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Multiplicity results for the prescribed
scalar curvature on low spheres

MOHAMED BEN AYED AND MOHAMEDEN OULD AHMEDOU

Abstract. In this paper, we consider the problem of multiplicity of conformal
metrics of prescribed scalar curvature on standard spheres S3, s*. Under generic
conditions we establish some Morse Inequalities at Infinity, which give a lower
bound on the number of solutions to the above problem in terms of the total
contribution of its critical points at Infinity to the difference of topology between
the level sets of the associated Euler-Lagrange functional. As a by-product of our

arguments we derive a new existence result on st through an Euler-Hopf type
formula.
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1. Introduction and main results

The prescribed scalar curvature problem on closed riemannian manifolds amounts
to find a positive smooth solution to the following equation:

(SC) —cp Agu+ Rou = Ku"t2/0=2 S 0in M

where A, is the Laplace Beltrami operator, R, denotes the scalar curvature and
K : M — R is a given function on the manifold. To this problem many papers
have been devoted (see [2-4,6,8-10,12,14,15,18,19,21-25,27,28,30,31,36-38]
and the references therein).

The special case where the manifold is a sphere endowed with its standard
metric deserves particular attention. Indeed due to Kazdan-Warner obstructions,
conditions have to be imposed on the function K to insure the existence.

In this paper we revisit the case of 3 and 4-dimensional standard spheres in
order to give, under generic conditions, some multiplicity results.

To state our results we set up following conditions and notation.

Received December 3, 2007; accepted in revised form May 27, 2008.



2 MOHAMED BEN AYED AND MOHAMEDEN OULD AHMEDOU

Let forn = 3,4, K : S" — R be a C? positive function. We say that K
satisfies (H1) if for each critical point y we have either

y is a nondegenerate critical point with AK (y) # 0 (1.1)

or, there exist (b;);<, C R* such that in some geodesic normal coordinate centered
at y we have

K@)=KM+Y bil(x=y)ilP+R(x —y) with b; #0and Y b #0, (1.2)

i=1 i=1

where § := B(y) € (2,n) and Z[mo IVSRO ||y~ = o(1) as y tends to zero.
Here V* denotes all possible derivatives of order s and [8] is the integer part of §.
We denote by

={yeS":VK(y) =0and AK(y) < 0},

n
I =1y eS": (1.2)is satisfied and Zbi <0
i=1

On S* we associate to each p-tuple of critical points of K, (i, , Yi,) with
yiy € Iy forl =1,---, p,amatrix M(yi, ..., yi,) = (mj,) defined by
AK (yi;) GOij» yiy) ,
mjj :_W'])Z’ Mmjq =2 - . 172 fOI'] 7’5(], (1.3)
Yij (K(i))K (3i,)))

where G is the Green’s function of the conformal Laplacian L, := —c, Ag + R,.

We say that K satisfies (H2) if for each p-tuple of points (y;,, --- , yi,) with
vi € Iy forl =1, .-, p the corresponding matrix M (y;,, ..., yip) is nondegener-
ate.

Now the problem that we are interested in, amount to solving the following
PDE
(Pk) —¢p Agut+ Rgu = Ku"2/0=2 1 5 0 in S,

We recall that a solution u# of (PK) is said to be nondegnerate if the linearized

operator L(¢) := Lg(¢) — ”+2 un= = ¢ does not have zero as an eigenvalue.

Now we are ready to state our first multiplicity results.

Theorem 1.1. On S3 we assume that the function K satisfies (H1) and all solutions
to the problem (Px) having their Morse indices less or equal than 3 are nondegen-
erate and denote their number by N3. Then, we have

‘1 — Z(_1)3—t(y) _ Z(_1)3—m(y)

yell yEIz

< N3,

where, for y € 11, 1(y) denotes the Morse index of K at y and, for y € I, m(y) :=
#{b,‘ : b,‘ < 0}
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Remark 1.2. We point out that from the Sard-Smale theorem it follows, that for
generic K, the set of solutions of (Pg) are all nondegenerate, see [37].

To state our next result we set K to be the set of all critical points of K and

,C"r = UN{(QI, ’qN) e ICN SuChthatQ(qlv 7qN) > 0}’

where 0(q1, - - - , gn) denotes the least eigenvalue of M (g1, - - , gn).

Let/* :=sup{N: (q1.- -~ .qn) € K*}and Lo := sup{SN — 1=} %_, 1(q;) :
(g1,--- ,qn) € KT}, where ((y) denotes the Morse index of K at the critical
point y.

Theorem 1.3. On S* we assume that K satisfies (H1) and (H2) and all solutions
to the problem (Px) having their Morse indices less or equal than Lgy are nonde-
generate and denote their number by Ny4. Then, we have

It

1— Z(_1)4fm(y) _ Z Z (_1)5s—1—z_5]-:1 L) < Ni.

yel s=10o(yiys--yig)>0

where, for y € I, 1(y) denotes the Morse index of K at y and, for y € I, m(y) :=
#{b; : b; < 0} and o denotes the least eigenvalue of the matrix M defined in (1.3).

Observe that Theorems 1.1 and 1.3 are some sort of Morse type inequalities at
Infinity in the sense that we give here a lower bound for the number of solutions in
terms of the topology at infinity that is the total contribution of noncompact orbits
of the gradient flow associated to the Euler Lagrange functional (its critical points
at infinity). Recall that Morse inequalities give a lower bound on the number of
critical points of a Morse function in terms of the Betti numbers of the underlying
manifold. In our case the space of variation is contractible and hence has no topol-
ogy. However due to the noncompactness of the problem there are critical points
at infinity whose topological contribution to the difference of topology between the
level sets of the functional can be computed thanks to a Morse lemma at Infinity
which provides new coordinates in which the gradient flow takes a quite simple
normal form.

In the following we give a brief description of the main ingredients behind the
proof of Theorems 1.1 and 1.3.

Our argument uses a careful analysis of the lack of compactness of the Eu-
ler Lagrange functional J (defined by (2.1) below) associated to problem (Pg).
Namely we study the noncompact orbits of the gradient flow of J the so called
critical points at infinity following the terminology of A. Bahri [9]. They are the
noncompact orbits of J along which J is bounded and its gradient goes to zero.
These critical points at infinity can be treated as usual critical points once a Morse
Lemma at infinity is performed, from which we can derive just as in the classi-
cal Morse Theory the difference of topology induced by these noncompact orbits
and compute their Morse indices. Such a Morse Lemma at infinity, which is a
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cornerstone in our analysis, is obtained through the construction of a suitable pseu-
dogradient for which the Palais-Smale condition is satisfied along the decreasing
flow lines, as long as these flow lines do not enter the neighborhood of a finite num-
bers of critical points of K such that the related matrix M (see (1.3)) is positive
definite. Moreover along the flow lines of such a pseudogradient there can be only
finitely many blow up points. Furthermore if some blow up points are close and the
interactions between them is large, then the flow lines starting from there will exit
the set V(p, ¢) and the functional J will decrease with a fixed constant rate which
depends only on ¢.

A similar Morse Lemma has been established for the prescribed scalar cur-
vature problem on the spheres S°, S* under the hypothesis that the problem has
no solution by A. Bahri and J. M. Coron [12], see also [14]. Since our aim is to
prove multiplicity rather than only existence we have to perform our Morse Lemma
without such an assumption, a situation which creates a new difficulty, namely to
deal with the possibility of existence of a new type critical point at infinity consist-
ing of a sum of bubbles plus a solution of (Px). Performing a Morse Lemma and
constructing a pseudogradient near an e-neighborhood of such a potential critical
point at infinity, we rule out such a possibility on S* and S*. Finally we notice
that a statement similar to Theorem 1.1 for the prescribed curvature problem on the
3-dimensional sphere has been obtained by R. Schoen and D. Zhang [37], and due
to the fact that in their case they assume the nondegeneracy condition AK # 0 at
critical points of K their formula looks simpler. Their proof which is drastically
different from ours involves a refined analysis for blowing up subcritical approxi-
mations.

As a by-product of the proof of Theorem 1.3 we have the following existence
result which is a natural generalization of previous existence results obtained by
Y.Y. Li [31] and Ben Ayed, Chen, Chtioui and Hammami [14].

Theorem 1.4. On S* we assume that K satisfies (H1) and (H2). Then, the problem
(Pg) has a solution if

It

1 — Z(_l)“*m(y) _ Z Z (_1)55—1_2;:1 l(}’ij) ?é 0’

yel s=1o(ij - Yig)>0

where, for y € Iy, 1(y) denotes the Morse index of K at y and, for y € I, m(y) :=
#{b; : bj < 0} and o denotes the least eigenvalue of the matrix M defined in (1.3).
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2. Variational structure and preliminaries

In this section we recall the functional setting, its variational structure and its main
features. Problem (Pg) has a variational structure. The Euler-Lagrange func-
tional is

e |2

(n=2)/n
N

defined on H(S", R) \ {0} equipped with the norm

el /W =2 [ 2

S"l

J(u) =

(2.1)

We denote by X the unit sphere of H' (S",R)andweset X7 = {u e = : u > 0}.
The Palais-Smale condition fails to be satisfied for J on £ . In order to charac-
terize the sequences failing the Palais-Smale condition, we need to introduce some
notations.

Fora € S" and A > 0, let

=22
A2+ 14 (1 =A%) cosd(a,x))n=2/2

Sa.n)(x) = co
where d is the geodesic distance on (S”, g) and ¢y is chosen so that

2)/n-2) .
—Adan + (n(n —2)/H)é@,) = 3524):))/(" ' in§".

For ¢ > 0 and p € N*, let us define

Vip,e)={ue x/3a; € S", A; >¢ o >0 for i=1,..., p such that

4/(n 2)K( )

<84/(”2—)I(() 1<8,and8ij<8

u—Ea,,

where §; = 8a; 1) and &ij = ()\i/)hj + )‘j/)‘i +)\,l')\,j(1 —cosd(a;, aj))/Z)%
For w a solution of (Px) we also define V(p, €, w) as

4

{ueE/EIoeo>Osuchthatu—oeoweV(p,s)andloe =2 (u)n”Tz—1|<s}. 2.2)

The failure of the Palais-Smale condition can be described as follows.
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Proposition 2.1. [12,33,40] Let (u;) € %+ be a sequence such that VJ(u;) tends
to zero and J(u ;) is bounded. Then, there exist an integer p € N*, a sequence
gj > 0, gj tends to zero, and an extracted of u;’s, again denoted uj, such that
uj € V(p, gj, w) where w is zero or a solution of (Pg).

We consider the following minimization problem for u € V (p, ¢) with & small

min
a;>0, 1;>0, a; eS"

. (2.3)

)4
U= i
i=1

We then have the following proposition which defines a parametrization of the set
Vi(p,e).

Proposition 2.2. [9,12,35] For any p € N¥, there is ¢, > 0 such that ife < ¢,
and u € V(p,e), the minimization problem (2.3) has a unique solution (up to
permutation). In particular, we can write u € V(p, €) as follows

P
u=) Wi, v
i=1

Where(&l,...,&p,él,...,&p,il,...,)_»p)isthesolutionof(2.3)andvGHI(S”)
such that
08;  06;
V < s s :0 (S 81’5_’ I )
(Vo) il <& @.¥)=0fory ‘<U‘ { o a(al-)f}
1<p,j=<n

where (a;)? denotes the j th component of a; and (., .) is the inner scalar associated
to the norm ||.||.

In the following we will say that v € (Vp) if v satisfies (Vp).
Proposition 2.3. [9,35] There exists a C! map which, to each
@i, ...,qp, a1, ..., 4p, A1, ..., Ap)

such that Zle a;i8g; 1) € V(p, &) with small g, associates V = V(q; 4;,2;) Satisfy-
ing

)4 )4
i=1 i=1
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Moreover, there exists ¢ > 0 such that the following holds

VK (a; 1 B B
vl < ¢ <Z <|)»ﬂ + P) + ZSkr(Log(gkrl))(" 2)/") )

i<p i k#r

Let w be a nondegenerate solution of (Pg). The following proposition defines a
parameterization of the set V (p, €, w).

Proposition 2.4. [10] There is ¢g > O such thatife < eg andu € V(p, e, w), then
the problem

)4
u— ZO!,‘S(ai,}w.) —ag(w + h)

min
«;>0,,A;>0, a;eS", heT,,(W,(w)) i=1

has a unique solution (o, X, @, h). Thus, we write u as follows:

u =

-

@id g 7,y T @ow +h) + v,

i=1

where v belongs to HY(S") N Ty (W (w)) and it satisfies (Vy), Ty (W, (w)) and
Ty (Ws(w)) are the tangent spaces at w to the unstable and stable manifolds of w.
Following A. Bahri we set the following definitions and notations.

Definition 2.5. A critical point at infinity of J on 7T is a limit of a flow line u(s)
of the equation:

ou — v
3 W
u(0) = ug

such that u(s) remains in V(p, £(s), w) for s > sp.
Here w is either zero or a solution of (Pg) and €(s) is some function tending
to zero when s — oo. Using Proposition 2.4, u(s) can be written as:

p
u(s) = Zai () 8(a;(s),1:(s)) T 0 () (W + h(s)) + v(s).

i=1

Denoting a; := limg_, 0 @; (s) and o; = limg_, o ;i (5), we let
)4
(ala tt aapa w)OO or Zal 5((,11',00) + Gow

i=1

such a critical point at infinity. If w 7 0 it is called of w-type.
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With such a critical point at infinity are associated stable and unstable man-
ifolds. These manifolds can be easily described once a Morse type reduction is
performed, see [10, 14].

Definition 2.6. z is said to be dominated by another critical point at infinity z/ if

Wiu(zhg) N Wy(zoo) # 9.
If we assume that the intersection is transverse, then we obtain

index (z,,) > index (zoo) + 1.

3. Characterization of the critical points at infinity

This section is devoted to characterize the critical points at infinity. To this aim,
we need to expand the functional in the potential sets V(p, e, w) where w is a
critical point of J or zero and p € N*. Moreover, we need to construct some
pseudogradients on these sets which satisfy the Palais-Smale condition far away the
critical points at infinity. First we will prove that in V (p, &, w), for w # 0, there
is no critical points at infinity. Secondly, we prove that for p > 2, the sets V(p, ¢)
do not contain critical point at infinity in the case of the three dimensional sphere.
Then we prove Morse Lemmas at infinity in V (1, ¢) and V(p, €) with p > 2 for
n==4.

3.1. Ruling out the existence of critical point at Infinity in V (p, ¢, w) for w £ 0

In this section, for u € V(p, e, w), using Proposition 2.4, we will write u =
le:l OlﬂS(ai,}Li) + ag(w + h) + v.

Proposition 3.1. For ¢ > 0 small enough and u = Zf’zl a;8(q; 2 +oo(w +h) +
v e V(p, e, w), we have the following expansion

P
Su Yo +agllw| (
=1 w(a;
J(u) = l 2 I = Za, NG 21)/2

( Za” K () +af ||w||> "

i=1

— 2 Y aajeij + fi(0) + Q1(v, v) + fa(h) + a5 Qa(h, h)
i#j

+O(Ze,,+z = 2)/2+||v|| + 171l )}

i#£]j i
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where

_ Lty nt2 TR i1 | 2
01 (v, v) —;Ilvll -~ SnK(é(alan 2 + (aow) 2>v

n-+2
_— K n— 2h
Bin 2)/ (@)

n+2

fi) = f (Zaz z>ﬁv,

1

1 2
Qa(h, h) =—Ilh||” —
Y1

n+2

fa(h) = Zal (8, h) — / (Z ;8 +a0w) h,

-0 2 n=—==0
R (14 |x|2)% rr (1 4+ |x|2)"

)4 on o )4
(Z 2K (a) >+a3-2||w||2, yi =S5, (Za?)+a8||w||2.
i=1

Proof. Before starting the proof, we mention that it will be convenient to perform
some stereographic projection in order to reduce our problem to R”. Let D'-?(R")
denote the completion of C°(IR") with respect to Dirichlet norm. The stereo-
graphic projection 7, through a point a € S” induces an isometry i : H'(S") —
D"2(R"™) according to the following formula

n—2

) ’ v '), ve HY(S"), x e R".

(iv)(@) = (1 ape

In particular, one can check that the following holds true, for every v € H'(S")

_2 n n
/ <|Vv|2+n(nT)v2> =/ |V(iv)|2 and / |v|nsz =/ |iv|,12T2'
" R? sn R~

In the sequel, we will identify the function K and its composition with the stereo-
graphic projection 7,. We will also identify a point b of S" and its image by 7.
These facts will be assumed as understood in the sequel. We need to estimate

N(u) = ||M||2 and DnnTz =/ K(x)unz%



10 MOHAMED BEN AYED AND MOHAMEDEN OULD AHMEDOU

Expanding N (u), it is equal to

Za 18:11 + 200 (i, w + h) + o (-1 + [[wl®) + [[o]1> + D et (85, 8).
i=1 i#]

Observe that (see [9])

118 11> = S, 3.1)
(6i,0;) = c28ij(1 +0(1)), fori # j, 3.2)
(n+2)/(n—2) w(a;) 1
(8~,w)=/ wé; = +o0 . 3.3)
i o A?—mp A?—mﬂ
Thus
w(a;)
N =ni +2aozczalw o8 h) + e ) aiaje;
i=1 ; i%j
’ (3.4)

+ a1kl + | |v])? +0<Z = 2)/24—28,})

For the denominator, we write

2n

Dn=2 2—/ (Za, ,) " /K(ozow)nzTn2

n+

2nao/ (Xi: )"‘2w+n2 2 <Za, ,> i3

n+2

p =2
K (Z o;; + a0w> (aph + v)
i=1

()

I\)|

(3.5)

nn+2)
(n—2)7?

4 a4
+0 (Z/wn—zaf + w25;—2> + Ol + 1h1?).

a,8 + aow) (a0h2 +0% + 2a0hv)
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Observe that

(3.6)

2n ks 1
+ — E o 2a]K(a1)811+0<A )—I—o(s,J)
i#£j i

/K“"%—Hwnz' /K“’”S SIS 3.7
. ; . )L(n 2)/2 )\lgn—z)/z ’

/ (Za, ,)”’ w—czza:+§K( ) 1(31(6121))/2+0<)L§"_12)/2>’ (3.8)

4 4 1
/ 51-”72 w2 + (Slzulm =0 (W) s (39)
n )\‘

1

/ K(Zai&' —HJtow>"12 vh=0 (/(281”4_2 +wns Z(Si) |v||h|)
Sn

(3.10)
=0 (Il +1r1P+1/3]"727%),

where we have used that v € T,,(W;(w)) and & belongs to T;,(W, (w)) which is a
finite dimensional space. Hence it implies that ||| < c|k]|.

Concerning the linear form of v, since v € T,(W;(w)), it can be written as

n+2

V4 n—2
/ K (Za,ﬁi —|—(xow) v
st i=1

n

P n—
=/K (Z“i3i> v+ 0 <2/(5ﬁw+aiwﬁ)|v|> (3.11)
i=1

[[v]

i

+

SIS
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Finally, we have

|
)

4

P n— 4
/K (Zai&—l—aow) hzzao"—Z/Kwnfzh%o(nhu% (3.12)
i=1
4

p 2 p .
/K (Z%’&' +010w) v = Z/K(ai&')mvz
i=1 i=1
4

4 4
+ai? | KwiZv? + o(|]v]%).

(3.13)

Combining (3.4),...,(3.13), the result follows. ]

Now, we introduce the following lemma which is proved for the dimensions
n > 7 in [10] and the proof still works for the lower dimensions.

Lemma 3.2. We have
(a) Q1(v, ) is a quadratic form positive definite in

E,={ve H'(S" /v € Ty(W,(w)) and v satisfies (Vp)}.
(b) Oz(h, h) is a quadratic form negative definite in T, (W, (w)).

Corollary 3.3. [10]Letu =Y, &i8(q; 2, +o0(w+h)+v € V(p, &, w). There
is an optimal (v, h) and a change of variables v —v — V and h — h — H such
that

P
Ju)y=1J <Zai3(ai,ki) +agw +h +v) +IVIE = IH|
i=1

Furthermore we have the following estimates

- ¢ - IVK(@)| | c s
IRl <Y — and ||v||SCZ_’JFFHngr(LogSkrl) =

; }‘iT i Ai i
5o 2
Su Y e +ogllwll
i=1 L w(a;)
J(u) = — l—czaOZai?
o 20 S\ " =1 A7
Sn ) o T K(a) + o [l
i=1

L 1
—c ) wajeij +o (Zsij +;‘W +HIVIE = 1HIP.
=174

i#] i#] i
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Proof. The expansion of J with respect to & (respectively to v) is very close, up
to a multiplicative constant, to Q»>(h, h) + f2(h) (respectively Q1 (v, v) + f1(v)).
Since Q> is negative definite (respectively Q is positive definite), there is a unique
maximum / in the space of h’s (respectively a unique minimum v in the space of
v). Furthermore, it is easy to derive |||| < ¢|| f>|| and ||v]| < c|| f1]|. The estimate
of v follows from Proposition 2.3. For the estimate of h, we use the fact that for
each h € T,,(W,(w)) which is a finite dimensional space, we have ||| < c|A].

Therefore, we derive that || f2]| = O} A(z m/ 2) Then our result follows. U

Corollary 3.4. Let K be a C? positive function and let w be a nondegenerate crit-
ical point of J in £ . Then, for each p € N*, there is no critical points or critical
points at infinity in the set V(p, €, w), that means we can construct a pseudogra-
dient of J so that the Palais-Smale condition is satisfied along the decreasing flow
lines.

The proof follows immediately from the above corollary and the fact that
w > 0in S".

3.2. Ruling out the critical point at infinity in V(p, ¢) for p > 2and n =3

This fact has been proven by A. Bahri and J. M. Coron [12] assuming (1.1). We
will basically repeat the same argument to show that it still works under the as-
sumption (1.2) as well.

Proposition 3.5. Assume that K satisfies (H1) and let B := max{B8(y) : y satis-
fies (1.2)}. For any p > 2, there exists a pseudogradient W so that the following
holds:

There is a positive constant ¢ independent of u = 3}, _, @i8(; 3,y € V(p, €)
such that

P
() (—W(u),W)ch V@) SRR

i=1 Ai k;ér

i - v VK (@)

() (~VIU+T), W+ ——— W) =Y e © 03 gy
0(w, ai, Ai) l; Ai )f k;r r

(iii) |W|is bounded. Furthermore, the maximum of the \;’s is a decreasing function
along the flow lines generated by W.

Before giving the proof we will give an immediate consequence of this proposition.

Corollary 3.6. Let n = 3 and assume that K satisfies (H1). Then for each p > 2,
in V(p, &) there is no critical point or critical point at infinity.
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Proof of Proposition 3.5. Ordering the 2;’s : A;; < ... < ;, and let us define

p. 38,
- Z Yaihi; o=,
~ o,

W2— L 96 VRG@) \ v @)
1 = )» 8a, |VK( )|¢1 il ai)l),

where 11 is a cut off function defined by ¥;(#) = 0if ¢t < C and ¥y (z) = 1 if
t > 2C, and C is a large positive constant.
An easy computation shows that

3&‘” 38ij
— 22X —= Yy _)LJW]' > CEjj forkj < A, (3.14)
1 .
V3 =0 (8[1,'j) foreach j > 2. (3.15)
Ly

Hence using Proposition 5.1 we derive that

(—VJ(u),Wll)chSkr—i—O(Z)\—) >cZ€kr—|—cZ R (3.16)

k#r j=2 k#r J>2
|V
(=VI@), WD z ¢ 3 v Gl VK @) ="+ 0 (Y& ) (3.17)
i<p
Now, define W; = Wl1 + my le where m is a small positive constant. By us-

ing (3.16) and (3.17) we derive that
c VK (a;
STORIET) PN gy
k#r j>2 )‘ij Qi) ‘

VK (ai)|

(3.18)
+ 1 (A IVK (ai))])

i1

Hence the proof of the proposition follows in the case where A;,|VK (a;,)| > 2C,
where C is a large positive constant or A;, and A;, are of the same order. In the
other case, we need to add the variable A;, in the lower bound. Note that since
Ai;IVK (a;,)| < 2C, the concentration point g;, is close to a critical point y of K.
Recall that K satisfies (H1) which means that y has to verify (1.1) or (1.2). Hence
we have two cases.
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Case 1. g, is close to y which satisfies (1.1).
We introduce W, as

Wy = =AK ()i, — BA (3.19)
and using Proposition 5.1 we derive that
1
(=VJ W), Wa) z e~ + 0<Zsk,>. (3.20)
i k#r

Now, we define W := W 4 m> W, where m> is a small positive constant. Hence,
by (3.18) and (3.20), the proof of claim (i) follows in this case.

Case 2. g;, is close to y which satisfies (1.2).
We define

n

wy =

88i1 / b |xl + )‘ll(au) | Xi dx (3 21)

1
— iy ai)i 1+, [ ])P A !

W32 = <_ Zbl) i In Wz()wl lai, 1), (3.22)
i=1 i1

where n = 3 and v is a cut off function defined by y¥»(t) = 1 if + < 5 and
Ya(¢) = 0if t > 2n, where 1 is a small positive constant.

First we remark that the pseudogradient W3l is bounded. In fact, the claim is
trivial if A;, |a;, | is bounded. In the other case, let i such that A;, [(a;,)i| > cA; la;, |,
we see that

Ixi + Ay (ai))ilPx; /3/
= (A |(@i))i
/n e 45 = Cal@oil)”

= ¢ (i l@)il)’ " (1 + (D). (3.23)

Xi p Xi

d
(1 + |x|2)n+l X

1+

i

In this case, the vector field will be defined by W3 := W31 + W32. Using Proposi-
tion 5.1, we get

2
|xi + Ai (ai))il? Xi
(=Y (), W3) > — sz (f 72 T dx
Mo e (U4 a1l P02 A+ Pyt

n 2 /
c 1
+ 92, lai, ) (Z bi) S 4o +0 (X en). 624
i=1 )\'il Ail
We claim that

(=Y W), W3) > x% te 'VK(a")l (Z ak,). (3.25)
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Recall that y satisfies (1.2). Thus near y we have |[VK(x)| ~ ¢)_ |bi||x; A1

Observe that, if A;,|a;, | is large then using (3.23) we can make appear 1 /)\ﬁ and
VK (a;,)|/Ai; in the lower bound of (3.24) and our claim follows in this case.
Now, if A;, |a;, | < n (that means it is small), where 7 is defined in the definition
of ¥, then we have ¥ (A;|a;,|) = 1 and [VK (a;,)| is small with respect to )»}l_ﬂ.
Thus (3.25) holds in this case.
Finally, if A;, |a;, | is bounded below and above, by using Lemma 5.2, we have

2
Z (/ bilxi + Ay (ai))il? X; dx) e
B (14 iy l) P02 (L ey )

i

Thus our claim follows and therefore (3.25) is proved.

Now, define W = W; + myW3, where m» is a small positive constant, and
using (3.18) and (3.25), claim (i) follows.

Regarding claim (ii), it follows from claim (i) and the estimates of |7]1? and
IVJ(u + v]|||v]| as in [10] and [14]. Finally, claim (iii) follows from the definition
of W.

The proof of the proposition is thereby completed. 0

3.3. Morse Lemma at infinity in V (1, ¢) forn = 3,4

In this section, we will characterize the critical points at infinity in V (1, ). Follow-
ing [10] and [14], we need to construct a vector field in this set which satisfies some
required properties.

Proposition 3.7. Let n=3, 4. Assume that K satisfies (H1) and let §:=max{8(y):
y satisfies (1.2)}. Then, there exists a pseudogradient W so that the following holds:
There is a positive constant ¢ > 0 independent of u = ad,») € V(1, €) such

that
) (—vI@, wy = K@l 1
’ - A B
) _ D) VK@)| 1
(11) (—VJ(M +v), W+ W(W)) > CT )»_ﬂ

(iii) |W| is bounded. Furthermore, A is an increasing function along the flow lines
generated by W only if a is close to a critical point y € 11 U .

Proof. The construction depends on the variables a and A. We will divide the set
V (1, &) into three subsets:

Fi:=A{adw@ : AIVK(@)| = C},
Fy :={adg. : AIVK(a)| <2C and a is close to y satisfying (1.1)},
F3 :={ad,n) : AMIVK(a)| < 2C and a is close to y satisfying (1.2)},

where C is a large positive constant.
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In Fy, we define
1098 VK(a)

L= 294 VK @)

and using Proposition 5.1 we get

(3.26)

(—VJ(u)W)>Cw+0(i>>Cw+i
L W) > : I - vE

In F,, we use the pseudogradient W, defined by (3.19) and using Proposition 5.1,
we get

(=VJ), W2) = c (3.27)

|AK (@) 1 ¢ . |VK(a)
T+0 ﬁ Eﬁ-FCf.

It remains to define the pseudogradient in F3. In this region we set W3 = W31 + W32

where W31 and W32 are defined by (3.21) and (3.22) respectively. Now, following
the proof of (3.25), we obtain

(=VJ(u), W3) = ‘4 CM.

3.28

The required pseudogradient W will be defined by convex combination of Wy, W,
and W3. Using (3.26), (3.27) and (3.28), claim (i) follows. Regarding claim (ii), it
follows from claim (i) and the estimate of ||T]|2. Concerning claim (iii), it follows
from the definition of W. Hence the proof of the proposition is completed. O

Once the pseudogradient is constructed, following [10] and [14], we can find a
change of variables which gives the normal form of the functional J on the subset
Fy :={ad,) +v:aiscloseto y}, where y € I} U I. More precisely, we have

Proposition 3.8. Let n = 3, 4 and assume that K satisfies (H1). Fory € Iy U Iy,
in Fy :={ad,) + v :aisclose to y}, there exists a change of variables:

v—T>V and (a,)) > (@A)

so that
2/n
. Sh gy 2
J(@d@n +v) = K@= (1 +c(l - U)m +IvIe,

where 1 is a small positive constant, g(y) = —AK(y) and y(y) = 2 if y satis-
fies (1.1) and g(y) = — >_b; and y (y) = B(y) if y satisfies (1.2).

Proof. The proof is exactly the same as in [10] and [14]. So we omit it. ]

As a consequence of the above proposition, we have the following result:
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Corollary 3.9. Let K be a positive function satisfying (H1). For n = 3, 4, the only
critical points at infinity in V (1, ) are (y)oo Wwhere 'y € I1 U I. Such a critical
point has a Morse index equal ton — index (K, y) where index (K, y) is the Morse
index of K in case y € I and index (K, y) = #{b;; b; < 0} in case y € I,.

Proof. The claim follows from Propositions 3.7 and 3.8. O

3.4. Morse Lemma at infinity in V(p, ¢) for p > 2 and n = 4

We notice that, from [14], we know that if the function K satisfies (1.1) and (H2)
then the critical points at infinity are (y;,, ..., yi,)oo Where the y;’s are critical
points of K such that the matrix M (y;,, ..., yi,), defined by (1.3), is positive defi-
nite. Note that in our case, the function K can be flat (assumption (1.2)) near some
critical points. Furthermore, Corollary 3.9 implies that there are other critical points
at infinity which are of the type (y) for y € I,. The aim of this subsection is to
characterize the critical points at infinity in V (p, €) for p > 2. For this fact, we
need to construct a pseudogradient on this set.

Proposition 3.10. Let n = 4. Assume that K satisfies (H1, H2) and let B :=
max{B(y) : y satisfies (1.2)}. For any p > 2, there exists a pseudogradient W so
that the following holds:

There is a positive constant ¢ > 0 independent of u = )
V(p, €) such that

() (Vi@ wy =Y TR, € o5,

i<p®ida;n) €

i<p ki )‘? ks#r
. _ av VK (a; c
(i) (~VIU+D), W+ — (W) =Y IVK(al | Y
d(ai, ai, Ai) = M Al P

(iii) |W| is bounded. Furthermore, the only cases where the maximum of the A;’s is
not bounded is when the concentration points (ay, - - - , ap) satisfy: each point
aj is close to a critical point y;; of K satisfying (1.1) with i; # iy for j # k
and o(yiy, .., yi,) > 0, where 0(yi, ..., yi,) denotes the least eigenvalue of

M()’ila ey yip)'
As a consequence of the above proposition and Corollary 3.9 we derive
Corollary 3.11. Let n = 4. The only critical points at infinity are

® (Yis -+ Yiy)oo such that the matrix M (yi,, . .., yi,), defined by (1.3), is positive
definite, where the y;,’s are critical points of K satisfying (1.1) with i j # iy for
J # k.

Such a critical point at Infinity has a Morse index equal to

q
5g —1— ZMorse(K, yij).
j=1
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e (¥)oo Where y is a critical point of K which belongs to I.
Such a critical point at Infinity has a Morse index equal to 4—index (K, y) where
index(K, y) := #{b;; b; < 0}.

Proof of Proposition 3.10. Without loss of generality, we can assume that A; <
- < Ap. Let M be a large positive constant and define

I'={1}U{i <p:dx <Ml Yk =i}, (3.29)
I' :={i € I : q; is close to a critical point yj, satisfying (1.2)}. (3.30)

Note that the set I contains the indices i such that A; and A; are of the same order.
We divide the set V (p, €) into four subsets:

Fii= > bt - 3 i € I such that ;| VK (@)] = c/} ,
Fri= 3 i : ¥Vi € I, MiIVK ()| <2C and I’ = @},

Fyi= Y b 1 =1' = (1) and 1| VK (@))] = 2C'},

Fyi= Y b ¥ i € L MIVK(@)| 2C', #(1) = 2and I' £},

where C’ is a large positive constant. In each subset we will define a pseudogradi-
ent and the vector-field W required in the proposition will be defined as a convex
combination of all the pseudogradients. Let us denote by

1 9% VK@) \ G VK@) and Z; = a0 (3.31)
= — i a; an = A —, )
LT M 04 VK @] 2 ’ Y

where 13 is a cut-off function defined by ¥3(t) = 0ift < n and Y¥3(¢) = 1 if
t > 2n with n a large positive constant 2n < C”).

First, we remark that, by using Proposition 5.1 and (3.14), for each ¢ < p,
since 7 is large, it is easy to obtain

VK (a; 1
(=VI@), Xi) = 3 (4| VK (@) ('Aﬂ +37+0 > eki)) .63

(—VJ(u), - Zzizl) >c Y ear+O (Z A—Z) +o0 (Z ek,> . (3.33)

i>q k>q;r#k i>qg i k#r

e In Fy, we define W, := Zisp X, —C Zisp 217;, where C| is a large positive
constant (Cy < C’'/MP). Using (3.32), (3.33) and the fact that there exists an index
i € I suchthat A;|VK (a;)| > C’, we derive the estimate of claim (i) in this case.
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e In F), we remark that we can write u as

u=uy+ uy where u; = ZO{,‘SZ‘ and up, = Z“i‘si'
icl iZl

Observe that uy € V(#(I), ¢). Since I’ = @ we can apply the vector field defined
in [14] in this set, we will denote it by Y (#1). Hence we define Wy := Y (u;) —
MZ,‘¢1 2017 + Zi¢1 X;, where M is defined in (3.29). Using [14] and (3.32),
(3.33), we obtain

VI Wy 2 e Y L S oS,

i<p ! k#r
Thus the estimate of claim (i) follows in this case.

e In F3, we have I = I’ = {1}. Let y, be the critical point which is close to
aj. As in the proof of Proposition 3.5, we define W31 and W32 by (3.21) and (3.22)
respectively with n = 4. Following the proof of (3.25), we obtain

(VI W), W)+ WD) = LY A(la‘” = + 0 (Y ew). (3.34)

In this region, the pseudogradient will be defined as W3 := Wl—i—W2 C Zl>2 217+
Zi<p Xi where C is a large positive constant. Using (3. 32) 3. 33) (3.34) and the

fact that A, > = o (e;;) foreach i ¢ I and j € 1, we derive

VK (a;
(—VJ(u), W%)>C28k”+cz| (a)l‘f‘cz)\’i—k)\iﬂ
1

k+#r i<p Ai i>2

Thus the estimate of claim (i) follows in this case.

e In Fy, we decrease all the variables A; with different speeds. First, observe that
){2 <cumeijforeachi, j € I,i # jandfori € I’ we have AK (a;) = o(1). Thus,
we define W := — 3",y Zi =m' Y icpp Zi = 2 igr 2' Zi +m" 3, Xi, where
m’ and m” are small positive constants (they satisfy m’cy; and m”/m’ are small).
Using Proposition 5.1, (3.32), (3.33) and the fact that Ai_z =0 (81'1') foreachi ¢ I
and j € I, we derive

VK (a;
(=VI@), Wa) =Y e +c Z' @l | )\2,

kr i<p i

which implies the estimate of claim (i) in this case.
Finally, the pseudogradient W will be defined by a convex combination of Wy,
., W4. This vector field satisfies claim (i).
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Regarding claim (ii), as in [10] and [14], it follows from claim (i) and the
estimate of ||7]|> which is small with respect the lower-bound of claim (i).

Concerning claim (iii), it is easy to get that |W| is bounded. Furthermore, from
the definition of the W;’s, we remark that the maximum of the A;’s is a decreasing
function on the sets F1, F3 and F4. However, in F,,if I #£ {1, ..., p}, the maximum
of the A;’s is a decreasing function. Butif I = {1, ..., p}, we have the same case
as [14]. Thus claim (iii) follows. This completes the proof of the proposition. [

4. Proofs of the theorems

Proof of Theorems 1.1 and 1.3. Before giving the proofs of our results, we will
prove an abstract argument which provides a lower bound on the number of crit-
ical points of J. For that purpose let /Co,, be the set of critical points at infinity of J
and let L be their maximal Morse index. We set:

X = Uzeloo Wulzoo),

where W, (z0) is the unstable manifold of the critical point at infinity zsc.
By a theorem of A. Bahri and P.H. Rabinowitz [13], we have that:

X = Uzektoo Wu(2) U Uy critical point dominated by a point z.eKo} Wu(y)-

Recall that z is said to be dominated by another critical point at infinity z/ if
Wu(Zf)o) N Wi (ze0) # 9.

Therefore X is a stratified set of top dimension Ly. Moreover it is contractible in
>+, by taking its suspension, that is, for a € >+, we consider C(X) := {ftx+(1 -
t)a; x € X} . Let U such a contraction which is a stratified set of top dimension
Lo + 1. U can also be deformed using the flow of —VJ. For dimension’s reason
the stable manifold of any critical point of Morse index > L¢ 4+ 2 can be avoided
during such a deformation see e.g. [34]. Therefore U is deformed onto some set

Z = Uzex Wi (2) U Uy, dominated by x) Wu (x)
where z is a critical point or critical point at infinity.
We prove now the following proposition:

Proposition 4.1. Assuming that K satisfies the condition (H1) if n =3and (H1,H2)
if n = 4 and that all the critical points of J having their Morse index less or equal
to Lo + 1 are nondegenerate, then it holds:

#{ critical points of Morse index < Lo+ 1} >

1= ) (=@

1els0

, 4.1)

where () denotes the Morse index of the critical point at Infinity t.
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Proof. Since X is contractible in Z, we have from the exact sequence in homology
that:

w = Hi (X) = Hi(Z) — Hi (2, X) = Hi1(X) > He—((Z) — - -+,

where Hy(X) := Hi(X, Q) is the k-th homology group with rational coefficients.
Therefore it follows that

L0+1 )
> (=1 (dim H;(Z, X) + dim H; (X)) = 1,
j=0

which implies then

Lo+1 Lo )
> dimH{(Z.X) = [1= ) (-1 dim H;(X)]. (4.2)
j=0 j=0

Now observe that the pair (Z, X) is built by adding to X the unstable manifold of
other critical points of index < Lo + 1. Namely each time we add one of these
unstable manifolds, starting from X and going with increasing index. At each step
the new object we obtain has a total dimension of homology increased at most by
one. Therefore the total homology of (Z, X) has its dimension upper bounded by
the number of critical points of index < L + 1, not dominated by X. Therefore we
have the following Lemma:

Lemma 4.2. Under the assumption that all the critical points with Morse index
less or equal to Lo + 1 are nondegenerate, it holds:

Lo+1
Z dim H;(Z, X) < #{critical points of index < Lo+ 1}.
j=0

The critical points in the above estimate are those in Z but not in X.

Now Proposition 4.1 follows from formula (4.2) and Lemma 4.2. Indeed it
follows from (4.2) that:

Ly ) Lo+1
1= (=Didim H;(X)| < dim H;(Z, X).
j=0 j=0
Now observe that:
Lo _
Z(—l)/ dim H;(X) = x(X) (The Euler Characteristic of X) .
j=0

Since by Proposition 7.24 of [13],

X = Uzoo Wiy (ze0) U U{y dominated by zeo €0} Wu(y),
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it follows then that x (X) is equal to
x(X) = Z (_l)index(Zoo) + Z (_Dmorse(y).

200€K o0 yeX, critical point
Therefore
. Lo+1
L= > (=Gl < 3" dim Hj(Z, X) + # {critical point in X}.
Zoo E}COO /:O

Using now the upperbound of Lemma 4.2 on the homology on the right hand side
of the above formula, our claim in Proposition 4.1 follows. O

Once Proposition 4.1 is proved, Theorems 1.1 and 1.3 follow immediately. [

5. Appendix

This Appendix is devoted to some useful expansions of the gradient of J near a
potential critical points at infinity consisting of p masses. Those propositions are
extracted from [9] and [10] (with some change). In the sequel, we will write §;
instead of §(4; 1)

Proposition 5.1. Ler n = 3,4 and K be a C? positive function. For each u =
Zle a;8; € V(p, &), we have the following expansion

09; # AK (a;)
(a) (VJ(u) Y a)\) —CzJ(M)ZOlJ ¥ b} 2¢y o TR
J# i
1
where R; = o <Z &kr + E)
k#r i
1 96; 2=y VK
O (V7. 00 ) = s e TG o (Tay 4 ).
Ai da; k#i i

(c) If a;i is close to a critical point y of K satisfying (1.2), then the above estimate
can be improved and we obtain

< Jw, L 36; ) 20— 142 ] bylxk + A (ai)i|Pxi
A 8( ik

==2J(u) "2 o) —
W e (L x P!

( )+o(;w>,

where k < n and (a;)i is the k-th component of a; in some geodesic normal
coordinates system.
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Furthermore, if we assume that Lila;| < p, where p is a small positive constant,

then
38 9 b 1

&ij
oA
Proof. Claims (a) and (b) follow from [9]. Regarding claim (c), for simplicity, we
assume that the critical point is zero. Following [9], it remains to expand the two
integrals

/ K( )5% 1 a5
x)S! —
n ! )\.i a(a,‘)k

A (g — (@)
=n-2 bjlx;I’P +R :
m=2 [ (Sblul +rw) S

+ A7l — a2y

1

1 / Xk 1
= — bilxk + ri(a)i|P —————dx +o| — | .
2f Jr R A7

i

_ d6;

/ K(X)Si(wz)/(n 2))"'3_)\1.
7 i

1—22|x —a;)?

n—2 1
= bjlx;lPAn dx+o|—
2 /]RZ ik (14 23x — a;[P)nt! ()f)

n—21 1 —|x|? 1
— _ . . (a:) 1B —
) X?ij/;@ |xj +)"l(al)]| (1+|x|2)”+1dx+0 )\f} .
Observe that if A;|a;| is very small, it is easy to prove that
1= |x? 1= |x?
. (g 1P - B
/Rn Ixj + Ai(ai)jl (1+|x|2)n+1dx—/w |x | (1+|x|2)n+1dx—|—0(l)<0,

and the second integral in the above estimate is independent of j. Hence the result
follows. O

Lemma 5.2. Foreachn € Randi =1, --- ,n, we have

. B Xi _ - _
/Rnlx,+n| (1+|x|2)n+ldx—0 iff n=0.

Furthermore, for each € > 0, there exists a positive constant ¢ > O such that

RIY. i c
xi + —————dx| >c¢ foreach > e.
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