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SUBSPACE CONCENTRATION OF DUAL CURVATURE
MEASURES OF SYMMETRIC CONVEX BODIES

KAROLY J. BOROCZKY, MARTIN HENK, AND HANNES POLLEHN

ABSTRACT. We prove a tight subspace concentration inequality for the
dual curvature measures of a symmetric convex body.

1. INTRODUCTION

Let K™ denote the set of convex bodies in R", i.e., all convex and compact
subsets K having a non-empty interior. The set of convex bodies having the
origin as an interior point and the set of origin-symmetric convex bodies, i.e.,
those sets which satisfy K = —K are denoted by K7 and K respectively. For
x,y € R", let (x,y) denote the standard inner product and || = \/(z, x)
the Fuclidean norm. We write B,, for the n-dimensional Euclidean unit ball,
i.e., B, = {x € R": |z| < 1} and S™! for its boundary. The k-dimensional
Hausdorff-measure will be denoted by H¥(:) and instead of H"(-) we will
also write vol(-) for the n-dimensional volume.

At the heart of the Brunn-Minkowski theory is the study of the volume
functional with respect to the Minkowski addition of convex bodies. This
leads to the theory of mixed volumes and, in particular, to the quermass-
integrals W;(K) of a convex body K € K™. The latter may be defined via
the classical Steiner formula, expressing the volume of the Minkowski sum
of K and \ B,, i.e., the volume of the parallel body of K at distance A as a
polynomial in A (cf., e.g., [40, Sect. 4.2])

(1.1) vol(K + A\ B,) = iv <7;>Wi(K).
=0

A more direct geometric interpretation is given by Kubota’s integral formula
(cf., e.g., [40, Subsect. 5.3.2]), showing that they are — up to some constants
— the means of the volumes of projections

(B,
VO()/ vol(K|L)dL, i=1,...,n,
voli(Bi) Ja(n,i)

where vol;(-) denotes the i-dimensional volume, integration is taken with
respect to the rotation-invariant probability measure on the Grassmannian
G(n, 1) of all i-dimensional linear subspaces and K|L denotes the image of
the orthogonal projection onto L.
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A local version of the Steiner formula above leads to two important series
of geometric measures, the area measures S;(K,-) and the curvature mea-
sures C;(K,-),i=0,...,n—1, of a convex body K. Here we will only briefly
describe the area measures since with respect to characterization problems
of geometric measures they form the “primal” counterpart to the dual cur-
vature measures we are interested in.

To this end, we denote for w C S"! by vt (w) C OK the set of all
boundary points of K having an outer unit normal in w. We use the notation
1/;(1 in order to indicate that for smooth convex bodies K it is the inverse
of the Gauss map assigning to a boundary point of K its unique outer unit
normal. Moreover, for & € R" let rx(x) € K be the point in K closest to
x. Then for a Borel set w C S ! and A > 0 we consider the local parallel
body

(1.3) Br(Ahw)={x eR":0< |z —rg(z)| <X and rx(z) € vg'(w)}.

The local Steiner formula is now a polynomial in A whose coefficients are (up
to constants depending on i,n) the area measures (cf., e.g., [40, Sect. 4.2])

(1.4) vol(Br (A, w)) = % Z N (?) Sn—i(K,w).

Sn—1(XK,-) is also known as the surface area measure of K. The area mea-
sures may also be regarded as the (right hand side) differentials of the quer-
massintegrals, since for L € K"
1—i(K+el) — W, 1 (K
(15) higwn 1 z( +e€ ) Wi-1 z( )
€ €

- / ho(w) dS:(K, w).
Sn—l

Here hr(-) denotes the support function of L (cf. Section 2). Also observe
that S;(K,S" 1) =nW, ;(K),i=0,...,n— 1.

To characterize the area measures S;(K,-), i € {1,...,n — 1}, among the
finite Borel measures on the sphere is a cornerstone of the Brunn-Minkowski
theory. Today this problem is known as the Minkowski—Christoffel problem,
since for ¢ = n — 1 it is the classical Minkowski problem and for ¢ = 1 it is
the Christoffel problem. We refer to [40, Chapter 8] for more information
and references.

There are two far-reaching extensions of the classical Brunn-Minkowski
theory, both arising basically by replacing the classical Minkowski-addition
by another additive operation (cf. [I7]). The first one is the L, addition
introduced by Firey (see, e.g., [12]) which leads to the rich and emerging
L,,-Brunn-Minkowski theory for which we refer to [40, Sect. 9.1, 9.2]).

The second one, introduced by Lutwak [29], is based on the radial addition
+ where  +y = x + y if «, y are linearly dependent and 0 otherwise. Con-
sidering the volume of radial additions leads to the dual Brunn-Minkowski
theory (cf. [40, Sect. 9.3]) with dual mixed volumes, and, in particular,

also with dual quermassintegrals W;(K) arising via a dual Steiner formula

(ct. (L))
vol(K T AB,) = zn: Al <”> Wi (K).

7
1=0
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In general the radial addition of two convex sets is not a convex set, but the
radial addition of two star bodies is again a star body. This is one of the
features of the dual Brunn-Minkowski theory which makes it so useful. The
celebrated solution of the Busemann-Petty problem is amongst the recent
successes of the dual Brunn-Minkowski theory, cf. [13] [I8] [44], and it also
has connections and applications to integral geometry, Minkowski geometry,
and the local theory of Banach spaces. s

In analogy to Kubota’s formula the dual quermassintegrals W;(K)
admit the following integral geometric representation as the means of the
volumes of sections (cf. [40), Sect. 9.3])

W,_i(K) = VOI(B")/ vol,(KNL)dL, i=1,...,n.
voli(Bi) Ja(n,i)

There are many more “dualities” between the classical and dual theory, but
there were no dual geometric measures corresponding to the area and cur-
vature measures. This missing link was recently established in the ground-
breaking paper [25] by Huang, Lutwak, Yang and Zhang. Let px be the
radial function (see Section 2 for the definition) of a convex body K € K.
Analogous to we consider for a Borel set n € S"~! and A > 0 the set

Ku{zeR"\K:0< |z —px(z)z| <\ and pi(z)z € vyl (n)} .

Then there also exists a local Steiner type formula of these local dual parallel

sets [25, Theorem 3.1] (cf. (1.4)))

vol(Ag (A7) = z: (?) NGy (K, ).

Ci(K,n) is called the ith dual curvature measure and they are the counter-
parts to the curvature measures C;(K,w) in the dual Brunn-Minkowski the-
ory. Observe that C;(K, S" ') = W,,_;(K). As the area measure (cf. (L.5),
the dual curvature measures may also be considered as differentials of the
dual quermassintegrals, even in a stronger form (see [25, Section 4]). We
want to point out that there are also dual area measures corresponding to
the area measures in the classical theory (see [25]).

Huang, Lutwak, Yang and Zhang also gave an explicit integral represen-
tation of the dual curvature measures which allowed them to define more
generally for ¢ € R the ¢th dual curvature measure of a convex body K € K
as [25, Def. 3.2]

(1.6) Cotom = [ pclwranw).

ag(n)

Here o (1) denotes the set of directions u € S"~1, such that the boundary
point px(u)u belongs to l/l_(l (n). The Minkowski-Christoffel problem may
be considered as a charcterization problem of the differentials of quermass-
integrals. Hence, the analog to the Minkowski-Christoffel problem in the
dual Brunn-Minkowski theory is (cf. [25, Sect. 5])
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The dual Minkowski problem. Given a finite Borel measure y on S~
and g € R. Find necessary and sufficient conditions for the existence of
a convex body K € K} such that C,(K,-) = p.

An amazing feature of these dual curvature measures is that they also link
two other well-known fundamental geometric measures of a convex body
(cf. [25, Lemma 3.8]): when ¢ = 0 the dual curvature measure Co(K,-) is —
up to a factor of n — Aleksandrov’s integral curvature of the polar body of
K and for ¢ = n the dual curvature measure coincides with the cone-volume
measure of K given by

~ 1 B

Colom) = Vicln) = [ (wvc(w)a# (w),

vie' ()

Similarly to the Minkowski problem, solving the dual Minkowski problem
is equivalent to solving a Monge-Ampere type partial differential equation
if the measure p has a density function g : S"~! — R. In particular, if
q € (0,n], then the dual Minkowski problem amounts to solving the Monge-
Ampere equation

(L.7) % W) |Vh(z) + h(z) 2| det[hij(®) + 6ijh(x)] = g(),

where [h;j(x)] is the Hessian matrix of the (unknown) support function h
with respect to an orthonormal frame on S™~!, and §;; is the Kronecker
delta.

If L h(x)|Vh(z) + h(z)z|?"" were omitted in (L.7), then would be-
come the partial differential equation of the classical Minkowski problem,
see, e.g., [9, 10, 38]. If only the factor |Vh(x) + h(x)x|?™™ were omitted,
then equation would become the partial differential equation associated
with the cone volume measure, the so-called logarithmic Minkowski problem
(see, e.g., [7, [11]). Due to the gradient component in if ¢ € (0,n), the
dual Minkowski problem is signicantly more challenging than the classical
Minkowski problem and logarithmic Minkowski problem.

The cone-volume measure for convex bodies has been studied extensively
over the last few years in many different contexts, see, e.g., [2], 3] 6, [7, [8 17,
19], 211, 251 27, 28, [32], [33], 34., 35, 36}, 37, B39L [43], 45, [46]. One very important
property of the cone-volume measure — and which makes it so useful — is its
SL(n)-invariance, or simply called affine invariance. It is also the subject
of the central logarithmic Minkowski problem which asks for sufficient and
necessary conditions of a measure z on S"~! to be the cone-volume measure
of a convex body K € K7?. This is the p = 0 limit case of the general
L,-Minkowski problem within the above mentioned L, Brunn-Minkowski
theory for which we refer to [26] BI] [47] and the references within.

The discrete, planar, even case of the logarithmic Minkowski problem, i.e.,
with respect to origin-symmetric convex polygons, was completely solved by
Stancu [41 [42], and later Zhu [45] as well as Boroczky, Hegediis and Zhu [4]
settled (in particular) the case when K is a polytope whose outer normals
are in general position.

In [7], Boroczky, Lutwak, Yang and Zhang gave a complete characteriza-
tion of the cone-volume measure of origin-symmetric convex bodies among
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the even measures on the sphere. The key feature of such a measure is ex-
pressed via the following condition: A non-zero, finite Borel measure u on
the unit sphere satisfies the subspace concentration condition if
u(S™tN L) _ dimL

p(SH T on
for every proper subspace L of R™, and whenever we have equality in (1.8)
for some L, there is a subspace L’ complementary to L, such that u is
concentrated on S"~1 N (LUL').

Apart from the uniqueness aspect of the Minkowski problem, the sym-
metric case of the logarithmic Minkowski problem is settled.

(1.8)

Theorem 1.1 ([7]). A non-zero, finite, even Borel measure i on S~ 1 is
the cone-volume measure of K € KU if and only if u satisfies the subspace
concentration condition.

An extension of the validity of inequality to centered bodies, i.e.,
bodies whose center of mass is at the origin, was given in the discrete case
by Henk and Linke [23], and in the general setting by Boéroczky and Henk [5].

A generalization (up to the equality case) of the sufficiency part of Theo-
remto the gth dual curvature measure for ¢ € (0, n| was given by Huang,
Lutwak, Yang and Zhang. For clarity, we separate their main result into the
next two theorems.

Theorem 1.2 (|25, Theorem 6.6]). If g € (0,1], then an even finite Borel
measure (1 on S*' is a qth dual curvature measure if and only if p is not
concentrated on any great subsphere.

Theorem 1.3 ([25, Theorem 6.6]). Let g € (1,n] and let pu be a non-zero,
finite, even Borel measure on S"~1 satisfying the subsapce mass inequality
w(S" N L) g—1n—dimL
(A ——— =

p(S"1) g n-1
for every proper subspace L of R". Then there exists an o-symmetric convex
body K € K7 with Cy(K,-) = p.

In particular, it is highly desirable to understand how close (1.9) is to
characterize gth dual curvature measures. Observe that for ¢ = n the in-

equality (|1.9) becomes essentially (|1.8]).

Our main result treats the necessity of a subspace concentration bound
on dual curvature measures.

(1.9)

Theorem 1.4. Let K € K7, q € [1,n] and let L C R™ be a proper subspace.
Then we have

s n—1 :
(1.10) Coll, 5" N1L) min{dlmL,l},
Cy(K, S 1)

and equality holds in (1.10)) if and only if ¢ = n and (Njn(K, -), i.e., the cone-
volume measure of K, satisfies the subspace concentration condition (1.8)).

In particular, for ¢ < n we always have strict inequality in (1.10]), but this
is also optimal.
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Proposition 1.5. Let 0 < g < n and k € {1,...,n — 1}. There ezists a

sequence of convex bodies K; € K, | € N, and a k-dimensional subspace
L C R” such that

C -1 ko k<
lim Cq(Kl,S N L) _Jq FS q,
2GR st

We observe that if ¢ € [1,n] and dimL = 1 for a linear subspace L
then 1 — %w = %. Therefore Theorems and complete the

n—1
characterization of the gth dual curvature measures if n = 2.

Corollary 1.6. If g € [1,2), then an even finite Borel measure u on S' is
a qth dual curvature measure if and only if
p(StNL) 1

n(SH g

for every one-dimensional subspace L of R?.

We remark that the dual Minkowski problem is far easier to handle for
the special case where the measure p has a positive continuous density,
(where subspace concentration is trivially satisfied). The singular general
case for measures is substantially more delicate, which involves measure
concentration and requires far more powerful techniques to solve.

The paper is organized as follows. First we will briefly recall some basic
facts about convex bodies needed in our investigations in Section 2. In Sec-
tion 3 we will prove a lemma in the spirit of the celebrated Brunn-Minkowski
theorem, which is one of the main ingredients for the proof of Theorem
given in Section 4. Finally, in Section 5 we will prove Proposition [1.5

2. PRELIMINARIES

We recommend the books by Gardner [15], Gruber [20] and Schneider [40]
as excellent references on convex geometry.

For a given convex body K € K™ the support function hg: R” — R is
defined by

h — .
K(x) r;leag@, Y)

A boundary point & € JK is said to have a (not necessarily unique) unit
outer normal vector u € S"! if (x,u) = hg(u). The corresponding sup-
porting hyperplane {x € R": (x,u) = hx(u)} will be denoted by Hg (u).
For K € K7 the radial function px: R™\ {0} — R is given by

pr(x) =max{p>0: px € K}.

Note, that the support function and the radial function are homogeneous of
degrees 1 and —1, respectively, i.e.,

hg(Ax) = Ahg(z) and pre(A@) = A~ px (),

for A > 0. We define the reverse radial Gauss image of  C S"~! with
respect to a convex body K € K by

o (n) ={u e S" ! pr(u)u € Hi(v) for a v € n}.
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If 7 is a Borel set, then o’ (n) is H" !-measurable (see [40), Lemma 2.2.11.])
and so the gth dual curvature measure given in (1.6]) is well defined. We will
need the following identity.

Lemma 2.1. Suppose K € K?, ¢ > 0 and let n C S" ! be a Borel set.
Then

Cy(K.m) =4 / )

xeK, z/|x|cal ()

3 I

Proof. By using spherical coordinates and (|1.6))

FR R A

n
zeK, x/|x|€at (n)

1 P (u)

= / /qrn_qu_”dr dH" ()
ag(m \ 0
1 B ~

— = [ ptwyran ) = Gy (o).
ag(n)

O

Let L be a linear subspace of R". We write K|L to denote the image of
the orthogonal projection of K onto L and LT for the subspace orthogonal
to L.

As usual, for two subsets A, B C R" and reals «, 8 > 0 the Minkowski
combination is defined by

aA+ BB ={aa+pb:ac Abec B}.

By the well-known Brunn-Minkowski inequality we know that the n-th
root of the volume of the Minkowski combination is a concave function.
More precisely, for two convex bodies Ko, K1 C R™ and for A € [0,1] we
have

(2.1)  vol, (1 — N Ko + AK1)Y™ > (1 — A)vol,, (Ko)'/™ + Avol, (K1)'/™,

where vol,,(-) = H"(:) denotes the n-dimensional Hausdorff measure. We
have equality in for some 0 < A < 1 if and only if Ky and K; lie in
parallel hyperplanes or they are homothetic, i.e., there exist a ¢ € R™ and
p > 0 such that Ky =t + pu Ko (see, e.g., [14], [40, Sect. 6.1]).

3. INTEGRALS OF EVEN UNIMODAL FUNCTIONS

A function f on the real line R is called unimodal if there is a number
m € R, such that f is an increasing function on (—oo,m) and decreasing
on (m,00). The notion of unimodal functions can be extended to higher
dimensional spaces in the following way.

The superlevel sets of a function f : R™ — R are given by L}L (o) ={x €
R™: f(x) > a}, « € R. We say that f is unimodal if every superlevel set of
f is closed and convex. It was shown by Anderson [I] that the integral of
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an even unimodal function over translates of a symmetric convex region is
maximal if the center of symmetry is moved to the origin. His proof relies
only on the Brunn-Minkowski theorem. Here we generalize this approach to
integrals over a convex combination of a convex body K and its reflection
-K.

Lemma 3.1. Let f: R" — R>¢ U {oo} be a unimodal function, such that
f(x) = f(—x) for every x € R™ and let f be integrable on compact, convex
sets. Let K C R™ be a compact, conver set with dim K = k. Then for
Ae0,1]
(3.1) / F(@)dH (a /f YA (2

AK+(1-X)(—K)
Moreover, equality holds if and only if for every a > 0

vols ([)\K + (1= N(=K)N L;{(a)) = volu(K N L} (a)).

Proof. Let Ky = AK + (1 —\)(—K). By the convexity of L;{ (ov) we have for
every a € R

(3.2) Kyn L}r(a) DAKN L?(a)) +1-=XN((-K)n Lj{(a)).
The Brunn-Minkowski inequality (2.1]) applied to the set on right hand side

of (3.2)) gives

VOlk(K)\ M L;{(a))
> voly, ()\(K NLf(@)+ (1= N)((-K)n L*(a)))

k
> ()\volk(K AL (@) * + (1= Avolp((—K) N L;f(oz))l/k>
Since f is even, the superlevel sets L?(a) are symmetric. Hence, volg(K N
L}'(a)) =volx((—K) N L;{(a)) and so
volg (Kx N Ly (a)) > vol, (K N Ly (a))

for every a € R. Fubini’s theorem yields

(e o]

/f YdHE ( /volk(K,\ﬂLf( ))da

oo

> /volk(Kﬁ L;f(a))da

0
- / f()dHE (x)
K

Suppose we have equality in (3.1]). Since voli (KN L;{ () is continuous on
the left with respect to « for every A € [0, 1] we find that

voli (K N L?(a)) = volx (K N L}r(a))
for every a > 0. (]
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4. PROOF OF THEOREM [L.4]

Now we are ready to give the proof of Theorem We use Fubini’s theo-
rem to decompose the dual curvature measure into integrals over hyperplane
sections. Lemma [3.1] will provide a critical estimate for these integrals.

Proof of Theorem[1.4]. In order to prove the inequality (1.10) we may cer-
tainly assume ¢ > dim L = k. For y € K|L denote ¥ = pk/.(y)y,

Fy = conv{0, K N (g + L)} and
My = conv{K N L+ Kn(g+ LY}

Observe that My, N(y+Lt) = Fyn(y+L+) = KN(y+L*). By Lemma
Fubini’s theorem and the fact that My, N (y + L) C K N (y + L*) we may
write

Gy =1 [ [ japrran ) | antiy)
K|L \Kn(y+L4Y)

a / / |20 R (2) | ar(y).

n
KL \Myn(y+L*)

(4.1)

v

In order to estimate the inner integral let y € K|L, y # 0, and for ab-
breviation we set A = pK|L(y)*1 < 1. Then by the symmetry of K we
find

MyN(y+ LY ONEN(G+LY)+ (1A (KnLY)
DA(K N (g+ L))

-0 (JEN @+ I + K0 g+ 24)

2
A K@ L)+ A N @+ L),

Hence the set My N (y + L) contains a convex combination of a set and its
reflection at the origin. This allows us to apply Lemma from which we
get

(4.2) / 2T dH R (2) > / |2 dH R ()
MyN(y+LL) KN(g+L+)

for every y € K|L, y # 0. Together with (4.1) we obtain the lower bound

(4.3) éq(K,S"—l)z% / / |z|97 " dH R (2) | dHF(y).

K|L \KN(y+L'L)

In order to evaluate éq(K, S"~1' N L) we note that for x € K we have
z/|lx| € o} (S""1 N L) if and only if the boundary point px(z)x has an
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outer unit normal in L. Hence,
(zeK:a/jx|caj(S" NL)} = conv {o, (O(K|L) + L) N K} \ {0},

and in view of Lemma 2.1l and Fubini’s theorem we obtain

Cy(K,8" N L)

_a / / |21 dH R (2) | ar(y)

KL \FyN(y+L")

_a / / 2|7 dH R (2) | dHE(y)

KL \(px|p(y) " (EN@G+LY))

= [ | [ errane e | aid ),

K|L N(G+LLY)

The inner integral is independent of the length of y € K|L and might be
as well considered as the value g(u) of a (measurable) function g: S*~'NL —
R>p. By taking this into account and using spherical coordinates we obtain

Cy(K,8" N L)

= / pri(y)* g (y/|yl)AH" (y)

n
K|L
PK\L(")
=2 [ g | [ et | )
(4.4) " sning 0
PK|L(’“)

=0 [ gtwerutr [ [ elar | ant i
nsnflmL 0
— [ ot sl ar )

Sn—IinL

Applying the same transformation to the right hand side of (4.3)) gives

Cyr.s ) 22 [ gt/ lw)art )

K|L
pi|L(u)
(4.5) _4 / () / Pl | dHE ()
nS”—lmL 0
_gl kg k-1
Sl K )

Sn=1nL
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Combining (4.4)) and (4.5) yields (1.10)) in the case k = dim L < g, i.e.,

Cy(K, 8" 'NL) _k

Co(K,Sm 1)~ ¢

Now suppose that the dual curvature measure of K satisfies the inequality
(1.10) with equality with respect to a proper subspace L. Then we certainly
have dim L. < ¢, since the curvature measure cannot be concentrated on
a great hypersphere. Hence we must have equality in for every y €
relint (K |L).

Assume ¢ < n. Then the superlevel sets L;{(a) of the function f(z) =
|z|77™, z € R™, are balls. Hence, in view of the equality condition of
Lemma equality in implies that My N (y+LY)NrB, and KN (y+
L+) N rB, have the same (n — k)-dimensional volume for every r > 0. For
sufficiently small r, however, the intersection of K N (g + L*) C 0K with
r B, is empty. Hence we must have ¢ = n and in this case we know by Theo-
rem that equality is attained if and only if the cone-volume measure of K
satisfies the subspace concentration condition as stated in Theorem[1.1l [

Remark 4.1. It is worth noting, that the proof of Theorem only relies
on the symmetry of the function |- |77 = pp, (1)"74, its homogeneity and
the convexity of its unit ball. In fact, the ball B, can be replaced by any
symmetric convex body M € K in the sense that

par(w)" U pre (w)1dH" ™ (u) <
aj (S"~1nL)
dim L
q

(4.6)

/ par ()" g () AH™ " (u),
Sn—l

where L C R™ is a subspace with dim L < q. Observe, in this more general
setting, Lemma becomes

[ owtrtpuuyan @)

ak(n)
px(u)
= / o (w) 1 /qr"qu”dr dH" " (u)
e (n) 0

— / (@) dH (),
z€eK, x/|x|Caj (n)

and (4.6) can be proved along the same lines as Theorem with pp, (*)
replaced by pyr(+).

5. PROOF OF PROPOSITION

Here we show that the bounds given in Theorem are indeed tight for
every choice of ¢ € (0,n). To this end let £k € N with 0 < & < n and for
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r > 0 let K, be the cylinder
Kr = (’I”Bk) X Bn—k-

Let L = lin{ey,...,exr} be the k-dimensional subspace generated by the
first k canonical unit vectors e;.

For & € R" write = 21 +x2, where &1 € RF x {0} and x5 € {0} x R"*.
The supporting hyperplane of K, with respect to a unit vector v € S"~'NL
is given by

Hg, (v) ={x € R": (v,x1) =r}.

Hence the part of the boundary of K, covered by all these supporting hyper-
lanes is given by rS¥~1 x B,,_j. In view of Lemma and Fubini’s theorem
we conclude

Cy(K,,S"'nL)=

(51) a-n n—
L [ mlP sy T aw ) | )
ilileT'Bk wQEank
rlze|<|e:]|

Denote the volume of B,, by w,. Recall, that the surface area of B, is given
by nw, and for abbreviation we set

c=c(q,k,n) = %kzwk(n — k)wn—k-
Switching to the cylindrical coordinates
x; =su, s>0,uecS 1 xo=tv, t>0,ve " F 1
transforms the right hand side of to

r s/r

Cy(K,,S" 1N L) —c//sk_lt"_k_l(SQ—i-tz)q;n dt ds
0 0

q—n

gd— Lypk—nyn—k—1 (14+r2t%) 2 dtds
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Analogously we obtain

éq(B;7sn—l)

SIS

/ (12 + [af?) 5 AH* (o) | AHP ()

T1€ETBE \T2€Bp

(5.3) - .
= c//s’”t”’“(s2 +t%) 72 dtds
0
11
= crk//sk_lt"_k_l(r252 + )7 dt ds.
0 0
When ¢ > k, the monotone convergence theorem gives

lim

1
/sq Ln=h=1(:2 4 2y  dt ds
r—0+
0

1 1 .
= /sqlds : /tqkldt: _
q(q — k)
0 0

o — _

and

11
lim //sk Ln=h=1(:26% 425" dt ds
r—0+
00

1 1 ]
k—1 —k—1
S ds-/tq dt = —— .
/ k(q — k)
0 0

Hence, by (5.2) and (j5.3]) we get

. Cy (K., 8" 'nL) &k
lim —= = —.
r=0+  Cy(K,, S 1) q

Now suppose ¢ < k. Rewrite (5.3) as

1 1/s
(5.4) C (K, 5" k//sq Ln=h=12 1 42)%" dt ds,
0 0

which in view of ([5.2) gives

Cy(K,, S" ' N L) — Cy(K,, S™ 1)
1 1/s

(5.5) k —ln—k—1,2 | ;2\%"
=cr //sq t" (r*4t*) 2 dtds.
01
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Observe, that by the monotone convergence theorem

1 1/s 1 1/s
1i%1+//sq—lt"—k—l(r2+t2)Tdtds_//sq—ltq—’f—ldtds
r—
01 0 1
sk .
(5.6) _ foi sq_lﬁds, if ¢ <k,
Jo s97 (—logs)ds, if ¢ =k,
_1
=0
On the other hand, if 0 < r < 1, then
1 1/s
//sqlt”’“(r2+t2)q?dtds
0 0
11
> / sI7 TR (1 1) dtd s
(5.7) 0o r
11
> / / sI7Hn Rt 4 1)adt ds
0 r
24—1 pa—k_1q if k
- q k—q g <ek,
q—n .
2 (Clog(r)), if q =k,

which is not bounded from above as a function in r. Hence, by (5.4)), ,
(-0), (57) we finally get

C,(K,. 8" 1nL
lim Cq~( S nL)
r=0+  Cy(K,, Sn1

qg—n

st 1n=k=1(r2 4+ 42)75 dt ds

q—n

sI—1gn=k=1(r2 4+ 2)75" dt ds

which finishes the proof of Proposition [L.5

Acknowledgement. The authors would like to thank the referees for their
very helpful comments and suggestions.
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