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A THEOREM OF ARCHIMEDES ABOUT SPHERES AND
CYLINDERS AND TWO-POINT HOMOGENEOUS SPACES

M. DioRri¢ AND L. VANHECKE

Starting from the well-known classical theorem of Archimedes about the volumes
of spheres and circumscribing cylinders in three-dimensional Euclidean space, one
considers circumscribing tubes of small geodesic spheres in general Riemannian
manifolds and one derives new characterisations of two-point homogeneous spaces
from it.

1. INTRODUCTION

It is well-known that in accordance with the expressed desire of Archimedes his
tomb was marked by a sphere inscribed in a cylinder. The discovery of the relation
between the area and volume of a sphere and a circumscribing cylinder was regarded by
him as his most valuable achievement. Archimedes discovered that the ratios between -
these volumes are constant in three-dimensional Euclidean space but, of course, this
can be extended to n-dimensional Euclidean spaces although the values of these ratios
depend on the dimension n.

The main purpose of this note is to generalise this situation. We will define cir-
cumscribing tubes for small geodesic spheres in arbitrary n-dimensional Riemannian
spaces and study the ratios between the volumes of the geodesic spheres and balls and
the circumscribing tubes.

A first result is that the theorem of Archimedes, mentioned above, is a very im-
portant one for Euclidean geometry. Indeed, we will show that conversely, if the ratios
of the volumes are constant for all small spheres and all circumscribing tubes, then the
Riemannian manifold is locally flat. Hence, the property of Archimedes is characteristic
for locally Euclidean geometry.

Secondly, we consider similar ratios for the other two-point homogeneous spaces,
except the Cayley plane, and we prove that they may also be characterised locally by
these ratios. Recall that a two-point homogeneous space is a Riemannian manifold such
that its isometry group acts transitively on pairs of equidistant points. This class of
spaces is formed by the Euclidean spaces and the rank one symmetric spaces.
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Finally, we consider several other relations between the different volumes of geodesic
spheres, geodesic balls, circumscribing tubes and geodesic disks and we derive other local
characterisations of two-point homogeneous spaces. Several of these relations are also
direct generalisations of classical results in Euclidean geometry or are related to some
isoperimetric inequalities.

2. PRELIMINARIES

We start with some introductory material that will be needed to prove the theorems.
For more details we refer to {7, 14].

Let (M, g) be an n-dimensional C*® Riemannian manifold which, in the rest of
the paper, will be supposed to be connected. Denote by V its Levi Civita connection
and by R the associated Riemann curvature tensor defined by

Rxy = Vix,v) - [Vx, Vy]

for all tangent vector fields X, Y. Further, p denotes the Ricci tensor, T the scalar
curvature and A the Laplacian.

Next, let m € M and let G,,(r) denote the geodesic sphere with centre m and
radius . We will always suppose that r is sufficiently small in order to have a diffeomor-
phic exponential map exp,, at m. Further, let S,,(r) denote the (n — 1)-dimensional
volume of G,,(r) and V,,(r) the n-dimensional volume of the corresponding geodesic
ball. Then we have

Vin(r) = /o " Sm(t)dt.

Some of the coefficients in the Taylor expansions for Sp,(r) and V,,(r) have been
computed in [2, 3, 14]. More specifically, we have

(1) Sm(r) = near™? {1 + 61;‘41‘2 + m374 + 0(7‘8)} (m),

1 1
Vi =car™q1 Ar? 4 6
(2) (*) =¢ar { +6(n+2) r +360(n+2)(n+4)Br +0(r )}(m)
where
(3) A=-1, B=-3|R|?+8|p|+57° —18Ar.

Here ¢, denotes the volume of a unit ball in Euclidean n-space, that is

n/2

n/2
(4) Cn = 7rn
(2

T

IR EERY
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These expressions may be derived by using a normal coordinate system [2, 3] or with
the use of Jacobi vector fields [14].

Now, let o: [a, b] — (M, g) be a smooth embedded geodesic through m and denote
by U,(r) the tubular neighbourhood of radius r about o, that is

Us(r) = {p € M | there exits a geodesic v of M through p cutting
o orthogonally and with length L(y)<r}.

We always suppose that the radius r is smaller than the distance from o to its nearest
focal point. The n-dimensional volume of U,(r) will be denoted by V,(r). S,(r) will
denote the (n — 1)-dimensional volume of the tube P,, that is, the set of points of Us(r)
which are at distance » from ¢. Then we have again

(5) Vo (r) = / " 5. (s)ds.

Taylor series expansions with remainder term have been computed for these volumes in
(5, 6, 7, 14] by using Fermi coordinates, Fermi vector fields and Jacobi vector fields. Let
o be parametrised by arc length ¢ and denote by u its unit tangent vector field. Further,
let {ei,i =2,...,n} be an arbitrary orthonormal basis of {u}*(c(t)) C Tpu)M at
o(t). Then we have

(6)

b 1 1
. =cCn_ n—1 1 ———AU 2 > 4 (i} t dt
Vo(r) = caar /“ { Y Er D T Bom )3 +°(')}("( 2
where
(7) A4, = _(T + Puu);
(8) B, = —3||R||* + 8||p||> + 572 — 18A7 + 33V2 7 — 9Apy,

+ 107 pyu + 2 Z P2+ 14 Z PijRuiuj — 6 Z Rii,‘k
- 21viupuu - 3P:u - 10 Z R"zﬂ"‘j'

Next, let DZ (r) denote the geodesic disk with centre m and radius » which is
perpendicular to z € T,, M, that is

Di(r)={p€ M |d(p, m) <r}Nexp,, ({z}"‘)
Then we have the following Taylor expansion for the (n — 1)-dimensional volume V5(r)
of Dz (r) (see [8, 9, 11]):

1

(9) VE(r) = ep—yr™? {l + m}l,,,(a:)r2 + !

360(n + 1)(n + 3)

Bn(z)r* + 0(r°)}
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where
(10) Am(z) = —(7 — 2pe2)(m),
(11) Bn(2) = {~3IIR|* +8lp|’ +57* - 1887 + 24 Y B2,

+20 E thz: szpzi + 12pzz - 16 EP"J'RZ*"J'

— 2072z + 36 Vipos + 1sv:,r} (m)
where {e;, i =1, ..., n} is an arbitrary orthonormaal basis of {z}+ C TmnM.

Now, we consider the circumscribing tubes and start with the natural definition.

Let m € M and let G,,(r) be the geodesic sphere with centre m and radius r. Next,
let o: [—r, 7] — (M, g) be a unit speed geodesic through m = o(0). Then, the tube P;
about o is by definition the circumscribing tube of the geodesic sphere with o as azial
curve. We denote this by PS_(r). The n-dimensional volume of it will be denoted by
V£(r) and the (n — 1)-dimensional volume by S¢(r). Then, from (5) and (6) we get
easily

(12)
) = enaar” {2 ¥ 33—(#I)A"T2 “3 (10(n ¥ :)(n T R ; 1AZ)T4
+0(*)} (m),
(13)  S5(r) = o™ {2(n SRV VIR (; . Ag),4

10(n +1)
+ 0(1‘8)} (m)

where the prime denotes covariant differentiation along o .
We also want to have an expression for the (n — 1)-dimensional total volume T SS(r)
of the circumscribing tube Pg _(+). This volume is given by the formula

(14) TS5(r) = S(r) + Vi (r) + Voen(®)

where v = ¢'(r) and T = o'(—7). Therefore, we need expressions for the last two terms
in (14). From (9) we obtain

_1
6(n+1)

m[""‘ W13 +3) m(z)]r +0(r5)},

(15) Va"(,.)(r) = cp_yr" 7} {1 + Ap(z)r? + 0—— 6(n + 1) m(z)r
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and
(16)  VE_p(r) = cacar™ {1+6(n—1+1—)Am(z) - - [ Am()®
1 " 1 4 5
tmEl) [A (=) + 35t 5 3) B"‘(”)J r+olr )}
where z = 0'(0). Hence, (13), (14), (15) and (16) yield
17) TSi(r) = cpoar™ ! {2n + = (A (m) + LAm(:r:))r2
1 n n
+(m Bo(m) + A()+6( +1)Am()

1 4 6
180(n+1)(n+3)B"‘(”)) 4ol )}'

Later on we shall need more detailed Taylor expansions when dim M = 2. In this

+

case, let K denote the Gauss curvature. Then we have [4]

1

(18) Vn(r) = 77 {1 ot %ﬂ + Tese” t 0(1'8)} (m),
1 1

(19) Sm(r) = 27r {1 - -éar + mﬁ + 4032071,6 + 0(1'8)} (m)

where

(20) a=K,

(21) B =2K? —3AK,

(22) v =—8K® +30||VK|? +42KAK — 15A%K.

Further, using the method developed in [5, 6] one gets after some straightforward
calculation, which we omit:

(23)
VE(r) =12 {4 - :%Krz + 91—0(31{2 ~3V2,K - 10VZ K) r*
+ 1960 2 =0 (= TV K — TV oK — Vi K + 14KV3 K + TKV2 K
+ 14(V.K)? + 4(V,K) - K’) 0+ 0(1‘8)} (m),
(24)

Se(r)=r {4 ~2Kr* + %(—2Viu}( - vsz + Kz)r"

+ ﬁ (—3VA4suuK ~ 5V4,,.K + 10K V2K +10(V,K)* - V3, K

+TKV? K + 4(V.K)? - K’) 4+ o(r“)} (m)
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where (u,v) is an orthonormal basis of T, M with u = ¢'(0). Note that in this case
(25) Va(r) = V (-—r) = 21‘

We note that for the two-point homogeneous spaces it is possible to write down the
explicit formulas for all the volumes considered above. This has been done in [2, 3, 6,
7,11, 13, 14]. Here we do not write down these expressions because we shall not need
them in general. The only result we will use follows directly from these expressions or
may be derived in a more general way from [10]. We formulate it as follows:

LEMMA 1. Let (M, g) be a two-point homogeneous space. Then all the volumes
of the geodesic spheres and balls, the circumscribing tubes and the geodesic disks are
independent of m = ¢(0) and = = 0'(0), that is, they depend only on the radius r.

We finish this section by some integration formulas which we shall need in the proof
of our theorems. They are derived in [1, 3].

LEMMA 2. We have, with n =dim M,

3
+

o [ S Bt = e (1ol + 31 (),
en S Rmn = e (1R - 25 1ol ) o)

where u is a unit vector of T, M and {e;,i =2, ..., n} is an arbitrary orthonormal
basis of {u}* CTmM.

From this we get

CoROLLARY 3. For an n-dimensional two-point homogeneous space we have

(28) S Basws = g (101 +3 uRu)
(29) S Baan = s (10 -

2)
3. ARCHIMEDES-LIKE THEOREMS AND TWO-POINT HOMOGENEOUS SPACES

In this section we shall consider direct analogues of the theorem of Archimedes. As
concerns circumscribing tubes we may consider the volume-ratios

Vi/Vmy S5/Smy, TS5/Sm-

From the remark made in Section 2 we may conclude that these ratios depend only on
the radius when (M, g) is a two-point homogeneous space. In fact, using the explicit
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expressions for these volumes, one may write down the ratios for each of the two-point
homogeneous spaces. Our main purpose is to determine to what extent these explicit
expressions determine these spaces up to local isometry. We shall show that they do
that completely.

We start with a more general theorem.

THEOREM 4. Let (M{, go) be an n-dimensional two-point homogeneous space
and (M™, g) an n-dimensional Riemannian manifold such that for all m € M, all
geodesics o through m and all sufficiently small + we have that the ratios

(i) VE&/Vm,or
(i) S%/Sm, or
(i) TSS/Sm
are equal to the corresponding ratios for (Mg, go). Then (M, g) is an Einstein space
and moreover,

T=1, |RB| =]|Rol-

PROOF: We give a proof for the case (i). The proofs for the other cases are similar.
We use (2), (3), (12), (7) and (8) and start by putting

Vi(r) 1+ A(m)r? + p(m)rt + 0(r®)

(30) Vonlr) = “TH &) + () +0(r9) "

where @ = 2¢n_1/cn. For the model space (Mo, go) we put

Vs(r) _ al + Aor? + port + 0(r°) .
Vo(r) 1+ &or2 + nort + 0(r®)

(31)

The equality of the expressions (30) and (31), for all r, yields as first necessary condition
A-€E=X—-&

for all m € M. Hence, and since (Mq, go) is an Einstein space (that is, pg = (70/n)g0),
we get

RN SR
n+1 Puu n+2T—n(n+2)T°'

(32)

Since this must be true for any unit vector u, we may put u = e; where {e;,1 =
1, ..., n} is an arbitrary orthonormal basis of T;, M. Then (32) gives, by summing up,

(33) T =To.
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Substituting this in (32) yields
r
Pus — ;

which implies p = (7/n)g, that is, (M, g) is an Einstein space. Note that (33) implies
that 7 is constant.

Next, we use these results to write down the second necessary condition. This
condition becomes

K —7= /o — o
where

(34) 360{n — u) = ml(—n+—4) (_3 \R? 4+ : 812)

1 2 2 2 5n% +18n + 11 ,
+(n T 1)(n +3) [3 | R|" + 62 Ryije + lozRuiuj 2 T

So, we have

(35) 360(n + 1)(n + 2)(n + 3)(n + 4)(n — p) = 3(2n + 5) || B|®
+(n + 2)(n +4) (6 SR +10) R,’,,.,,,.) - % (20n° + 11202 + 186n + 88)72.

Now, we integrate this over the unit sphere in T;, M and use (26) and (27) to get

(36) 360(n + 1)(n + 2)(n + 3)(n + 4) /S gy 7 =
nen [3(2n + 5) |RY7 + L0 ED) (e 2 )
+w (||,,||2 + :-; ||R||’) *:—2(20713 +112n? + 186n + 88)1—2] :

Doing this also for the model space, or using (28) and (29), the second condition leads
at once to

Rl = ]| Roll »
which proves the required result. 0

From this theorem we obtain at once the converse of the theorem of Archimedes.

COROLLARY 5. Let (M™, g) be a Riemannian manifold such that forallm e M,
all geodesics o through m and all sufficiently small r,
(i) VE/Vm,or
(i) S5/Sm,or
(iii) TS;/Sm
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are constant. Then (M, g) is locally flat.
PROOF: The constancy of the expressions is equivalent to the choice of a flat model
space. Then Theorem 4 implies at once R = 0. 1]
This corollary is a special case of the next one.
COROLLARY 6. Let (M™,g) be a Riemannian manifold such that forall m € M ,
all geodesics o theough m and all sufficiently small r,
(1) V£&/Vm,or
(i) S5/Sm,or
(i) TS;/Sm
are the same as the corresponding ratios for a manifold of constant sectional curvature
(Mo, go). Then (M, g) is locally isometric to (My, go).
PRrooF: Use Theorem 4 and the fact that a Riemannian manifold (M™, g) has
constant sectional curvature if and only if
2
IR = g
(see [1, 3, 6] for a reference). 1]
Similarly we have
COROLLARY 7. Let (M?", g, J) be a Kihler manifold with complex dimension
n such that for all m € M, all geodesics o through m and all sufficiently small r,
() V5/Vm,or
(1) S&/Sm,or
(in) TSE/Sm
are the same as the corresponding expressions for a Kidhler manifold (Mg", g0, Jo)
of constant holomorphic sectional curvature. Then (M, g, J) is locally isometric to

(MO: 90, Ji 0) .
Proo¥r: This follows again from Theorem 4 and the fact that a Kahler manifold
(M g, J ) has constant holomorphic sectional curvature if and only if

2
IR ?

= n(n + l)T
(see [1, 3, 6] for a reference). 0
Finally, we have

COROLLARY 8. Let (M*", g) be a Riemannian manifold whose holonomy group
is a subgroup of Sp(n) - Sp(1) and such that for all m € M, all geodesics o through
m and all sufficiently small r,

() VE/Vm, o

https://doi.org/10.1017/50004972700029075 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700029075

292 M. Djori¢ and L. Vanhecke (10]

(ii) S5/Sm,or
(iii) TS7/Sm
are the same as the corresponding ratios for a quaternionic space form (M(,‘", go). Then
(M*™, g) is locally isometric to (Mg™, go).
PROOF: Use Theorem 4 together with the characterisation property

2 Sn + 1
IR = 22t
dn(n +2)
for a quaternionic space form (see [1, 3, 6] for a reference). 0

4. ANOTHER SERIES OF RESULTS

Two-point homogeneous spaces may be characterised in a similar way by consider-
ing other ratios and by using the formulas given in Section 2. We give some examples
and omit the detailed proofs.

EXAMPLE A. Theorem 4 and its corollaries have analogues when we consider the ratios
VE/Se, VEITSS, TSE/S,
which are determined by volumes associated with the circumscribing tubes alone.

EXAMPLE B. A classical theorem for three-dimensional Euclidean spaces states that
the area of a sphere equals four times the area of a disk with the same centre and radius

as the sphere, that is,
Sm(r) = 4mr?.

As a generalisation of this, we may consider the ratio
Va!/Sm
and prove the analogues of Theorem 4 and its corollaries.
EXAMPLE C. In two-dimensional Euclidean geometry we have
1
Vi=—5n

(see [12] for a relation with an isoperimetric inequality). One obtains a generalisation

with analogue results as above by considering the ratio
(vs) ' /sm

on an n-dimensional Riemannian manifold.
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EXAMPLE D. Similar results hold when one considers the ratio

TSy Ve
Swi  Vm

for an n-dimensional manifold where n > 2. The situation is different for surfaces.
Indeed, it is easy to see, using the explicit expressions, that when the surface is locally

flat or has constant Gauss curvature we always have

TS: V¢
Sm V'

Explicitly, in the first case we have

Sm=2mr, Vnp=ar?, VE=4r?, TS =8r

-4

and for a surface of constant curvature K > 0 one obtains

S,,.:ZWﬂI?-t V,,,=2—1r(1—-c05\/1_(1'),

vK '’ K
sin VKr
Vi =4r———, TS =4r(l+cosx/I?r).
vK ’
(For K < 0 one has similar expressions using hyperbolic functions instead of trigono-
metric functions.)
Conversely, we have

THEOREM 9. Let (M, g) be a two-dimensional Riemannian manifold such that
for all m € M, all geodesics through m and all sufficiently small r,

TS _ Ve
Sm Vi’

Then (M, g) has constant curvature.

PROOF: The proof uses again the Taylor series expansions but now one has to use
the expansions (18), (19), (23) and (24) because one needs more terms to conclude.
(We delete the straightforward computations.) 0

ExAMPLE E. The weakest result we have is the one considering the ratio
Ve n—1
() rrss-so.

Here we can only formulate similar results as in Section 3 if we suppose that (M, g) is
an Einstein space. We are unable to give a proof when one deletes this condition.
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