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AFFINE IMAGES OF ISOTROPIC MEASURES

KAroLY J. BOROCZKY, ERWIN LUTWAK, DEANE YANG
& GAOYONG ZHANG

Abstract

Necessary and sufficient conditions are given in order for a Borel
measure on the Euclidean sphere to have an affine image that is
isotropic. A sharp reverse affine isoperimetric inequality for Borel
measures on the sphere is presented. This leads to sharp reverse
affine isoperimetric inequalities for convex bodies.

1. Introduction

Basic to Euclidean geometry is the Pythagorean theorem: for each
x € R”, the square of the Euclidean norm of z may be computed by

|z|? = |z -er]® + |z -ea) + - + |z - en]?,

where e, eq, ..., e, are orthogonal unit vectors in R™, and x - e; is the
standard inner product of z and e; in R™. This can be rewritten as

(1.1) af? = / 2 - 0]? dya (o),
Snfl

where v, = %Z?:l(éei + 0_,;), and 0, denotes the delta measure de-
fined on the unit sphere, S?~!, of R™, by having it concentrated exclu-
sively on the vector v € S"~!. The measure 7, is a cross-measure. A
cross-measure is a discrete measure, defined on S"~!, and concentrated
equally on the 2n points where S™ ! intersects the coordinate axes. The
geometric significance of the cross-measure lies in the fact that it is the
“surface area measure” of the cube in R™.

Now (1.1) leads to the important concept of isotropy of measures,
which may be viewed as an extension of the Pythagorean theorem. A
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2 K.J. BOROCZKY, E. LUTWAK, D. YANG & G. ZHANG

finite Borel measure x on the unit sphere S?~! is said to be isotropic if
for each z € R",

n
(1.2) o = 2 [ ol auto)

where || = p(S™1). This tells us that the inertia of y in all directions is
the same, or equivalently, the ellipsoid of inertia of y is a sphere. Two
basic examples of isotropic measures on S™~! are spherical Lebesgue
measure and cross-measures.

Isotropy is an important property of measures that tells us that a
measure is, in an important sense, evenly distributed. In 1991, Ball [2]
discovered an amazing connection between the isotropy of measures and
the Brascamp-Lieb inequality, and used it to establish his celebrated
reverse isoperimetric inequality. Ball’s work inspired much use of the
notion of isotropy of measures in the study of reverse affine isoperimetric
inequalities (see, e.g., [2-4, 51,55, 58], and also the survey [18]). On
R™, isotropic log-concave measures have been intensively investigated
in the context of the Kannan-Lovéasz-Simonovits conjecture [35] and its
relatives (see, e.g., [5,21,36]).

If 1 is a positive Borel measure on S"~! and A € GL(n), then the
image Ap, of p under A, is a measure defined, for Borel w C S™~!, by

(1.3) Ap(w) = p({A~2w)),

where (z) = z/|x|, for z € R"\{0}. Any Ay where A € GL(n) will be
said to be an affine image of p. That the action defined above is the
natural action of GL(n) on the set of Borel measures on S"~! can be seen
by first considering even (i.e., taking the same values on antipodal Borel
subsets of S"!) measures on S"~!. Because these measures are even, we
can consider them as measures on S~ ! with antipodal points identified,
or equivalently, as measures on real projective space, P"~!(R), where
GL(n) acts naturally sending lines through the origin into their images.
One easily sees that the result is definition (1.3).

Problem 1.1. For a finite Borel measure u on S, what are nec-
essary and sufficient conditions for the existence of an A € SL(n) so
that the image Au is isotropic?

If there exists an A € SL(n) so that Ay is isotropic, the measure p is
said to have an affine isotropic image. Problem 1.1 for the cone-volume
measure (defined below) of a convex body was posed in [57].

One of the aims of this paper is to extend work of Carlen and Cordero-
Erausquin [11] for discrete measures, and Klartag [37] for arbitrary mea-
sures, and provide an answer to Problem 1.1.

Perhaps not surprisingly, the problem above is linked to concepts
of “concentration of measure.” In [8], the authors defined the subspace
concentration condition of measures (defined below), which limits how
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AFFINE IMAGES OF ISOTROPIC MEASURES 3

concentrated a measure can be in a subspace. (This condition is con-
nected with fully nonlinear partial differential equations.) The authors
proved that the subspace concentration condition is both necessary
and sufficient for the existence of a solution to the even logarithmic
Minkowski problem — which amounts to establishing existence for a
Monge-Ampére-type equation in convex geometric analysis. In this pa-
per, we prove that the subspace concentration condition is also necessary
and sufficient to answer Problem 1.1.

A finite Borel measure p on S ! is said to satisfy the subspace con-
centration inequality if, for every subspace £ of R",

(1.4) p(ENS™) < L p(s" ) dimé

The measure is said to satisfy the subspace concentration condition if,
in addition to satisfying the subspace concentration inequality (1.4),
whenever

pENS™) = = (5™ ") dime,

for some subspace &, then there exists a subspace &', that is comple-
mentary to & in R™, so that u is concentrated on S" 1 N (¢ U¢’), or
equivalently, so that we also have

p(€ N 8" = (8" dim

The measure p on S™~! is said to satisfy the strict subspace concentra-
tion inequality if inequality (1.4) is strict for every subspace & C R",
such that 0 < dim¢ < n.

To answer Problem 1.1, we shall prove that a measure of having an
isotropic affine image is the same as the measure of satisfying the sub-
space concentration condition. This demonstrates the close connection
between isotropy and concentration of measure.

One of our goals is to establish the following:

Theorem 1.2. A finite Borel measure  on S™ ' has an affine
isotropic image if and only if 1 satisfies the subspace concentration con-
dition.

For the case of discrete measures, Theorem 1.2 is due to Carlen and
Cordero-Erausquin [11]. Klartag [37] established that if a general mea-
sure satisfies the strict subspace concentration inequality, then it has an
affine isotropic image.

We will use Theorem 1.2 to establish a sharp affine inequality for mea-
sures that satisfy the subspace concentration condition. The equality
conditions of this inequality characterize cross-measures.

A finite Borel measure p on S™~! will be said to have positive sub-
space mass if there exists a subspace & of co-dimension 1 such that
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4 K.J. BOROCZKY, E. LUTWAK, D. YANG & G. ZHANG

w(S" 1N &) > 0. Spherical Lebesgue measure on S"~ !, or any mea-
sure that is absolutely continuous with respect to spherical Lebesgue
measure, does not have positive subspace mass. On the other hand,
every discrete measure on S™ ! has positive subspace mass. Intuitively,
a cross-measure would have its measure maximally concentrated within
subspaces. It is remarkable that there is an affine invariant functional
of measures that can be used to demonstrate this. This affine invari-
ant functional may be viewed as a geometric mean of the mass of the
measure, while the total mass functional, | - |, is the usual (arithmetic)
mean.

Let u be a finite Borel measure on the unit sphere S"~!. Define U (1)
by

(15) U = / ) dun),

where the integral is over the subset of the n copies S ! x -.. x §n~1
where the exterior product is non-zero.

Like the total mass |u| of p, the functional U is invariant under SL(n)
transformations; i.e.,

[Ap| = |p|  and  U(Ap) =U(p),

for each A € SL(n). Thus, we also call U an affine functional.

Note that U(u) < |p|. Obviously, U(u) = |p| if u is Lebesgue mea-~
sure on S"~! or any measure that is absolutely continuous with respect
to spherical Lebesgue measure, while U(p) < |u| whenever p is dis-
crete. The functionals U and | - | will be shown to coincide precisely
on those measures that do not have positive subspace mass. We char-
acterize cross-measures, among all measures that satisfy the subspace
concentration condition, by establishing an affine inequality between the
functional U and the total mass | - |.

Theorem 1.3. Let p be a finite Borel measure on the unit sphere
St
1) Then,
ul = U(p),

with equality if and only if the measure p does not have positive
subspace mass.
2) If u satisfies the subspace concentration condition, then

(n!)l/"
n

with equality if and only if the central symmetral (2.6) of p is an
affine image of a cross-measure.

U(p) >

|1l

In the last section of this paper, Theorem 1.2 is applied to solve an
open problem posed in [57] regarding the isotropy of the cone-volume
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AFFINE IMAGES OF ISOTROPIC MEASURES 5

measure of a convex body. Theorem 1.3 is applied to partially answer
an open problem posed in [52] regarding a reverse affine isoperimetric
inequality for polytopes.

2. Preliminaries

The setting for this paper is n-dimensional Euclidean space, R™. Here
| - | will denote the usual norm on R", and we shall write x - y for the
standard inner product of x,y € R™. As usual, a proper subspace of R"
is one whose dimension is neither 0 nor n.

For A € GL(n), the group of invertible linear transformations in R",
let trA and detA denote the trace and the determinant of A, and write
|A| for the absolute value of the determinant of A. Write A! for the
transpose of A, and A~ for the transpose of the inverse of A. The
identity in the group GL(n) will be denoted by I,,.

As usual, the special linear transformation group, SL(n), is the sub-
group of GL(n) whose elements have determinant 1. We shall refer to
the elements of GL(n) as affinities (as opposed to the more cumbersome
“non-singular centro-affine transformations”.) For a subspace £ of R”,
we will write GL(&) and SL(&) for the corresponding groups of affinities
in £&. We shall write I¢ for the identity in SL(§).

If D is a subset of an m-dimensional subspace of R™, the m-dimensional
Lebesgue measure of D will be denoted by V;,,(D). If m = n then the
subscript will be suppressed. Denote by P: : R — £ the orthogonal
projection operator from R" to the subspace £ of R™.

The support function hg : R™ — R of a compact, convex K C R" is
defined, for z € R", by

hi(z) =max{z-y: y € K},

and uniquely determines the convex set K. Note that support functions
are positively homogeneous of degree one and subadditive. From the
definition, it follows immediately that, for A € GL(n), the support
function of AK = {Ax: z € K} is given by

hax(x) = hx(Alz),

for z € R™. A compact, convex subset of R"” with non-empty interior
is called a convex body. In general, support functions are continuous,
and if the origin is an interior point of the convex body K, then the
support function of K is strictly positive when viewed as defined on
S™=1. Observe that

(2.1) hpgK = hr, on SN €.
We will make use of the fact that for A € GL(n)
(2.2) V(AK) = |A|V(K).
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6 K.J. BOROCZKY, E. LUTWAK, D. YANG & G. ZHANG

More specifically, we will make frequent use of the fact that if P :
R™ — & C R™ is linear, and 7 is a subspace of R™ such that dim(n) =
dim(Pn) = m, then for a convex body D C n,

(2.3) Voo (PD) = |P'|Vin(D).

where P’ is the restriction of P to 7.
For A € GL(n), define the norm |- |4 in R" by

jz|a = ]A™"a],
for x € R™. The unit ball of this norm,
e(A) ={z e R": |z]|4 <1},

is an ellipsoid centered at the origin whose volume is equal to |A|wy,,
where w,, is the volume of the standard unit ball, B™, in R". We shall
write | - |% for the dual norm of | - |4; i.e.,

ly|% = max{z -y : 2z € R" and |z|4 < 1},

for y € R™.
If £(A) is the ellipsoid associated with A € GL(n), then
(2.4) he(ay(2) = |2l = |Az].

As usual, for D, D’ C R"™ and real ¢, > 0, the Minkowski combina-
tion ¢D + ¢ D’ is defined by

cD+dD' ={cx+d2:x€Dand 2’ €D}
Obviously,
(2.5) A(eD + D'y = cAD + dAD/,

for A € GL(n).

Throughout, a “finite Borel measure” is assumed to be both positive
and not identically zero. If y is a finite Borel measure on the unit sphere
S"=1 then supp(u) will denote its support and we will use ji to denote
its central symmetral; i.e., for each Borel w C S™71,

(2.6 A) = 5 (1) + u(-w)),

where —w is the antipodal image of w. From definition (1.3), it follows
immediately that the central symmetral of Ay is equal to Af.
A finite Borel measure x on the unit sphere S”~! is said to be isotropic

if for each v € S™1,
2 |l
o2 dp(v) = 2,
ol duto) =

Or equivalently, if for all 4, j,
(27) | e tes vyaute) = L,
Sn—1 n
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AFFINE IMAGES OF ISOTROPIC MEASURES 7

For zy1,...,x2, € R", let [z1,...,2,] denote the n X n matrix whose
columns are the vectors z1,...,x,. We need the following fact (see,
e.g., [55]) regarding isotropic measures:

nl
(2.8) / g, - un])? dp(uy) - - - dp(uy,) = —n\,u\ )
Sn—1yx...x8§n—1 n

For quick later reference, we recall that, by (1.3), for a Borel measure
uw and A € GL(n), the image Ap is defined for each continuous f :
Sl R, by

(29 L wddut) = [ o) duto)

where (Av) = Av/|Av|. Obviously, (cA)u = Au for ¢ > 0. Observe
that if u is isotropic and O € O(n), then Ou, the image of u under
O, is isotropic as well. Thus, if Problem 1.1 has an affirmative answer,
then a solution may always be chosen to be an element of SL(n) that is
positive definite.

3. Log-John affinities

Measures that have affine images that are isotropic are closely related
to solutions of a maximization problem that we call the log-John prob-
lem. In fact, the existence of an isotropic affine image of a particular
measure is equivalent to the measure having a log-John affinity (defined
below) associated with it.

For a finite Borel measure p on S™~!, define e, : GL(n) x GL(n) — R
for P,Q € GL(n) by

P
3.1 e,(P,Q :/ log —— du(v).
( ) N«( ) gn—1 |Q’U| /J’( )
It is easily seen that e, : GL(n) x GL(n) — R is continuous in each
argument. We call e, (P, Q) the log-eccentricity of P relative to @
with respect to p. From the definition we see immediately e, (P, Q) =
e (OP, Q) for all O € O(n).

We shall make use of the trivial observation that for real \ # 0,

(3.2) eu(P,AQ) = eu(P,Q) — || log |A.

A useful fact, that follows immediately from definition (3.1), is that

(3.3) eu(P,Q) = /

Sn—

) log |P'U’ dM(U) + e[_],(I7 Q>7

where I = I,, is the identity.
As can be seen in the following lemma, log-eccentricity is a GL(n)-
contravariant:
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8 K.J. BOROCZKY, E. LUTWAK, D. YANG & G. ZHANG

Lemma 3.1. If p is a finite Borel measure on S™ ', and P,Q €
GL(n), then

eM(PA7 QA) = eAM(P7 Q)v
for A € GL(n).
Proof. For A € GL(n), from (3.1), (2.9), and (3.1) again, we have
| Pvl

ean(P, Q) = /Sn_l log mdAﬂ(w

P
= [ o8 gy )

|PAv|
= lo du(v
/Sn_l 8 [0l u(v)

=eu(PA,QA).

q.e.d.

For a finite Borel measure p on S~ !, and a P € GL(n), define
(3.4) m(p, P) = sup { det(Q) : @ € GL(n) and e,(P,Q) > 0}.

Observe that m(u, P) > 0, for all P € GL(n). To see this note that if
det(P) > 0, then since e, (P, P) = 0, it follows that m(u, P) > det(P) >
0. If det(P) < 0, then choose an O € O(n) so that det(OP) > 0, and
since e, (P,OP) = e, (P, P) = 0, it follows that m(u, P) > det(OP) > 0.

Does there exist a Qg € GL(n) such that

(3.5) det(Qo) = m(, P) and (P, Qo) > 0;

i.e., is the supremum in (3.4) just a maximum? If such a @ exists, then
Qo will be called a log-John affinity of u relative to P. In this section
it will be shown that the existence of a log-John affinity is an intrinsic
property of the measure itself and is independent of the choice of P.

From the definition of e, it is obvious that if Qp is a log-John affinity
of u relative to P, then AQq is a log-John affinity of u relative to AP,
for all A > 0. That a log-John affinity, relative to an element of GL(n),
is an affine concept is stated in the following lemma.

Lemma 3.2. Suppose i is a finite Borel measure on S, and Qu.p
is a log-John affinity of u relative to P € GL(n). If A € GL(n) with
det(A) > 0, then Q, pA~" is a log-John affinity of Ap relative to PA™!.

Lemma 3.2 is an immediate consequence of Lemma 3.1 (where P and
Q are replaced by PA~! and Qu, pA~L respectively).

We now present a maximization problem that will be shown to be
equivalent to problem (3.5). For a finite Borel measure 4 on S"~! and
a fixed P € GL(n), define

(3.6) m/(p, P) = sup {e,(P,Q) : Q € SL(n)}.
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AFFINE IMAGES OF ISOTROPIC MEASURES 9

Does there exist a Qo € SL(n) such that

(37) eM(P7 QO) = m’(,u,P)'?

We first observe that the normalization det@ = 1 in (3.6) is arbi-
trary. The existence of a solution to problem (3.7) is independent of the
normalization chosen.

The following lemma will show that questions (3.5) and (3.7) are
equivalent in that a solution to one is just a scalar multiple of a solution
of the other. For this reason we may call Q in (3.7) a normalized
log-John affinity of p relative to P.

Lemma 3.3. Suppose j is a finite Borel measure on S"' and P €
GL(n). If Q1 is a solution for the maximization problem (3.5), then

Qo = |Q1\7%Q1 is a solution for the mazimization problem (3.7). Con-
versely, if Qo is a solution for the mazimization problem (3.7), then
Q1 = AQ2, where log\ = |,u|_leM(P7 Q2), is a solution for the maxi-
mization problem (3.5).

Proof. Suppose Q1 is a solution of (3.5); i.e. det(Q1) = m(u, P) > 0.

We first observe that e, (P, Q1) = 0. To see this, suppose e, (P, Q1) =
e > 0. Let X\ be such that |u|logA = /2. From (3.2) we have
eu(P,AQ1) = €/2 > 0, and now A > 1 produces the affinity A\Q;
that in (3.4) and (3.5) contradicts the maximality of det(Q;). Thus,
eM(P, Ql) =0.

Now Q9 = \Ql\_%Ql, so that det(Q2) = 1. Suppose @ € SL(n) is
arbitrary. Let R = AQ, where log A = |u|"te, (P, Q).

From (3.2) we have e,(P,R) = 0. From the assumed maximality
of det(Q1) in (3.4) and (3.5) we have |R| < |@Q1], or equivalently that
A" < |@Q1], since |Q] = 1.

Now Q9 = \Qll_%Ql and (3.2), together with e, (P, Q1) = 0, give

_ ul _
ell«(Pv Q2) - n 10g|Q1| +e,u(P7Q1) - n log ’Q1|a
which together with A" < |Q| and log A = |u| e, (P, Q) gives

e,u(P7 Q) S e,u<P7 Q?)

Since @ € SL(n) is arbitrary, it follows that Q2 € SL(n) is a solution of
the maximization problem (3.7).

We now deal with the case where @2 is assumed to be a solution
of (3.7). Observe that this implies det(Q2) = 1. Suppose Q € GL(n)
is such that e, (P, Q) > 0 and det(Q) > 0, but is otherwise arbitrary.
Since ()2 is a solution of (3.7), we have,

eu(P, Q77 Q) < en(P, Q),
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10 K.J. BOROCZKY, E. LUTWAK, D. YANG & G. ZHANG

which using (3.2) gives
05 Q] +eu(P.Q) < (P, Q1)
This and the fact that e, (P, Q) > 0 shows that

Miog 1] < eu(P.Q2).

This, together with Q1 = AQa, where logA = |u|7te,(P,Q2), and
det(Q2) = 1, gives
det(Q) < A" = det(Q1).

However, from (3.2) we see that
eu(P, Q1) = eu(P, AQ2) = eu(P, Q2) — [p|log A = 0.
Therefore, )1 is a solution of (3.5). q.e.d.

From (3.3) and Lemma 3.3, we get:

Corollary 3.4. If u is a finite Borel measure on S"' and P €
GL(n), then u has a log-John affinity relative to P if and only if pu has
a log-John affinity relative to the identity I.

This corollary tells us that the existence of a log-John affinity of a
measure does not depend on the particular P € GL(n) chosen: If a
measure has a log-John affinity relative to one element of GL(n) then
it has a log-John affinity relative to every element of GL(n). Thus,
from this point forward we may simply say that a measure either has a
log-John affinity or it does not.

Theorem 3.5. If y is a finite Borel measure on S™ ' and P €
GL(n), then the identity is a normalized log-John affinity of p relative
to P if and only if u is isotropic.

Proof. First, suppose that the identity I is a normalized log-John
affinity of u relative to P; i.e.,

(3.8) eu(P, 1) = sup{eu(P,Q) : Q € SL(n)}.
Thus, for each A € SL(n),
eu(P,A) <eu(PI).

Suppose L € GL(n) is arbitrary, but fixed. Since |L| # 0, there exists
an €, > 0, such that for all € € (—¢,,¢,), we can define A, € SL(n) by

I +cL|nA.=1+¢L.
Observe that,
lv+eLlv*> 14 2e(v- L)+ e?|Lv|?
I+eLln 1+ ZE0L+0(2)

|A€U|2 =
for v € S7~ L.
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Since e, (P, A;) attains a maximum at Ay = I, we have

d | Pv|
— 1 d =0.
de le=0 /Snl ©8 |Acv| H)
Thus,
(3.9) / (v Lo) dp(v) — Plea(z) = 0.
Snfl n

Ifin (3.9) we let L = L;;, where L;je, = 0;,e;, we get (2.7) and conclude
that u is isotropic.
Now suppose that p is isotropic. We need to demonstrate that
eM(Pa A) < e,u(P7I)7
for each A € SL(n), or equivalently that

(3.10) / log |Av| du(v) > 0,
Sn—1

for each A € SL(n).

For each A € SL(n), there exists a positive definite N € SL(n) and
an orthogonal transformation O so that A = ON. Thus, one can reduce
having to demonstrate (3.10) for all A € SL(n) to having to demonstrate

(3.11) / log | Nu| dp(u) >0
Sn—1

for all positive definite N € SL(n).

For each positive definite N € SL(n), there exists an orthogonal ma-~
trix O and a diagonal matrix A € SL(n), with diagonal entries A; ... Ay,
so that N = O'AO. However, using (2.9), we have

/ log |[Nu| dp(u) :/ log [AOu| dp(u) :/ log |[Au| dOu(u).
Sn—1 Sn—1 Sn—1

From the concavity of the log function, we have for v = (uy,...,u,) €

Sn—I’
(3.12) 2log |Au| =log(A2u? +--- + A2u2) > udlog N2 4 - - +ul log \2.

Observe that since p is isotropic and O is orthogonal, Ou is isotropic,
and thus, for all 7,

/ uf dOu(u) = M
Sn—1 n
Thus, from (3.12) and the fact that det A = 1, we have
/ 21og |Au|dOu(u) > (log A3 + - - - + log )\i)ﬂ
Sn—1 n
2
= Mh1ogx, - a0)
n
=0.
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12 K.J. BOROCZKY, E. LUTWAK, D. YANG & G. ZHANG

This establishes (3.11). q.e.d.

The following theorem shows that only finite Borel measures that
have a log-John affinity will have affine isotropic images, and conversely
any measure that has an affine isotropic image must have a log-John
affinity associated with it.

Theorem 3.6. If ;1 is a finite Borel measure on S™1, then p has a
log-John affinity if and only if u has an affine isotropic image.

Proof. By Corollary 3.4, pu has a log-John affinity if and only if pu
has a log-John affinity, @ = Q.1 € GL(n), with det(Q) > 0, relative
to I. This is equivalent to p having a log-John affinity Q/|Q|"/™ rel-
ative to I/|Q|/" . But by Lemmas 3.2 and 3.3, this is equivalent to
I being a normalized log-John affinity of Au relative to Q~!, where
A = Q/|Q|'™ € SL(n). However, from Theorem 3.5 we know that I is
a normalized log-John affinity of Ay if and only if Ap is isotropic.

q.e.d.

We will require the following characterization of measures that have
affine isotropic images.

Lemma 3.7. If i is a finite Borel measure on S"~1, then pu has an
affine image that is isotropic if and only if there exists an A € SL(n) so
that

(3.13) A= 2 oA 2 du(w),
Il Jgn—1

for all x € R™.
Proof. The isotropic condition (1.2) for Ap is

n
o = i [ oo dn(o),

for all x € R™. Using definition (2.9) and |Au| = |p/, this can be written
as

n —
of = 7 [l Aol duto)

(3.14) = n/ |Alz - v|?|Av| 72 du(v),
p] Jsn-1
for all x € R™. This gives the condition (3.13). q.e.d.

Theorem 3.6 and Lemma 3.7 now give:

Theorem 3.8. If 11 is a finite Borel measure on S™~', then p has a
log-John affinity if and only if there exists an A € SL(n) so that

(3.15) At = 2 e oA 2 du(o),
il Jn-1

for all x € R™.
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4. Existence of log-John affinities

Let i be a finite Borel measure and h : S"~! — (0, 00) be continuous.
Define

(4.1) eu(h) = — /Sn_l log h(v) dp(v).
The following lemma was established in [8].

Lemma 4.1. Suppose i is a probability measure on S™' that sat-
isfies the strict subspace concentration inequality. For each positive
integer k, let uyg,...,uy, ) be an orthonormal basis of R", and sup-
pose that the n sequences of positive real numbers {h;} are such that
higp < -+ < hyg, and such that the product hyy---h,r > 1, and
im0 Ak = 00. If by : S" 1 — (0,00) is defined by

hi(v) = max{hy g|v - ui

N A (R T

for allv € S™1, then the sequence eu(hy) is not bounded from below.
The following lemma shows that any finite Borel measure that satis-

fies the strict subspace concentration inequality has a normalized log-
John affinity relative to I.

Lemma 4.2. If p is a finite Borel measure on S™ ' that satisfies
the strict subspace concentration inequality, then there exists a positive
definite A € SL(n) so that

(4.2) sup {e,(1,Q) : Q € SL(n)} = e, (1, A).

Proof. Without loss of generality we can assume that u is a proba-
bility measure. Choose a maximizing sequence Qx € SL(n) so that

len;oeu(I, Qr) =sup{e,(I,Q): Q € SL(n)}.
Clearly,
(4.3) kli\m eu(I,Qr) > e, (I, I)=0.

For every @ € SL(n), there exists a positive definite transformation
P € SL(n) and an orthogonal transformation O € SO(n) so that @ =
OP. Since |Qu| = |Pv|, for v € S"~!, we can assume that the Qj, are
positive definite.

Let hig,...,hyr be the eigenvalues of @y, ordered so that hyj <

hoy < ... < hpp, with corresponding orthogonal eigenvectors uq g,. . .,
Uk € S Thus,

(4.4) Qruik = hi ik,

and since @y € SL(n),

(4.5) hig---hpp=1.
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14 K.J. BOROCZKY, E. LUTWAK, D. YANG & G. ZHANG

For v € S"7!, we have v = Y"1 | (v - u; g)u; . This, (4.4), and the
fact that wq g,..., uy is orthonormal, gives

n
2
|Qrvl? = ‘ D hik(v - wig)ui
=1

n
= Zh?,k\v ’ Ui,kfz
i=1

> 2 ey a1 |2
= max {hy v uikl}

= hk‘(v)zv

where hy, is as defined in Lemma 4.1. This, definition (3.1), and defini-
tion (4.1) show that

(4'6) eu(L Qk:) < eu(hk)-
Assume that the sequence {Qy} is not bounded. Then, for a subse-
quence,

(4.7) lim fy = +00.
k—00

In light of (4.5) and (4.7), Lemma 4.1 tells us that {e,(hy)} is not
bounded from below. Thus, from (4.6) we conclude that the sequence
{eu(I,Qr)} is not bounded from below; this contradicts (4.3). There-
fore, the sequence @ € SL(n) is bounded, and hence it has a sub-
sequence that converges to an A € SL(n). Since the @} are positive
definite (and |Qx| = 1) A is positive definite as well. The continuity
of e, assures that A is a solution to our maximization problem (4.2).
q.e.d.

From Lemma 4.2 and Lemma 3.3, we have:

Theorem 4.3. If iu is a finite Borel measure on S~ that satisfies the
strict subspace concentration inequality, then p has a log-John affinity.

5. Existence of affine isotropic images — sufficient conditions

Let E(R™) = E™ be the class of origin-centered ellipsoids in R™ and
E1(R™) = €7 denote the subclass of €™ consisting of only the origin-
centered ellipsoids having unit volume. (The volume normalization here

is chosen for convenience to simplify constants that will arise in proofs
below.) For an E € £", define

(5.1) ey (E) =eyu(hp) = —/S » log hg(u) du(u).
If £(A) is the ellipsoid associated with A € GL(n), then from (2.4) and
definition (3.1) it follows that

eu(e(A)) = eu(l, A).

PROOF COPY NOT FOR DISTRIBUTION



AFFINE IMAGES OF ISOTROPIC MEASURES 15

This, Lemma 3.3, and Corollary 3.4 gives:

Lemma 5.1. If j1 is a finite Borel measure on S? 1, then a log-John
affinity exists for p if and only if there exists an ellipsoid Ey € €] so
that

(5.2) sup{e,(E) : E € &1} = e, (Ey).

An ellipsoid Ey from Lemma 5.1 will be called a log-John ellipsoid
associated with . The connection between the existence of a log-John
ellipsoid and the existence of log-John affinity (given in Lemma 5.1) is
not surprising.

We shall require the following technical fact.

Lemma 5.2. Suppose that &1, & are proper complementary subspaces
of R™. If E; are origin-centered ellipsoids of co-dimensions dim(§;) and
satisfying & N E1 = {o} and & N Ey = {0}, then there exists a unique
origin-centered ellipsoid Fgy in R™ that is of maximal volume and has
the property that Eg + & = E1 4+ & and Ey 4 & = Es + &s.

Proof. For notational simplicity, throughout this proof abbreviate the
unit ball, B™, in R", by B. From (2.5) it follows that the lemma holds
if and only it holds after its ingredients are transformed by an element
of GL(n). Thus, we can assume that £ and & are orthogonal, and
2N (B + &) and & N (Ey + &) are the unit balls BN & and BN¢;,
respectively. Obviously,

B+& =(BN&)+& =E1+&,

(5:3) Bt =(BN&)+é=Etb.
Let
(54) Q=BN& + BNés.

Obviously, B C Q. Let J be the unique ellipsoid of maximal volume
contained in @ (the John ellipsoid of Q). It is easy to see that if a
convex body is invariant under a rotation, so is its John ellipsoid. Since
@ is invariant under rotations in & and &s, so is J. It follows that
the axes of J are in & and & while JNE& C QNE = BNE and
JN& C QNE = BNE. This shows that J C B C @, and since J is
the maximal ellipsoid in @@ we conclude that J = B.

Suppose Ej is an origin-centered ellipsoid such that

(5.5) Eo+& =FE1+& and Ey+ & = E + &.

(Observe that B is an example of one such Ey.) Then, by (5.3), we see
that

Eo+& =BnNné&+& and Eg+ & =BNE +&o.
Thus,

(5.6) Pe, By = BN & and Pe, By = BN &o.

PROOF COPY NOT FOR DISTRIBUTION
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Obviously, Ey C P, Ey + P, Ep, and thus (5.6) and (5.4), yield
Eog C P Ey+Pe,Eg=BN&+BNE=Q.

Since J = B C @ is the unique largest (in volume) ellipsoid contained
in @, we conclude that V(Ep) < V(B), with equality if and only if
Ey = B. q.e.d.

The following lemma was established by the authors in [8].

Lemma 5.3. Suppose p is a finite Borel measure on S"~' that sat-
isfies the subspace concentration condition. If £ is a proper subspace of
R™ such that

(5.7) pEnS™) = u(s" ) dimé,

then the restriction of i1 to ST~ NE satisfies the subspace concentration
condition.

The following theorem shows that a measure that satisfies the sub-
space concentration condition necessarily has a log-John affinity.

Theorem 5.4. If ;1 is a finite Borel measure on S™~1 that satisfies
the subspace concentration condition, then u has a log-John affinity.

Proof. By Lemma 5.1, it suffices to prove that there is an E € &7 so
that

(5.8) sup{e,(E): E € €1} = e, (E).

If 1 satisfies the strict subspace concentration inequality, by Lemma
4.2, a solution E to the maximization problem (5.8) exists. Thus, what
remains is establishing the existence of a solution E to the maximization
problem (5.8) for the case where p is concentrated on two complemen-
tary subspaces.

We proceed by induction on the dimension of the ambient space, R™.
Since the case n = 1 is trivial, we start with n = 2. In this case,
there exist u1,us € S! such that the measure p is concentrated on the
four points {4uy, *us}, and since p satisfies the subspace concentration
condition,

(5.9) pl{Eu)) = p({us)) = L")

Consider the origin-centered parallelogram P with outer unit normals
u; and
hp(Fui) = 1,
for both i. Let w; € R? be the midpoint of the side of P with outer
unit normal u;. Let Ey be the ellipse of maximum area contained in P.
Observe that by considering an SL(2) affinity that transforms P into a
square, we can see immediately that Ey passes through the midpoints
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+w; and that the line joining w; to —w; is parallel to the sides of P that
it does not intersect. Obviously, hg,(u;) = hp(u;) = 1.

Let Ey = MEy be the volume normalized dilate of Ey; i.e., A\g =
V(Eo)_%. Then V (Ep) = 1, and since hpg,(u;) = 1,

(510) hEO (:l:u,) = )\0,

for both 3. B
Our aim is to show that Ej is a solution of the maximization problem
(5.8). To that end, suppose E € &2. Let

(5.11) hi = hg(ui),
for both i. Let ¢ € GL(2) be defined on the basis {w,ws} so that
(5.12) Y(w;i) = hjw;,

for both i. Now, (5.12) tells us that |¢)| = hiha.

Since the lines joining w; to —w; are parallel to two sides of any par-
allelogram with normals 4+u7, fu9, and the w; are eigenvectors of 1, it
follows that 1 transforms an origin-centered parallelogram with normals

+u1, +us to an origin-centered parallelogram with normals +uq, +us.
We deduce that

for both i. However since hp(£u;) = 1, we have hyp(fu;) = h;, and
since hg(+u;) = h;, we conclude that E C ¢ P. From the fact that
V(E)=1and ¥»"'E C P, together with the fact that Ejy is the largest
(in area) ellipse contained in P, we get

(5.13) 1/(hihy) = [| ' = V(@™ 'E) < V(E) = 1/5.

From (5.1), the fact that u is concentrated on the four points {+u;, us}
together with (5.11), (5.9), (5.13), and (5.10),

u(B) = = [ oghs(u) du(w)
= —Iu,({:tul}) loghy — I[,L({:l:'LLQ}) log ho
— _%M(Sl) log(h1h2)
< —%M(Sl) log A2
= —pu({Fu1})log Ao — pu({=uz})log Ao
. / log 5, (u) da(u)
é‘l
— e, (Ey).

This establishes the existence of a maximizing ellipse in (5.8) for the
case where n = 2.
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Now, suppose that a solution E to the maximization problem (5.8)
exists whenever the ambient dimension is less than n. For dimension
n, we only need to deal with the case where p is concentrated on two
proper complementary subspaces £ and &»; i.e., if dim§; = m;, then
mq +ms =n and m; > 0.

Let u1; denote the restriction of u to &N S™~!. The subspace concen-
tration condition tells us that

(5.14) pi& N ") = (s,

However, (5.14) and Lemma 5.3 tell us that both p; satisfy the subspace
concentration condition. Therefore, the inductive hypothesis assures the
existence of origin-centered E; € €1(&;) = &Y of unit m;-dimensional
volume so that

(5.15) sup{ey, (E) : E € €'} = ey, (E)).

By Lemma 5.2, there exists a unique origin-centered ellipsoid Ej in
R™ that is of maximal volume that satisfies, for both i, the condition
that Eg + & = E; + &, or equivalently since E; C &;, that Py, Ey = E;.
Let Ey = Ao Eo, where Ao = V(Eo)fi,_be the volume normalized dilate
of Ey; i.e., V(Ep) = 1. Since Pg, Ey = E;, from (2.1) we conclude that
(5.16) thiEo = hEﬁi, on S"7'N &,

for both 3. B
We will now show that FEj is a solution of the maximization problem
(5.8). To that end, suppose E € ET is arbitrary but fixed. Define
1

N = Vmi(PgiE)_E, so that \; P&.E S 81(&) Thus, from (5.15), we
have

(5.17) ep; (NP E) < ey, (E5).

Let

Bi=(E+&)N&, By=(E+&)Ne,
EY=(Eo+&)N&,  Es=(Bo+&)NE
Then Ef, B¢ C & and Ej, ES C & Tt is easily seen that, for both i,

(5.18)

(519) P&EZ, = P&E and PgLEZO = P&E@ = E@
Choose a 1) € GL(n) so that, for both 1,
(5.20) peh =& and VE] = EY.

The fact that & = &, along with (5.18), gives

(521)  ¢Ej=@E+&)N&G  and 9By = (YE+&)NE
From (5.21), (5.20), and (5.19) we have

(5.22) P, (WE) = P (V) = P B? = E
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Let 1 be defined as ¢ on & and the identity on §2L Let 19 be defined
as the identity on & and ¢ on &-. From (5.18) we have E; C & and
FEy C &, This and (5.20) gives

(5.23) 1By =ES and uF| = EY.

From the definition of v;, (2.2) together with (5.23), (2.3), (5.19), and
finally using the fact that Vi,,,(E;) = 1, we get

[9] = || |92
_ Viny (E7)Vin, (E3)
le (E1) Vi, (E3)
ml (P§1 ) (P§2 E2)
e Vi, (P, ) Vi (Bey )

Viny (E1) Ving (E2)
Vin, (P& ) mo ( )
= [ my (P& )sz( )]

However by Lemma 5.2, Ejy is the unique origin-centered ellipsoid of
maximal volume such that P, Ey = E;, for both . Since from (5.22) we
know that P, (Y E) = Ej;, we conclude that V(¢ E) < V(Ep). It follows
from the definition of the \;, (5.24), (2.2) together with the fact that
V(E) =1, the fact that V(¢ F) < V(Ep), and the definition of A\, that

AN = Vi, (Pey B) Vi (Pe, )

(5.25) =1/|¢| =1/V(WE) > 1/V(Ey) = AL

The fact that the measure p is concentrated on the two & N S 1,
together with (2.1), (5.17), (5.14), (5.16), (5.25), and finally the fact

PROOF COPY NOT FOR DISTRIBUTION



20 K.J. BOROCZKY, E. LUTWAK, D. YANG & G. ZHANG

that \gFg = Ey, gives
e (E) = —/ log hp, £ dur — / log hp,, g dpz
&Nnsn—1 &Nnsn—1
= —/£ ; 1(10g)\1_1 —|—logh,\1p513) dp
NS

_/g p 1(10g>\2_1+10gh,\2P§2E)dM2
2NS™—

< (61N S" M log Ay + pa(é2 N S" ) log Ao

- / log hg, duy — / log hg, dpi
&nsn—1 &NSn—1

my my
= u(S" Hlog(A" A" ) —/ log hg, du

Sn—1
< —pu(S" ) log Ao — / log h, dp
Sn—1

= = / log h)\oEo dp

Sn—1
=— / log hg, du

Sn—1
= eu(Ep).

This establishes (5.8) by induction. q.e.d.

6. Existence of affine isotropic images — necessary conditions

We begin by recalling that from Lemma 5.1, a finite Borel measure p
has a log-John affinity if and only if there exists a pg € SL(n) such that

o0t L[ dosleuldutn)} = [ tog vl dutu).

p€eSL(n)

It turns out that a finite Borel measure that violates any of the sub-
space concentration inequalities will not have a log-John affinity. This
fact is contained in the following lemma.

Lemma 6.1. If u is a finite Borel measure on S™~1 for which there
exists a proper subspace & so that

pENS™) > (5™ ) dime,

then p does not have a log-John affinity.

Proof. Let m = dim¢. For t € (0,1), let ¢, € SL(n) be so that
@rle = 1" I¢ and @yler =t Iz1. Observe that [py <7 on ™1
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Thus,
/ log |ppu| dpu(u)
Sn—l
= / log | (u)| dpu(u) + / log [t (u)] dpu(u)
Snflms Sn71\£

< / log [" ™l dpu(us) + / log [t~ du(u)
Snflms Snfl\é

=[(n —m)u(ENS"1) = mu(S" "\ £)]logt.

However,
(n—m)u(E N S™) —mu(S" 1\ €) = nu(ENS™1) —mu(S"1) > 0,

by hypothesis. Thus, we conclude

lim log |¢ru| dp(u) = —oo,
t—0 Sgn—1
and that the infimum in (6.1) is not attained. q.e.d.

The subspace concentration condition requires that equality in the
subspace concentration inequalities can only occur in pairs — in pairs
of complementary subspaces. The critical nature of this condition is
demonstrated in the following lemma.

Lemma 6.2. Suppose i is a finite Borel measure on S™~ 1. If there
exists a proper subspace & so that

pENS"™) =~ (5™ dime,

and there does not exist a subspace £ complementary to & such that p is
concentrated on S" 1N (EUE'), then u does not have a log-John affinity.

Proof. Without loss of generality, we may assume pu(S"!) = 1. Let
m = dim €. From the hypothesis, we have

(62) (s N =m/m and  a(S"N\E) = (n—m)/n.
Abbreviate,
My = log | P-iuld .
0 /Sn—1\§ og | Perul du(u)

The continuous function u +— log | Pru| on the open set S"~!\ ¢ tends
to —oo near £. Thus, My may not be finite.

We first consider the case where My = —oo, and we will show that if
this were the case p would have no log-John affinity.
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For t € (0,1), let ¢; € SL(n) be so that ¢ = t""™1,;, and |1 =
t="Ip—pm. From (6.2), we have

| loglgruldutu)
= [ toglt" Ml du(w)
Sn_lﬂ§

+ /S e log([t"~™ Peu|? + [t™ PgLuP)% du(u)

n—m

_n log t"™™ + logt™™
n

+ / log([t™ Peu|? + | ng_u|2)% dp(u)
5"71\6

:/ log(£” Peuf? + | Pes uf?)? dpa(u).
Sn71\£

This, an application of the Reverse Fatou Lemma, and our assumption
that My = —oo, gives

lim log|pyul dpu(u)
1

t—0 Sn—

— lim log([t" Peu|? + | Peruf?)? du(u)
t—0 Snfl\é'

== —OQ.

Thus, the infimum of [g,_; log|pu|du(u), over all ¢ € SL(n), is —oo,
which means that g would have no log-John affinity if it were the case
that MO == —OQ.

We turn to the case where M is finite, and we will assume that M
is finite throughout the rest of the proof.

Define the finite Borel measure i on S ' N &L by letting

(63 o = [ SR dn,

for each continuous f : S" 1N — R. (Recall that (Peru) = Peru/| Perul.)
By choosing f =| - | in (6.3), and using (6.2), we have

(6.4) A"t NER) = u(S"NE = (n—m)/n,
for the measure fi.
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Suppose A € SL(¢1). From the definition of My and definition (6.3)
we see that

/ log|f~l(P£Lu)\du(u) :/ log | Peru| dp(u)
SnIg S
+/ log|f~l<P5Lu>\ du(u)
S'L71\§

— Mo+ / log | Aul dji(u),
Snflmgl

and hence is finite. From this and the fact that on S"~!\¢ the function

u > log ]A(Pg 1u)] is continuous and is negative close to £, we conclude
that

(6.5) /S Nl AR dnt) < o

For each ¢t > 0 and A € SL(), consider ¢; € SL(n) defined so that we
have

(6.6) pile =t"""A and Ptler =t A.

From (6.6) and (6.2), we get

/  log|pruldp(u)
= / log [t" ™ Au| dp(u)
Sn—lné

+ / log(|t" ™ APeul* + [t ™™ A PéLU‘Q)% dp(u)
Sn—l\g

—m

logt™™

= @logt”*m +/ log |Au| dp(u) + z
n Sn—lmé’ n

+/ log([t" A Peul® + |AP£lu\2)% dp(u)
SnINE
— [ togluldu(w)
Snflng
—I—/ log([t" A Peul® + |/~1P£¢u\2)% du(u),
Sn71\£

where for u € S* 1, we have written u = Peu + Peru.

PROOF COPY NOT FOR DISTRIBUTION



24 K.J. BOROCZKY, E. LUTWAK, D. YANG & G. ZHANG

From this, (6.5), Lebesgue’s Dominated Convergence Theorem, and
(6.5), we get

lim log |prul dpu(u)
t—0 Sn— 1

:/ log|Au|d,u(u)+/ 10g‘A~(P£J_U)|d,LL(U)
Snflng Sn71\£

(6.7) = / log | Au| dp(u) + / log | Au| dji(u) + M.
Snflng Snflmgl

From (6.1), we see that if [, log|pu|du(u) is not bounded from
below, for ¢ € SL(n), then there exists no log-John affinity of © and we
are done.

We turn to the case where [, log |pu| du(u) is bounded from below,
for ¢ € SL(n). However in this case (6.7) tells us that

My = inf / log |Au|d u+/ lo fludNU}
=it A doelaudut+ [ osluldatu

AeSL(eh)
is finite. From (6.7), we see that
(6.8) inf {/ log |pu| d,u(u)} < My + M.
p€eSL(n) n—1

If we could show that for all ¢ € SL(n),

(6.9) | logleuldutw) > M + My,
Snfl

then (6.8) would allow us to conclude that the infimum in (6.8) can
not be attained, for any ¢ € SL(n), and thus, the measure p has no
log-John affinity, as desired. We proceed to establish (6.9).

Suppose ¢ € SL(n) is arbitrary. If p& # &, let O € SO(n) be
an orthogonal transformation such that Op¢ = &, and observe that
|Opu| = |pul, for all w € S"~!. Hence, we may assume that our
¢ € SL(n) is so that

pE=¢ and det(p|e) > 0.
By writing z € R" as © = Pew + Pe12, we see that
pr=pPax+pPaar=9pPa+PpPao+PpPax.
Thus, ¢ can be decomposed, on R", as
(6.10) ¢=AP:+ BPes + AP,
vyhere A € GL(§) is given by A = ¢[¢ and A € GL(¢4) is given by

A = Perypler, and where B = Pep|e1 is a linear transformation from
£+ to €. So, det A > 0, and |A||A| = |¢| = 1. Therefore, there exist

PROOF COPY NOT FOR DISTRIBUTION



AFFINE IMAGES OF ISOTROPIC MEASURES 25

Ag € SL(€) and Ay € SL(¢1) such that A = t" ™Ay and A = t~™A4,
1
for t = |A|mm-m),
We write u = Peu + Peru, and from (6.10), (6.2), (6.5), and the
definition of My, we get

/ log |pu| du(u)
Snfl

= / log |[t"™ Agu| du(u)
Sn_lﬁf

+ /S e log(|A PEU + BPéLu|2 + |t_mf~lo Pgi’u,|2)% d,u(u)

v

m logt"™™ +/ log |Agu| dp(u)
n 5"7106

n—m

+

logt™™ + / |Ag Perul dp(u)
Sn71\£
:/ log | Agu| dp(u) +/ log | Ag Peiu| dp(u)
Snflng Snfl\g

= / log |Agu| dp(u) + / log | Agu| dji(u) + My
Snflng Snflmfj_

> Ml + MO?
with equality implying
(6.11) p({u € S"NE: |APeu + BPerul > 0}) =0.

Let n be the subspace defined by
n={rcR": APx + BPex = 0}.

For z € n, let y = Peiw € ¢+, Then Pex = —A~'By. Thus, z =
PEJ_.’,U +Px=y— AilBy. Conversely, since A-1B: §J- — &, it is easily
seen that y — A~ By € 7 for each y € ¢-. Thus,

n={y—A"'By:ye&}.
Suppose y — A7!By = 0 for y € ¢+, Since A~'By € ¢ while y € &+,
we conclude y = 0. Therefore, the subspace 7 is a non-singular linear
image of ¢+, and thus is (n — m)-dimensional. But obviously, ¢ and 7
only meet at the origin and are thus complementary subspaces. Since,

by hypothesis, there is no subspace £ complementary to £ so that p is
concentrated on (£ U¢") NS we have

0<p(S" NEUn) =p({ue SN [APu+ BPiu| > 0}).

Therefore (6.11) cannot hold and there is strict inequality in (6.11),
which in turn yields (6.9) and shows that p has no log-John affinity.
q.e.d.
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The following theorem shows that the subspace concentration condi-
tion is a necessary condition for the existence of a log-John affinity.

Theorem 6.3. If i is a finite Borel measure on S™~' that has a
log-John affinity, then p satisfies the subspace concentration condition.

Proof. By Lemma 6.1, p satisfies the subspace concentration inequal-
ities. If there is a proper subspace £ so that

pENS™) = (5™ dime,

then by Lemma 6.2, there is a subspace ¢’ complementary to ¢ so that
p is concentrated on (£ UE’) N S™~ L. Therefore, i satisfies the subspace
concentration condition. q.e.d.

Theorem 6.4. A finite Borel measure on the unit sphere has an
affine isotropic tmage if and only if it satisfies the subspace concentration
condition.

The proof now follows from Theorems 3.6, 5.4, and 6.3.

7. Affine inequalities for measures

If T'C S™ !, then for notational simplicity, we shall write
(TY =T x---xT.
w_/
J
For a finite Borel measure p on S, we define the invariant U ()
as an integral over a subset of (S"~1)":

(7.1) v = o))

From (1.3), we see that the total measure |u| = u(S™~!) is invariant
under SL(n)-transformations; i.e., |Au| = |ul, for all A € SL(n). The
invariant U is also SL(n) invariant. Indeed, from (2.9) we get

U(Ap) =U(p),

for all A € SL(n).

Obviously, U(u) < |u|. If p is absolutely continuous with respect to
spherical Lebesgue measure on S"~ 1, then U(u) = |u|. If p is discrete,
then U(u) < |u|. The following theorem shows that the invariant U
captures the concentration of measures in subspaces.

Theorem 7.1. If ;1 is a finite Borel measure on S, then

Up) < |pl,

with equality if and only if p does not have positive subspace mass.
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Proof. First, suppose that the measure pu does not have positive sub-
space mass. Then

:u(gl N Sn_l) = 07
for each proper subspace &; of R" with dim§; = 3.
For 0 < i < n, let €; be the set of points (ug,...,u,) € (S*~1)"
such that there are exactly ¢ unit vectors that are linearly independent
among ui, ..., Uy. Lhen,

n—1
{(u1,...yup) € (S"™H" tug A Auy, =0} = UQZ
i=1

For 1 < j; < -+ < j; <n define
Ajy i = {(ur, .. un) €940 wjy Ao A, # 0},

b= U A

1<j1<+<ji<n
Clearly, if 1 <j; <---<j;<mand 1 <j| <---<jl <n, then

() dptun) = [ dpt) - duun).

so that

Then

[ dutwn) - dutun)
Q;

INA
.
=
=

S
.

=
=

:

:t>

1<j1<--<j;<n j15eees Ji

(.
(n

)/
)

<n> /Sn o Jesnony CAa dp(wisr) -+ dp(uy) dp(uy) - - - dp(ug)
)

A

—_

,,,,,

s dp(uy) - dp(ug)

,,,,,

(Sn—

( i) dp(un) diaan) - di)
u A+ A 70 (gmsn Lyn—

B <Z> /ul/\...Au#o (&N SN du(uy) - - dp(ug) = 0,

where 14, , is the characteristic function of Ay ; and &; is the sub-

,,,,,

space spanned by uq,...,u;. Thus,
(7.2) / dp(uy) - - - dp(uy) = 0.
UL A Aty =0
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This and (7.1) give
UG = [ duu) - dutu) ="
(Snfl)n

Conversely, assume that U(u) = |u|; then (7.2) holds. For a subspace
&n—1 of R™ of co-dimension 1, we have

W(Enoy NS = / dpi(ur) -+ dp(un)
(é‘n_lmSnfl)n

</ dp(ur) - dy(u)
UL A AUp=0
=0.
Thus, the measure i does not have positive subspace mass. q.e.d.

Theorem 7.2. If i is a finite Borel measure on S™~' that has an
isotropic affine image, then

(n!)l/n
n

(7.3) Ulp) = |l

with equality if and only if i, the central symmetral of u, is an affine
image of a cross-measure.

Proof. Since the measure p has an isotropic affine image, there is an
A € SL(n) so that Ay is isotropic. From (2.8), and the fact that the
total mass is invariant under SL(n)-transformations, we know
(7.4)

n! n no
[ut, ... un]|? dAp(wr) - - dAp(uy,) = —|Ap[" = —|ul"
(S’n—l)n n n

From (7.1) and (7.4), we have

vtan = [ dAp(u) -+ dAp(uy)
wr Ace At £0
> [ [ ] dApu(uny) - dAp(un)
UL AUp 70

:/(S sl ) - dap(n)

nloo
with equality if and only if it is the case that whenever ui,...,u, €
supp(Apu) are linearly independent, we have |[ug,...,u,]| = 1. There-
fore, any linearly independent wuq,...,u, in supp(Au) are orthogonal.

This, and the fact that Ap is isotropic, implies that the central sym-
metral of Ap is a cross-measure, and thus g is an affine image of a
cross-measure. q.e.d.
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Observe that the first statement of Theorem 1.3 is Theorem 7.1. The
second statement of Theorem 1.3 follows from Theorems 7.2 and 1.2.

8. Applications to cone-volume measures of convex bodies

If K is a convex body in R™ that contains the origin in its interior,
then the cone-volume measure, Vi, of K is a Borel measure on the unit
sphere S”~! defined for a Borel w C S"7!, by

Vie(w) = - / v - vie(z) dH (@),
N Jrev(w)
where vg : 'K — S™ ! is the Gauss map of K, defined on 0'K, the
set of points of K that have a unique outer unit normal, and H" ! is
(n — 1)-dimensional Hausdorff measure.

In recent years, cone-volume measures have appeared in, e.g., [43,
45,62, 63,66, 73]. Firey’s Question asks if a body whose cone-volume
measure is proportional to spherical Lebesgue measure on S™~! must
be a ball. This fundamental question was answered, in the affirmative,
by Andrews [1] in R3. An answer to the Firey’s Question in R", for
n > 3, is one of the major open problems in geometric analysis.

As an aside, we note that the cone-volume measure is (up to a factor
of n) the Lg-surface area measure within the rapidly evolving L,-Brunn-
Minkowski theory (see e.g. [7,8,10,13,14,18,19,22,23,25-29,32,33, 38—
51,53-55,57-59,61,64-67,69-73,75,76,78]). For p = 0, the L,-Brunn-
Minkowski theory is more commonly called the log-Brunn-Minkowski
theory.

The total mass of the cone-volume measure of the body K is obviously
the volume of K i.e.,

(8.1) Vi | = V(K).

It was shown in [8] that the affine image of the cone-volume measure
of a convex body is the cone-volume measure of the affine image of the
body; i.e., if K is a convex body in R™ that contains the origin in its
interior, and A € SL(n), then

(8.2) AV = Vg

This is an easy consequence of definition (2.9) and (1.10) in [57].
Now (8.2) allows us to rewrite a basic question posed in [57] as follows:

Problem 8.1. For a given convex body K that contains the origin in
its interior, is there an A € SL(n) so that

n

for all z € R™; i.e., does the cone-volume measure of a convex body have
an affine isotropic image?
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We shall show that for arbitrary convex bodies (that contain the ori-
gin in their interiors) the answer is negative. We will give an affirmative
answer to this question for convex bodies that are origin-symmetric.

Lemma 8.2. For n > 2, there exists a polytope T in R™ that con-
tains the origin in its interior whose cone-volume measure has no affine
1sotropic image.

Proof. Let T be a simplex that contains the origin very close to one
of its vertices. The cone-volume measure of T is discrete and is concen-
trated mostly at one point. Therefore, it cannot satisfy the subspace
concentration condition. By Theorem 1.2, a measure on S”~! has an
affine isotropic image if and only if it satisfies the subspace concentra-
tion condition. We conclude that the cone-volume measure of T' has no
affine isotropic image. q.e.d.

The following lemma was proved in [8]. For polytopes, the inequality-
part of the subspace concentration condition of Lemma 8.3 was es-
tablished by He, Leng, and Li [30], with a shorter proof provided by
Xiong [77].

Lemma 8.3. If K is an origin-symmetric convex body in R™, then the
cone-volume measure Vi satisfies the subspace concentration condition.

From (8.2), Lemma 8.3, together with Theorems 5.4 and 3.8, we get:

Theorem 8.4. If K is an origin-symmetric convex body in R™, then
K has an SL(n)-image whose cone-volume measure is isotropic; i.e.,
there exists an A € SL(n) so that

) = —

(53) = i o o B V(o)

for all x € R™.

The SL(n)-invariant U was defined in [52]. For a convex body K in
R™ that contains the origin in its interior, define U(K), as an integral
over a subset of (S"~ 1" by

(8.4) U(K)" = / Vi (u) - - AVig ()
U A+ Aun#0
(8.5) U(K) =U(Vk),

in the notation of the previous section.

Obviously, U(K) < V(K). When K is a polytope, we have U(K) <
V(K).

The following theorem characterizes equality in the inequality U (K) <
V(K). It is an immediate consequence of Theorem 7.1, (8.5), and (8.1).
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Theorem 8.5. If K is a convex body in R™ that contains the origin
in its interior, then

U(K) < V(K),
with equality if and only if the cone-volume measure Vi does not have
positive subspace mass.

The affine invariant U can be viewed as a variant of volume, V,
that measures the effect of positive subspace mass of the cone-volume
measure of K. The polytopal case of the following problem was posed
in [52].

Problem 8.6. Suppose K is a convex body in R™ whose centroid is
at the origin. Is it the case that

(n!)1/m

n

(3.6) U(K) >

V(K),
with equality if and only if K is a parallelotope?

When K is an origin-symmetric polytope, He, Leng, and Li [30] es-
tablished inequality (8.6), and later Xiong [77] gave a simplified proof.
Xiong [77] proved (8.6) for polytopes in two and three dimensions. Here,
we establish (8.6) under a condition.

Theorem 8.7. Suppose K is a convex body in R™ that contains the
origin in its interior. If K has an affine image whose cone-volume
measure is isotropic, then

n!)l/n

(8.7) UK) > ( V(K),

n
with equality if and only if K is a parallelotope.

Theorem 8.7 follows immediately from Theorem 7.2, together with
(8.2), (8.1), (8.5), and the fact that the central symmetral of Vi is an
affine image of a cross-measure if and only if K is a parallelotope. (Note
that if uq,...,u, are linearly independent unit vectors, then a convex
body in R™ whose outer unit normals is a subset of {£uy,...,+u,}
must be a parallelotope.)

In light of Lemma 8.3, Theorems 6.4 and 7.2 give an affirmative
answer to Problem 8.6 for origin-symmetric convex bodies.

Theorem 8.8. If K is an origin-symmeltric convex body in R™, then

(n!)l/n
n

(8.8) UK)> V(K),
with equality if and only if K is a parallelotope.

In view of the above applications, the following problem is of signifi-
cant interest.
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Problem 8.9. If K is a convex body in R™ whose centroid is at the
origin, does the cone-volume measure of K satisfy the subspace concen-
tration condition?

We note that an affirmative answer to Problem 8.9 implies an affirma-
tive answer to Problem 8.6. For two and three dimensional polytopes,
an affirmative answer to Problem 8.9 has been given by Xiong [77].

Added in proof: After this paper was submitted for publication, an
affirmative answer to Problem 8.9, for polytopes, was given by Henk
and Linke [31].
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