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Abstract

In this paper we study properties of sections of convex bodies with respect to the
Gaussian measure. We develop a formula connecting the Minkowski functional of
a convex symmetric body K with the Gaussian measure of its sections. Using this
formula we solve an analog of the Busemann-Petty problem for Gaussian measures.
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1 Introduction

The standard Gaussian measure on R” is given by its density:

1 _l=?
7n(K):W[Z€ 2 dr,

where |x| denotes the /5 norm on R". Let C,, denote the collection of convex
closed subsets of R™ with nonempty interior, which are symmetric about the
origin. In this paper we give an answer to the following question:

Gaussian Busemann-Petty problem (GBP): Assume K,L € C,, and

Vo1 (K NEY) <y (LNED), VEe s

where K N &L denotes the section of K by the central hyperplane orthogonal
to &. Does it follow that

Tn(K) < 7(L)?
In Section 3 we show that the answer is affirmative if n < 4 and it is negative
if n > 5.

Email address: zvavitch@math.missouri.edu (A. Zvavitch).

Preprint to appear in Advances in Mathematics 1 December 2003



This problem is a Gaussian analog of the Busemann-Petty problem, posed
in 1956 (see [3]) and asking the same question with Lebesgue measure in place
of the Gaussian measure. The answer is affirmative if n < 4 and negative
if n > 5, The solution appeared as the result of a sequence of papers: [16]
n>12, [1] n > 10, [9] and [2] n > 7, [18] and [4] n > 5, [5] n = 3, [22] and [7]
n =4 (we refer to [22], [7] and [14] for more historical details).

Let us outline the analytic solution to the Busemann-Petty problem from
[7]. The first ingredient is a connection with intersection bodies found by
Lutwak [17]. Let K and M be symmetric star bodies in R". We say that K
is the intersection body of M if the radius of K in every direction is equal
to the (n — 1)-dimensional volume of the central hyperplane section of L
perpendicular to this direction, i.e. for every ¢ € S™7 L, ||€||" = Vol(M N &L).
A more general class of intersection bodies can be defined as the closure of the
class of intersection bodies of star bodies in the radial metric .

Lutwak [17] proved that if K is an intersection body then the answer to the
Busemann-Petty problem is affirmative for every L, and, on the other hand,
if L not an intersection body, then one can perturb it to construct a body
K giving together with L a counterexample. Therefore, the answer to the
Busemann-Petty problem in R” is affirmative if and only if every symmetric
convex body in R” is an intersection body.

The second ingredient is the following Fourier analytic characterization of
intersection bodies found by Koldobsky [12]: an origin symmetric star body
K in R™ is an intersection body if and only if the function || - || represents
a positive definite distribution on R™. The characterization is based on the
following formula ([11], Theorem 1)

! (1)) = k(o). (1)

w(n—1

where Ag¢(t) = Vol(K N {&+ +t£}).

The formula (1) was generalized by Gardner, Koldobsky and Schlumprecht
[7] to

(i) If k£ is even

(I IZDNE) = (—1)2a(n — k — 1) AR (0); (2)

(ii) If & is odd

B % Ape(2)— A e(0)— ..~ ARV (0) 2
(I 1R = en [ G0y (3)

0




where ¢, = (—1)#1/22(n — k — 1)k! and Ag?g stands for the derivative of
the order k of the function Ag .

Finally, if the body K is convex then, by Brunn’s theorem, the central section
is maximal among all sections orthogonal to a given direction, so A% ((0) <0
for every £ € S"7! and, therefore, putting n = 4 in (2) and applying Fourier
analytic characterization of intersection bodies, we get that every symmetric
convex body in R* is an intersection body. However, if n = 5 we have to deal
with the third derivative of A ¢ which is not controlled by convexity, and one
construct symmetric convex bodies in R® that are not intersection bodies (see

[7])-

In the first section of this paper we introduce a Fourier analytic formula for
Y1 (K N EL) (see Theorem 1 below). Using this formula and the version of
Parseval’s identity on the sphere ([13], Lemma 3) we prove that intersection
bodies play the same role in GBP as in the original Busemann-Petty problem.
In Theorems 3, 4 below we show that if || - ||z* represents a positive definite
distribution on R”, then the answer to GBP is affirmative. Finally Theorem
5 below shows that if L is not an intersection body then one can construct a
counterexample to GBP. This, together with results about intersection bodies
[7], gives affirmative answer to GBP in dimensions 3 and 4 and negative answer
in dimension n > 5.

Some additional remarks are provided in the last section. We show that a
counterexample to GBP problem in R, n > 5 can be also constructed directly
from the examples to the original Busemann-Petty problem. We also show that

this method can be used to give an answer to the projection counterpart of
GBP.

2 The main formula

In this paper we operate with the Fourier transform of distributions (see
[8] for exact definitions and properties). We denote by S the space of rapidly
decreasing infinitely differentiable functions (test functions) on R” with values
in C. By &’ we denote the space of distributions over S. The Fourier transform
of a distribution f is defined by (f,¢) = (27)"(f, ¢), for every test function

o.

The spherical Radon transform is the bounded linear operator on C'(S"!)
defined by

RIE) = [ J@)de, feC(s™), gesm

Snflméj_



Koldobsky ([10], Lemma 4) proved that if f(x) is an even homogeneous func-
tion of degree —n + 1 on R™\ {0}, n > 1 so that f|g.—. € L1(S™!), then

fe), vees . (4)

3 |

Rf(§) =

Let K be an origin-symmetric star-shaped body. We denote by
l|z||x = min{a >0 : z € aK}
the Minkowski functional on R" generated by K.

Theorem 1 Let K be a symmetric star-shaped body in R™, then

A
(/1|2

1 —n+1 n—2 _2
2] / 2 5dt | (6).

Y1 (KNET) = (Vam)—r

Proof : If x is the indicator function of the interval [—1, 1] then, passing to
polar coordinates in the hyperplane £+ we get

11611 %"
12 t2
(V)" L1 (K N EL) = / Y(zllx)eF dx = / / 1"=2e=5 dtdf.
(z,£)=0 sn=ingt 0

We extend the function under the spherical integral to a homogeneous of
degree —n + 1 function on R™ and apply (4) to get

z| ||
Mzl ke IE3INS

t2 2
— / | / "2~ S dtde = R | || / 25 dt | (¢)
Sn—lm&'L 0 0
. Jal /ol s o\
=l [ e a (), (5)
™

O

Remark 1: Note that the function in (5) is homogeneous of degree —1 (with
respect to & € R™). This gives a natural extension of Gg(§) = v,_1 (K N&L)
to a homogeneous function of degree —1, i.e.

Gr(v) = W['Gr(v/IV]) = V[ (B 0 (v/V])7),

for v € R".



Remark 2: If n = 3 then

e\
P(KNEH) =1— 2—;2 <|~"C|_26 2'“'%) (€).

Indeed, from Theorem 1 and the well-known formula for the Fourier transform
of powers of the Euclidean norm (see [8], p. 194) we get

_ 2 \ "
w@ﬂew=LM2@—4%Qw%2Wﬂ (©

272 2w

1 a2\
—“%ﬂw%wﬁ@»

Theorem 1 also implies that a symmetric body is uniquely determined by the
Gaussian measure of its sections:

Theorem 2 Let K and L be star-shaped origin symmetric bodies in R™. If
(K NET) =y (LNEY), VE€ 5™
then K = L.
Proof : Remark 1 after Theorem 1 gives that
Gk(v) =GL(v), Yv € R".

Applying the inverse Fourier transform to both sides of the latter equation
and using Theorem 1 we get:

EAIEIPS , |z|/1]llz ,
||~ / t" e 2 dt = |x| ! / t"2e”zdt, Yo € R,
0 0
which gives
llzll%" llzll*
2 t2
/ t" e T dt = / t" e 2dt, Vre S
0 0
so ][k = [[a]L.

3 The Busemann-Petty Problem for Gaussian Measure

We start with positive answer to GBP in dimension 3.



Theorem 3 Let K, L € C3. Assume that

72(Kmél) S '72(L mgL)a v€ € S27 (6)

then
V3(K) < y3(L).

Proof : We say that a body K C R” is infinitely smooth if the restriction of
the Minkowski functional to the sphere S™"~! belongs to the space C*°(S"1).

By elementary approximation, it is enough to prove the theorem in the case
of infinitely smooth, symmetric, convex bodies K and L. Note that then ([7],

L —

Theorem 1 or [13], Remark 1) || - ||%' and || - || are continuous functions on
5?2, and the same argument can be applied to show that

_ w2\ _ e\
2| 2e 2l2l1% and | |z| 7% 2|23

are also continuous functions on S2.

From (6) and Remark 2 after Theorem 1,
2 A 2 A
= I
- (|a:|-2e ) ©<- (m-?e ) ©, veest

Every convex symmetric body in R? is an intersection body ([5], [7]), so

"

|- ||%" >0 ([12], Theorem 1) and

iR (m) © < -l (||) (6), ve € 52

In particular,

2
=]

- / HE (mr? ) e < - / I-1 (W Q'Z%)@ds.

Note that the sum of degrees of homogeneity of functions under both integrals
is —3, so we may apply a version of the Parseval identity on S? ([13], Lemma
4) to get :

= [ llalizte T g < — / lellze ™7 da. (7)
SQ



Passing to polar coordinates and integrating by parts we get the following
expression for ~v3(K):

||$HK

v3(K) = —( /||I||K e *I” H2 dz + (\/;_w) / 0/ o duda.

Then, to show that vy3(K) < ~3(L) it is enough to prove

Il
—/Hx\y;g T 4y < _/qu 1" AT dw+/ / 5 dtda. (8)
52 52|zl
We may apply the inequality (7) to claim that (8) follows from
1 el
—/||x||;<1 T de < — /||x|| ! 2”“”idx+/ / e~ 7 dtdz.
s 5% [zl

If we denote ||z||5x' = a, ||z||;* = b the latter inequality follows from

b
+2
(b—a)e %< /e’fdt, Ya,b>0.

O

Theorem 4 (General Case) Consider origin symmetric convexr bodies K
and L in R™, n > 4, and suppose that K be an intersection body. Then from

’Yn—l(K N gL) S 771—1([/ N gi)’ Vf € Sn_la (9)

it follows that
(K < (L)

Proof : Asin the proof of Theorem 6, it is enough to prove Theorem 4 in the

case of infinitely smooth, bodies K and L. Then, again, || - ||%", || - ]|z*, and
2/l x o\ j2/lellz o\
||+t / 2= 7 dt o | / "2~ 7 dt

0 0

are continuous functions on S™ 1.



We apply Theorem 1 to rewrite (9) as

EIVIES . A EIE . A
2| / 2Tt | (€) < | e / e ar | (e).
0 0

Multiplying both sides of the above equation by || - || (£), integrating over
Sm~1 and applying Parseval’s identity in the form of [13], Lemma 4 (note the
sum of degrees of homogeneity is —n) we get:

1 —1
2] & Izl

t2 t2
/qugg / 25 dt | do < / || / "2e=5dt | da.
Sn—1 0 Sn—1 0

Next, integration by parts gives:

1 .
= [ Mlle < [l e
Sn—1 gn—1

llal !
2
(- 3)||z]| / e~z dt | dv.  (10)
Izl "
Passing to polar coordinates in R™ and integrating by parts we get that

Y (K) < 7,(L) is equivalent to

[ llallge T e
Sn—l

1E e
1 )
< — / ||| e 2”“””%da:+(n—2)/ / 1 =3¢=% dtda.
Snfl

-1 -1
S el

Note that by (10), the latter inequality will follow from

el
__1 9
= [ el llal iz e T 4 (= 9)lfallt | [ e te T at | de
Sn—1

—1
E1p%

el
-1 _ 2
<— [ llelly e Edr+ (n-2) [ [ et Sdna,
Sn—1

—1 -1
St el



Denote ||z||' = a, ||z||;' = b, then the latter inequality follows from an
elementary inequality for a,b > 0:

b b
2 t2 t2
3 (b—a)e s + (n—B)CL/ e T dt < (n—2) / 18— dt. (11)

a a

To verify (11) we fix a > 0 and define a function h(b):
b ) b ,
h(b) = (n —2) /t”_?’e_t?dt — ("2 =" Ba)e 2 — (n— 3)a/t”_4e_t?dt.

Then ' (b) = e "*/20"2(b — a) and h attains its minimum at b = a.
O

The affirmative solution to GBP in dimension 4 follows directly from Theorem
4 and the fact that every symmetric convex body K in R? is an intersection
body (see [7], [22]).

Corollary 1 Let K,L € C4 and assume that
(K NED) < y(Lnéh),

then
Y4 (K) < va(L).

Next we give a negative answer to GBP in dimensions n > 5.

Theorem 5 If L is an infinitely smooth, origin symmetric, convex body in
R™ with positive curvature, and || - ||, is not a positive definite distribution,
then there exists a convex body D in R™ such that

’Ynfl(D N £J_) S P}/nfl(L N £J_)7 v§ € Snila

but
V(D) > (L)

o —

Proof : Note that || - ||;* is a continuous function on S"~! (see [7], Theorem
1 or [13], Remark 1). By our assumption, this function is negative on some
open symmetric subset 2 of S"7!. Let f € C*(S"!) be any non-negative
even function supported in €. Extend f to a homogeneous function f(6)r=! of
degree —1 on R". Then the Fourier transform of f is a homogeneous function

of degree —n+1: f@?l = g(0)r—"*1, where g is an infinitely smooth function



on S™! ([13], Lemma 5). Choosing a small € > 0, we define a body D by

[z]/]|z]|p [z]/]]]| L
| / 2= 5 dt = |a| / "2~ 5 dt — eq(x/|x])|z] ",

0 0

Then, one can choose a small enough ¢ so that the body D is convex. Indeed,
for small enough ¢ we may define a function a.(z) such that

||/ ) ||/l L —ae (z/|2]) )

/ "2 T dt — eg(x/|z|) = / " 2e” 7 dt,

0 0
then " ]

x x
= — ac(z/[xl),
lzllp l=lle
or
lzllp" = [l — ac(z/|z])l=] .

Moreover a.(f) and its derivatives converge uniformly to 0 (for # € S™1).
Using that L is convex with positive curvature, one can choose a small enough
¢ so that the body D is convex.

Now we are ready to finish the proof:

A
|=(/l|zl|p

a(DNEY) = w7 [ e | (g

(V2m)ir

1 noa, 2 @n)ef(©)
= s / ' &) €= e

< Yo (LN EY).

On the other hand, the function f is positive only where ||z||;" is negative so

—

A
|z|/l|zllp
— 2

lal " [Jal =t [ o= ae| (9)

A
|2l/1|2llz

— 2 —

==l | |27 / t" ezt | (&) — (2m)"||all (€)e ()

. |=l/1]ll A
> [l | et [ e te T a| (@),
0
Now the same computations as in the previous theorem give

(D) > (L).

10
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It was proved in [7] (see also [14]) that, for each fixed n > 5, there exists
an infinitely smooth, symmetric, convex body L C R", so that || - ||, is not
positive definite. Therefore,

Corollary 2 For any n > 5 there exist convex symmetric bodies D and L in
R"™ such that
Yao1(DNEY) < g (LNEY), VEE ST
but
(D) > Yn(L).

4 Remarks

Remark 1: One can present a different proof of Corollary 2, based on the
original counterexample for the Busemann-Petty problem and the “flatness”
of the Gaussian density near the origin. Note that e~ 171*/2 < 1 for any r € R"
and e 1#*/2 > ¢=9*/2 for any x € §B,. Then, for any K € §By:

Vol(K) = [dz> [ e de = (Var) " m(K) > [ e % de = e~ 5 Vol(K),
[=] /
SO
VIR (K) s
= T Vol(K) = ¢ (12)
and
1> 2 B8 o g e g (13)

= Vol(K N &X) =

Now, for n > 5, we may consider convex, origin symmetric sets K and L in
R"™, which give a counterexample to the Busemann-Petty problem. Clearly, any
dilations aK and al will also provide a counterexample. Consider a function
a(0) = max{a : aK,aL C §By}. Note that if Vol(L) < Vol(K) then there is
a 0g such that for all § < dq:

2
Vol(L) < e~ T Vol(K).

Then for 6 < dg:

1 21
Yn(a(0)L) < —=—Vol(a(d)L) < e 2 W

T Vol(a(8) ) < 7 (a(9)K).

11



Using that K and L are smooth convex bodies and
Vol(K NéY) < Vol(L Nér), Ve e s

we may choose a d; such that for any § < d;:

Vol(a(§)K NEY)) < e~ Z Vol(a(§)L N L)), Ve e 57,

and so

V-1 ((§) K NEY) < ypoi(a(§)LNEY), VE e S
Finally, choosing 6 < min{dp,d;} we get a counterexample to GBP in R",
n > 5.
Remark 2: The method described in Remark 1, can be used to solve the
following dual version of GBP, which is a Gaussian analog of the Shephard
problem (see [21] or [6], p. 140):

Assume K,L € C,, and
Va1 (K[E) < o (LIET), VE€ 8™,

where K|4 denotes the projection of K to the hyperplane orthogonal to €.
Does it follow that

Tu(K) < 7(L)?
The answer to this problem is affirmative if n = 2. This can easily be shown
using monotonic properties of the Gaussian measure. On the other hand, the
answer is negative if n > 3. To show this one needs to apply the argument of
Remark 1, using a counterexample to the original Shephard problem (see [20],
[19] or [15]).
Remark 3: One can use a similar method to provide counterexamples to the
Busemann-Petty problem in R”, n > 5 for a more general class of measures:

%z,p(K) = Cn,p/e_llxug/pdxa p=>1,
K

where ||z]|, denotes the standard ¢, norm on R". We also note that 7, , (p #
2) is not rotation invariant, so the proofs of Theorems 1, 3, 4 can not be
immediately generalized, and the Busemann-Petty problem for v, ,, p # 2 is
open in R? and R*.
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