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1. Introduction

The classical Schwartz reflection invariance of minimal surfaces states that
if a minimal surface N in a Euclidean 3-space E°® contains a straight line L,
then N is locally invariant under the symmetry of E® with respect to L [1,
p. 246]. A similar reflection principle has also been proved for a minimal
surface N in a space of constant curvature which contains a geodesic L of the
ambient space [7]. It is the purpose of the present note to investigate to what
extent this reflection principle holds for a minimal submanifold N of a
Riemannian manifold M which contains a totally geodesic manifold B of M as
a hypersurface, in particular, when M is a local symmetric space.

To this end, we introduce the notion of a reflective submanifold of a
Riemannian manifold M. An imbedded submanifold B of M is said to be locally
reflective if there exists an involutive isometry pj (i.e., p3 = id), called the
reflection with respect to B, defined at least in an open neighborhood U of B
in M such that B N U is precisely the fixed point set of p; when restricted to
U. B is said to be globally reflective or simply reflective if it is complete and
the isometry pj is defined everywhere on M with B as its fixed point set. Using
a well-known fact about the fixed point set of isometries [5, p. 61], one can
conclude that every reflective submanifold is a totally geodesic submanifold.

We will prove the following basic facts about reflective submanifolds. Let M
be an analytic Riemannian manifold, and B a locally reflective submanifold of
codimension greater than one. Then every minimal submanifold N of M, which
contains B as a hypersurface, is locally invariant under pgz. Furthermore, if B
is globally reflective and N is complete, then N is invariant under pg.

For an arbitrary Riemannian manifold, there may not exist any totally
geodesic submanifold of dimension greater than one. To ensure a good supply
of candidates for locally reflective snbmanifolds we will restrict our attentions
to local symmetric spaces in most parts of this paper.

As with many problems related to symmetric spaces, the problem of finding
reflective submanifolds in Riemannian symmetric spaces can be reduced to
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one in Lie algebra. Using this, we will prove that every geodesic submanifold
B of a space from M is locally reflective; if B is complete and M is simply
connected, then B is globally reflective. Together with the basic properties of
reflective submanifolds, we have a generalization of the classical reflection
invariance of minimal surfaces in E*. However, it is not true that every totally
geodesic submanifold of an arbitrary symmetric space is reflective. In fact we
will prove that if a local symmetric space M contains a geodesic segment which
is locally reflective, then M must be a space of constant curvature. We will also
classify all reflective submanifolds in the complex projective spaces and complex
hyperbolic spaces.

The author wishes to thank Professor S. S. Chern for suggesting this problem,
Professor K. Nomizu for many helpful conversations and the referee for some
constructive comments.

For notations and terminologies related to differential geometry we will follow
[5] closely.

2. Reflection invariance for a minimal submanifold containing
a reflective submanifold as a hypersurface

In this section we will prove the following basic facts related to reflective
submanifolds of a Riemannian manifold.

Theorem 1. Let M be an analytic Riemannian manifolds, and B a locally
reflective (imbedded) submanifold of codimension greater than one. If N is a
minimal submanifold of M which contains B as a hypersurface, then every
point p € B has an open neighborhood W in N such that W is invariant under
the reflection map py. Furthermore, if B is globally reflective and N is complete
with respect to the induced metric, then N is invariant under pg.

We will begin by proving two lemmas and recalling some well-known facts.
In the remainder of this paper, M will denote a real analytic Riemannian
manifold unless otherwise specified.

Lemma 1. Any C? minimal submanifold of M is real analytic.

Proof. Any minimal submanifold N of M is locally the solution of a system
of quasi-linear analytic partial differential equations [2, p. 178] which can be
easily seen to be elliptic along the solution under consideration. It follows from
Theorem 6.7.6 in [10] that N is an analytic submanifold. q.e.d.

For completeness we will give a proof of the following lemma which asserts
the uniqueness of the analytic continuation of a real analytic submanifold.

Lemma 2. Let N and N’ be two [-dimensional connected real analytic sub-
manifolds of an analytic manifold M which are both maximal (i.e., not a proper
subset of any other connected submanifold). If there is an open set W in M
such that W N N = W N N’ and W N\ N contains a coordinate neighborhood
of N, then N = N’.

Proof. Let S be the subset of N consisting of points p such that there exists
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a neighborhood U of p in M for which U N N = U N N’ contains a coordinate
neighborhood of N. It follows that S is nonempty and open in N. Let g be in
the closure of S, and V' be a coordinate neighborhood of g in M such that
V N Nand V N N’ are connected coordinate neighborhoods of N and N’
respectively. Then there exist two finite sets of analytic functions {f;} and {g;}
defined on ¥ such that V' N N’ = zeros of {f;} and ¥V N N’ = zeros of {g;}.
A=SNVNANN=SNV NN isan open subset of V N N and V N N’.
The restriction of {f;} to V' N N’ defines analytic functions on it. Since {f;}
vanish on the open subset A C V' C N’, they vanish identically on ¥V N N’.
Therefore ¥V N N’ C V N N. Similarly, we can prove V 1 N DV N N. It
follows that V N N =V N N and S = N. q.e.d.

A proof of the following theorem can be found for example in [8, Theorem
6.1].

Theorem 2. Let G,_, be an imbedded (n — 1)-dimensional submanifold of
M (dim M > n) and P be an n-dimensional distribution along G, _, such that
T(G,_) C P(q) for all qe G,_,. Then assuming the data are real analytic,
for each q € G, _, there exists in every sufficiently small neighborhood U of q
a unique imbedded analytic minimal submanifold N of dimension n such that

1. UDNDG,.,,NU,
2. T,N) = P(q) forallgqe G,_, N U .

Note that Theorem 2 implies in particular that if N’ is another n-dimensional
minimal submanifolds which satisfies conditions 1 and 2 above, then N = N’.

We are now ready to prove Theorem 1. By Lemma 1, we can assume N
and B to be real analytic. Let p € B. Then there exists an open neighborhood
W of p in N such that W and W N B are imbedded submanifolds of M and
oz is defined on a neighborhood of W in M. Since p; is an isometry and B N W
is its fixed point set when restricted to W, it follows that pgz(W) is also a
minimal submanifold of M which contains W N B. For ge B N W, T (W)
considered as a subspace of T,(M) is spanned by T,(B) and a nonzero vector
xeT, W) N T,(B)*, T,(B)* being the orthogonal complement of T,(B) in
T, (M). pg« leaves Ty (B) fixed. Since p} = id, we must have pz(x) = —x. In
other words we have

T,(W) = T (os(W)) forallge W N B .

Applying Theorem 2, we can conclude that there exists an open neighborhood
Uof Win M such that W N U = pg(W) N U. This proves the first part of
the theorem. The second part of the theorem now follows ready from Lemm 2.

3. Reflective submanifolds in Riemannian symmetric spaces

For notations and terminologies related to symmetric spaces we will follow
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[5] closely. Let (g, §, o) be an orthogonal symmetric Lie algebra, and g =
-+ m the canonical decomposition. We also assume that there is an ad (H)
invariant inner product on g. A linear subspace b of m is said to be reflective
if both b and its orthogonal complement bt are Lie triple systems such that

((6,6], 61 c b+,  [[b4, 64,61 C b,
(6,61, 6] c 6+,  [[b, b6+, Cb.

Clearly, b+ is also a reflective subspace. Let M = G /H be a Riemannian global
symmetric space, where G is the largest connected group of isometries of M,
and H the isotropy subgroup of G at a point 0 (called the origin) of M. We
will also let g = § + m be its canonical decomposition. Upon identifying m
with Ty(M), there is an ad (H) invariant inner product defined on m.

Theorem 3. Let M = G/H be a simply connected global Riemannian
symmetric space. There is a one-to-one correspondence between the set of
reflective linear subspaces b of m and the set of complete globally reflective
submanifolds B through the origin 0 of M, the correspondence being given by
b = T\(B) C Ty(M) under the identification m = T(M).

Proof. Let B be a reflective submanifold of M, and p the involutive
isometry whose fixed point set is B. Put b = T(B), and denote by bt its
orthogonal complement in m = T((M). It follows directly from the definition
of p that b and b' are respectively the 41 and —1 eigenspaces of p,. Let s,
be the symmetry of M at 0. Then s, = —id. Since pos, and 5,0 p both leave
0 fixed and p, o Sp« = Sy 0 p, We can conclude that po s, = 5,0 p. The involutive
isomorphism ¢ of the symmetric space (G, H, ¢) is given by [5, p. 244]

a(g) = sy080s5t forgeG .
Define an automorphism p: G — G of G by
o(g) = pogop™! forge G .

It is obvious that p(H) = H. It also follows readily from the fact pos, = 5500
that poo = gop. Therefore p is in fact an involutive automorphism of
(G, H, g). If we denote also by p the induced map on g, then we have p(h) =
b and p(m) = m, since the eigenspaces of ¢ are invariant under p. For x,y,z
e m we have p([[x, y], z]) = [[p(x), p(»], p(z)]. Using the fact that b and b+
are respectively the +1 and — 1 eigenspaces of p restricted to m, it is easy to
see that bt is also a Lie triple system and is a reflective subspace of m.
Conversely, suppose b is a reflexive subspace of m = T, (M), bt its
orthogonal complement, and g = §) + m the canonical decomposition. First of
all we consider the case where M is a Euclidean n-space with the usual flat
metric. Then (g, §, o) is of Euclidean type. Since [m, m] = 0, every subspace
b of m is reflective. The corresponding submanifold is the linear subspace N
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through 0 such that T(N) = b, and the usual reflection map p with respect to
the linear subspace N (cf. [6, p. 195]) will have N as its fixed point set. N is
therefore a reflective submanifold. Furthermore p induces an involutive auto-
morphism p of (g, §, o) such that when restricted to m, p has b and b' as its
+1 and —1 eigenspaces respectively. Next we assume that (g, Y,o) is
irreducible so that [n1, m] = §. We can now define a linear mapping p on g by
settingp = idon b + [b, 6] + [b+,b'] and p = —id on bt + [b, bt]. We claim
that p is an involutive automorphism of the symmetric Lie algebra (g, §, g). To
see this let x,, - - -, x, € b,y,, - -+, ¥, € bt, and denote respectively by g*, g~ the
41, —1 eigenspaces of p. Using the properties of a reflective subspace, we
have

[[x:, x,], x5, x,J] = — x5, [x4, [x05 %101 — [x,, [Dx5, X0, X510 € g*
(1, Y21, s vl = =15, Dves [0, 2011 — s [, 321, va11 € g7
[Lxy, Wil [0 a1l = — x5 [gs [0, 2011 — [as [lxi, 211, 500 € g*
[([x, y115 [x, %511 = — [y, Doxs, [y, 9011 — [, [Dxy, 2], X011 € g
(x5, ¥ds 2 9511 = — s, [s, [, 011 — Dy, Ly, 210, v21l € g7

-

-

-

-

It is now easy to check that p is an automorphism of the Lie algebra g.
Obviously, we have p(§) = §) and poo = oo p. Therefore p is an involutive
automorphism of (g, 9, o). In the general case, we have (g, 9, 0) = >, (g, x> 1)>
a direct sum of orthogonal symmetric Lie algebras (g;, b, 1), which are either
Euclidean or irreducible. We also have m = > m,, where g, = 0§, + nt, is
the canonical decomposition of (g;, §z, o%). It is easy to see that b N m, is also
reflective. By previous considerations, there is a unique involutive automorphism
defined on (g;, Y, g;) whose fixed point set on nt, is b N m,. Therefore we
have a uniquely defined involutive automorphism p of (g, },s) whose fixed
point set on m is precisely b. Furthermore, p is an isometry of m = T (M)
and also preserves the curvature tensor of M restricted to T,(M). Therefore p
can be extended to a unique isometry p of the Riemannian symmetric space
M = G/H, [11, p. 61]. Let B be the unique totally geodesic submanifold of
M through the origin O of M (cf. [5, p. 237]) such that T,(B) = b. Since the
fixed point set of p on m is b and p also leaves [b, b] fixed, it is easy to see that
the fixed point set of p as an isometry of M is precisely B. Obviously p* = id.

Remark. Using Theorem 3, we also have a characterization of the locally
reflective submanifolds. Indeed, every imbedded geodesic submanifold B of a
complete local symmetric space M can be considered as an open submanifold
of a complete totally geodesic submanifold B of M, the universal covering
manifold of M. Then B is locally reflective if and only if B is globally reflective.
The reflection map of B is a suitable restriction of that of B.

Proof. Obviously, if B is reflective, then B is a also locally reflective.
Conversely, if B is locally reflective, then B is the fixed point set of a local
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isometry pp. By 2.3.14 in [11], it is easy to see that p can be extended to a
unique global isometry of M whose fixed point set is B. q.e.d.

We will prove that every totally geodesic submanifold of a space of constant
curvature is reflective. More precisely we have the following theorem.

Theorem 4. Let M be a complete Riemannian manifold of constant curva-
ture. Then every totally geodesic submanifold B of M is locally reflective.
Furthermore, if M is simply connected and B is complete, then B is globally
reflective.

Proof. Instead of giving a Lie algebra theoretic proof of this theorem by
using Theorem 3, we will construct the reflection maps explicitly. By the previous
remark we can assume M to be simply connected. When M is E*, the reflection
map is simply the reflection map with respect to the linear subspace under
consideration. For simply connected Riemannian manifolds M of nonzero con-
stant curvatures, one can use the standard models as hypersurfaces of Euclidean
spaces E™*! or pseudo-Euclidean spaces E7*!, [11, p. 66]. Totally geodesic
submanifolds are merely intersections of M with linear subspaces through the
origin of E® or E7; the reflection maps are induced by the reflection with
respect to the corresponding linear subspaces (cf. [7, p. 340]). q.e.d.

Combining Theorems 1 and 4, we have the following reflection principle for
minimal submanifolds in spaces of constant curvatures, which generalizes the
Schwartz reflection invariance of minimal surfaces.

Theorem 5. Let N be a minimal submanifold of a complete Riemannian
manifold M of constant curvature. If N contains an imbedded totally geodesic
submanifold B of M as a hypersurface, then M is locally invariant under the
reflection pgp with respect to B. Furthermore, if M is simply connected, and
N, B are both complete, then py(N) = N.

Proof. We only need to observe that any local symmetric space is an
analytic manifold [3, p. 18]. q.e.d.

For an arbitrary local symmetric space it is not true that every imbedded
geodesic submanifold is locally reflective. In fact, we have the following
theorem.

Theorem 6. Let M be a complete Riemannian local symmetric space. If
there exists an imbedded geodesic L in M such that L is reflective, then L must
be a space of constant curvature.

Proof. By the remark after Theorem 3 we can assume M to be simply con-
nected and hence globally symmetric, and assume L to be a complete geodesic.
Without loss of generality we can also assume that L goes through the origin
0 of M. Let b be the subspace of m corresponding to L. From Theorem 3
and definitions it follows that the orthogonal complement b of b is also a
reflective subspace. Since the reflective submanifold L' corresponding to b is of
codimension 1 and the reflection map of b+ is a “reflection” in the sense of
[4], by Theorem 1 in [4] M must be a space of constant curvature. q.e.d.

We will classify all reflective submanifolds of the complex projective space
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CP*, with the Fubini study metric, and its dual, the complex hyperbolic space
[S, p. 282].

Let M be a complex manifold with the almost complex structure J. For a
point x € M, a subspace S of T,(M) is said to be holomorphic if J(S) = S, and
to be totally real if J(S) | S.

It is well-known ([12, Theorem 1] and [S, pp. 277, 285]) that the totally
geodesic submanifolds of CP* are CP*, 1 < k<n, and RP,, 1 <1< n,
naturally imbedded in CP™ as well as their images by holomorphic isometrics
of CP*. Let ¢ = §j 4+ m be the canonical decomposition of CP” as a Rieman-
nian symmetric space. It is easy to see that the totally geodesic submanifolds
of CP" described above correspond to the holomorphic subspaces and totally
real subspaces of m respectively (cf. [9]). If ¢ = §) + m is the canonical
decomposition of the complex hyperbolic space as a symmetric space, then by
duality or by classifying its Lie triple systems one can obtain that the totally
geodesic submanifolds through its origin correspond to the holomorphic sub-
spaces and totally real subspaces of m (cf. [9]). The complex projective space
and complex hyperbolic space are both Ki#hler manifolds of constant
holomorphic sectional curvatures. Now let J denote the almost complex struc-
ture, and < , > the inner product arising from the K&hlarian metric of the
complex projective spaces or complex hyperbolic space. Then their curvature
tensors are given by (cf. [5, p. 165])

R, ) = %{s A+ JE N Ty + 26 ITY

where ¢ > 0 for the complex projective space, ¢ < O for the complex hyper-
bolic space, and & A 7 is the endomorphism such that (¢ A 9)-{ = {{, D€ —
{¢, &>n. With these preparations we are now ready to prove the following
theorem.

Theorem 7. The reflective submanifolds of CP™ are CP*, 1 < k < n, and
RP", naturally imbedded in CP" and their images by holomorphic isometries
of CP*. The reflective submanifolds of the complex hyperbolic space are the
geodesic submanifolds which correspond to the reflective submanifolds of CP™
under duality.

Proof. Let g =10 + m be the canonical decomposition of the complex
projective space or complex hyperbolic space as Riemannian symmetric spaces.
By our previous considerations it suffices to show that the reflective subspaces
of m are the holomorphic subspaces and the totally real subspace of maximal
dimension. For &, 7, e m, it is well-known (cf. [5, p. 231]) that [[§, 7], {] =
—R(&,7)-¢. Therefore we have

[, 71,21 = —%{@, OE — (&, + n, DI — &Iy
+ 24§, In)JE} .

*
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Letey, 1 < A < nbe aset m such that {e,,J(e,); 1 < A < n} is an ortho-
normal basis of m. A typical holomorphic subspace b, of m is the one generated
by the vectors {e;, J(e;); 1 < i < k < n}, and bi- is generated by {e,; J(e,);
k + 1 <« < n}. A typical totally real subspace of maximal dimension b, of
m is the one generated by {e,; 1 < A < n}, and b;- is generated by {Je,; 1 <
A < n}. Using () it is straightforward to check that b, and b, are both reflec-
tive subspaces of m. Obviously, any totally real subspace of m of dimension
less than n cannot be reflective, since for that subspace there is no Lie triple
system of the complementary type. q.e.d.

Finally we will mention some more examples of reflective submanifold in
symmetric spaces.

1) Let M = M, X M,, where M, and M, are simply connected Riemannian
symmetric spaces. Then M, and M, are both reflective submanifolds of M.

2) Let G,,((R) be the oriented grassmann manifold. For p’ < p,q < q,
G, o(R) naturally imbedded in G, ,(R) are totally geodesic submanifolds.
Among these, G, ..(R) and G,. ,(R) are reflective submanifolds.

References

[1]1 W. Blaschke, Differential geometrie. 1, Springer, Berlin, 1930.

[2] L. P. Eisenhart, Riemannian geometry, Princeton University Press, Princeton, 1966.

[31 S. Helgason, Differential geometry and symmetric spaces, Academic Press, New
York, 1962.

[4]1 N. Jwahori, On descrete reflection groups on symmetric Riemannian manifolds,
Proc. Japan-United States seminar in differential geometry, Kyoto, 1965, Nippon
Hyoransha, Tokyo, 1966, 57-62.

[51 S. Kobayashi & K. Nomizu, Foundations of differential geometry, Vol. 11, Inter-
science, New York, 1969.

[6]1 N. Kuiper, Linear algebra and geometry, North-Holland, Amsterdam, 1965.

[71 H. B. Lawson, Complete minimal surfaces in S* Ann. of Math. 92 (1970) 334-
374.

[8] D.S.P. Leung, Deformations of integrals of exterior differential equations, Trans.
Amer. Math. Soc. 170 (1972) 334-358.

[9]1 K. Nomizu, On some conditions for constancy of holomorphic sectional curvature,
Preprint.

[10] C. B. Morrey, Jr., Multiple integrals in the calculus of variations, Springer, Berlin,
1966.

[11] J. A. Wolf, Spaces of constant curvatures, McGraw-Hill, New York, 1967.

[12] ——, Elliptic spaces in grassmann manifolds, Illinois J. Math. 7 (1963) 447-462.

PURDUE UNIVERSITY





