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Introduction.

A (local) Liouville surface is by definition a surface which is equipped with
a riemannian metric of the following form:

g = (f(x )+ fox))dxi+dxE),

where x=(x,, x,) is a coordinate system, and f; is a function of the single
variable x; (/=1, 2). This type of metric is called a Liouville metric. A re-
markable property of a Liouville surface is that the geodesic flow has the fol-
lowing first integral F. Let (x, &) be the canonical coordinate system on the
cotangent bundle, and let
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be the energy function associated with the riemannian metric g. If we put

1

F = et e =S,

then it is easy to see that the Poisson bracket {£, F'} vanishes. The ellipsoid
is a classical example of the Liouville surface, which is originally due to Jacobi
(see Darboux and Klingenberg on this example and historical remarks).

The main purpose of this paper is to give a proper definition of compact
Liouville surfaces, and to classify them. It is classically known that a Liouville
surface is locally characterized as a 2-dimensional riemannian manifold whose
geodesic flow has a first integral which is a homogeneous polynomial of degree
2 on each fibre (cf. Darboux Livre VI, Chapitre II). In §1 we first review
this fact. This leads us to the following definition: A compact Liouville surface
(S, g, F) is a compact 2-dimensional riemannian manifold (S, g) wnose geodesic
flow has a first integral F which is fibrewise a homogeneous polynomial of
degree 2, and which is not a constant multiple of the energy function E. We
also assume that F does not come from a local Killing vector field, which means

E= (§1+63)



556 K. KivyoHARA

that F is not of the form +H-+rE, where r<R and H=C>(T*S) is fibrewise
the square of a linear form.

We say that two compact Liouville surfaces (S, g, F) and (', g/, F’) are
equivalent if there is an isometry ¢: (S, g)—~(S’, g’) and r, s€R such that
F'o(p*)'=rF+sE. In case »=1 and s=0, then these two Liouville surfaces
are said to be isomorphic. We will classify these equivalence classes. In §2
we study the geometric properties of the points where the first integral F is
proportional to the energy function E. Let JI be the set of all such points.
Then it turns out that #J, the number of the points in 71, is zero if S is dif-
feomorphic to the torus or the Klein bottle, #J is 2 if S is diffeomorphic to
the real projective plane RP%, #J71 is 4 if S is diffeomorphic to the sphere S?,
and no such metrics exist if the genus of S is greater than 1 (Theorem 2.1I).

In §3 the continuation of the natural local coordinate system of the Liouville
surface (S, g, F) is studied. As a result, in case S is diffeomorphic to the
sphere, we obtain a conformal mapping @ from a flat torus R?/I" to (S, g) such
that @*g is of the form described before. Here I is a lattice generated by an
orthogonal basis. The classification in this case is done by using this mapping.
A similar result is shown for the case where S is diffeomorphic to the torus.

In §4 we concentrate our attention on a certain type of Liouville surfaces
(8% g, F) which includes both ellipsoids and the standard sphere. There we
find families of riemannian manifolds which are not isometric, but whose geodesic
flows are mutually symplectically isomorphic. (A similar result has been obtained
in Kiyohara in the case of surfaces of revolution.) In particular we find
concrete examples of C;-metrics on S?* which seem to be new. A C;-metric on
a compact manifold is by definition a riemannian metric such that every geodesic
is closed and has the same length /. Although Guillemin [4] proved that there
are many C,;-metrics around the standard metric on S?, their explicit forms were
not known except for Zoll’s examples. (See Besse [2] for the generality of the
C;-metric.)

In §5 we prove that if (S, g, Fi)(z=1, 2) are two Liouville surfaces, then
F,eRF,+RE, unless (S, g) has positive constant gaussian curvature. This
means that our equivalence classes are nothing but the isometry classes. As a
corollary we see that any Liouville surface does not admit a non-zero Killing
vector field under the same assumption.

In the last section, §6, we briefly mention about the laplacian acting on
functions on a Liouville surface (S, g, F). We show that a second order linear
differential operator whose principal symbol is —F is naturally defined, and that
it commutes with the laplacian. This enables us to transform the defining
equation of eigenfunctions of the laplacian into a pair of single ordinary dif-
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ferential equations of second order. If the underlying surface is the sphere,
and if everything is analytic, then this pair of equations are replaced by a
single ordinary differential equation on a complex domain.

Preliminary remark.

We assume the differentiability of class C* unless otherwise stated. Let
(S, g) be a riemannian manifold. The metric tensor g induces the bundle iso-
morphism from the tangent bundle 7S to the cotangent bundle T*S as usual.
If H is a function on the cotangent bundle 7*S, then H® denotes the function
on the tangent bundle which is the pull back of H by this bundle isomorphism.
We denote by H,=C=(T3}S)(resp. H,=C(T,S)) the restriction of H(resp. H*)
to the cotangent space T3S (resp. the tangent space T,S) at p=S. For a
tangent vector v to S, 7,(¢) denotes the geodesic of (S, g) such that the initial
vector 7,(0) is v. The space of unit tangent vectors at p<S is denoted by S,S.

§1. The local characterization and the global definition.

Let g be a riemannian metric on a neighborhood U of a point p<R? and
let Ec=C=(T*U) be the corresponding energy function. The following proposi-
tion is classical.

PROPOSITION 1.1. Assume that Fe C=(T*U) satisfies the following conditions :

1) {E, F}=0,

(2) F, is a homogeneous polynomial of degree 2 for every q=U,

(3) F,&RE,.

Then there is a coordinate system (x,, x,) on a (possibly smaller) neighborhood
of p, and there are functions f(x;) (i=1, 2) such that

g = ([1{x )+ fox))dxi+dx5)
and

. 1
h Filxe)+fo(xs)

where (x, §) is the associated canonical coordinates on the cotangent bundle. Fur-
thermore, such coordinate system (xi, x,) and functions f,, fs are essentially unique.

F (f o221 Fi(x)ED),

PrOOF. In view of the condition (3) we may assume that F,& RE, for
every g=U. By diagonalizing the quadratic forms E, and F, simultaneously,
we see that there exist functions V,=C>(T*U) which are fibrewise linear and
f:€C=U) (=1, 2) such that f,>—f, on U and

|
E=5(Vi+V)
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F= fZV%_flV’Z.&-
The condition (1) then implies that {V,, f,}={V,, f1}=0 and
—‘{Vu fx}V2+{V2; fZ}Vl—Z(fl+f2){V1: Vz} =0.

Then we have {vf,+/.V,, Vf1i+/:V.}=0. Let X; (i=1, 2) be the vector field
on U defined by

AX)=~Vfi+fViA), AT,

Since the above equality implies [X;, X,]=0, it follows that there is a coordinate
system (x,, x,) on U such that 9/0x;=X; (=1, 2). Let (x, & be the associated
canonical coordinates on T*U. Then we have &=+/f,+/f.V:(@=1,2) and
{§1, f2}={&, f1}=0. This implies that f; (=1, 2) is the function of the single
variable x;. We note that f; are uniquely determined as the functions on U,
and that X; are also unique except for the sign. ®m

In view of this proposition we are led to the global definition of the compact
Liouville surface. A triple (S, g, F) is called a compact Liouville surface if
(S, g) is a compact 2-dimensional riemannian manifold and F is a C* function
on T*S satisfying the following conditions :

(L.1) {E, F} =0,
(L.2) F,= FIT} s is a homogeneous polynomial of degree 2 for any p&S,

(L.3) F is not of the form rH-sE, where HeC>(T*S) is fibrewise
the square of a linear form, and 7, s€R.

Here E denotes the corresponding energy function. It should be noted that
the condition (L.3) contains the condition that F¢ RE. The meaning of this
condition is just as stated in Introduction.

Let (S, g, F) be a compact Liouville surface. We put

JN={p< S|F, =rE, for some »r = R}.
LEMMA 1.2. The ratio r=F,/E, does not depend on the point p<=3Jl.

Proor. Since F is the first integral, the function #—F*j(t)) is constant
for any geodesic 7(¢), where the dot denotes the derivative in ¢t. Therefore the
lemma follows from the fact that any two points on S can be joined by a
geodesic. ®

Two compact Liouville surfaces (S, g, F) and (S’, g/, F’) are said to be
equivalent if there is an isometry ¢: (S, g)—(S’, g’) and r, s€R such that
F’o(¢*)'=rF+sE. It should be noted that if (S, g, F/) is a compact Liouville
surface, so is (S, g, F—rE) for any r&R, and they belong to the same
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equivalence class. Moreover the set 7 does not change. Hence, in view of
we can assume the following condition without loss of generality :

(Ld) Fo,=0 if pea.

In the rest of this paper we shall always assume the condition (L.4) on the
Liouville surface unless otherwise stated.

§2. The set 77 and the geodesics with F=0

Let (S, g, F) be a compact Liouville surface, and let 77 be the subset of S
defined in the previous section. In this section we shall prove the following
theorem.

THEOREM 2.1. #3J1, the number of the points in I, must be 0 or 2 or 4.
In case #J1=4, then S is diffeomorphic to the sphere S®. In this case there is a
simply closed geodesic L on (S, g) on which every point in the set 31 lies. Let p,,
Dsy Dsy, Pa be the points in T ordered along with the geodesic L. Then we see
that Cut(py), the cut locus of the point pi, consists of the single point {Diss},
where 1=1, 2, 3, 4 and i+2 should be considered modulo 4. Moreover, Fy is in-
definite if q&L, and F, is degenerate and semi-definite if g L.

In case #31=2, then S is dffeomorphic to the real projective plane RP*. In
this case the double covering of (S, g, F) becomes of the above type. In case
#91=0, then S is diffeomorphic to the torus or the Klein bottle.

PRrROOF. First we shall consider the case where #J71=0. Let V, and V, be
as in the proof of Proposition 1.l1. As was noted there V% (i=1, 2) are uniquely
defined, and in this case they are globally defined functions on T7*S. Hence
they give the decomposition of T*S into the sum of two line bundles, which
implies that S is diffeomorphic to the torus or the Klein bottle.

In order to consider the case #J71>-0, we need some lemmas.

LemmMmA 2.2, If F,=0 for every point p in an open subset U of S, then F
1s identically zero.

Proor. Fix a point ¢g= S, and let 7(¢) be a geodesic such that 7(0)=¢ and
7(t)eU. Then we have F:7(0))=0. If we take a vector v=T,S near 7(0),
then we also have 7,f,)<U, and this implies that Fv)=0. Since F} is a
quadratic form, it then follows that F}=0. =

LEMMA 2.3. Suppose that #31=3, and let p, (=1, 2, 3) be three points in <.
Assume that p,, ps Cut(py), and let 7(1)=7,(1) 0Zt<1t;, viE€S5,,S) be the mini-
mizing geodesic from p, to p; 1=2,3). Then we have v,+v,=0. Furthermore,
if we put w=—7y(t)=S,,S, then p, is the first conjugate point of p, along the
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geodesic 7,(t) (0=Zt=Zt,+ty). In particular we have #J1< o,

PrRooF. Take a point ¢g=S near p, so that g&r.([—e, t:;]) =2, 3) for a
fixed small ¢>0, and let 7,,(¢) (0=t<t) (¢=1, 2, 3) be the minimizing geodesic
from ¢ to p; (u.S,S). We first claim that u, and u; are linearly independent
of u, if ¢ is sufficiently close to p,. In fact, assume that u,—=+u, for an infinite
sequence of points {g;} converging to p,. Since ¢;&7.([—e¢, t,]), the case where
u,=u,; does not occur for large ;. Hence 7_,,(¢) (—#:=t=<0) and 7,,(¢) are
joined into a single geodesic from p, to p, with length #i+¢;. Since the
length t{+¢; converges to f, as j—co, it follows that p,=7.(¢,) is the conjugate
point of p, along the geodesic 7,(t). But this contradicts the facts that 7,(¢)
(0£t<t,) is minimizing and p,&Cut(p,). The case for u, is similar.

Next we assume that u, and u; are linearly independent. Then F®(u;)=0
(1=1, 2,3) and u; are mutually linearly independent. Since F} is a quadratic
form on T,S, it follows that F;=0. In this case if we take a point ¢’ near g,
then the corresponding vectors u;<= Ty S are also mutually linearly independent,
and we have F}=0. Then by the previous lemma we see that F=0, which
contradicts the definition of the Liouville surface. Hence u, and u; must be
linearly dependent.

The case where u,=u, clearly does not occur. Hence u,-4u;=0, and the
same argument as above shows that v,+v,=0 and p, is the conjugate point of
p. along the geodesic 7,(t) (0=t<t,+1¢;). If it is not the first conjugate point,
then it contradicts the minimizing property of the geodesic segments 7,(?) (0=
t<t,) and 7,(f) (2.<t<t,+1t;). Finally if #J1=co, then there are three points
in 72 which are sufficiently close to one another. But this contradicts the fact
just proved. =

Let g9Conj(p) be the tangential first conjugate locus of p=S, and let
gCut(p) be the tangential cut locus.

LEMMA 2.4. If p&T1, then TConj(p) is not empty.

PRrROOF. Assume that peJ and TConj(p) is empty. Then the exponential
mapping Exp,: TpS—S is the local diffeomorphism, and hence is the universal
covering of S. In this case there are at least two minimizing geodesics joining
p and each g=Cui(p). Assume that the number of such geodesics is just two
for every point g&Cut(p). Let B, be the closure of the bounded component of
TpS—9Cut(p) in T,S. Let o be the free involution on the boundary TCu#(p)
of B, such that v&gCut(p) and ¢(v) are mapped to the same point by Exp,.
Then S becomes homeomorphic to the quotient space of B, obtained by identify-
ing each v=gCut(p) and o(v), which is clearly homeomorphic to the real
projective plane. This contradicts that Exp, is the universal covering. Hence
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there is a point g=Cut(p) such that at least three minimizing geodesics from p
to ¢ exist.

Since Exp, is the local diffeomorphism, there is a neighborhood U of ¢ in
S and C*= functions v;=vi(¢ )€ T,S (¢'€U, i=1, 2, 3) such that 7,,(1)=¢" and
vi#v; if i#7, and 7y;(¢) (0L¢<1) are minimizing. If 7., >(#) are mutually
transversal at t=1, then F} =0 and so is true for ¢” near ¢’. Then by Lemma
2.1 we get a contradiction. Hence we see that, for example, 7,>(1) and
TueH(l) are linearly dependent for all ¢’ near ¢. But this implies, as in the
proof of the previous lemma, the point p is the conjugate point of p itself
along the geodesic 7, (f) (0=5t<2). This contradicts the assumption that
gConj(p) is empty. M

Now we shall observe the local behavior of geodesics around a conjugate
point. Let p=3J1. We introduce the positive functions ¢,(w) and t,(w) of we
Sp;S by t(w)wegCut(p) and t,(w)w=TConj(p) respectively. Here ¢,(w) may
be o at some w. We note that the function ¢, is continuous, and that the
function ¢, is smooth wherever its value is finite. We next define the positive
function #(v, w) of (v, w)eS,SXS,S on a neighborhood of the set

D = {(v, v)ES,SXS,S |t (v)< o}

as follows: Let v=S,S such that t,(v)<co. We first put #(v, v)=t(v). If we
take 6>0 sufficiently small, then there is a neighborhood I, of » in S,S such
that the two geodesic segments 7,(t) (|t—t,(v)| <) and 7,(¢t) (|t—1t,(v)| <9) in-
tersect exactly at one point for any wel,—{v}. We then define {(v, w)=
t,(v)—0, t,(v)+0) so that 7, (v, w)) is this intersection point. It is easy to see
that 7 is well-defined and continuous on a neighborhood of D.

LEMMA 2.5. Let pEJ, and fix vES,S such that t,(v)<co. Put p'=r,(t,(v)).
Then there is a neighborhood I of v in S,S such that one of the following two
€ases occurs:

(@) w—i(v, w) is constant for wel, and Fp, =0;

(b) w—i(v, w) is injective for w1, and F, is non-zero and semi-definite.

Furthermore if the case (b) occurs, then there are u< S, S which is orthogonal
to 7,(t:(v)), >0, and 6>0 such that the set

{ro@1t—t)| <d, wel—{v}}
does not meet the ‘half-slz:ce’ Z={Expp,(su)|0=s<Le}.

PROOF. Assume that w—i(v, w) is not injective on any neighborhood of v.
Then there are wj, wi€S,S (j=1, 2, ---) such that wj+w? #(v, wj)=iv, w3), and
wj, wi—v (j—oo). It is easy to see that the three geodesics 7,, 7wl and Tw?
intersect mutually transversally at the point 7,(i(v, w})) if w} and w} are suf-
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ficiently close to ». Hence we have Frv(m,w})):O for large ;. In view of
Lemma 2.3 this implies that #(v, wh=t,(v) for large j.

Now let I be a small connected neighborhood of v in S,S. Fix e=S,S
which is orthogonal to v, and put

r=1{wel| gw, e)>0}, . ={wel] glw, e)<0}.

Assume that there is a vector u,=1, such that #(v, u,)=t,(v), and also assume
that there is a vector u,=/, on the arc between v and u, such that (v, u,)+
t,(v). Then the image of the arc between u, and u, by the mapping w—i(v, w)
contains the interval between #,(v) and #v, u,), and so does the image of the
arc between v and u,. Hence, if I, is sufficiently small, by the same reason
as above we have F, ,=0 for every ¢ between ¢,(v) and #v, u,). But this
contradicts Therefore this case does not occur.

Above two facts show that for a sufficiently small I, (resp. I_) only two
cases can occur: (1) w—iv, w) is injective on I,\U{v} (resp. I_\U{v}), or (2)
(v, w)=t,(v) for all we1, (resp. wel.). Furthermore, by the same reason as
above we see that if the case (1) occurs for both I, and I_, then the mapping
w—t(v, w) is injective on I. Note that the case (2) occurs for I, (resp. I_) if
and only if #,(v)=¢,(w) for all w=I, (resp. wel.), and F, =0 in this case.
Hence if the derivative of the function ¢, does not vanish at v, then the map-
ping w—#(v, w) is injective on I.

Now we shall show that if the mapping w—i(v, w) is injective on I, then
F*,. is non-zero and semi-definite. Assume that F', is zero or indefinite. Then
there is a vector u,=S, S such that u,+ +7,(t,(v)) and F;.(u,)=0. The injecti-
veness of the mapping w—i#(v, w) implies that if u, is suitably chosen, then
there are ¢>0 and 0>0 such that 7,(¢) (|t—t,(v)| <) intersects

X+ = {Expp(su,) | 0=5s<e}
and does not intersect
X_ = {Expp(suy) | —e<s<0}
for any w=I. Furthermore we see that the intersection of the set
{ru@® | lt=tv)| <9, wel,\J{v}}

and X, forms a neighborhood of p’ in X,, and so does for /_. Hence by the
same reason as before we have F,=0 for all ¢=X, near p’, which contradicts
Lemma 2.3, Therefore if follows that F, is non-zero and semi-definite under
the assumption that the mapping w—i(v, w) is injective on I. The existence
of the half-slice Z in this case is also obvious.

Finally we assume that the case (1) occurs for /. and the case (2) occurs
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for I_. Then as was mentioned above we can take we [, arbitrary near v such
that the derivative of the function ¢, at w does not vanish. Fix such wel,.
By the fact just shown above we see that F;_cwy i non-zero and semi-definite.
Let 7 be the minimizing geodesic joining p’ and 7,(¢,(w)). Then the geodesics
v and 7,(f) intersect transversally at the point 7,(¢,(w)), because 7,(¢) does not
pass the point p’ near the time ¢=t,(v). Since F, =0, we obtain a contradic-
tion. This completes the proof of Lemma 2.5. m

ProprosITION 2.6. If p=T1, then TConj(p) is a circle of constant radius.
Hence Conj(p) consists of one point {q}, and q=I1.

PROOF. Set
U={ve&S,S | t(v)<eo, Fryayan=0}.

We first show that U is open and closed in S,S. If v=U, then the case (a)
in [Lemma 2.5 occurs for v. As was mentioned in the proof of the lemma, we
have (v, w)=t,(v)=t(w)=Hw, v) for any w in a neighborhood I of v. This
implies ICUJ, and hence U is open. Closedness of U is now clear, because t;
is finite on U, the closure of U. Therefore if it is shown that U is not empty,
then UJ coincides with S,S, and ¢, becomes a constant function.

Now assume that U is empty. They F; > is non-zero and semi-definite
for any v=S,S with #,(v)<co. First we shall consider the case where TCui(p)
=TConj(p). Let v=S,S be any vector, and suppose that there is another
minimizing geodesic joining p and 7.t (v)) besides 7,(t) (0=t=t,(v)). Since
Fr 00> 1s non-zero and semi-definite, these two geodesics form a simple geodesic
loop 7,(1) (0=t <2¢,(v)) from p to p. If 7,(¢t) (0<t<2¢,(w)) is also a geodesic loop
for a vector weS,S sufficiently close to v, then these two loops intersects at
one point except for p, and as is easily seen it contradicts the fact that four
geodesic segments 7,(¢) (0=t=1t,(v), t,(v)<t<2¢,(v)) and 7,(f) (0=t t(w), t(w)=<
t<2t,(w)) are minimizing, and that F, «,e» and F, ) are non-zero and
semi-definite. Therefore in any way there is a vector v=S,S such that 7,(?) (0=
t<t,(v)) is the unique minimizing geodesic from p to 7,¢,(v)).

Now let Z be the half-slice for v which is given in Lemma 2.5, and let g,
(j=1, 2, ---) be points on Z such that ¢,—7,(t,(v)) as j—oo. Let w;=S,S and
£;>0 such that 7, (f) (0=t=<¢;) be a minimizing geodesic from p to ¢, By
taking a subsequence if necessary, we may assume that #;—¢,(v) and w; con-
verges as j—oo, In view of the way of the choice of v, w; must converge to
v. But this contradicts the property of Z.

Next we consider the case where TCut(p)#IConj(p). Let v=S,S such
that #,(v)<t,(v)<oco. We note that 7,t.(v))# p, because 7,(f,(v))& Jl. Since
7(t) (0=¢=<¢,(v)) is not minimizing, and since F, ¢, w> is semi-definite, it follows
that there is a unique minimizing geodesic joining p and 7.(t,(v)). Note that it
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is also true for w=S,S near v. This implies that the minimizing geodesic from
D to 7,(t,(v)) is of the form 7,(t) (0=t<t,(v')) for some v'=S,S, and that ¢,(v")=
t,(v'). Hence the same argument as above is applicable for »/, and we get a
contradiction. This completes the proof of the proposition. W

COROLLARY 2.7. Let pe?n. If aCut(p)=9Conj(p), then S is diffeomorphic
to the sphere S®, and #31=2 or 4. If GCut(p)+9Conj(p), then S is diffeomor-
phic to RP:.

ProOF. We have already seen that the function ¢, is constant on S,S, Set
B(t,) = {weT,S | glw, w)<ti}.

Let 0B(t,) be its boundary. The quotient space B(¢,)/0B(t,) is then homeomor-
phic to S®. The exponential mapping FExp, induces the continuous mapping
p: B(t,)/dB(t,)—~S. As is easily seen, this mapping is locally homeomorphic,
and hence is the universal covering. Therefore the manifold S is homeomorphic
(and hence diffeomorphic) to S? or RP?. If gCut(p)=aConj(p), then p is bijec-
tive, and S is diffeomorphic to S%. If ICut(p)#9Conj(p), then p is not in-
jective, and S must be diffeomorphic to RP>.

In case S is diffeomorphic to S?, then Cui(p)(=Conj(p)) consists of one point
{g}, and ¢g=91. In this case it is clear that Cut(q)=Conj(q)={p}. Hence the
set 71 becomes the disjoint union of such pairs of points, which implies that
#J1 is even. Assume that #37=6. Then there are three points p,, p., p; in J
such that p,&Cut(p;) for any ¢, j. In view of this implies p.<=
Conj(p,), etc.. But since Conj(p,)=Cut(p,), this is a contradiction. Hence we
have #71=2 or 4. ®

LEMMA 2.8. Suppose that S is diffeomorphic to S?, and that #31=2. Then
Fq is semi-difinite for all g<=S.

Proor. Let J1={p, p’}. We take a normal polar coordinate system (», 8)
(0=r=R, 0=R/2zZ) with p being the center, i.e., (», ) represents the point
Expyr(v, cos@+v,sinf), where {v;, vo} is an orthonormal basis of 7,S, and
L(v)=R. Let & be the set of points ¢=S such that F, is indefinite, and put

4(0)={(r, 0)=4 | r=(0, R)}.

Now assume that 4 is not empty, and let (r,, 6,)=4. Let 7(¢) be the
geodesic such that 7(0)=(»,, 6,), F*(7(0))=0, and that 7(0) is linearly independent
of 0/0r. Since 7(¢) is transversal to each radial geodesic »—(r, 0), it easily
follows that 7(¢) again intersects the geodesic =6, at a finite time #>0. In
particular 4(@) is not empty for any 6. Let %(0)=(0, R] be the supremum of
r such that (r, )= 4£(0). If r*(6)<R for some 6, then as is easily seen, the
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set {(r°(0), 6) | 6=R/2xZ} coincides with the trajectory of a closed geodesic.
This implies that F*(d/00(r*(8), #)) vanishes, and hence that F(rscy,95 iS in-
definite. Since 4 is open, it contradicts the definition of »%(8). Hence we
have »*(#)=R for all §.

Now let 7 t) (0=¢t<t)) (j=1, 2, ---) be a sequence of geodesics such that
7A0)E40), 7(0)—p" as j—oo, FH(70)=0, rt)=4(0), r{)EH0) if 0<t<t,,
and r(y(t;))=r(r0)). Then we can easily see that this sequence of geodesic
segments converges to the point p’. But this clearly contradicts the existence
of a convex neighborhood around p’. m

We now give the rest of the proof of [Theorem 2.1. Suppose that S is
diffeomorphic to S®. First assume that #J91=2. Let (», #) be the normal polar
coordinates as in the proof of the previous lemma. Let (7, 8, 5, 7.) be the
corresponding canonical coordinates on T*(S—J). Since F is semi-definite
everywhere, and since F®0/0r)=0, F must be of the form +h%n3. Here A is a
positive function on S—9. Put H=+h%, on T*S—J) and H,=0 if g=J.
Then H is continuous on TS, smooth on T*(S—J1), and fibrewise linear. More-
over we have {E, H}=0on T*(S—J). Then the differentiability of H at points
2=TiS—{0}(ge?) follows from the differentiability of &§¥H=H at points &_.,(4),
where {&;} denotes the geodesic flow. Hence this case is just that excluded by
the condition (L.3) in the definition of Liouville surfaces.

Thus we have #J1=4. Let p,, ps, Ps, s be points in T such that Cut(p,)=
{ps}, Cut(p.)={p,}, and vice versa. Let L be the infinite extension of the
minimizing geodesic from p, to p,. As is easily seen, L must be a simply
closed geodesic, and d(p,, ps)=d(p,, p,)=one half of the length of L, where d
denotes the distance function.

Now let ¢ be a point on L between p, and p,, and let ¢’ be a point near
g which is not on L. Since F,+0, by considering the minimizing geodesics
from ¢’ to p,, ps, and g respectively, we have F°(v)#0, where v is the tangent
vector to the minimizing geodesic from ¢’ to ¢ at q. Since ¢’ is arbitrary, it
follows that F, is semi-definite.

Next let g&L. Then the two minimizing geodesics from ¢ to p, and p,
intersects transversally at q. Hence F, is indefinite. This completes the proof

of [Theorem 2.1. =

§3. The natural coordinate system and the classification

First we shall classify Liouville surfaces whose underlying manifolds are
diffeomorphic to the sphere S® For this purpose we introduce quadruples
(@1, as, f1, f2) such that a, and a, are positive real numbers, and that f; is a
C= function on the circle R/a;Z (=1, 2) satisfying the following conditions :
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fd=ty=f0, FU0O>0, F40=1(%F)=0,

2
fdt)>0ift 0, % (mode,Z), (i=l,2);
if ()~ Dau* (-0), then

3.1) fl) ~ B=DFautt (1-0),

f~2a(t=3)" (1-%),

far~ S0 a(t=-%) T (12%).

Here f; is identified with the periodic function on R with period a; (/=1, 2),
and the symbol ~ stands for the formal Taylor expansion. Let Q be the set of
all such quadruples. We say that two quadruples (a,, a,, /1, f») and (B, Bs, b1, hs)
in Q are equivalent if there is a constant ¢>0 and

a, 22
v={o5h r={o3)
such that one of the following conditions is satisfied:

(1) Bi=ca; (=1,2), and c*hi(ct) = fi@t+v), c’hoct) = folt+p);
(2) ,31 = CQy, ﬁz =ca;, and c*hy(ct) = fz(t‘:l“ll)’ c*hy(ct) = fi(t+v).

If the case (1) occurs with ¢=1, then these two quadruples are said to be
isomorphic.

We can construct a Liouville surface whose underlying manifold is S? from
each quadruple (ay, a,, f1, f2)=Q in the following way. Let I'=I(a,, a,) be
the lattice in R? generated by (a,, 0) and (0, @,), and put T(a,, a;)=R%/TI.
We shall identify R? with C by taking the complex coordinate z=x,++/—1x,.
Let = be the involution on 7(e,, a,) defined by z——z. We now consider the
quotient space R=T(a,, a,)/{1, }. Note that = has four fixed points in T(a,, a,)
represented by z=0, a,/2, vV —1la,/2, (a;++~—1a,)/2. Let z, be one of these
four values. By taking (z—z,)* as a local coordinate around the point z=z,,
the quotient space R can be regarded as the Riemann sphere. Clearly the
quotient mapping @ : T(a,, a;)—R is holomorphic. By the conditions we
have a unique riemannian metric g on R such that

O*g = (f(x )+ folx2)XdxiH-dx3),
and we also have a unique C* function F on T*R such that

1

ror=F F= fx(x1>+f2(x2)

(folxa)81—f1(x1)ED),
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where (x, &) is the canonical coordinate system of T*(7T(a;, a,)). Then (R, g, F)
is a Liouville surface which satifies the condition (L.4). It is clear that equivalent
(resp. isomorphic) quadruples yield equivalent (resp. isomorphic) Liouville surfaces.

THEOREM 3.1. The above construction gives the one-to-one correspondence
between the equivalence classes (resp. isomorphism classes) of quadruples in O and
the equivalence classes (resp. isomorphism classes) of Liouville surfaces whose
underlying manifolds are the sphere S?, and which satisfy the condition (L.4).

PrROOF. We shall give the inverse correspondence. Let (S% g, F) be a
Liouville surface which satisfies the condition (L.4). As in the proof of Pro-
position 1.1, the energy function E and the first integral F are described as

1
E= *2‘(V§+V§)
F: ng%—fJ/%

on a fibred neighborhood of each point in T*(S*—J1), where V, and V, are
fibrewise linear. In this case f, and f, are well-defined C* functions on S*—31,
and V% and V% are well-defined C* functions on T*(S*—aq).

Let L be the simply closed geodesic given in [Theorem 2.1. Since F is
indefinite at each point on S*— L, and since f,>—f, there, it follows that f,
and f, are positive on S*— L. Let p,€? (1<7<4) be as in [Theorem 2.1, and
let L; (1=i<4) be the connected component of L—J bounded by p; and
Dir1 (Ps=p1). We have already seen that F is semi-definite at each pointon L,.
In fact it is easy to see that the sign of F on L; and that of L;., are opposite.
Therefore we may assume that F=0 on L, and L,, F<0on L,and L,. Then
we have f,=0, f,>0 on L, and L, and f,>0, f,.=0 on L, and L,. Since
F=0 on 9, it follows that f, and f, are continuously extended to the whole
S? by putting f,=f,=0 on IJ1.

Let D, and D, be the closure of the two connected components of S?— L
respectively. Clearly D, and D, are diffeomorphic to a closed disc. Hence on
D,—91 we can take a square root V; of V2 as a C* function and the corres-
ponding vector field X; (=1, 2) as in the proof of [Proposition 1.1. Note that
the vector fields X, and X, are also continuously extended to D, by putting
X,=X,=0 on 7. We choose V,(resp. V,) so that the vector field X,(resp. X,)
on L, (resp. on L,) tends to the inside of D,.

LEMMA 3.2. Consider the ordinary differential equation
dey(t)
dt

with the initial condition ¢;(0)=q=D,—L. Then there are positive constants a;
and b; such that the unique solution c(t) is defined on the closed interval [ —a;, b;],

- (/Yi)ci(t) (@=1,2)
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and satisfies
cil(—aq, b))CT(Dy, — L), c{—ay)= Ly, ci(bi)E Ly (=1, 2).
Furthermore the value a;+b, (i=1, 2) does not depend on the initial point q.

PrOOF OF LEMMA 3.2. Let (r, ) be the normal polar coordinate system
centered at p, such that L,\UL, is represented by 0=0, 0<r<w,, L,'\JL; by
0=m, 0<r<r,, and D,—L by 0<8<=, 0<r<r, where r, is the distance be-
tween p, and p,. Since the vectors X, X, are linearly independent of, and¥}
not orthogonal to the vectors defined by F*=0 on D,—L, it easily follows that
G(c.(D)) (resp. 0(c,(t))) are the increasing (resp. decreasing) function, and »(c;(f))
(=1, 2) are the increasing functions. Since X,f,=0, and since f,=0 on L,\JL,,
it follows that c¢,(¢#) does not pass a neighborhood of the closure of L,\JL,.
These facts show the existence of the finte times —a, and b, so that the former
conditions are satisfied. Similarly we have the times —a, and b, for c¢,(¢).

Now let w; and w, be 1-forms on D,—3J1 such that w,X;)=d;;. Clearly
they are closed. Let 7(¢) (a<t<B) be a curve in D,—J1 such that y(a)cL,
and 7(B)eLs. Since the vector field X, is tangent to L, and L,, it follows that
the integral

|
7

does not depend on the choice of y. This shows that the value a,-+b, does not
depend on ¢. The constancy of a,+b, is also shown in the same way. ®

We put a;=2(a;+b;) =1, 2). Let w, and w, be 1-forms defined in the proof
of Lemma 3.2 We define functions x, and x, on D,—J by

w@={ o (=12

where 7; is a curve in D,—J from a point on L; to g. Moreover we put x,(p,)=
x1(jbz):xz(pz)———x2(f73):0, x(p)=x:(p)=a:/2, x:(p1)=x4(ps)=a,/2. Clearly we
have X;=0/0x; on D,—3J1.

LEMMA 3.3. The functions (x,, x,) give the homeomorphism from D, to the
rectangle [0, a,/21X[0, a:/2] which is the diffeomorphism from D,—J1 to the
rectangle— {4 vertices}.

Proor oF LEMMA 3.3. In view of Lemma 3.2 it is enough to show the
continuity of the functions x, and x, at four points in JI. Assume that the
function x, is not continuous at p,. Then there is a sequence of points ¢,<=
D,—3 (k=1, 2, ---) such that ¢,—p; and x,(¢g.)\.c>0 as k—oo. By
we have points ¢g,= L, (k=1, 2, ---) such that ¢, and ¢; are on the same integral
curve of X,. Since x,(q.)==x.(q:), it follows that x,(g;)\,¢c as k—oo. Since the
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function x, is monotonous on L,, it then follows that ¢; converges to a peint
gb=LyJ{p,}. On the other hand, since X,f,=0, we have fi(gr)=fi(g;). This
implies that f,(¢g.)=0, and hence that g¢.=p,. Therefore it has been shown
that x,>¢ on L,. But since there is a point in D,—L with x,<¢, this clearly
contradicts the previous lemma. Other cases are shown in the same way. ®

We now continue the proof of [Theorem 3.1 In the similar way to the case
of D; we can define the vector fields X; and the functions x; (=1, 2) on D, so0 ;¥
that the functions x, and x, coincide with those on D, on the common boundary§ ,
L. Therefore the curves x;==constant are joined into a simply closed curve.

As before, let I'=1I"(a,, a,) be the lattice in R* generated by (a;, 0) and
(0, a,). We denote by [v,, y.]€ R?/I" the image of (y,, v.)€R? by the quotient
mapping R*—R?/I. Then it is easy to see that the above coordinate systems
on D, and D, induce a continuous mapping @ : R*/['—S* satisfying the follow-
ing conditions.

(1) @ maps the set {[y,, ¥.1 | 0=y, Za,/2, 0£y,Za,/2} homeomorphically
onto D;, and

x:2@([y1, ¥2]) = ¥, mode; Z (i=1,2).

(2) @ maps the set {{y, v.]1| 0y, Za,/2, /2L y,<a,} homeomorphically
onto D,, and

@[y, ¥:1) = y, moda,Z,
X0 D(Ly1, ¥21) = — ¥, moda.Z.

3) O([—y1, =y D=0 Y1, ¥21).

In view of it is easy to see that @ is C*= outside the four points
[0, 01, [a./2, 0], [0, @:/2], [a,/2, @,/2], and there @ is the double covering onto
S2—g31. Let 91 be the set of these four points. By the definition of the coor-
dinate system (x,, x,) we have

O*g = (D* [+ 0% [,)dyi+dy3)

on R?/I'-Ji. Here the functions @*f, are continuous, and are C> outside J.
It is clear that @*f, depends only on the single variable y; (:=1, 2). We now
consider the conformal structure on R?/I" induced from the flat metric dy?-+dyi.
Since @ is continuous, and is the C* conformal mapping outside JI, it follows
from an elementary function theory that @ is C* on the whole R?/["

Next we shall show that the functions @*f, (=1, 2) satisfy the condition
regarding them as the periodic functions on R with periods a;. Since
O([—31, —2.D)=0([y1, ¥.1), we first have P*f(—y:)=P*f(y:) (i=1, 2). Now
let us take the complex coordinate z=y,++/—1y, around the point [0, 0] on
R?*/I'. Then it is easy to see that the function z? induces the local coordinate
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around @([0, 0])=p, on S% This implies that the symmetric 2-form @*g is
described as
h(Rez?, Imz%)dz2dz*

on a neighborhood of [0, 0], where A is a positive C* function in two variables
defined on a neighborhood of (0, 0). Hence we have

O*f (1) +D*fo(x)=4h(xi—x3, 2x,x:)(x i+ x3)

on a neighborhood of (x;, x;)=(0, 0). From this it easily follows that if @*f,(x,)
has the Taylor expansion 3};..a:x%* at x,=0, then ¢,>0, and the Taylor ex-
pansion of @*f,(x,) at x,=0 is given by 3};..(—1)*'a,x3*. Other conditions
can be obtained in the similar way. Therefore we have obtained the quadruple
(ay, a,, @*f,, O*f,)=Q. It is easy to verify that this assignment gives the con-
verse correspondence. This completes the proof of [Theorem 3.1. =

COROLLARY 3.4. Let (S% g, F') be a Louville surface, and let L be the closed
geodesic stated in Theorem 2.1. Then the reflection with respect to L is a well-
defined isometry of (S?% g), and it preserves F.

PROOF. Let (a;, as, fi(x,), fo(x2)) be a quadruple belonging to the corres-
ponding isomorphism class. Then the involution on R?/['(a,, a,) defined by
(x1, x2)—(x1, —x2) induces the mapping ¢ on S®* whose fixed point set is L.
Since fi(—x2)=Ffs(x,), it is clear that ¢ preserves g and F, and that ¢ is the
reflection with respect to L. H

PROPOSITION 3.5. A Liouville surface (S% g, F') is the double covering of a
Liouville surface (RP?, g’, F') if and only if the corrvesponding quadruples (a,, a,,
J1, [o) satisfy

a; _ ' .
(3.2) flxt%) = Fxd G=1,2)
for any x;=R. In this case the covering transformation is induced from
a @
3.3) (X1, X5) —> <x1+—1, — X5+ ~2~2)

PrROOF. ‘if’ part is clear. Now assume that (S?, g, F) is the double cover-
ing of (RP?% g’, F’), and let ¢ be the covering transformation on S%. As was
noted in the proof of [Theorem 3.1, f; and &;=(f,+/.)V} (i=1, 2) are regarded
as functions on S*—3J7 and T*(S*—3J1) respectively. Since E and F are preserved
by 7, we have

(3'4) fiet= [
(3.5) §lor* =61,
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From the latter formula it follows that z is induced from the mapping of the
form

(xly x‘Z) > (x1+a) ix2+b>-

Since r is the fixed point free involution, we have Then the formula
(3.2) follows from (3.4 =

In the analytic case we have the following

COROLLARY 3.6. Let (S?, g, F) be a Liouville surface such that (S% g) is
the analytic riemannian manifold. Let (ay, as, f{x1), f(x.)) be one of the cor-
responding quadruples. Then f,, f5, and F are also analytic, and satisfies

f(1+5) =10 =12

for any teR. Furthermore, extending f, as a holomorphic function on a neigh-
borhood of the real axis, we have

faot) = —f1<\/:‘_1t)

for teR near 0. In particular the extended f, is a holomorphic function on a
neighborhood of the set

n n
{z:Cl Rez——z—a1 or Imz——z—az, nEZ}

and has the double periods a,/2 and vV —1la,/2.

PROOF. As is well-known, in case (S?, g) is analytic, any isothermal coor-
dinates are analytic with respect to the given analytic charts. Therefore it
follows that the conformal mapping @ : T(a;, a,)—(S?% g) constructed in the
proof of is analytic, and that so is @*g. This implies the analy-
ticity of the functions f, and f,, and hence of the first integral F. The rest
part is immediately obtained from the conditions [(3.I) for f, and f.. m

The following corollary is an immediate consequence of [Proposition 3.5 and

Corollary 3.6

COROLLARY 3.7. If (S?% g, F) is an analytic Liouville surface, then it is the
double covering of a Liouville surface whose underliying manifold is the real pro-
jective plane RP*.

We next consider Liouville surfaces whose underlying manifolds are the
torus. The simplest example in this case is given as follows: Let I be a
lattice in R*={(x,, x,)} generated by an orthogonal basis. After an orthonormal
change of the coordinates, we may assume that they are (a;, 0) and (0, a,)
(a;, a,>0). Let f,eC(R/a;Z) (1=1, 2) be any non-constant functions such that
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Filx )+ fox)>0 for any x,, x,=R. Put

g = (Fix )+ Fox2))dxi+d x8)
1
F = 2 3 2 ,
f‘(x1)+f2(x2> (f2(x2)51 fl(xl)52>
where (x, &) is the associated canonical coordinate system on the cotangent
bundle. Then (R%/I, g, F) is clearly a Liouville surface. We shall say that

this Liouville surface is of elementary type.

PROPOSITION 3.8. Let (S, g, F) be a Liouville surface such that S is dif-
feomorphic to the torus. Then there is a Liowville surface (R*/I, g’, F') of
elementary type, and a finite covering ¢: S—R?/I" such that ¢*g’'=g and Fop*
=F".

PrOOF. As in the proof of Proposition 1.1 we can write

1
E= f(V?—i— 2
F= f.Vi—f.V}

on a fibred neighborhood of each point in S, where V; (=1, 2) are fibrewise
linear, and f,>—/f;. In this case shows that E and F are never
proportional at any point in S. It thus follows that f; and V% are well-defiend
C= functions on S and T*S respectively. Then we have

LEMMA 3.9. The functions f, and f. are not constant.
Proor. If f, is constant, then
(f1+f2) T = F+2f1E

becomes also a first integral. But this contradicts the condition (L.3) in the
definition of the Liouville surface. m

As in the proof of [Proposition 1.1, we can take the square root V; of V?
and the corresponding vector X; at each point in S. Let p be a point in S such
that (df1),#0, and let co(x,) (x;=R) be the C* curve in S such that

c(0) = p, colxs) = i(IYZ)cO(zZ)-

Since X,f,;=0, it follows that df,#0 at each point c¢,(x,). This implies that
the connected component of the closed set f7'(fi(p)) containing p coincides
with the orbit of c¢(x;)x.,=R). Hence the orbit of ¢,(x,) must be a circle, and
the curve x;—c(xz) has a period. Let a,>0 be the least period.

Now let x;—c¢(x,, x5) be the C* curve in S such that
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(0, x,) = co(xs), aavc(xl’ Xs) = i(Xl)c(xl,zz)-
X1

We may assume that (0¢/0x,)0, x.) is C* in the variable x,. Since the mapping
(x4, x2)—c(xq, x,) is the local diffeomorphism, it gives a C* covering of S by
RxR/a,Z. Hence there is a point on the circle {c¢(0, x,)} where df, does not
vanish. By shifting the parameter x,, we may assume that this point is p=
¢(0, 0). Then it follows from the same reason as the case of cq(x,) that the
curve x,—c(x,, 0) is periodic. Let a,;>0 be the least period. Note that the
vector fields (0c/0x,)0, x,) and (dc¢/0x,)(x,, 0) are also periodic with periods a,
and a, respectively, because S is orientable. Since [X,, X,]=0 if X, and X,
are locally chosen as C* vector fields, it follows that the mapping (x,, x.)—
c(x, x,) induces a C* covering of S by (R/a,Z)X(R/a,Z). Clearly c*f; is a
function on the single variable x; (=1, 2), and

c*g = (c*f1+c*fo)dxi+-dx3)
1
C*f1+c*fz

Let 7" be the lattice in R? generated by (a,, 0) and (0, @;). By using the
covering ¢, we have a lattice I' in R?® containing /" such that ¢ and the
natural covering R?/I"”—R?/I" induces a conformal diffeomorphism between
(S, g) and R?*/I" with the flat metric dx3+dx;. Therefore we identify S with
R?/I", and ¢ with the natural covering R?*/I"—R?/I. By regarding c*f, as
a periodic function on R, ¢*g and F are regarded as a riemannian metric on
R? and a function on T*R? which are invariant under the additive action of I
Let =, (resp. 7s): R*—R be the projection to the first (resp. the second) variable,
and put I;==,(I")CR (=1, 2). Since I’ contains the sublattice I” generated
by (a;, 0) and (0, as), it follows that the additive group [ has a generator
B:>0 (=1, 2). Let I'” be the lattice in R* generated by (8, 0) and (0, B,).
Then it is clear that the functions c¢*f; are periodic with the period §; =1, 2),
and hence that the metric ¢*g and the function & are invariant under the action
of I'”. Hence we have a Liouville surface of elementary type whose underly-
ing manifold is R?/[™”, and which is covered by the Liouville surface (S, g, F)
by the natural covering S=R?/['—R?/I"'”. This completes the proof of Pro-
position 3.8. m

F=F*, F= (c*ff1—c*f.6D).

We shall now classify Liouville surfaces whose underlying riemannian mani-
folds are conformally isomorphic to a prescribed flat torus (R?/[, dx?+dx?). As
before, we identify R* with C by taking the complex coordinate z=x,-++—1x,.
As usual, we may assume that the lattice /" in C is generated by 1 and weU,
where
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U:%aﬂugLong§%mm>q.

Let [, and [, be real lines through the origin in C which are mutually
orthogonal, and such that both [,/ and [,N\ [ are not {0}. Let A=(I") be
the set of all such ordered pairs (/i ;) of lines. For each [=(,, )&/ we
assign a lattice /7’(l) in the following manner. Let z; be the orthogonal pro-
jection C—!; (=1, 2), and put =,(/")=1"{. Note that I'; (=1, 2) have generators,
because mI ciNT+iNIT for some me Z. Then we put I"()=1"1+1T7.
Clearly we have I'cI”().

LEMMA 3.10. A=A(I") is not empty if and only if ReweQ, or there are
D, ¢=Q such that |w|*+(p-+q)Rew-+pg=0, where Q denotes the field of rational
numbers. When this condition is satisfied, we have the following two cases.

(i) If ReweQ or |w|*&Q, then #A=2.

(ii) If Rewe@Q and |w|*<Q, then

A= {(R(w-+p,), Rw+q,)) | reQ }U{(R, Rv—1), (RvV—1, R)},
where
pr = —(Imw)*»—Rew, g, =r'—Rew.

PROOF. As is easily seen, a pair of lines

(R(w+p), R(w+q), p,q=R

is an element of 1 if and only if

b, 7=, Im(zig):o

This condition is equivalent to

(3.6) b, ¢=Q, (Rew+p)YRew+¢)+Imw)* = 0.

The condition for (R, Rv—1)= 4 is clearly given by Rew<@Q. Hence the first
assertion follows.

Now assume that Rew<@Q, or the formula (3.6) is satisfied. If Rew&@,
then in the formula (3.6) p-+¢ and pg must be unique. Hence #.4=2 in this
case. If Rewe@Q and |w|?*&Q, then there are no p, g=@Q satisfying (3.6).
Hence A={(R, Rv—1), (Rv—1, R)} in this case. If ReweQ and |w|*<Q,
then (Imw)® is a positive rational number. Hence (3.6) is solved by using the
parameter r<Q™ :

Rew+p = —(Imw)’r, Rew+qg=r"".

This proves (ii). m



Compact Liouville surfaces 575

Let [=(l,, l,)eA. Let () be the set of pairs of functions f=(f,, f,) such
that f; is a function on /; which is invariant under the action of I} (z=1, 2),
and f,+f,>0. Here the functions f; are identified with their pulled back images
by the orthogonal projections x;: C—{;. We put

BN =A{U, NHlied, feg)}.

For each (I, /)= $(I") we assign a Liouville surface whose underlying rieman-
nian manifold is conformally isomorphic to

(C/ T, dxi+dx3)

as follows. Let (y,, v,) be an orthonormal coordinate system on C=R? so that
d/0y; is tangent to [, (=1, 2). Put

g = ([{(y)+fy)Xdyi+dy3)
1

F = m(fz(y2)7h—f1(y1>7}z),

where (y, ) is the associated canonical coordinate system on 7*C. Clearly g
and F are invariant under the action of /. By regarding them as a riemannian
metric on C/ " and a function on T*(C/I") respectively, we obtain the Liouville
surface (C/I, g, F).

Let G, denote the group of all conformal transformations of C which fix
the origin 0 and leave [ invariant. If Rew=0, 1/2 and |w|+1, then G, consists
of the multiplication of +1. If Rew=0, 1/2, w++—1, 7’3, then G, is generated
by the mappings z—Z and z——z. If |w|=1, w#~v—1, ¢*3, then G, is
generated by z—wZ and z——z. If w=+—1 or ¢7/%, then G, is generated by
z—Z and z—wz. In each case G, is clearly a finite group which preserves the
set A and the metric dxi+dxj. Let G(I') be the group of conformal transforma-
tions of C generated by G, and all of the translations.

We say that two elements (I, f) and (m, h) in @(I") are equivalent if there
are 9=G(I") and a=R such that one of the following two cases occurs:

(1) Ooly) = my, O*h; = fiH(—=1)a (G =1,2);
2) Oly) = ma, Do(ly) = my, O*hy = f1—a, D*h, = fo+a,
where @,=G, denotes the linear part of @. It is easy to see that mutually

equivalent elements in $(/") give mutually equivalent Liouville surfaces. Let
B(I") denotes the set of all equivalence classes.

THEOREM 3.11. The above assignment gives the ome-to-one correspondence
between the set B(I') and the set of equivalence classes of Liouville surfaces

whose underlying riemannian manifolds are conformally isomorphic to the flat
torus (C/ I, dx¥--dx?).
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PrROOF. In view of Proposition 3.8 it is clear that the assignment described
above is surjective. Now assume that (/, f) and (m, h) in $(I") give the same
equivalence class of Liouville surfaces. Put

g = ([t [fodxi+dxd), g = (hi+ho)dxi+dxs).

Then by the assumption we have an isometry ¢: (C/I, g)—(C/ I, g’).
This gives an isometry ¢: (C, g)—(C, g’) and an automorphism ¢ of I as an
abelian group such that

$z+7) = d+¢(1), zeC, 1T,

where the metrics g and g’ on C/[ are identified with their pulled back images
on C. Hence we can extend ¢ on C by putting ¢(2)=¢(z)—@(0). Since ¢ is a
conformal mapping, it follows that ¢=G, Hence ¢=G(I'), and we have
@*(hy+hy)=f+f, Since f; and h,(i=1, 2) are non-constant functions, it easily
follows that {¢(ly), ¢(s)}={m,, m.}. Therefore we see that (I, ) and (m, h)
are equivalent. W

Finally we consider the case where the underlying manifold is diffeomorphic
to the Klein bottle. Let we R+~—1 such that Imw >0, and let I” be the lattice
in C generated by 1 and w. Put

6(2)22—{-—1—, zeC.

Clearly ¢ induces a conformal transformation ¢ of C/I" satisfying ¢*=1. We
put
K, =C/I/{1, c}.

Then K, is diffeomorphic to the Klein bottle, which possesses the riemannian
metric g, induced from the metric dx?+dxi. As is easily seen, any riemannian
manifold whose underlying manifold is diffeomorphic to the Klein bottle is
conformally isomorphic to one of the flat Klein bottles (K, 2w).

Now we fix we R~V —1, Imw>0. Let f.(x,) and f.(x,) be functions such
that fi(x,)+ fo(x5)>0 for any x,, x,=R and

1
f1<x1+—2‘) = filx1)
Fol—x2) = folxs), fz(xz+1mw):f2(x2>-

We say that two such pairs of functions (f:, f») and (h,, h,) are equivalent if
there are a, be R, n=Z, and ¢={l, —1} such that

hy(xy) = filex1+b)—a

hg(ﬁ'g) = fg()fz‘l’zz‘l‘lm w>+a .



Compact Liouville surfaces 577

Let ¢(w) be the set of the equivalence classes of such pairs. For each element
of C(w) we assign an equivalence class of Liouville surfaces as follows. Let
(f1, f2) be a representative. Put

g = (f1(x)+fo(x))dxi+dx5)
1

F= m(fg(xz)ﬁ*—fx(xx)fg) .

Then clearly g and F are invariant under the action of /" and the mapping ¢.
Hence they induce a Liouville surface whose underlying manifold is K,, and
whose riemannian metric is conformal to g,. It is easy to see that another
representative gives an equivalent Liouville surface.

Then we get

PROPOSITION 3.12, The above assigment gives the one-to-one correspondence
between the set C(w) and the equivalence classes of Liouville surfaces whose un-
derlying riemannian manifolds are conformally isomorphic to (Ky, Zw).

The proof is easily obtained by using [Theorem 3.11.

§4. Symplectically isomorphic geodesic flows

Let us consider a Liouville surface (S?, g, F). Let (ay, a,, f1, f2) be one of
the corresponding quadruples. In this section we shall assume that the follow-
ing condition is satisfied.

There is only one cie(O, c—(—‘) such that fi(c;)=0. Moreover
(4.1) 2
the second derivative f%(c;) does not vanish. (=1, 2.)
Put M=f(ci)+f:c:)>0. Then there is a number S<(0, 1) such that
File) = M(l—,B), Jales) = iM,B .
We then introduce new coordinates 8; (=1, 2) by

fix) = M(1—B)sin®d,
falxy) = MBsin®f,

(4.2)

and the conditions: dx;/d#;>0, and x;=0 corresponds to 6;,=0 (=1, 2). It is
easy to see that this coordinate change is well-defined, and that the mapping
x—0; gives a diffeomorphism R/a.Z—R/2xZ.

Now we define positive functions A,(¢) (|¢#|<~1—p) and Ay(¢t) (|t|=+/B) by

Ay(~v1—PB cost,) = %—\/M\/[B cos*f;+sin*f,
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AVEBcosy) = —;‘%‘f VI V=) cos*f, im0,

It is easy to see that A,(¢) and A.(t) are well-defined C* functions on the
closed intervals [—+~1—8, v1—B] and [—+/B, /B8] respectively. The rieman-
nian metric g is then described as

g = ((1—p)sin’*@,+ B sin®f,)

4.3) (.Al(\/l—ﬁ cosf,)?
B cos’d,+sin®d,

As(~ B cosf,) 02)
(1—B) cos?f,+sin’f,  °

dot+

In this case the conditions are translated to the following conditions.
At) ~ A(—t) t—»~v1-8)
(4.4) Ay(t) ~ A(—t) ¢—VB)
Ay(t) ~ A(V1I—t*) (t—=~1-8)
Here the symbol ~ expresses that both sides have the same Taylor expansion at
the given points. Conversely, for any positive number M, and for any positive
C= functions A.(¢) and Ay(?) defined on the closed intervals [—+1—8, v1—8]
and [—+/B, v/B] which satisfy the conditions (4.4), we get a quadruple and
hence a Liouville surface (S? g, F) by reversing the above procedure. Clearly
another choice of M gives an equivalent Liouville surface. Therefore we shall

assume that M=1 in the rest of the paper.
We shall describe some examples. First let us consider the ellipsoid

2 2 2
P22 1 (b>by>b>0)
b1 bz b3

in R*={(y,, ¥., ¥5)}. This ellipsoid is parametrized by R/2zxZ XR/27Z =
{(0,, 6,)} as follows:

¥, = /b, cos, v (1—B) cos?d,+sin®F,
(4.5) ¥, = Vb, c0s,+ B cos’f,+sin’d,
Vs = /b, sinf, sin,

where 8 = (b;—0b,)/(b—b,) = (0, 1). Then the riemannian metric g induced
from the canonical metric on R® is given by
g = ((1—-p)sin’*d,4 S sin®F,)

<b3 cos®f,+b, sin®f, 462+ b, cos?@,+b, sin%6,
B c0s%6,-+sin®6, "1 (1—pB) cos®0,+sin®0,

d62)

(cf. Klingenberg Section 3.5). Next we consider the sphere of radius 1.
In this case, put b;=b,=b;=1 and let 8<(0, 1) be arbitrary in Then the
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induced metric g, is given by

go = ((1—B) sin®@,+ f sin8,)
(4.6) 2 .
x( ) dos )-
B cos*d,+sin’@, * (1—jB)cos’f,+sin®f,

Now we shall show the main theorem in this section. We put
1 .
A0 =5AMxAL-1) (=172

THEOREM 4.1. Fix B=(0, 1). Let Au(t) and Ai(t) (1==1, 2) be positive C~
Sfunctions on [—~1—B, v1—B] and [—~/8, v B]) respectively which satisfy the
conditions (4.4), and let (S®, g;, F;) be the corresponding Liouville surfaces. Assume
that At;(8)=A3(t) (=1, 2) Then the geodesic flows of the riemannian manifolds
(S?, g:) (i=1, 2) defined on T*S*=T*S*—{0-section} are mutually sympletically
zsomorphic.

PROOF. We put A, ()=2—7)A:,(t)+(r—1)As,(t) 1<r=2). Then we have
A t)y=AH(t)= A$(t) (j=1,2). The corresponding riemannian metric g, is
given by
g- = ((1—B) sin*@,-+ f8 sin®f,)

(A“(\/T:Ecosﬁl)2

2
B cos?,+sin*f, 463+

A, o(V B cos8,)? 02)
(1—B) cos?d,+sin?@,  /°

Here the underlying manifold S? is identified with R/2zZ X R/2xZ devided by
the involution (4., 6,)—(—8,, —8,). Let E, be the corresponding energy function,
and let E, be its derivative in 7. In general for a function % on an open
subset of T*S?% let X, denote the symplectic vector field defined by the hamil-
tonian u.

We shall solve the equation

(4.7) X5,G,=E, (1=rz=2

so that G, is a homogeneous C*= function on T#S* which is also C* in the
parameter r. If such G, is found, then the one-parameter family of homogeneous
symplectic diffeomorphisms @, (1=<r:22) of T*S* defined by

d R
E@r(ﬂ) = (XGT)@TU)); d%(ﬂ) =7, UET*SZ

satisfies @*¥E,.=E,, which will prove the theorem.

The function G, is given as follows. Let (6, ) be the canonical coordinates
associated with 8=(4,, 8,). As is easily seen, the energy function E, and the
first integral F, are given by
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el 1
" 2 (1—PB)sin®6,+ B sin®f,
><< B cos?@,+sin®0, |, (1—p)cos’f,+sin’f, 773)
A (V1—FB cosb, ) mit AoV B cosb,)
F, = !

(1—p)sin’f,+ B sin®f,
( B cos?8,+sin,
A (V1—=p cost,)
_ (1—pB) cos?*d,+sin’f,
A, o(V B cosb,)?

B sin®*@,7n}

(1—§)sin’0,73).

When F.(8, 5)<0, then we put

VI, fseceriin B) | [FHE2E)=S

Gr(oy 77): -_ 2 1 (1-B)cos?b, '\/l—y 1 ‘8 Y
VI (B B <F/2E> Yy
2 Bcos26, V1 —y
and when F,(4, 9)>0,
V3B, (- B(y) [T=BFF./2E)—y
G,-(e, n)— 2 algcl—ﬁ)coszﬁl‘\/l—-y 1— ‘8 y d

v2E, Sﬂ-wﬂwﬁ By(y) [|B— (F /ZE) Y 4y,
2 2 B cos26, V1i—y

where ¢; denotes the sign of %;,sinfd; (=1, 2). The functions B.(y) and B,(y)
are defined as follows. By the assumption on A,(t), we see that A, (¢)=
Ast)—A,(t) is the odd function in ¢. Hence there is a unique C* function
B,(y) so that

A ) =1tB,@® (=1, 2).

From the above definition it is easy to see that {G,} is a well-defined
continuous function on [1, 2]x7*S? which is C* in the region where F,+0,
and that the formula is satisfied. The smoothness at points where F,=0
is also easily verified in view of the fact that B;(y) and By(y) vanishes up to
infinite order at y=1—8 and y=J reSpectively, which is a consequence of the
conditions (4.4) and the assumption that A%; 5. A

A riemannian metric g on S? is called a C,.-metric if every geodesic on
(S?% g) is closed and has the length 2z. We can determine Liouville surfaces
whose riemannian metrics are C,.-metrics.

PROPOSITION 4.2. Let (S? g, F) be a Liouville surface. Then g is Cop-
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metric if and only if the corresponding quadruples satisfy the condition (4.1), and
the corresponding functions A\(t)(|t| < V1—B) and A (t)(|t| <~/B) satisfy

Ai(t) = A3@) = 1.

PrOOF. If At=A%=1, then shows that the geodesic flow of
(S%, g) is symplectically isomorphic to that of (S%, g,), the sphere of constant
curvature 1. Hence g is a C,,-metric.

Next let (S?, g, F) be a Liouville surface such that g is a C,,-metric. Let
(as, s, f1(x1), fo(x2)) be one of the corresponding quadruples. Suppose that
fi(x,) vanishes at x;=a<(0, a;/2). Then the closed curve x;=a is the orbit
of a geodesic, and its length is given by

S:Z«/ TR F Flaaydzs.

Since this value shoud be 27z, it follows that the value f.(a) does not depend on
a. This implies that f%(a)<0. Now assume that f%(a)=0. Then along the
closed geodesic x;=a, the following vector field becomes a Jacobi field:

t ds 0

SO Fila)+faoxo(s)) 0x; 7
where ¢t and s are the length-parameter of the geodesic x,=a. Clearly this
Jacobi field is not periodic, which contradicts the assumption. Hence we have
f1(a)<0, and ¢ must be unique. Since the same is true for f,(x,), the condition
(4.1) is satisfied.

Now let A,(t) (1] =<+1—8)and Ay(?) (|t|=<+/B) be the corresponding func-
tions. Let (S?%, g*, F*) be the Liouville surface defined from the functions A}
and A%. Then it follows from that g* is a C,,-metric. Let E*
be the corresponding energy function. Then on a solution curve of Xg+ with
2E*=1 and F*=¢, we get

dt o Af(vT=F cos0,)d0,
(1—B)sin’f,+B sin®f, ~ |7:| VB cos?8,+sin’*4, v(1—B) sin*4,+c¢
(4.8) o A3(V/ B cosb,)db,

T 2| V(1—pB) cos’f,-+sin’f, VB sin*f,—c”’
g = A7(V1--Bcosd) vV(1—B)sin®b,+c
(4.9) |91 VB c0s?0;+sin®f,

L A3V B cosl,) v Bsin®0,—c
|21 v/ (1—B) cos®8,+sin%f,

do,

daz,

where t is the parameter of the solution curve.
First assume that ¢<0. Since the geodesic is closed with length 2z, it
follows that there are positive integers p and ¢ which are mutually prime
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such that

=i At(v/T=f cosf,) v(1—B)sin®,+c
i /B cos’@,+sin*0,

= AH(~/ B cos,) VB sin®f,—c
29 V(I—B) cos*f, T sin'0,

o7 = 2qg a0,

d02 ’

where i=arcsinv —c¢/(1—B)&(0, =/2). Clearly p and ¢ do not depend on ¢<C0.
Hence by taking the limit ¢—0, we get p=¢=1 in view of [Theorem 2.1. By
differentiating the above formula in the variable ¢, we get

S At(VI=Bcosb,)db,
i /B cos?l,+sin?f, v/(1—B)sin*d,+c

__Sn A$(~VB cosb,)db,
" Jov/(1—B) cos®f,+sin?f, /B sin*f,—c

(4.10)

for ¢<0. Similarly we also get

Sn AT(VT=P cosh,)do,
(4.11) 0 /B 0520, +sin’0, v(1— ) sin0, + ¢
__Svr-f A¥(~/B cosb,)db,
)i vV(1—pB) cos’.+sin*d, VB sin*F,—c
for ¢>0, where j=arcsinvc/B<=(0, ©/2).
Put
ANVTI=B) = A¥(VB) =a.
Then

_ Af(vV1—Bcosl,)—a

e — A$(V B cosbr)—a
~ (1—p)sin’6,+Bsin®d; ’ *

~ (1—pB)sin®*6,+ 8 sin®0,

are well-defined L? functions on S*. Clearly they are even with respect to the
antipodal mapping (8., 0.)—(0,+x, —0,+x). Let R be the Radon transform
on S? with the standard C,.-metric g, (cf. Besse [2] p. 123). The operator R
transforms the functions f on S* to the functions on the manifold of geodesics;
the value of R(f) at the geodesic 7 is given by

hy

R = Srf.

Then the formula for the standard metric g, (the case where A*t=
A$=1) implies that the value of the function R(h,) at the geodesic with 2E,=
1, Fo=c is given by

Zgﬂ—i At(v1—Bcosb,)—a
i ~/fcos*f,+sin*f,v(1—B) sin*f,+c¢

dao,

when ¢<0, and



Compact Liouville surfaces 583

7 o 1—RB¢ —
S At(v1—Bcosl,)—a 40,

04/ B cos?8,+sin?d,v(1— B) sin®f,+¢
when ¢>0, where E, and F, are the corresponding energy function and the first
integral. Similarly we can compute the values of R(h;), and we consequently
get R(h,)=R(h,) in view of the formulae (4.10) and Since the operator
R is injective on the space of even functions, it follows that hA,=h,. This

implies that
At=Af=a.

Then it is obvious that ¢=1. m

In contrast with Zoll’s examples (cf. Besse Chapter 4), we have the
following.

COROLLARY 4.3. Let (S? g, F) be a Liouville surface such that g is a Co,-
metric. Assume that the riemannian manifold (S?% g) is analytic. Then (S?, g)
is 1sometric to (S% go) of constant curvature 1.

PROOF. In view of [Corollary 3.6 the functions A,(¢) and A,(f) are even in
this case. Hence they are identically equal to 1. =

§5. The isometry class and the equivalence class
In this section we shall prove the following

THEOREM 5.1. Let (S, g, F))(1=1,2) be two compact Liouville surfaces.

Assume that the gaussian curvature of (S, g) is not positive constant. Then F.=
RF,+RE.

PrOOF. By taking a double covering we may assume that S is diffeomorphic
to the sphere or the torus. First we consider the case where S is diffeomorphic
to S.. Let L be the closed geodesic given in [Theorem 2.1 with respect to the
Liouville surface (S, g, F,), and let ¢ be the reflection with respect to L. We
normalize the metric g so that the length of L is equal to 2z. In view of

orollary 3.4, ¢ is a well-defined isometry of (S, g) which preserves F;,. Put

1
F; = E‘(ngFg"ol*).

Then it is clear that F} and F; are also first integrals.

First we shall show that F;=0. Assume that this is not the case. Then
we have F;&RF,+RE, because Fjec*=—F;. If (F3),=rE, at some point
peS, then (F3);y=—7Es». Hence the ratio » must be 0 in view of the
proof of Lemma 1.2, Furthermore, the eigenvalues of (F3); (¢= L) with respect
to the metric g have the same absolute value with opposite sign. Since (F'3);#0
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for some g=L in view of Lemma 2.3, these facts imply that (S, g, F3) becomes
a Liouville surface satisfying the condition (L.4). (Note that Lemmas [.2 and
2.3 do not need the condition (L.3).)

It is easily seen that (F3)*(u,)=0 at each point p<L, where u,=T,S is
tangent to or perpendicular to L. Then by applying to the
Liouville surface (S, g, F3), we get a point o=S—L and o'=a(0) such that
(F3),=(F3)y =0, and that any minimizing geodesic from o to o’ intersects with
L orthogonally at the midpoint. Let 7(f) be any geodesic with 7(0)eS,S.
Then geodesic segment 7(¢) (|¢|<x/2) and its image by ¢ are joined into a
simply closed geodesic with length 27. Note that the tangent vectors to these
geodesics give all possible values of F;. Since F, is a first integral, it follows
from the well-known theorem on the invariant tori (cf. Arnold § 49) that g
is a C,,-metric.

We now apply the arguments in the previous section to the Liouville surface
(S, g, Fy). Then metric g is described as

g=((1—p)sin*f,+ 8 sin*F,)

(5.1) ( (14 hy(v1—B cosh,))?
X B cos?6,+sin*d,

(14 hy(VB cos8,))? 02>

2
o+ (1—B) cos?f,+sin8,

where S=(0, 1), and A,(¢) (|| =v1—p) and hy(t) (ltlgvﬁ) are C* odd functions
vanishing up to infinite order at the end points. F, is given by

1
~ (1—p)sin%@,+B sin®f,
( B cos?d,+-sin?*f,
(14~ (vV1—B cosf,))?
. (1—p) cos?@,+sin’8,
(1+ho(V B cosb,))

F

B sin*@,n}

(1) sin®d,7} ),

where (4, 7) is the associated canonical coordinates. Then on a solution curve
of Xg with 2E=1 and F,=c we have

dt ) (14-h,(V1—8 cos,))db,
(1—pB) sin®0,+ B sin®f, ~ |7.| VB cos’d;+sin*d,v(1—B) sin*6,+c
6.2) o (14 ho( VB c080,))d0,

92| V(1—PB)cos?G,+sin’0, v B sin*f,—c ’

where ¢ is the parameter of the solution curve. By considering the cases where
¢=f and ¢=—(1—p), we see that the points o and o’ are represented by
8., 0,)=(r/2, #/2) and (=n/2, —r/2) respectively.

Now assume ¢<0, and consider the two solution curves which pass the
points (@,, ,)=(;, 0) and (x—i, 0) respectively at t=0, and #%,>0, where /=
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arcsinv —c(1—8)"*<(0, =/2). Then these solution curves pass the point o at
t=n/2, and d@,/dt is positive on the first solution curve and negative on the
second one while t=(0, #/2]. Hence we have

Snlz 1+h,(~1—p cosb,) 40
1

i /B cos*f,+sin*6,v(1—B)sin’*d,+c
_Snlz 14+hy(~VB coshy)
~Jo V(1—p)cos®f,+sin’d,v/ B sin’f,—c
_Sn—i 1+h(~V1—Bcost,)

- T2 '\/B C05201+Sin251 '\/(1_‘8> Sin201+c

af,

af,

Since h, is odd, it follows that

Sm h(~v1—p cosf,) 46. =0
1 — V.

i VB cos*d,+sin’@,v(1—fB)sin®*f;+c¢

By considering the same formula for the standard C,,-metric g,, we get

Sn/z d01

i+ /B cos?l,+sin’8,v/(1—B) sin®;+c
_Snlz daé,

~Jo V(1—B) cos?G,+sin®f,+/ B sin?f,—c

Hence we also have

Szlz hs(~V/ B cos8,)db, —0
o V(1—B)cos?@,+sin*0,v B sin*f,—c
Injthe case where ¢>0 we also get
Sﬂlz hl('\/l—‘B COSﬁl)dﬁl
o v/ fBcos’d,+sin*d, v(1—B)sin*0,+c
_Sn/z hy(~/ B cos,)d0, -0
~ )i V(1—PB)cos’f,+sin’0,v B sin*0,—c

in the same way, where j:arcsinx/gﬁ_:‘e(o, w/2).
Let 7.(2) (It]<+1—p8) be the even function such that h(B)=h,(t) for t=0.
Then
hy(~1=B cosh,)
(1—pB) sin*@,+ B sin®0,

expresses a continuous function on S?. Let R be the Radon transform on S?
with the standard C,.-metric g,. The formula for the standard metric g,
implies that the function
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( hy(VI=B cosf,) )

R (1—pB) sin*@,+ B sin’8,

takes value

4Sr~/2 hi(~1—pcosf,)db, —0
« /B cos®,+sin’d,v(1—B)sin®0,+c

at geodesic with Fy=¢<0, and

4Sn/2 hy(~V1—B cosf,)db, _
o ~/f cos?d,+sin?d,v(1—B)sin®0,+c

at geodesic with F,=c¢>0. Since the operator R is injective on the space of
even functions, it follows that #,=0, and hence A,=0. In the same way we
also have h,=0. But this indicates g=g, which contradicts the assumption.
Therefore we get F;=0 and F,=F3.

Now assume that F,& RF,+RE. In this case it is easy to see that at each
point on L the eigenvectors of F} with respect to the metric g are proportional
to or perpendicular to the tangent vector of L. Therefore for any point p=L
with (F.),RE,, we can find t=R* and s&R such that F=F,+tF,+sE vani-
shes at p. Then it is clear that F? is semi-definite at each point on L whose
value for the tangent vector of L is 0. Let p’=L be the point whose distance
from p along the geodesic L is =. Then by we see that F, =0,
and every geodesic starting at p passes the point p’ at time m. Let 7(¢) be a
geodesic with 7(0)=S,S. Then y(—=n)=y(z)=p’. If 7(0) is not perpendicular
to L, then y([—=, =]) is not invariant under the action of ¢. Furthermore we
have Fi(7(—=))=F}(7(x)). These facts imply that y(—=)=7(x), i.e., 7(¢) (|| <x)
is a closed geodesic with length 2z. Clearly this is also true when 7(0) is
perpendicular to L. Therefore it has shown that g is a C,,-metric.

Now again the metric g is described as and we get the formula[(5.2)
on an integral curve of Xz. In this case we consider a geodesic 7(¢) with 7(0)=
peL and y(z)=p’. First assume that Fi(7(#))=c<0. Then the point p (resp.
p’) is represented by 6,=0 and 0,=6.(p)=(0, w) (resp. #.=x and 0,=6,(p")=
(0, ). Clearly we have 0,(p)+6.(p')=n. We take the geodesic y(¢) so that
d@./dt>0 and (d6,/dt)|.~,<0. Then we have

7 dat .
So (1—pB)sin®*@,+ B sin®*d,
_—S‘gl(p) (14+hy(vV1—p cosb,))db,
)i VB cos’@,+sin’fv(1—B)sin®d,+¢

Selcm (1-+hy(VT=F cos0,))db,
¢ B cos’0,+sin*0,~(1—p)sin’0,+c
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_g" (14-hy(V/ B cosb,))db,
" Jo/(1—B) cos?l,+sin’d, v/ Bsin’0,—c’

where i=arcsinv—c(1—8)"'<(0, =/2).
Since h, is odd, the last formula is equal to

n d02
So V(1—p)cos*,+sin’0.v B sin*f,—c ~

By considering the case of the standard metric g,, this formula is equal to

-1 dﬁl
Si V3 cos’d,+sin*6, v (1—B) sin*d,+c¢

Since 0,(p")=n—0.,(p), we then obtain

Sﬂlm hiy(~v1—pBcosb,)

i v B c0s*0,+sin*0,v/(1—B) sin®f,+c¢ de,=0.

Since 6(p)=[i, #—i] is arbitrary for a fixed ¢<0, it follows that h;=0. By
considering the case where ¢>0, we also have h,=0. Hence we again get a
contradiction. This completes the proof of the case where S is diffeomorphic
to the sphere.

Next we shall consider the case where S is diffeomorphic to the torus. In
view of the proof of [Theorem 3.1, it is easily seen that if two elements (I, f)
and (m, h) in $(I") induce the mutually isometric Liouville surfaces (C/ I, g;, Fy)
(=1, 2), then any isometry ¢: (C/I, g,)—(C/I’, g,) is covered by a conformal
transformation g< G(I"), which combined with some a< R gives the equivalence
of (I, f) and (m, h). Hence we have F;-(¢*) '« RF,4+RE,. This completes
the proof of [Theorem 5.1. m

COROLLARY 5.2. Let (S, g, F) be a compact Liouville surface such that the
gaussian curvature of (S, g) is not positive constant. Then (S, g) admits no non-
zero Killing vector field.

PROOF. Let Z be a Killing vector field on (S, g), and define {= C=(T*S) by
L) = A2), Ae T*S.

Then it is obvious that the function F-+:{* satisfies the conditions (L.1), (L.2),
and (L.3) for small t=R. Hence by there are a;, b,= R such that

F+il* = a,F+0.E.

By restricting this formula to a fibre where F and E are linearly independent,
we see that a; and b, are unique and C= in ¢{. Then we get

QZ = a.oF“!‘B()E .
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If 4,0, then it contradicts the condition (L.3). Hence ¢,=0, and clearly b, is
also zero. ®W

§6. Laplacian and the operator OJ

Let (S, g, F) be a compact Liouville surface, and let A be the laplacian
acting on functions.

PROPOSITION 6.1. There is a naturally defined differential operator T of
second order on S such that its principal symbol is —F, and that [ A, 3]=0.
Furthermore the operator O is self-adjoint with respect to the canonical density

on (S, g).

PROOF. As was seen in the proof of [Proposition 1.1, we get functions f,
and f, on S— in a unique way. Although the coordinate functions x; and x,
are not uniquely obtained there, it is easy to see that the differential operators
0%/0x? and 0%/0x2 are unique. Hence we can define a C* operator O on S—J7

by
! & &
6.1) 0=—7= (. s~/ axg).

We shall show that this is a well-defined C* operator on S. Assume that
S is diffeomorphic to S%. Let U(y,, ¥.) be a C* function around (0, 0), and put
u(xy, x)=U(x2—x3}, 2x.x,). Then

foxa)xi—f1(x)xs 0°U
fl(x1)+f2(x2) ay%

fz(xz)xﬁ—fl(xl)x% oU
Fi(x)+folx2) 03

(x1—x3, 2x1x2)

Ou =4

(x3—x3, 2x1x,)

+4

2T T
(x2—x3, 2x1x2>+8x1x27‘;—87<x%—x§, 21%2).
1 2

. oU
+2 0,
In view of the condition ((3.1) it is easy to see that each line of the right hand
side is the C* function of (x}—=x%, 2x,x,). Since the situation is the same for
other three points in J2, it follows that [J is the well-defined C* operator on S.
If S is diffeomorphic to RP?, then by taking the double covering we obtain the
same result.
The laplacian A is described as

—1 0? 0?
= Gt ae)

Hence we have [A, 0]=0 by an easy calculation. Other properties are also
easily verified. m
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Let (S, g, F) be a compact Liouville surface, and let V; be the eigenspace
of A corresponding to the eigenvalue 4. Since the operator [J preserves V;,
and is self-adjoint, it follows that V', is the direct sum of the vector space of
simultaneous eigenfunctions V, ,:

Vaipg=1{ucsC(S)| Au=2u, Qu=pu}.

As is easily seen, the equations which define u=V;,, are transformed into a
pair of ordinary differential equations of second order in each case. In the rest
of this section we shall see the details of this fact in the case where S is
diffeomorphic to the sphere S2.
Let (ai, as, f1(x1), fo(x:)) be one of the corresponding quadruples. Then

uecV, . if and only if

0%u

oo = (A
(6.2) X1
0*u
—a*g = (——sz(xz)—‘u)u ’
where u is regarded as the function on the torus T(a;, @,). We now define
four functions v; .(x;) =1, 2) on R as the solutions of the ordinary differential
equations

d*vis IV
6.3) g = CA D
dvs, - = _ dvis .
vi,+(0) = dx, 0) =1, v, (0) = r 0)=0.

Clearly we have v;,.(—x:)==v; (x)).

PROPOSITION 6.2. V;,,#0 if and only if both vy, and v, are periodic with
periods a, and a, respectively, or both v,,_ and v, - are periodic with periods a;
and a, vespectively. In this case V;, , is spanned by vy, (x1)vs, +(x5) 0r v, -(x1)vs, -(x2)
or both of them. In particular we have dimV; ,<2.

PrROOF. Let ¢ be the reflection with respect to the closed geodesic L given

in [Corollary 3.4, Since ¢ preserves the operators A and [J, it also preserves
Vi Let Vi, bethe subspaces of V; , on which ¢*=+ identity respectively.
Let u€V},. Then asthe function on T(a,, a,), we have u(—x,, x.)=u(x,, —xs)
=u(x1, x:). Hence from the equation (6.2) it follows that

U(xy, x2) = vy, 4(x1)0s, 4+(x5)
for some ceR. If ueVy,, then in the same way we have

u(x1, x2) = vy, (x1)ve, -(x2).
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Conversely the functions v, (x:)vs, +(x:) and v, _(x,)vs, .(xs) clearly satisfy
the equation (6.2). If they have the double periods (a;, 0) and (0, a;), then
they are C* functions on T(a;, a,), and invariant under the mapping (x,, x.)—
(—x1, —x2). Moreover it easily follows from the conditions that they are
C= functions of

((x1—=t1)P—(xa—12)", 2(x1—1:)(x2—12))

around the point (xi, x.)=({1, t.), where (¢,, ;) is one of the four points (0, 0),
(a:/2, 0), (0, a,/2), and (a1/2, as/2). These facts show that the above functions
are in fact C* functions on S, and hence are elements of V; ,. W

Now we consider the case where (S%, g, F) is an analytic Liouville surface.
Let (ai, as, f1, f:) be one of the corresponding quadruples. Then as we have
seen in fi(x,) is extended as a holomorphic function on a neigh-
borhood of
na;
2
and f.(t)=—f:(v—1t), teR. Hence in this case the condition for V, ,+0
turns into the existence of a doubly periodic solution v(z) of
dv
o =

/_’:{ZECIRGZ: ,orlmz= naz,nEZ}

2

6.4) (—2f:(2)+
with double periods a; and v —Ila,.

As an example, let g=g, be the standard metric on S*® given by (4.6).
Then

ey =A=psin't, = [t
= SIYL = VB costs Fsints

and we have

a1+'\/’-_]._a2 1—2‘8
T )t
where #(z) is the # function of Weierstrass associated with the Iattice
I'(a@./2, a,/2), and

fiz)= ——5’)(2

a Sﬂ ds @ gﬂ ds
2 7 Jov/Beos’stsin®s T 2 Jon/(1—pB) cos’s+sin’s

In this case the equation is essentially the same as Lamé’s equation (cf.

Chapter 11).
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