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Abstract: We give a proof of the Alexandrov-Fenchel type inequality for
k-convex functions on S™.

1. INTRODUCTION

There are many important integral formulae and integral inequalities for convex
bodies (see [4], [18]). The Brunn-Minkowski inequality and Alexandrov-Fenchel
inequality are among the most important integral inequalities in the theory of
convex bodies, and the Minkowski type integral formulae and more general for-
mulae of Chern are very useful in the global geometry of convex hypersurfaces.
Most of these formulae and inequalities can be stated in the integral forms on the
unit sphere S™ with the converity assumption. It seems of interest to establish
similar results without the convezxity assumption. For a convex body, the polar
of the body is also convex. The support function of the convex body corresponds
to the gauge function of its polar body. In other words, the geometry of a convex
body can be reflected from its polar dual. With this relation, we will introduce a
class of domains in R"*! called k*-convex (see Definition 4.2) as a natural gen-
eralization of convex bodies. We will derive a form of the Alexandrov-Fenchel
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inequality for this class of domains. The concept of k*-convexity is related to a
Hessian equation on S™ by the distance function. It will also be shown that the
assumption of converity is not necessary for some of the integral formulae. We
will also prove a uniqueness theorem for the Hessian equation, which generalizes

the classical Alexandrov-Fenchel-Jessen theorem.

In most cases, our proofs are not so different from those known in the convex
case with two exceptions. First, we work directly on the functions and related
vector-valued forms on S™ without convexity assumptions. Secondly, we make
use of hyperbolic polynomial theory instead of Alexandrov’s mixed discriminant
inequality, which enables us to replace the notion of convezxity by the more general
notions. Our arguments are drawn mainly from three important papers: Garding
[9], Chern [7] and Cheng-Yau [6]. In fact, the hyperbolic polynomial theory
was already used by Chern in [7] in the proof the uniqueness theorem and in
Hormander [14] in the proof of Alexandrov-Fenchel inequality for convex bodies.
It should be noted that the hyperbolicity of the elementary symmetric functions
was used in the development of fully nonlinear equations in the pioneering work
of Caffarelli-Nirenberg-Spruck [5]. So, it is not a coincidence that this theory is
used here in a crucial way.

2. INTEGRAL FORMULAS FOR THE FUNCTIONS ON S™

Let eq, ..., e, is an orthonormal frame on S”, let wy, ..., w, be the corresponding
dual 1-forms. For each function u € C?(S™), let u; be the covariant derivative of
u with respect to e;. We define a vector valued function

n
7z = E ui;e; +U€n+1,
i=1

where e,41 is the position vector on S, that is, the outer normal vector field of
S™. We note that Z is globally defined on S™. We write the Hessian matrix of u

with respect to the frame as

W = {uij + uéz-j}.
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By calculation we have,

U:Z‘€n+17

n

dZ = Z(duiei + wide;) + duen i1 + udep 1

i=1
n n n n n+l
=D (D wge’ =D ugwplei+ D (D wiwiea)
i=1 j=1 j=1 i=1 a=1
n n
+ Z(inz)€n+1 +u Z w'e;
i=1 i=1
n n
=D (D (uiy + du)es)w’.
j=1 i=1

For w!,...,u"*t € C%(S"), we define VI = 1,...,n + 1,

n
7l = Z ube; + uley i1,

i=1
and
Wl = {uﬁj + uléij}.
Set,
(2.1) Qut, ..., ") = (ZY,dZ?,dZ3, ..., dZz" ),
and
2.2 Vel w2 u ) = Qut, ... um .
(2:2)
Sn
We note that
(2.3) Qut, ..., ") =l S, (W2, ..., W™ H)ds,

where S, (W?2,..., W"*1) is the mixed determinant and ds is the standard area

k+2 _ +

form on S™. In particular, V1 < k < n, if we set u ...=u" =1, we obtain

(2.4) Qul, .., u™h) = S (W2, .., W ds,
where Si(W?2,...,W*+1) is the complete polarization of the symmetric function
Sj on symmetric matrices.

Lemma 2.1. V is a symmetric multilinear form on (C?(S™))"+1.
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Proof. The multilinearility follows directly from the definition. Also, by the
definition, for any permutation o of {2,...,n + 1},

Qut,u?...,u" ) = Q(ul,u”@)..., ug("ﬂ)),

so V(u',u?...,u") = V(u!,u®®@...,ue™+t)). To see V is a symmetric form, we

only need to show
(2.5) V(ut,u?ud. L u ™ = Vw2 ul el ut,
We first assume u’ € C3(S™),Vi. Letting,
wu, .., u") = (2,722, dz3, ..., dZ"),
we have
do(ul, .., v = —Q(u?, vt ud T + Qut, u? ud L u Y,

whence, (2.5) follows from Stokes theorem. The identity (2.5) is valid for C?

function by approximation. O

Remark: If u', ..., u"*! are the support functions of convex bodies K1, ..., K, 11
respectively, then V (u!, u?...,u"*!) is the Minkowski mixed volume V (K7, ..., Ky 11).

The following is a direct corollary of the Lemma 2.1. If w is a support function
of a convex body, it is a well known Minkowski type integral formula.

Corollary 2.2. For any function u € C%*(S™), W = {w;; + d;ju}. For any
1 <k <n, we have the Minkowski type integral formulae.

(2.6) /n uSE(W)ds = . Sk+1(W) ds,

where ds is the standard area element on S™.

For any n x n symmetric matrices W1, ..., Wy, let Sx(W1, ..., W) be the com-
plete polarization of Si. Let u and @ be two C? functions on S™ and let W and W
be the corresponding Hessian matrices of u and @ respectively. Following Chern’s
notations in [7], we let Prg = Sy (W, ..., W, W, ...W) where W appears r times
and W appears s times. So, P, is a polynomial in Wij, Wij, homogeneous of de-
grees r and s respectively. The following dual generalization of Chern’s formulae

is another corollary of Lemma 2.1.
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Corollary 2.3. Suppose u and @ are two C? functions on S™. Then the following
identities hold,

(2.7) / [uPox — UPy g—1]dz =0,
(2.8) / [uPy,—1,1 — @Pyoldz = 0,
and

2/ ’LL(POk — Pk_Ll)dm
Sn

(29) = /Sn{ﬁ(Pl,k_l — PkO) — U(Pk—l,l — Pok)}d.l‘ = 0.

3. k-CONVEX FUNCTIONS ON S™

Now we consider functions satisfying the following equation,
(3.1) Sg(W)=¢ on S"
Definition 3.1. For 1 < k < n, let I'y be the convex cone in R" determined by
I'r={AeR": S51(\)>0,..Sk\) >0}

Suppose u € C?(S"), we say u is k-convex, if W(z) = {u;j(z) + u(z)d;;} is in
I'y for each x € S™. w is convex on S™ if W is semi-positive definite on S™.
Furthermore, u is called an admissible solution of (3.1), if u is k-convex and
satisfies (3.1).

The next is a uniqueness theorem which generalizes the Alexandrov-Fenchel-

Jessen theorem ([2], [8] and [7]) to the k-convex case.

Theorem 3.2. Suppose u and @ are two nonnegative C? k-convex functions on

S™ satisfying (3.1). If Sp(W) = Sp(W), then u — u € Span{xy,...,Tpnt1} on S™.

Proof of Theorem 3.2. We follow the same lines as in [7]. Since u is non-
negative and Sy (W) is positive, we conclude that u is positive almost everywhere
on S™. By the hyperbolicity of Si, VW' € T'y,i =1, ..., k,

(3.2) Se(Wh, . W) > S (W) ... S (W),
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with the equality holds if and only if the k£ matrices are pairwise proportional.

Suppose Sy(W) = Sx(W) on S”, where W = {u;;+d;;u} and W = {ii;; +6;;@}
The left hand side of the integral formula (2.9) in Corollary 2.3 is non-positive.
The same is therefore true of the right hand side of (2.9). The latter is anti-
symmetric on the two function u and @, and hence must be zero. It follows that
P11 = Py, by (3.2). Again, the equality gives that W and W are proportional.
Since Si(W) = Sk(W), we conclude that W = W at each point of S™, that is,
u—u € Span{wy,...,Tni1} O

The following is an infinitesimal version of Theorem 3.2, which we will use in

our proof of the generalized Alexandrov-Fenchel inequality.

Proposition 3.3. For any C? function u, let L, be the linearized operator of the
Hessian operator Sp({usj + diju}). Then Ly is self-adjoint. If in addition, u is
nonnegative admissible solution of (3.1), the kernel of Ly, is Span{xi,...,Tp4+1}.

When u is a support function of some convex body, the above proposition is
well-known (e.g., see [16]). The proposition is a special case of the following
result.

Proposition 3.4. Vu?,...,u* € C%(S™) fized, define
(3.3) L(v) = Q(1,v,u?...,u* 1,...,1),

then, L is self-adjoint. If in addition, u?,...,u* are k-convez, and at least one of

them is nonnegative, the kernel of L is Span{xi,...,xni1}.

Proof of Proposition 3.4. First if u € C3, the linearized operator L, of S,
is self-adjoint (see, e.g., [17]). Let ta,...,t; be real numbers, let u; = 25:2 tiut,
the operator L in (3.3) is the coefficient of the linearized operator L,, of to - - - tj.
Since L,, is self-adjoint for all ¢t = (t9, ..., tx), we conclude that L is self-adjoint,if
ul € C3,V2 <1 < k. By approximation, the same conclusion is true for C2

functions.

2

To compute the kernel, we may assume 2 is nonnegative. Since u? is k-convex,

it is positive almost everywhere. Suppose v is in kernel of L, i.e.,

(3.4) L(v) = 0.
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Simple calculation shows that
Q,v,v,u3, ..., k1, 1) = Sp(A, A W3, ..., Wk)ds,
where A = {v;; + 60} and W' = {ul; + 6;5u'}.
We claim that, if (3.4) holds, then
(3.5) Sp(A, A W3, WF) <o,
with equality if and only if A =0, i.e., v € Span{z1,...,Tp4+1}-

We note that,

O:/ vL(v):/ Q(vjv,u2,u3,...,uk,l,...,l)
=V(v,v,u%u?, . uF1,.1) = V(W vedd, .0k 10 1)

:/ uw?Q(1, v, v, u3, auf 1 1)

:/ W SL(A, A, W3, Wh)ds.

If the claim is true, we will conclude that v is in Span{zi,...,xn11} since u? is

positive almost everywhere.

To prove the claim, we make use of the result of Garding [9] result on hyperbol-
icity of S in the cone I'y, (see also [14]). Since u! is k-convex, W' € T',,V2 <1 < k.
For W3, ..., WP fixed, the polarization Sy,(B, B, W?, ..., W*) is also hyperbolic and
complete for B € T'y,. Let Wy = W2 + tA, we have

Sp(Wy, W, W3, . WHE) = S, (W2, W2, w3, ..., wF)

+2tS, (A, W2 W3, WF) +128,(A, A, W3, . WF).
Since

Sp(W2, W2 w3, wk) > o,
and
Sp(A, W2, .. Wk =o.
By the hyperbolicity, Si(W;, Wy, W3, ..., W¥) has only real roots in ¢ variable, so
(3.5) must be true. If in addition, Sk(A, A, W, ..., W) = 0, we would have
Sk(Wy, W, W, .. ;W) = Sip(W, ..., W),

for all t € R. By the completeness, A = 0. The claim is proved. O
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4. k*-CONVEX BODIES AND ALEXANDROV-FENCHEL INEQUALITY

For any n > k > 1 fixed, set u**t2 = ... = "1 = 1 we define Vu!,...,uf*! €
C?(S™),
(4.1) Vig1(ub,u?, o uP T = Vet u?, L u Y,

Now we state a form of Alexandrov-Fenchel inequality for positive k-convex func-

tions.

Theorem 4.1. If u!,...,u* are k-convez, and u; positive, and at least one of u'
is nonnegative on S™ (for 2 <1< k), then Yv € C?(S™),

(4.2) Vk2+1(v, ul, .., uk) > Vi (ul, ul, u?, ...,uk)VkH(v,v,uZ, ...,uk),

the equality holds if and only if v = aul—i—zgfll a;x; for some constants a,ay, ..., Gp41-

Our proof of the theorem follows the similar arguments of Alexandrov’s second
proof of Alexandrov-Fenchel inequality in [2] (see also [14]), which in turn is
adapted from Hilbert’s proof of the Brunn-Minkowski inequality when n = 3.
Instead of using Alexandrov’s inequality for mixed discriminants in his original
proof, we will make use of the hyperbolicity of the elementary symmetric functions
as in [14]. This replacement enables us to drop the converity assumption. We
sketch here some key steps.

Proof.

Statement: If

(4.3) Vig1(v,ul,u?, ..., uf) =0, for some v e C?(S™),
then
(4.4) Vier1 (v, 0,12, ..., uk) <0,

with equality if and only if v = 37 a;;.

The theorem follows directly from above statement. The proof of the State-
ment will be reduced to an eigenvalue problem for certain elliptic differential

operators.
First, for u?,...,u" € T'y, fixed, we set

L(v) = Q(1,v,42%...,u* 1,..,1).
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By Garding [9] L(v) > 0if v is k-convex. We claim that L is an elliptic differential
operator with negative principal symbol. This can be done following the same
line as in [14]. The principal symbol of L at the co-tangent vector § = (64, ...,6,,)
is obtained when A is replaced by —0 ® 6 in

Sp(A, W2, W),
So it is equal to
—Sr(O® 60, W2, ... W),
Since Sy is hyperbolic with respect to the positive cone 'y, and 6 ® 0 is semi-

positive definite and is not a 0 matrix if 8 not 0. By the complete hyperbolicity,
—Sp(0 20, W?, ... Wk <o.

We now use continuity method to finish the job. For 0 < ¢t < 1, let u} =
(1 —t) + tu', and set

Q1 uf, 2. uf 1., 1)

Pt = I ’
Uy

We examine the eigenvalue problem:
(4.5) Li(v) = Apgv.

If for we set Q¢(u,v) = [g, uLi(v), the eigenvalue problem (4.5) is corresponding
to the quadratic form @y with respect to the inner-product < u,v >,,= [ gn UUPL.

We want to show Claim: A = 1 is the only positive eigenvalue of multiplicity
1 with eigenfunction u}, and A\ = 0 is the eigenvalue of multiplicity n + 1 with
the eigenspace Span{xi, ....,xp41} for the eigenvalue problem of (4.5).

We note that u} is an eigenfunction corresponding to the eigenvalue A = 1. If
the Claim is true, (4.3) implies that v is orthogonal to the eigenspace correspond-
ing to A = 1 with respect to the inner product < .,. >, . Then the Statement
follows from the standard spectral theory of self-adjoint elliptic operators.

We now prove the Claim. When ¢t = 0, the problem can be reduced to the
following simple form by straightforward calculations:

Av 4+ nv = nv.

The eigenvectors of A are the spherical harmonics of degree v = 0,1, ..., with
the corresponding eigenvalues —v(v +n — 1). v = 0 corresponds to A = 1 and
v = 1 corresponds to A = 0 in the eigenvalue problem (4.5) respectively in this
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special case. And A < 0 when v > 1. It is well known that spherical harmonics of
degree 0 are constants, and spherical harmonics of degree 1 are linear functions,
i.e., Span{z1,...,xnt1}. Therefore, the Claim is true for ¢ = 0. For arbitrary ¢,
since 1 is an eigenvalue of the problem (4.5) with eigenfunction u;, by the theory
of elliptic equations, we only need to prove that 0 is the eigenvalue of multiplicity
n + 1. It’s obvious that z1, ...,z 41 are the eigenfunctions of L corresponding to
the eigenvalue 0. The theorem now follows from Proposition 3.4. U

Now, we consider a class of domains which will be named k*-convex. They
can be viewed as a generalization of convex bodies via polar dual. Let D be a
star-shaped bounded domain in R"*! with C? boundary. The distance function
of D is defined as,

(4.6) u(z) = min{\|z € AD}, VzreS".

When D is convex, the distance function is also called the gauge function of
D.

Definition 4.2. Let D be a star-shaped bounded domain in R"*! with C? bound-
ary. We say D is k*-convex if its distance function w is k-convex on S™. We say
D is polar centrized if its distance function w satisfies

/ zju(x)ds =0, Vj=1,2,...,n+1.

If Dy,...,Dpyq are k*-convex bodies, let uy,...,ur+1 are the corresponding dis-
tance functions, and Wi, ..., W41 be the corresponding Hessians of the gauge
functions. For 0 <[ < k, we define mixed polar surface area functions

(47) Sl(Dla"'aDlvx) :Sl(Wl,...,VI/l)-

We call S;(D,x) = Si(W,..., W) the Ith polar surface are function of D. We also
define a mixed polar volume,

1
Vier1 (u, o, wpt1)

(4.8) Vk*+1(D17 coos Dppr) =

where Viyi(ui,...,uky1) defined as in (4.1). We also write, VO < [ < k + 1,
Vi*(D) = Vi (D,..,D,B,..., B), where B is the unit ball centered at the origin
in R"*!, D appears [ times, and B appears k + 1 — [ times in the formula.
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We note that if D is convex, D is polar centerized if and only if the Steiner
point of the polar of D is the origin. If D is convex, V;*(D) in Definition 4.2
is the reciprocal of the Ith quermassintegral of the polar of D. These geometric
quantities of D and its polar D* in this case are related by some important
inequalities, like the Blaschke-Santalo inequality.

As an application, we have the following consequences of Theorem 3.2 and
Theorem 4.1.

Theorem 4.3. Suppose D1, Do are two k*-conver domains in R" 1. If the kth
polar surface area functions of D1 and D+ are the same, i.e.,

Sl(Dl,ZL‘):Sl(DQ,l'), \V/J:E‘S’na

then, the distance functions of D1, Do are equal up to a linear function. In par-
ticular, if both D1 and Do are polar centrized, then D1 = Do.

Theorem 4.4. Suppose D1, ..., D1 are k*-conver domains in R™"M! then we
have the following Alexandrov-Fenchel inequality for the mized polar volumes:

(ViF 1 (D1, .., Dyi1))? < Vi1 (D1, D1, Ds..., Dyy1 ) Vit 1 (D2, Do, Dy...., Dyi1),

with the equality if and only if the distance functions of D1 and Dy are equal
up to a linear function. In particular, if both Dy, Do are polar centerized, then
Dy = ADs for some A > 0.

The above theorem shows that the reciprocal of the mixed polar volume is
log-concave. Therefore, one may deduce a sequence of inequalities for k£*-convex
domains from Theorem 4.1 as in the convex case (see section 20 in [4], section
6.4 in [18] and appendix in [14]). In particular, one can obtain the corresponding
Brunn-Minkowski inequality and quermassintegral inequalities for V*.

Corollary 4.5. Suppose D1, Doy are k*-convex, then for 0 <t <1,
Vi (L= )Dy + Do) 1 = (L= Vi (D) ST + Vi (D2) 51,

if D1, Dy are polar centralized, the equality for some 0 <t < 1 holds if and only
if D1 = AD3 for some A > 0. If D is k*-convex, then for 0 <i<j<l<k+1,

(V7 (D)) < (VD) (VH(D)Y



1010

Pengfei Guan, Xi-Nan Ma, Neil Trudinger and Xiaohua Zhu

If D s polar centralized, the equality holds if and only if D is a ball centered at

the origin. In particular, if we let o, be the volume of the unit ball B in R™ 1,

o H(V(D)F T < (Vi (D),

n J

if D is polar centralized, the equality holds if and only if D is a ball centered at

the origin.

We discuss some problems arising from the subject we treated.

(1)

The first one is prescribing k£* surface area function problem. The equiva-
lent analytical problem is to find a positive solution of the equation (3.1).
Of course, ¢ has to satisfy [, z¢(x) = 0. The existence and regularity of
admissible solutions have been established in [13]. The questions is when
an admissible solution is positive? We note that if u is a solution of (3.1),
u(z) + l(x) is also a solution for any linear function [(x). Therefore, it is
required to put some restriction on the solutions. One of that is to require
u orthogonal to the span of x1, ..., z,11, that corresponds to find a polar
centralized k*-convex body. The uniqueness of the positive solutions for
the problem is a consequence of Theorem 3.2.

Equation (3.1) has another important geometric connection, it is related
to the Christoffel-Minkowski problem. In that case, one looks for convex
solutions of (3.1). The intermediate Christoffel-Minkowski problem is still
unsolved. A sufficient condition was obtained in recent paper [12] (see also
[19]).

Equation (3.1) is a model case for general equations of the form:

F({’U,ZJ + (5Zju) = .,

where F' is assumed to be elliptic and concave. When F' is a quotient of
Hessians, the equation is related to prescribing Weingarten curvatures on
outer normals. We refer [3], [7], [10], [13] and [19] for further references.
The paper [20] deals with the k-convex version of the last inequality in
Corollary 4.5, but the proof in general is incomplete. This inequality has
been verified for the star shaped case in [11] and for the case k = 1 under

outward minimizing condition in [15].
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