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Abstract: Given a positive function F' defined on the unit Euclidean sphere and
satisfying a suitable convexity condition, we consider, for hypersurfaces M™ immersed
in the Euclidean space R"t1, the so-called k-th anisotropic mean curvatures H ,f' ,
0 < k < n. For fixed 0 < r < s < n, a hypersurface M" of R"*1 is said to be
(r, s, F)-linear Weingarten when its k-th anisotropic mean curvatures HE r<k<s,
are linearly related. In this setting, we establish the concept of stability concerning
closed (7, s, F')-linear Weingarten hypersurfaces immersed in R*t! and, afterwards,
we prove that such a hypersurface is stable if, and only if, up to translations and
homotheties, it is the Wulff shape of F'. For r = s and F' = 1, our results amount to
the standard stability studied, for instance, by Alencar-do Carmo—Rosenberg [1].
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1. Introduction and statement of the main result

In recent years, following the seminal ideas established by Reilly
in [24, 25], several authors obtained geometric properties of a hyper-
surface through the study of the Euler-Lagrange equation associated to
certain variational problems (see, for instance, [1, 4, 5, 6, 14, 11, 29]).
Proceeding into this branch, in this paper we deal with a suitable class of
closed hypersurfaces immersed in the Euclidean space R™t!, which are
critical points for the variational problem of minimizing a linear combina-
tion of certain area functions preserving the volume enclosed. A precise
description of our object of study will be given after some preliminaries.

Let F': S® — R* be a positive smooth function which satisfies the
following convexity condition:

(1.1) (D®*F + FI), >0, YxeS",
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where D?F denotes the intrinsic Hessian of F on the n-sphere S™ of R**1,
I denotes the identity on T,,S™, and > 0 means that the matrix is positive
definite. We consider the map

¢: S* — RHL

(1.2) x+— F(x)x 4+ (Ven )y,

whose image Wr = ¢(S") is a smooth, convex hypersurfaces in R™*!
called the Wulff shape of F' (for more details concerning the properties
of the Wulff shape see, for instance, [9, 14, 16, 17, 18, 19, 27]). We
note that, when F' = 1 we have that the Wulff shape of F' is just the
n-dimensional Euclidean sphere S C R"*!,

Throughout this paper, : M™ — R"*! will stand for a smooth im-
mersion of a closed oriented hypersurface and N: M™ — S™ will denote
its corresponding Gauss map. In this setting, let

(1.3) Ap:=D*F +FI

and
Np:=¢oN: M" — Wr,

which is called the generalized Gauss map into the Wulff shape. Then
Sp:=—dNp = —ApodN

is defined as being the F'-Weingarten operator.

According to the previous definitions, we note that although Ag
and dN be symmetric operators, Sp is symmetric if and only if Ap
and dN commute, which does not occur in general. We point out that
all the roots of the characteristic polynomial of Sg are real. The eigen-
values of S are called the anisotropic principal curvatures of x and are
denoted by A1,...,A,. Moreover, if the principal curvatures of x are
positive, so are the anisotropic principal curvatures A; (for a proof, see
Lemma 2 in [10]).

At each p € M™, Sp restricts to a linear map Sr(p): T,M — T, M.
For 1 < k < n, let Si(p) denote the k-th elementary symmetric function
on the eigenvalues of Sg(p); thus one gets n smooth functions Sg: M —
R, such that

n
(1.4) det(t] — Sp) =Y (—1)FSpt" ",
k=0
where Sy = 1 by construction. If p € M™ and {\x} are the eigenvalues
with respect to the operator Sr(p), one immediately sees that

Sk =0k(A1,...,Ap) = Z Xiy A

1<i1 < <ip<n
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where o, € R[X7,...,X,] is the k-th elementary symmetric polynomial
on the indeterminates X1,..., X,.

For 1 < k < n, one defines the k-th anisotropic mean curvature H ,f
of = by

(1.5) <Z> HE = op (M, ).

There exist many works concerning the properties of the k-th anisotropic
mean curvatures of hypersurfaces in R"*! space. We refer the readers
to [10, 13, 14, 15, 16, 23, 30].

At this point, we are in a position to define our geometrical object of
study: an immersion x: M™ < R"*"!issaid a (r, s, F')-linear Weingarten
hypersurface if, for some integers r and s satisfying the inequality 0 <
r < s <n—1, holds the following linear relation

aTbTHTF+1 + -4 aSbSHil = constant,

for some nonnegative real numbers ay, k € {r,..., s}, with at least one
non zero, where by = (k+1)(,";) and F: S" — R* is a positive smooth
function which satisfies the convexity condition (1.1).

We observe that, when r = 0, s = 1, and F = 1, these hypersur-
faces are classically called linear Weingarten hypersurfaces and, in the
last years, a vast literature has been produced in the direction to obtain
characterization results of them (see, for instance, [2, 3, 7, 8, 20, 26]).
In this paper we extend this study to the anisotropic case. It is said that
a phenomenon has anisotropic behavior when its effects vary with the di-
rection; as opposed to isotropic behavior (homogeneous in all directions).
This is observed in many phenomena of nature. Indeed, it appears that
anisotropic properties are present in the study of many phenomena. For
example, crystals whose propagation of light depends on the direction
exhibit optical anisotropy [28]. The (s, s, F)-linear Weingarten hyper-
surfaces are exactly the hypersurfaces with HF, 1 constant. On the other
hand, taking into account that all the anisotropic principal curvatures of
the Wulff shape Wg are constant (see, for example, [14]), we have that
Wr constitutes a natural example of closed (r, s, F')-linear Weingarten
hypersurface immersed in R"*!, for any 0 <r < s <n— 1.

Motivated by the previous discussion, here we will establish the notion
of stability concerning closed (r, s, F')-linear Weingarten hypersurfaces
in R, Such concept arises considering the variational problem of
minimizing a suitable linear combination of certain functionals (k, F')-th
areas for volume-preserving variations (cf. Section 4). Now, we are in
position to state our main result.
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Theorem 1. Let r and s be integers satisfying 0 < r < s < n — 2,
n >3, and let x: M™ — R"*! be a closed (r,s, F)-linear Weingarten
hypersurface with Hﬂl positive. Then, x: M"™ — R™*! is stable if, and
only if, up to translations and homotheties, x(M) is the Wulff shape
of F.

We observed that taking » = s in Theorem 1 we reobtain Theorem 1.3
of [14]. The proof of Theorem 1 is given in Section 5.

Remark 1. Related to the isotropic case, Micallef and Moore [22] proved
that any minimal 2-sphere in a manifold with positive isotropic curvature
is unstable. More recently, Li [21] showed the nonexistence of stable
immersed minimal surfaces uniformly conformally equivalent to C in any
complete orientable 4-dimensional Riemannian manifold with uniformly
positive isotropic curvature.

2. The operators Py, Ti, and Ly

In order to give a description of our variational problem, we will
need to define some suitable operators associated to a hypersurface
x: M™ < R™! as in the previous section. The first ones are the oper-
ators P: X(M) — X(M), 0 < k < n, which can be defined inductively
from the F-Weingarten operator Sg and k-th anisotropic mean curva-
tures HY by

n

k
where I denotes the identity in X(M). Equivalently,

(2.2) Py = Zk:(fl)f (k " ) HE S0

=0 -

(2.1) Py=I and P, = < >H,ff P,_108p,

Note that each Py (p) is also a linear operator on each tangent space T, M
which commutes with Sr(p).
The operator Tj: X(M) — X(M), 0 < k < n, is defined by

(23) Tk ZPkOAF.

Note that, since Ap and dN are symmetric, from (2.2) we have that the
transformations T} are all self-adjoint operators. So, likewise Sg o AF,
dN o Sp, and dN o P, are symmetric. Moreover, taking into account
that

Ty—10dN = P,_10ApodN = —Py_; o Sk,
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we get
N\ F N\ 7 F
(24) P, = i HkIka_loSp: I HkI+Tk_1OdN.
Finally, we define the operator Ly: C®(M) — C*>°(M) by
(2.5) Li(f) = div(TL(V ).
Equivalently,
(2.6) Li(f) =) [(Tk)ijfa} 2
2%}
where we denote the coefficients of covariant differential of f and Ty
with respect to a (local) orthonormal frame {ej,...,e,} on M™ by f;
and (T});j, respectively. In particular, we the F-Laplacian is defined by
(2.7) Ap(f) = Lo(f) = div(Ap(V[)).

3. Key lemmas

This section is devoted to other auxiliary results which will be also
necessary to prove Theorem 1. Initially, we recall suitable inequalities
concerning the k-th anisotropic mean curvatures, which will be very
useful to show our main result.

Lemma 1. Let 2: M™ < R**! be a closed hypersurface and F: S™ —
RT satisfying the condition (1.1). If HE | is positive on M™ then for
1 <k <s, we have:

(i) each k-th anisotropic mean curvature H,f s positive;

(ii) HfH,fH — Hlf+2 > 0.
Moreover equality holds for some k in (ii) if, and only if, the anisotropic
principal curvatures are equal.

Proof: Ttem (i) corresponds to Lemma 10 of [10]. For (ii), it is known
that the following generalization of the Cauchy—-Schwarz type inequality
holds true (see, for instance, [12, Theorem 51, p. 52, and Theorem 144,
p. 104]) for any 1 <k <n—1:

(3.1) (H{)? = Hi_y Hiyy 20,
the equality occurring for some k if, and only if, at this point the

anisotropic principal curvatures are equal. As HF > 0 for any 0 <
k < s+ 1, we can write the inequality (3.1) as follows:

F
Hlf > Hk+1
F = F
Hk—l ch
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for any 1 < k < s+ 1, and equality holds for some k if, and only if, at
this point the anisotropic principal curvatures are equal. Hence, we have
the inequalities

F F HF
(3.2) B> M M s s The
Hi H, Hk+1

for all 0 < k < s, and equality holds in (3.2) if, and only if, the
anisotropic principal curvatures are equal. Thus, from (3.2) we obtain
the results, finishing the proof. O

Now, we will quote well known result which will be used later (for a
proof, see He and Li [13, 15] or Palmer [23]).

Lemma 2. Let z: M™ < R be an isometric immersion of a closed
orientable Riemannian manifold M™ and F: S* — RT satisfying the
condition (1.1). If Ay = Ao = --- = X\, = constant # 0, then up to
translations and homotheties, x(M) is the Wulff shape of F.

In the next lemma, we recall the so-called Minkowski formulas (see
He and Li [13, 15]).

Lemma 3. Let 2: M™ < R"*! be a closed hypersurface and F: S™ —
R* satisfying the condition (1.1). For each 0 < j < n —1, the following
Minkowski-type formulas hold

/ (FHE + HE, | (z,N))dM = 0.
M

At this point, we will fix some notation. Given f € C*(M) smooth
function, we define:

(3.3) Ii[f] == Li.f + (TxdN,dN) f;
(34) Res[f] =) (k+ DaIx[f].
k=r

We will also need of the following result due to He and Li [13].

Lemma 4. For each 0 < k <n —1, we have:

- Ik[F(N)]:—( )(VH,il,VsnF)—i—n(kzl)HfH,fH

n
E+1

n
—(k+2) (k n 2) H{\o;

n

(3.6) Iillw. V)] = —(k+ 1

)<<VH£H,xT> (k+1)HE).
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Finally, we also need of the following symmetry result, which will be
crucial to establish the proof of Theorem 1:

Lemma 5. For f,g € C®(M) and 0 <r < s <n—1, we have:

[ atatnast = [ ga,.fg i

Proof: By (3.4) we have

S

(3.7) /M oRralflaM = 3 (k+ Da [ gLi(f]dM.

k=r M
By Stokes theorem and from the symmetry of T}, we have
/ gL (f)dM :/ gdivT,VfdM
M M
- [ @mvsvg
(3.8) M
- [ s mvg au
M
:/ FdivT,VgdM :/ FLi(g) dM.
M M
Thus, by (3.3) and (3.8)
[ onlnast = [ gta(p+dian.an)pan
M M
— [ gmatparr+ [ oitian.any ant
M M
— [ @+ [ poimian.anyant
M M
= / F(L(9)+(TrdN,dN)g)dM = / fIxlg) dM.
M M

Therefore, by (3.7), (3.9), and (3.4), we have

/M o3 = 3+ Uy /M FIilg dM = /M [ Ry 2lg] dM,

finishing the proof. O
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4. Description of the variational problem

A wariation of a closed oriented hypersurface z: M"™ — R"*! is a
smooth map
X: M™ x (—e,€) — R
such that, for all ¢ € (—¢,€), the map X;: M™ — R"*! given by X;(p) =
X (t,p) is an immersion such that Xy = x. In what follows, dM; will
denote the volume element of the metric induced on M™ by X; and
N; will stand for the unit normal vector field along X;.
The wvariational field associated to the variation X is the vector
X
field iR In this setting, denoting by (-) the tangential compo-
t=0
nent on M", we have that
X ax\ "
T _ N kel
gr It ( ot ) ’
where
0X
4.1 =(—,N; ).
(4.1) = (G
The volume of the variation X is the functional
V:(—e,e) — R

t— V(t) = !

X, Ny)dM,

n+ 1 /M< ty t> ts

and we say X is volume-preserving if V(t) = V(0), for all t € (—¢,¢).
The next lemma is a well known result and a proof of it can be found

in [6].

Lemma 6. Let z: M"™ — R""! be a closed oriented hypersurface. If
X: M™% (—¢,€) = R" L s a variation of z, then
a
dt  Jy
In particular, X s volume-preserving if, and only if, fM fdM, =0 for
allt € (—¢,¢).

fdM,.

We can reason as in the proof of Lemma 7 of [10] to get the following:

Lemma 7. Let x: M™ — R be a closed oriented hypersurface with
Gauss map N. For any f € C°(M) satisfying

(4.2) /M fdM =0,

there exists a volume-preserving variation X : M™ x (—e, ) — R of x
such that its variational vector field is fN.



STABILITY OF GENERALIZED LINEAR WEINGARTEN HYPERSURFACES 103

For each k € {0,...,n}, we define the (k, F)-area functional Ay p:
(—e¢,€) — R associated to the variation X : M"™ x (—e, ¢) — R"! by

(4.3) Alﬁp(t) = /M F(Nt)Sk dM;.

Note that for F'=1 and k = 0, it is the classical area functional.
The result below follows from Lemma 3.1 of [14].

Lemma 8. Let : M"™ — R be a closed oriented hypersurface. If
X: M" x (—¢,€) — R" 1 s q variation of x then

OHE . k+1 oxX\ '
(4.4) a’fl:bk{Lk(f)+f<Tk0dNt,dNt>}+<<at) JVHEL ),

where f is defined in (4.1).

The previous lemma allows us to obtain the first variation of the
(k, F)-area functional (cf. Theorem 3.3 of [14]).

Lemma 9. Let z: M"™ — R be a closed oriented hypersurface. If
X: M™% (—¢,¢) = R" L s a variation of z, then

(1.5 r(®) = b [ HE £,
M
where f is defined in (4.1).

Now, motivated by the concept of (r, s, F)-linear Weingarten hyper-
surface, it is natural to consider the variational problem of minimizing
the following functional

Brsr: (—€,€e) —R

(4.6) t— Byor(t) = arArp(t) + -+ asdo p (1)

for all variations X: M"™ x (—e,e) — R**! of x: M™ — R"™! which
preserve the volume V(). The Jacobi functional associated to this vari-
ational problem is given by
Trsp: (—€,6) — R
t— Trs,r(t) = Brs.p(t) + AV(t),
where ) is a constant to be determined.
As an immediate consequence of Lemmas 6 and 9 we get

jT{,s,F(t) = / { Z akka]f_;,_l + )\} fth
M

k=r

(4.7)
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In order to make an appropriated choice of A, let

_ 1 s
H= YN0 /M {kz_rakka,fH(O)} dM

be a mean value of the k-th anisotropic mean curvatures of M™, r <k <s.
We point out to the fact that, in case Y ;_ akka,fH (0) is constant, one
has

(4.8) H = Z akka,fH(O) = Z akka,fH,
k=r k=r

and this notation WillEe used in what follows without further comments.
Hence, choosing A = H, we arrive at

(4.9) T}osp(t) = /M {— > arbiHE +H} fdM.

k=r

From (4.9) we observe that the critical points of the variational prob-
lem described above are exactly the closed (r,s, F')-linear Weingarten
hypersurfaces. This fact allow us to define a closed (r, s, F')-linear Wein-
garten hypersurface z: M” — R"™! being stable when B, #(0) >0,
for all volume-preserving variations X : M™ x (—¢,€) — R"*! of 2.

Furthermore, we can reason as in [6] to obtain the following stabil-
ity criterion: a closed (r, s, F')-linear Weingarten hypersurface x: M™ <
R+ s stable if, and only if, Wk (0) >0, for all f € C®(M) such
that [,, fdM = 0.

The sought formula for the second variation of 7, s r is a straightfor-
ward consequence of Lemmas 8 and 9.

Proposition 1. Let x: M™ < R"" be closed (r,s, F)-linear Wein-
garten hypersurface. If X: M™ x (—e¢,€) — Rt is a variation of x,
then J!, p(0) is given by

S

(410) F7s p(0)(f) = = S (k+1)ay / (Li(f)+ (ThodN, dN) f} f dM,

k=r M

for feC>(M).
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Proof: From (4.9) we obtain

0 u _
jvf:s,F(O) = </M {— ZakkalQ»l + 7‘1} fth)

k=r t=0
/ Zakbk ’f“ fdM
M, t=0
+/ fiakkaF +H Q(fth)
o k+1 ot o
k=r

Consequently, taking into account (4.4) and (4.8), we get

70 =~ Skt Dag / {Li(f) + (Ty o AN, dN) f}f dM
j=r

/. < (%)t(>T Y (kz_: akkaﬂl) > f db

0

=- ];T(k + 1)ag /M{Lk(f) + (T}, o dN,dN) f}f dM.

To finish the proof, we observe that the above expression depends only
on the hypersurface z: M"™ < R"*! and on the function f€ C>®(M). O

5. Proof of Theorem 1

In what follows, we will consider the set

{fecoo /fdM_O}

If 2(M) is (up to translations and homotheties) the Wulff shape of F,
from the proof of Theorem 1.3 in [14] we have that

/{L;C + (T odN,dN)f}fdM >0, VfegG and 0<k<n.

So, from (4.10), J; (f) > 0 for all f € G. Therefore, x is stable.
Reciprocally, supposing that = is stable, we have er/sF(f) > 0, for
all f € G. Moreover, from Lemma 3 we can choose

f=7F(N)+¢&(z,N)
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as the test function, where
fM FZZ:T akkalf dM

' fM F(N)dM and € = Z akka;f+1 = constant.

k=r

We also note that, from (3.3), (3.4), and Proposition 1 we have that

Tr ) == [ IRe.aM =0
On the other hand, from (3.5) and (3.6) we get

S S

Ry o[f1=) (k+ Dalil[f] = Y (k+ Dap Iy [yF(N) + &(z, N)]

k=r k=r

:Z(k‘ + Dag (VI [F(N)] + &Lk [(z, N)])
k=r

:gkﬂm (= (1) L v )

n n
+”<k, " 1>HFH15+1 —(k+ 2)(k n 2)H15+2>

so(-(0)) @b -on () ) g )]

Hence, we get

(5.1) Reslf) =Y arbily(nH{ Hi = (n—k=1)H[ )= E(k+1) H{ ).
k=r

Furthermore, from Lemma 5 we also have that

e O == [ IRe.n)am
(5.2) =~ | 0P+ @ N)R. M

. /M (YFRya[f] + €1 Rysl(a, N)]) dM.

But, from (5.1) and Lemma 4 we have

VPR [f] =Y arbi Fly* (nHY Hiyy = (n—k—1) Hl ) =7 (k1) Hil, ).
k=r
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Consequently, we get

VPR, [f]= Y arbiF [y (n—k=V)H H,, + (k+ DAL B,
k=r

(0= k= D)HE ) = &0k + VHL, |

(5.3) .
=Y abeP{2*(n— k= DIHL L, — HE,)
k=r
+ 92+ VHL HEy =26k + DHE,, |-
Moreover,
k=r
= ffZakbk(f(VH;fH,xT) — (k+ 1 H )

k=r

(5.4)

= —ngakbk(k + 1)H]f+1
k=r

= =Y axbi(k + DEGF + &(x, N)) H, .
k=r
Therefore, from (5.2), (5.3), (5.4) we have

LorO) == S abe [ [P0 k- D{EFHE, - HE)
k=r M

+ 9%k + 1)HFH15+1 — Y&k + 1)Hlf+1}

— (k+ DERF + €, NYHE, | dM
=Y anrn k1) [ PO HE, ~ HE v
k=r M

= aube [ [P0+ DEFHE, — 260+ VL)
k=r M

— (k+ DENF + o, N)JHE,, | db,
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Thus, from Lemma 3 we get

IO =—Y arbr?(n— k1) / F(HFHL,, - HF,,)dM
k=r M

_ Z arby, /M F{~*(k+)H{ HE | —~vé(k+ 1) H] 4
k=r
(5.5) — (k+ DéyHE, + (k+ DEHL Y dM

:—Zakbk’y2(n — k- 1)/ F(HlefH - Hlf+2) dM
k=r M

St ) [ PUHERE 2 HE ok HE )
k=r

Now, for each point p € M™, we consider the polynomial in z given
by
Prp(z) = H1FH15+122 - 2§H,f+1z +&2Hj
In this case, we have that the discriminant of Py, is

F

2 F \2 F 1rF F 2/ 7F 2 Hlef
A= 45 [(Hk+1) - H1 Hk+1Hk ] = 45 (Hk+1) 1- <0,
k+1

where the last inequality in the expression above is given by Lemma 1.
Thus, we have that Py, > 0, Vp € M", and Vk € {r,...,s}. In
particular,

(5.6) H{HE7? = 26H v + E€HY = Prp(v) >0,

Vpe M™and Vk € {r,...,s}. So, from (5.5), (5.6), and Lemma 1, we
have

T = =3 axbir?(n —k— 1) / F(HFHE,, — HE ) dM
X M
(5.7) b=

S
=3 arbi(k + 1)/ FPy.p(v)dM < 0.

k=r M

From (5.7), since x is stable and taking into account that each therm
of J/;(0)(f) is nonpositive, we easily see that they are, in fact, identi-
cally zero. Consequently, using once more (5.7), we get that H{ H} | —
H,f+2 =0on M", for all r < k < s. So, from item (ii) of Lemma 1,
we have that the anisotropic principal curvatures are equal. Therefore,
Lemma 2 assures us that, up to translations and homotheties, x(M) is
the Wulff shape of F', finishing the proof of Theorem 1. O
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Remark 2. Concerning our constraint on the sign of HSFH in Theorem 1,
we observe that it is crucial to the success of our technique, since the
Gardin type inequalities of Lemma 1 constitutes our algebraic tool to
detect the anisotropic umbilicity of the closed (r, s, F')-linear Weingarten
hypersurface. We also note that this phenomenon already occurs in the
context of the works of Alencar-do Carmo-Rosenberg [1] and Barbosa—
Colares [6].
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