ON THE INTEGRAL FORMULAS OF CROFTON AND
HURWITZ RELATIVE TO THE VISUAL ANGLE OF A CONVEX
SET

JULIA CUFI, EDUARDO GALLEGO & AGUSTI REVENTOS

ABSTRACT. We provide a unified approach that encompasses some integral
formulas for functions of the visual angle of a compact convex set due to
Crofton, Hurwitz and Masotti. The basic tool is an integral formula that also
allows us to integrate new functions of the visual angle. As well we establish
some upper and lower bounds for the considered integrals, generalizing in
particular those obtained by Santal6 for Masotti’s integral.

1. INTRODUCTION

In 1868 Crofton showed ([1]), using arguments that nowadays belong to integral
geometry, the well known formula

/ (w—sinw)dP = — — 7F,
P¢K 2

where K is a planar compact convex set of area F', L is the length of its boundary
and w = w(P) is the visual angle of K from the point P, that is the angle between
the two tangents from P to the boundary of K.

Later on, Hurwitz in 1902 in his celebrated paper [6] considered again the integral
of some functions of the visual angle. In particular he gave a new proof of the
Crofton formula using the Fourier series of the radius of curvature of the boundary
of K. He also computed

1
(1) / sin® wdP = §L2 + w22
PgK 4 4

as well as the integral of a family of special functions that enables him to show that
the quantities 77 = o} + (7, where oy and By are the Fourier coefficients of the
radius of curvature, are invariant with respect to rigid motions of K.

In 1955 Masotti ([7]) considered a Crofton-type formula computing

/ (w? — sin®w) dP
PgK

in terms of the area of K, the length of K and the Fourier coefficients of the
radius of curvature of K. Santalé in 1976 ([9]) gave lower and upper bounds for
the above integral.
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In this paper we provide a unified approach that encompasses the previous results
and allows us to obtain new integral formulas for functions of the visual angle. The
basic tool is an integral formula given by our first result.

Theorem (3.1). Let K be a compact convex set with boundary of class C* and
let L be the length of OK . Let ¢ = aj + b} where ay, by, are the Fourier coefficients
of the support function of K. Then, for every continuous function of the visual
angle f(w) on [0,7] such that f(w) = O(w?), as w tends to zero, one has

/ S

() e (R )4

k>2

where hy, for k > 2, are the universal functions given in (6).

Crofton’s formula, the integral of the above mentioned special functions consid-
ered by Hurwitz and the Masotti integral formula follow directly from Theorem 3.1.
Moreover we improve the lower bound given by Santal6 for Masotti’s integral (see
Corollary 5.1).

As well the integral (1) follows from Theorem 3.1. Indeed, a more general result
is obtained: we can compute the integral of any power of sinw. The corresponding
result is

Theorem (6.1). Let K be a compact convex set with boundary of class C* and
length L. Write ci = ai + b% where ay, by are the Fourier coefficients of the
support function of K. Then

Tm! L?

in™ wdP =
/PM S 21 (m — 2)T ()2 21

Cal e Ry

Qm—l(m _ 2) F(m+21+k)r(m+21—k) k

+

k>2, even
For m odd the indez k in the sum runs only from 2 to m — 1.

When K is a compact convex set of constant width one has ¢, = 0 for k even, so
that the integral of sin” w is, in this case, L? multiplied by a factor that depends

only on m.
Next we extend the formulas of Crofton and Masotti by means of the equality

L2
(2) / (W™ —sin"w)dP = —a"F+ M,,— +7 Z Brcz,
PEK 2m k>2

where the quantities M, and S can be explicitly computed (see section 7). For
instance in the case m = 3 we get

L2
/ (w3 —sin®w)dP = —7m3F + (127r In(2) — 3‘7T> =
P¢K 2 ) 2w

—|—127T2(1n(2) ) —67{“;3( <k+1)+v)ci,

where ¥(x) is the digamma function ¥(xz) = (InT'(x))’, and ~ is the Euler-Masche-
roni constant.
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Finally since the quantities 55 appearing in (2) are not easily handled we give
upper and lower bounds for || P¢ (W™ —sin™ w) dP that generalize those given by
Santalé for m = 2. More precisely we prove

Theorem (7.1). Let K be a compact convex set with boundary of class C?, area F
and length of the boundary L, and let w = w(P) be the visual angle from the point P.
Then

L2
/ (W™ —sin”w)dP < —7™F 4+ M, —, m>1,
P¢K 2w

T m _ oinm i
where M., = / (wlw dw. Equality holds only for circles.
0 — cosw

And for the case of constant width we get

Theorem (7.2). Let K be a compact convex set of constant width, with boundary
of class C2, of area F and length of the boundary L, and let w = w(P) be the visual
angle from the point P. Then

L2 m—1 3 m
/ (wm—sinmw)dP>—7rmF+Mm—7T(1—() >A>0,

where A = L? — 4nF is the isoperimetric deficit. The first inequality becomes an
equality only for circles.

2. PRELIMINARIES

A set K C R? is conver if it contains the complete segment joining every two
points in the set. We shall consider nonempty compact convex sets. The support
function of K is defined as

pr(u) = sup{(z,u) : x € K} for wueR?

For a unit vector u the number px (u) is the signed distance of the support line to K
with outer normal vector u from the origin. The distance is negative if and only
if upoints into the open half-plane containing the origin (cf. [10]). We shall denote
by p(p) the 2r-periodic function obtained by evaluating px (u) on u = (cos ¢, sin ¢).
Note that 0K is the envelope of the one parametric family of lines given by

xcosp + ysinp = p(y).
If the support function p(y) is differentiable we can parametrize the boundary 0K
by
v(®) = ()N (@) + 1/ (9)N' (),

where N(p) = (cos ¢,sin¢). When p is a C? function the radius of curvature p(y)
of OK at the point v(i) is given by p(p) + p”(¢). Then, convexity is equivalent to
p(p) +p"(¢) > 0. From now on we will assume that p is of class C2.

It can be seen (cf. [9]) that the length L of 0K and the area F' of K are given
in terms of the support function, respectively, by

2m 2
1
3) L= [ pae awd Fg [0t -s?ae

We will consider w = w(P) the visual angle of 0K from an exterior point P, that
is the angle between the tangents from P to 0K . For a function f(w) of the visual
angle w we will deal with the integral of f(w) with respect to the area measure dP.
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A special type of convex sets are those of constant width, that is those convex
sets whose orthogonal projection on any direction have the same length w. In terms
of the support function p of K, constant width means that p(¢) + p(p + 7) = w.
Expanding p in Fourier series

oo

(4) p(e) = ao + Z (an cosng + by, sinngp) ,

n=1

it follows that

o0
ple) +plp+m) =2 Z (agp, os 2np + bay, sin 2nyp) ,
n=0
and therefore constant width is equivalent to a,, = b, = 0 for all even n > 0.
Given a compact convex set K with support function p(p) the Steiner point of K
is defined by the vector-valued integral

27
s(K) = l/0 ()N () dep.

™

This functional on the space of convex sets is additive with respect to the Minkowski
sum. The Steiner point is rigid motion equivariant; this means that s(gK) = gs(K)
for every rigid motion g. We remark that s(K) can be considered, in the C? case,
as the centroid with respect to the curvature measure in the boundary 9K; also we
have that s(K) lies in the interior of K (cf. [5]). In terms of the Fourier coefficients
of p(p) given in (4) the Steiner point is

S(K) = (al, bl)

The relation between the support function p(p) of a convex set K and the support
function g(¢) of the same convex set but with respect to a new reference with origin
at the point (a,b), and axes parallel to the previous x and y axes, is given by

q(¢) = p(p) — acosp — bsinp.

Hence, taking the Steiner point as a new origin, we have

q(p) = ao + Z (ay, cosng + by, sinngp) .
n>2

The associated pedal curve to K will be the curve that in polar coordinates with
respect to the Steiner point as origin is given by r = p(¢). In fact it is the geomet-
rical locus of the orthogonal projection of the center on the tangents to the curve.
The area A enclosed by the pedal curve is

1

2m
A=3 [ w2 ae.
0

3. FIRST INTEGRAL FORMULA

Let f(w) be a function of the visual angle w = w(P) of a given compact convex
set K from a point P outside K. In this section we will give a formula to compute
the integral of f(w) with respect to the area measure dP, [, f(w)dP, in terms
of the area of K, the length of the boundary of K, and the }%ourier coeflicients of
the support function of K.
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For each point P ¢ K let ¢ be the angle at the origin formed by the normal to
one of the tangents from P to 0K with the = axis; the pair (p,w) can be considered
as a system of coordinates of R? \ K.

P

FI1GURE 1. The visual angle w.

Denoting by A, A; the contact points of the tangents from P to K, and by p =
p(¢) the support function of K with respect an origin O inside K (see Figure 1),
we have

A= (pcosp — p'sinp, psinp + p’ cos p)
and hence, denoting
pr=T+p-—w
we get

Ay = (—p1 cos(p — w) + p sin(¢ — w), —p1 sin(p — w) — p) cos(p — w)),

where p1 () = p(e1), pi(e) = P/ (1)
The intersection point P = (X,Y") of the tangent lines to 0K at points A and A,
is given by

X=-

. sin(e — ) + py sing).
Smw(p in(yp — w) + p1 sing)

Y = ——(pcos(p — w) + p1 cos p).
sinw

From this it is easy to see that the distances T'= PA and T} = PA; are given by
the positive quantities

T =

—(pcosw — p'sinw + p1),
sin w

()

Ty = ——(p1 cosw + p sinw + p),
sinw

due to the fact that the origin is inside K.
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The area element dP of R? \ K is
0X9Y 90X oY
Ow 890 arap Ow
A straightforward computation shows that
T
sinw
This expression of the area element, introduced by Crofton in [1], appears also in [8]
and [9].

Hence, the integral on R? \ K of a suitable function of the visual angle f(w) is
given by

27 T 2
/ (w)dP = / / G TT1 dpdw = / M (/ TTy dga) dw.
P¢K sin w o Sinw 0

Now we will write the product TT; in terms of the Fourier coefficients of p(y)
given in (4), and the Fourier coefficients of p;(¢) given by

p1(p) = ap + Z(Ak cos ko + By, sin k)
k>0

dP:dX/\dY:( )d A dw.

dP = do N dw

which are related to the coefficients of p(p) by

Aj = (=D (—ay, cos kw + by, sin kw),

By, = (1) Y (—ay, sin kw — by, cos kw).
Substituting these Fourier series in (5), a straightforward but long calculation gives

27 2
1 L
/ TTydp = —— ((1 +cosw)?+m Zcihﬂw)),
0 sin” w \ 27 =

where ¢ = a? + b7 and
® hi(w) = 2cosw + (—1)" (= cos kw(1 + cos® w)
— 2k sin kw sin w cos w + k2 cos kw sin? w) .

These functions can also be written as

hi(w) = % [(k 4+ 1)* cos((k — 2)w)+(k — 1) cos((k + 2)w) —2(k* — 3) cos(kw)]

+ 2cosw.

Notice that hy = 0, hi(0) = 2(1 + (=1)*) and hg(w) = O((w — 7)*), as w tends
to m. Hence we have obtained the following result.

Theorem 3.1. Let K be a compact convex set with boundary of class C? and let
L be the length of OK. Let ci = a3 + bi where a, by are the Fourier coefficients
of the support function of K. Then, for every continuous function of the visual
angle f(w) on [0,7] such that f(w) = O(w?), as w tends to zero, one has

/P S

T ) 2 ([ )

k>2

where hy, for k > 2, are the universal functions given in (6).
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As a first example we can easily compute the integral in (1):

LQ ™ T
/ sin®wdP = —/ (1+cosw)2dw+7r20%/ hi(w) dw
P¢K 21 Jo > 0
(8 -

32,9 29
= iL + Z']T 02.
Notice that fy% = 9(:% (see the footnote in page 9). This formula shows that the
quantity c% is invariant with respect to euclidean motions of K.

4. THE AREA OF LEVEL SETS AND SECOND INTEGRAL FORMULA

As an application of Theorem 3.1 we will now compute the area F(w) enclosed
by the locus C,, of the points from which the convex set K is viewed under the
same angle w. The corresponding formula (11) was first given by Hurwitz in [6]
and we will use it later on to obtain another version of formula (7).

Applying formula (7) with f the characteristic function of the domain enclosed
by the level set C, we have

F(w):F+</:(1+C§ST)2dT) ;‘;+7r2</: h’“@m)ﬁ

. . 3
s T >2 s T

o =i ) o ()

k>2
L? T hy(T)
= F + — cot*(w/2 dr ) c;.
+47TCO (w/ )+7TZ/ <sin37 ’7'> c

k>27w

Using (3) and the Fourier expansions of p and p’ one gets (see for instance [2])

2
F—L—fEZ(kal)ci

4 2
k>2

and equation (9) can be written as
L? 1 T T hi(T)
Fw)=——————-=- k% —1)ci + / ( dr | c3.
() 47 sin®(w/2) 2 kz;l( e Wké:z w \sin®7 T)

Equivalently

L? T (h
F(w)sin®w = —(1+cosw)—zsianZ(kQ—l)ci+wsin2wZ/ ( _k(;-) dr | ci.
2 2 = =y Jw \sin®T

Introducing the functions
(=1)*
(10) gr(w) =1+ 5 ((k+1)cos(k — 1w — (k—1)cos(k + 1)w),
already considered by Hurwitz, and using that

W:_(%W)'

sin® 7 sin? 7

we get
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Proposition 4.1. Under the same hypothesis of Theorem 3.1, the area F(w) en-
closed by the locus C,, of the points from which the compact convex set K is viewed
under the same angle w is given by

. L?
(11) F(w)sin®w = %(1 + cosw) + w;cigk(w),

where the functions gi(w) are defined in (10).
Notice that the asymptotic behavior of F(w) for w near 0 is given by

L?
. -2 _ 2
(12) lim (F(w)sin® w) = — + 2 E Chos

w—0
k>2,even

an equality that appears in [6]. In the especial case of a compact set of constant
width it is
2 L?
lim (F i =—.
Jlim (F(w)sin® w) -
As dP = P(p,w) dy A dw we can write

2 T
Flw)=F P(p,7)drdep,
@=r+ [ [ Ploria
so that F'(w) = — fOQW P(p,w) dyp. Therefore
/ flw)dP = 7/ Fw)F'(w) dw.
P¢K 0

Integrating by parts and using the functions g given in (10) we obtain

Proposition 4.2. With the same hypothesis of Theorem 3.1 we have

[ S P =~ @I, + M) + 7Y (e

k>2
where
_ " f'(w) _ [T 1 (w)gk(w)
(13) M(f)—/0 mdw and ﬂk(f)—/o mdw.

Notice that M (f) and Sk (f) depend only on the function f and not on the shape
of the convex set K.

As an application of Proposition 4.2 we can easily prove Crofton’s formula

L2
(14) / (w—sinw)dP = —7nF + —.
Pg¢K 2
Indeed M (w —sinw) = 7 and Si(w —sinw) = [ gr(x)/(1+ cos(z)) dz = 0, as can
be easily seen integrating by parts and using elementary trigonometric identities.
Since

— lim f(w)F(w)+ u{% fW)F(w) = —nF

wW—rT
the formula follows.
We will find now another expression for the universal factors gx(w)/ sin?(w) ap-
pearing in the integral defining the coefficients S (f).
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Lemma 4.3. The following identities hold
k—1

1
%]kQ(w) _ +92 Z jeos(jw),  for k even,
sin(w) 1—cosw -
j=1, odd
W) k—1
IR Z Jjcos(jw), for k odd.

2
Sl (w) Jj=2, even

Proof. From the expression of the conjugate Dirichlet kernel one has

= 1 — cos(kw)
1 cooeoy 1= costhw)
(15) | E sin(jw) Tene for k even,
7j=1,0dd
and
g, cos(w) — cos(kw)
E sin(jw) = . , for k odd.
. 2sinw
j=1,even
Differentiating these formulas the lemma follows. U

From this Lemma and Proposition 4.2 we get

Proposition 4.4. With the same hypothesis of Theorem 3.1 we have

/ f(w)dP L
P¢K

~[F@F @) + M)

k=1 ¢
/ - . 2
(16) +7 Z M(f)+2'z /Of(w)]cos(jw)dw ct
k>2, even j=1, odd
k-1 ”
+ Z -2 Z /f’(w)jcos(jw)dw cx,
k>3, odd Jj=2, even 0

where M (f) is given in (13).

This is a useful formula because it does not involve auxiliary functions and the
coefficients of the ci do not depend on the convex set.

5. SOME APPLICATIONS OF THE INTEGRAL FORMULAS

5.1. Hurwitz functions. In formula (16) it does not appear the Fourier coeffi-
cients of the support function of the compact set K, ag, by but only the quanti-
ties ci = a% + bi for k > 2. So it will be interesting to see how ci depends on
the geometry of K. In fact Hurwitz in [6] found a formula relating the ¢; with the
length of 0K and the integral outside K of an elementary function of the visual
angle. By a direct application of formula (16) we can prove

Theorem 5.1 (Hurwitz, [6]). Let K be a compact convexr set with boundary of
class C? and length L. Let ci = aﬁ + bi where ay, by, are the Fourier coefficients of
the support function of K. For the functions f,,(w) given by

m+1 m—1
(17) fm(w) = —2sinw + - J_r 1 sin((m — 1)w) — 1

sin((m + 1)w),
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1
we have

(18) / Il P = I (17 ),z

Proof. In order to apply formula (16) we need to compute [fp, (w)F(w)]§, M(fm)
and the integrals [J f7,(w) cos(jw) dw, for j integer.
First of all we have [f,(w)F (w)]§ = 0 since by (12),

lim fp,(w)F(w) = ¢ lim fm(2W) =0.
w—0 w—0 sin“ w
For M (f,,) we need the equalities
m—1
fl(w) =21 —cosw)(1 + 2 Z jeos(jw) + (m — 1) cos(mw)), m > 2,
j=1

which are obtained by direct computation using 2 cos(w) cos(jw) = cos(j + 1)w +
cos(j — 1)w. Then

™ / ™ m—1
M(fm) = ; % dw = 2/0 <1+2 ; jeos(jw)+(m—1) cos(mw)) dw = 2.

Finally

/ Jn(sin(jw))" d = = / frn sin(jew) deo
0 0
- _ /7T <2 sinw + 2(m? — 1) cos(mw) sinw) sin(jw) dw
0

= —761,; — 2(m* — 1)/ sinw cos(mw) sin(jw) dw
0

7r
= —71'(51’j — 2(m2 — 1)1(6j7m+1 - 5j,m71)7

where 0;; = 0 for i # j and d; = 1.

Hence, if k is even,

k—1 -
2 Y / fi(sin(jw)) dw = =27 — (m? = 1) 7 (=6 _1.m—1) = =21+ (k> = 1) 784 m

j=1,0dd ”0
since
Oj42m+1 —0je—1=0, j=1,..., k-1

And, if k is odd,

k—1 -
2 Z /0 [ (sin(jw)) dw = —(m?* = V)r(=0p—1,m—1) = (m? — 1)TSpm.

Jj=2,even

IThere is a misprint with the sign in Hurwitz’s paper. Moreover the ¢ coefficients appearing
in this formula are different from those in Hurwitz’s paper because the latter correspond to the
Fourier series of the curvature radius function. In fact ax = (1 — k?)ag, Bx = (1 — k?)bp where
ay, B are the Fourier coefficients of the radius of curvature.
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Substituting in (16) we have

/ fm(W)dP =L*+7 Z c; (271' — 21+ (k* — 1)7T(5k,m>
P¢K

k>2,even

e Y @ (—(k? - 1)w6k,m)

k>3, 0dd
= L%+ (—=1)™7%2, (m? - 1).
And the proof is finished. O

The theorem shows that the quantities ¢2, are invariant with respect to euclidean
motions of K.

Notice that the functions f,, are related to the functions g, introduced in (10)
by
(=)™

2

gm(w) =1+ (fim(w) + 2 cos(w)).
5.2. Masotti integral formula. In [7] Masotti gives without proof a Crofton type
formula evaluating [, ¢ W? — sin?w) dP. We will derive here Masotti’s formula
from (16).

Consider the function f(w) = w? — sin?w which clearly satisfies the hypoth-
esis of Theorem 3.1, and let us compute [f(w)F(w)]§, M(f) and the integrals
Jo f'(w) cos(jw) dw, for j integer.

We have
lim f(w)F(w) = *F
w—T
and
. . w?—sin*w [ L? 9
ill)rb fw)F(w) = ¢£1—>mo T %(1 +cosw) + Z crgr(w) | =0,

since the term inside the parentheses is bounded. Hence, [f(w)F(w)]; = m2F.
On the other hand

M(f)_/oﬂf’(w)dw_/O”Zw—sin(Zw)dw

1—cosw 1—cosw
= [sin®(w/2) — 3 cos?(w/2) — 2w cot(w/?)}g =38.

Moreover, for j # 2,

/0 f'(w) cos(jw) dw = /0 (2w — sin(2w)) cos(jw) dw

2 , o 5((7 5 _
= [ﬂ(cos(jw) + jwsin(jw)) — o) + T =
and

/OW(Qw — sin(2w)) cos(2w) dw = 0.
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It follows that

= [, _ 16 k2
Z /Of(w)cos(]w)dw: Z j(j2—4):1—k2'

j=1,0dd j=1,0dd

Summing up we obtain

Theorem 5.2 (Masotti, [7]). Let K be a compact convez set of area F with bound-
ary of class C? and length L. Let cz = a% + b% where ay, by are the Fourier
coefficients of the support function of K. Then

. 412 1
(19) ‘/P¢K(W2 — Sln2 OJ) dP = _7T2F + T + 87T Z (1—/{;2) Ci.

k>2, even

Moreover the equality

4L2
/ (w? —sin®w)dP = —7?F + —
P¢K T
holds if and only if the compact convex set K has constant width.

Besides the obvious inequality
412
/ (w? —sin®w)dP < —71?F 4+ —
PEK ™
that follows from (19), Santal states in [9] the lower bound
(20) / (w? —sin?w) dP > (16 — ©°)F,
P¢K

with equality only for circles. We will improve now this last inequality.

Theorem 5.3. Under the same hypothesis that in Theorem 5.2 one has

2 2
@1) —m2py i é(H— i)
s 3 ™

2 _ 2 2 AL?

< (w® —sin“w)dP < —7“F + )
P¢K ™

where H = lim,, o F(w)sin? w is given in (12). Equality in the left hand side holds

if and only if OK is a circle or a curve parallel to an astroid.
Proof. For the left-hand side just write
412 8 412 4 L?
/ (w2—sin2w)dP2—7r2F+———7T Z ci:—WQF—&-——f(H——).
PEK g 3 k>2, even m

Equality in the left-hand side holds if and only if the support function of K with
respect to the Steiner point is of the form p(p) = ag + a2 cos(2¢) + be sin(2¢p). This
means that 0K is a circle or a curve parallel to an astroid (see for instance [2]). O

In terms of the area A of the pedal curve of K with respect to the Steiner point
we get

Corollary 5.1. Under the same hypothesis that in Theorem 5.2 one has
32
/ (w? —sin*w)dP > (16 — m*)F + = (A — F).
P¢K 3

Equality holds if and only if 0K is a circle or a curve parallel to an astroid.



ON THE INTEGRAL FORMULAS OF CROFTON AND HURWITZ 13

2

L
Proof. Tt is a simple consequence of (21) and the two inequalities H — — < A— F
T

and A > 37 (A — F) (see [2]). O

The above argument shows that (21) improves Santald’s inequality (20).

6. INTEGRAL OF POWERS OF THE SINUS OF THE VISUAL ANGLE

In (8) we have seen that

3 9
/ sin®wdP = ~L? + ~7%c3.
PEK 4 4

In this section we compute the integral of sin™(w) for integer values of m greater
than 3. We have that [sin™(w)F(w)]; = 0, so

L2
/ sin™(w)dP = M(sin™(w))— + 7 Z Br(sin™ w)cz,
PE¢K 2
¢ k>2
with M and Sy are given in (13).
As for j even cos(w) cos(jw) is an odd function with respect 7/2 it can be seen
from (16) that B (sin™ w) = 0 for every k odd.
When K is a convex set of constant width, ¢ = 0 for every even value of k, and
we get

/ sin™(w) dP = M (sin™ (w))g—
P¢K ™

Since M (sin™ w) does not depend on the convex set K we can compute this con-
stant applying the above formula to the unit circle centered at the origin. If r is
the distance to the origin of the point P we have sin(w) = 2sin(w/2) cos(w/2) =

2v/r2 —1/r?, and so

27 o) 00 2_1 m
/ sin™(w) dP = / / sin™(w)rdrdf =27 Qm/ T72 rdr
P¢K 0 1 1 r

m m
:2’”3(— 177_1>7
s 5 + 5
where B(z,y) is the Beta function. Hence
'z +1re -1
M(Sinmw):2milB(m+l,@*1):2m71 (5 + VIG5 )
2 2 (m—1)!

Using the relation

INEIN (z + ;) = 21722 /71 (22)
we obtain
o(5+1)0(3 1) = i e
and hence
(22) M(sin™(w)) o

T 2m(m — 2)T ()2

Notice that M (sin™ w) decreases with m, its maximum value 37 /2 is attained for
m = 3 and it behaves as 1/y/m when m tends to infinity.
We have proved the following
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Proposition 6.1. Let K be a compact convex of constant width with boundary of
class C? and length L then
mm! L?

™ wdP = =
/Pg,{sm v 21 (m — 2)T (1) 21

For general convex sets we have

Theorem 6.1. Let K be a compact convex set with boundary of class C? and
length L. Write c% = ai + b% where ay, by are the Fourier coefficients of the
support function of K. Then
(23)
L2 mir? (=12t (k2 - 1)
sin"wdP = M(sin"w)— + ————— c,
/PgEK 2 | 2m—1(m —2) Z F(m+21+k)r(m+21—k) k

k>2, even

where M (sin™(w)) is given in (22). For m odd the index k in the sum runs only
from 2 to m — 1.

Proof. From (16) it is clear that we need to compute

k=1
M (sin™ w) + 2 Z / (sin™ w)'j cos(jw) dw, Kk even.
j=1,0dd "’ 0

Using (15) and integrating by parts one gets

k—1 -
> /0 (sin™ w)/ (sin(jw))' dw

j=1,0dd
T 1- k
= —/ (m(m —1)sin™ 2w — m?sin™ W)M dw
0 2sinw
Denoting Ipn,x = [, sin™ wcos(kw) dw we have
k—1 -
249 > / (sin™ w)’ (sin(jw))" dw
j=1,0dd”0
m(m — 1) m? m(m — 1) m?
=———"I_ — I ——— I3k — —Im—1k-
5 3,0 T 5 1,0 T 5 3.k 5 1,k

By induction on m and using known relations of the Gamma function it can be
seen that

27"mlr
Im =\~ k/2 )
k= O m g
(see for instance [4, p. 372]). Performing the operation on the right-hand side
of (24) with these values of I, , we obtain

. mlm (—1)5+1(k2 — 1)

27 (1 — 2) D(ZEEE) (2

/ (sin™ w)’ (sin(jw)) dw= —%M(sinm w)+
j=1,0dd ”0
From this, formula (23) follows.

When m is odd and k£ > m we have that m+1—k is an even non-positive integer
and hence F(%l_k) = 0o. From this remark the last assertion of the theorem is
proved. O
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For instance, for the special cases m = 3, 4 and 5 we obtain the equalities

3 9
/ sinwdP = L% + Z72c3,
PEK 4 4

4 oo
-4 2
sin“wdP = —L“+« E

k=2,even

52 2572
/ sin® wdP = —LQ = - —Wci.
PE¢K 16 4 16

To end with we make the following remark.

a) If m = 2r the coefficient of ¢ in (23) for k < r is positive if and only if k/2
is odd. For k > r this coefficient is positive if and only if r is odd.
b) If m = 2r — 1 the coefficient of ¢ vanishes for k > m.

In [6] Hurwitz computed the integral of sin®(w) and the integrals of the func-
tions fi,(w) given in (17) without any relationship between them. We will show
now that the integrals of the powers of the sinus of the visual angle are a linear
combination of the integrals of the functions f,,.

Proposition 6.2. For a compact convex set K with boundary of class C? and m >
3, we have

[ swrap = gty OO [ twwar
sin™(w = . w) dP,
PE¢K 2m=1(m —2) p:l D2 4 p)T(2E —p) Jpex o

where the functions fap(w) are given in (17).

Proof. Substituting in (23) the value of ¢; given by (18) one gets

(25)

om _ m' _ — )p+1 2
frg™ “"P‘zm<m2>< s 22 En >r<m;1p>>L
1)p+!

m! > (—
+ gm— 1( _2 ZF(erl +p)r(m+1 _p) ‘/P¢Kf2p(w)dp.

p=1

\w

Using the standard notation for hypergeometric series we have

—prt 2Fy (357,15 3575 1)

2 —
2 T R T T

and by the Gauss summation formula (see [3, Vol III, p. 147]) we obtain

1
D(2E +10(2E 1) T(=E + )r(eE — 1) I‘(m)F(T-H) = ppuy

oFy (352,138 ) 2 [(m — 1)0(752)

Hence the coefficient of L? in (25) vanishes. O
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7. EXTENSION OF THE CROFTON AND MASOTTI FORMULAS AND RELATED
INEQUALITIES

In this section we consider the integral

/ (W™ —sin™ w) dP,
P¢K

where w is the visual angle of the convex set K from the point P. For m = 1
and m = 2 these are the integrals appearing in Crofton’s formula (14) and in the
Masotti integral formula (19), respectively.

For the general case, we have by Proposition 4.2

L2
(26) / (W" —sin"w)dP = -7 F + M,,— + Z Brcz,
PE¢K 27 t>7

where M, = M(w™ —sin"™ w) and By = Br(w™ — sin” w) are given in (13). The
quantities M, can be explicitly computed. In fact M (sin™ w) is given in (22) and

m m—2 N k QkBQk
M(w™) = 2m(m — 1) Z _2+2k 201

where By, are the Bernoulli numbers (see [4, p. 189]). As the parenthesized expres-
sion tends to zero like 1/m? when m tends to infinity we see that M (w™) behaves
like €™ and therefore M, grows exponentially with m.

For i recall that we have by Proposition 4.4

k—1 .
M, +2 Z / (W™ —sin™ w)'j cos(jw) dw, for k even,
j=1,0dd ¥ 0
(27) B = !
-2 Z / ) 7 cos(jw) dw for k odd.
j=1,even

Although the integrals appearing in the expression of the 8 can be explicitly com-
puted they are not easily handled.
For instance in the case m = 3 it can be seen that

/ (w? —sin®w)dP = —73F + (127r In(2) — 3”)
P¢K 2 2

+127r2(1n(2) > 6w2];< <k+1>+fy>c§,

where ¥(x) is the digamma function ¥(x) = (InT'(x))’, and ~ is the Euler-Masche-
roni constant.

7.1. Upper bounds. We obtain now an upper bound for fPeK(Wm —sin™ w) dP.

For m = 3, since ¥(x) > 0 for z > 2, we have

3 _ gind 3 3m\ L?
(28) (w” —sin"w)dP < —m°F 4+ ( 12rn(2) — — | —.
P¢K 2 /2w

For the general case we obtain the following result.
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Theorem 7.1. Let K be a compact convex set with boundary of class C?, area F
and length of the boundary L, and let w = w(P) be the visual angle from the point P.
Then

L2

_ >1
2’ .

/ (W™ —sin™w)dP < —7™F + M,,
P¢K

™ m _ M !
where M., = / w dw. FEquality holds only for circles.
0 1—cosw

Remark 7.1. Since M7 = m, My = 8 and M3 = (121n(2) — 37/2) this result agrees
with Crofton formula (14) for m = 1, it is a generalization of the upper bounds for
Masotti’s integral given in (21) for m = 2 and of the upper bound given in (28)
for m = 3.

Proof. We shall see that 8, < 0, for k > 2. Writing V,; = foﬂ w" cos(jw) dw the
following recurrence formula can be checked
r —
Vr,j = 3—2 <(—1)37T - (7‘ - 1)V1»_2,j>.
This gives VM > 0 for j even and V,; < 0 for j odd. As for k odd we have

B = —2m ZJ —2 even J Vim—1,j it follows that 8, <0 for k odd.
For k even, integrating by parts, we get

B — Bria = 2/Tr(wm —sin” w)” sin((k + 1)w) dw.
0

It can be seen that for m > 4 the function ¥ (w) := (w™ — sin™ w)” is non-negative
and increasing on the interval [0,7]. Then partitioning [0,7] by t; = ;5 with
j=0,...,k+1, we get

/7r P(w)sin(k + 1)w dw
0
k tit1 41
:Z (w)sin(k + 1 wdw>Z/ )sin(k + 1w dw
j=0"t K

k ti+1 tj
= Z ( t P(w) sin(k‘Jrl)wdwf/t‘ 1/)(w)|sin(k'+1)w|dw>

j=2,even J

S A RO F )

j=2,even

so that Bx — Br+2 > 0 for all £ > 2. Thus, in order to see that §; < 0 it is enough
to show that 5 < 0, with

T 1
Bo = / (W™ — sin™ w)’ ( + 2cosw> dw.
0 1—cosw

For simplicity in the exposition we write h,,(w) = w™ ! — sin™ ' wcosw and

g(w) = T oosss + 2cosw. The function g has exactly one root in the interval
— cosw

[0, 7], ¢ = arccos((1 — v/3)/2).



18 JULIA CUFI, EDUARDO GALLEGO & AGUSTI REVENTOS

Notice that

m—1

B (W)g(w) = w™ Lg(w) —sin™ weosw g(w) < W™ g(w) + 1

for 0 < w < m. Then, in order to see that fo < 0 it suffices to prove that
Jo w™tg(w) dw < —m. First we see that the sequence [ w™ g(w)dw decreases
with m, that is

[ =t = [ vt do <o

The integrand is positive if w € [1,(] and negative otherwise. Therefore if we see
that

¢ T
W™ (w — 1g(w) dw W w1 w)| dw
/1 (@ - Dg(w) </< (@ - 1)lg)|

we are done.
On the one hand ff W Hw—-1)g(w)dw < (™71 —-1) ff g(w) dw. On the other
hand

[emtemnlg> [ o tw-blg)ldo > rom ke [ o)l de
¢ (He CHe

for 0 < e < ™ — (. Considering ¢ = 1 and using the fact that the function 2sinw —
cot(w/2) is an antiderivative of g, a simple computation shows that

s

¢
6= [ g)dw < (€1 [ gl de
1 ¢+1
and the sequence [’ w™ g(w) dw decreases with m. Since [ w?g(w)dw < —m we
have proved that g; < B3 < 0. This gives us the upper bound

L2
/ (W™ —sin™w)dP < —7™F + My, —, m>4.
P¢K 2m
As the cases m = 1,2, 3 are already known, this finishes the proof of the inequality
in the theorem. Finally, since the §j are not zero, equality holds only when ¢ = 0
for k > 2, that is, when JK is a circle. O

7.2. Lower bounds. For the case of constant width we have

Theorem 7.2. Let K be a compact convex set of constant width, with boundary of
class C%, of area F and length of the boundary L, and let w = w(P) be the visual
angle from the point P. Then

™

2 m—1
/ (wm—sinmw)sz—ﬂmF—&—MmL—— (1— (%)m)AZO,

where A = L? — 47 F is the isoperimetric deficit. The first inequality becomes an
equality only for circles.

Proof. In the constant width case it is ¢, = 0 for k£ even and the only contribution
in B comes from w™ when k is odd. Therefore since

L2
/ (W™ —sin"w)dP = —7a™F + M, — + 7 g Brcs
P¢K 2w
k>2,0dd
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upper bound for the positive quantity K,, = —m Zk>2, odd Bkc% will give a lower

bound for fP¢K(wm —sin™ w) dP. Using (27) we have

k—1 -
K,, =2mm Z Z j/ W™ cos(jw) dw | c3.
0

k>2,0dd \j=2,even

The following estimate holds

/ w™ 1 cos(jw) dw </ W™ cos(jw) dw S/ w™ ldw = %(1 — (%)m)
0 ™

- T— 2=

2j 29
Moreover 3 ;s oyend = 1(k* = 1), so that
,n_erl m
(29) Ky < =" > #-1q.
k>2,0dd
As A =2m237, oo (K* = 1)cg (cf. [2]) we have

m—1

Ko < (1= (3))A,

that gives the desired lower bound.

From formula (26) applied to a circle it follows that M,, > 7™ /2 and so we get

™

2 m—1
/ (@™ — sin™ w) dP > —x™F + My 2 — (1-(3)")A
PeK 27

4
am=L 73\
> - A > 0.
> (4) >

Finally, if some ¢ # 0 we have strict inequality in (29), hence the first inequality

becomes an equality only for circles. (]
REFERENCES
[1] M. W. CROFTON — “On the theory of local probability”, Phil. Trans. R. Soc. Lond. 158

2]

(3]

(1868), p. 181-199.

J. Curi & A. REVENTOS — “A lower bound for the isoperimetric deficit”, Elemente der
Mathematik 71 (2016), no. 4, p. 156-167.

C. F. Gauss — Carl Friedrich Gauss Werke, vol. 1-12, Koniglichen Gesellschaft der Wis-
senschaften zu Gottingen, B. G. Teubner, Leipzig, 1870-1927, Disquisitiones generales circa
series infinita.

1. S. GRADSHTEYN & I. M. RYZHIK — Table of integrals, series, and products, Academic Press,
New York-London-Toronto, Ont., 1980.

H. GROEMER — Geometric applications of Fourier series and spherical harmonics, Encyclo-
pedia of Mathematics and its Applications, vol. 61, Cambridge University Press, 1996.

A. HURWITZ — “Sur quelques applications geometriques des séries de Fourier”, Annales sci-
entifiques de 'E.N.S., 3¢me série 19 (1902), p. 357-408.

G. MASOTTI — “La Geometria Integrale”, Rend. Sem. Mat. Fis. Milano 25 (1955), p. 164-231.
, “Sulla Geometria Integrale: Generalizzazione Di Formiule Di Crofton, Lebesgue E
Santalo”, Revista de la Unidén Matemdtica Argentina 17 (1955), p. 125-134.

L. SANTALO — Integral geometry and geometric probability, second éd., Cambridge University
Press, 2004.

R. SCHNEIDER — Convex bodies: the Brunn—Minkowski theory (second expanded edition),
Cambridge University Press, 2013.




20 JULIA CUFI, EDUARDO GALLEGO & AGUSTI REVENTOS

DEPARTAMENT DE MATEMATIQUES, UNIVERSITAT AUTONOMA DE BARCELONA, 08193 BELLA-
TERRA, BARCELONA, CATALONIA
E-mail address: jcufi@mat.uab.cat, egallego®@mat.uab.cat, agusti@mat.uab.cat



