DETECTING SYMMETRY IN STAR BODIES
D. RYABOGIN AND V. YASKIN

ABSTRACT. We use Fourier transform techniques to prove a result on detecting symmetry in
convex and star bodies with the help of conical sections. Our methods also allow us to give a
new proof of the well-known theorem of Makai, Martini and Odor about maximal hyperplane
sections passing through the same point.

1. INTRODUCTION

Let K be a convex body in R", i.e. a compact convex set with a non-empty interior. We
say that K is origin-symmetric if K = —K. The presence of origin-symmetry is an essential
assumption in various problems. Many results that hold for origin-symmetric convex bodies
fail in the absence of the symmetry condition. For example, origin-symmetric convex bodies
are uniquely determined by the volumes of their projections or central sections, while this is
not true for general convex bodies; see [G]. Thus, detecting symmetry in convex bodies is
one of the fundamental questions in convex geometry and geometric tomography. For some
results in this direction the reader is referred to [AMM], [F], [Grol], [Gro2], [Gru], [HS], [MM],
[IMMO], [Sch]; see also [RYZ] for open problems.

In this paper we suggest a new method of detecting symmetry. Let K be a star body
and let C(&,z2) be the cone {x € R" : z-¢& = |z|z}, where £ € S"7!, 2 € (—1,1), and
r-& =118 + 12 + ... + x,&, is the usual inner product in R”. In this notation, z is the
cosine of the angle between z and £. For z € (—1,1), we define the conical section function

CK,g(Z) by

Cre(z) =vol,_1(KNC(E,2)).

On the picture below the shaded part represents the intersection K N C(&, z), and a =
arccos z.
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Clearly, if K is an origin-symmetric star body, then for each ¢ the function Ck¢(z) is an
even function of z, and therefore has a critical point at z = 0. In this paper we show that the
converse statement is also true.

Theorem 1.1. Let K be a C! star body in R™. Assume that for each & € S™! the function
Cre(2) has a critical point at z = 0. Then the body K is origin-symmetric.

This theorem is an analog of the result by Makai, Martini and Odor [MMO], which can be
stated as follows.

Theorem 1.2. Let K be a C* star body in R". If for every £ € S™ ! the function Ag ¢(t) has
a critical point at t =0, then K s origin-symmetric.

Here, Ak ¢(t) is the parallel section function defined by
AKé(t) = VOln,l(K N (fj' + tf)), te R,

and ¢+ = {z € R": x-& = 0} is the hyperplane passing through the origin and orthogonal to
the vector &.

Makai, Martini and Odor proved Theorem 1.2 in the class of convex bodies, in which case
the C''-smoothness assumption can be dropped. Using the same reasoning (see [MMO, Lemma
3.5] for details), it can be shown that Theorem 1.1 also holds true for convex bodies without
the smoothness assumption.

The techniques that we use in this paper were developed by Koldobsky (see [K]) and are
based on the Fourier transform of distributions. Using these methods we also give a new and
short proof of Theorem 1.2.

The study of properties of convex bodies using the information about the areas of their
planar sections is the classical problem of geometric tomography. However, a natural question
of what happens if plane sections are replaced by sections by other surfaces has not been
studied well. In this note we make a step in this direction by considering sections by conical
surfaces. In fact, a lot of problems like determination of symmetric bodies by central sections,
the Busemann-Petty problem and others can be asked in the setting of surfaces; see [Sa] for
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some results. These problems may be quite difficult, but they belong to a new interesting
direction.

2. NOTATION AND AUXILIARY RESULTS

A body is a compact set equal to the closure of its interior. If K is a body containing the
origin in its interior and star-shaped with respect to the origin, its radial function is defined
by

pr(x) =max{a > 0:ax € K},

for z € R™\ {0}. If £ € S™7!, then px (&) is the distance from the origin to the point on the
boundary in the direction of £&. A body K is called a star body if its radial function is positive
and continuous. We say that a star body K is of class C* if p € C*(S™1). The Minkowski
functional of a star body K C R" is defined by

|z||x = min{a > 0: x € aK}, r e R".

It easy to see that p(x) = ||z|x" for z € R™\ {0}.

The main tool that we use in this paper is the Fourier transform of distributions. For the
background information, the reader is referred to the books by Gelfand and Shilov [GS] and
by Koldobsky [K].

Let S(R™) be the Schwartz space of rapidly decreasing infinitely differentiable functions on
R™. Elements of this space are referred to as test functions. Distributions are the elements of
the dual space, §’(R"), of linear continuous functionals on S(R™). The action of a distribution
f on a test function ¢ is denoted by (f, ¢).

Let ¢ € S(R). The fractional derivative of the function ¢ of order ¢ € C at zero is defined
as follows
e
-+

#00) = (5

) ¢(t)>7

where ¢, = max{0,t}.
If Rg < 0, then the function ¢t~ is locally integrable and the above fractional derivative
is equal to

1 o
A9(0) = —/ 1790(8)dt.
(0) T J, (t)
This integral can be written in the following form; see [K, Sec. 2.5 and 2.6] for details.
1 1 tm—l
@) = —— 9 b)) = 6(0) — -+ - — d™m=D (0 dt
00 = 55 [ (o) =60 o0 )

L, ()
reg ) ! SO+ T D i g

Note that the latter expression makes sense for ¢ with —1 < Rqg <m, ¢ #0,1,...,m — 1, and
this is how ¢@(0) is defined for these values of q.
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If £ > 0 is an integer, we define the fractional derivative of the order k£ as the limit of the
latter expression as ¢ — k, then we get

e d

oM (0) = (1)

(t)
i.e. fractional derivatives of integral orders coincide up to a sign with ordinary derivatives.
Thus defined, ¢@(0) is an entire function of the variable ¢ € C. Note that the fractional
derivatives ¢(@(0) can also be defined if ¢ is a continuous function with compact support and
sufficiently differentiable in a neighborhood of zero.

The Fourier transform of ¢ € S(R") is defined by

)
t=0

&(55) = P(y)e ™Y dy for x € R".
]Rn

The Fourier transform of a distribution f is defined by its action on test function as follows.

(f.0) = (/. 9),

for any test function ¢.

Our main tool is the Fourier transform of homogeneous distributions on R". For f &
C> (8" ') and p € C, we denote by f, the homogeneous degree —n + p extension of f to
R™\{0}. Thus,

x

fo(z) = |z| "7 f (—) for x # 0.

|z]

Formulas for the Fourier transform of f, were obtained in the case of even functions in
[GKS] (see also [K]) and in the general case in [GYY]. We will need the following auxiliary
function. For f € C'(S"!) and ¢ € S™!, the function Fy is defined by

Fe(t)=(1— t2)<”—3>/2/ fEE+V1I—12¢) dC, te(=1,1).
Sn=ingl

If ® is an integrable function on [—1, 1], then

1
| erwa= [ a6
-1 Sn—l
cf. [Grol] or [Mul].

If 0 < Rp < 1, then the Fourier transform of f, is a homogeneous function of degree —p on
R™\ {0} given by

(1) fp(:ic):r(p)cos%/snl \x-@]pf(e)de—if(p)sin]g/s |z - 0] Psgn (« - 0) £(6) df.

n—1
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Using regularization, as in the case of fractional derivatives, one can obtain formulas for fp
when Rp > 1. In particular, for p = 1,3, ..., we have

J,() = —i(=1)D2(p ( / 1t psgnt<Fg<> Zt—J,F“’m)) dt

Jj=0 J
2 . ) )
* 2 ) 0o,
o=s=pt
whereas, for p = 2.4, ...,
. 1 L )
O = o= [ e (Ro -3 ﬁFs ©) ) @
-1 im0 J

+ Y - 1+] — )F(j)(0)> +i(=1)P2rEPD(0).

0<j<p—-1
J even

Remark. It follows from the proof of these formulas that assumption f € C* (5™ ') can be
relaxed. For example, if 0 < Rp < 1, formula (1) remains valid for f € C (S"!). If p is an
integer, then it is enough to require that f € C? (S"1).

3. PROOFS OF RESULTS

Proof of Theorem 1.1. Consider the following auxiliary function

1— 22712 .vol, (K NC(, 2), |2 <1,
Guctar={ =) (KOO, <1

By our assumption, G}(,S(O) =0 for all £ € S~ 1.
First, we establish the following formula:

1 /1 _ .2\(n—3)/2 n—1 )
_ [ =0=27) Jsnmrner PR EE+ VT =220)d0, |2] < 1,
@) Grel2) {07 i<t

In order to prove (2), we compute vol, (K N C(§,z)) using the idea from [Sa]. Denote
by (K N C(&,2))|€* the orthogonal projection of K N C(€, z) onto the hyperplane £+, Let
a = arccos z. The cosine of the angle between the generating lines of the cone C'(, z) and the
hyperplane £+ equals sina = (1 — 22)'/2. Projecting K N C(&, z) onto the hyperplane £+, we
get

(3) vol,—1 (K NC(&,2))|€Y) = (1 = 2%)Yvol,_1 (K N C(&, 2)).

Let 0 € St N &L Then the radius of (K N C(E,2))[¢L in the direction of 6 is equal
to sina - px(cosa& + sin af). Therefore, computing the volume of the projection in polar
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coordinates, we get

vol,_1 (K NC(&,2))[¢) = ! /S"—l él(sin )" ol cos af + sin af)) db.

n—1
Combining the latter formula with (3), we get

vol,_1 (K NC(&,2)) = (1-— 22)(71—2)/2

/ P (26 + V1 — 220) db.
n — 1 Sn—lmél
Thus, formula (2) is proved.
Now we compute fractional derivatives of order ¢ at z = 0 for the function Gg¢(z). Our
goal is to show that

() G0 = ST (el + el (€
isin(qm/2)

“mn=1) (2l 2l = || = allz™2])" (€)-

First we assume that —1 < 3¢ < 0 and then use the analytic extension. We have

@y - L [T
GK,g(O) - F(_q)/o z GK,E(Z)dZ
1 ~1- ~1-
_ 1 ! S| (51950 & _ ,2)(n=3)/2
s |, (e 0
></ P (2€ + V1 — 220)dOdz
Sn—lmél
= St [ G 7 e s e 9) ) d
T L e R @)+ )
1 —l—qs n(z- n—1 ) — n—1 — T
Ty e /5n1 |- &7 sgn (2 €) (' (x) — pi (1)) d.

The latter equality allows us to consider G%?E(t) as a function of £ € R™\ {0}, and write it
in terms of the Fourier transform. By virtue of formula (1),

Gie(0) = - (el 1l + 1l = 2l al?) " (€)

4(n — 1)L
1 = DI (2l = 1| = 2l " 219) " (©).

+

1
—q)F(q + 1) sin(qm/2)
—q)T(

)T'(q+ 1) cos(qm/2)
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Since

T(—q)T(g+1) = ——

sin g7’

(see [K, p. 31]), formula (4) is proved for the range —1 < Rqg < 0. It can be extended to
—1 < g < n — 1 via an analytic continuation argument (see [K, pp. 60 - 61] and [GYY,
Theorem 3.1] for details). In particular, for ¢ = 1 we obtain the following formula.

l

2r(n — 1) (Il ] = || = 2l al) ™ ()

Gg?&(o) = -
Finally, we use the condition G}(é(O) =0 for all £ € S™ ! to get

(L2l 2l = | = 2llz"el)" () =0, V& e s

Due to homogeneity, the latter formula holds for all £ € R™ \ {0}.
Inverting the Fourier transform we get

[l el = | = 2l 2l =0, 2 € R"\ {0},

which means that
|zl = || = z[lx, =€R",

i.e. the body K is origin-symmetric.
O

Proof of Theorem 1.2. As above, our goal is to derive a formula for fractional derivatives
of the function Ag¢(t) at t = 0 and then use the condition A ((0) = 0. The following
calculations are known in the class of origin-symmetric convex bodies; see [GKS] or [K]. We
will extend these results to cover the general case.

Let —1 < ®q < 0. Using the definition of fractional derivatives, the Fubini theorem, and
integration in polar coordinates we get

1 <
A%Q(O) = ﬂ/o 2T T Ak e(2)dz

1 —1—q —1—
= z + |z|7 T 9sgn z) Ak ¢(2)dz
sy [ (7 ) Arg()

= — z + 2|7 " sgn 2z x(||z dr dz
=g [, (e )] el
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= grry [ el g s o) da

= ; R Rt L ¢el—1-q . pre(?) n—1,_—1—q
2T (—q) /Sn_1 (lz- €] + ]z £ sgn (x f))/o " T dr do
1 —1—
= ST o (T e e ) ) 0
1
~ 4n—1-gl(—g) /snl - €177 (k" 6) + Pk (=) b
1

+4(n —1—q)(—q) /Snl |z &7 sgn (- €) (p - U(0) — py - 1(—0)) db.

The latter equality allows us to consider A%)E(O) as a function of £ € R"™, and write it in

)

terms of Fourier transforms using formula (1), (cf. (4)),

2 . . R
AR0) = D (et ) g
i 2 —n+ltq —n41+¢\/

—gif’;n(_qf/_)@ (2l = 1 = 2l )" ©).

By the analytic extension argument mentioned above, the formula can be extended to
—1 < Rq < n— 1. Putting ¢ = 1 in the latter formula and using the condition A% (0) = 0,
VE € S"L we get

A
(1=l = llell ) (@ =0, vees™

Therefore, || — z||x "> —||z||x "> = 0, for € R"\ {0}, i.e. the body K is origin-symmetric.
U
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