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1. Introduction.

Let M be a C* manifold without boundary and = : TM—AM the tangent
bundle of M. A second order equation on M which is locally expressed by

d*x* , dx! dx™

dtz ’—F(x’ 7x b dt s 7Ty dt>
is considered to be a vector field V on TM with 7,.V(y)=y, where (U; x*, -, x™)
and (TU; x*, -, x™, y', -+, y™) are local coordinate systems in M and TM,

respectively. Let f°' be the flow on TM generated by V. In this paper we
study the case that f* has an invariant hypersurface S in TM such that all
fibres S, are star-shaped hypersurfaces around the origin in T,M. Then we
can define the exponential map at each point p==n(S) by Exp,ty==nf’y for any
yeS,. The purpose of the present paper is to show how to give a Riemannian
metric on an open set in 7T,M on which all rays from the origin are geodesics
and how to use it to study the behavior of the trajectories.

In the geometry of geodesics in Riemannian manifolds it is important to
estimate the lengths of Jacobi vector fields Y along geodesics 7: [0, a)»M with
Y(0)=0 which arises from the geodesic variation emanating from 7(0). In fact,
by making use of the estimate we have proved many results in the theory of
Anosov geodesic flows (cf. [AA], [E]), the estimate of the measure theoretic
entropy of geodesic flows (cf. [P], [0S], [BW]), the theory of parallels (for
example, the theorem of E. Hopf and L. Green (cf. [H], [G])), the topological
and differentiable sphere theorems (cf. [CE]), the study of non-positively and
non-negatively curved Riemannian manifolds (cf. [E], [W]) and so on. We
should notice that in the estimation used in the above theory and theorems the
Riemannian metric do not need to be defined on the whole manifold, but in the
neighborhood of a geodesic in question. For example, conjugate points of p=M
along a geodesic 7:[0, o)—»M with 7(0)=p are independent of the choice of
Riemannian metrics g such that all geodesics emanating from p and staying in
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a neighborhood of y with respect to the original metric are also geodesics with
respect to g. This fact would suggest us that many results proved by making
use of the estimates mentioned above are extended to much wider classes.

Roughly speaking, systems satisfying Huygens’ principle belong to such
classes. Huygens’ principle is stated as follows (cf. [A]): Let @, (¢) be the
wave front of the point ¢, after time ¢. For every point ¢ of this front, con-
sider the wave front after time s, @,(s). Then the wave front of the point g,
after time s+, @, (s+1), will be the envelope of the fronts @y(s), g= @ ().
This principle corresponds to the Gauss lemma for geodesic spheres in Rie-
mannian manifolds. According to [[A], Huygens’ principle defines a natural
contact structure D and the contact flow on S. The flows in our classes must
have such natural contact structures also (see [Proposition 2.4).

In the paper [[I1] we deal with the geometry of geodesic flows in the unit
tangent bundles as a special case of the following model. Let N be a manifold.
Let f*: N-»N be a flow and I/:E-—N a vector bundle with inner product

{-, *>p on each fibre E,. Assume that there exists a connection V along the
flow f® such that

V<X1 Y> - <ﬁVX’ Y>+<X} ﬁVY>

for any section X,Y : N—E, where V 1is a vector field on N generating f°.
The geodesic flow f® on the unit tangent bundle in the above theories is the
case when N is the unit tangent bundle of a Riemannian manifold M, E=
UvenTzeyM and -, -> is the original Riemannian metric of M. In the paper
we deal with it by putting E=TN and <., -> the natural Riemannian
metric on TN induced from the Riemannian metric of M. The main theorem
of the present paper is which shows the relation between these
specific models for more general flows. Moreover, the condition (1) of Theorem
3.4 is equivalent to the existence of an f‘-invariant complementary distribution
of V on S because of [Proposition 2.2, This is the expression of Huygens’
principle by using V and S.

The idea of this work appeared to the author’s mind while he stayed in
University of North Carolina at Chapel Hill. He would like to express his
hearty thanks to Professor P. Eberlein for accepting his visit, and to Professor
C. Ferraris for his discussion there which stimulated him.

2. Complementary f'-invariant distribution.

Let g be a generalized metric on #(S) (cf. [M]), namely g, is by definition
an inner product on the tangent space 7., M for any y=S. Hence, we define
a Riemannian metric G on S by
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G,\W, Z) = g(msW, nsx2)+g(K,(W), K(Z))

for any W, ZeT,S, y=S, where K,: T ,TM—T,.,M is the connection map
defined in Appendix 1. A vector W with n,W=0 is said to be vertical. A
vector WeT,S is vertical if and only if W is tangent to the fibre S;¢. A
vector Z with K(Z)=0 is said to be horizontal. It follows that T,S=ker K,
ker 74, and ker K, | ker my, with respect to the inner product G, for any
y&S, where ker K, and ker w4, are the kernels of the linear maps K, and m,
respectively.

Let «p): S,—S be the inclusion map. Then, we denote «(p)sy(T,S,) by
T,Sp for any y=S,.

LEMMA 2.1. The following are true.
(1) V(y) is horizontal for any y<S.
2) V()'oT  Seyy for any yES, where V(y)*={WeT,S|G,(W, V(y)=0}.

We first show how to give a nice generalized metric on #n(S) to V if V
has a complementary distribution D on S which by definition satisfies the con-
dition (1) and (2) in the following proposition.

PROPOSITION 2.2. Suppose there exists a (dimS—1)-dimensional distribution
D on S such that

(1) D(»)3V(y) for any yES,

(2) D(y)>T ySacy> for any yeES.
Then there exists a generalized metric g on =(S) such that D(y)=V(y)* and
G,(V(y), V(yN=1 for any y<S.

ProoFr. Since D(y)oker n4=T ,Sz¢y», We have dim 7, D(y)=dim M—1. And _
y&EneD(y). In fact, if we suppose that yern.D(y), then there exists a We
T ,Szyy<=D(y) such that V()+WeD(y). Since TS:,y=D(y), it follows that
V(y)eD(y), contradicting (1).

Let § be a Riemannian metric on M. Define a generalized metric g on
7(S) by

gv(y, J’) = 1
gy, mW)=0 for any WeD(y)
8wV, nsZ) = g(asW, nsZ)  for any W, Z&D(y)

for each y=S. Since V is horizontal, we have D(y)=V(y)* for any y=S with
respect to G. And, G,(V(y), V(¥))=1 for any y&S. | |

For yeS let (a(y), b(y)) be the maximal interval containing zero on which
the integral curve t—f’y with f°y=y of V is defined.
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PROPOSITION 2.3. Let D be a complementary distribution on S. Then,

(f")9%D(3)=D(f*y) for any y&€S and a(y)<t<b(y) if and only if [V, X1(y)e
D(y) for any y=S and XD, where [-, -] is the Lie bracket.

Proor. If D is ft-invariant, then (f-%)X(f*y)eD(y) for any y=S. Hence,
[V, X1(»)eD(y) for any XD, since

IV, XI(y)= Ly nX = ltl_gl (f")*X(f;y)-—X(y) ,

where L is the Lie derivative.
Suppose [V, X]D for any XeD. Let (U, ¢) be a local coordinate neigh-
borhood in S and let X,, ---, Xscn-1y be a local basis of D on U. Suppose

Oy, *** , Wacn-1)y Wan—1 1S the dual basis of X, -+, Xon-n, V on U. Therefore,
D={X|wy,_(X)=0}. Let XeD. We have

0 = V(w2n-1(X)) = (Ly@sn- 1 XX)+@on-1( Ly X).
Since Ly X=[V, X]€D, we get (Lyw,,-.)(X)=0. And we have also
(Ly@on- (V) = V(@2n-1(V)—won- LyV)=0.

Therefore, Lyw,,-;=0. Define Y along f'y by Y(f*y)=(f")«X(y) for a(y)<i<
b(y). Then,

Y+ y) = (f*D:X(3) = ()l f 0 X() = (F)Y ()
for a(y)<s, t, s+t<b(y). Therefore, we have Ly :,,Y =0, and, hence,

V(f 9X@2n-1(Y)) = (Lycrty3@20-1 XY )+ 0sn-LyseypY ) = 0

for a(y)<t<b(y). Thus, ws,-,(Y) is constant along f'y. Since w.,-,(¥ }(¥)=0,
it follows that w.,- (Y ) fty)=0 for a(y)<i<b(y).

We now have (f")«X(y)=D(f'y), namely (f")«D(y)cD(f'y) for a(y)<t<
b(y). Since dim (f*)«D(y)=dim D(f*y), we conclude that (f*)D(y)=D(f'y) for
any a(y)<t<b(y). m

We proceed to study the relation between the existence of flows f! having
a complementary f‘-invariant distribution D and the shape of S.

Let (U; x%, ---, x™) be a coordinate neighborhood of M such that S is written
as (x?, -+, x™, ¥, -, ¥yl H(xY, -, x®, Y, -, y*7Y) in 7z~ (U), where (x%, ---,

x®, y', .-+, y™) are the coordinates of the vectors 27 ,9*(0/0x")|(z1,... zny. Then
i_ 0 0H 0 _
X = o oy’ =L
Xrti = 9 ,0H 9 =1, -, n—1

5y 5y
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is a basis of the tangent bundle of S in =~*(U), and

V(xly T xn’ J’l; T 3’"_1, H(xly T -xn7 3’1, ) yn—l))
n 1 a a a n-1.,1Y1 n =1,/ n+j
= yai+H —+ 2= 1b—~—2qu+HX + 2750 X

for some functions b’=bi(x?, ---, x™, y', -+, y* 1) (=1, -, n) with

H H
— s a Bondt +2§‘1‘ba

By making use of [X%, X*]=0 for a, b=1, -+, 2n—1 we have

k
aH LS gleMk i=1, -, n

. oH ob* .
X", V] = X 5 XM Bisl 5 Xt j=1 e, =l

X, vl=

From these formulas we have the following.

PROPOSITION 2.4. If D is a complementary f‘-invariant distribution, then
n«D(y) is naturally isomorphic to T ,S;y for any y&S. Therefore, T,S is
naturally isomorphic to span{y}PT , Sz, yDT ySzcy>-

Proor. It follows from X"**<D and [Proposition 2.3 that Yi:= X'+
(0H/dyHX"eD since T,S.y=span{X"*!, ..., X**~'}. Since n.X*=d/dx* for
71=1, ---, n, we have

0 o0H 0
ox' 9yt ax
for i=1, ---, n—1. By natural isomorphism I of T, ,M to T ,T. M, we get

; 0 ,0H 0 ;
I(ﬂ*'}/W) — 5§;+ayzw — Xnﬂ .

TL'*Yi =

We have used the star-shapedness of S, in T, M to define a connection map
K:TTM—-TM. Moreover, the following proposition shows that the star-shaped-
ness is required to the condition in Proposition 2.2 and 2.4.

PROPOSITION 2.5. If D is a complementary f'-invariant distribution, then S,
is star-shaped in T M for p==(S).

PROOF. Suppose S, is not star-shaped in T,M for some pc=(S), namely

there exist yS and ¢,, -+, ¢,-;=R such that

20y aaﬂ-Hi’L 2t X,
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Since X"*'=g¢/0yt+(0H/0y*) (0/dy™) for i=1, ---, n—1, we have that c¢,=y?
for /=1, ---, n—1, therefore,

(O0H
1o, n 1., n=1Y
H(xt, =, x™, 3%, -, 770 Hyay
Since
a a n-1,1V1
TV (y) = 2y’ 3% 1-|-Ha — = m(21T YY),

the vector V(y)—X7y*Y* is vertical. The conditions T',S,c D(y) and 27 y*Y?
eD(y) imply that V(v)eD(y), contradicting the condition V(y)&D(y). [ |

We conclude this section with showing the relation between the shape of
S, and the existence of V, D.

THEOREM 2.6. If D is a complementary f-invariant distribution, then b’
and H satisfy the equation:

o°H 0H o0H oH - 0°H o0*H
Jg__~ 7 —_ —
=ib 0y70y* 6xi+8yi ox™ 27 8x’8y Hax"ayi
for i=1, -, n—1. In particular, if 0*H/0y’dy* make a nonsingular matrix, then
such b (j=1, -+, n—1) uniquely exist.
Proor. For i=1, ---, n—1 we have
., 0H aH OV s
Xty X, V] = G X By X
oH aH ab o 0H\ .
iy X (VX"

Since X"+ D for j=1, ---, n—1, it must follows that
0H oH oH o0H
ox Tayiax ) oyt

This is our equation. m

=0.

3. Flows whose trajectories are geodesics.

Let S be a hypersurface in the tangent bundle TM of M such that S, is
a star-shaped hypersurface centered at the origin 0 in 7,M for any pe=n(S)
and let V be a vector field on S such that z.V(y)=y for any y<S. Suppose
K:TTM—TM is a connection map defined from V as in Appendix 1. Let g
be a generalized metric on #(S) such that g,(y, y)=1 for any y=S and G the
Riemannian metric on S defined as in Section 2. Then, G(V(y), V(y))=1 for
any yeS.
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Let N be a submanifold in S and let ¢V :\U,enx{{y} X (a(y), b(y))} =M be
the map given by ¢%¥(y, )=xf'y for any y=N and a(y)<t<b(y). Let N,c
Uyen {{3} X(a(y), b(y))} be the set of all points where ¢¥ is injective. Obviously,
o ((0/0)] ¢y, 0)=1'y and ¥ (X)=mx(f")sX for any XeT ,Nc=T(, »N,. We de-
fine a Riemannian metric HY on N, by

HY, o(X, V) = g,1,(0¥X, ¢¥Y)

for any X, YT, »N,. Let V¥ be the Levi-Civita connection of H¥ on N,.

In the special case that N=S, for a point p==(S) we use a different con-
vention. Let C,={ty|0=t<b(y), y&S,} be the cone in T,M spaned by S,.
Let Exp,: C,—M be the map given by Exp,ty=rf’y for any 0<t¢<b(y) and
yES,. Thus, Exp,ty=¢%(y, t) for any 0=<t<b(y) and y=S,. We call Exp,
the exponential map at p=xn(S). This map Exp, can be regarded as the usual
one as follows. Since S, is star-shaped in T,M, we can extend the vector
field V on S to C=\Upexs>Cp by putting V(sy)=s(hs)«V (») as seen in Appendix
1 Then the flow f° generated from V satisfies that fi(z)=h.(f**y) for any
z=sy=C (y&S) and 0=t<b(y)/s. This is because

d —
d—ths(f“y) = (h)«(sV(f*'3)) = V(hs(f**y))
for any 0<sf{<b(y). Therefore, we have that

Expyz = nf'y = n(hs(f*y)) = 7f'(2)

for any z=sy=C, (y&S,;). We see in Appendix 1 that Exp, is of class C* at
the origin 0 and of class C* on C,—{0}. Since S is star-shaped at 0, it fol-
lows that Exp,y, is nonsingular. This implies that there exists a maximal
neighborhood U, of 0 in C, such that Exp,4«|U,—{0} is nonsingular. If
¢: Co—{0}—>Uyes, {{3} X0, b(y)} is the map given by ¢(ty)=(y, 1), then Exp,
=@%r.¢p, and, hence, Exp,«(y:y)=r"y and Expy(tX).,,=z«(f")«X for any X&
T,Sp,. Define a Riemannian metric /? on U,—{0} by

HYX,Y)= g, (EXxpyxX, EXpysY)

for any X,YeT,T,M, where z=sycU,—{0} (y=S,). Let V? be the Levi-
Civita connection of H? on U,—{0}. The relation between H? and HS5» is that

ny<X, Y) = Hff, t)(Sb*X, Sb*Y)

for any X, YT, ,T,M (tyeU,—{0}), namely ¢: U,— {0} —=(S;), is an isometry
(possibly not surjective).

The following relation between the connection V¥ and the Levi-Civita con-
nection V of G will play important roles in this section.
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LemMA 3.1.

B, o X, W) = Gy (X, Fypi?)
for any X&T N and (y, HEN,.
PROOF. Since G, (V(f'y), V(f'y)=1 for all a(y)<t<b(y), we have
Griy(Trirepy(FO:X, V(') = Grey(VeponaxV, V(1)) =0.
Therefore,
LG9, VI =G (F0X, TrpepV) =0
for any a(y)<t<b(y). The first term can be computed as follows.

%(Gfty((ft)*xy V(i) = (gfty(@*X ff)) = ——(H?g/'”(X’ gf))

II

(Va/azX, ?)-{—H(y n(X er(%)

= _2_38_ (o, "(ai §)+H<y c)(X, Vé‘fax(%)
10 0

0
2 a gftc(s)(ftc(s) f‘c(s))—I—H(y t)<X vo/otat) Hl(vy,t)(Xy vé%ta—t—>’

where c¢:(—e, e)>N is a curve with ¢(0)=X, and we used the facts that
(1) V is horizontal,
2) =«V(y)=y for any yES,
3) Qs 0/0D=F'y. m

Since Exp,(ty)=¢%2(y, t) for any y=S, and 0<t<b(y), we have the follow-
ing as a special case.

COROLLARY 3.2.

0 .
HEX, V,9) = Ho(X, Vi) = Cro(0X, TV

for any X&T,S, and tyelU,—{0} (y=S,, t>0).
The following is a direct application of [Corollary 3.2

COROLLARY 3.3. Let y&S. Then, ﬁy(wV is horizontal if ngy (or vg,rgt@/at))
s bounded near ty=0 (or (y, 0), respectively).

PrROOF. Let X&T,S.¢,;- By construction of H? it follows that H? is
bounded near 0 along ¢y. Hence, we have
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Gy(X, FyepV) = lim HE(1X, V3,,3) =0

The following theorem shows the condition equivalent to the existence of
complementary f‘-invariant distribution.

THEOREM 3.4. The following are equivalent.

D) V=V (f*9)* for any yES and a(y)<t<b(y).
(2) There exists a positive continuous function ¢:S—R* such that

(9T ySaepp)  V(FEp)*
for any 0Zt<e(w).
(3) The trajectories t—f'y are geodesics in (S, G) for all yES.
(4) For any submanifold N in S it follows that the curves t—(y, t) are geo-
desics in (N,, HY0), where yeN.
(®) For any pen(S) it follows that the curves t—ty are geodesics for all
yeS, in (Up,—{0}, H?).

PrOOF. (2)=(1): We first prove this for 0<i<b(y). Let e=
1/2 min {e(f*y)|0<s<t}. Then it follows that (f*)sT ;sySz¢rs;pSV(f***y)* for
any 0<u<e¢, and any 0<s<t. Let T,S=span{V(2)}BW ()BT .S.,» denote an
orthonormal decomposition of 7.,S at z&S. Let zeft>%y. By assumption we
have (f9)s(f)sT Sz SV (f¥+52)* for any 0<s, u, s+u<e,. Let &)>0 be such
that (EXDPzco)xn. is nonsingular for any 0<h<&(z). Take an arbitrary s with
0<s<&(z), 0<u+s<sg, and any XV (f*2z)*. Then, we can choose weW(f*z),
NET s5,5:¢rsy such that X=w-+z. Since (EXprc.))ss. is nonsingular, we have
woET,S.,y such that (Exp.cn)xs:SWo=mx(f*)swo=nsw. Therefore, there exists
an 90,7 ;s.S:¢ss such that (fswe=w+n,. Hence, w+n=(")swo—n+7.
Thus, (f*)sx(w+n)= )/ Dswoe—()sn:1+(f*)xn. Since (f)«(f)sw,EV(f“**2)*,
[V ) and (f9)sneV (f*(f2)*, we have (f*)«(w+9)EV(f**2)*,
namely (f9).(V(fiz2)Y)cV(f***z)*. Taking s to zero, we get (f“)«(V(2)})c
V(f*z)* for any 0=<u=<e,. Taking the dimension in consideration, we have
(V)" )=V (ft2)* for any 0=Su<e,. Let O=u,<u,< -+ <u,-,<u,=t be a
partition with u;,,—u;<e, for i=1, ---, n—1. Then we have

FUHV () = (f¥r=ta)y o (fremm) (V(9)D) = V().
For the case that a(y)<t<0 we get
V(i) =V (m*.

and, therefore, V(f'y)*=(«(V ()*). This completes the proof of this part.
(1)=3(3): We have to show that G,(X, Vy¢,,V)=0 for any yeS and any
XeT,S. Since G(V, V)=1o0n S, we have G, VvV, V(9)=0. Let XeV(y)-.
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Then, by using (f)«V(»)*=V(f'y)*, we have
0=X(GWV, V)=2G,(VxV, V(») = 2G,(Vy,n(f )X, V()
= 2{VOXGUfD)4X, V)=G (X, vy V)} = —2G (X, Vy(,pV).

This completes the proof of this part.

(3)=(4): We have only to prove that V¥,(0/0t)=0. Since H¥(d/0t, d/dt)=1
on N,, we have H¥(9/0t, V;(0/0t)=0o0n N,. Let X&T,N. By[Lemma 3.1 and
the assumption (3), we get HY(X, V¥;(0/01))=0 on N, These imply that
V¥5:(0/0t)=0 on N,.

4)=(5): Since ¢: U,—{0}, H?)—((Sp), H?) given by ¢(y)=(y, t) is an
isometry, we see that (5) is a special case of the condition (4) because ¢(y)=
d/ot.

(5)=(2): The condition (5) implies V¥y=0 where y is the vector field on
U,—{0} given by y,,=y for any y=S,. Hence, by Corollary 3.2, we see that
Gy (95X, ﬁvcfth):O for any yeS, any X<T,S, and any ¢ with tye
Uzyy—1{0}. This implies that (f)«(T,Szc,p)V(f*y)* for any y=S and tye
U.cyy— {0}, because

V(I NGfD:X, V) = G rey(Vyepeyy(FeX, V(fio)) = %(f‘)*X(G(V, V)=0

and G (X, V(y)=0 for any X&T,S.,. Since the functions b, s,: S—R* are
lower semi-continuous as seen in Appendix 2, we can find a positive function
e: S—»R* in the condition (2). |

We conclude this section with a remark on singular points of Exp,. Let
7y : [0, b(y))—M denote 7 ,(f)==f'y for any yeS. We say that y,(s) is a con-
jugate point to p along 7, if (f*)«T Sy N\T 55y Sacssyp# {0}, It follows that p
is a conjugate point to 7,(s) along 7, if so 7,(s) is to p. Since Exp,ty=nf’y
for any yeS, and 0<{<b(y), we have that (Exp,)«, is singular if and only if
7,(s) is a conjugate point to p along 7,.

According to Appendix 2. let s,: S—»R* be defined by

s:(y) = inf{s>0[7,(s) is a conjugate point to p along 7,}.

We call 7,(s:(»)) the first conjugate point to p along 7,. Thus, we have
Uy,={tylyeS, and 0=<t<min {s,(y), b(»)}}.

COROLLARY 3.5. Assume that one of the conditions in Theorem 3.4 is true.
Let y=S,. Then 7v,(s) is a first conjugate point to p along v, if and only if there
exists a nontrivial Jacobi vector field Y along the geodesic t—ty in (U,— {0}, H?)
such that lim, ... HZ,Y @), Y()=0 and lim,.._ H},Y (¢), Y ())=O0.
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Proor. The curves t—ty are geodesics in (U,—{0}, H?) for all y&S,, so
a vector field t—iz=:Y,(t) along the geodesic ¢y is a Jacobi vector field for any
zeT,S,. Since

HE(Y (8, Y.(1) = g5ty (EXPp)seytz, (EXDpluey2) = griy(ms(f sz, ma(f4)s2)
for any 0=<t<b(y), this corollary is true. [ ]
A direct consequence is the following.

COROLLARY 3.6. Assume that one of the conditions in Theorem 3.4 is true.
If (U,— {0}, H?) has nonpositive radial sectional curvature centered at the origin,
then there is no conjugate point to p along 7, for any yES,.

4. Metric structure.

In this section we assume that n(S)=M and V is complete in S. Let M
have a Riemannian metric §. Since S, is a star-shaped hypersurface centered
at the origin, we can find a generalized metric g on M as seen in
2.2 if there is a complementary distribution D. We assume that D is f°-
invariant in this section. In order to define a pseudo-distance (see Lemma 4.1))
on M we need a function L:TM—{0}—-R*U{0} which is defined as follows:

{ Liz)=2=+g,(z, 2) if z=2y (A>0) and y=S,,
L(Z) =0 if z $ C,,(y)—{O} .

The function L is continuous on TM—{0}. Any two points p and ¢ in M can
be joined by a piecewise smooth curve, since M is connected. Let

Ae): = SZL(c'(t))a’t

which is called the length of a curve c:[a, b]—=M. It follows that A(¢c) is in-
dependent of the choice of an oriented parameter of ¢. Thus, we define a
function d: MXM—R*U {0} by

d(p, q):= inf{i(c)|c is a piecewise smooth curve from » to g}.

Since we do not assume the symmetry of the function L, this function

d(-, +) is not necessarily symmetric ([B2], [BM]).

LEMMA 4.1. The following are true.

(1) d(p, =0 for any p, =M.

@) d(p, 9=0 if p=gq.

() d(p, =d(p, r)+d(r, q) for any p, g, r€M.

4) d(p, )=0 implies p=q if all S, are closed hypersurfaces in T M,
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namely compact hypersurfaces without boundary.

Let Bi(t)={qsM|d(p, )<t} and Br({t)={g=Ml|d(g, p)<t}. In general,
B}()#+ B3(t). The property (3) in implies that B}(#)> Bi, () for
t=s+u, 0<s, u, where yES,. If B} and Bf ¢ (u) are differentiable at 7,(%),
then their tangent space is 7+D(f*y). This is connected with Huygens’ principle
([AD).

We shall pay our attention to geometry in Exp,(U,—{0}). We say that
c:la, bJ—=M is an underlying curve from c(a)=Exp,(3) to c(b)=Exp,(2) in
Exp,(U,—{0}) if there exists a curve ¢:[a, b]—U,—{0} such that i(a)=y,
é(b)y=z and Exp,é(f)=c(t) for any a<t<b. As seen before any curve {—ty in
U,—{0} is a geodesic in (U,— {0}, H?) for any y=S,. This does not mean
that 7,: [a, b]—»M has minimum length in the set of all underlying curves
from 7,(a) to 7,(b) in Exp,(U,—{0}). However we have the following.

LEMMA 4.2. If S, is convex in T M for any g=M, then any curve 7, : [a, b]
—M has minimum length b—a in the set of all underlying curves ¢ from 7,(a)
to v4(b) in Exp,(U,—{0}) with L(¢)#0, where y=S,.

ProoF. Let c:[a, b]—>M be a C> underlying curve from c(a)=7,(a) to
c(b)=7,(b) in Exp,(U,—{0}) and let ¢(¢):=Expz'c(?) for any a<t<b. Define
v:[a, b]—S, and s: [a, b]—>R by c(H)=sv(t) for any a<¢<bh, and we have
that c(t)=7yc (s(t))=nf*®v(t) for any a<t<b. Therefore,

é(t) = S PvO)+ma(f*9)s0(1) .

for any a=<t<bh. Since L(é()#0 for any a<t<b, there is the unique vector
y()ES.y such that ¢(H)= L) y(t) for each a<t<b. We can have the decom-
position of y(f) as

y(@) = a@®)f*Pvt)+w(@)

where w)ESa V(P Ov) =T ssroerScary for any a<t<b. Since all S, are con-
vex, we have a(f)<1 for any a<t<bh. Since

Le@Xa@®f* Cvt)+w®) = @ o)+ f*P)i(t)

for any a<t<b, and (f*O) 2OV (f*Pu()t, we have L(c@)a(t)=3(t) for any
a<t<b. Thus we get L(¢())=35(t) for any a<t<b because L(¢(¥))>0. Hence
we finally have

Ac) = SiL(c‘(t))dt > S’;smdt = s(b)—s(a) = b—a.

This lemma states that any point ¢ can be joined from any point p by a
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broken geodesic ¥ with minimum length if there is a piecewise smooth curve
¢:[a, b]»M with c(a)=p, c(b)=q, L({#)#0 for any a¢<t{<b with minimum
length. It is natural to ask when a point ¢ can be joined from a point p by a
geodesic segment with minimum length. The spaces with this property are

studied in the book [BP].

LEMMA 4.3. Assume that S, is closed and convex in T,M for any reM.
If a point q=M can be joined from p+q by a piecewise smooth curve c: [a, b]
—M, cl@)=p, c(b)=q with A(c)<si(p), then there exists a y=S, such thaty,: [0, d]
—M is a geodesic segment from p to q with minimum length.

Proor. Since Exp, is nonsingular in U,— {0}, we can lift ¢ to U,— {0},
namely there exists a piecewise smooth curve ¢: [a, b]—U, such that Exp,c(t)
=c¢(t) for any a<t<b. In fact, ¢ does not reach the boundary of U,, since
A(c)<s,(p) and Lemma 4.2. We have a y=S, such that ¢(b)=ay for some a>0.
Then, 7,:[0, a]—M is a desired geodesic segment. |

In the case when s,(*)=co for any r&M we have the following.

COROLLARY 4.4. Assume that S, is closed and convex in T .M for any reM
and any point has no conjugate point along any geodesic. Then, any point g M
can be joined from p+q by a geodesic segment. Moreover, there exists the uni-
que geodesic segment from any point p to any point q in M if M is simply con-
nected.

We conclude this section with the case where S, are strictly convex in
T.M. In the following “finitely compact” by definition means that bounded
closed sets are compact.

CoRrOLLARY 4.5 ([B1], [B2], [BM]). Assume that S, is closed and strictly
convex in T .M for any r&M and the distance d(-, -) is finitely compact. Then,
M becomes a G-space with possibly nonsymmetric distance in the sense of Buse-
mann.

5. Appendix 1. Connection map.

Let M, TM, V and S be as in Introduction. Let h,: TM—TM be a map
given by h.(y)=ay, where a>0. We define a vector field V on the cone
spaned by S as V(ay)=a(h)«(V|S)(y) for any a>0 and yS. Then, V is of
class C* on C—{0}. Let (U; x', ---, x™) be a local coordinate system of M and
(TU; xt, -+, x™, ¥, -, y™) a local coordinate system of TM such that a vector
Yy=212,9%0/0x%)| (z1,... zn, has coordinate (x, y)=(x, ---, x™, %, ==+, ™). In this
coordinate neighborhood we assume that
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7 i a n i a
V)= 281y 3_967 ] (z,y)+2i=1b (x, y)gf ¢z, )
for some functions b: TUNC—R. Then,
bi(x, ay) = a®b'(x, y)

for any «>0. This shows that V is at least of class C' at the origin. Let
P: C—S be a projection such that P(w) is the intersection of S and the ray
passing through weC from the origin. As seen in the paper we can find
functions 1'%, : S—R, i, j, k=1, ---, n such that

b'(x, y) = _Zi,j,k[,;:k(P<y))yjyk
for any yeT.UNC. Actually we have

I'4(3) = =5 o bi(s, )
2 0y'oy*
where y=S.. At last we can define a connection map K,: 7T, TM—T M
(z(y)=x) by
Ky (x, 9, X, Y)=(x, Y+ (PO)(, X))
where

o
oxt'”
in TUNC. In fact, I'(P(y)(y, X) depends on the choice of the coordinate

system, but Y+1I"(P(y))y, X) is independent of the choice of the coordinate
system (U ; x1, ---, x™).

PN, X) = (2L (PO XF)

6. Appendix 2. Domains of flows.

Let a, b: S—R denote the functions given by
a(y) = inf{s| f* is defined for all s<t<0},
b(y) = sup{s|f*¢ is defined for all 0=1<Cs}.

It follows that a is upper semi-continuous and b is lower semi-continuous,
namely

lim,_,,a(3) < a(yo)
limy.y,b(3) = b(y,)

for any y,&S. Therefore, we can find continuous function ¢ and b on S such
that a<a<0 and 0<b<b.
Let s,: S>R* be the function such that 7,(s,(y)) is the first conjugate point
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to =(y) along 7,. By definition, 5, is lower semi-continuous. Thus, we can
find a continuous function 5;: S—R such that 0<3§,<s;.

The function ¢: S—R* given by e¢(y)=min {5,(y), b(y)} is continuous on S.
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