EXTRINSIC POLYHARMONIC MAPS INTO THE SPHERE

ALI FARDOUN, STEFANO MONTALDO, CEZAR ONICIUC AND ANDREA RATTO

Volume 331 No. 2 August 2024






PACIFIC JOURNAL OF MATHEMATICS
Vol. 331, No. 2, 2024

https://doi.org/10.2140/pjm.2024.331.259

EXTRINSIC POLYHARMONIC MAPS INTO THE SPHERE

ALI FARDOUN, STEFANO MONTALDO, CEZAR ONICIUC AND ANDREA RATTO

In the first part we shall prove that the inverse of the stereographic projection
7l :R" - S" (n > 2) is extrinsically k-harmonic if and only if n = 2k.
In the second part we shall study minimizing properties and stability of its
restriction to the closed ball B” (R). In this context we shall prove that there
exists a small enough positive upper bound R; such that x1:B"(R)—> S"
is a minimizer provided that 0 < R < R;. By contrast, we shall show that
x~1: B"(R) — S" is not energy minimizing when R > 1. Finally, in some
cases we shall obtain stability with respect to rotationally symmetric varia-
tions (equivariant stability) for values of R which are greater than 1.

1. Introduction and statement of the results

In order to set our work in an appropriate setting, let us first briefly recall some
basic facts about some well-known intrinsic energy functionals.

The classical energy functional, whose critical points are called harmonic maps,
is defined by

(1-1) E(u) = %/M|du|2dvg,

where u : M — N is a smooth map between two Riemannian manifolds (M, g)
and (N, h) of dimension m and n respectively (we refer to [6; 7] for background
on harmonic maps). In analytic terms, the condition of harmonicity is equivalent to
the fact that the map u is a solution of the Euler—Lagrange equation associated to
the energy functional (1-1), i.e.,

(1-2) T(u) = —d*du = trace Vdu = 0.

The left member t(u) of (1-2) is a vector field along the map u or, equivalently, a
section of the pull-back bundle x~!(TN): it is called tension field.
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Leti:S" < R"*! denote the canonical inclusion. In the special case that N =S”
the harmonicity equation (1-2) takes the following form, where, with a slight abuse
of notation, we write u for i ou:

(1-3) At +hju =0,
with
(1-4) A= —(u, Au) = |Vul|*

and the sign convention for the Laplacian A is such that, for a function f: M — R,

_ L9 ij 0

A related topic of growing interest deals with the study of the so-called biharmonic
maps. These maps, which provide a natural generalization of harmonic maps, are
the critical points of the bienergy functional (as suggested in [6; 8]):

(1-6) Bxw =1 [ e,

There have been extensive studies on biharmonic maps (see [5; 15; 21; 22] for an
introduction to this topic). For future comparison we point out that, when the target
manifold N is the Euclidean sphere S”, the bienergy functional (1-6) takes the form

(1-7) Ex(u) = %/ (AT |Pdv, = %/ (|Aul?® — |Vul*) dv,,
M M

where, again, we have written u foriou, i : " — R**! and ()T denotes the
tangential component to S".
The inclusion i : S” < R"*! enables us to consider the Sobolev space

W22 M™, S") = {ue WM™, R"™™) tu(x) = @' (x), ..., u" ' (x)) € S" ae.}

and so we say that u is a weak critical point if it verifies the Euler—Lagrange equation
in the sense of distributions.

Since any harmonic map is trivially biharmonic we say that a (weakly) biharmonic
map is proper if it is not (weakly) harmonic.

In general, it is very difficult to apply variational methods and, particularly, direct
minimization, to deduce the existence of proper biharmonic maps. The main reason
for this is the fact that harmonic maps provide absolute minima for the bienergy.
To overcome this difficulty, an interesting variant of (1-7), called extrinsic bienergy
or Hessian energy, has been introduced to study maps into S". This new functional
(see, for instance, [1; 4; 11; 13; 14; 16; 23]) is defined by

(1-8) ES*(u) = f | Au|*dv,
M
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and its Euler—Lagrange equation is
(1-9) A%u+ru =0,

where 5 5
M = A(|Vul|?) + |Au|” +2VAu.Vu.

Here and below,
(1-10) Vu=Vu',...,Vvu"") and Au=(Au',..., Au"),

where V is the gradient on (M™, g) (note that each entry of Vu is an m-dimensional
vector field tangent to M) and we denote by . a scalar product in the sense that

n+1
(1-11) Vu.VAu = Z(w-i, VAu'),,
j=1

where (, ), is the scalar product associated to the Riemannian metric g.

Next, let us introduce in detail a conformal map which will play a central role
in this paper. The inverse of the stereographic projection, denoted by 7!, can be
described as

-1 n n n ( 2 1— rZ)
(1-12) 7 RM->S"CcR'"xR, x— x, —— |,
1+r2" " 14712
where r = |x|. In some instances, we shall also denote by 7 ! the restriction of 77 !
to the n-dimensional ball B"(R) of radius R.

We point out that, in general, # harmonic does not imply that u is extrinsically
biharmonic. For instance, the map 71 is conformal and when n = 2 is harmonic,
but not extrinsically biharmonic.

When n = 4, 7! is not harmonic, but it is a critical point for both (1-7)
and (1-8), that is, it is both intrinsically and extrinsically biharmonic. Therefore,
it is reasonable to think that, when n =6, 7! could be a critical point of a suitable
third-order energy functional.

There are two natural energy functionals of order 3. The first is the intrinsic
3-energy:

(1-13) Es(u) = %/ dt|*dv,.
M

Critical points of (1-13) are called triharmonic maps. These maps have received
plenty of attention in the literature: their study was proposed in [6; 8] and important
progresses were made in a series of papers by Maeta (see [17; 18; 19; 20]) who
obtained the Euler-Lagrange equations and several general results. Particularly,
the study of triharmonic immersions into S" provided significant examples. By
contrast, as a part of a more general result, we recently proved in [3] that there exists
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no proper triharmonic rotationally symmetric conformal diffeomorphism from R”
to S"\Pole (n > 2). In particular, the map (1-12) is not triharmonic for all n > 3.

This fact, together with the hope to use more effectively variational methods,
suggested to us to turn our attention to a suitable class of extrinsic k-energy func-
tionals, a context in which we expect that conformal maps may play a significant
role when n = 2k.

More specifically, let (M™, g) denote a compact Riemannian manifold. Again,
we consider the canonical embedding of the unit Euclidean sphere i : $" < R"**!
and, if u is a map from M into S", we shall write u = (ul, R u"“) for i ou.
Assuming that & is a positive integer, we shall work in the Sobolev spaces

WEEM™, S = {ue WM™, R tu(x) = (! (), ..., u" (x) € S" ae. ).

The extrinsic k-energy functional Ef*(u) is defined on WkZ(M™, S") as
(1-14) EX(u) = / |A‘Yu|2dvg, when k = 2s,

M
(1-15) E,‘:f’“(u):/|VAsu|2dvg, when k =25+ 1.

M

Of course, if k = 1, the extrinsic 1-energy coincides (up to the constant %) with the
classical energy. Therefore, our interest is mainly on the case k > 2.
We say that u € WH52(M™, S™) is an extrinsic (weakly) k-harmonic map if

d
_Eext — O
dr * (ur) 1=0

for all variations
u+teo

U= —"7"—7

lu+1¢]
where ¢ € CO(M™, R"H1),

A very important class of critical points are the so-called minimizers. Specifically,
a minimizer, or minimizing extrinsic k-harmonic map, is a map u € W52(M™, S™)
such that

EP(u) < EZ(v)

for all v € WE2(M™, S") such that u — v € Wy > (M™, R**1).

If u is an extrinsic k-harmonic map, we say that u is stable if

2
dr?
We point out that if # is an unstable critical point, then it cannot be a minimizer.

The following proposition provides the explicit expression of the Euler-Lagrange
equation associated to the extrinsic energy functionals Eg*(u).

E (uy) > 0.
t=0
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Proposition 1.1 (see [10]). Let (M™, g) denote a compact Riemannian manifold.
Assume that k > 2 and let u € WE2(M™, S™). Then u is an extrinsic (weakly)
k-harmonic map if and only if

(1-16) Au+ru=0

in the sense of distributions. Moreover, if (1-16) holds, then

k=2 k=2
(1-17) ae = ATV + Y A (AT, Au)) +27) 7 A (Vu VAR )
Jj=0 j=0

(note that A°u = u and () is the scalar product in R"+1).

Remark 1.2. As we shall detail below, it will be important for us to consider the
case that u is defined on a Riemannian manifold M which is not compact (for
instance, we shall study the inverse of the stereographic projection 7! : R” — S").
Of course, in this context we shall say that u is extrinsically k-harmonic on M if
it is such on each bounded domain 2 C M and Proposition 1.1 still applies.

Our first theorem confirms that extrinsic energies are suitable to study analytic
and geometric features of 7 ~!. Indeed, we shall prove:

Theorem 1.3. Assume n > 2 and k > 1. Then the inverse of the stereographic
projection 11 : R* — S" is an extrinsic k-harmonic map if and only if n = 2k.

This result makes it natural to ask whether 7! : B*(R) — S* is energy
minimizing for the k-energy. It was proved in [9] that, when k = 2, the answer is
affirmative if and only if 0 < R < 1.

In this context we obtain:

Theorem 1.4. Let 0 < R < R}, where the constant R5 ~ 0.82 is defined in (3-14).
Then ="' : BS(R) — S° is energy minimizing for the extrinsic 3-energy.

As for higher-order energies, we do not have such an explicit upper estimate
for R, but we can prove:

Theorem 1.5. Assume n = 2k with k > 4. Then there exists 0 < R < 1 such that
771 B"(R) — S" is energy minimizing for the extrinsic k-energy provided that
0<R<R].

Proposition 1.6. Assume n =2k and R > 1. Then w~': B"(R) — S" is not energy
minimizing for the extrinsic k-energy.

As a consequence of these results, a very natural topic for further investigation
is to study when 7! : B*(R) — S* is a stable critical point for the extrinsic
k-energy. The study of this problem is not present in the literature, not even in the
case of the bienergy. In general, it seems to be a difficult task to obtain a complete
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answer depending on R and k. A starting point is to restrict attention to rotationally
symmetric variations, i.e., to the so-called equivariant variations. In this context,
our main result is:

Theorem 1.7. (i) The extrinsically biharmonic map 7~ : B*(R) — S* is stable
with respect to equivariant variations provided that 0 < R < R;tab ~ 1.81.

(ii) The extrinsically triharmonic map w~" : B8(R) — S° is stable with respect to
equivariant variations provided that 0 < R < R;tab ~ 1.43.

In our opinion, an interesting feature of Theorem 1.7 is the stability for values
of R > 1. In these cases, the image of the map is not contained in the closed upper
hemisphere.

Our paper is organized as follows. The proof of Theorem 1.3 requires to overcome
several technical difficulties and will be carried out in Section 2. In Section 3 we
prove Theorems 1.4, 1.5 and Proposition 1.6. The study of the second variation
will be carried out in Section 4, where we shall prove Theorem 1.7.

2. Proof of Theorem 1.3

We carry out some preliminary work. Let 7 = |x| and u : R"\{0} — S" C R"*! be
a map of the form

@ x=0n....x) = (p(r)x,q(r) =(p(r)x1, ..., p(r) X, q(1)),

where p(r) and g (r) are smooth functions for » > 0. We shall need to compute terms
involving A*u and VA¥u. To this purpose, it is convenient to define recursively the
following functions:

Po(r) = p(r),

P(r)y=P (r)+ (n+1) P._(r), k=1,
(2-2)

Qo(r)=q(r),

Oi(r) = Q)_;(r) +

—1
o Lo ), k=1

We observe that the above functions depend on n. However, since this dependence
will always be clear from the context, we have simplified the notation avoiding to
write P ,(r) etc. Next, we have:

Lemma 2.1. Let u : R"\{O} — S" C R be a map as in (2-1). Then, in the
notation of (2-2) for alli, k > 0 we have:

(i) Afu=(Pe(r)x, Qr(r).

(i) (A'u, Afu) =r>Pi(r) Pe(r) + Qi(r) Qx(r).
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X1 Py X1 0
Plxi|x 0 Pl x| x P
(i) VAR = [ 20 (2 | T 2 |
r : N r
Xn 0 X 0
X1 0 X1
Pixa |2 | |0 Qi 2
9 r E E 9 r .
Xn Py Xn

(iv) VA'u.VA*u =r>P/P/+nP;Pc +rP/Pc +rP; P, + Q. 0}.
(note that A°u = u and the scalar product . was defined in (1-11)).

Proof. The proof is a straightforward computation which can be carried out using

Ve =p' (0% Ap(r)=p" )+ T ),
A(fg) = fAg+gAf +2(V ], Vg- O
Proof of Theorem 1.3. Observe that the smooth map 7 ~! is of the type (2-1) with
1—r?
1472

2
(2-3) P =1 and q()=

We need to compute the explicit expression of the functions introduced in (2-2).
To this purpose, it is convenient to define the following sets of constants:

(2-4) By = (—DF2* k1 (k> 1)

and

k—1 j—1
(2-5) ak[j,n]:(I;)l_[(n+2£+2)l_[(n+2£ 2%) (m>2,k>1,0<j<k).
{=j

Note that we make use of the convention
q
HC( =1, whenever ¢’ <gq.

The following lemma is technically difficult, but crucial for our proof.

Lemma 2.2. Assume that n > 2. In the case of 1~' : R* — S", the explicit
expression of the functions Py(r), Q(r) introduced in (2-2) is
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By k
_ _ Tk . 2j
Qx(r) Be §k: [j.n—=21r% (k=1)
r)= ——> 7 aglj,n—2|r > 1),
2-7) k (1 +r2)2%+1 = kL)

Qo(r) =q(r) (=—1+Py(r)).

In order to preserve the flow of the exposition, the rather tedious proof of the
previous lemma will be given at the end of the proof of the theorem.

Now, using Lemma 2.1(i), we easily see that the Euler—Lagrange equation (1-16)
is equivalent to the system

Pr(r)+ ik p(r) =0,

(2-8) {
Qk(r) + Ak q(r) =0.

Next, let us assume that 7 ~' : R" — S” is extrinsically k-harmonic. Then, taking
into account that g(r) = —1 + p(r), equation (2-8) implies

(2-9) (=1+p@) Pc(r) — p(r) Qi(r) =0.

Using Lemma 2.2, we see immediately that (2-9) has the form

k+1
1

Y alj,nlrY =0
2\2k+2
(172252

(2-10)

for some real coefficients ck[ j, n]. Next, we observe that

ckl0, n] = Br(ax[0, n] —2a;[0,n —2])
k—1 k—1

= Bk<l_[(n—|—2£+2) —21_[(71 +2z))
=0 =0

k—1 k—1
= B, ((n +2k) l_[(n +20) —2n l_[(n + 23))
=1 =1

k—1

= B, ((Zk —m) [+ 2@)).

=1

Of course, if c¢[0, n] # 0, then (2-10) can hold only at isolated points. Therefore, a
necessary condition for the validity of (2-10) is ¢[0, n] =0, i.e., n = 2k. By way of
summary, we have proved that n = 2k is necessary for the extrinsic k-harmonicity
of 771 :R" — §".
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Conversely, let us now assume that n = 2k. If we use this assumption in the
definition of a;[j, n] it is easy to check that

k—1
alj,2k1=0 (j=1),  al0,2k]=]]Ck+2¢+2).
=0
From this, it follows easily that
P A
2-11) B _ ko
pr)  (I+rH*
where
k—1
(2-12) Akz—%Bkn(2k+2£+2)=(—1)"“ 22k (2h)1.
=0
In a similar fashion we find
k—1
alj.2k=21=0 (=2,  al0,2%k-21=][@k+20,
=0
L= 0 k—1
apll,2k —2] = (1) [Jek+20]J@e-2) =-]]@k+20.
=1 =0 =0
From this, using again Lemma 2.2, it is easy to conclude that
k—1
Oy (r) 1
- =—-B 2k +20) ————-
q(r) kLk TR
k-1
1 Ay
i
=—5B 2k +2¢+42 = .
25k g( T2t )(1 + )%k T (142

The conclusion is that, if n = 2k, then 71 : R* — S" is extrinsically k-harmonic
because it verifies the Euler—Lagrange equation (1-16) with

Ax

2-13 = ——
( ) k (1+r2)2k’

where Ay was defined in (2-12). So, it only remains to prove Lemma 2.2.

Proof of Lemma 2.2. First, we prove (2-6). We observe that n > 2 is a fixed integer
and so we proceed by induction on k. It is immediate to check that, independently
of n, Py(r) = p(r). Thus, our proof amounts to check that the functions Py (r)
defined in (2-6) verify the recursive law

1
(2-14) Pesr () = Py + L E D

PL(r).
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A straightforward direct computation, taking into account the expression (2-6)
for Py(r), shows that the right-hand side of (2-14) is given by

Ty(r)

(2_15) (1 + r2)3+2k ’

where

k—1
(2-16) Ti(r) = ZBk{Z(j D +2j+ 2 axlj+1,nr%

Jj=0 k
—(2k+1)(n+2)Zak jonlr¥
j=0
+22]( dk+n+2j—2) alj, n]r¥

Jj=1 k+1
+Qk+ D)@k —n+2)> alj—1,n]r¥

k+1 j=1 .
+Z(j—1)(—8k+n+2j—6)ak[j—1,n]r21}

j=1
k+1
= ZBk Z dj I’zj
j=0
for some real coefficients d;, j =0,...,k+ 1.

For later use we note that, applying directly the definition of ai[j, n] given
in (2-5), we have the following relations which hold for 1 < j <k:

(2-17) ak[j—l,n]:(Jk ) ]_[ (n+2+2£)1_[(n 2k+26)

{=j—1
GOk ez il
_[ 0 ](j)mg(n+2+2ﬁ)ﬂ)(n—2k+2£)

_ (n+2))
(k—j+1) (n—2k+2j—2)

axlj,n],

and, in a similar way, for 1 < j <k —1:

. k—j)(n+2j-2k) .
2-1 1,n]= )
(2-18) aglj+1,n] G 1212 axlj, n]

Moreover, we shall also need to use

, k+D(n—2k—-2)Qk+n+2) . ,
(2-19) %HU»]—(:]+k+Dm+Q]_% z)kUm](ijfb.




EXTRINSIC POLYHARMONIC MAPS INTO THE SPHERE 269

This last formula can be proved using again the definition (2-5) and the methods
which we employed in (2-17). Indeed,

a1, n]
_(FTUIT(+QE+D[]m+Qe 2% —2)
(k?) k k=1 (n—2k—2) il
=|: (lj) ](j)(n+2k+2)<£[j(n+2+26))(n—2k+2j_2) E}(l’l—Zk—l-Zf)

(k+1)(n—2k 2)2k+n+2)
C (—jHk+D(m+2j —2k—2)

ailj, n].

Next, since By+; = —2(k 4+ 1) By and taking into account the expression (2-6)
for Pyy1(r), the proof of (2-14) will be completed if we show that the coefficients d;
introduced in (2-16) verify

(2-20) di=—(k+1)agp1[j,n] forall 0<j<k+1.
Now, from (2-16), we find

do = (n+2)[a[1, n] — (14 2k) [0, n]]
k—1
=m+um—%ﬂjm+%+m—u+%mmmﬂ
=1
. o [0, 1]
_m+um %Hmu)

=—(k+1) (n 42k +2) ar[0, n]
= —(k + 1) Clk+1[0, n]

— (14 2k) a;[0, n]:|

and so (2-20) is proved when j = 0.
Next, computing and using (2-17)—(2-19), we obtain
dy = 2+ k) A+ 2k —n)aglk — 1, n] — (2 + 8k + 4k> + n) ax[k, n]
k4+1)n? —4(k +1)°3
=—(k+1)( ) ( ) arlk,n] = —(k+ 1) agy1[k, n],
(n—=2)
drr1=1Qk+1)(4k —n+2) + k(—8k +n+ 2k — 4)] ar[k, n]

=—(k+D(n—-2-2k)alk,n] = —(k+ 1) ak1[k + 1, n].

Thus, we have verified that (2-20) is true also when j =k and j =k + 1.
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As for the other coefficients, again, from (2-16) we find

(2-21) d;j=[Rk+D@k—n+2)+(j—D(=8k+n+2j—6)]ar[j—1,n]
+[2j(—4k+n+2j—-2)—Qk+ 1)(n+2)]arlj, n]
+(G+Dm+2j4+2)arlj+1,n].

forl <j<k-—1.

Next, substituting (2-17) and (2-18) into (2-21), after a routine simplification
and using again (2-19), we obtain

2

(222) d;=- (’zfjll " an fz)j.zf :k"fzf) axlj, ] = —(k + 1) @[, n).
Therefore, the verification of (2-20) is completed and so the proof of (2-6) is ended.

As for (2-7), we observe that the recursive definition (2-2) of Q4 (r) is as that
of Pi(r), with the only difference that n is replaced by n — 2. Moreover, the
difference between g (r) and p(r) = Py(r) is just the additive constant —1, which
is irrelevant for k > 1. Therefore, the explicit expression of Q(r) can be obtained
replacing n by n — 2 in the expression of P (r) and so the conclusion of the lemma
follows immediately. ([

In conclusion, the proof of Theorem 1.3 is now ended. (|

Remark 2.3. Let n = 2k. The extrinsic k-energy of 7! : R" — S" is finite. For
instance, explicit integration provides the exact value of the extrinsic 3-energy of
71 R6 — S

+00
ES'(r™") = Vol(S’) / [F*P* + 6P +2r P[Py + Q711 dr
0

3/+°° 512r°(Tr* 4 24r% + 12)
=7 r
0

(r2+1)°
256(7r8 +26r° +30r* + 1572 + 3) |7
_ 3200 267 30 A 157+ 3) T e s
(r2+1)> 0

Note that E(r ') =47 and E§(7~") = 6472

3. Proofs of Theorems 1.4, 1.5 and Proposition 1.6

Proof of Theorem 1.4. Step 1. Lemma 3.1 below is a version of Lemma 2.3 of [10]
in this context. The proof is similar, but we include it for the sake of completeness
(to shorten the notation, when the meaning is clear, we shall use “.” instead of (, )).

Lemma 3.1. (i) Let n =2k and k = 2s. If

(3-1) / A1 — (A7~ ) p*1dx >0
B"(R)
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forall ¢ Wg’z(B”(R), R™1), then m~" is energy minimizing for the extrinsic

k-energy.
(i) Letn =2k and k =2s + 1. If

(3-2) / (VA S+ (A2 ) (6T dx = 0
B"(R)

forall ¢ € W(I;’Z(B”(R), R+, then w=' is energy minimizing for the extrinsic
k-energy.

Proof. (i) We must show that
(3-3) E(r™") < Ef(v)

for all v € W*2(B"(R), S") such that 7~' — v € Wy *(B"(R), R"+").
On the ball B"(R) the map 7~ satisfies

(3-4) A¥r =A% L a gt

strongly. Thus we can multiply both sides of (3-4) by ¢ € W(l)c ’2(B”(R), R"*+1) and
we obtain

/ Asnl.As¢dx=/ (A7 ' a Yz lgpdx.
B"(R) B"(R)

Choosing ¢ = 7! — v we deduce that

f Asn_l.Asn_ldx—/ Ar7 ASvdx
B"(R) B"(R)

=[ (Azsn_l.n_l)dx—/ A7 ' a Yzl vdx,
B"(R) B"(R)

which for convenience we rewrite as
(3-5) —2/ |Asn_1|2dx+2/ Az ASvdx
B"(R) B"(R)

=-2 (A¥7z V7 Ydx+2 (A7 ' a Yz vdx.
B"(R) B"(R)

Next, we apply the hypothesis (3-1) with ¢ =7 ~! — v. Since 7!, v have values

in §" we have ) | 5 |
lp|" =7~ —v|"=2-21"".v

and so we easily find

(3-6)/ |Asv|2dx+f |Asn_1|2dx—2/ Az ASvdx
B"(R) B"(R) B"(R)

—2/ (Azsn_l.n_l)dx—i—Z/ A7 7z Yz vdx >0.
B"(R) B"(R)
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Finally, inserting (3-5) into the second line of (3-6), we obtain

/ |A-"v|2dx—f AT dx >0,
B"(R) B"(R)

which is precisely (3-3). The proof of part (ii) is analogous and so we omit the
details. ]

Step 2. Case n = 2k, k = 2s. Taking into account (2-12) and (2-13) it is easy to
deduce that the inequality (3-1) is equivalent to

2% (4s)!
(3-7) / [|AS¢|2 - (—5)4|¢|2] dx > 0.
B"(R) (l +r ) s
Similarly, when n = 2k and k = 2s + 1, equation (3-2) can be written as
246+2(4s +2)!
3-8 VASQP? — =" |¢|*| dx > 0.
(3-8) /m)[| R T |¢|] x>
We also point out that in (3-1), (3-2), (3-7) and (3-8) the test function ¢ is a
vector function ¢ = (¢!, ..., ¢"T!). But, since
n+1 n+1 n+1

IAGP =) AP, VAP =D IVA'YP and [pP =) 4],
i=1 i=1 i=1
we easily deduce that it suffices to prove that these inequalities hold for all scalar
test functions ¢ € Wy >(B"(R), R).

By way of summary, the validity of (3-7) (case k = 2s) or (3-8) (case k =25 +1)
for all ¢ € Wé"z(B”(R), R) is sufficient to insure that 7! : B%*(R) - S* is a
minimizer for the extrinsic k-energy.

As a special case, the proof of Theorem 1.4 will be complete if we show that the
inequality (3-8), with s = 1, holds provided that 0 < R < Rj.

To this purpose, we recall that in [12, Theorem 3, p. 2159] the authors proved
a general third-order Hardy inequality for bounded domains Q C R”, n > 6. It
is convenient for us to state their result in the special case n = 6 and Q = B%(R).
We set

(3-9) 1 =5TAQ), c2=6AQ2)>+4A@D)?*, c3=AQ2)A4)>,

where

Ly 2 .n—1
A(n)=inf{f01|v(r)| o dr :veX},
Jolv@) 2 rn—tdr

with
X ={veC'(0,1): v'(0) = v(1) =0, v £0}.
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In other words, A(n) is the first positive eigenvalue associate to the Dirichlet
problem for A on B”, i.e.,

S| VoI

An)=xr = inf{ an¢2

cpe Wy (BN, ¢ £ 0}.
It is also known (see [12]) that

[ (A9)?
Jpn®?

The value of A, which depends on n, is related to the first positive zero for a class
of Bessel functions.

More precisely (see [2]), let v = % — 1. Then A = juz, where j, denotes the first
positive zero of the Bessel function J, (). In particular,

A(n)2=inf{ e WA2NW,2(B"), ¢ 7—é0} =22,

(3-10) AQR)=ji~ (24?2 A@)=j~(3.8)".

Then we have:

Theorem 3.2 [12]. Let ¢ € W32 N W, >(BS(R)) with A = 0 on IB®(R), i.e.,
A¢ € Wy > (B®(R)). Then

2 2
(3-11) IVAGI? dx = =& ‘/’—4 - ¢—2 it ¢%dx,
BS(R) R* Jgor) x| R* Jpocry x| R® Jps(r)

where the constants c;, i = 1,2, 3, are defined in (3-9).

Now, we are in the position to conclude the proof of Theorem 1.4.
Indeed, since in our context ¢ € WS ’2(B6(R)), we can apply (3-11) and we
deduce (r = |x|):

C] (&) C3 2
3-12 VAG|*dx > +——+—|¢°d
( ) /I\;G(R)l ¢| r= LO(R)[RZF4 R4I’2 R6 ¢ *

= Yr(r) ¢ dx,

BS(R)

where we have set

Yr(r) =

C1 (8 Cc3
R2r4 + R4r2 + RS’
Now, taking into account (3-8), we deduce that (3-12) implies that (3-2) with s = 1
holds provided that

0<r<R.

46080
(3-13) Yr(r) — gy 0 on (0, R].
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Figure 1. Analysis of condition (3-13). Here v/ (r) =

Therefore, it is natural to define
(3-14) R; =Max{R > 0:(3-13) holds}.

Now, using (3-9) and (3-10), a routine analysis shows that R} is well defined
and (3-13) holds for all 0 < R < R3. Finally, a straightforward analysis carried
out with Mathematica shows that R} &~ 0.82 and so the proof of Theorem 1.4 is
completed. We have inserted the output of this study in Figure 1. ([

Proof of Theorem 1.5. We follow the method of proof of Theorem 1.4. Then,
when k = 2s > 4, it suffices to prove the existence of 0 < R <1 such that the
inequality (3-7) holds for 0 < R < R}. This can be achieved using another result
of [12]. Indeed, let us fix k = 2s. Then Corollary 2 of [12] enables us to say that
there exist positive constants cy, . .., ¢x such that

|AS¢| dx > /
/B"(R) ZRZE n(R)|x|2k 213

for all ¢ € Wé‘ ’Z(B”(R), R). From this we easily deduce that

k 2
(3-15) / |A P dx > —(26241,%)/ —¢ S dx
B"(R) R () (1 + [x|9)*
Therefore, setting -
RF—=2" (Zé:l Cf)
k 2s)!

it is easy to conclude that (3-7) holds for all 0 < R < R’. Moreover, as a consequence
of Proposition 1.6, we observe that necessarily R; < 1 and so the proof of the case
k = 2s is ended.
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Similarly, using again Corollary 2 of [12], we obtain the existence of 0 < R} <1
such that, when k =25 +1 > 5, (3-8) holds and so the proof is completed. (]

Remark 3.3. In order to obtain a numerical value for R}, k > 4, it would be
useful to know the exact optimal values of the positive constants cy, ..., ¢k, but
this datum is not available (see [12]). Therefore, in this case, we have preferred to
limit technicalities and we do not have introduced a function which could play the
role of Yg(r) in the proof of Theorem 1.4. Moreover, we point out that a better
estimate for R;’ could be achieved if Conjecture 1 of [12, p. 2164] were true.

Proof of Proposition 1.6. Following an idea of [9], we compare 7' : B*(R) — S"
with the map 7~! : B*(R) — S” defined as follows: 7! (x) = nj;l(x/RZ), where
Ty I is the map obtained from 7! by changing the sign of the last component.
In order to clarify the geometric construction, we point out that & represents
the stereographic projection from the south pole, while my is the stereographic
projection from the north pole. More explicitly, we have
2R? R*—r2
R 427 _R4+r2)’

(3-16) # ' B"(R) > S" CR" x R, x|—><

where, as usual, r = |x|. It is easy to check that 7~ ! and 77! coincide on d B"(R).
Next, we first observe that

1
A7 ) = ﬁmngl)(%)

| N A
R4S(A7TN) F .

Now, when n = 2k, k = 2s, we have:
-1 X
(AST[N )<F>

s~ —1 2 1
(A% )(x)["dx = —¢
B"(R) R S B"(R)

X 1
(using y = =) = —— f (AP R dy
R? R Jpmy

and so
(A7) =

2
dx

(using 85 = 2n) = / (A ()P dy.
B"(1/R)

Therefore, we can write

/ |Asﬁ_1|2dx:/ |A P dx
B"(R) B"(1/R)

=/ A 2 dx </ A 72 dx,
B"(1/R) B"(R)

which proves Proposition 1.6 in the case k =2s. The case k =2s+-1 is analogous. [J
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Remark 3.4. We point out that the map 7 ~! defined in (3-16), although it coincides
with 7! on the boundary 8 B*(R), belongs to a different homotopy class.

4. Second variation and equivariant stability
For convenience we rewrite 7! : B"(R) — S" as
“-1) 7V B"(R) > S"CR'XxR, x> (sinoz(r)f, Cosoz(r)),
r

where r = |x| and a(r) = 2tan~'r. We consider equivariant variations, i.e.,
rotationally symmetric variations as

(42) i () = (sinlar () +1 (1%, cosla(r) + 161,

where ¢ = ¢ (r) is any smooth real valued function on [0, R] such that u, is smooth
and preserves the boundary data. In particular, we now have ¢/ (0) =0, j > 0,
¢ (R)=0, j >0.

Therefore, we shall say that 7~ B¥(R) — S?f is stable with respect to
equivariant variations (shortly, equivariantly stable) if

d2
(4-3) W(E]?Xt(ut))ltzo >0

for all u, as in (4-2).
Next, we define a map JTg/éa : B"(R) — S" which represents the unit vector
field /0« along 7!

4 Tk YR > S"CR xR, x> (cosa()E, —sina(),
r

where again r = |x| and a(r) = 2tan"! r. Then a simple computation shows

d?u,(x)
-1 t -1 2
—”a/aa(x)¢ and proa T (x) @~

du;(x)
dt  11=0

Now, we prove a general, preliminary lemma.

(4-5)

Lemma 4.1. (i) Let n =2k, k =2s. Then =" : B"(R) — S" is equivariantly
stable for the extrinsic k-energy if and only if

(4-6) [|As(na_/13a D> — (AP a Y ¢*ldx =0 forall ¢ as in (4-2).
B"(R)

(i) Letn =2k, k =2s+ 1. Then w~' : B*(R) — S" is equivariantly stable for

the extrinsic k-energy if and only if

(4-7) [IVA* (330 ®)> — (A>T a7 ¢?1dx = 0 for all ¢ as in (4-2).
B"(R)
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Proof. (i) We consider variations of the type (4-2) and we use (4-5). Then on B"(R)

we have
= S ( t ) =l S (( t ) =
t=0 dt t=0 dt t=0
= s < : t ) = S (( : t> =
=0 dtz =0 dtz —

>= _AX(TL_—I ¢2)
t=0
d
:2 A t
3 an(R)d2< )

d s
(4-8) 77 (Buo)

) As(”a/aa )

and

>
4-9) 7 (Au)

Now,

(4-10) d (Ee’“( (A%up)l=o dx

t=0

d
+2/
B"(R) d

2

_I(AS(”I)”::O dx.

Substituting (4-8) and (4-9) into (4-10) we get

d? ext
(E (ur))

:_2/ AS(n—‘¢2).AS(n—‘)dx+2/ |A° (b $) P dx.
t=0 B"(R) B"(R)

Then, using the second Green identity, we deduce that the stability condition (4-3)
is equivalent to

/ [A° (5, DI — (AP~ 27! ¢ dx = 0
B"(R)
for any arbitrary smooth function ¢ as in (4-2), as required.

The proof of the inequality (4-7) of part (ii) is analogous and so we omit it. [

The stability inequalities provided by Lemma 4.1 are rather general, but difficult
to deal with because of the terms A* (”a/a ¢) and VAS (773_/}90[ Q).

Therefore, a natural first step is to investigate these inequalities under the as-
sumptions that £ is small. In this order of ideas, a straightforward computation
using Lemma 2.1 and some integration by parts leads us to the following:

Proposition 4.2. (i) The map w~' : B*(R) — S* is equivariantly stable for the
extrinsic bienergy if and only if

R
@-11) / |:r3¢”2(r) +9r¢”(r) + (9 3847 ) ¢2(r)] dr =0
0 ro (42t

forall p = ¢ (r) as in (4-2).
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(ii) The map =~ : BS(R) — SS is equivariantly stable for the extrinsic trienergy if
and only if

R 5
(4-12) / [rs¢W2(r)+30r3¢//2(r)+225r¢/2(r)—|— (ﬁ— mi;) ¢2(r)i| dr
0 ro (147r%)°
>0
forall p = ¢ (r) as in (4-2).

Remark 4.3. (i) As an alternative to (4-2), we could use

i (x) =77 () + 1y b, ().

Then we would have again (4-5) and so we would reobtain the conclusion of
Lemma 4.1.

(ii) In the case that ¢ = ¢ (r) is radial, the inequality (3-8) (s = 1) on B®(R) turns
out to be equivalent to

46080r°
2)6¢ (r)|dr = 0.

R
S5 2 3 2 2 _
/0 [r ¢ (r)+15r°¢"“(r) +45r ™ (r) —(1 g

We observe that this condition is stronger than (4-12).

Now we can proceed to the proof of our main result in this context.

Proof of Theorem 1.7. (i) According to Proposition 4.2 it suffices to show that
(4-11) holds provided that 0 < R < R;tab ~ 1.81.
First, a simple computation using integration by parts leads us to

R
(4-13) / (3¢ (r) +9r¢>(r)) dr
0 6 Vo

—_— ——dx.
VOI(S3) B*(R) I"2 .

- A¢|*d
V01(§3) B4(R)| ¢| xt

Next, Theorem 4 of [12] gives

A((—A)2, 4
(4-14) / |A¢|2dx2¥ ¢ dx,
BY(R) R BY(R)
where, keeping the notation of [12], we have
A((—A)?,4) > jij3 ~387.23.

Using (8) of [12], we also have

2
4-15) f VO s ! |:i2+A(2)]¢>2dx.
B r

4(R) r2 _R2 B4(R) R2
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Inserting (4-14) and (4-15) into (4-13) we deduce

A2
(A(—AN)7, 4) 6 6A(2)]¢2dr.

R R
(4-16) /0 ¢ (r)+9r¢ ()] dr = /0 [ R* 2T R

Next, we set
(A(—A)2, 4)+6A(2) 6
R* R22 T ¥

Then it is immediate to conclude that (4-11) holds provided that

0<r<R.

Yr2(r) =

384
(4-17) Yro(r) — m >0 on (0, R].
Now, an analysis similar to the study of (3-13) (see the proof of Theorem 1.4) shows
that (4-17) holds provided that 0 < R < R;tab ~ 1.81, so ending (i).

(i1) According to Proposition 4.2 it suffices to show that (4-12) holds provided that
0<R<Ry*~143.

We shall use the following Hardy-type inequalities which again can be deduced
from Theorem 4 and inequality (8) of [12], respectively:

2 2
(4-18) / |A¢|2dxz9/ ¢—dx+6A(2) P ix
BS(R)

Bﬁ(R) 7‘4 R2 Bé(R)r_z
A(—A)% 4
Jr( ( 4) ) #dx.
R BG(R)
2 AQ2
(4-19) / IVp|>dx > 4 ¢—2dx+%) ¢*dx.
BS(R) BS(R)T R= Jps(r)

Next, a computation similar to (4-13) enables us to write
R R
/ IVAG|? ridr = / [P ¢ (r) + 15r3 "% (r) + 45r ¢ (r)] dr,
0 0
R R
(4-20) / MG Fdr = f (75§ (r) + 57 ¢ ()] dr.
0 0

R R
/|V¢|2r5dr:/ & (r)rdr.
0 0

Now, using (4-20), we deduce

R
(4-21) / [ ¢ 4 30r3 "% + 225r "] dr
0

R A 2 \V/ 2
=/ [|VA¢|2+15| d +105| d :|r5dr.
0

72 ré
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Next, using (3-11), (4-18), (4-19) and (4-21) into (4-12), we obtain that (4-12) holds
provided that
(4-22) Vr3(r) — 30089 0 on (0, R],
’ (14726 —
where we have defined

cl ¢ c3 1579 6AQ) (A=A 4)
AT R T R

10574 AQ) 225
7\ *

Vr3(r) = R2r4 + R4r2 + RS ' R?

2 R2 6
Now, an analysis similar to the study of (3-13) shows that (4-22) holds provided
that 0 < R < Rgtab ~ 1.43, so ending the proof of Theorem 1.7. O
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