3 Isoparametric hypersurfaces with C.P.C. in S? x
RQ

In this section, we will prove Theorem [1.0.3] For this, we follow some ideas of F. Urbano
[45] used into the study of homogeneous and isoparametric hypersurfaces in S? x S2. Since
that the curvature tensor of S? x S? depends on product structure on it, the fundamental
equations (Gauss and Codazzi) for the theory of submanifolds might reflect on these
hypersurfaces some relations with such product structure. Indeed, Urbano proved that
the behavior of these types of hypersurfaces respect to product structure is very rigid, i.e.
the function associated to this behavior is constant. We will employ this program in the
case of isoparametric hypersurfaces with constant principal curvatures in S? x R2.

Notation and background will be the same as in [45].
Let S?, R? be space forms with curvatures 1 and 0 respectively. We define the complex
structures Ly and Ly by:

Ly :TS* - TS?
v Li(v):=pAv forpeS? wveT,S%
Ly:R? - R?

(q1,92) = La((q1,q2)) :== (—aq2, q1)-

We consider S* x R? with the product metric and the complex structures J; = (L, Ly),
Jo = (L1, —Ls). We notice that the product structure P in S? x R? defined by P(vy,v,) =
(v1, —vq) satisfies that P = —J;Jo = —JyJ1, moreover, P is parallel with respect of the
Levi-Civita connection of S? x R2.

Let M? C S* x R? be an oriented hypersurface with N = (Ny, Np) a unit normal vector
field to M3. We consider the function C' and vector field X tangent to M3 given by:

C:=(PN,N) and X := PN —CN.

Lemma 3.3.1. Let f : S? x R? — R be an isoparametric function. If each reqular hyper-
surface My = f~Y(t) has constant principal curvatures, then the function Cy corresponding
to each M; is constant.
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Proof. By condition (1) of the definition of isoparametric function the unit vector field

N = % is a geodesic field. Since the product structure P is parallel, the function Cj is
independent of the regular hypersurfaces M, (since N(Cy) = (VNN, PN)+ (N, PVyN) =

0).
Now, we consider the open set U = {p € M;/C?*(p) < 1}. If U is not empty then we can
consider on U the local orthonormal frame field,

B:{31: X JN + J,N JlN—JQN}'

vi—cr T 20+ o) T 20 -0)

From the radial curvature equation (also called the Riccati equation) we have
_VNSt ‘|‘ StZ — —RN,

where S; is the shape operator of M, corresponding to N and Ry(-) = R(-, N)N.
Taking trace we obtain that

—tr(Ry) = —tr(VnSy) + tr(S7) = —VntrS; + tr(S?) = —3H'(t) + tr(S}).

We are assuming that the principal curvatures p(t), p2(t) and ps(t) of M, are constant,
then we have that ¢r(S?) = u? + u + p3 is constant. Therefore tr(Ry) is constant in M,.
Now we compute ¢r(Ry) in the frame B. Using the formula of the curvature tensor of S
and R? we obtain

1 2
Rn(By) = ————R"(PX + X, PN + N)(PN + N
=0 (since PX + X = (1 - C)(PN + N));
PN + NJ|?
RN(Bz):%B%

Ry (Bs) = R¥(Bs, No)N = 0.
Thus tr(Ry) = £€ and the lemma follows. O

Theorem [1.0.3]is equivalent to the following:

Claim 2. The isoparametric functions on S* x R? with reqular level sets of constant
principal curvatures only depend on one factor, i.e. C? = 1.

Proof. Let f be an isoparametric function on S? x R? with M; = f~(¢) of constant
principal curvatures. The Lemma 3.3.1 implies that the function C' is constant.

Assume that C' € (—1,1).

We are going to express the shape operator Sy = S and the tangential component of
the product structure PT in the orthonormal frame field B considered inside the proof of
Lemma 3.3.1.
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Note that

(VC,Y) = Vy(N, PN) = (VyN, PN) + (N, PVyN)
= 2(PN,—=S(Y)) = (—25(X),Y)

for Y e I'(TM). Then S(X) =—-VC/2 =0 and we can write
0 0 0
S = 0 0929 02923 .
0 o2 033

(-CX +N(1—-C?%), PBy =By, PBy = —DBs,

-C 0 0
pPT = 0 1 0 .
0 0 —1

By a direct computation, we obtain the Hessian of the function C"

On the other hand,

1
PB = —
Vs

thus

V2CO(V,W) = =2V S(V, X, W) — 2C(SV, SW) + 2(PSV, SW).
Using the Codazzi equation of M = Mj:
1 1
VS(V.W, 2) = VS(W.V. Z) = Z{V.X)(PW + W, Z) = {(W. X)(PV + V. 2),

we compute the Laplacian of the function C' in the frame field B.

AC =tr(V2C(-,-)) = =2trVS(-, X,-) — 2Ctr(S?) + 2tr(PTS?)

but
~2rVS(, X, ) = ~2rVS(X, ) — str{( XHPX + X, ) (X, X)(P - +,))
L oVtrS( ) — %{(PX X, X) — (X, X)(3— )}
— _6(X,VH) + (X, X).
Hence

AC = —6(X,VH) + |X|* — 20tr(S?) + 2tr(PTS?).

Then we have
t?"(SZ)C — ’X|2/2 = t?"(PTSQ) = 0'32 — 0'32)3 = 3H<O’22 — 0'33).
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Assume now that H # 0.
From the expression

Gy — gy = —{tT(S2) CIXP/2) = 3%{#(5%0 (11— C?)/2)

and the fact that ¢r(S?) is constant (M has constant principal curvatures) we see that
092 — 033 must be constant.

Then 03, + 03, is also constant since tr(S?) + 3H {02 — 033} = 203, + 2025.
And since
tr(S?) 4+ 9H? = 203, + 2055 + 2035 + 2095033,

we have that 2033(033 + 092) is constant.
Since H # 0, o33 must be constant, and hence o9, is also constant. It follows that each
04 1s constant.

Now, we compute X (022), X (033) and X (o23).
Since J; are parallel and S(X) = 0, we have VxB; =0 for j = 1,2, 3.
Thus,

X(O'QQ) = VS<X, BQ, Bg)

| X]*

| X|?
=5+ (PSBy, SBy) — C{SBy, SBy)

1-c?
92

+ (1 — 0)022 (1+C)‘7237

X(o33) = VS(X, B3, Bs)
= VS(Bs, X, Bs)
= (PSBs,SB;3) — C(SBs, SB3)
= (‘753 - ‘7333) 0(033 + ‘7:?3)
= (1= C)ogy — (1+ C)os,,

X(093) = VS(X, By, Bs)
= VS(Bs, X, Bs)
= (PSBy, SB;3) — C{SBs, SBs3)
= (1 — C)0o92093 — (1 4+ C)o23033.

Therefore we get

1—C?
2

+(1—C)os3y— (14 C)osy =0, (3.3.1)
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(1 - C)o3y — (14 C)o%y =0, 3.
(1 - 0)0'220'23 - (]. + 0)0'230'33 = 0. (333)

Now, from equation
(0 + 20;3 + 033)0 —(1=C*/2=1r(5*)C — |X|*/2 = 3H (092 — 033) = 03, — 0§37
we obtain
—2C03; = (C = 1)o3, + (C + 1)o33 — | X|?/2 = =X (09) = 0.

If 093 = 0 then 03, = % (from the formula (3.3.1)) but this is a contradiction since
C?* < 1.

Therefore g93 # 0 and C' = 0. But the formula (3.3.3) gives then that 099 = 033. Then
035 = 02, (from (3.3.2)). Hence o3, = 02, and replacing these value in (3.3.1) gives a

contradiction.

The above argument means that the family of isoparametric hypersurfaces with constant
function C' € (—1,1) are all minimal.

But, if we assume that the family M, are all minimal, then from the trace of the radial
curvature equation (Riccati equation) we have

1+C

0= 3H'(t) = tr(S}) + tr(Ry) = tr(S}) + —

> 0.

This argument allow us to conclude that C? = 1. O]

In contrast to Urbano’s work we obtain only two family of hypersurfaces C' = 1 or
C = —1 while Urbano’s classification three family C'=1,C' = —1 and C' = 0.

3.4 Eigenvalues of restricted Laplacians

In order to apply our global Theorem in the next chapter we need to understand the
eigenvalues of A, restricted to f-invariant functions and the dimension of the focal sub-
manifolds. While the dimension of the focal submanifolds is usually simple to understand,
to compute the eigenvalues of the restricted Laplacian might be lengthy.

The situation we will consider is a Riemannian submersion with totally geodesic fibers
m: (My,g1) — (M, go). In this situation the corresponding Laplacians commute: for
any function f : My — R, Ay, (f) om = Ay (fom). And it is easy to check that f
is isoparametric for (My, ¢g1) if and only if f o 7 is isoparametric for (M, go). Actually
IVf]|? = aof and Af = bof if and only if | V(for)||* = ao(for) and A(fom) = bo(form).
Then it follows easily that h = avo f is an eigenfunction of Ay, with eigenvalue X if and
only if h o7 is an eigenfunction of A, with eigenvalue A. So it is equivalent to study
f-invariant eigenfunctions or (f o m)-invariant eigenfunctions.
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Another fact we will use is that the problem is easy to solve in the case of the round
sphere. In general if f is an isoparametric function then one can consider the family
of isoparametric functions of the form « o f, where « is a monotone function. These
isoparametric functions are in certain sense equivalent: they have the same level sets and
the spaces of f-invariant functions and (« o f)-invariant functions are the same. In the
case of the round sphere, (S", gg), there is a canonical way to pick a representative of these
families of equivalent isoparametric functions. Namely, in any such family H. F. Miinzner
([32]) proved that there is a Cartan-Miinzner polynomial. This is a homogeneous harmonic
polynomial F' (in R™*! ) of degree k which solves the Cartan-Miinzner equations:

IVE(@)|* = k*[l]*

1
AF(r) = 5ok,
for some integer c¢. But then one can easily see by studying the resulting linear ordinary
differential equation that the F-invariant eigenvalues are exactly p; = Agi, ¢ > 1, where

Aj = j(n+j — 1) are the eigenvalues of —Asn 40) (see [22, Lemma 3.4]).

Let us now consider the case of the complex projective spaces with the Fubini-Study
metric (CP", grg). Recall that the positive eigenvalues of —A, . are 2i(2i + 2n), i > 1.
There is a Riemannian submersion (the Hopf fibration) S***! — (CP", grg), obtained
by considering the canonical diagonal S'-action on S?"*!. It has totally geodesic fibers
(which are circles, the orbits of the S'-action) so we can apply the previous ideas. An
isoparametric function f on (CP", gpg) lifts to an isoparametric function f : (S*"*!, go) —
[to, t1]. And we can look for the corresponding Cartan-Miinzner polynomial.

We will consider the three simplest examples of isoparametric functions on (CP", grs).
These are given by cohomogeneity one actions.

1) Let us consider first the action of U(n) C SO(2n). This action lifts to a coho-
mogeneity one action on S***! which commutes with the diagonal S'-action (the action
on S*t C R 2 is given by A.(xy, 22, Y1, ....¥2n) = (z, Ay). We consider on R?*"*2 the
homogeneous harmonic polynomial F(z,y) = ||z||* — |Jy||?. It is invariant by the action of
S! x O(2n) and therefore projects to an isoparametric function f on (CP", gpg) invariant
by the U(n)-action. F'is a Cartan-Miinzner polynomial of degree 2. Then it follows that
the f-invariant eigenvalues of —A,, . are \y; = 2i(2i + 2n). Note that these are actu-
ally the eigenvalues of the full Laplacian —A Also note that the action of U(n) on
(CP", grgs) has a fixed point.

2) Let us now consider the action of U(m) x U(l) C U(n+ 1) on (CP", grg), where
we ask m >3, m+1l=n+1and m > [ > 2. Similarly to the previous case we can
easily lift the action to S?"*! C R*"*2?, commuting with the diagonal S'-action. The
action looks like (A, B).(x,y) = (Ax, By). Again F(z,y) = ||z]|*> — |ly||* is an invariant

grs-
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Cartan-Miinzner polynomial of degree 2 which projects to an isoparametric function f on
(CP",grs). It follows that the f-invariant eigenvalues of —A,, . are Ay; = 2i(2i + 2n).
But now note that the critical orbits are CP™ ' and CP'™!.

3) There is a cohomogeneity one isometric action of SO(n+1) C U(n+1) in (CP", grs)
given by considering the natural action on C"™!(in the introduction we considered the case
n = 2). This action can be lifted to S?"™! C R?*"*2. The corresponding isoparametric
polynomial on the sphere S*"*! is given by F(z,y) = (||=||*> — ||y||*)* + 4{x,y)?, which
is invariant under the action of SO(n + 1). It follows that the f-invariant eigenvalues
of —A,, are A\y; = 4i(4i + 2n). The singular orbits for this action are RP"™ and the
Grassmanian of oriented two-planes @(Q,R”“), which have dimensions n and 2n — 2,
respectively.
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Chapter 4

Global bifurcation technique for
Yamabe-type equation

In this chapter, we consider a closed Riemannian manifold (M™, g) of dimension n > 3
and study positive solutions of the equation —Agju + Au = Au?, with A > 0, ¢ > 1. In
the case that M admits a proper isoparametric function with focal varieties My, My of
dimension d; > dy we show that for any ¢ < = d2+2 the number of positive solutions of
the equation —Aju + A\u = Au? tends to oo as )\ —> +00. We apply this result to prove
multiplicity results for solutions of the Yamabe equations.

4.1 Yamabe-type equations for f-invariant functions

Next, we consider geodesics which are transversal to the level sets of f:

Definition 4.1.1. A geodesic 7y : [l1,ls] — M is called an f—segment if f(v(l)) is an
increasing function of | and +'(1) = V f /\/b wherever V f # 0.

Note that f-segments are parametrized by arc-length. It is also easy to see that the
integral curves of V f (parametrized by arc-length) are f-segments, and that f-segments
realize the distance between the level sets M, M; (see [47, Lemma 1]). If v : [0,s] — M

is an f segment then s = length(y) = d(My(y0)), My(ys)), and (f o y)'(t) = /b(f(7(t)).
By reparametrizing v by [ = (f o y)7!(s) for s € [f(7(0), f(v(s))] is easy to obtain the
formula for d,(M., M,) for any to < c¢ < d < t;:

MaMd / \/—
Let t* = dy(My,, My,) and d : M — [0,t*], d(z) = dy(M,,, x).

We will consider functions which are constant on the level sets of f:

Definition 4.1.2. A function u : M — R is called f-invariant if u(z) = ¢(d(x)) for
some function ¢ : [0,t*] — R.
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We will denote by B = {¢ € C?*([0,¢*]) : ¢/(0) =0 = ¢/(¢*)}.

Lemma 4.1.3. If we denote by C}%’O‘(M) the set of C** functions on M which are f-
invariant, then the application ¢ — u(z) = ¢(d(x)) identifies B with C;’Q(M).

Proof. Let ¢ € B and u(z) = ¢(d(x)). By a direct computation we get

0105 R
V(o) = G20 1)
and
iy - Y 1 vy O@ ¥
vauxy) = 2y + vy (e@ - 22 2.

for X,Y vector fields on M.
It is clear that the function u € C**(f~1(c,e)) for ty < ¢ < e < t;.

Now, we choose a curve 7 : [0,1] — M such that v(0) € M,, and v(I) € My,). By mean
value theorem there exists ¢;, € (0,1) that satisfies

¢'(d(y(1)) = ¢'(d(v(1))) — ¢'(d(7(0))) = (V(¢' o d),y'(t,)) (I = 0),

thus
¢'(d(y(1))) = ¢" o d(v(ti,)){VA(v(t,)). 7' (t))L.

If v is an f—segment, we conclude that

¢ od(v(l)) = ¢" o d(v(t,))L.

Similary, there exists ¢, € (0,1) such

V()

bFGM) =~

By taking [ close to 0 we prove that

L d(d) _26(0)
et /b(F) - b(to)

This fact allow us to show that the function u € C**(f~1([to,e)) :
Since ¢ € C%* and ¢" — CACH %/ — 0 when © — M,,,

Vb
_gb(d)'b_eco,a

in a neighborhood of M,,.
Using that

LV X)VLY)
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is bounded for x close to M,

HORXNTRY) (o) - ST € et ),

Therefore u € C**(f~([to, €)).
A similar argument in the other focal variety M;, shows that

u € C**(M).
[

Now we obtain the expression of the Yamabe-type equations of (M, g) for f-invariant
functions.

Lemma 4.1.4. Let u € C?’Q(M), u(z) = ¢(d(x)), with ¢ € B. Then u is a solution of
equation if and only if the function ¢ satisfies

— (" 4+ (=h)¢') + Ao = A¢?. (4.1.1)
on [0,t*]. Fort € (0,t*) h(t) is the mean curvature of M;.
Proof. With the notation f(z) = t, we have

Alu(z)) = Ao(d(z))
= ¢"(IVd(x))]*) + ¢'(A(d(2))).

But
IVd]* =1 and,
B tx df B _b/ ) ﬂ
Ad(z) =4 (/ m) TR
1 , L
= 2—\/5(—5 +2a) = —h(ts),

where h(t,) is the mean curvature of the hypersurface M, .

Hence ¢ is a solution of the ordinary differential equation

—(¢" + (=h)d) + A¢ = Ag".
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The function h is smooth away from the focal varieties. However, the well-known fact
about the structure of regular hypersurfaces M, over M, allows getting the asymptotic
behaviour of h close to M,,. Since each M, is a tube over either M, , a coordinate
system centered in My, or M, appropriate for this study are Fermi coordinates, which
are the generalization of normal coordinates that arises when the center of the normal
neighborhood is replaced by a submanifold.

Indeed, in [20] the authors used this coordinates to compute the power series expansion
formula for the shape operator of M; with respect to the distance to M.
More explicitly, corollary 2.2 in [20] implies that,

_codim(My,) — 1
t

h(t) = + t(trace(A) + trace(B)) + o(t?),

where A, B are matrices independent of ¢. In particular we have the following asymptotic
behaviour of h close to the focal varieties, which we will need later:

Lemma 4.1.5.

lim—t h(t)=n—dy —1 , lim —t h(t) =n—dy — 1.

t—0 t—t*

4.2 Bifurcation points

In this section we will use local bifurcation theory (as can be found for instance in [2],33]) to
prove Theorem [1.0.4 We fix a proper isoparametric function f on the closed Riemannian
manifold (M, g). As in the previous section, we denoted by ¢* the distance between the
two focal varieties. It follows from the previous section that positive f-invariant solutions

of (1.0.2) are given by positive solutions of the problem

¢" —hd' + A" — ¢) =0,
¢'(0) =0 =¢'(t").

For all positive constant A the function ¢ = 1 is a trivial solution of the equation.
We will prove Theorem by studying bifurcation from this path of trivial solutions
A= (A1)

Proof. (Theorem We define S : RT x B — C%*([0,¢*]) by
S(A, @) = ¢" — he' + A(¢" — ¢).

Then we are trying to solve the operator equation S(A,u) = 0.
It is easy to compute that

dgSine) (u) = u” — hu' 4+ MNqo? tu — u),
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and in particular
dsSan(u) =u" —hu' 4+ Mg — 1)u.

Bifurcating branches will appear at the values of A for which the kernel of linear operator

dyS(x,1y is nontrivial. Note that since the asymptotic behavior of A in 0 is —%, the

standard contraction map argument implies that the following initial value problem has
a unique solution

u —hu' + Mg —1)u =0,
u(0) =1,
u'(0) = 0.

The equation dgS(y1y(u) = 0 for u € B, is of course the eigenvalue equation for the
Laplacian restricted to f-invariant functions. One can see (for instance in [22, Proposition
3.2]) the existence of infinite eigenvalues of the Laplacian operator in the set of f-invariant
functions. This means that there is a sequence 0 < A\ < Ay < -+- < A\ < -+ < o0 and
solutions u; of the above initial value problem (with A = Ag) such that ) (t*) = 0.
Therefore ker dy Sz, (q-1),1) # 0, and it has dimension one.

We can normalize uy, so that [, ui = 1. Since the operator L = dgSi,(q—1),1) is self-
adjoint we have

Range(L) = {u € C**(0,t*)/ [,; uup = 0}.
On the other hand we have that dZ S\, (q-1),1)[ur] = (¢ — 1)ux ¢ Range(L).

Therefore from the well-known theory of local bifurcation for simple eigenvalues (see for
instance Theorem 2.3.2, [2, Theorem 2.8], or the original article by M. G. Crandall and P.
H. Rabinowitz [16]) we can see that for all k > 1, (Ax(¢ — 1), 1) is a bifurcation point and
moreover all nontrivial solutions in a neighborhood of (A;(q — 1),1) are given a branch
t— (A(t),u(t)), t € (—e,€), such that A(0) = A\p(¢ — 1), u(0) = 1, and u(t) # 1 if t # 0.
This proves Theorem [1.0.4]

[

Later we will need the following result about the number of simple zeros nj of the
functions uy:

Lemma 4.2.1. The sequence ny, is strictly increasing.
Proof. Let uy, uj1 be solutions (resp.) of

uy — huy, + Me(q — Dug = 0,

“/k/+1 - h“;wrl + Xey1(q — Dugyr = 0.

Recall that we have set uy(0) = 1 = uy41(0). In particular these solutions are non-trivial
and therefore if for any ¢ € (0,¢*), ug(¢t) = 0 then ) (t) # 0.
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Let 0 <ty <ty <--- <ty <t* bethe points such that ui(t;) =0,i=1,...,n.
Since

uj.1(0) —0= u;,(0)

uk+1(0) ur(0)’

and Agi1 > Mg, if ugy1 does not have zeros in (0,¢;) then by Sturm’s comparison theorem
(and since the functions uy and ug,; are linearly independent in any open interval)

!/ !/
u u
k+1

in (0,%q).
Uk+1 Uk ( 1>

Therefore there must be at least one value s € (0,¢;) such that uq1(s) = 0. We can
also apply the same argument to show that uj,; must have another zero in (¢,,,t*). Also
by standard Sturm’s comparison we can see that the function uy,, has at least one zero
in the interval (t;,¢;41), for each ¢ = 1,... n; — 1. Therefore uy,; has at least ny + 1
zeroes in (0,t*), proving the lemma. H

4.3 Auxiliary results

We assume we have a proper isoparametric function f on a closed Riemannian ma-

nifold (M, g). The dimension of the focal submanifolds are dy,dy < n —2: we call
d = min{d;,d2} < n —2. And we let p; = Z:gfg, pr = 00 in case d = n — 2. We

consider equation (4.1.1)) with ¢ < py. The main goal of this section is to prove the next
proposition which we will need in the following sections.

Proposition 7. Let g € (1,pf) and fiz positive numbers ¢ < X\*. The set C ={p € B: ¢
is positive and solves equation with A € [e, \*]} is compact in B.

We first consider the case when \ is fixed:

Lemma 4.3.1. Consider equation with ¢ € (1,pf) and A = Xg > 0 fized. If ¢q
is the solution of the initial value problem with ¢'(0) = 0, ¢(0) = «, then there exists
A = A(No) > 0 such that if « > A then there exists t € (0,t*) such that ¢.(t) = 0.
Similarly, if . is the solution of with @' (t*) = 0, ¢(t*) = «, then there exists
B > 0 such that if « > B then there exists t € (0,t*) such that p,(t) = 0.

Proof. We consider the first statement, the proof of the second statement is similar.
Equation (4.1.1)) can be written as

/! H r /

" (r) + %(ﬁ (r) + A(r) — Agp(r) = 0. (4.3.1)
where H(r) = —rh(r) and H(0) = n —d; — 1 by Lemma (4.1.5). If d; = n — 2 then
H(0)=1.If dy <n— 2 then

42



H(0)+1_n—d1<n—d_pf+1<q+1
2 2 T 2 pp—1 g-1

Then we can apply [I8, Theorem 3.1] which says that under the previous conditions
on H(0) and ¢ there exists A > 0 such that if & > A then the solution ¢, has a zero.

[]

Corollary 4.3.2. Fiz A\ = Ay > 0 in equation . There exits A > 0 such that if
¢ € B is a positive solution of equation then ¢ < A.

Proof. Tt follows from the previous lemma that we can find C' > 0 such that any positive
solution in B is bounded by C'in 0 and in ¢*. But then for any € > 0 there exists a constant
A > 0 such that the solution must be bounded by A in [0,t* — ¢] and in [e, t*]. O

Corollary 4.3.3. Fiz A\ = \g > 0 in equation . The set of ¢ € B such that ¢ is a
positive solution of equation is compact.

Proof. Let ¢; € B be sequence of positive solutions of equation (4.1.1). Then it follows
from the lemma that we can take a subsequence so that the sequences ¢;(0), ¢;(t*) are
convergent. Let lim;_,., ¢;(0) = a, lim;_,, ¢;(t*) = b. But then we consider the solutions
o', ¢* of equation @ with ¢*(0) = a, ¢'(0) = 0, ¢*(t*) = b, ¢¥(t*) = 0. Then for
any € > 0 small, ¢; converges in [0,t* — €] to ¢* and ¢; converges in [e,t*] to ¢?. Then
¢! = ¢* and give a function in B which is a positive solution of equation (4.1.1). And (for
the subsequence) lim; o, ¢; = ¢* = ¢°. O

Remark 7. If ¢ € B is a non-trivial positive solution of equation , then #{t :
¢(t) =1} < 0o, and there is an open neighborhood U of ¢ € B such that for any ¢ € U,
#{t : o(t) =1} = #{t : ¢(t) = 1}. Also if ¢ € B is a non-trivial positive solution of
equation close to the trivial solution then #{t : p(t) = 1} is equal to the number
of zeroes of the linearized equation at the trivial solution (which is finite).

Corollary 4.3.4. Fiz A = Xy > 0 in equation . There exits ko > 0 such that if
¢ € B is a positive solution of equation then #{t : ¢(t) = 1} < ky.

Proof. Any sequence of positive solutions ¢; € B of equation (4.1.1]) must have a conver-
gent subsequence. Then by the remark #{t¢ : ¢;(t) = 1} is bounded (independently of
i). O

Now as in the proposition we will fix positive numbers ¢ < A\* and consider the equation
(4.1.1) with X € [, A*].

Lemma 4.3.5. For any 0 < ¢ < \* there exists A > 0 such that if X\ € [g,\*] and ¢,
is the solution of equation with ¢/ (0) = 0, ¢4(0) = o > A then ¢, has a zero in
(0,t*). Similarly, there exists B > 0 such that if @, is the solution of equation
with @, (t*) =0, pa(t*) = a > B, then ¢, has a zero in (0,t*).

43



Proof. We will prove the first statement, the proof of the second statement is similar. For

each \ € [, \*] let Ay = inf{A : ¢, has a zero in (0,t*) for & > A}. It follows from the

previous lemma that Ay < oo for any A € [¢,\*]. Assume that there exists a sequence

Ai € [, A\*] such that Ay, — co. We can asume that \; — Ay € [g, \*]. Then we have
2

a solution ¢; of equation (4.1.1)) with A = );, such that ¢;(0) = af ' — oo, and ¢; is

positive in [0,t*). Then we argue as in [I8, Theorem 3.1] (see also [2I], Proposition 3.8]):
We let

Then w; solves

wl(t) + Mu};(w Full) - 2 —o,

where H(r) = —rh(r), w;(0) = 1 and w}(0) = 0. Note that w; is defined in [0, a;v/\it*),
and lim;_,o a;v/\it* = o0.

Then one can see that for any fixed K > 0 w; converges uniformly on [0, K] to the
solution w of

H(0) ,

w"—i—Tw +w? =0,
with w(0) = 1, w'(0) = 0. The proof is the same as in [I8, Lemma 3.2]), where the proof
is detailed in the case \; = A > 0, instead of \; — A as in our case (but this does not
affect the proof of the statement given in [18]).

It is proved in [21, Proposition 3.9] that by picking K large we can assume that w has
any number of zeroes in [0, K] and by the uniform convergence it follows that w; must
have a zero in [0, K| and therefore ¢; has in zero in (0, ﬁ) This is a contradiction,
and therefore A = sup,¢[. ,»; Ax < 00, proving the lemma.

O
We can now prove Proposition 4.1:

Proof. Let ¢; € B be a sequence of solutions of equation with A = \; € [g, \*].
¢, is determined by a; = ¢;(0) and by §; = ¢;(t*). From the previous lemma we know
that we can take a subsequence and assume that (\;, o, 5;) = (Ao, a0, o), where ay,
By > 0. Let ¢! be the solution of equation (4.1.1) with A = \¢ such that ¢'(0) = ag and
¢ (0) = 0. Let ¢? be the solution of equation (4.1.1) with A = Ao such that ¢*(t*) = S,
and ¢¥(t*) = 0. Then for any § > 0 ¢; converges on [0,t* — 4] to ¢! and on [e,¢*] to
¢?. Tt follows that on (0,t*) ¢! = ¢? and therefore they define a function ¢ € B which is
positive, solves equation (4.1.1)), and verfies ¢(0) = ag, ¢(t*) = Bo. And ¢; — ¢.

O
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4.4 f-invariant solutions for parameter close to zero

In this section, we will prove Theorem [1.0.5| i.e. we will show that all non-negative
f—invariant solutions of are constant for A\ close to zero. In order to get this result,
we will give a priori estimate for f—invariant solutions of the equation. First, consider
the equivalent equation:

—Ajw =w? — dw. (4.4.1)

Note that u is a solution of equation 1) if and only if ATy is a solution of equation
(]1.0.2 . Also as in section 4.1, u € C;’O‘(M), u(z) = ¢(d(z)), with ¢ € B is a solution of
equation (4.4.1)) if and only if the function ¢ satisfies

—(¢" + (=h)¢') + \p = ¢ (4.4.2)
on [0,t*].

Similar problems have been considered before, for instance in [30]. We denote A\
the first non-zero eigenvalue of —A,. We will make use of the following result from [30],
Theorem 2.2]

Theorem 4.4.1 ([30]). Assume 0 < X\ and ¢ > 1. If w is a solution of which
satisfies

_1
qlwlie <A+ A,
then w = A1,
Similarly, if u is a solution of which satisfies
A+ M

_1
qllullf~ < ——,
A (@12

then v = 1.

We first find an appropriate bound for positive f-invariant solutions:

Lemma 4.4.2. There exist constants €,¢ > 0 such that for X € (0,€¢] any positive

f—invariant solution w of satisfies
w < c)\q%l.

If u is a positive solution of equation then u < c.

Proof. We follow a similar treatment of [30, Theorem 2.3]. Suppose that the lemma is
not true. Then we have a sequence of positive numbers \,, — 0, a sequence of positive

45



numbers ¢,, — 400, and a sequence p,, € M, such that there exists a positive solution
wy, of (4.4.1) which satisfies that

1
Max wy, = Wi (Pm) = CmAi (4.4.3)

By taking a subsequence we can assume that w,(p,) — a € [0, co].
Note that if a = 0 then the solutions w,, satisfies the conditions on Theorem 4.4.1 and

_1
therefore we would have w,, = A4 ' for m large. This would say that ¢,, = 1, which is a
contradiction (we were assuming that ¢, — 00).

Wim

W (Pm)

Assume now that a € (0,00). Let v, = . Note that v, solves the equation

AgUm — AU, + wm(pm)q_lvfn =0,

with ||um]|lLe = 1. Recall that \,, — 0 and w,,(p,,) — a. Therefore, from the theory
of elliptic operators we get that the sequence v, converges to a function v which is a
non-negative solution of

Ay +al™ ! =0

on M. Since M is closed, v is equal to zero, but this is a contradiction since ||v, ||~ = 1.

Therefore we can assume that wy,(p,) — oo. In this case we will need to use our
hypothesis that the functions w,, are f-invariant. Then w,, is determined by a function
®m € B which solves equation . The function ¢, is determined by ., = ¢,,(0) and
by Bm = ¢m(t*). If the sequences «,, and ,, are bounded then ¢,, would be uniformly
bounded, which is not the case. We can therefore assume for instance that «,, — oo.

We call H(t) = —th(t). Then

A{)

; ¢;n<t) + ¢%’L(t) - )‘mqu(t) =0.

O (1) +

2

We let §,, = oy ' and

Then ¢, solves

" H(i) / q m o
Om(t) + Tsom(t) + o, (t) — 5—290m(t) =0,

and satisfies ¢,,,(0) = 1 and ¢!, (0) = 0.

Since 9, — oo and A, — 0 we can argue as in the proof of Lemma 4.3.5, or [I8, Lemma
3.2], to prove that the sequence ¢, converges uniformly on any compact interval [0, K]
to the solution w of

H(0)

w” + Tw’ +w? =0,

46



with w(0) = 1, w'(0) = 0. We recall that it is proved in [21, Proposition 3.9] that by
picking K large we can assume that w has any number of zeroes in [0, K| and by the
uniform convergence it follows that for m large enough ¢,, must have a zero in [0, K].
This implies that ¢, has in zero in (0, %) This contradicts our assumption that the
solution w,,(x) = ¢, (d(x)) was positive, finishing the proof of the lemma.

m
We are now ready to prove Theorem [1.0.5

Proof. By the previous lemma there exists € > 0 such that if A € (0,¢] then any positive
f—invariant solution w of (4.4.1]) satisfies

1
w < cAa-T,

for some positive constant ¢ independent of A\. Then there exists A\g € (0,¢) such that if

A € (0, Ao] then q(c)\ﬁ)qfll < A+ A, Then it follows from Theorem 4.4.1 that w must
be constant.

O

4.5 Global bifurcation

In this section, we will prove Theorem [1.0.6

Let D = {(¢,\) € (B—{1}x(0,00) : ¢ € B is a positive nontrivial solution of (4.1.1)}.
Let D be the closure of D in B and D; the connected component of D containing the
bifurcation point (1, \;(¢ — 1)) (as in Section 4.2).

It follows from Theorem that there exists ¢ > 0 such that for any ¢ D; is contained
in {B x [g,00)}.
Now we shall see that each D; is not compact, using the global bifurcation theorem of P.
Rabinowitz ( Theorem 2.3.2, see also [33] Theorem 3.4.1], [2, Theorem 4.8] or [39)]) .

It follows from Rabinowitz’s theorem that either

a) D; is not compact in O = {(¢, \) € C’?’O‘ xRt/ ¢ >0}

or

b) D; contains a point (1, \;(¢ — 1)) for j # 1 .
For each 1 < i, we let

Z;i:={¢ € B /¢ — 1 has exactly n; simple zeros in (0,t") },

where we recall from Section 4.2 that n; is the number of zeroes of the solution of the
linearized equation at (1, \;(q — 1)).

Each Z; is an open set in B. Note also that if ¢ € B is a nontrivial solution of (4.1.1)

then the zeros of ¢ — 1 are simple (since it solves a second order ordinary differential
equation for which the constant function 1 is a solution).
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Recall from Section 4.2 (the proof of Theorem [1.0.4] using [16]) that the points in D
near to (1, A\;(¢ — 1)) can be parametrized by a curve s — (k;(s), i(s)), |s| < a; with q;
sufficiently small, where 1;(0) = A\;(¢ — 1). The map k; is of the form k;(s) = su; + sQ(s)
and Q(0) = 0, where, as in Section 4.2, u; € Z; is an eigenfunction of —A associated to
Ai(q — 1) (see again [33, Theorem 3.2.2], for instance).

Therefore, k;(s) € Z; for s sufficiently small, s # 0. Then it follows that D; —{(1, A\;(¢—
1))} € Z;. And in particular it follows that D;ND; = () if i # j. This says that alternative
(b) in the global Theorem of Rabinowitz does not happen and therefore D; is not compact,
for any 1.

If there exists a constant A\g > A;(¢ — 1) such that for any (¢, ) € D; we have A < A.
Then D; would be a closed set of {(¢,\) € B X [g, \o] : ¢ is a positive solution of
}. Then it follows from Proposition 7 that D; is compact. Therefore such an A\g does not
exist and since D; is connected it follows that for any A > \;(¢—1) there exists (¢, \) € D;.
Then for A € [\j(¢ — 1), A\ix1(¢ — 1)) and for each k < i there exists (¢, A) € Dy and this
proves Theorem [1.0.6]
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