The use of spherical harmonics in convex geometry *

ROLF SCHNEIDER

1 Introduction

The following lectures concern only half the title of the summer school, namely ‘Fourier
analytic methods in convexity’. More precisely, they deal with the use of elementary harmonic
analysis in convex geometry, and even more precisely, with applications of spherical harmonics
to questions of uniqueness and stability for convex bodies. I will use some classical uniqueness
results for convex bodies as a starting point for a brief introduction to spherical harmonics.
Then I will present some more recent stability and approximation results, obtained with the
aid of spherical harmonics.

We work in d-dimensional Euclidean space R? with scalar product (-, -) and induced norm
| - |l. The rotation group SO, acts transitively on the unit sphere

Sl = fu e R : |Jul| = 1},

a fact that is crucial for all what follows. We denote the unit ball {z € R?: ||z|| < 1} by B%.
All signed measures on S%~! or R¢ that appear in the following are defined on the o-algebra
of Borel sets. The spherical Lebesgue measure on S?~! is denoted by o.

Several uniqueness questions for convex bodies lead to a functional equation of the fol-
lowing type. Let f be a real function and s a finite signed measure on the sphere S4~1. We
consider the equation

. f() pu(dv) =0 for all ¥ € SO, (1)

(assuming that all the integrals exist). Here, either the signed measure p is given, and one has
to determine all continuous functions f satisfying (1), or the function f is given (continuous,
or nonnegative and measurable), and one has to determine all signed measures pu satisfying
(1). In some cases, the solutions may be required to satisfy additional constraints (e.g., to
be even (invariant under reflection in the origin) or odd.

The following collection of classical results about convex bodies exhibits various special
cases of the equation (1) that have occurred in the literature.

1. Aleksandrov’s projection theorem. Let K, L be d-dimensional centrally symmetric
convex bodies with the property that

Vi1 (K |ut) = Vy_q (Lut) for all u € 471, (2)
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where V;_; denotes the (d — 1)-dimensional volume and K|u" is the orthogonal projection
of K to the hyperplane u' through 0 orthogonal to u. We have

1

Vir () = 5 [ )| Sia (€.0)

where Sy_1(K,-) is the surface area measure of K, a finite measure on S9!, Hence, the
condition leads to (1) with

f('l)) = ](e,v)], = Sdfl(Kv ) - Sd*1<L7 ')7

with some fixed vector e € S (note that f(Jv) = [(9"te,v)|, and every u € S?~! can be
written as u = ¥~ e with a suitable rotation 9J). Due to the assumption of central symmetry,
the signed measure p is even. It turns out that the only even signed measure satisfying
(1) for this special function f is the zero measure. Two d-dimensional convex bodies K, L
with Sy_1(K,-) = Sq_1(L,-) are translates of each other, by the Aleksandrov—Fenchel-Jessen
theorem. Thus, we have to combine an analytic and a geometric uniqueness theorem to
obtain Aleksandrov’ projection theorem.

2. A theorem of Minkowski. This theorem says that every three-dimensional convex
body of constant girth is of constant width. More generally, let K be a d-dimensional convex
body with the property that

Vi(K|ut) = const for all u € S9°1. (3)

Here V7 is (up to a constant factor) the mean width. To reformulate condition (3), we
introduce the support function

hK,z) :=max{(x,y) : y € K}

and the great subsphere S, := {u € S : (u,e) = 0}, for e € S¥~1. We denote by o, the
(d — 2)-dimensional spherical Lebesgue measure on S.. The condition on K can be written
as

/ [h(K,v) + h(K,—v) — c]oe(dv) =0 for all e € S971,
Se
with a suitable number ¢ > 0, or equivalently with some fixed e € ST,

/ [h(K,9v) 4+ h(K, =) — ¢| o(dv) =0 for all ¥ € SO,.

This is of type (1) with u = 0., and it turns out that the only even solution is the zero
function. Hence, h(K,v) + h(K,—v) = ¢ for v € S9! which means that K is of constant
width c.

3. A theorem of Funk. This theorem says that every convex body (or star body) K
with the property that every hyperplane through 0 divides the body into two parts of equal
volume, must be centrally symmetric with respect to 0. Introducing the radial function of
K,

p(K,v) :=max{\ >0: v e K}, ve st

the condition leads to an equation of type (1) with

fv) = p(va)d_p(Kv _U)dv H ::O-Le+’



where e € S9! is fixed, et := {u € S : (u,e) > 0}, and L denotes restriction of a
measure. In this case, the only odd solution is the zero function, hence we obtain that
p(K,v) = p(K,—v) for all v € S41,

4. A theorem of Blaschke. As Monge has found, an ellipsoid has the following property:
the vertices of all its circumscribed boxes (rectangular parallelepipeds) lie on a fixed sphere.
Blaschke has proved that this property characterizes ellipsoids among all convex bodies.
Suppose that the vertices of the boxes circumscribed to the convex body K lie on the sphere

with center 0 and radius R. Let (e, ...,eq) be an orthonormal basis of R%. Then
d
> h(K, ;) =R*  forall ¥ € SOq.
i=1

This is equivalent to (1) with

F(v) = h(K,v)? — éRQ, p=3 b

where ¢ denotes the Dirac measure. For this measure p, the only continuous solutions of (1)
are restrictions to S9! of harmonic homogeneous polynomials of degree two, and this yields
that K must be an ellipsoid.

5. A theorem of Meissner. Let T be a regular simplex. A convex body K contained
in T is called a rotor of 7' if it can be completely turned inside T', always gliding along its
facets. More precisely, this condition demands that to every rotation 1 € SO, there exists a
translation vector ¢ such that 9K +t is contained in T and touches all the facets of T'. Which
rotors exist besides a ball? This question was answered by Meissner in three-space. We shall
later mention the answer for d-space. The question leads to the following equation of type
(1). Let uq,...,uqs1 be the outer unit normal vectors of the facets of T', and let R denote
the inradius of 7. Then the condition is equivalent to (1) with

d+1

f):=h(K,v) =R,  p:=> 0.
=1

These results are all very old. They serve us here to illuminate the role of the unifying

equation
. f(@v) pu(dv) =0 for all ¥ € SO,.
gd—

To give a first hint of how to approach it, suppose that the signed measure p is given and we
want to find all solutions f € C(S9~1). Clearly, the set of all solutions is a vector subspace V'
of C(S%1), which is invariant under the action of the rotation group, that is, if f € V, then
for each ¥ € SOy also 9f € V (where (9f)(u) := f(9~'u)). Now the spherical harmonics
enter the scene. They are, in a sense to be made precise, the elements of the simplest invariant
subspaces of C(Sdil). From the spherical harmonics solving the equation, one can construct
all solutions. We turn now to an introduction to the theory of spherical harmonics.



2 Spherical Harmonics

First, we define spherical harmonics as restrictions of homogeneous harmonic polynomials to
the unit sphere and use this to establish their basic properties. After that, the connection of
spherical harmonics with representations of the rotation group is explained.

To relate functions on the sphere S?~! to functions on R?, we define

fa) =@y (5). =Rk

]

for f: S9! — R, and for g : R? — R we denote by § = g := g|S?~! the restriction to S9!

A function F : R? — R is called homogeneous of degree Fk if
F(tz) = t*F(x)

holds for all z € R? and all ¢t > 0. If this holds and F is of class C'!, then it follows by partial
differentiation that 0; F is homogeneous of degree k — 1.

The Laplace operator A on R? is defined by
d
Af = Z i f.
i=1
A function f: R? — R of class C? with Af = 0 is called harmonic.

In the following, f and g are real functions of class C2 on the sphere S !'. The spherical
Laplace operator can be defined by

Agf = (Af)ST = (Af)".

Lemma 2.1.

/ fAggdo = / gAgfdo.
Sd—1 Sd—1

Proof. The following integrals over balls and spheres are with respect to the standard mea-
sures, and 9/0r denotes differentiation in radial direction. Using Green’s formula in R¢, we

obtain
. U Of ;05 Of ;03
/1<xn<2(gAf IR0= /uxu:z <98r ! 87") - /xn:l (g a7 8r> '

Since f, § are homogeneous of degree 0, the right side vanishes; more explicitly,

fte) = f(z) = Z 8f‘ (tr) -2 =0 = (gradf(z),z) = 0.

For the integration on the left side, we use spherical cordinates, that is, we write z € R?\ {0}
in the form x = rxg with r = ||z|| and 2o € S?! and employ the transformation formula
dV (z) = r?¥1 do(zo) dr for the volume element at 2. Since A f is homogeneous of degree —2,
we get

2
0 —/ / (gAsf — fAsg)r?i 3 dodr
1 Sd—1
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and thus the assertion. O

For homogeneous functions, the Laplace operator can be expressed in terms of the spher-
ical Laplace operator.

Lemma 2.2. If f : R%\ {0} — R is twice continuously differentiable and homogeneous of
degree k, then

Af(x) = k(k +d - 2) |22 () Tl 2As ("””) |

] ]

Proof. We apply the formula
A(HG) = HAG + 2(grad H, grad G) + GAH
to the functions defined by H(X) := ||lz||* and G := fV (thus, G(z) = f(z/||z||)). This gives
Af(z) = A(HG)(z) = ||z *AG(x) + 2(grad |[2]|*, grad G()) + G(2) AH ().

The scalar product of the two gradients vanishes, since grad H is orthogonal to the sphere

|z|| = const and grad G is tangential to it. Moreover, AG is homogeneous of degree —2,
hence
x e
a6() = el 286 (5 ) =llell 2857 ()
gdl ]

Calculation gives
AH(z) = k(k+d—2)|z["2

which completes the proof. O
We define the following finite-dimensional real vector spaces of polynomials on R

e P* vector space of real polynomials of degree < k on R¢,
e PF subspace of polynomials that are homogeneous of degree k,

° Qﬁ subspace of harmonic polynomials in 73,];3 .

Lemma 2.3. Ifp € P,’,f satisfies

/ pgdo =0 for all q € P}]f_Q,
gd—1

then p is harmonic.

Proof. Suppose that the condition is satisfied, and let ¢ € 77;:_2. Using, in this order, Lemma
2.2, the assumption, Lemma 2.1, Lemma 2.2, the assumption, we get

/ gApdo = / qlk(k +d —2)p+ Agp]do = / gAgpdo
Sd—l Sd—l 1

Sd—

= / pASqdcr:/ plAg — (k—2)(k+d—4)gldo = 0.
Sd—1 Sd—1
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Here we have used that ¢ € P2 and r?Aq € PF~2, with r(z) := ||z||; on the unit sphere,
the two polynomials Ag and r2Aq are the same. Choosing ¢ = Ap, we obtain Ap = 0 on
S9=1 and hence Ap = 0 in general, by homogeneity. (]

Now we define spherical harmonics.

Definition. The elements of the vector space
Hi:={p:pe Q}}
of functions on S9! are called spherical harmonics of order k (k= 0,1,2,...).

We denote by C(S9!) the real vector space of real continuous functions on S%~! and
introduce on it a scalar product (-,-) by

(f,9) = fgdo.

Sd—1

The following theorem shows, among other results, that the spherical harmonics are
eigenfunctions of the spherical Laplace operator.

Theorem 2.1.

(a) For f € HY,
Agf=—-k(k+d-2)f.

(b) For f € H{ and g € HJ with k # j,
(fi9) =
(c) PH|S4t=HI® - & H

Proof. (a) Let p € Q;“L. By Lemma 2.2,

_ X _ “ x
0= Ap(w) = k(k +d— 2] 2p(M) T llz|*2Asp (H”)

For ||z|| = 1 we obtain the assertion.

(b) By Lemma 2.1,

0 = (Asf,9)—(f,As,9)
= [“k(k+d=2)+,( +d=2)(f,9)

For k # j this gives (f,g) = 0.

(c) Let p € Pk. It suffices to show that p € HI + -+ + H{. First let p € PF. In the
space P¥|S?1 = {p: p € PF}, the vector p has (with respect to the scalar product (-,-)) an
orthogonal decomposition

P=pPr_o-+h with ps_o € P}]f_2|5d_l and (h, ) = 0 for all ¢ € PS_Q.

We can write
p(z) = h(z) + ||z]|*pr—2(x),



then h € P,’f. It follows from Lemma 2.3 that A is harmonic. Repeating the procedure, we
obtain

||| % ho, k even,

p(z) = hy(z) + ||z]|Php_o(z) + ||z]|*hp_a(z) + - - - +
(z) () + llzl[*hg—2(z) + |z hi—a(2) l2F1hy(2), K odd,
with h; € Q% for each j. This shows that

Hg, if k£ is even

A d d

peHL+Hy o+ -+
B M, if ks odd.

Since every polynomial is a sum of homogeneous polynomials, the assertion follows. O

Now we are in a position to determine the dimension of the vector space of spherical
harmonics of a given order.

Theorem 2.2.
kE+d—1 k+d—3
. d
=N = -
dim Hj, (d, k) ( i > ( L _ 9 >
B 2k+d—-2(k+d—2
 k+d-2 k '

Proof. Put dim Pﬁ =: dj,q. In d variables, there are dj, 41 monomials of degree k that do
not contain x4, and there are dy_; 4 monomials that contain z4 at least once, thus dy 4 =
dg—1,4 + di,qg—1. Since di 1 = 1 and dy 4 = 1, we obtain

k+d—1
)]

PHS = PRSPy (4)

We assert that

for k > 1. For the proof we note that the intersection of the two spaces on the right is {0},
because if k is even (odd), then PF|S?~! contains only even (odd) functions and 73,2“71|Sd_1
contains only odd (even) functions. The polynomial p € PF is the sum of homogeneous
polynomials. For ¢ € PJ we have r?q € 73}]1+2 with r(z) = ||z||. This yields (4).

Let k > 2. Using Theorem 2.1, relation (4) and the equation dimPF|S?! = dim P},
which holds by homogeneity, we obtain

dimH¢ = dim(Hi{@ - -oH)) —dmHio - o HL )
= dimP*5! — dim P54
= dim P} + dim Py~ — (dim Pyt + dim Py ?)
= dpg—dp—24-.

This yields the assertion. The result holds also for £ = 0 and k =1 (for £ = 0 and d = 2, the
fraction has to be read as 1). O



Remark. For many purposes, the most important consequence of Theorem 2.2 is the estimate

dim H{ = O(k4~?) as k — oo.

For the applications, the following result is fundamental.

Theorem 2.3. Every function f € C(S?1) can be uniformly approzimated by finite sums
of spherical harmonics.

Proof. Let f : S%1 — R be continuous. By the theorem of Stone-Weierstra, the homo-
geneous extension f can be approximated by polynomials, uniformly on the compact set
1 < ||z|| < 2. Therefore, f can be uniformly approximated by elements of |,y P*[S¢71, and
by Theorem 2.1(c) each element of P*|S9~1! is a finite sum of spherical harmonics. O

From this result, we shall deduce the completeness of the system of spherical harmonics.

In each space 'Hg we choose an orthonormal basis

(Yet, -5 Yen(ar));i

then {Yj; : k € No, j = 1,...,N(d, k)} is an orthonormal system in C(S91), by Theorem
2.1(b). The Fourier series of a function f € C(S% 1) with respect to this orthonormal
system is given by

s N(dk) o0
F~>y (Y )Yij = > _ mef.
k=0 j=1 k=0
Here
N(d,k)
mef = Y (Vi)Y (5)
i=1

is independent of the choice of the basis, since it is the image of f under orthogonal projec-
tion to the space Hg. The series >, T f is sometimes called the condensed harmonic
expansion of f.

We write the functions of {Yj; : k € Ng, j =1,...,N(d,k)} into a single sequence, which
we denote by (b;);en. This is an orthonormal sequence, which means that

s .4 L=,
(bubj)—‘sm ‘—{ 0, 1#].

The Lo-norm of a function f € C(S471!) is defined by

1/2
= 7.0 = ([ Fa0)

Theorem 2.4. The sequence (bj);en is complete, that is, the Parseval relation
> () =113 (6)
=1

J



holds for each f € C(S4'). Moreover,

n

Jim ) f - > (b =0 (7)
=1 )

and (also known as Parseval relation)

> (£,5)(9,b5) = (f,9) (8)

j=1
for f,g € C(S%1).
Proof. Let f,g € C(S%1). We write

Cj = (fa bj)

for the Fourier coefficients of the function f with respect to the orthonormal sequence
(bj)jen. Let n € N and any numbers a1, ..., a, be given. A simple calculation, using the

properties of the scalar product, gives
2

n n
=113 =D lesl? + D le — ayl*. (9)
j=1

2 =1

f — Z Oéjbj
j=1

We deduce (with o = ¢;) that

n n

P13 =D el = ||F = > esby (10)

J=1 J=1 9

and
2 2

< f_ Zajbj . (11)
j=1 5

F=> eb;
j=1

Let € > 0. It follows from Theorem 2.3 that there exists a function of the form h =
>oioy ajby with || f — hll2 < e By (11),

2

2
n
f=Deibil| <If=hlE<e
Jj=1 2
This proves (7) and, in view of (10), also (6).

Relation (8) now follows from

D (Fb)bisg | =D (£,55)(g:b5)
j=1 j=1
and the continuity of the scalar product with respect to its induced norm. O



The Parseval relation has the immediate consequence that

(f,bj) =0 forall j € N implies f =0.

We remark that the Parseval relation (8) can also be written in the form

[e.9]

Z 7rkf77rkg fag) (12)

k=0

(for the proof, use (5), the orthogonality relation (Y;, Yi;) = di;, and (8)).

The space ’Hg of spherical harmonics of order k has the important property of being
invariant under rotations. For a function f : S 1 — R or f : R — R and a rotation
9 € SO, the function ¥ f is defined by 9f := f o', thus

(0f) (@) = f(0 )

for all z in the domain of f. We have (¢192)f = ¥1(d2f) and idf = f, thus the mapping
(9, f) — 9f is an operation of SO on C(S%71).

Theorem 2.5. The space Hg of spherical harmonics of order k is invariant under rotations,

that s, if f € Hﬁ and ¥ € SOy, then ¥f € SO,.

Proof. The Laplace operator A is invariant under rotations, that is, A(f o) = (Af) 0¥
holds for every function f of class C? on R? and all ¥ € SOy4. This follows by a simple
calculation. Hence, if p is a harmonic homogeneous polynomial of degree k on R?, then ¥p
is also harmonic, for ¥ € SOy, and it is clearly homogeneous of degree k. Now restriction to
the sphere yields the assertion. U

It is important to note that also the scalar product (-,-) is rotation invariant, that is, it
satisfies
(90f,99) = (f,9) for ¢ € SO4.

This follows immediately from the rotation invariance of the spherical Lebesgue measure o.

By Theorem 2.1, the spherical harmonics are eigenfunctions of an invariant differential
operator on the sphere. Now we show that they are also eigenfunctions of a class of invariant
integral operators. This gives us the opportunity to introduce the particularly important
spherical harmonics with axial symmetry, that is, of the form h(u) = f({(u,e)) for fixed
e € Si-L.

We consider an integral operator A : C(S%1) — C(S%71) of the form
AN = [ Ko fe)dot)

with a given continuous function K : [—1,1] — R. Thus, the kernel K({(u,v)) depends only
on the spherical distance of the points v and v. We want to investigate the effect of A on a
spherical harmonic.

For this, we define

fm(u,v) = Zij(u)ij(v), u,v € Sd_l,



for m € Ny, where N := N(d,m) and (Yp1,...,Ymn) is the previously chosen orthonor-
mal basis of the space ’Hd The function f,, is independent of the choice of this basis:
if (Y,)q,...,Y/ ) is a second orthonormal basis of H%,, then Y,; = ZT 1 Yy, with an
orthogonal matrix (a,;), and inserting this we verify the statement (a similar argument is
carried out in the proof of Lemma 2.10). For any rotation ¢ € SOy, also (9Yy,1, ..., 9YmN)
is an orthonormal basis. This follows from Theorem 2.5 and the rotation invariance of the
scalar product (-,-). We deduce that f,, (9" u, 97 v) = fi(u,v) for ¥ € SO4. Thus, f,(u,v)

depends only of the scalar product (u,v), Therefore, there exists a function C, : [-1,1] — R
with
N
Cm((u,v)) = ZYmJ( )Yinj(v)
j=1

We establish some properties of this function.

Proposition 1. For Y € H¢,

N
) Z Yo ()Y (v)Y (u) do(u)

Jj=1

[ Calwoy ot = [

(Yimj, Y)Y (v) = 6kmY (v).

Il
.MZ

1

<
Il

Proposition 2. (), is a polynomial of degree < m.

Proof. For fixed v € S%71, the function

is a spherical harmonic of order m, hence (choose for v the first basis vector of R?)

l|z]|™ Co (H H) r=(T1,...,Zm),

is a homogeneous harmonic polynomial of degree m. Therefore, we have

b1 () = 2, da” =i P(@)

with multi index notation, that is,

laf = Zo‘jv 2= a2yt e = Gay.
for nonnegative integers aq, ..., aq. With arbitrary ~, put
x := (cos7,sin~,0,...,0),
y = (cosy,—sin~,0,...,0),

11



then Cy,(cosvy) = P(x) = P(y), hence
Cm(cosy) = Z[P(z) + P(y)]

3 aa(cosy)™ [(siny)* + (— siny)*2).

N = N

The function (sin~y)*? + (—sin~y)*? is zero for odd as, and for even ap it is a polynomial of
degree ag in cosy. Therefore, Cy,(cos~y) is a polynomial of degree at most m in cos~y, as
stated.

In the following, we fix a vector e € S9!, Any vector u € S4~! can be decomposed in

the form
u=te+\1—1t2ug with ug L e.

Thus, t = (u, e) and
ug € Se == {x € ST (x,e) = 0}.

We denote the (d — 2)-dimensional spherical Lebesgue measure on the great subsphere S,
by o.. With a suitable parametrization of the sphere S¢1, one proves the transformation
formula

do(u) = (1 — $2)F° dt doe(ug).

Proposition 3. For k # m,

/ Cy(t 1—t2) “dt = 0.

Proof. Since Ci((-,e)) and C,((-, e)) are orthogonal, we obtain

0 = Cr({u, e))Cry({u, €)) do(u)

Sd—1

- //ck £)(1 — %) dt doe(uo),
Se J —

from which the assertion follows.
Proposition 4. The polynomial C, is of degree m.

Proof. By Proposition 1, no C} is identically zero, and by the orthogonality property of
Proposition 3, the functions Cy, ..., ), are linearly independent. Since C}, is of degree < k,
induction with respect to m yields that C,, is precisely of degree m.

Proposition 5. With wy_1 := 0.(Se),
1 d—3
Con(1) —wdl/ Con(D2(1 — £2)"5 dt.

-1

12



Proof. Since Cp,((-,e)) € H%, for fixed e, Proposition 1 gives

Cn(1) = Cn({e,e)) = SHCm(<u76>)0m(<u,6))d0(U)

— // Cra(H)2(1 — )2 dt do (up),

Now we can prove a useful result.

which gives the assertion.

Theorem 2.6 (Funk—Hecke theorem). If F : [-1,1] — R is a bounded measurable
function and Y,, is a spherical harmonic of order m, then

[ P 0)Yin(0)do(w) = A ¥

with
1

)\m:wd_lCm(l)l/ F(t)Cy(t)(1 — 2) T dL.

-1

Proof. First we assume that F'is a polynomial. If F'is of degree k, it follows from Proposition
4 that there is a representation

k
F = Z (LjC]
§=0
with real coefficients aq, ..., ar. If we multiply this by C, and use Propositions 3 and 5, we

obtain .

am:wd_lCm(l)_l/ F)Con(1)(1 — 1) dt.

-1
Now Proposition 1 completes the proof in the case of a polynomial. Since every continuous
function on [—1, 1] can be uniformly approximated by polynomials, the assertion extends to
the case where F' is a continuous function. The further extension to bounded measurable
functions uses standard arguments of integration theory (see [16, p. 99]). O

The polynomials C),, appearing in the previous considerations are known as Gegenbauer
polynomials. They are indispensable when one actually works with spherical harmonics.
We use them in a renormalized form, with a notation showing also the dimension.

Definition. The polynomial defined by
PAt) = —L_Cy(t

with
wq = o(8971) =

is the Legendre polynomial of dimension d and degree (or order) k.

Thus, by the definition of the polynomials Cj, with N := N(d, k),
N
ZYkz] Yk] ;dpg(<ua U>) (13)

13



for u,v € S4 1.
For f € C(S%1), we get from (13)

= fORwaao) = [ fe Zm )Y (0) do (v)

Sd—1

[
NE

(f7 ij)yk’]( ) - ka(“)a

1

[
Il

by (5). Thus, the orthogonal projection to ’Hg can be written in the elegant form

Tf = Z F(0)PA({u, v)) do(v). (14)

Sd—1

We list some properties of the Legendre polynomials, but we do not give all the proofs.
These proofs can be found, for example, in the book by Groemer [16].

Lemma 2.4.
Pi(1) =1, (15)
P&t <1 for te[-1,1]. (16)

Proof. Putting u = v in (13) and integrating over S!, we obtain (15). For given t € [—1,1],
we choose u,v € S9! with t = (u,v). From (13) and the Cauchy-Schwarz inequality, we get

2

) N
w
IPEO? = [P (u,0)]” = -5 Yy (1) Yiz (v)
N
j=1
< WZ NZYM(U)
- Pl =1
and thus (16). O
Lemma 2.5 (Formula of Rodrigues).
_1)k dk
Pdt: ( l—tz_'/—l—t2y+k
i (t) 2k(u+1)(u+2)-~-(u+k)( ) )
with
d—3
vi= ——
2
Lemma 2.6. If k is odd, then Pg(O) = 0; if k is even, then
1.3 (k-1
PA(0) = (-1 k)

(d=1)(d+1)---(d+k—3)
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The next lemmas provide recursion formulas, differential equations, and generating func-
tions.

Lemma 2.7. For k >0 (with P%, :=0),

(k+d—2)PL(t) — (2k +d — 2)tPL(t) + kP, (t) = 0.

Lemma 2.8.

(1- t)2d2f;’%(t) —(d— 1)td]1’i(t) +k(k+d—2)Pl(t) = 0.

Lemma 2.9. Let |t| <1 and |r| < 1. If d > 3, then

= PE(t
(1 + 72 —2rt)(d=2)/2 kz_o< d—3 > k()7

and for d > 2,
1—r?
(1+ 72 —2rt)d/2

= i N(d, k)PE(t)r*.
k=0

For every € > 0, the series converge absolutely and uniformly in |t| < 1, |r| <1 —e.

The following theorem uses the Poisson integral to provide a summation method for the
harmonic expansion. Let F' € C(S91), and let

[e.o]
F ~ Z o
k=0
be the condensed harmonic expansion. By Theorem 2.4, the series Y ;- , 7 F" converges to F'
in the | - ||2 norm, but in general it does not converge in the maximum norm || - ||«. However,
the following theorem shows that for every e > 0 there exist numbers n € N and r € (0, 1)
such that
n
F— Z T’kﬂ'kF <e.
k=0 0

Theorem 2.7. Let F be a continuous function on S '. Forr € (—1,1), define F, by

Fou) = — L F(v)o(d
r(u) = wa Jga1 (1= 2r{u, v) + r2)4/? (v) o(dv).

Then the following holds.
(a) If

(@)
F o~ mF,
k=0

then
o
F. ~ Z rhrF.
k=0

15



In particular,

forY € Hg.
For each r € (—1,1),

= Z rEmLF ()
k=0

with uniform convergence for u € S1.

(b) The relation
lim F,(u) = F(u)

r—1

holds uniformly in u.

(c) For every continuous function G on S9!,

(FraG) = (F7 G'I‘)

Proof. The second series expansion of Lemma 2.9 yields

. 1 1—r? F q
) = wa Jgar (1= 2r(u,v) 4+ r2)4/2 (v)o(dv)

> N(d, k
_ Z(wd)r’f/ F(o)PA((u,0)) o (dv).

=0 Sd—1
For fixed r, the convergence is uniform in u. Inserting (13), we obtain

N(d,k)

:irk FYk] ij ZT 7TkF

k=0  j=1
This proves (a).
In particular, with F' =1 we get

1 1—r?
wa Jga-1 (1 —2r(u,v) + r2)d/2

o(dv) =1

For the proof of (b), let € > 0 be given. By Theorem 2.3 there is a finite sum of spherical
harmonics, say
H=Go+ +Gn,  GjeH],
with
¢ d—1
|F(v)—H(v)|<§ forv e S,

It follows that

1 1—r?
|Fr(7J) —Hr(’U)| < wd/sdl (1 _ 2T<u,v> +T2)d/2’F(U) —

H(v)|o(dv) <

CO\“'\

By (a) we have
H.=Gy+rGi---+r"G,,
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and therefore, for r € (0, 1),

[ Fr(u) = F(u)]

IN

|Fr(u) = He(u)| + | Hp(u) — H(u)| + [H(u) = F(u)]

< §e+l(1—r)01(u)+---+(1—rm>Gm<u)l

2
< 3¢ + (1 —=r")mM

2
< 3¢ + (1 —r)ym*M

with M := max{|G;(u)| : v € ST1, j =1,...,m}. If F is given, m*M depends only on e.
Putting & := ¢/3m2M, we get

|Fr(u) — F(u)| <e for1—-d<r<1.
This finishes the proof of (b). Assertion (c) is clear. O

Now we return to general spherical harmonics. Our next aim is to identify the spaces Hg
of spherical harmonics of order k, k € Ny, as the irreducible subspaces of C(S%1) for the
operation of the rotation group. Recall that this operation is defined by (9f)(u) = f(9~1u).

Definition. Let V be a vector subspace of C(S?1). The space V is called invariant if
feVimpliesdf € V for all 9 € SO,4. The subspace V is called irreducible if it is invariant
and has no invariant subspace except {0} and V.

By Theorem 2.5, each space ’Hﬁ is invariant, and we want to show that it is irreducible.

We choose a vector e € S9! and put
Ge :={0 € SO, : e = e};
this is a subgroup of SOy, called the stabilizer of e. Further, let
W, :={feCS ) :0f = f for all ¥ € G,}.
Thus, W, is the subspace of functions that are invariant under all rotations fixing e.
Lemma 2.10. If V C C(S9™Y) is an invariant subspace with 0 < dim V' < oo, then

dim(V NnW,) > 1.

Proof. In the finite-dimensional vector space V', say with dimV = n, we can choose an
orthonormal basis (fi,..., fn) with respect to the scalar product (-,-). For each j and 9 €
SOy, also ¥f; € V, hence there is a representation

9f = ti(9)f;
=1

with real coefficients t;;(1}). Since the scalar product is rotation invariant, also (¢ f1,...,9fy)
is an orthonormal basis. Therefore, the coefficient matrix (¢;;(?));';—; is orthogonal. We
define a function F : §%1 x §9=1 — R by

F(u,v) =Y fi(u)fi(v).
=1

17



Then, for ¢ € SO,

n n n n

FO ™ 07') = S0R@OF)©) =33 ta@)f(w) 3 (9 f5(0)

=1 =1 r=1 s=1
= Z fr(u) fs(v) Ztri(ﬂ)tsi(ﬂ) = Zfr(u)fr(v) = F(u,v).
r,s=1 =1 r=1

In particular, the function f defined by

has the property that, for all ¥ € G, and all z € %1,
f(Wzx) = F(e,vzx) = F(Ve,9x) = F(e,x) = f(x).

This shows that f € W,. On the other hand, also f € V. Suppose that f = 0. Then from the
linear independence of fi,..., f, it follows that f;(e) =0 for i =1,...,n. Let g € V. There
is a representation g = >, a; i, which gives g(e) = 0. To x € S9! there exists a rotation
¥ € SO, with Yz = e. It follows that g(x) = g(¥~e) = (Jg)(e) = 0, since also Jg € V. We
conclude that ¢ = 0. Since g € V was arbitrary, this gives dim V = 0, a contradiction. Thus
f # 0 and, therefore, dim(V NW,) > 1. O

Lemma 2.11. If V C C(S9™Y) is a finite-dimensional invariant subspace with
dim(VNnW,) <1,
then V is irreducible.

Proof. Let dim(V NW,) < 1, and suppose that V is not irreducible. Then V has an invariant
subspace U different from {0} and V. Let U+ be the orthogonal complement of U in V with
respect to the scalar product (-,-). Let f € UL. For g € U and 9 € SOy we have, using the
rotation invariance of the scalar product and the invariance of U,

(ﬁfv g) = (fv ﬁ_lg) =0,

hence ¥ f € U+. Thus, also the subspace U+ is invariant, and it is different from {0} and V.
By Lemma 2.10,
dim(UNW,) >1,  dimU*tnW,) > 1.

Since dim(V NW,) < 1 by assumption and dim(U N U+) = 0, this is a contradiction. O
Theorem 2.8. The space Hg of spherical harmonics of order k is irreducible.

Proof. We take e = eq, where (eq,...,eq) is the standard basis of R?. Let f € Hg N We,. The
function f is the restriction to S?~! of a homogeneous harmonic polynomial p of degree k.
We can write it in the form

k
§ : k—j — _

p(ZC): xd ]p](l‘), CC:(J,']_,...,.Id), x:(xla"'vxd—l)a
Jj=0

18



where p; : R?! — R is a homogeneous polynomial of degree j. For ¥ € G,
k k
k—j = k—j _
> 2 pi(@) =pla) =pz) =Yy p;(07).
j=0 §=0

Since this holds for all real x4, it follows that p;(Z) = p;(¥7). This being true for all ¥ € G,
the function p; depends only on 24+ x?l_l. Since p; is homogeneous of degree j, we
obtain

pi(@) = (a4 +ag )

with ¢; € R. Since p; is a polynomial, we have ¢; = 0 for odd j, thus
p(z) = Z CQixlj_zi(m% 4z )
0<i<k/2

The polynomial p is harmonic. The condition Ap = 0 yields recursion formulas for the

coefficients. Up to a factor ¢y, they have the unique solution
k(k—1)---(k—2i+1)

2i(d—1)(d+1)---(d+2i—3)

Co; = (—1) co.
Thus, the polynomial p is uniquely determined up to a constant factor. This shows that
dim(H¢ N We) < 1. Now Lemma 2.11 proves the assertion. O

From the irreducibility of the spaces of spherical harmonics we immediately deduce a fact
that is basic for many applications. Let A : V — C(S9!) be a linear mapping, where V is
an invariant subspace of C(S%~1). This mapping is called intertwining if AYf = 9Af for
all f € V and all ¢ € SO4. For example, each projection 7, is intertwining. We denote by
H? the vector space of all finite linear combinations of spherical harmonics.

Theorem 2.9. Let d > 3. Let A: H? — C(S%1) be an intertwining linear map. Then for
each m € Ny there exists a real number c,, such that

TmA = epTm.

Proof. Let m, k € Ny, and let A,,, be the restriction of A to an. Then 7 Ay, is an intertwining
linear map from H;in to Hg. The kernel of this map is an invariant subspace of Hfln and hence
either equal to {0} or to H,fln. Thus, 7, Ay, is either injective or the zero map. Similarly,
the image of m,4,, is an invariant subspace of Hg and hence equal to either {0} or Hg. It
follows that 7 Ay, is either 0 or bijective. The latter case is only possible if m = k, since
dim H%, # dim 'Hg for m # k and d > 3. From m;A,, = 0 for k # m and the completeness of
the system of spherical harmonics it follows that A,, maps H%, into itself.

Let e € S9!, The function P2 ({e,-)) € HY, is invariant under the group G, and is, up
to a constant factor, the only element of H% with this property, as shown in the proof of
Theorem 2.8. For 9 € G, we have 97, A PL((e, ) = T AmIPL((e,-) = TmAmPe ({e,-)),
hence 7, A P ((e,-)) = cm(e) P2 ({e,-)) with a real constant c¢,,(e). Replacing e be e with
¥ € SO4, we see that ¢, does not depend on e. The functions P ((e,)), e € S, linearly
span an (since their span is an invariant subspace), hence it follows that

emY, ifY e HY
T AY =
0, if Y € H{ and k # m.
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By linearity, we obtain
ﬂ'mAf =T f,

if f is a finite sum of spherical harmonics. O

There are versions of Theorem 2.9 for intertwining maps between other suitable vector
spaces of functions (or signed measures) on S?~!, possibly under continuity assumptions on
A. For obvious reasons, maps with the properties of Theorem 2.9 are known as multiplier
maps.

We add a brief remark about representations of the rotation group. Let V C C(S9!) be
an invariant subspace. Then f € V and ¥ € SO, implies ¥f € V. We now write 9 f =: T(9) f,
then
TW): V-V

is obviously a linear mapping of V' into itself. It is bijective and thus an automorphism of V.

In this way, a mapping
T: SO; — AutV

Y — T(1)

from the rotation group SO, into the automorphism group AutV of the vector space V is
defined. It satisfies

T(01)T(92) f = 91(Vaf) = (V102)f = T(9192) f

for all f € V, hence T(9192) = T(91)T(¥2). Thus, T is a homomorphism. Generally, a
homomorphism of a group G into the automorphism group of a vector space is called a
representation of the group. A representation T : G — AutV is called irreducible if V'
does not have a subspace U # {0}, V with T'(9)u € U for all 9 € G and all w € U. In this
sense, the spherical harmonics are closely tied together with irreducible representations of
the rotation group.

Let k € N and recall that (Yj1,.. ., Yin) with N = N(d, k) is an orthonormal basis of H¢.
As in the proof of Lemma 2.10, for ¢ € SO4 we have

N
T(0)Yij = Ve = > 50V, j=1,...,N, (17)
=1

and the matrix M (9) := (tfj(ﬁ))lNFl is orthogonal. The relation T'(9192) = T(91)T(J2)

translates into M (¥192) = M (91)M (92) (matrix product). Thus, M is a homomorphism of
the group SOy into the group of orthogonal N x N matrices, a matrix valued orthogonal
representation of the rotation group.

Each function tfj defined by (17) is a continuous function on the topological group SOy.
These functions satisfy orthogonality relations. On the compact group SOy there is a unique
invariant measure v with v(S0,;) = 1, its normalized Haar measure.

Lemma 2.12. For all k,m € Ny, i,j € {1,...,N(d,k)}, r,s € {1,...,N(d,m)},

N(d, k) / A dv = Sm6irjs.
SOq4

A proof can be found, e.g., in [35].
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Using the functions tfj, we derive, for later application, a relation that is similar in spirit
to the Funk—Hecke formula, but involves integration over the rotation group.

Lemma 2.13. If f € C(S4™), ke Ny andi,j =1,...,N(d, k), then

" FOT ) (0) v(dd) = N(d, k) (f, Yij) Vei(u) (18)

for v e S41.

Proof. First we consider the case where f is a spherical harmonic from a basis, say f = Y.
Then

(d;m)
—1 k _ m u k v
JL e @ @) = [ Y ) Yot ) (09)

s=1
N(d,m)
= Z N(dam)_l(smk(ssiérjyms(u)
s=1
= N(d,m)™ 0y Yii(w)
= N(d,n) ™" (Yinr, Yij) Yai(u).

Thus, (18) holds for f = Y,,,. By linearity, (18) is true if f is a finite sum of spherical
harmonics. By Theorem 2.3, every continuous function on the sphere can be uniformly
approximated by finite sums of spherical harmonics. This proves the assertion. O

Hints to the literature. The book by Groemer [16], aiming at geometric applications,
gives also an introduction to the theory of spherical harmonics. Older introductions, still
recommended, are by Miiller [23] and, in a brief, elegant article from which we have much
profited, by Seeley [33]. The connections between group representations and spherical func-
tions are presented, for example, in Vilenkin [35] and Coifman and Weiss [6]. Lemma 2.13 is
taken from [29].

3 Rotation Invariant Equations and Uniqueness Problems
We are now in a position to treat the equation

”_ f(Wv) p(dv) =0 for all ¥ € SO,. (19)

Here 1 is a finite signed measure and f is a continuous real function on the sphere S4~!. The
continuity assumption can be relaxed, when necessary. We recall that

(f,9) = fgdo
Sd—l
and
N(d,k)
mf = Y (Vi) V.
j=1
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Similarly, we put
(s f) = (fsp) = / fdp
gd—1

and
N(d,k)

Thp i= Z (1, Yij) Yij.
=

Equation (19) can now be written in the form

(If,u) =0 for all ¥ € SO,. (20)

Definition. Let £ € Ny. We say that the space Hg occurs in f if mp f # 0. Similarly, Hg
occurs in p if mpp # 0.

Thus, Hg occurs in f if and only if there exists a spherical harmonic Y} of order k£ with
(f,Yx) # 0, and analogously for p.

Theorem 3.1. Relation (19) holds if and only if no space ’Hz, k € No, occurs in both f and
L.

Proof. Using Fubini’s theorem and (18), we obtain
N@k) [ @@ @) = N@k [ ] @) vds) s
SOd Sd71 SOd

= (fv ij)(ﬂv Yki)'

If now (20) holds, then (f,Ys;)(p,Yr) = 0 for k € Ng and ¢,j = 1,...,N(d, k). Suppose
that, say, H¢ occurs in g. Then there exists a number i € {1,...,N(d,k)} with (1, Y3;) # 0.
It follows that (f,Yy;) =0 for j =1,...,N(d, k), thus Hg does not occur in f.

Suppose, conversely, that no space Hg, k € Np, occurs in both f and p. The function
f € C(8%1) can be uniformly approximated by a sequence ( f,,)nen, where each f, is a finite
sum of spherical harmonics. By Theorem 2.7, we can assume that in each f,, only those
spaces ’Hg occur that occur also in f.

A given f, is a finite sum of spherical harmonics,

N(d,k)

= Z (frs Yij) Yij-

k=

[en]

Jj=1

This gives
m N(d,k
ﬁfﬂa Z Z fna Yk])(ﬂa Ykz) (21)
k=0 i,j=1

If ’Hg occurs in p, then it does not occur in f and hence not in f,. Therefore,
(fn Yaej) (1, Yii) = 0 for all 4,5. If H¢ does not occur in g, then this also holds. We de-
duce that (9f,, n) = 0. By approximation, we get (9f, u) = 0. O

The general principle expressed in Theorem 3.1 can be applied to various geometric situ-

ations, as we now demonstrate with the classical examples from the introduction and a few
others.
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Aleksandrov’s projection theorem, as mentioned, combines an analytic and a geometric
uniqueness result. The analytic one, which interests us here, is the following.

Theorem 3.2. If the even finite signed measure . on ST satisfies

/S L w o)l p(dv) =0 for allu e §d=1 (22)
then p = 0.

Before the proof, we consider a more general integral transform, of which some other cases
have found geometric applications. Let ® : [-1,1] — R be a bounded measurable function.
For a finite signed measure p on S?!, define the function Ty u by

(Top)(u) == /Sd—l D ((u,v)) p(dv) for u € S%1.

For a bounded measurable function f on S9!, the transform T f is defined as Ty (fo), where
fo:= f(.) fdo. From Fubini’s theorem, we immediately get the symmetry relation

(T®N7 f) = (:U’a bef) (23)

If Y;, is a spherical harmonic of order m, then the Funk-Hecke formula of Theorem 2.6
gives
with )
Cam(@®) =i [ OPAOO - ) at.
-1

Since (Top, f) = (1, To f) = agm(®) (1, Yom), from the condensed harmonic expansion

o0
g el
k=0

of ;1 we obtain the condensed harmonic expansion of Teu as
o0
Top ~ Z adm (P)mrp.
k=0

Therefore, the transformation Ty is called a multiplier transform, and the numbers ag ,, ()
are called the multipliers of T5.

For the transformations Ty we formulate the crucial consequence of Theorem 3.1 in an
alternative version and with a different proof.

Theorem 3.3. Let & : [-1,1] — R be a bounded measurable function. If  is a finite signed
measure on ST with

Topn =0 (24)
and
Tt =0 for the m € Ny with agm(®) =0, (25)
then
w=0.
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Proof. The assumption (24) gives 0 = (Top, Yim) = (i, ToYm) = aam(®)(p, Ym) for Yy, € HZ,.
Hence, if agm(®) # 0, then (u,Yn) = 0. If ag,,(P) = 0, then (i,Y,,) = 0 holds by
assumption. It follows that (u, f) = 0 if f is a finite sum of spherical harmonics. Since every

function f € C(S%!) can be uniformly approximated by finite sums of spherical harmonics,
we conclude that (u, f) = 0 for all f € C(S9~!). This implies p = 0. O

In the special case of Theorem 3.2 we have ®(¢) = |t| and therefore

1
P2 (¢)(1 — ) dt.
1

ad,m(q)) = wd—l/

For odd m, the Legendre polynomial P% is an odd function, hence agqm(®) = 0. For even
m, the formula of Rodrigues (Lemma 2.5) together with partial integration can be used to
compute the integral, and one obtains

B (_1)(m72)/27r(d71)/2r<m _ 1)
—2m 20 (m/2)T((m 4+ d+1)/2)°

ad,m(q))

Therefore, ag,(P) # 0 for even m, and if the signed measure p is even, then m,,u = 0 for
odd m. Hence, Theorem 3.3 gives p = 0, which proveds Theorem 2.2.

The transform Tp with ®(¢) = |¢| is known as the cosine transform. For the function
®(t) = V1 —t2, one calls Tg the sine transform. Also in this case, the multipliers can be
computed, and one finds that ag,(®) # 0 for all even m. Therefore, an even finite signed
measure p on S? ! satisfying

/ 1 — (u,v)2 pu(dv) =0 for all v € §%°1 (26)
Sd—1

is the zero measure. A geometric application (besides applications in theoretical stereology,
see [30]) reads as follows. For a convex body K, consider the direction-dependent functional

VD (K ) = / Vio(K N (ut +tu))dt,  we S

[e.e]

where the intrinsic volume V;_o(K N H) is (up to a constant factor) the surface area of the
intersection of K with the hyperplane H. Then

VD ) = L T8, (K, ),

1
2(d+1)

where Sy_1(K,-) is the surface area measure of K. Hence, the uniqueness theorem for the
sine transform leads to the following: if K, L are d-dimensional convex bodies with 0 as center
of symmetry and satisfying V(@D(K, u) = V@D (L, u) for all u, then K = L.

To formulate a different counterpart to Theorem 3.2, we denote by
ut = {ve s (u,v) >0}
the hemisphere with center u € 41
Theorem 3.4. If the odd finite signed measure . on S 1 satisfies

put) =0 for all u € 471, (27)
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then p = 0.

For the proof, we take the function ® defined by

1, 0<t<1,
d(t) :=
0, —-1<t<O.

then (Tou)(u) = p(u™). This T is known as the hemispherical transform. One computes
that ag ., (®) # 0 for odd m. If the signed measure y is odd, then 7, = 0 for even m. Hence,
Theorem 3.3. gives p = 0.

The third example from the introduction can be subsumed here. Let K be a d-dimensional
convex body with the property that every hyperplane through 0 halves the volume of K.
Defining an odd signed measure p by

w(B) = /B [, 0)" = oK, ~v)"] o(dv)

for Borel sets B C S%1, we deduce from Theorem 3.4 that p = 0, and this gives p(K,v) =
p(K, —v) for all v € 971,

For the mentioned functions ®, the multipliers of the transform T could be computed
explicitly. This need not always be the case. For example, a question from stereology in [30]
involves the transform Tg for the function

B(t) = 1po1(6)V/1 — 2.

In that case, the recursion formulas of Lemma 2.7 were used to establish recursion formulas
and inequalities for the multipliers, from which it could be deduced that ag,,(®) # 0 for all
m. Thus, the transform T, which can be called the hemispherical sine transform, is
injective.

The second example from the introduction involves the spherical Radon transform,
defined by

(Rf) () = /S fdow,  we st

Recall that o, denotes the (d — 2)-dimensional spherical Lebesgue measure on the great
subsphere S,, with pole u. For a spherical harmonic Y;,, of order m it is easy to compute that
Pd

m(0)
Y = wg_ Y.
R wd 1]%%(1)

For even m, we have PZ(0) # 0 by Lemma 2.6, hence (for given e € S9=1) (0, Yyni) # 0 for
suitable i. If Rf =0 for f € C(S%1), it follows that H% does not occur in f for even m. If
f is an even function, then H¢, also does not occur in f for odd m, and it follows that f = 0.
We can state this in the following form.

Theorem 3.5. The spherical Radon transform is injective on even functions.
A geometric consequence different from Minkowski’s result mentioned in the introduction

concerns central sections. Let K, L be d-dimensional convex bodies (or star bodies) which
are centrally symmetric with respect to 0 and satisfy

Vi (KNut)=Vy_(Lnut)  forallue St
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Then Theorem 3.5 with f := p(K, )4~ — p(L,-)4"! shows that K = L.

The preceding results on the unique determination of convex bodies from the volumes
of projections or sections are restricted to centrally symmetric convex bodies. There have
been several attempts to find natural data, involving projections or sections, by which a
general convex body is uniquely determined up to translations. An early example is an
investigation by Anikonov and Stepanov [2], who have shown that a linear combination of
the projection volume V;_1(K ]ul) and the surface area of the part of K that is illuminated
under illumination in direction u, determines a convex body uniquely, up to a translation.
Note that the functional that they consider can be written in the form

ToSq—1(K,-) with () = plt| + qlp,y (1)

As a special case of a more general construction, Goodey and Weil [11] introduced the
second mean section body M (K) of a convex body K C R? by

hOM(K). ) = [ o M DB a(aE),

Here A(d,2) is the affine Grassmannian of two-dimensional planes in R? and ps is its motion
invariant measure, suitably normalized. Thus, My(K) comprises information about the two-
dimensional sections of K, in integrated form. Goodey and Weil showed that two convex
bodies with the same second mean section bodies differ only by a translation. This follows
from the injectivity of the integral transform Ty with

®(t) = (arccost)V/1 — t2,

since, with ¢4 := (g) Kd/kakqd—2 and a suitable vector zg_1(K),

hegMa(K) = za-1(K), ") = ToSa-1(K, ).

In analogy to adding up sections of convex bodies, one can add up (by integrating sup-
port functions) projections of convex bodies. For various results on the determination of
convex bodies from Minkowski sums of projections, we refer to Schneider [27], Goodey [8],
Spriestersbach [34], Kiderlen [20].

Other data determining a three-dimensional convex body were suggested by Groemer
[17, 18], in the form of semi-girths of projections and intersections with half-planes. This was
widely generalized, to higher dimensions and various directed projection and section data
and mean values derived from them, in deep work of Goodey and Weil [12, 13, 14]. Their
investigation involves various linear operators on function spaces on S%~! that intertwine the
action of the rotation group and, therefore, act by multiplication on the spherical harmonics.
To decide which multipliers are non-zero, turned out to be a very formidable task in some
cases.

Two recent uniqueness results for general convex bodies are closer to the classical projec-
tion and section theorems. Let K, L be two d-dimensional convex bodies with the property
that, for each u € S9!, the projections K\uL and L\uL have the same mean width and the
same Steiner point. Then K = L. Similarly, suppose that 0 € int K, int L and that, for each
u € S%71, the sections K Nut and L Nut have (in dimension d — 1) the same volume and
the same center of gravity. Then K = L. The uniqueness is easily derived from Theorem 3.5,
applying it twice in each case. In the next section, we shall deal with corresponding stability
results, taken from [31] and [3].
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We turn to the fourth example from the introduction, Blaschke’s characterization of
ellipsoids. This leads to the equation

d
> fWu) =0 forally e ST (28)
i=1
for the function f = h(K,-)? — const, where (u1,...,uq) is an orthonormal basis of R%. This

equation is of the form (19), with u = Z?Zl Sy, For the spherical harmonic Y;, = P%((uy, )

we have
d

(Yoo 1) = > Vi (D) = Ph(1) + (d = )P (0) #0  for m # 2.
i=1
Hence, the only solutions of (28) are spherical harmonics of order two (and they are solutions).
We deduce that the convex body K must be an ellipsoid.

The fifth example of the introduction asks for the rotors of a regular simplex. More
generally, we consider a polytope P and ask for its rotors. By definition, a convex body K is
a rotor of P if to each rotation ¥ € SOy there is a vector t € R? such such 9K +1 is contained
in P and touches all the facets of P. If P has a rotor of positive dimension, then it admits an
inscribed ball (a ball touching all the facets). Suppose that the polytope P has the ball RB?
as inscribed ball. Let uq, ..., u, be the outer unit normal vectors of the facets of P. Then it
can be shown that the convex body K is a rotor of P if and only if for any linear relation

n
E ;U = 0
=1

the equations
n

> ai[h(K,9u;) = Rl =0 for all ¥ € SOq

i=1
are satisfied. Thus, in order to find non-spherical rotors of P, we have to solve a whole system
of equations of type (19). This task amounts to finding all spherical harmonics that satisfy
the system. Non-trivial solutions exist only for special polytopes P. The following theorem
gives a complete classification. In its formulation, Y, denotes a spherical harmonic of order
m, and support functions are restricted to the sphere S%~!'. We say that a polytope Q is
derived from the polytope P if each facet of ) contains a facet of P.

Theorem 3.6. Let d > 3, let P C R? be a polytope, and suppose that K is a non-spherical
rotor of P. Then we have one of the following cases.

(1) P is a parallelepiped with equal heights; K is a body of constant width.

(2) d = 2; P is derived from a regular k-gon; the nth Fourier coefficients of the support
function of K are zero if n % +1 mod k, n #£ 0,

(3) d = 3; P is a regular tetrahedron; the support function of K is of the form Yo+Y1+Ya+Y5.

(4) d = 3; P is derived from a regular octahedron, but is not a tetrahedron; the support
function of K is of the form Yo+ Y1 + Y5.

(5) d > 4; P is a regular simplex; the support function of K is of the form Yy + Y1 + Ya.
The proof in [26], which is reproduced in Groemer’s book [16], uses most of the results

on Legendre polynomials listed in Section 2, and several further properties of spherical har-
monics. It is already clear from the formulation of the theorem that spherical harmonics are
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an indispensable tool for such a result. We remark that the survey article by Goldberg [7]
contains photographs of models of non-trivial rotors of the regular tetrahedron, octahedron,
and cube.

Hints to the literature. The general reference is Groemer’s book [16]. As mentioned in the
introduction, the presented examples are all very old; they served us for introducing spherical
harmonics and demonstrating typical applications. For some more history about these and
other examples, see [24, 25, 26].

4 Stability Results

The strength of the use of spherical harmonics in the treatment of rotation invariant unique-
ness problems lies in the fact that very often the obtained uniqueness can be improved to
a stability result. By this we mean explicit quantitative estimates, showing that small per-
turbations of the condition enforcing uniqueness result in only small deviations from the
uniqueness situation. We shall present three examples of different approaches.

The first example is a rather simple, but very useful application of the Parseval relation.
In the following, all integrations are over the unit sphere S9!, First we state an analytical
lemma, which can be viewed as a variant of the Poincaré inequality.

Lemma 4.1. Let f be a real function of class C* on the unit sphere ST satisfying

/fdcr:O and /f(u)ua(du)zO.
/<f2+fA5f>da+/f2d <0.

Then

Proof. Let
o0
fNZYm) Yo, = mnf,
m=2

be the condensed harmonic expansion of f (note that mof = w1 f = 0 by the assumptions).
By Green’s formula on the sphere (Lemma 2.1) and Theorem 2.1(a),

(AS.ﬁ Ym) = (fv ASYm) = _m(m+ d— 2)(fa Ym)

Therefore, the condensed harmonic expansion of Agf is given by

o0

Agf~ =Y m(m+d-2)Yy,

m=2

Now the Parseval relation in the form (8) gives
/f2d0 = > /Yn%da,
m=2
/fASfda = =) mim+d- 2)/Yn‘ida.

m=2

28



This yields

/f<f+d11ASf>da+d“/f2

[e.9]

1
:MZ[2d—m(m+d—2)]/Yridago,

m=2
as stated. O

We apply this to an inequality for mixed volumes. Recall that the mixed volume
V(K1,...,Kq) of convex bodies K1,...,K; C R? is the symmetric function defined by

VMK 4 -+ MNKy) = Z Aiy N, V(K- Ky,

where A1,..., ¢ > 0, and that

is the ith quermassintegral. The quermassintegrals satisfy the important inequalities
Wi(K)? > Wi (K)Wia(K),  i=1,...,d—1, (29)

which are special cases of the Aleksandrov—Fenchel inequality. For one of these inequalities,
we derive an improved version. For this, we assume first that K is a convex body with a
support function hx of class C2. We apply Lemma 4.1 to the function

[ =hk —hp),

where B(K) is the ball which has the same mean width and the same Steiner point as K.
This function satisfies the assumptions of the lemma. The key to its applicability is the fact
that the quermassintegral W;_o has the representation

1
Wd,Q(K) == d/ (h + d_h}(Agh[() do.

Moreover,
1
Wi (K) = d/hK do,  Wy(K) = Kq.
Using these facts, one obtains from the lemma that
d+ 1)k
WE 4 () = Waea ()W) = 28 (6, B, (30)

where the Lo-distance d3(K, L) of two convex bodies K, L is defined by
1
6o(K,L)? == — / |hix — hp|?do
ny

(kq denotes the volume and wy the surface area of B?). This distance can be compared with
the Hausdorff distance d, according to

cd(K, L) 4D/2 < 6,(K, L) < §(K, L),
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where the constant ¢ depends only on the diameters of K and L.

By approximation, the inequality (30) is extended to general convex bodies. This inequal-
ity is a typical stability result. It gives an explicit estimate for the deviation of the convex
body K from a suitable ball if one knows that W2 | (K) — Wy_o(K)Wy(K) <e.

The inequality (30) can be combined with known inequalities to obtain several results of
geometric interest. As an example, we mention an improvement of the isoperimetric inequality
for convex bodies. Let V' denote the volume and S the surface area of a convex body K in
RY. Then one can deduce from (30) and (29) that

d d—1
(5) —(V) > eS(K, Bie) 92,

Wd KRd

where B is a suitable ball and the constant ¢ depends on the dimension and bounds for the
inradius and circumradius of K. The exponent on the right side is close to optimal, since
such an inequality cannot hold with an exponent less than (d + 1)/2.

Also the other two methods that we are going to explain make use of the Parseval relation,
but in a more sophisticated way. We describe the next approach in general terms, for a
transform T as introduced in Section 3. We abbreviate its multipliers by a,, = agm(P).
Thus, if f € C(S%!) has the condensed harmonic expansion

fNZYm

(summations here and in the following are from 0 to 00), then Ty f has the condensed harmonic
expansion

Tof ~ Z amYm.
Now let
g=Tsf
and suppose that the transform Tg has an inverse on a space of functions under consideration.
A stability result for the inverse would be an assertion telling us that || f||2 must be small if

lgll2 is small. This would be easy if |a,,| > 1/c for all m with a positive constant c¢. Namely,
in that case the Parseval relation would give

1 1
gl = D> lamPIIYml3 > 5 > IVl = S1I£113
C C

and thus || f|l2 < ¢||g||2. However, in the cases of interest, the sequence a = (a,,) of multipliers
tends to zero, and the faster it does, the more delicate is the stability problem. We sketch
two different ways out of this dilemma.

Let
fNZYTTL? gNZamYTm

and assume that Y,, = 0 whenever a,, = 0. For any § > 0, an application of Hélder’s
inequality gives

1B = SVl = 3 1Vl3
am7#0
_ 26 4 28 28
= 3 (lanl = 1Yaall5*2) (Jom| 72| 752)
am#0
_2
B+2 B
< X lenl WYl | (Xl PIYal2)
am#0
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hence 3
Ifll2 < C(f,a,8)77 | g[17
with
C(f,a,8) = |am| |Vl

am#£0
The next step consists in estimating |a,,| in the form
|am| ™ < e(d, Bym(m +d — 2)
and using
Agf~> m(m+d-2)Yy,
The spherical gradient Vg is defined by
Vsf = (VOIS = (V)"
where V is the gradient on R%. Using (f, Asf) = —||Vsf||3 and the Parseval relation, we get

IVsfl3 = m(m+d—2)|Ynl3.

If 3 is chosen suitably in dependence on the sequence a = (a,,), one obtains an estimate of
the form

1fll2 < erld, ﬂ)HstH"+2 HgH”“-

It will then depend on the particular geometric situation whether one is able to estimate
|Vsfll2 reasonably. For example, if f is the support function hx of a convex body K, the

formula
1

d(d—1)

together with Wy_o(K) > 0 can be used to obtain an estimate

[Vshkll2s < Vd = 1|[hkll2 < c(d, R),

Wa—2(K) = [(d = DIhx]3 = [V shxll3]

if K C RB%.

Carrying out this general program for the special case of the spherical Radon transform
R, Groemer [16, Th. 3.4.14] obtained the following lemma.
Lemma 4.2. Let Fy and Fy be twice continuously differentiable functions on S%! (d > 3),
and let FZ-Jr denote the even part of F;. Then

IF = Fyf |la < ha(Fy, Fy) |RFy — RF,||2*

with

d—2
1 2d
ha(Fy. Fy) = (mdmfngﬂurwv¢wg+mﬂ RB@) ,

Wd—1
where Bg is an explicit constant.
Hence, if the difference of the spherical Radon transforms of two functions is small, then

the difference of the even parts of the functions is small. There can, of course, be no in-
formation on the odd parts of the functions, since the spherical Radon transform of an odd
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function is zero. In concrete cases, the value of the explicit estimate of the lemma depends
on the possibility to bound the quantities ||V gF;|| appearing in the factor hq(Fi, F3).

We want to apply this method to prove a stability version (obtained in [3]) of a new
uniqueness result. This result says that a star body is uniquely determined by the volumes
and centroids of its hyperplane sections through a fixed interior point. Let K be a star
body in R¢, that is, a nonempty compact set which is starshaped with respect to 0 and has a
continuous positive radial function, defined by pg (v) := max{\ > 0: v € K}, v € S*1. For
u € 891, we denote the (d — 1)-dimensional volume of the intersection K Nu® by vg_1 (K, u)
and its center of gravity by cq_1 (K, u); thus

1

va—1(K,u) = d—1 S p?(_ldau,

ci—1(K,u) = cll/ px (v)% oy (dv).

u

Let K, L be star bodies satisfying
vg—1 (K, u) = vg_1(L,u) for u € §%1 (31)

and
cq—1(K,u) = c4—1(L,u) for u e S471. (32)

Since the spherical Radon transform of a continuous function on S4~! uniquely determines
the even part of the function, assumption (31) implies that the even part of pf{l — p%_l
vanishes, thus

P () = pE ) = —p (—v) 4 p Y (—v)  for v e SN (33)

Similarly, assumption (32) yields (if the result on the spherical Radon transform is applied
coordinate-wise) that the even part of the function v +— [p% (v) — p% (v)]v vanishes, and this
gives

p(v) = p(0) = ple(—0) — p(—v)  for v e SO, (34)

Suppose now that there exists some v € S9! with p(v) # pr(v), say px (v) < pr(v). Then
pit(v) < pit(v), hence (33) gives pd!(—v) < pkt(—v). This yields pf(—v) < p&(—v),
and now (34) gives p%(v) > p¢(v), a contradiction. We conclude that px(v) = pr(v) for all
v, hence K = L.

While this uniqueness theorem holds for star bodies, our stability result requires convexity

assumptions.

Theorem 4.1. Letd > 3, let r,R, ey > 0, let K, L be convez bodies with rB* ¢ K,L C RB¢,
and let 0 < e <e¢g. If

[va—1(, ) —va—1(L,-)|[2 <€ (35)
and

l[ca—1(K, ) — ca-1(L, )2 < €, (36)
then

do(K,L) <c(d,r R, eo)ez/d, (37)

with an explicit constant c(d,r, R, €y) depending only on d,r, R, €.
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For the proof, one applies the lemma twice, first to the functions F; := pCIl{_l, = de_l,
and then to the functions defined by Gi(v) := p%(v){v,e) and Ga(v) := p?(v){v,e) for
v e S, with fixed e € S9!, From (35) and (36) this leads to the estimates

[(eEDT = (0E D e < ha(Fy, Fo)((d — 1)e)?/4 =: Ay,
1(p)™ = (pE)"ll2 < Vdha(G1,Ga)(de)?? =: A,

where F~ denotes the odd part of a function F on S9!, Even and odd parts are taken here
of different powers of the radial functions. This causes a complication which, however, can
be dealt with, and one obtains an estimate

4A2 4A3
(d — 1)2r2(d=1) * g2p2d°

llpr — PL”% <

It remains to bound the constants hq(F1, F») and hg(G1,G2) and thus ||[Vsp|2, Vst |2
for m =d—1,d. It is here where the convexity and the further assumptions on K and L are
needed. One obtains, for example,

Rm+1
IVspillz = my/(d = 1)wsg ——,

and with the help of such estimates, the proof of Theorem 4.1 can be completed.

A result similar to Theorem 4.1, with section, volume, centroid replaced by projection,
mean width, Steiner point, was proved in [31].

In several applications, a transform of type Tg is applied to the surface area measure
Sq—1(K, ) of a convex body. We abbreviate this now by Sk and recall its meaning. For a
Borel set A C S%~1 the value Sk (A) is the surface area (the (d — 1)-dimensional Hausdorff
measure) of the set of all boundary points of K with an outer unit normal vector falling in
A. We describe a method to obtain stability results for T4 Sk, which goes back to Bourgain
and Lindenstrauss [4] and was slightly extended in [19].

Theorem 4.2. Assume that the multipliers of Tg satisfy
ago(®) #0,  |agn(®)7'[<bn” forneN (38)

with suitable b, > 0. Let 0 < r < R, and let K,M C R? be convex bodies satisfying
rB%c K,M c RB".

For a € (0,1/d(1 + f3)), there is a constant ¢ = ¢(d, ®, «,r, R) such that
5(K,M + .’L‘) < CHT@(SK - SM)HQ

for suitable x € R.

If K and M are centrally symmetric and (38) holds for even n, then the same conclusion
can be drawn.

We sketch the main steps of the proof. Let F' be a continuous real function and u a finite
signed measure on S9!, The aim is to find an estimate of the form

)/qu‘ < c(d, F, p) | Top|3
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(all integrations are over S%—1).

Let ||u||7y be the total variation norm of y, and let

[F(z) = F(y)]
1| = max ===, [[Foo := max [F(z)],

wy  le =yl
1El L = [1F]lL + [ Flloo-

Recall that (in terms of condensed harmonic expansions)
o~ Z Y, implies T ~ Z agn(P)Yn

The basic idea of Bourgain and Lindenstrauss was to compare Tgu with the Poisson
transform
1 1— 72
wd Jga-1 (1 + 72 —27(u,v))4/?

pir(u) = p(dv)

for 0 < 7 < 1, which has the condensed harmonic expansion

Ly ~ Z ™Y,.

One can then exploit that 7" tends to zero more rapidly than aq,(®), as n — oo.

In a first step, one can estimate, comparing F' with its Poisson transform F; and using
J Frdp = [ Fu;do and several intermediate inequalities, that

2
[ ] < el Pl ey = m)1og 12+ [Pl el

for 7 € [1,1).

The second step uses the assumption (38). Since n77(1 — 7)? < (B/e)?, it follows from
(38) that
" < (1= 1) Plagn(®@)|.

With Parseval’s relation, this gives

1
ele = (2 I¥al)® <t =) (X laan(@)P1¥:13)°

< e(1-7)7°|Topllz.

Together with the previous estimate, this yields

2
[ | < call Pl |y (1 - 7 1og 2

A

4 [Toplla(1 =)
B

For suitable 7 € [1,1) and a constant ¢4 we have c4A = B. For ae < 1/(1 + 3) this leads to

\ / qu\ < eI Fll s lalld [ Tl

which is of the desired form.
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This is now applied with
F = hg or hyy, uw=Sg— Sy.
Since K, M C RB%, we can then estimate
IFllsr < c(d,R),  [lpllrv < c(d, R).

Since

3 [ i = Vi) < Vi1, x),
where V1 (M, K) denotes the mixed volume Vi(M,..., M, K), we obtain
Va(K) = Vi(M, K)| < c6l|Ta(Sk — Sm)l*
[Va(M) =Vi(K, M)| < c||Ta(Sx — Sum)l|*

Now geometry has to take over. Knowing that the right side is small, there are methods
from Brunn—Minkowski theory to estimate the Hausdorff distance between K and a suitable
translate of M. In this way, the proof of Theorem 4.2 can be completed.

Theorem 4.2 gives a number of concrete stability results for transformations Ty that have
been considered in the geometry of convex bodies or in stochastic geometry. They are not
restricted to centrally symmetric convex bodies. We give here a list of the transforms which
have been mentioned in Section 3 and for which we now have corresponding stability results.

1) ®(t) = 3[t|, the cosine transform. This is the case of Aleksandrov’s projection theorem

and the stability result of Bourgain and Lindenstrauss.

Assumption (38) holds for even n with 5 = (d + 2)/2.

2) ®(t) = V1 — t2, the sine transform. It appears in work of Berwald, Schneider, and Goodey.
Assumption (38) holds for even n with g = d.

3) ®(t) = plt| + q1ljp,), with constants p,q. The corresponding transform was studied by
Anikonov and Stepanov. They obtained a stability result in R, but a weak one only, as it
requires bounds on derivatives up to the fifth order.

Assumption (38) holds for all n with 5 = (d +2)/2.

4) ®(t) = (arccost)v'1 — t2. The corresponding transform appeared in work of Goodey and
Weil on mean section bodies.

Assumption (38) holds for all n with 5 = d.

5) ®(t) = 1jp,;)V 1 — t2. This was used in a contribution to stochastic geometry by Schneider.
Assumption (38) holds with 5 = d.

Recently, the described approaches to stability results on convex bodies involving to-
mographic data have been considerably unified, extended and improved by Kiderlen [21].
Goodey, Kiderlen and Weil [10] present a comprehensive survey of integral transforms in
geometric tomography.
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Hints to the literature. The book by Groemer [16] presents a thorough treatment of
applications of spherical harmonics to stability problems in convex geometry. The following
contributions have appeared after the publication of this book: [3], [8], [9], [10], [12], [13],
[14], [15], [17], [18], [19],[20], [21], [31], [34]. A stability version of the fourth example from
the introduction appears in [5]. Some stability results can also be found in [28].

An interesting application of spherical harmonics to Minkowski symmetrizations was made
by Klartag [22].

5 Universal Convex Bodies

For the treatment of the functional equation (3.1) it was, according to Theorem 3.1, essential
for which numbers k the space Hg of spherical harmonics of order k£ occurs in a function f,
that is, 7w f # 0. In this section, we will treat a question which leads us to convex bodies K
with the property that their support function satisfies mphyr # 0 for all k£ # 1 (the case k =1
is excluded, since m1hg is not invariant under translations). Such a convex body is called
universal.

We describe the question leading to these bodies. The space K¢ of convex bodies in R?
admits two basic operations: Minkowski addition, defined by

K+L:={z+y:z€K,yc L}, K,L eK?,
and dilatation, given by
aK ={ax:z e K}, Kek? a>o.

Combined, they yield Minkowski linear combinations. Thinking of the role that bases of all
kinds play in various part of mathematics, the following question seems natural. Can general
convex bodies be obtained as linear combinations of ‘a few special convex bodies’? We think,
in particular, of only one convex body and its congruent copies (images under rigid motions).

For dealing with this question, the support function is the natural tool. We denote the
support function of the convex body K € K¢ by hg, thus

hi(u) := max{(u,z) : x € K}, u € RY.

It is adapted to linear combinations and rotations, since hxy; = hx + hr, hax = ahg for
a > 0, and hyg = Yhg for every rotation ¥ € SOq4. Moreover, for the Hausdorff metric 4,
we have §(K, L) = max {|hx(u) — hr(u)| : u € S},

Let us first see how far we get when we start with the simplest non-trivial convex body,
a segment (closed line segment) S. The support function of the segment S with endpoints
+av (v € 81 a > 0) is given by

hs(u) = [(u, v)]a.

The sum of finitely many segments is called a zonotope. The support function of a zonotope

7 with center 0 is of the form .

ha(u) = 3w vidles

=1
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with v; € S9!, a; > 0. A limit of zonotopes is called a zonoid. The support function of a
zonoid Z with center 0 is given by

o) = [ lwolplao

with a finite Borel measure p. A convex body K with a support function of the form

) = [ o)l o),

where p is a finite signed Borel measure, is call a generalized zonoid. Thus, K is a
generalized zonoid if and only if there exist zonoids Z1, Zo with K + Z; = Z,.

Let K2 denote the set of centrally symmetric convex bodies. The following well-known
facts exhibit the essential difference between zonoids and generalized zonoids.

e The zonoids are nowhere dense in K¢.

e The generalized zonoids are dense in 2.

The second fact has often been useful in the investigation of centrally symmetric convex
bodies. We mention that the standard proof of this fact is a typical application of spherical
harmonics. For given K € K¢ with center 0, one tries to solve the integral equation

i) = [ o)l f(0) ol
Sd—1
by a function f, say continuous. If the equation holds, if further

FY Yoo b~ ) X

2|k 2k

are the condensed harmonic expansions, and ag, ao, ... is the sequence of even-order multi-
pliers of the cosine transform, then we know that X, = a;Y) for all even k. Conversely, for
given hx one can try to define a function by f = ka a,:le. If hg is sufficiently often
differentiable (the required differentiability increases with the dimension), one can indeed
show that this series converges absolutely and uniformly. The continuous function f that it
defines is then a solution of the integral equation. This shows that every sufficiently smooth
centrally symmetric convex body is a generalized zonoid.

Now we want to get rid of the central symmetry, and we ask whether the segment S can
be replaced by a non-symmetric convex body, to obtain a dense class in K¢ instead of ICg.
In other words: suppose we have only one convex body B at our hands and want to produce
other convex bodies from it by taking Minkowski linear combinations of congruent copies of
B, limits, and differences (of support functions). How big a class of convex bodies can we
obtain? Some definitions are now in order.

Definition. A Minkowski class is a subset of K¢ that is closed in the Hausdorff metric,
closed under Minkowski linear combinations, and closed under translations.

Let G be a subgroup of GL(d), for example SO;4. The Minkowski class M is G-invariant
if K € M implies gK € M for all g € G.

If B e K?and G C GL(d) are given, then Mp ¢ is defined as the smallest G-invariant
Minkowski class containing B.
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Examples: If S is a segment and B is a ball, then

Msso, = Msar) = {zonoids},
Mpso, = {balls},

Mpar@ = {zonoids}.

Definition. The convex body K is called an M-body if K € M. The body K is called a
generalized M-body if there exist M-bodies M7, My with K + My, = Mos.

For d > 3 it follows from known results that for each B € K¢, the M B,GL(d)-bodies are

nowhere dense in K% What can be said about generalized M B,GL(d)-Podies? First answers
are given by the following special results.

Theorem 5.1. (Schneider [29]) Let T C R? be a triangle with an irrational angle. Then the
set of generalized Mt s0,-bodies is dense in Ke.

(By an irrational angle we mean an angle which is an irrational multiple of 7.)

Theorem 5.2. (Alesker [1]) Let K be a non-symmetric convex body. Then the set of gener-
alized Mg gra)-bodies is dense in Kce.

Alesker’s proof uses representation theory for the group GL(d). Of course, Alesker’s result
does not hold if the general linear group GL(d) is replaced by the rotation group SO,4. For
example, if K is a body of constant width, then all generalized M so,-bodies are of constant
width.

The following results were obtained jointly with Franz Schuster, in [32].

Theorem 5.3. Let B € K¢ be non-symmetric. Then every neighborhood of B contains an
affine image B' of B such that the set of generalized Mpr so,-bodies is dense in Kce.

This is a consequence of the following two theorems. Recall that a convex body B € K% is
called universal if the expansion of its support function hp in spherical harmonics contains
non-zero harmonics of all orders # 1.

Theorem 5.4. Let B € K. The set of generalized MBp s0,-bodies is dense in Ke if and
only if B is universal.

Theorem 5.5. Let B € K¢ be non-symmetric. Then every neighborhood of B contains an
affine image of B that is universal.

Theorem 3 has a counterpart for symmetric bodies.

We sketch the proof of Theorem 5.4. Suppose first that B is not universal. Then there
exists a number m # 1 with m,,hp = 0. This implies m,,hx = 0 for all generalized Mp s0,-
bodies K and their limits. But there exists a body M € K¢ with m,,has # 0. Hence, the set
of generalized Mp s0,-bodies is not dense in Ke.

Conversely, assume that B is universal.
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Recall that for showing that a sufficiently smooth body K with center 0 is a generalized
zonoid, we have solved the integral equation

i) = [ o)l £ ofao)

We try to solve a corresponding integral equation on the group SOy, with respect to its
Haar measure v. Suppose we can solve the integral equation

e () = /S g () £(0) (),

say, by a continuous function f. Then we decompose f into its positive and negative part,
f=/f"—f",and get

hi (u) + hop(u)f~ (v) v(dd) = hyp(u) f*(v) v(dY),
S0 SO

J/

hry () Ry ()

where M7, M> € Mp so, (approximate v by discrete measures). Since K + M; = Mo, the
body K is a generalized Mg s0,-body.

To solve the integral equation, it is sufficient to assume that hx is a sum of finitely many
spherical harmonics, because the set of such bodies is dense in K. Thus, for

N(d,m)
hK = Z aijmj
0 j=1

m=l

we have to find a continuous function f on the group SOy satisfying
hi(u) = / hyp(u) f() v(dY),  ue St
SOq

Let by,; := (hp,Yn;). Since B is universal, for each m € Ny there is an index j,, such
that b, # 0. With the functions ¢} from (17), we put

k 1 N(d,m)
f=N(dm)> - Amity, -
m=0 =1
Using formula (18), we obtain
k 1 N(d,m)
/ hop(w) f(9) v(d¥) = - amiN (d, m) / hop(u)ti; (9) v(dY)
SOy4 m=0 mjim i=1 SOy4
k 1 N(d,m)
= Z b ami(hBa Ym]m)sz(u)
— Mim —
m=0 i=1
k. N(dm)
- Z Z amzsz(u) - hK(u)7
m=0 i=1

which shows that f is a solution of the integral equation. Thus, Theorem 5.4 is proved.

39



We turn to Theorem 5.5, the main result. We explain the idea of its proof by demon-
strating first an easier part of the proof.

Proposition. Let B € K% be not one-pointed. Then there exists a linear transformation
g € GL(d), arbitrarily close to the identity, such that mynhgp # 0 for all even numbers
m € Np.

We reduce the proof to the fact that a segment S satisfies
Tmhs # 0 for all even m

(which was the reason for the injectivity of the cosine transform on even functions). In
Cartesian coordinates, let II; be the projection onto the xi-axis, and suppose, without loss
of generality, that II} B =: S is a non-degenerate segment. Define g(\) € GL(d) by

g()\) : (xla R xn) = (xly ALEZ? s 7)“T’n)‘
For A — 0, the map g(\) converges to II;. It follows that

lim (hg(x) 5, Ymg) = (b, Yimj)-

If m is even, then (hg, Yi;,,) # 0 for some j,,. Hence, the function
F(A) = (hg()\)Bv ijm), A E (0, 1],
does not vanish identically. This function is real analytic. Therefore, the set
Zm = {XN € (0,1] : mphgoyp = 0}

is countable. This holds for each even m. It follows that every neighborhood of 1 contains
some A\ with
TmhgnB # 0 for all even m.

This completes the proof of the Proposition.

For the remaining part of the proof of Theorem 5.5, that is, the case of non-symmetric B
and arbitrary m, we sketch only the strategy. We recall what we have to prove.

Theorem 5.5. Let B € K? be non-symmetric. Then there exists g € GL(d), arbitrarily close
to the identity, such mpnhgp # 0 for all m.

The following are the essential steps:
1.) Prove the two-dimensional case of the Theorem 5.5.
2.) Lemma. If B C R? C R? and B is universal in R?, then B is universal in RY.

3.) Similarly as before, use linear maps converging to the projection onto R2.
Step 2 requires only the use of suitable bases of the spaces of spherical harmonics and

some direct calculations. The idea of Step 3 is similar to the argument sketched before.
Therefore, we indicate here only Step 1.
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The two-dimensional case

Let B C R? be a non-symmetric convex body. Write
hp((cos p,sing)) =: hp(p).
The space H2, is spanned by the functions cos my and sin me. Therefore, in complex notation
2m )
Tmhgp =0 & / hg(p)e™?de = 0.
0

Define a map Fp,, : GL(2)* — C (where GL(2)" is the connected component of the identity)
by

27
Fim(g) = /O hon(9) ™ de  for g € GL(2)F,

This map is real analytic.

Proposition. The relation
2 )
Fpm(g) = / hg(p)e™Pdp =0 forallge GL(2)"
0

cannot hold for any odd integer m > 1.

Suppose this were false; then there exists a smallest number m for which there is a
counterexample. Let B be such a counterexample. We use

g(\) ~ < (1) g ) and  R(a) ~ < cosa  sina )

—sina  cosa

Consider the first map. From hy\)p(p) = Vcos? o 4+ A2sin? o hg(1h) and a substitution we
get
(Acostp +isin w):+3 .
(A2cos2 1) +sin®¢) 2
Since this vanishes for all A € (0, 1], the derivative with respect to A at 1 vanishes. This yields

27
Fom(g(N) = A2 /O h (1)

27
/ hp()[(3 —m) DY + (34 m) V] dy = 0.
0

Now we use the second map. Since Fp,(R(a)) = 0 for a in a neighborhood of 0, the
preceding holds with ¥ + « instead of 4 in the exponents. This yields

27
/ hp() ™2V ay = 0 for m # 3,
0

27
/ hp(6) ™D dy = o,
0

This can be used to find a number smaller than m for which a counterexample exists, which
is a contradiction.

These are the main ideas; for the details we refer to [32]
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