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MANIFOLDS OF POSITIVE CURVATURE
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Abstract

Recall that the radius of a compact metric space (X,dist) is given by
rad X = minge x maxyex dist(z,y). In this paper we generalize Berger’s
%-pinched rigidity theorem and show that a closed, simply connected, Rie-
mannian manifold with sectional curvature > 1 and radius > 7 is either
homeomorphic to the sphere or isometric to a compact rank-one symmetric
space.

The classical sphere theorem states that a complete, simply con-
nected Riemannian n-manifold with positive, strictly 1/4-pinched sec-
tional curvature is homeomorphic to S™ ([1], [16], and [21]). The weakly
1/4-pinched case is covered by

Berger’s Rigidity Theorem ([2]). Let M be a complete, sim-
ply connected Riemannian n-manifold with sectional curvature, 1 <
sec M < 4. Then either

(i) M is homeomorphic to S™, or
(ii) M is isometric to a compact rank one symmetric space.

The hypotheses of Berger’s Theorem imply (with a lot of work) that
the injectivity radius of M satisfies inj M > 7 ([6] or [17]). The diam-
eter therefore, also satisfies diam M > m/2, and the class of complete
Riemannian manifolds with

(%) sec>1 and diam > /2
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THE RADIUS RIGIDITY THEOREM FOR MANIFOLDS

contains Berger’s class. The former class is in fact, much vaster, since
it contains, for example, metrics with arbitrarily small volume (see [3]
and Example 2.4 in [11]).

On the other hand, the set of smooth manifolds admitting metrics
satisfying (*) is nearly the same as for Berger’s class. Indeed, in [8] Gro-
moll and Grove extended Berger’s Rigidity Theorem and the Diameter
Sphere Theorem ([13]) in proving the

Diameter Rigidity Theorem. Let M be a complete, simply con-
nected Riemannian n-manifold with sectional curvature sec M > 1 and
diameter diam M > ©/2. Then either

(i) M is homeomorphic to S™,
(i) M is isometric to a compact rank one symmetric space, or
(iii) M has the cohomology algebra of the Cayley Plane, CaP?.

An open question regarding this theorem is whether the possibil-
ity (iii) can be removed from the conclusion. This seems to be a very
difficult problem; however, there is a natural hypothesis that falls be-
tween those of the two rigidity theorems. Observe that the hypothesis
inj M > w/2 (which is satisfied by Berger’s class) implies that given
any point x € M, there is a point y € M so that dist(z,y) > /2. This
later condition can be expressed succinctly in terms of a well known
metric invariant called the radius.

Definition 1 (Radius). Let (X, dist) be a compact metric space.
The radius of X is given by,

rad X = minmax dist(z,y).
zeX yeX

(The concept of radius was invented in [26]. The name radius was first
used in [12].)

Clearlyinj M > n/2 = rad M > ©n/2 = diam M > 7 /2, suggesting
the following generalization of Berger’s Rigidity Theorem.

Radius Rigidity Theorem. Let M be a complete, simply con-
nected Riemannian n-manifold with sectional curvature sec M > 1 and
radius rad M > w/2. Then either

(i) M is homeomorphic to S™, or

(ii) M is isometric to a compact rank one symmetric space.
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A crucial step in the proof of the Diameter Rigidity Theorem is to
show that if M is not homeomorphic to S™, then there are certain points
x whose unit tangent sphere is mapped via v — exp, v onto the cut lo-
cus of z, and that this map is a Riemannian submersion with connected
fibers. Since the unit tangent sphere is isometric to the unit sphere
S™ C R™*1, the classification theorem from [9] can be invoked. It states
that up to isometric equivalence the only Riemannian submersions of
Euclidean spheres (with connected fibers) are the Hopf fibrations, ex-
cept possibly for fibrations of the 15-sphere by homotopy 7-spheres. It
was shown in [8] that if the exception could be removed from the sub-
mersion theorem in [9], then (iii) can be removed from the statement
of the Diameter Rigidity Theorem (see Remark 4.4 in [8]). Although
we have not been able to remove the exception from the submersion
classification, we have proved the following results.

Main Lemma 2. Let S*(r) denote {v € R**! | |lv|| = r}. Let
II : S¥(1) — V be a Riemannian submersion with connected, 7-
dimensional fibers, and let G be the set of points v € V such that II™1(v)
is totally geodesic. Then G is either empty, or a totally geodesic and
isometrically embedded copy of S'(3) for some 0 <1< 8.

Given a Riemannian submersion IT : S3(1) — V/, the points v such
that II-!(v) is totally geodesic will be called the good points of V.

Theorem 3. Let I1: §7 — S'5(1) — V be a Riemannian submer-
sion. If there is a 4-dimensional set of good points, Gy C V and a to-
tally geodesic S C II"}(Gy) so that T|g7 : S” — Gy is isometrically
equivalent to the quaternionic Hopf fibration, then II is isometrically

equivalent to the Hopf fibration S7(%) — S15(1) 1n, Ss(%).

The Riemannian manifolds with

(%x) sec M > 1, diam M > g, and nontrivial fundamental group

were completely classified in [8]. Naturally, the class with sec M > 1,
rad M > 7, and nontrivial fundamental group is contained in (*x). It
is not difficult to prove that this containment is proper.

Theorem 4. Let M be a closed, Riemannian n-manifold with sec-
tional curvature sec M > 1, radius rad M > 5, and nontrivial funda-
mental group I'. Then either:

(i) The universal cover M of M is isometric to S™(1), and every
orbit of the action of T is contained in a proper invariant totally
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geodesic subsphere, or

(ii) For some d > 2, M is isometric to the Zjy-quotient of CP%d-1
given by the involution

(21,22, ..., 22d) = [Za1s- -+ » Z2dy —Z1,- -+ » —Zd]

in homogeneous coordinates on CP24-1,
Moreover, all such spaces have sec M > 1 and rad M > 7.

Recall ([27]) that a representation p: ' — O(n + 1) is called fixed
point free if and only if S™(1)/p(T) is a space form.

The actions of the groups in (i) are necessarily reducible; however,
it is not immediately apparent (at least to the author) exactly which
(reducible) space forms satisfy the conclusion of (i). As a partial answer
we will prove

Theorem 5. Let p: I' — O(n + 1) be a fized point free represen-
tation that decomposes as a direct sum

PLDP2®---Dpg
of k > 2 irreducible representations. Then the folloing hold:

(i) A necessary condition for S™(1)/p(T') to have radius = % is that
pi be equivalent to p; for some i # j.

(ii) In case T’ is abelian, (i) is also a sufficient condition.

(iii) If T is not abelian and p: ' — O(d) is a fized point free, irre-
) 3 S2d-1(1 -
ducible representation, then rad SBR[ < 2

(iv) If rad S*(1)/p(T') = § and 0 : T —)+§)(d) is another fized point
sntd(l) g

free representation of I', then rad G = 2

(v) There is a ko (depending on I') such that if k > ko, then
rad S™(1)/p(T") = 5.

Given a smooth manifold M, the tangent and unit tangent bundles
of M will be denoted by TM and SM respectively. The unit tangent
sphere at a point z will be called S;. If V C M is a smooth submanifold,
then the normal bundle of V in M will be denoted by NV. When there
is no possibility of confusion we denote S™(1) by S™.
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Given v € SM we let ¢, denote the unique geodesic such that
¢y(0) = v. All geodesics will be parametrized by arc length on [0, -]
unless otherwise indicated. The symbol ab will be used to denote a
minimal geodesic between a and b, and the distance between a and b
will be denoted by either dist(a,b) or |ab|.

For simplicity we abbreviate compact rank-one symmetric space as
CROSS.

The remainder of the paper is divided into five sections. The first
two sections contain the proof of the main lemma and a review of certain
material from [8]. The Radius Rigidity Theorem is proved in section 3
modulo Theorem 3. whose proof is given in section 4. Finally, section 5
contains the proofs of Theorems 4. and 5..

Remark. Several months after the preprint corresponding to this
paper was written, Dimitri Alekseevsky informed the author that he had
completed the classification of closed manifolds with sectional curvature
> 1, radius > 7, and nontrivial fundamental group.

1. Reflecting good points

First we review some basic facts about Riemannian submersions.
Recall that if # : M — B is a Riemannian submersion, then the
vectors tangent to the fibers are called vertical vectors, and the vectors
perpendicular to the fibers are called horizontal vectors. We denote
these two subbundles of TM by VM and HM respectively.

The fundamental tensors of a submersion were defined in [20] as
follows. For arbitrary vector fields F and F on M the tensor T is
defined by

TgF = (Vg F*)* + (Vo Fh)?,

where the superscripts h and v denote the horizontal and vertical parts
of the vectors in question. Note that the first summand is the second
fundamental form of a fiber applied to E¥ and F", and the second term
is the shape operator of a fiber applied to E¥ and F".

The other fundamental tensor, A, is obtained by dualizing T', that
is, by switching all horizontal and vertical parts in the definition of T
Thus

ApF = (Vga F?)" + (Vgn F*)".

It is shown by O’Neill in [20], that all of the sectional curvatures of
M can be written in terms of A, T, VA, VT, the sectional curvatures
of B, and the intrinsic sectional curvatures of the fibers. In particular,
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he proves that if X and Y are orthonormal horizontal vector fields and
V is a unit vertical field, then we have:
Horizontal Curvature Equation

(6) K(X,Y) = K(drX,drY) — 3| AxY||?, and

Vertizontal Curvature Equation

(7) K(X,V) = {((VxT)vV,X) + | AxV|* - | Tv X ||*.

We refer the reader to [20] for the statements and proofs of the
basic facts about 7" and A and other basic facts and definitions about
Riemannian submersions that we will use freely and without further
mention.

Now we begin the proof of the main lemma. Let II, V, and G be as
in the main lemma.

Lemma 6.
(i) If x € G, then there is a unique point a(z) € V at mazimal
distance from z, dist(z,a(z)) = %, and a(z) is also in G.

(ii) V is Wiedersehen at = and a(z), i.e., the cut locus of z is a(z),
and the cut locus of a(z) is x. Furthermore, the fibers of II are
invariant under the antipodal map, and every geodesic in V is
periodic with period .

Remark. Gromoll and Grove have proven that the fibers of any
Riemannian submersion with connected fibers of the 15-sphere are in-
variant under the antipodal map (even ones with G = 0) ([10]).

Proof. First we review the notion of

Holonomy Displacement. ([15, p. 238], also [9, p. 150]). Let ~y
be a geodesic in V. If we consider all of the horizontal lifts of v to $'3,
then we obtain a family of diffeomorphisms, ¥(v)s: : II"1(y(s)) —
II-1(y(t)) given by %(y)st(z) = 7.(t), where -y, denotes the unique
horizontal lift of v with ~,(s) = z. If ¢ is a horizontal geodesic we will
write 9(c) for ¥(II(c)).

Now suppose that F, = II"1(z) is totally geodesic. Then all hori-
zontal geodesics emanating from F are in a totally geodesic 7-sphere
Fy(z) at time m/2. Hence Fy(s) is also a fiber of II, and [I(Fy(z)) is the
desired point a(z). This proves (i).
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Since every horizontal geodesic emanating from F; reaches Fy ;) at
time m/2, every geodesic emanating from z reaches a(z) at time m/2,
and hence is minimal up to time 7/2. Thus V is Wiedersehen at z and
by symmetry at a(z).

It follows that reflection in z is a homeomorphism of V. Hence
reflection in F} is an isometry of S5 that maps fibers to fibers. Similarly,
reflection in F,(;) maps fibers to fibers. But the composition of the two
reflections is the antipodal map, a, of S'5. So if the composition of
reflection in z with reflection in a(z) is the identity map of V, then the
fibers are invariant under the antipodal map.

To establish this, let 7z, 74(;), TF, and 7f,,, be the four reflections.
Note that 7F, OTF,(s) OTF; OTF,, = 640G = idg1s. SO T70T4(z)0Tz0Tg(z) =
idy. The differential d(ry o T4(g))q(s) i therefore a linear isometry of
T,(z)V whose square is the identity, and hence Tg(;)V has a basis of
eigenvectors for d(r; 074(z))q(s) With corresponding eigenvalues of either
1 or —1. Suppose v is a unit eigenvector whose eigenvalue is —1. Then
—v = d(7z 0 T4(z))a(z)? = d(Tz)a(z) — v- This implies that the reflection
isometry 7 fixes the geodesic c_, : ¢ = exp,(;) —tv, which is absurd,
since c_y(5) = z. So the only possible eigenvalue is 1, and we can
conclude that the fibers are indeed invariant under the antipodal map,
which implies immediately that every geodesic in V is periodic with
period 7. q.e.d.

We saw in the proof above that reflection in a totally geodesic fiber
is an isometry of S1° that preserves the fibers of II. By using this fact
over and over again, we can prove

Lemma 7. Let z,a(z) € V be good points at mazimal distance. Let
z € V\{z,a(z)} be another good point, and let 7y : [0,00) —> V be the
unique geodesic that passes through x, z, and then a(z) so that v(0) = z.
Then y(k - dist(z, 2)) is a good point for all integers k. In particular, if
dist(z, z) is an irrational multiple of m, then all points along -y are good.

Given ¢ > 0, recall ([8]) that a subset A of a Riemannian manifold
is called totally c-convex if and only if any geodesic of length strictly
less than ¢ whose end points lie in A lies entirely in A.

Lemma 8. G is totally 5 -convexr.

Proof. Let a and b be in G and suppose that dist(a,b) < 5. By
Lemma 6, there is a unique minimal geodesic v between a and b. We
will show that the holonomy displacement maps determined by + are
isometries and hence that all of the fibers over <y are totally geodesic.
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Let a; and ay be very close points in I17!(a), and let 41, and 7y, be
the unique horizontal lifts of y with initial points a; and a, respectively.
Call the end points of the v;’s b; and by respectively. Then the v;’s are
both perpendicular to II~1(b) and hence to b;bs.

Now consider the two triangles A(by,a1,a3) and A(by, b2, az), and
note that <((b1,a1,as) = <(b1,b9,a9) = % and |a1by| = |a2b2| = |a,b|
Since the two triangles also share the common side ;a2 and all distances
can be assumed to be < 7, the remaining sides ajay and byb, must be
of equal length. This shows that the holonomy displacement map of
v that takes II7!(a) to II7!(b) is a local isometry. Since it is also a
diffeomorphism, it is a global isometry.

Now consider the mid point c of vy, and for 7 = 1, 2 let ¢; the lift of c on
that lies on 7;. Then |azca| = |baca|, |a1az| = |b1be|, and <(a1, az,c2) =
<I(62,b2,b1) = %) SO

|a162| = |b162|.

Combining this with |ajc1| = |c1b1| = 2|a1b;| yields
T
<I(a1,61,02) = <I(b1761702) = '2_’

and a similar argument shows
T
<(ag, c2,¢1) = <Abg, c2,¢1) = 7

So we can repeat the argument of the proceeding paragraph and con-
clude that |cico| = |ajaz| = |bibe|, and hence that the holonomy dis-
placement map of 7 that takes II"!(a) to II71(c) is an isometry.

Since we can repeat the above procedure as often as we like, the set
of good points on y must be dense. On the other hand, T' = 0 is a closed
condition, so every point on vy must be good. q.e.d.

It follows from Lemma 8 and [5] that G is a topological manifold
with (possibly empty) boundary and smooth totally geodesic interior.
By Lemma 7, G = ), and by Lemma 6, G is a topological sphere. The
isometry type of G is therefore determined by

Lemma 9. If v : [0,7] — V is a geodesic whose image consists
entirely of good points, then all radial sectional curvatures of V along -y
are constant and equal to 4.

Proof. Let 7 be a horizontal lift of v to $'°. Let X and X denote
the tangent fields to v and ¥ respectively, and let V' be a vertical unit
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field along 4 so that (V3V)” = 0. Then, using the equation for the
vertizontal curvatures, we find that K(X,V) along 7 is,

(12) 1=K(X,V)
=((VxTWV, X) + |4z V| - ITv X|* = | A V>

It follows from (12) that

(13)
the map v — Azv from VS™® to HS'® N X+ is bijective.

Combining this and (12) we can show that
(14) |[Azyll =1 for all unit vectors y € HS™® N X+

Indeed, if (Azy,v) were larger than 1 for some unit vector v € VS,
then we would have [(A;v,y)| = |(v, Azy)| > 1, contrary to (12). On
the other hand, by (12) and (13), y = Agv for some unit vector v €
VS!S, thus [(Azy,v)| = [(y,Agv)| =1, and [|[Azy| > 1 as well.

Let Y be a unit field along ~ that is perpendicular to X, and let ¥
denote the horizontal lift of Y. Then it follows from (14) that

KX, Y)=K(X,Y)+3|[AzY|?=1+3+1=4.

2. Review of the Diameter Rigidity Theorem

If M satisfies the hypotheses of the Radius Rigidity Theorem, then
M also satisfies the hypotheses of the Diameter Rigidity Theorem, so
the only way M can fail to satisfy the conclusion of the Radius Rigidity
Theorem is if it has the cohomology algebra of CaP?. We assume
throughout sections 2 and 3 that sec M > 1, Rad M > n /2, mi(M) =
{e}, and H*(M) = H*(CaP?), and we attempt to show that M is
isometric to CaP?.

By the Diameter Sphere Theorem ([13)), diam M = w/2. We would
like to focus on this property for awhile; so let M be a Riemannian
n-manifold with sec M > 1, m (M) £ {e}, and diam M = 7/2, that
is not homeomorphic to S™. Many basic aspects of the geometry of M
can be described in terms of so called dual sets ([8]). (Cf. also [23], [24],
and [25].)
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Definition 10 (Dual Sets). For any subset B C M, the dual set
of B is

B' = {z € M | dist(z, B) = n/2}.

The following properties of dual sets were observed in [8] (cf. also
(23], [24], and [25]):

(i) B'is totally 7-convex.
(ii) B C B".
(iii) If A C B, then A’ > B'.
(iv) B'=B".

It follows from (i) and [5] that B is a topological manifold with
(possibly empty) boundary and smooth, totally geodesic interior.

If we start with a set B so that B’ # () and set A = B’, then
A= (A"). Thus

A= {z € M|dist(z,A") = 7/2} and A’ = {z € M | dist(z, A) = ©/2},

and A and A’ are called a dual pair.

The proof in [8] proceeds from this point to use comparison theory
and other geometric and topological tools to argue that the geometry of
M is more and more like the geometry of a CROSS. For example, it is
shown that 4 = JA’ = 0, that cutlocus(A) = A’ and cutlocus(4’) = A4,
and that for any p € A the map II, : UNA, — A’ from the unit nor-
mal sphere to A at p to A’ given by II,(u) = exp(5u) is a Riemannian
submersion with connected fibers. This allows them to apply the classi-
fication theorem in [9] and conclude that II, is isometrically equivalent
to a Hopf fibration (except possibly if the fibers are 7-dimensional). The
proof is completed with further comparison arguments. The exception
to the conclusion is accounted for by the fact that the classification in
[9] is not quite complete. It leaves open the possibility of nonstandard
Riemannian submersions of the 15-sphere by homotopy 7-spheres. On
the other hand, it is possible to prove that this is the only obstruction.

Proposition 11. If M has a dual pair (A, A’) such that one of the
submersions Il is isometrically equivalent to a Hopf fibration, then M
is isometric to a CROSS.

In the course of proving Proposition 11 we will use
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Lemma 12. The group of holonomy displacement maps for the Hopf
fibration T, : S — S® that take a fiber to itself contains a subgroup
that is isomorphic to SO(8).

Proof of Lemma 12. Let F and G be any fibers. Let rr denote
reflection in F, and let v be a minimal geodesic between II;(F) and
[1(G). Then the two maps rr and (7)o 24ist(m1, (F),mx(c)) from G to
rr(G) coincide.

By the proof of Lemma 6, rr is a symmetry of IIj, and covers the
isometry, r(p), given by reflection of S¥(3) in II(F). We claim that
the set of reflections in points of S8 generates SO(9). To see this,
let {e1,e2,...,e9} be an orthonormal basis for R® and observe that if
v,w € Span(ey,e2)NS8, then r,or, is the identity on Span{es, ... ,eg},
and by choosing v and w appropriately, r, o ry, can be any preassigned
orientation preserving isometry of Span{ej,ez}. Therefore the group
generated by reflections in points of S8 can act as any preassigned rota-
tion on any great circle while fixing the orthogonal complement of the
circle, and therefore is SO(9).

It was shown in [14] that the group of symmetries of IIj, is isomorphic
to Spin(9), acting as follows:

(i) Any orientation preserving isometry of S8(3) lifts to a symmetry
g of I1, and

(ii) Given any such g there is exactly one other symmetry, antipodal —
map o g, which induces the same map on S%.

The antipodalmap : F — F, can also be viewed as the restriction
T o(F)|F where A(F) is the fiber such that dist(F, A(F)) = 5. Therefore
the restriction to F of any symmetry of II, which preserves F' can be
realized as a holonomy displacement map for IT,. On the other hand,
Proposition 7.10 in [14] asserts that the group of symmetries of Il that
preserve F' contains a subgroup isomorphic to SO(8). Therefore the
group of of holonomy displacement maps for II; that take F' to itself
contains a subgroup isomorphic to SO(8). q.e.d.

Proof of Proposition 11.

By the Diameter Rigidity Theorem, we may assume that H* (M) =
H*(CaP?). Say p € A, and II, is isometrically equivalent to a Hopf
fibration. Then A’ is isometric to a CROSS, P™(K).

First suppose that A = {p}. Choose py € CaP? and an equivalence
t: S, — Sp, between II, and II,,. Extend ¢ to a linear isometry
L: TMP — T(Cano. Then the map f = exp,, oto exp;1 : M\{p} —

0
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CaP?\{po}' extends to a well defined homeomorphism f : M —» CaP2.
Moreover, f is an isometry, provided {z}’ is isometric to S®(3) for all
z € A'. Indeed, knowing that {z}’ is isometric to S®(3) would tell us
that df|7(;) is an isometry (whose image is T{f(z)}’ ) On the other
hand it follows from the proofs of 3.1 and 3.6 in [8] that df|y(s) is an
isometry whose image is N{f(z)}'.

Since A’ is isometric to S8(3), {z}'N A’ is a singleton and {z}" = {z}
for all z € A'. Therefore ({z}, {m} is a dual pair, and it is enough to
show that the Riemannian submersion II; : S; — {z}’' is standard
or equivalently (by the main theorem in [22]) that the fibers of II, are
totally geodesic

Set a(z) = {zr}' N A". Then I;'(a(z)) = SA. and I !(p) =
S{a(z)}, are both totally geodesic. It will follow that all of the fibers
of II, are totally geodesic if we can show that all of the holonomy dis-
placement maps for horizontal geodesics in S, emanating from SA/, are
isometries.

If ¢ is such a geodesic, and v is a unit vertical vector at ¢(0), then
di(c)ot(v) = J(t) where J is the Jacobi field along ¢ with initial condi-
tions

(18) J(0) = v and J'(0) = Ayg)v + Tvé(0)

(cf [9, p- 150]). Since ¢(0) is in a totally geodesic fiber, the initial
conditions for J simplify to

(19) J(0) = v and J'(0) = Ago)v.
Therefore (J'(0), J(0)) = 0, so
(20) J(t) = costP,(J(0)) + sintP;(J'(0)),

where for z € T(SM,B)C(O), P;(2) is the parallel image of z along c at
c(t). It will follow that all of the 1(c)s¢’s are isometries provided we
can show that ||Agg)v|| =1 for all unit vertical vectors v at c(0).

Let M; : TMz — TM denote the map given by multiplication
by t, and let S(z,r) = {y € M | dist(z,y) = = Z}. The proof in [8]
that II, is a Riemannian submersion also shows that the map II, =
exp; oMz o exp; 1. S(z,r) — {z} is a Riemannian submersion if
we multiply the intrinsic metric on S(z,r) by zi=. Given a vector
y € S{:zc}a(ac and a vector v € SAa(z) Consider the hinge (cy,cy).
The hinge angle is § and dist(cy(5),¢y(t)) = 7 for all t. Therefore (as
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pointed out in [8]) (cy,¢cy) is spanned by a totally geodesic surface Sy,
of constant curvature 1.

Let Y denote the tangent field of ¢,. For a given point cy(s) along cy,
let vs be the minimal geodesic in Sy, from z to ¢y(s). Then the Jacobi
field, J, along ¥s with J(0) = 0 and J(§) = Y (s) is J(t) = sintP,(Y (s))
where P; : TM o(Z) — TM +(¢) is parallel transport along ;. It follows
from the proof of 3.6 in [8] that J(t) is horizontal for II;, and it is clear
that dIT;(J(¢)) = Y (s). So J(¢) is the horizontal lift of Y (s) with respect
I1; at y,(t). Allowing v to vary over all vectors in SA’ a(z) We see how to
find all horizontal lifts of Y for all of the II,’s.

Let z € S{x};(z) be perpendicular to y and let ¥ (resp. Z) be the

vector field whose value at a point in ¢ € S(z,7)NII;(c,) (resp. a point
in S(z,7) NII;1(c,)) is the horizontal lift of Y (resp Z) with respect to
II,.

Let 0, be the unit radial field emanating from z. Then using the
fact that Y and 0, (resp. Z and 9,) span a totally geodesic surface of
constant curvature 1 it can be shown that

V0r = cot rY and V 50, = cot rZ.

Thus if we extend ¥ and Z to vector fields everywhere tangent to the
metric spheres about z, we find that

(V$Z,0:) o = —(Z,V50;)|a = 0.

Therefore using the Gauss equation and the O’Neil’s equation for
horizontal curvatures we get

secM(Y, Z)IA’”S(z,r) =S€Cs(g, r)(?, Z) — cot’r

1 2
_Sln2 TSCCSHI:.TS(I 1‘) (Y Z) —cot’r

1
(21) =———(seczy (¥, 2 z) — 3||A’ Z||? — cos?r)
sm-r
=—-(1+3]143,, Zo|* - 31145 Z||” — cos’r)
_sin®r +3(| 45, Zoll” — 145 Z1")
sin?r ’

where we have adopted the conventions that {10 is the A-tensor of I,
AT is the A-tensor of I, Yy = d(M1 oexp;!)Y, Zy = d(M1 oexp; ) Z,
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and 5}175 (z,7) is the space obtained from S(z,r) by scaling the intrinsic
metric by a factor of —
Note that

sm r’

(22) (A2 = 5(7, 2P0 = 5 (%o, Zo]") = (43, Z).

The second equality is a consequence of the fact that d(M; o exp;?!)
maps horizontal vectors to horizontal vectors, and vertical Vectors to
vertical vectors.

It follows from (22) that the difference between the two A-tensor
terms on the right-hand side of (21) is due entirely to the dilation of
the map dM 10 exp, 1 X on vertical vectors. (The map is an isometry

on horizontal vectors.) The vertical vectors along A’ are tangent to A’,
which is isometric to SS( ); so the dilation (with respect to the metric
on S(z,r) scaled by - r) of the vertical vectors is ——. Therefore the
right-hand side of (21) is

. 2 0 2 2

sin” r + 3|| Ay, Zo||*(1 — cos™r

( 43, 2ol ) 143142 Zol2
sin?r

In particular, the sectional curvature, secM(f’, Z ), is independent
of the base point. There was nothing special in the above argument
about the fixed point z € A’; so it shows that the sectional curvature of
planes normal to A’ is invariant under parallel transport along broken
geodesics in A'.

The normal holonomy of A’ was described in [8] in the following
manner. Let u € N A}, be a normal vector, and let v in A’ be a geodesic
with 4(0) = g. Then arguing as on page 645 we find a totally geodesic
surface, Sy, of constant curvature 1 which spans the hinge (cy, 7). The
parallel image of u at «(t) is the initial tangent vector of the minimal
segment y(t)p, from 7(t) to p along S, . The set of negatives of final
tangent vectors,

{-1(t)pu(3) |t R,

of these geodesics determines a geodesic 4 in Sp, and from 3.6 in (8]
we see that ¥ is a horizontal lift of y. Thus the map u — —¢éu(%)
between UN A’ and S), is an equivalence of S”-bundles over A’, which is
equivariant with respect to the two types of holonomy maps determined
by v (the ¥(v)’s in Sp and the parallel transport in NA'). But by Lemma
12 the group of holonomy displacement maps for II, that take a fiber to
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itself contains a subgroup that is isomorphic to SO(8). It follows that
the normal sectional curvatures of A’ are constant.

Returning to our fixed point z € A’ and applying the Horizontal
Curvature Equation we see that there is some constant ¢ so that

||A2z|| =c

for all orthonormal, horizontal vectors, y, z, along II;(a(z)). Arguing
as in the proof of Lemma 9 we see that

||A2v|[ =c

for all unit horizontal y along II;!(a(z)) and all unit vertical v along
I1;(a(c)-

Applying equations (19) and (20) we get that the differentials of any
unit vertical v along I1;!(a(z)) under the holonomy displacement maps
for a horizontal geodesic c, emanating from the foot point of v are given
by the Jacobi field

Juy(t) = costPy(v) + sintPt(Agv)

along c,. Substituting in the value t = T we get [|Jyy(5)l| = c for all
possible choices of v and y. This implies that the map z,b(cy)o,% is a
dilation by a factor of c. On the other hand, II;!(a(z)) = SA] and
Plcylo,z(SA;) = S{a(z)}; are both isometric to S7,s0 ¢ = 1, and
it follows that the 1)(cy)s;’s are isometries for all horizontal geodesics,
cy, emanating from II;!(a(z)). Therefore II, is standard, and we have
dispensed with the case A = point.

Now consider the case A # {p}. Since A’ is isometric to P™(K), the
dual set B (in A’') of any singleton {z} C A’ is isometric to P™~1(K),
and the double dual of {z} (in M) is again {z}. It follows from the
convexity properties of A’ that the fibers of the submersion SA, — B
are also fibers of the submersion IT, : SM, — {z}’, and the dimension
of these fibers is < 7 because dim A’ < 16.

Therefore the submersion II, is equivalent to a Hopf fibration (with
1- or 3-dimensional fibers), and by [8, p. 236] N is isometric to a CROSS.

q.e.d.

We now restrict our attention to the possibly exceptional manifold

M.

Proposition 13.
(i) The set of dual pairs covers M.
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(ii) Every dual pair consists of a singleton and a set that is homeo-
morphic to S8.

(iii) If (p, V') and (q, W) are distinct dual pairs, then VNW is a point.

Proof. (i) is an immediate consequence of properties (ii) and (iv) of
dual sets and the fact that rad M = «/2.

To prove (ii) first note that if (p,V) is a dual pair and V is not
8-dimensional, then the Riemannian submersion II, : SM, — V is
isometrically equivalent to a Hopf fibration, and M is isometric to some
CROSS other than CaP?. If V is 8-dimensional, then the fibers of II,,
are homotopy 7-spheres (see Theorem 5.1 in [4]). It follows from the
long exact homotopy sequence of the fibration II, that V' is a homotopy
8-sphere, and hence a topological 8-sphere. Finally, if there is a dual
pair (A, A’) so that neither A nor A’ is a point, then for all p € A,
1 < dim UNAp, < 14, and the submersion II, is equivalent to a Hopf
fibration.

To prove (iii) observe that since sec M > 0 and dim V + dim W =
dim M, a Synge Theorem type of argument shows that VW # () (see
[7] and also Proposition 1.4 in [8]). Next observe that VNW = {p, ¢},
so (VNW,(VNW)) is a dual pair. By (ii), one of these dual sets is a
point. Since p,q € (V NW)', we conclude that (V N W) is a point.

q.e.d.

If (p,V) is a dual pair, then we will (optimistically) refer to V as a
Cayley line. This name is partially justified by the fact that once we
have proven that M is isometric to CaP? we will know that all of these
V’s are isometric to CaP!.

3. Intersecting cayley lines

In this section we prove the Radius Rigidity Theorem modulo The-
orem 3.

If (p, V) is a dual pair, then we have seen that it is enough to show
that the submersion II, : S, — V is isometrically equivalent to the
Hopf fibration S7 «— S'® —s $8. This holds if its fibers are totally
geodesic (see [22]). Roughly speaking, the strategy of our proof is to
find dual pairs (p, V) so that II, contains more and more totally geodesic
fibers. Our method for finding totally geodesic fibers will be to find more
and more “good points” in M.

Definition 14 (Good Point). If (p,V) is a dual pair, then we
shall call a point z € V good if and only if IT; 1(z) is totally geodesic.
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A point m € M will be called good if and only if m is a good point of
W for some Cayley line W C M. The sets of good points in V' and M
will be denoted by Gy and Gy respectively.

The fact that G s is rather large is a consequence of Proposition 13
and the next result.

Proposition 15. Let (p,V) be a dual pair.

(i) A point z € V is good if and only if there is a Cayley line W so
that VNW = {z}.

(ii) G is closed. In fact, m € Gy if and only if there are points
T,y € M so that dist(x,m) = dist(m,y) = dist(z,y) = 7.

Remark. Gromoll and Grove were also aware of the fact that
Gum # 0 ((10]).

Proof. If there is a dual pair (z,W) so that W NV = {z}, then
p and z are distinct points in {z}', so {z}' is a Cayley line and hence
intersects V at a single point y. Since p and z are distinct points of {y}’,
{y} is a Cayley line. It follows that the set of minimal geodesics from p
to z is contained in {y}'. Thus II;!(z) is contained in the unit tangent
sphere S{y}; to {y}' at p. But since both of these sets are homotopy
7-spheres they must coincide. Since S{y}, is totally geodesic in SMj,
I, 1(z) is as well. This proves the “if” part of (i).

On the other hand, if z € Gy, then by Lemma 6 there is a unique
point a(z) € V so that dist(z,a(z)) = 5. Since z,p € {a(z)}', {a(z)}
is a Cayley line. By Proposition 13, z = {a(z)}' N V. This proves the
“only if” part of (i). Since dist(z,a(z)) = dist(a(z),p) = dist(p,z) = 7,
it also proves the “only if” part of (ii).

To prove the “if” part of (ii) note that z,y € {m}’, m,y € {z}, and
m,z € {y}. So {m}, {z}, and {y} are all Cayley lines, and m, for
example, is good since {m} = {z} N {y}. q.ed.

The Radius Rigidity Theorem would follow if we could show that
there is a Cayley line V so that every point in V is good. In part, we
will do this by finding Cayley lines with good points in sets that are
isometric to spheres of constant curvature 4 of progressively higher and
higher dimension.

Since each point in M lies on at least one Cayley line, we can cer-
tainly find six distinct lines W, V1, V5, ..., V5. It could be that the V;’s
intersect W at only 1 or 2 points, but if this is the case, then at least
three of them (say Vj, V2, and V3) intersect W at the same point, z.
Then {z}' is a Cayley line and the points {z}' N Vi, {z}' N V;, and
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{z}' N V3 must all be distinct. By the main lemma dim Gzy 2 1. On
the other hand if the V;’s intersect W in three or more points, then it
follows that dimGw > 1. So we can find a Cayley line V such that
dim Gy > 1.

To prove the Radius Rigidity Theorem we argue by contradiction.
From the main lemma and Propositions 13 and 15 it follows that the
set of good points in each Cayley line is isometric to S¥( %) for some
0 <k <8 Let V be a Cayley line whose set of good points has
maximal dimension, d. We have seen that d > 1, and if the Radius
Rigidity Theorem were false, then by Proposition 11 we would know
d < 7. Consider the configuration C consisting of all Cayley lines of the
following types:

type 1V,

type 2 All the Cayley lines between the good points of V' and V’,

type 3 For each W of type 2 we also include all of the Cayley lines

between each of the good points of W and W' that are
neither of type 1 nor of type 2.
We point out that if W is of type 2, then W’ is a good point of V', and
if U is a line of type 3 between a good point of W and W', then U’ is a
good point of W.

Suppose we could find a Cayley line Z that is not included in the

configuration above. Then either,

ZNV & Gy or
ZNV e€Gy.

But neither of these is possible. The first can not occur because Gy
consists of all of the good points of V. On the other hand, if ZNV €
Gy, then (ZNV)' is a line of type 2, and Z is a Cayley line between
(ZNV) and ZNV, implying that Z is of type 1, 2, or 3, a contradiction.
Therefore,

(26) C contains all of the lines of M.

Next we prove

Lemma 16. We may assume that dim Gy = d for every line U in
the configuration.

Proof. We prove this in a step by step manner.
We know that there is at least one line of type 3, since otherwise the
configuration would only be 8-dimensional in a neighborhood of a bad

651
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point of V' and hence would not cover M. Since all of the lines of type
2 intersect at V', they must intersect at distinct points of each line of
type 3. Thus dim Gy > 1 for all lines of type 3, and if U is a line of
type 3, then there are infinitely many lines between U and U’ € W),
where W) is a line of type 2. Since all of these lines intersect at U’ they
must intersect each line of type 2 (other than Wj) at infinitely many
places. Therefore dim Gw > 1 for all lines W # Wy of type 2. Since
the set of all good points in M is closed, dim Gw, > 1 as well.

For each point v € Gy, the set L, = {lines U in the configuration
| v € U} can be topologized by declaring that it is homeomorphic to
G (). We will show that for each v € Gv,

L¢ = {lines U in L, | dim Gy = d}

is both closed and open. Since V € L? and Uyeg, Ly = C, it will follow
that dim Gy = d for every line in the configuration. Let {U;} be a
sequence in LZ which is converging to a line U in L,. Then by passing
to a subsequence if necessary, we may assume that {Gy,} converges (in
the classical Hausdorff topology) to some subset G of U (cf Theorem
4.2 in [18]). By the main lemma, G is isometric to S%(3), and by
Proposition 15, G C Gy. In fact G = Gy by the maximality of d. So
LY is closed. To see that it is open, let U in L% and let W € L, be
close to U. Consider the set L(U,U’) of lines between U and U’. Each
u € Gy is on exactly one line Z, € L(U,U’), and the map Gy — Gw
given by u — Z, N W preserves distances up to small additive error.
It follows from the main lemma and the maximality of d that if W was
originally chosen to be sufficiently close to U, then Gw is isometric to
S%(3). qed.
Consider the following subset of T'M:

TCly(m/2) ={v € TM|g, | ||v|| < 7/2 and v is tangent
to a line in the configuration}.

If the Radius Rigidity Theorem is false, then exp : TC|y(3) — M is
a surjective Lipshitz map, M\Gjs and exp |,1_,(1;.|V(%)(M\GM) are open,
dense sets, and exp : exp IT_‘élv(%)(M\GM) — M\G)s is a smooth
bijection. Indeed, exp is surjective since the configuration has to cover
M, and exp has unique preimages on M\Gps. The set M\G s is open
and dense, since Gjs consists of points of the form U’ where U is a
line in the configuration, and the points of this form all lie in proper
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subspheres of lines of type 2. exp |;é.|v ( )(M \G ) is open and dense

for similar reasons. ’

The fact that exp is surjective and Lipshitz yields a contradiction in
case d < 3 since it implies that dimpgqeys M < dimpgays TC|yv(7/2) <
3+3+8=14.

The case 5 < d < 7 is also easy to eliminate since in this case
dimTCly(%) > 545+ 8 > 16 = dim M. So it is impossible for
exp |TC|V(§) to be a smooth bijection from the open dense set

exp I;élv(%)(M\GM) to the open dense set M\G .

The case d = 4 is also not possible, but it is much harder to rule
out. First we prove

Proposition 17. If d = 4, then Gy is a totally geodesic subman-
ifold of M that is isometric to HP? with its canonical metric with
1< sec HP? < 4.

Proof. For any line U in C we can let U play the role of V
and define a configuration Cy consisting of lines of type 1y, 2y, and
3y in a way analogous to what we did on page 649. Of course as-
sertion (26) is valid for each Cy, and for each such configuration Cy,
GuMm = Uy 3 line of type 2y Gw, since otherwise there would be a line
not included in Cy.

Now let © and w be two points in Gjs. Since w must lie on a line
of type 2(,)/, there is a Cayley line Z containing u and w. Since Gz
is isometric to $*(3), we can find a geodesic in Gz between u and w.
Using Lemma 6 and the fact that Z is totally m-convex we see that if
dist(u,w) < 7, then the geodesic constructed above is the unique min-
imal geodesic in M between u and w. This shows that G is totally
7-convex and hence, by [5], a topological manifold with boundary and
smooth, totally geodesic interior. But the above construction also in-
dicates that every geodesic in Gjs can be indefinitely prolonged (to a
geodesic in Gps). Therefore Gy = 0. Thus G with its intrinsic met-
ric is a Riemannian manifold with sectional curvature > 1 and diameter
= Z. The proposition follows by analyzing the structure of the dual sets
in Gjs and applying the classification theorem in [8]. q.e.d.

It follows that the restriction of I+ to (SGpr)y: is a Riemannian
submersion that is isometrically equivalent to the quaternionic Hopf
fibration $3(1) < S7(1) — S*(3). By combining this with Theorem 3,
we see that the case d = 4 is also impossible.
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4. Comparing submersions

In this section we prove Theorem 3. Although the argument is very
technical, there is an over all strategy: to show, via boot strapping, that
II is more and more similar to the Hopf fibration S7(3) — S'5(1) LLN
S8 (%) This similarity will manifest itself in various forms: common
values of the two submersions on larger and larger subsets of S5, com-
mon values of the A and T tensors of the two submersions on larger
and larger subsets of T'S'® @ T'S'%, and common values of the differen-
tials of the various holonomy displacement maps associated to the two
submersions on more and more vectors.

With two notable exceptions, the arguments are elementary. The
exceptions are in the proof of Assertion 1 (p. 654) and the statement
of Assertion 2 (p. 655) where we appeal to the classification in [9] to
conclude that certain Riemannian submersions S7 — §* are standard.

Proof. Fix an embedding of H into Ca. Let S denote the subset
of S all of whose coordinates are quaternion, O(Sf) the opposite 7-
sphere, I, : S1® — S8 the Hopf fibration defined as in [14], S? the
given copy of S” C II"!(Gv), and S the opposite 7-sphere in S'°.

Assertion 1. image(Il|s7) = GV, g7 : S! — Gy is a Riemannian
submersion, and we may assume without loss of generality that

- ST = S,
’ SZ = O(SH),

I-Y(Gv) = I; (4 (SF)), and
g-yay) = thn,;l(nh(s;))'

Proof of Assertion 1. Let a : Gy — Gy be the antipodal map.
Given v € Gy, let O, (H|§71(v)) denote the totally geodesic 3-sphere in

II7!(v) which is at distance Z from H|S-, (v), and let Ogy) (H]S}(a(v)))

s

be the totally geodesic 3-sphere in II~ 1(a( )) which is at distance 7
from ng}(a(v)). Then

(29) Sy = Oy(I[g (v)) * Oqqy) (Ml57 (a(v))),

ie, S is the join (by geodesics in S'°) of OU(H|§71(U)) and
Oa(v) (I'I|§;L (a(v))). Indeed, let z be any point in

Oy (Il g7 (v)) * Oaw) (M g7 (a(v))),
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and let y be any point in 1'I|§g1 (v). Then z lies on a geodesic of length %
which passes through Ov(H|§g1 (v)) and Oq(v) (H|§g(a(v))) Let v be the
point on this geodesic which is also in O, (HIE}(U)) Then dist(v,y) = §
and <(vy,vz) = §. Therefore dist(z,y) = %.GA similar argument shows
that dist(x, z) = 7 for points z € I'I|§71( (v)). Finally if 2 is an arbitrary
pomt in S7, then z lies on a geodesic v of length 7 with end points in
H|S7( v) and 1'[[57( a(v)). Since the end points of v are both at distance
z from z, all of 'y (and z in particular) is at distance 7 from z. Therefore

(H|S7( v)) * (H|s7( a(v))) C S7, but both are 7-spheres, so the
other contalnment must hold as well.

It follows from (18) that the holonomy displacement maps given by
the geodesics in Gy are isometries (cf 3.3 in [15]). They must also
preserve S7. Thus if ¢ : [0,-) — Gy is a geodesic with ¢(0) = v,
then using (29) we see that the t(c)’s must preserve Sy. It follows
from this and (29) that II(S]) = Gy. Furthermore, HlSZ : S — Gy
is a Riemannian submersion along OU(I'I|§71 (v)). But (29) is valid for
all v € Gy, so II| s7 is a Riemannian submersion everywhere. By the
classification theorem in [9], 10 s7 is equivalent to the quaternionic Hopf
fibration.

Let

(57,1) %5 (S7,10) L5 (ST, T0) 25 (O(ST),Tix)

be equivalences of submersions. Then the direct sum of f and Eo fog
is an isometry of S'® whose restriction to II"1(Gy) is an equivalence of
the fibrations II|y-1(g, ) and thﬂﬁl(ﬂh(sﬁ)) that maps S7 to ST and S7

to O(SF). So Assertion 1 is proven.

For the remainder of the proof we make the assumptions allowed by
Assertion 1, but we continue to use the old notation (S7, Sy ect.) for
the sets associated to II.

Fix some v € Gy, and let S7b = ng-,l( ) * H|§71( (v)).

Assertion 2.  The restriction of II to S7b is a Riemannian sub-
mersion onto its image with 3-dimensional fibers, and hence (by [9]) is
isometrically equivalent to the quaternionic Hopf fibration.

It will follow from the proof of Assertion 2 that II| St is also a
Riemannian submersion. Thus proving Assertion 2 is cons1stent with
the overall strategy of showing that IT and II;, are more and more a like.

Proof of Assertion 2. We will denote an arbitrary horizontal

655
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geodesic from H|§71 (v) to HI;} (a(v)) by Ya,b, and an arbitrary horizontal
a b
geodesic from H|§.,1 (v) to H|§71(a(v)) by Ya,a-
First note that any geodesic 7,5 and any geodesic 74, with com-
mon initial point make angle 5 with each other. Therefore the holonomy

displacement maps for the former type of geodesics must leave Sz,b in-
variant. This also shows that IT| g7 , 18 a Riemannian submersion along

Migr (v).

We can also show that the intersections of the fibers of IT with SZ’b
are either empty or diffeomorphic to S3. This is clear for the fibers
II7'(v) and I~(a(v)). Any point z € SZ’b\[H‘l('v) U II~1(a(v))] lies
on a unique horizontal geodesic v, between l'I|§71 (v) and l'II:;-,1 (a(v)).

a b
Say © = 74,(t), and recall (p. 639) that ¥(7a)s,: denotes the holonomy
displacement maps for 7, 5. Then we have seen that 1/1(’ya,b)0,t(H|§71 (v))
C Sz,b. On the other hand, the images of all other points of IT~!(v) un-

der ¥(74)o, lie on horizontal geodesics from II7!(v) to II"!(a(v)) that
do not begin on l'Ilg;,1 (v) and hence can not belong to SZ)b. Therefore
I~ (I(2)) N S] = Y(Yap)oa (Ul (v) = S°.

Let VSZ’b denote the intersection of VS and TS;’,b. Let H,p be
the set of vectors in TSZ,b which are perpendicular to VSZ’b. Then the
differential of II is injective on H,p and hence maps it onto TH(SZ,b),
so the restriction of II to SZ’b is a submersion. If we knew that H,,
were a subset of S5, then 1| ST, would have to be Riemannian, and
Assertion 2 would be proven. "

To obtain this conclusion about H, j (and also to complete the proof
of Theorem 3.) we shift our efforts from comparing IT and IT; on subsets
of M to comparing the A tensors, the T tensors, and the differentials of
various holonomy displacement maps associated to the two submersions.

Let X,, and X, denote extensions of the tangent fields of v,
and v, to basic horizontal fields, and for each real number ¢ we let
Xo,0(t) = Ya,a(t) and Xop(t) = Fap(t). It follows from the proof of
Lemma 9 that

(30) [Ax,.vll = L and |Ax, .yl =1

for all unit v € V.S’l‘r’}n-l(n(%,a)) and all unit vectors

Yy e ’HSlsln—l(n(%’a))
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which are perpendicular to X, ,. It follows from Assertion 1 that
(31) Ax, v = A’)’(a,av,

where A" denotes the A tensor for the Hopf fibration and v is an arbi-
trary vector in VSIS|H_1(H(% o))

Now suppose that v is a unit vector in VS |r-1(11(y, . (o)) N N ST,
and ' ,

(32) Ax, v =A% v=Xgp

<AXa,bv?Xa,a> =- (v7AXa,bXa,a)
=<'U, AXa,aXa,b) = _(Axa.av’ Xa:b) =-1

So in particular
(34) AXa,bXa,a =1,

and a calculation similar to (33) shows

(33h) (A%, v, Xaa) =1 and A% X0 =v.
Therefore,
(35) AXa,bXaya = A’i’a,bxaya

along IT™(II(74,(0)))-

It follows from (33") that A% v = —4,,. We would like to con-
clude that the same equation holds for A, so we have to verify that the
components of A;_,)v in all directions perpendicular to Ya,a(0) are 0.

To do this we recall that (with the opposite sign convention) one of
O’Neill’s “fundamental equations of a submersion” is

(R(X, V)Y, W) = ((VxT)yW,Y) — ((VvA)xY, W)
+(Tv X, TwY) — (AxV, Ay W)

where X and Y are horizontal fields and V and W are vertical ones.
Letting X = X440, Y = X,p, setting V = W, and evaluating at ¢ = 0
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we find

- VV(AXa,aXa,b)’ V) + (AVVXa,aXa,b? V)

+ AXa,aVVXa,b, V) - (AXQ,O,V7 AXa,bV>

— (Vv (AXeaXap) V) = (A%, (VX V)" V)
(36)

Vv (Ax, o Xap) V) + (Ax. Vi Ax,, V)
—(Ax,,V,Ax,.V) — (Ax,.V: Ax,,V)
VV(AXa,a Xa,b)’ V) - (AXa.,a ‘/’ AXa.,b V)

0=—(

(

=—

+ (Axea (Vi V)" V) = (Ax,, Vi Ax,, V)

=—

(

-
Equation (36) is also valid with A replaced by A*. But (4%, V, A’}(a,b V)

=0so (VV(A’)‘(a,aXa,b), V) = 0. Combining this with (35) we have

(Vv(Ax, o Xap)s V)In-1 (1 0)) = 05

and therefore
(37) (Axeo Vi Ax, s V) In-1(1(y, (0))) =0

forallV e vslsln—l(n(o)). Ifv e NSZ,bl’Ya,b(O) NVS'3, then from equation
(31) we have, A;, ,v € N SZ,a. So it follows from equation 37 that

(38) Ay, wETS,,

for all v € NS] |, ,0) NVS™.

To prove the formula A;, ,v = —%g4, it remains to verify that the
components of Ay, ,v in directions z € HS? N (§a,0(0))+ are 0. So we
compute

(A"Ya,bv?x) = _('UaA"ya,bx> =0.

The last equality is a consequence of (34), the fact that z is perpendic-
ular to 94,0(0), and that the restriction of z — A5 )z to HS! 50.5(0)
is an isometry onto its image. Thus we conclude that

(39)
A"ya,b(O)U = —Ya,e, and hence that A;  ow = Aga,b(o)w

for all w € VSl5|,ya,b(o) N(TSH*t.
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Given a unit vector v € VSI5|7a,b(0) NN Sz,b let V be the field of
images of the tangent field of ¢ — exptv under the diy(ysp)os’s. As
pointed out in (18) V|,, , is the Jacobi field with initial conditions

J(0) = v and J'(0) = A, ,(0)v-

Therefore it follows from (39) that the values of V would be no different

if we had defined it via the holonomy displacement maps for II; (rather
than IT).

We also see that (J'(0), J(0)) = 0 and by (39) ||J(0)]| = ||J'(0)| = 1;
s0

(40) J(t) = cos tP,(J(0)) + sintP,(J'(0)),

where for z € TS;S,,,(O)’ Py(z) is the parallel image of z along 7, at
Ya,6(t). Since J(0) and J'(0) are both in N SZ,b’ we get from (40) that
Vi, (t) = J(t) € NSZ’,, for all ¢.

Let V*S15 denote the vertical bundle for the Hopf fibration. Then

since v can be any vector in N(S7 ). ,(0) We have

(41) NSI,nV'SY = NSI, nVS®,
and the fibers of each of these bundles are 4-dimensional. Therefore
(42) VP, =V8q,® (NS, NVS™),

and it follows that H,} is horizontal. So assertion 2 is proved.
Setting VST, = VRS NTS] ;, we also have

(43) VS| = VST, @ (NS, NV'S™).
Since [X,4,V] =0 and Sg’b is totally geodesic, (42) implies
(44) Tviap = (Vv Xap)’ = (Vs,, V) € NSL,.
From (41), (42), and (43) it follows that the right hand-side of (44)
equals T"}ﬁa,b, where T" is the T tensor of II,. Since T" = 0, and

Vly,,(t) can be any vector in NST, N VS'®, we have

(45) TyYap =0
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for all v € NST, N VS'®. Combining this with Assertion 2 we get
(46) Ty¥ap = 0
for all v € VS¥|,, ,, and hence

(va,")’a,b) = “('U’, Tv’.)’a,b) =0

for all v,w € VS|, ,. Combining this and (46) with equation (7)
yields

(47) |4zl =1

for all unit v € VS|, ,. Using (47) and arguing as in the proof of
Lemma 9, we obtain

(48) |As, ,2ll = 1

for all horizontal unit vectors z along 7,4 which are perpendicular to
Ya,b- Combining (48) with the equation for horizontal curvatures we
conclude that all radial sectional curvatures along II(v,p) are equal to
4. Therefore if c,p is any horizontal lift of II(7,p) (not necessarily
contained in 57 ;),

(49) e, 0l =1

for all unit v € VS®®|_,.

Combining (49) with (18) shows that the images of any unit vector
v E V‘Sclfb(o) under the di)(cq)0,¢’s are given by a Jacobi field J with ini-
tial conditions that satisfy (J'(0),J(0)) = 0 and ||J(0)|| = ||'(0)|| = 1;
so as before J(t) = cos tP;(J(0))+sintP;(J'(0)), where for w € TSclf,,(O)’
P;(w) is the parallel image of w along c,p at cep(t). In partiéular
[IJ]| = 1; so all of the 1o +’s are isometries, and all of the points in II(SZJ,)
are good. By Assertion 2 and Lemma 8, H(S;b) is totally geodesic and
isometric to S4(%). Since it intersects Gy orthogonally, it follows from
the main lemma that every point in V' is good. q.e.d.

5. The nonsimply connected case

Let M satisfy the hypotheses of Theorem 4. As we indicated in the
introduction the classification theorem in [8] applies to M. In particular,
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we know that M is either isometric to a space form or the quotient of
CP?-1 in Theorem 4.(ii).

Suppose M is a space form, O is an orbit of the action of I on S,
and p : S — M is the universal covering map. Since rad M = 3, we
can find a dual pair (4, A’) in M with p(O) € A. Since 4 is totally 7-
convex so is A = p~!(A). Since 04 = 0 (2.5, 3.4, and 3.5 in [8]), DA = 0.
A is therefore a I'-invariant great subsphere of S™ that contains O.

On the other hand, if S™/T is a space form and an orbit O of " is
contained in a proper, invariant, totally geodesic subsphere, S*, then
A(S*) = {z € S | dist(z,S*) = 2} is also invariant. Therefore, if
every orbit of I' is contained in a proper, invariant, great subsphere,
then dist(p(0),p(A(S*))) = 3, and rad S™/T = 7.

To complete the proof of Theorem 4 it remains to show that the
space in (4., ii) has radius = 7. The orbit of an arbitrary point for the
corresponding action on S4¢-1 is

(ZI)ZZ"" )z2d) '_)(Ed-i-l,"' 722d,—21,"' ,_Ed)
'_)(_zlv"' y T2y —Rd+1y- -+ ,_ZQd)
i—)(—fd_H,... sy —29dy 21y - ,Ed) — (21,22,... ,ZQd).

Thus each orbit (in $¢~!) is contained in an invariant geodesic that
is perpendicular to the fibers of the Hopf fibration S1 — §4-1 —
CP?4-1 1t follows that each orbit in CP2¢~! is contained in an invari-
ant geodesic. If v : [0,7] — CP?¢"! is an invariant geodesic, then
(tmage(7y))' is also invariant (and # 0 since d > 2). So the radius of the
quotient is 7. q.e.d.

Now we focus on the proof of (5).

Proof of (i). Let p:T' — O(n + 1) be a fixed point free represen-
tation that respects an orthogonal splitting V; @ Vo @ - - - @ Vj, of R**!
so that p|y; is irreducible for all i. It follows from Theorem 7.2.18 in
[27] that dim V; = dim Vj(= d) for all i,j. Suppose rad S"/p(T) = 3.
Then using Theorem (4, i) we can first find a proper, invariant subspace
that is not a direct sum of V;’s and an irreducible invariant subspace
W that is distinct from all of the V;’s. The orthogonal projections
p; : W — V; are all p-equivariant, so by Schur’s Lemma, they are
either zero maps or isomorphisms. If they are all zero maps, then we
have W C (Vi ® Vo @ --- @ Vi)*, which is impossible. So at least one of
the projections (say p;) is an isomorphism. If all of the other p;’s are
zero maps, then we have W C (Vo @ - - - @ Vi)*, which would imply that
W = Vi, also impossible. So at least one other projection (say p2) is an
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isomorphism. Thus p|w is linearly (and hence orthogonally by Lemma
4.7.1 in [27]) equivalent to both p|y; and p|vs.

Proof of (ii). By (iv) it suffices to consider the case k = 2. In this
case the action of p(I') on S® is orthogonally equivalent to a subac-
tion p(T') of the Hopf action, and the Hopf fibration S! — §3 —s S2
induces a Riemannian submersion S! < S$3/p(I') — S2%(1). Thus
rad S3/p(T) = rad S3/p(T) > rad 5’2(%) = 7.

Proof of (iii). Suppose there are points u,v € S 1 and members
91,92, ,9d9a+1 of T so that {g1(u),g2(u),...,g4(u)} and
{91(v), g2(v), ... ,g4(v)} are linearly independent and such that the sets
of coefficients {a;}, {b;} so that

a1g1(u) + -+ + aqgq(u) = g4+1(u) and
b191(v) + - -+ + baga(v) = 9441 (v)

are distinct. It follows that the vector ‘%gd.}.l(u,’u) in R?? is not in
the span of {%gl (u,v), 71-2-g2(u,v), .. %gd(u,v)}. On the other hand,
{%gl(u,v), %gg(u,v), - %gd(u,v)} is linearly independent since its

projection onto R? x {0} is {%glu, %gzu, - %gdu}. Therefore the

set
1

1
91(u,v), —=g2(u,v) —=94(4,v), —=9d+1(u,v)}
(ot ) 7
is linearly independent, and we are done by Theorem 4 (i), provided we
can find u,v, and g1,92,...,94+1 as above. But according to [27], the

image of every irreducible representation of a fixed point free, nonabelian
group I' contains matrices of the form

2mik
(= )
e m
A:
. rikr(d/2)—1
(50) \ e )
0 1 ---0
andB=| o :
0 1
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where k,l,m,n’ and r are as in Theorem 5.5.6 in [27], % plays the role
of d in [27, Theorem 5.5.6], and we have used complex coordinates. So
it suffices to set v = (1,0,...,0), v = (0,1,0,...,0), g1 = Id, g2 =
A,93 = BA,gs = ABA,... 9441 = (BA)%. (Note that d is even.)

To quickly see that there are matrices of the form (50) in the image of
every irreducible representation of a fixed point free, nonabelian group,
note that such matrices are in the image of every such representation
of a so called “group of type 1” (Theorem 5.5.6 and 5.5.10 in [27]) and
that other nonabelian fixed point free groups contain groups of type 1
as subgroups [27, p. 204-208] . q.e.d.

Proof of (iv). View S"*4(1) as the join S™(1) * S471(1), and view
p @ o as the join of p and 0. Then every orbit of p @ o is contained in
the join of an orbit of p with an orbit of 0. Since the orbits of p are
all contained in proper invariant totally geodesic subspheres of S™, the
orbits of p @ o are contained in the joins of proper great subspheres of
S™ with 41,

q.e.d.

Proof of (v). For example, if k is so large that the order of I is less
than n + 1, then every orbit is automatically contained in an invariant
subspace. q.e.d.
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