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Abstract

We give a proof of Cartan’s Theorem on totally geodesic submanifolds for real analytic
manifolds endowed with a real analytic, torsion-free, affine connection. We apply the
theorem to real analytic Hadamard manifolds and, more generally, to real analytic mani-
folds with a torsion-free, analytic, affine connection, such that at a manifold point p € M,
the exponential map is a real analytic diffeomorphism from the tangent space T,,(M) to
M. Examples of manifolds with this property are statistical manifolds with a cubic form
divisible by the metric, as was recently proven. We also give examples of totally geodesic
submanifolds obtained as fixed points of affine transformations of M and, moreover, as
certain submanifolds of connected Lie groups with the 0-connection of Cartan-Schouten.
Finally, we also determine all connected complete totally geodesic surfaces of the Rieman-
nian manifold (7P, ) of symmetric positive definite 2 x 2 real matrices, endowed with the
trace metric g.

Keywords: affine connections; Cartan’s Theorem; totally geodesic submanifolds; Cartan—
Hadamard Theorem
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1. Introduction

The main purpose of this paper is to give a direct proof of Cartan’s Theorem on totally
geodesics submanifolds of manifolds endowed with an affine connection and to describe
some applications. In the case of real analytic Riemannian manifolds with the Levi-Civita
connection, the theorem is originally attributed to Elie Cartan [1]. Cartan’s Theorem states
necessary and sufficient conditions, in terms of the curvature tensor and its derivatives, for
the existence of totally geodesic submanifolds through a point with a given tangent space.
We provide a direct, rigorous proof of the theorem for real analytic manifolds endowed with
a real analytic, torsion-free, affine connection. To the best of our knowledge, it is not easy to
find a rigorous proof, for this general case, in the mathematical literature. We give examples
of totally geodesic submanifolds obtained as fixed points of affine transformations of M
and, moreover, as certain submanifolds of connected Lie groups with the 0-connection
of Cartan-Schouten. Then we apply the theorem to real analytic Hadamard manifolds
with the Levi-Civita connection and to real analytic manifolds M, with a torsion-free,
analytic, affine connection V, such that at a point p € M, the exponential map is a real
analytic diffeomorphism from the tangent space at p, denoted as T, (M), to the manifold
M. Examples of manifolds with this property are statistical manifolds with a cubic form
divisible by the metric, as recently proven in [2]. Totally geodesic submanifolds are very
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important in physics, and in this sense, this research provides a theoretical foundation for
future integrable systems and special submanifolds in general relativity [3].

This paper is organized as follows. In Section 2, we briefly recall fundamental defini-
tions and state the notations used in this paper, and then we prove the preliminary results
on totally geodesic submanifolds. Section 3 is devoted to the proof of Cartan’s Theorem in
the general setting. Also, an application to real analytic, affine, locally symmetric spaces is
given. In Section 4, we apply the main theorem, first to fixed points of certain affine trans-
formations and then to connected Lie groups with the 0-connection of Cartan-Schouten.
Moreover we describe applications to real analytic Hadamard manifolds and to certain real
analytic manifolds endowed with a real analytic, torsion-free, affine connection. Finally,
we determine all connected complete totally geodesic surfaces of the 3-manifold (P, g)
of symmetric positive definite 2 x 2 real matrices, endowed with the trace metric g. Note
that there exist Riemannian or pseudo-Riemannian manifolds, or manifolds with an affine
connection, which have no proper geodesic submanifolds of a dimension greater than 1
(see, for instance, [4,5]). It is then crucial to have tools for constructing such submanifolds,
even locally. Interesting papers on the subject are [6-12].

2. Preliminaries

In this section, we briefly recall some definitions. For further information and proofs
of what will be stated, see, for example, [13,14].

Let (M, V) be a smooth n-dimensional manifold endowed with an affine connection.

(a) The torsion tensor T of V is defined as follows: T(X,Y) := VxY — VyX — [X, Y]
for every pair of tangent vector fields X, Y of M. The connection V is said to be torsion-free
when T = 0.

The curvature tensor R of type (1,3) of V is defined as follows: R(X,Y,Z) :=
V[x,y] Z —VxVyZ+VyVxZ, for every triplet of tangent vector fields X, Y, Z of M. Itis
well known that if V is torsion-free, then the curvature tensor R satisfies the following first
Bianchi’s identity: R(X,Y,Z) +R(Y,Z,X) + R(Z,X,Y) = 0, for every triplet of tangent
vector fields X, Y, Z of M.

An affine transformation of (M, V) is a diffeomorphism f : M — M such that
f(VxY) = Vg x)f«(Y) for every pair of tangent vector fields X,Y of M. Here f, de-
notes the differential map of f, while f.(Z) denotes the f-related tangent vector field of
any tangent vector field Z of M. We will denote by Fix(f) the set consisting of all fixed
points of diffeomorphism f, if it is an affine transformation.

For any m > 0, we denote by V"R the m-th covariant derivative of R defined induc-
tively as follows: V'R := Rand V"R := V(V""IR) when m > 1. Consequently, for any
m > 1 we obtain (V"R)(X1, X2, -+, Xmr2, Xmt3) = Vy (V™ IR) (X1, -+, Xim+2))

m+2
— Y (V™IR)(Xy, - - ,Xj1,Vy i Xj, Xjr1, , Xm+2), whatever the tangent vector fields
]:1 m
X1,X2,- , Xm+2, Xm+3 of M. As is known, if diffeomorphism f is any affine transforma-
tion of (M, V), then we have £, ((V"R) (X1, -+ , Xm43)) = (V"R)(fo(X1), - -+, fi(Ximt3)),
for every m > 0 and for all tangent vector fields X, -, X;,43 of M.
For each p € M, we denote by T,(M) the tangent space to M at the point p and

d
S (0) =,
where v is any vector of T,(M). Furthermore, exp,, denotes the exponential map of (M, V)

by 7(p,0)(t) the maximal geodesic of (M, V) such that 7(,,)(0) = p and

at the point p, while ), denotes the maximal subset of T,(M) on which the map exp,
is defined. It is known that ), is open in T,(M) and star-shaped with respect to the
zero vector 0, of T,(M). Recall that exp,, Qp — M is the smooth map defined by
expp(v) = Y(p)(1) forevery v € Q) and that we can write y(,, ) () = expp(tv) for every
t belonging to the domain of 7, ,) and for every v € T,(M). Itis well known that if f is
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an affine transformation of (M, V), then, for every point p € M, we have £, (Qp) = Qg
and foexp, = expy(, of« on the set (2.

(b) It is well known that there exists a star-shaped (with respect to 0,) open neigh-
borhood Np C Oy of 0, such that the restriction of exp, to Np is a diffeomorphism from

Np onto the open neighborhood N, := expp(ﬁp) of p in M; then N, is called a normal
neighborhood of p in (M, V). Therefore, if {e;,--- ,e,} is any basis of T,(M), then the

n .
mapping expp(ﬂ1 x'e;) — (x1,--+,x™) defines a coordinate system on N, and the real
1=

functions x!

, -, x" are called normal coordinates on Np. If V is any s-dimensional vector
subspace of T, (M) with {eq,- - - ,es} as a basis, then any basis {e1,- - - ,es,€541, - ,en} Of
Tp(M ) that completes the basis {ey, - - - , e5} determines, on each normal neighborhood Np,
normal coordinates that we will call V-adapted normal coordinates. In this case, exp, (VNNp)
is the s-dimensional submanifold of M consisting of the points of N, whose last (1 — s)
V-adapted normal coordinates x5t ... x™ are all zero.

(c) We say that a subset W of M is star-shaped in (M, V) with respect to p € W (or
more simply that W is p -star-shaped in (M, V)) if, for every g € W, there exists a geodesic
segment of (M, V) all contained in W whose endpoints are p and 4. Clearly, for any p € M,
the set exp,(€),) and all normal neighborhoods of p are p-star-shaped in (M, V).

(d) Let S be a smooth submanifold of M. Suppose that there exists an affine connection
V5 on S such that V§Y = VY for every pair of tangent vector fields X, Y of S. We
will then say that the connection V*° is the connection induced by V on the submanifold
S. Suppose then that V induces the connection V° on S. We denote by R® the curvature
(1,3)-tensor of (S, V°), while V" R? is the m-th covariant derivative of R® with respect to

VS (form > 0). Forany p € Sand v € Ty(S) C T,(M), denoteby 7  (t) the maximal

(o)
S
geodesic of (S, V¥) satisfying the initial conditions 'y(sp 20 =7p, ;Z’v) (0) = v, while

expf7 denotes the exponential map of (S, V) at p, and Qf, is the maximal subset of T,(S) on
which the map expg is defined. So we have expg(v) = ,Y(Sp,v) (1) forevery v € Q,S] C Ty(S).

(e) Let M be a real analytic manifold, V be a real analytic affine connection on M, and
S be a real analytic submanifold of M. Suppose that V induces the connection V° on S,
and let p € S. Clearly, V* is a real analytic connection on S. Moreover, both exponential
maps exp,, : 0y — M and expfJ : Qf, — S are real analytic, so normal coordinates on any
normal neighborhood of p are real analytic.

(f) An affine connection V on M is said to be complete if each of its geodesics can be
extended to a geodesic v = (t) defined for every t € R. Clearly, the affine connection V is
complete if and only if we have Q) = T,(M) for every p € M.

(g) Let S be a (smooth) submanifold of (M, V). S is said to be totally geodesic at p € S
if the maximal geodesic 7, ,)(t) of M is contained in S for small values of [t|, for every
v € Ty(S). If S is totally geodesic at every point p € S, then S is called a totally geodesic
submanifold of (M, V). A smooth submanifold S of (M, V) is called auto-parallel if, for every
p €S, X € Ty(S) and for every curve vy in S starting from p, the parallel displacement of
X along v (with respect to V) is tangent to S. In particular, if S is auto-parallel, then V
induces, in a natural way, an affine connection VS onS.

The following facts are known from before.

(g1) Every auto-parallel submanifold of (M, V) is totally geodesic.

(g2) If V is torsion-free and S is any totally geodesic submanifold of (M, V), then S is
auto-parallel, and so V induces a natural affine connection V* on S.

(h) We say that (M, V) is an affine locally symmetric space if for every p € M, there
exists a normal neighborhood U, of p and an affine transformation ¢, : U, — U, which
transforms each point exp,(v) € U, into exp,(—v). The map 0}, is called symmetry at
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p- Furthermore, if for every p € M, the symmetry 0, can be extended to a global affine
transformation of (M, V), the space (M, V) is said to be affine symmetric. We also say that a
space (M, V) (affine locally symmetric or affine symmetric) is real analytic when both the
manifold M and the connection V are real analytic. It is known that:

(h1) (M, V) is an affine locally symmetric space if and only if the affine connection V
is torsion-free and VR = 0.

(h2) If (M, V) is an affine symmetric space, then the connection V is complete.

(h3) If (M, V) is an affine locally symmetric space with M simply connected and V
complete, then necessarily, (M, V) is an affine symmetric space.

From now on, we will always use the notations established before.

In the following proposition, we describe the properties of totally geodesic submani-
folds of a smooth manifold endowed with a torsion-free affine connection, also in terms of
the curvature operator.

Proposition 1. Let M be a smooth manifold endowed with a torsion-free affine connection V, and
let S be a totally geodesic submanifold of (M, V) passing through p . Let V° denote the connection
induced by V on S.

(a) We have Qg C Qyp, and expf, agrees with the restriction of the map exp,, to Qf,.

(b) For every m > 0 and for every Xi,Xo, -+, Xmi2, X3 € Tp(S), we have
(va) (Xl/ Xo, 0, Xmto, Xm+3) € TP(S)~

(c) Let U be any neighborhood of 0, in Ty (S) such that U C Qf,. Then N := expf,(u) isa
neighborhood of p in S, and we have U C Qp, N = exp,(U).

(d) Suppose that V is the Levi-Civita connection of any Riemannian metric on M. If the
totally geodesic submanifold S is connected and complete, then we have T,(S) C Qp and

S =exp,(Tp(S5)).

Proof. (a) Let v € 3, and let (a, B) be the domain of the maximal geodesic 'y(Sp,v) so that
1 € (a, B). Since S is totally geodesic in (M, V), the path 'y(Sp,v) is also a geodesic of (M, V),
so the domain of the maximal geodesic 7y, ) contains the interval («, ), and 7, ,) agrees
with '7(Sp,v) on («, ). Hence v € () and expg(v) = 'y(splv)(l) = V(po)(1) = expp(v).

This proves part (a).

(b) Since S is totally geodesicin (M, V), we have V$Y = VY for every pair of tangent
vector fields X,Y of S. From this, it is easy to get (VmRS)(Xl,X2,~ o X, Xipas) =
(V"R) (X1, X2, -+ , Ximy2, Xuy3) for every m > 0 and every Xy, - -, Xju 43 € Ty(S). This
implies part (b).

(c) Clearly, N contains at least one normal neighborhood of p in (S, VS), soitis a
neighborhood of p in S. From (a), we get U C Qf, CQp and N = expfj(ll) = expp(l,l).

This proves part (c).

(d) Since S is connected and complete, we get Qg = Tp(S) and expg(Tp(S)) =S
(see [13] Thm. 4.2, p. 172). Hence, part (c) implies that T),(S) C Oy and S = exp,,(T(S)).
Therefore, the proof is complete. [

The following corollary describes the uniqueness of totally geodesic submanifolds
under some assumptions.

Corollary 1. Let p be a common point of two totally geodesic submanifolds S, R of a manifold M
endowed with a torsion-free affine connection V, and suppose T,(S) = Ty(R).

(a) The set expp(Qg N Qﬁ) is a p -star-shaped neighborhood of p in both S and R.

(b) If V is the Levi-Civita connection of any Riemannian metric on M, and both S and R are
connected and complete, then we necessarily have S = R.
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Proof. The set Qf, N Q;} is open and star-shaped (with respect to 0,) in T,,(S) = T»(R), so
from Proposition 1 (c), the set expp(Qfg N Qﬁ) is a p -star-shaped neighborhood of p in both
Sand R.

From Proposition 1 (d), we get T,(S) = T,(R) C Qp, and also S = expp(Tp(S)) =
exp,, (Tp(R)) = R, from which part (b) follows. [

3. The Cartan Theorem

This section is devoted to the proof of the main theorem.
We state some notations.
Let (M, V) be a smooth manifold with a torsion-free affine connection, V. Let N,

be any normal neighborhood of the point p € M. We denote by x!,- - ,x" the normal
d

axl’ T g
the local frame on the tangent bundle of M induced by these coordinates. It is clear

coordinates on N, induced by a basis ey, - - - , e, of T,(M) and by 91 :=

that x'(p) = 2*(p) = --- = x"(p) = 0,and 9y, = ey, - ,0n|, = ex. We denote by
l"l-h-, Rh‘k, Rh‘k- I,...;. the components, with respect to the coordinates x1, ..., x", of the affine
] 1] K i1 m

connection V, of the curvature tensor R, and of the m-th covariant derivative of R (m > 1),
respectively. More explicitly, for every m > 1 and every i,j,k,I1,--- I, € {1,--- ,n}, we

n n
set : Vaiaj = hgl Fil} on; R(ai,a]', ak) = h§1 R?jk o ; (V’"R)(ai, aj, Ok, 811,- - ,alm) =

o
)3 Rijk-h---l ah-

m

Asisknown, forallt > 1and i,j,k h,1y,--- Iy € {1,--- ,n}, we have the following:

oT! ar-;;( n
Rl = 5 = 5 + 1o (ThIj = TRrh); M)
1 ox/ oxi = k™ jr jk*ir
OR™ n
h _ ijk;lelpq h
Rignty = —30 + r_zlrrlter'jk;lynlf,l €)
n
h h h
- (]'—‘Z‘rlthjk;l]"'lt,l + r]?/ltRl'Vk;ll"'lt,l + ]'—‘]:lfRijT’;ll"'lf,l)
r=1

t—1 n B

.

=2 Y TR v ey
v=1r=1 T
v—th

place

t—1 n
In (2), we agree that when t = 1, the lastsum )Y )} (---) does not appear, and the
g=1r=1
term Rg‘k;ll---lH is equal to Rf,;,k , for all indices i,j, k, h.
om Tk
. . . h o l]
Subsequently, it will be convenient to set T Il (where m > 1),
whatever the indices 7,7, h,1y,- -+ , I, € {1, - ,n} are.

As above in (2), we agree that when m = 0, any term of the form F?j Loy reduces

to I‘Z. , for all indices i,j,h. From now on, we will always use this agreement on the
h

i, b

The following lemma is a useful tool for simplifying computations in the proof of the

coefficients Rzk;llmlt and T
main theorem.
Lemma 1. Ifx!,- .-, x" are normal coordinates on a normal neighborhood of p in (M, V) and

the affine connection V is torsion-free, then we have
(a) Fi’}(0,~ --,0) =0, forevery i,jh e {1,--- ,n};
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® ¥

il dm=1
he{l,---,n} and m>1.

1”1.’]1. Lol (0,---,0) v'vivh - ..ol = 0, for every (v!,--- ,v") € R", where

v") € R", the curve in (M, V) which, in the coordinates x!, - - - , x",

is expressed as x! = tv!,- .-, x" = tv" is a geodesic for |t| small enough, i.e., the equations
d?x" n dxt dx/ n -

— 4+ T(tol, - o) — = = T(t0l, .- to") ool = 0 are satisfied, for ever
Adt2 i,jZ:1 z]( ) dr dt i,jZ:1 1]( ) y

h =1, ---,n and for every |t| small enough. Since V is torsion-free, we have Fi? = F]fl?.

Proof. If we fix (vl cen

n .o n .
Hence, for t = 0, weget 2 Y T/(0,---,0)0'v/ + Y. TH0,---,0)(¢))2 = 0, for
1<i<j<n i=1

h =1, ,n. Since these equations hold for every (v!,---,0") € R", from the identity
theorem for polynomials, we obtain (a).

n PR
If we differentiate m times with respect to t the identity }, Tl-’} (tol, -+, to") v/ =0
ij=1
and evaluate the result for t=0, we obtain (b). O
The following theorem is essentially attributed to Elie Cartan, in the case where V is
the Levi-Civita connection of a Riemannian metric on M [1].

Theorem 1. Let (M, V) be a real analytic manifold with a torsion-free real analytic affine con-
nection. Let p € M and V be a vector subspace of T,(M) such that, for any m > 0 and any
X1,X2, X3 € V, we have (V™R)(Xq,Xo, -+, Xmy3) € V. Consider any normal
neighborhood N, = expp(ﬁp) of pin (M, V), then expp(Np NV) is a totally geodesic real
analytic submanifold of (M, V) that passes through p and has V as its tangent space at p.

Proof. Letx!, -, x" be V-adapted real analytic normal coordinates on N, . So, we have
expp(NpﬂV) ={g €N, : x(g) = -+ =x"(g) =0}, where1 < s = dimV <
n = dim M. We now denote by A the subset of R"” defined as follows: A := {x :=
(xl, - ,x%,0,---,0): x1,--- ,x%,0,- -+ ,0 are coordinates of some g € Np}.

e e

We alsoset0:= (0, --,0). Asusual, letT
H’—/

n
components of V, R and V"R (m > 1) with respect to the coordinates x!,- - -, x". Using

h Rh Rh

iir Rijer Rijes1y o1, denote, respectively, the

the V-adapted normal coordinates xl, .-+, x" the assumptions about R and its covariant
derivatives at the point p can be expressed in the following form:
(1) ng(g) =0 and Rg'k,-ll---lm (0) =0, foreverym>1, everyhe {s+1,---,n},
and every i,j, k11, -+ 1y, € {1,--- ,s}.
Recalling Lemma 1 (a) and equalities (1) and (2), the conditions (1) are equivalent to
h
(@) T% . (0) =Tk (0) Rije (0) =0, and R st~ (0) = 0, for every m > 2
2 lk,] ~) ]k,l =) axll ~2) — Y axlm =) — Y y Z
every i, j k1, - Iy € {1,---,s}, andevery h € {s+1,--- ,n}.
To prove the theorem, it is sufficient to prove that Fi’} (x) =0, forevery x € A, every

i,je{l,---,s},and everyh € {s+1,---,n}. By Lemma 1 (a), we have FI?(Q) =0 for

every i,j,h € {1,---,n}. Since M and V are real analytic, all functions Fg are real analytic
(with respect to x1,---,x%) on the connected set A. Hence, it suffices to prove the following;:

(a3) Fi?,l1<<-lnl (0) =0, foreverym >1, every i,jlj,---,ln € {1,---,s}, and
everyh € {s+1,---,n}.

We will prove the conditions («3) in several steps.

(Step i) Fix an integer m > 2. Suppose the following two conditions hold:

ab,0(Q) = Ty 010,(Q) = -+ = Tgp 4.4, (Q) =0 3)
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foreverya,b,ay, -+ 0, € {1,--- ,s}andeveryc € {s+1,--- ,n};
dpr
a Rubc;ul--~uz (0) — 0 (4)

axwl . axwd

forevery 1 < d < m—1, everyz > 0, every r € {s+1,---,n}, and every
a,b,cuy, -, ugwy, e, wg € {1, s}
Fix any integer t > 1, any i,j,k Iy, -+ ,Li—1,1t,01,--- {m € {1,---,s}, and any
he{s+1,---,n}. Then we assert that we have the following:
am—&-lRZk;ll“_lr_1 )
Oxltoxtr ... 9xlm =

d"R

- ]k;ll . lt _

o ox%1 . .. 9xCm (Q> 0. (5)
Now, we will prove equality (5). Let g be an integer such that 1 < g < m.

Differentiating equality (2), with the same agreements used in (2), we obtain
the following:

h 1ph h
aqu]k,lllt _ aq+ RZ‘]’k;ll'“lt,l 6 aq(rrlthjk,lll[,l)
oxé---9xbr  Qxloxbi-..oxbe = 9xb ... 9xbe
h h h
- [P TR ) O T R ) O T R, )
—1 axgl . e axéq axgl PP axgq axél “ e axgl]

(6)

n
- fle i NI | Riny v o y)
o=1 r=1 9x%1 - .- 9xba '

h
aq(rrltR:"jk;ll"'lt_l)

ox&1 - - 9xba
form Dﬁ(rrhl,) (0) - quﬁ(Rzrjk;llmlt,l) (0) with0 < B < g, where Dg and D,_g are suitable

partial derivatives of order  and g — 8, respectively (with the agreement that Dy(f) = f,

Any partial derivative (0) is a linear combination of terms of the

for any function f).
Assume 1 < r <s. From Lemma 1 (a) and condition (1), we obtain Dﬁ(l"rhlt) (0) =0,
for every 0 < B < m, Thus, since g < m, we conclude that

h
aq(rrltR;jk;ll---lt,l)

oxé1 .. .axgq (Q) =0 @)

foreveryr e {1,---,s}.
Similarly, the following equalities are also obtained:

h h
aq(rirerrfk:ll“'lrfl ) 91 (r]rlthjk;ll"'lt—l )

axgl . axgq (Q) = axgl . axg‘q (Q) (8)
_,aq(réhRZ?ﬂy4p4)(0)__aq(rﬁlJ{Zhhx~r~4p1)(0)__0
o 9xli- . 9xbe e ox%1 - - . 9xba -

foreveryre {s+1,---,n}.

Now assume s+ 1 <r < n.

Since g — B < m — 1, from (1) and condition (4), we get Dq*ﬁ(Rzrjk;llmlt,l) (0) =0,
forevery 1 < B < g, while when g = 0, we get DB(Frhlt) (0) =0, from Lemma 1 (a).
0) =0, forevery 0 < g <gq.

In any case, we have Dﬁ(rrhlt) (0) - Dq—ﬁ(erjk;ll---lt,l) (

h pr
aq(rrltRijk;ll---lt_])

ox%1 - - - 9xba

So we conclude that

(0) =0, ©)
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forevery r € {1,---,s}. Similarly, we obtain the following:
r Rh r Rh
aq(rlltRT]k,'llltfl) (0) _ aq(r]l,Rr]k;hlt—l) (0> (10)
oxl1 .. 9xba - ox% .. 9xba -
h h
AN RE ) 0 - CRIOVN SRR 0 =0
ox%1 - - - 9xba ox%1 - - - 9xba - ’
foreveryr € {s+1,---,n}. Therefore we conclude
+1iph h
a1 Rijk;ll"'lt—l _ aqRifk;ll"'lt (0) (11)
oxhoxér-..9xb 7 9xfr...9xb
for any integer g such that 1 < g < m.
In particular, we have the following;:
m+1ph mph
J Rijk;ll"‘lf—l ) = 0 Ri]'k;lr“lt (0) (12)
oxttoxb1 ... 9xlm = 9xb1...9xbm 7

If m =1, from (ap) we obtain (5).

Note that (11) holds for any integer t > 1, any 4,7,k I, -+ ,l;_1,1;,C1,- - {m €
{1,---,s},andany h € {s+1,---,n}.

Therefore, if m > 2, from (11) (with g = m —1 > 1), and from condition (4), we
deduce the following;:

amRh amfth

l]k,lllt l]k,lllt€1
0) = 0)=0; 13
axCI e axgm (7) axg2 “ee axC’” (7) ( )

Thus, (12) and (13) imply that condition (5) also holds for m > 2.
(Step ii) Fix an integer m > 0. When m > 2, we assume that the following two
conditions hold:

h
_O"RG (0) =0 (14)
9x61 ... 9xlm !

forevery i, j,k,Cy, - {m € {1,--- ,s},andevery h € {s+1,--- ,n};

acb,ocl (Q) = Facb,alaz(g) == acb,a1~~-am,1 (Q) =0, (15)

foreverya,b,ay, -+ 01 € {1,--- ,s}andeveryc € {s+1,--- ,n}.

Then we assert that, for any m > 0, we have ri}llc,jﬁlmﬁm (0) = rj]/;(/iﬁl“'ﬁm (0), for
every i,j,k,B1,--- Pm € {1,---,s}, andevery h € {s+1,--- ,n}.

We now prove this statement. When m = 0, it follows from («;) and Lemma 1 (a),
keeping in mind equality (1).

Now assume m > 1. Differentiating equality (1), we get the following;:

omRM
1
5o onfr @ = Tk g @ = Thipyp, (O + (16)
i am(rirkrj};) B am(r]‘;}criﬁ) )
oxB1 - .. QxPm = oxB1 ... QxBm |7

r=1
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When m = 1, equality (16) becomes the following:

aRZ'k h h

oxP1 Q) = Ti,jp, (O = Tir,ip, @+ (17)
n
Y (Thp, (QTE(Q) +TH(Q)T] 5 (0) =T 5 (T Q) =TR (Q)TE 45 (0)).

r=1

Therefore the statement follows from (x;) and Lemma 1 (a).
Finally, let m > 2. Consider equality (16) again.
h
9" (Fii;crjr)

ax,Bl e ax,Bm
Dg(Tj) (0) - Dm,ﬁ(l"};) (0), with 0 < B < m. As in (Step i), and with the same agreements,
Dg and Dy, are suitable partial derivatives of order f and m — B, respectively. We have
Dg(Tf) (0) = 0 for B =0, and Dm_ﬁ(l"]-};) (0) = 0 for B = m, both by Lemma 1
(a). Meanwhile, for 1 < B < m —1, by condition (3), we have Dg(I'};) (0) = 0 with
re{s+1,---,n}, and Dm_ﬁ(l”ﬁ) =0 withr € {1,---,s}. Therefore, for every integer
B € [0, m]|, wehave Dg(T';)(0) - Dm_ﬁ(rﬁ) (0) =0, and we obtain the following:

Any partial derivative (0) is a linear combination of terms of the form

om(rirh)
]1’
———(0) =0, 18
axlsl P axﬁm (7) ( )
foreveryr € {1,---,n}, and similarly,
omM(Tr T
jk=ir
——(0) =0, 19
oxP1 ... 9xPm (*) ( )

forevery r € {1,--- ,n}. Therefore, from condition (14), we obtain the statement for m > 2.
(Step iii) Letm > 0. Assume that the following conditions hold:

T gy pn(©@ =Tl igp, (O), (20)

forevery i,j,k,B1, -+ Bm €{1,---,s},andevery h € {s+1,---,n}.
Then necessarily, ri’},kﬁl-vvﬁm (0) = 0, for every i,j,k, By, Bm € {1,---,s}, and
every he {s+1,---,n}.

First of all, we note that, after exchanging m with m + 1 and after setting v°™! =
v’1t2 = ... = ¢" =0, the conditions of part (b) of Lemma 1 become the following;:
h i i1 st
y I}y Q) violoh - ofw =0, (21)
1/]rllr"' rlnl+1:1

for every (v!,---,0°) € RS, forevery h € {1, ,n}.

Clearly, the coefficients I“l-’]? I (0) are symmetric with respect to the indices i, j

1 lm+1
and with respect to the indices Iy, --,l,4+1 (for every fixed h € {1,---,n}). Since
condition (20) holds, we deduce that, for every fixed h € {s+1,--- ,n}, the coefficients
0) are symmetric with respect to all indices i,j,1,- - - ,Iy. Therefore, from (21)
h

- ij, e Iy
i,jli, - lyv1 € {1,---,s}, and every h € {s+1,---,n}. Thatis what we wanted

to prove.

h
rijrll"'lnl+l(

and from the identity theorem for polynomials, we obtain I (0) =0, for every

(Step iv) We assert that, for every integer m > 1, the following two conditions hold:

acb,ocl (Q) = racb,txltxz (Q) == racb,txlmlxm (Q) =0, (22)
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foreverya,b,ay, -+ ,am, € {1,--- ,s},andeveryc € {s+1,--- ,n}; whenm > 2, we have

adRZbc;u Uy
m (0) =0, (23)
for every 1 < d < m—1, every z > 0, every r € {s+1,---,n}, and every
a,b,cuy, -, ugwy, e, wg € {1, s}
If m = 1, the above conditions follow from (Step ii) and (Step iii) (both for m = 0).
If m = 2, we obtain the same condition again from (Step ii) and (Step iii) (both for
m = 1) and from («y).
We will now prove the statement by induction on the integer m > 2.
Therefore, assuming that conditions (1) and (2) are true for m > 2, we will prove that
they are also true for the next integer m + 1.
In fact, from (Step i), conditions (22) and (23) imply
am+1Rf}k;zl...zt71 0) = amR?jk;zl..'lf (0) =0, (24)
ox'toxt - - - 9xlm dx%1 - - - 9xlm

for any integer + > 1, any i,j,kI1,--- ,li—1,1t,C1,-- {m € {1,---,s}, and any h €
{s+1,---,n}. In particular, condition (23) also holds for the integer m + 1. Furthermore,
from (Step ii) and (Step iii), it can be deduced that, for the integer m 4 1, condition (22)
also holds. Therefore, the statement in (Step iv) is fully proven.

Clearly, (Step iv) implies condition (20), and as already noted, this is sufficient to
prove Theorem 1. O

The following proposition describes totally geodesic submanifolds of a real analytic
affine locally symmetric space, with a given tangent space at a point, under assumptions
on the curvature operator.

Proposition 2. Let (M, V) be a real analytic affine locally symmetric space. Let p be a point of M,
let N, = expp(ﬁp) be a normal neighborhood of p in (M, V), and let V be a vector subspace of
T, (M) such that we have R(X,Y,X) € V forevery X,Y € V. Then expp(Np NV) isa totally
geodesic real analytic submanifold of (M, V) that passes through p and has V as its tangent space
at p.

Proof. From (h1) in the Preliminaries, the affine connection V is torsion-free, and VR = 0.
Therefore, by Theorem 1, it is sufficient to prove that we have R(X,Y,Z) € V for every
X,Y,Z € V. Let X, Y, Z be arbitrary vectors of V. From the hypotheses, we obtain R(X +
Z,Y,X+Z)=R(ZY,2)+R(X,Y,Z)+R(Z,Y,X)+ R(X,Y, X) € V or equivalently the
following (always keeping the hypotheses in mind):

R(X,Y,Z)+R(Z,Y,X) € V. (25)
From Bianchi’s first identity, we have R(Z,Y,X) = —R(X,Z,Y) — R(Y, X,Z), so

we get
R(Z,Y,X) = —R(X,Z,Y) + R(X,Y, Z). (26)

Consequently, from (25) and (26), we obtain the following:
2R(X,Y,Z)—-R(X,Z,Y) €V, (27)

or equivalently,
4R(X,Y,Z)-2R(X,Z,Y) e V. (28)
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By exchanging the vectors Y and Z in (27), we get the following;:
2R(X,Z,Y)-R(X,Y,Z) € V. (29)

Finally, adding the terms of (28) and (29), we get 3R(X,Y, Z) € V or equivalently
R(X,Y,Z) € V. This concludes the proof. [

4. Some Consequences

In this section, we describe some applications of previous results.

The following lemma describes the local properties of the set of fixed points of
affine transformations of a real analytic manifold endowed with a torsion-free real
analytic connection.

Lemma 2. Let (M, V) be a real analytic manifold with a torsion-free real analytic affine connection.
Consider an affine transformation f of (M, V) and any fixed point p of f. Then there exists
a normal neighborhood N, = expp(Np) of p in (M, V) such that we have N, N Fix(f) =
exp,, (Np N Ep(1)), where E,(1) is the eigenspace relative to the eigenvalue 1 of the differential
map fi : Ty(M) — Tp(M).

Proof. Choose a normal neighborhood N, = expp(ﬁp) of pin (M, V) such that there
exists a neighborhood Nj of the zero vector of T, (M) satisfying the following conditions:

(i) f«(Np)and N, are both contained in N;

(ii) expp(NO) is a normal neighborhood of p in (M, V).

If g € Ny N Fix(f), then f(q) = q,and g = expp(v) where, v € Np. Since f is an affine
transformation, we have exp,,(f:(v)) = f(exp,(v)) = f(q) = g = exp,,(v). From (i), both
vectors v and f,(v) belong to N,, while from (ii), the restriction of the map exp, to N, is
injective. Consequently we have f,(v) = v,and so g € expp(Np NEy(1)).

Conversely, if g = expp(v) withv € Np NEp(1), then we have f(q) = f(expp(v)) =
exp,(f«(v)) = exp,(v) = q. Finally q € exp(Np) N Fix(f) = Np N Fix(f), and the proof
is complete. O

The following proposition describes the global properties of the set of fixed points
of an affine transformation of a real analytic manifold endowed with a torsion-free real
analytic connection. In particular, it provides examples of totally geodesic submanifolds.

For the analogous result in the particular case of the Levi-Civita connection of a
Riemannian manifold, see [6] [Lemma 2.1]. Furthermore, a complete description of the set
of fixed points of all isometries of the Riemannian manifold (P, g) of symmetric positive
definite real matrices of order n (endowed with the trace metric g) can be found in [15,16].

Proposition 3. Let (M, V) be a real analytic manifold with a torsion-free real analytic affine
connection, and let f be an affine transformation of (M, V). Then every connected component
S of Fix(f) is a totally geodesic real analytic submanifold of (M, V). Furthermore, if the affine
connection ¥V is complete, then the induced affine connection V° is also complete.

Proof. Let S be a connected component of Fix(f), and let p € S. From Lemma 2, there
is a normal neighborhood N, = expp(ﬁp) of p in (M, V) such that N, N Fix(f) =
expp(Np NEy(1)), where Ey(1) = {u € T,(M) : fix(u) = u}. In particular, N, N Fix(f) is
connected. Since S is a connected component of Fix(f), we get Ny NS = expp(Np NEy(1)).
This implies that Nj, N S is a real analytic submanifold of M whose dimension is equal
to the dimension of the eigenspace E,(1). The arbitrariness of p € S and the connect-
edness of S imply that the dimension of E,(1) is independent of p € S. We conclude
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that S is a real analytic submanifold of M whose dimension is equal to the dimension of
Ey(1) (where p is an arbitrary point of S). Moreover, we have T,(S) = E,(1). Now
let m > 0and Xq,Xp,--+,X;uy3 € Tp(S) = Ep(1). Since f is an affine transforma-
tion, we have f.((V"R)(X1, X2, -, Xm13)) = (V"R)(fe(X1), fo(X2), -+, fu(Xmy3)) =
(V"R)(X1, X2, -+, Xiy3). Therefore, (V"R)(Xy, Xa, -+, Xiuy3) € Ep(1) = Tp(S) . From
Theorem 1, we conclude that N, N S = expp(ﬁp N Ep(1)) is a totally geodesic real analytic
submanifold of (M, V) . Therefore S is totally geodesic at every point p € S, and so the real
analytic submanifold S is totally geodesic in (M, V).

Now suppose that V is complete, so T,(S) = E,(1) C T,(M) = Qp, i.e., the map
exp,, is defined at every point of E,(1). Since f(p) = p and foexp, = exp,ofi, we
deduce that exp,, (Ep(1)) is a connected subset of Fix(f) containing p. So exp,, (Ep(1)) =
exp,, (Ty(S)) C S. Hence, for every v € T,(S) and every t € R, we have exp,(tv) =
V(po)(t) € S. Consequently, 7(, ) (t) is also a geodesic of (S, V%) which is defined for all
t € R,and so T,(S) = QISJ, ie., expg is defined on the entire tangent space T, (S) = E,(1).

Since p is an arbitrary point of S, it follows that the connection V* is complete. []

The following proposition provides local totally geodesic real analytic submanifolds
of a real analytic affine locally symmetric space, with a tangent space at a fixed point of an
affine transformation f equal to the eigenspace of the —1 eigenvalue of f..

Proposition 4. Let (M,V) be a real analytic affine locally symmetric space, f be an affine
transformation of (M, V), p be a fixed point of f, and N, = expp(ﬁp) be a normal neighborhood
of pin (M, V). Let Ep(—1) := {v € Ty(M) : f.(v) = —v}. Then exp,, (NpNEp(—1)) isa
totally geodesic real analytic submanifold of (M, V) passing through p and with E,(—1) as its
tangent space at p.

Proof. By Proposition 2, we need to prove that we have R(u,v,u) € E,(—1) for every
u,v € Ep(—1). Letu,v € Ep(—1), so fi(u) = —u and f,(v) = —v. Since f is an affine
transformation, we have fi(R(u,v,u)) = R(fi(u), f«(v), f+(u)) = R(—u,—v,—u) =
—R(u,v,u). Therefore R(u,v,u) € E,(—1), and so the proposition is proven. []

The results given above can be applied within Lie algebra, and it follows in the
next remark.

Remark 1. Let G be a connected smooth Lie group, with identity e and Lie algebra g = T,(G).
Denote by V° the classical 0—connection of Cartan—Schouten on G which is defined on left-invariant
vector fields X, Y by the following formula :

VY = L[X,Y]. The following facts are well known.

(@) (G,VY) is an affine symmetric space; left and right translations and the inverse map
] : ¢ — g ! are affine transformations of (G, V), while the curvature RO of V° is given at the
identity e by the formula R°(u,v,w) = %Hu, v],w| for every u,v,w € To(G) = g (see, for
example, [17] (pp. 148, 549-550).

(b) If h is any smooth bi-invariant semi-Riemannian metric on G, then the Levi-Civita
connection of (G, h) is always the O-connection of Cartan—Schouten V° (see again [17] (pp. 148,
549-550)). Therefore, (G, h) is a (complete) symmetric semi-Riemannian manifold.

(c) The smooth Lie group G inherits a natural real analytic structure (compatible with the
C®-structure of G) that makes it a real analytic Lie group. With respect to this real analytic
structure, the 0—connection of Cartan-Schouten V° is real analytic.
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The following proposition describes totally geodesic submanifolds of a connected Lie
group endowed with the 0-connection of Cartan-Schouten, with an assigned tangent space
at the identity.

Proposition 5. Let G be a connected Lie group with identity e, and denote by V° the 0—connection
of Cartan-Schouten of G. Let N, = exp,(N.) be a normal neighborhood of e in (G, V°) and
V be a vector subspace of T,(G) such that we have [[u,v],u] € V for every u,v € V. Then
exp,(Ne N V) is a totally geodesic submanifold of (G, V°) passing through e and with V as its
tangent space at e.

Proof. The statement follows directly from Proposition 2 and Remark 1 (a) and (c). O

Remark 2. We say that a Riemannian manifold (M, g) is a Hadamard manifold if it is simply
connected and complete with non-positive sectional curvature everywhere. Recall that the well-
known Cartan—Hadamard Theorem states that if (M, g) is any Hadamard manifold, then for
every p € M, the exponential map exp, is defined on the entire tangent space T,(M) and is a
diffeomorphism from T, (M) onto M. Consequently, the entire Hadamard manifold M is a normal
neighborhood (with respect to the Levi-Civita connection of ) of any of its point p. Furthermore, it
is clear that if (M, g) is real analytic, then its Levi-Civita connection is also real analytic.

In the following proposition, we consider a real analytic Hadamard manifold with
the Levi-Civita connection, and we prove that under assumptions on the curvature, there
exists a unique and totally geodesic submanifold with assigned tangent space at a point.

Proposition 6. Let (M, g) be a real analytic Hadamard manifold with V as a Levi-Civita connec-
tion. Let p be a point of M and V be a subspace of T,(M). We denote by exp,, : Tp(M) — M the
exponential map of (M, g) at the point p. Then:

(a) There exists a connected complete totally geodesic submanifold S of (M, §) such thatp € S
and Ty(S) = V if and only if, for every integer m > 0 and every Xq,- - , Xyu13 € V, we have
(V"R)(X1, -+, Xms3) € V;

(b) If such a submanifold S exists, it is unique, and we have S = exp,(V), and S, endowed
with the metric induced by g, is a real analytic Hadamard manifold.

Proof. The necessity of the conditions expressed in part (a) is a consequence of
Proposition 1 (b). Conversely, if these conditions are satisfied, then Theorem 1 and
Remark 2 imply the existence of a totally geodesic real analytic submanifold S of (M, g)
such that p € S, Tp(S) = V, and exp,(V) = S. As in the proof of Proposition 3, we
can easily deduce that the exponential map expf, is defined on the entire tangent space
T,(S) = V. This is sufficient to conclude that the Riemannian submanifold S is complete
(see [13] Cor. 4.3, p.175). The map exp,, v is a diffeomorphism from V onto S = expp(V),

since it is the restriction to V' of the diffeomorphism exp,, from T,(M) onto M. Hence S
is simply connected. Since S is totally geodesic in (M, g), all the sectional curvatures of
the Riemannian submanifold S are equal to the respective sectional curvatures of (M, g)
and are therefore non-positive. Therefore, the Riemannian submanifold S is a Hadamard
manifold. Finally, the uniqueness of the submanifold S follows from Corollary 1 (b). This
concludes the proof. [

Remark 3. A more general but much more complicated version of Proposition 6, in the smooth
Riemannian case, has been proven by R. Hermann [18].
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We note that for an arbitrary torsion-free affine connection, the classical Cartan—
Hadamard Theorem does not hold; however, the proof of Proposition 6 allows us to
state the following.

Proposition 7. Let (M, V) be a real analytic manifold with a torsion-free real analytic affine
connection. Suppose that there exists p € M such that the exponential map exp, is defined on
the entire tangent space Ty, (M) and is a diffeomorphism from T,(M) onto M. Let V be a vector
subspace of T,(M) such that, for every integer m > 0 and every Xy, Xp,- -+, Xpy3 € V, we
have (V™R)(X1,Xa,- -+, Xm+3) € V. Then there exists a simply connected totally geodesic real
analytic submanifold S of (M, V) such that p € S and T,(S) = V. Furthermore, we have

S = expp(V).

In order to describe examples to which Proposition 7 can be applied, we remark that,
recently, a Cartan-Hadamard-type theorem has been proven for a class of statistical mani-
folds, precisely for statistical manifolds with cubic forms divisible by the metric [2]. Further
generalizations of the Cartan—-Hadamard Theorem, which allow us to apply Proposition 7,
can be found in [19,20].

The following Example 1 allows us to obtain geodesic triangles that are not contained
in any two-dimensional totally geodesic submanifold of the ambient manifold.

Example 1. We remark that in the case of the Heisenberg group H3, following [5], we can easily
verify that, given a left-invariant metric g on Hj, there exist an orthonormal basis of the Lie algebra
of Hs, {E1, Ea, E3}, and a positive constant c, such that the Riemann curvature tensor R of (Hz, g)
satisfies R(Eq,E3)E; = _%CzEZ. Therefore, the condition of Theorem 1 is not satisfied (when
m = 0) for the triplet E1, E3, Eq; this implies that there is no two-dimensional totally geodesic
submanifold of (Hs,g) containing the geodesic triangle with vertices I,, exp(E1), and exp(Es3)
(where I, is the identity of H3). Actually, much more can be said: it has been proven that in (Hs, g),
there are no two-dimensional totally geodesic submanifolds [5].

Many examples of geodesic triangles that are not contained in any two-dimensional
totally geodesic submanifold can be constructed by using the next Proposition 8 that we
are about to prove. First we need to recall some known facts about the manifold (7P, g) of
symmetric positive definite real square matrices of order 2, endowed with the trace metric g.

10
0 1
of symmetric 2 x 2 real matrices, and by [, | the usual commutator of two square matrices.

We will denote by I, := € P, the identity matrix of order two, by Sym, the space

The known properties we will use are as follows:

(i) (P, g) is a real analytic symmetric Hadamard manifold.

(ii) Atpoint I, € P,, we have: Ty, (P,) = Sym, and also glz(X, Y) = trace (XY),
R, (X,Y,Z) = ;-[X,Y],Z], &, (R(X,Y,Z),W) = j-trace ([X,Y]-[Z,W]), for every
X,Y,Z,W € Ty, (P,) = Sym,. Furthermore, the Riemannian exponential map of (P,,g) at
I, is the matrix exponential map exp : Sym, — P;.

(iii) The map (A, X) — T4(X) := AXAT (for A € GL,(R) and X € P,) defines a
transitive isometric action of the general linear group GL(R) on (P, g).

(iv) For every c > 0, the set Py(c) := {Q € P, : det(Q) = c} is a two-dimensional
simply connected complete totally geodesic submanifold of (P,,g), and for every
A € GLy(R), we have T4 (Pa(c)) = Pa(c-det(A)?).

(v) The maximal geodesics of (P,, g) starting from I, are exactly the paths of the
form 7y, x)(t) :=exp(t X) (t € R) where X € Sym, so the maximal geodesics of (P2, g)
are exactly the maps t — ya(exp(tX)) = Aexp(tX)AT (t € R) where X € Sym,
and A € GLy(R). We say that a non-constant maximal geodesic t — 74 (exp(t X)) is
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non-vertical when X # Al for all A € R\ {0}, while it is said to be vertical when X = AI,
for some A € R\ {0}; clearly, a maximal geodesic is vertical if and only if its image is a
half-line of the form R™ - Q:={tQ: t € R, t > 0}, for some fixed Q € P,.

(vi) We finally say that a set C C P, is a vertical geodesic cylinder if there exists
a non-vertical and non-constant maximal geodesic a(t') of (P, g) such that we have
C={t-a('): t,t € R, t> 0}; in other words, any vertical geodesic cylinder is the
union of the vertical maximal geodesics passing through all the points of the image of a
non-vertical maximal geodesic of (P, g). Clearly, for each A € GLy(R), the isometry I'4
maps every vertical geodesic cylinder onto a vertical geodesic cylinder.

For details and further information, see, for example, [16,21].

Proposition 8. The two-dimensional connected complete totally geodesic submanifolds of (P, g)
are exactly all vertical geodesic cylinders and all submanifolds of the type Pr(c) = {Q € P, :
det(Q) = c}, with ¢ > 0. Furthermore, every vertical geodesic cylinder is isometric to the
Euclidean plane, while, for any ¢ > 0, the Riemannian submanifold P, (c) is isometric to the

hyperbolic plane of curvature — %

Proof. Keeping in mind the previous properties (iv), (v), and (vi), it is clear that it is
sufficient to prove the following two statements (a) and (b):

(a) The two-dimensional connected complete totally geodesic submanifolds of (P, g)
passing through the identity I, are exactly all sets of the form Cp := {s-exp(tB) : s,t €
R, s > 0} with B € Sym, and B # AL for every A € R, in addition to the set P»(1);

(b) Each set Cg of condition (a) is a two-dimensional Hadamard manifold with constant
curvature equal to zero, while the Riemannian submanifold P, (1) has constant curvature
equal to —%.

Let us therefore prove conditions (a) and (b).

From Proposition 6 and properties (i) and (ii), we deduce that the two-dimensional
connected complete totally geodesic submanifolds of (P, g) passing through the identity
I, are exactly all sets of the form S = exp(V), where V is a two-dimensional subspace of
Sym y such that

[[X,Y],Z] € V forevery X,Y,Z € V. (30)

Now, fix any two-dimensional subspace V of Sym, and any orthonormal basis E, F of
V (with respect to g, ). Note that the 2 x 2 matrix [E, F] is skew-symmetric; consequently,

? _01> for some u € R. Remembering property (ii), we get

that the sectional curvature (V) of the section V is K(V) = g, (R(E,F,E) F) =

we have [E, F|] = pu- <

1 0 2
and only if XY =YX forevery X,Y € V. Note that the latter condition is equivalent to

2
1 2 1 2 (0 —1 y :
1 - trace ([E, F]?) = j - trace (y : ) = —*— . Therefore, we have K(V) = 0 if

the condition I, € V, since the codimension of V in Sym, is equal to 1.

First, assume that (V) = 0. So, if B € V is not a multiple of I, then {I;,B} isa
basis of the vector space V. Furthermore, obviously V satisfies condition (30). Therefore,
we conclude that the set Cp := exp(V) = {exp(x I, + y B) : x,y € R} is a simply connected
complete totally geodesic submanifold of (P,, g). Furthermore, since I; and B commute,
we have exp(x I +yB) = exp(x ) - exp(y B) = e - exp(y B), for every x,y € R. Hence,
Cp = {t-exp(yB) : t,y € R, t > 0}. Since the map y — exp(y B) is an arbitrary non-
vertical maximal geodesic of (P, g) starting from I, the submanifold Cp is an arbitrary
vertical geodesic cylinder passing through I,. Furthermore, since Cp is a connected complete
totally geodesic submanifold of the symmetric Hadamard manifold (P, g), then Cp is also
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symmetric, and its curvature at the point I is K (T}, (Cp)) = K(V) = 0. It follows that the
curvature of Cp is zero at every point.

2
Now, assume that (V) = —% # 0, where V := {<x ]/) € Symy : ax + By +
y z

vz = 0} (for some «, 8,7 € R, a? + B2+ 9% > 0), while u is the non-zero constant

defined by the equality [E,F] = u - (0 N

10 ) (with {E, F} arbitrary orthonormal basis

of V). Assume that condition (30) holds. The matrix H; := <g le> belongs to V,

and so the matrix [[E,F],H1] = p(a+7) - (1) (1)> also belongs to V. The hypothesis
K (V) # 0 implies that I, does not belong to V, and consequently & + 7 # 0. This implies
that B = 0. Therefore, the matrices H := (1) (1)>, [[E,F|,Ha] = 2u - _01 (1)> also

belong to V, and this implies that « = ; hence the space V is necessarily equal to
Vy = {(; Z) € Symy : x+z =0} = {x € Sym, : trace (X) = 0}. Conversely,

the vector space V) = {x € Symy : trace (X) = 0} clearly satisfies condition (30).
Remembering the identity det (exp(X)) = 7€ (X) we conclude that, in the case where
K(V) # 0, we obtain only the submanifold exp(Vp) = P2(1) = {Q € P, : det(Q) = 1}.

An orthonormal basis of V) is given by {EO = % . <_1 0>, =1 (O 1) }, and

0 1 V2 \1 0
a simple calculation shows that [Ey, Fy] = (1) . S0, for the subspace V;, the constant
u is equal to 1; this implies that (V) = f%. Arguing as before, we conclude that the

curvature of P (1) is constant and equal to —3.

Therefore, statements (a) and (b) are fully proven. O

Taking into account that two symmetric real matrices commute if and only if their
exponential matrices commute, from Proposition 8 (and its proof), the following can be
easily deduced.

Corollary 2. Let P, Q € P, and suppose that the three points I, P, Q do not lie on any geodesic
of (P2, §). Then the geodesic triangle with vertices Ip, P, Q is contained in a two-dimensional totally
geodesic submanifold of (Pa,g) if and only if PQ = QP or det(P) = det(Q) = 1.
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