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Introduction

Let M be a connected differentiable manifold with a locally flat linear
connection D (A linear connection is locally flat, if its torsion and curvature
tensors vanish identically). Then, for each point peM, there exists a local
coordinate system {', ---, 2"} in a neighbourhood of p such that D -5@7—6_,':0’

' 0X
which we call an affine local coordinate system. A Riemannian metric g on M
is said to be locally Hessian with respect to D, if for, each point p= M, there
exists a real-valued function ¢ of class C~ on a neighbourhood of p such that

g=D,
that is,
' ¢ .
= dxidxi |
£ ; 0x*0x’ v
where {x', .-+, %"} is an affine local coordinate system around p. If this con-

dition is verified with a function ¢ defined over M, the metric g is called a
Hessian metric on M. A locally flat manifold with a (locally) Hessian metric
is called a (locally) Hessian manifold.

The following proposition is essentially due to S. Murakami and will be
proved in §1.

Proposition. Let M be a connected differentiable manifold with a locally
flat linear connection D and a Riemannian metric g. Let v be the cotangent bun-
dle-valued 1-form on M defined by

(v(XN(Y) = &(X, Y)

Jor vector fields X, Y on M. The cotangent bundle being locally flat, we may
consider the exterior differentiation d for cotangent bundle-valued forms on M.
Then the following conditions (1)~(4) are equivalent:

(1) g i locally Hessian with respect to D.
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(2) For each affine local coordinate system {x', ---,x"}, the components g;;
of g satstfy the relations
0gi; 0gix

ox¥ = 0Ox/

(<i,j,k<n).

3) (Dz)(X, Y)=(Dyg) (X, Z) for all differentiable vector fields X, Y, Z
on M.

(#) dy=0.

In addition to these equivalent conditions, assume further H'(M, R)= {0} and
that D is flat. Then g is a Hessian metric.

ExampLE 1. Let M be a locally flat Riemannian manifold, that is, the
Riemannian connection V determined by the Riemannian metric g on M is
locally flat. By Vg=0 and by Proposition (3), g is locally Hessian with respect
to V.

ExampLE 2. Let M be a domain in the n-dimensional real affine space
with an affine coordinate system {x', ---, "} and let ¢ be a real valued function

on M of class C= such that the Hessian g:[%i’—j] of ¢ is positive definite on
%0

M. Then g defines a Hessian metric on M with respect to the natural flat

linear connection D on M given by D3 611 =0.
¥t OX

ExampLE 3. Let M be an affine homogeneous convex domain in the
n-dimensional real affine space which does not contain any full straight line and
let ¢ denote the characteristic function on M. Then it is well known the the
Hessian g=l:aa——l%g ?] of log ¢ is positive definite on M (cf. [3] [7]), and so g

'O

is a Hessian metric on M.

Now let M be a homogeneous manifold of a connected Lie group G. As-
sume that M admits a locally flat linear connection D and a volume element o
which are invariant under G. If o has an expression

w=Kdx'\-Ndx"

in an affine local coordinate system {x', --+, 2"}, then the forms

Da=3 ?log K

w7 OxiOx?

dxidx? |

are called the Koszul form and the canonical bilinear form respectively [3].
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Koszul proved the following fundamental theorem concerning the form Dea [3]:
Let M be a homogeneous manifold with an invariant flat linear connection and an
tnvariant volume element. Then the canonical bilinear form De is positive de-
finite if and only if M is an affine homogeneous convex domain not containing any
Sull straight line.

Several authors have pointed out an intimate connection and an analogy
between affine homogeneous convex domains and homogeneous bounded
domains (cf. [3] [7]). Now recall that a hermitian metric g on a complex mani-
fold is said to be Kihlerian if its local components g; ; with respect to a holomor-

phic local coordinate system {z’, ---, 2"} satisfy one of the following conditions
L O ..
(1) 8i; = 9xi027 (1=, j<n),
ag,.—. 6gi7¢ o
(2) 62’: = ozi (1<i,4, k=n),

where 4 is a real valued function in the coordinate neighbourhood. It seems
to the author that homogeneous locally Hessian manifolds have, in a way,
analogous properties as homogeneous Kihler manifolds. The aim of this paper
is to establish the following theorem analogous to that in [5].

Theorem. Let G be a connected solvable Lie group and M an orientable
differentiable manifold on which G acts simply transitively. Suppose that M
admits a locally flat linear conmection D and a locally Hessian metric g with re-
spect to D, which are invariant under G. Let o be the volume element defined by
g. If the canonical bilinear form Do determined by o is non-degenerate, then Do
is positive definite.

Combined with the Koszul’s theorem recalled above, we get immediately.

Corollary. Under the same assumptions as in Theorem, assume further
that D is flat. Then, M is an affine homogeneous convex domain not containing
any full straight line.

1. Preliminaries

We shall first prove Proposition in the introduction. It is trivial that (1)
implies (2) and that (2) is equivalent to (3). The form v defined in Proposition
can be locally expressed as vy=31(2)g; dx’)dx’, where {«',---,x"} an affine

TG

local coordinate system and g;; the components of g. We have then

dy =23 (X dgi; Adxl)dx?
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_ 08:i; _ 08\ 5 4 } ;
_Z{E( ot Bl )dx Ndx7 (dxi .

It follows immediately that the conditions (2) and (4) are equivalent. It re-
mains to show that (2) implies (1).

We shall first prove the last part of Proposition. Suppose that D is flat.
Then there exist 1-forms «?, -+-, " such that Dw’=0 and that, for each point
p in M the values of these forms at p form a basis of the cotangent space at p.
Thus the cotangent bundle T(M)* is a trivial bundle and the T(M)*-valued de
Rham cohomology group of M is isomorphic to the R*-valued de Rham coho-
mology group of M. If H'(M, R)={0} and if the condition (2) is satisfied,
there exists a cross section 8 of T(M)* such that

v=4dg.
If the 1-form B on M has a local expression 8=38;dx’, then it follows
d,@,-:z_:g,-jdxj and

g.f; =g“j' Since g,‘j=gji7 we have

g =0.
Again by H'(M, R)= {0}, there exists a function ¢ on M of class C= such that

B=ds.
Thus we have g;;= 2’8 ; =66:g’ _ and hence g=D’¢, which completes the
% x79xf

proof for the last part of Proposition. Now, by a same argument and applying
the Poincaré’s lemma, we see that (2) implies (1). Thus the proof of Propo-
sition is completed.

We retain the notation and assumptions settled in Theorem in the in-
troduction.

Let g be the Lie algebra of the Lie group G. For X &g we denote by
X* the vector field on M induced by the 1-parameter group of transformations
exp (—tX). We put Ays=Ly+—Dx+« where Lx+, Dx+ are the Lie derivative and
the covariant derivative for D by X* respectively. Then Ay« is a derivation of
the algebra of tensor fields on M, which maps every function into zero. Since
D is locally flat, we have for X, Ye&g (cf. [2])

(1.1) AgsV* = —DyuX*
(1.2) AxsY*— A X* = [X*, Y*],
(1.3) [Axe, Ays] = Aixs,yo; -

We fix a point oM. Let V be the tangent space of M at o and let f{X), ¢(X)
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denote the values of Ax+, X* at o respectively. From (1.2) (1.3), it follows
immediately

Lemma 1.1. For X, Y &g we have
(1) X, Y]) = [AX), AY)],
(2) 9([X, Y]) = AX)g(Y)—f(¥)g(X) .

Lemma 1.2. Let «, Da, denote the values of a, Da at o respectively.
Then, for X, Y =g we have

(1) a(9(X)) = Tr f(X),
(2) (Da,)(g(X), ¢(Y)) = a(f(X)q(Y)).
Proof. Let {x', ---,x"} be an affine local coordinate system in a neigh-

borhood of 0. We write X *=g§‘aix‘_ and o=K dx'A --- Adx". Then we see
Lysw = (Lx+sK)dx' A<+ A dx"—}—Zj]K dx* A -+ N Lysdx? A -+ Adx®
{X*K+(2 08 %Nk }dx‘/\ e AdE”
Since the volume element o is invariant by G, we have

ot
. X*log K = — .
(1.4) og 2 P

By (1.1) we get (D2,(4x+) (%):D%(AX*( 9 )) AX*(D » _3->=—D 2D

0x7 a:* Ox7 Yy
b}

(2 Ekaxk)z—? aijg.:cf Fr On the other hand, since D is locally flat and

since X* is an infinitesimal affine transformation with respect to D, we know

D (Ax)=0 (cf. [2]). Hence we get 25~ —0. From this and (1.4) it follows
s’

0xi0x?

_ — — Qﬁ)__ 0%t i
Lysa=LysD log K=D Ly log K= D(Z )% d¥=0. Thus
we have
(1.5) Ly« =0, forall Xeg.

By (1.4) we see a(X*)=(D log K) (X*)=Dx+log K=—3] g%v: By (1.1) we get
Axt<a‘i )—-—D;X*: —Z:J ai: P h Hence we have Tr f(X)=—2g§(o)
=a,(X,*)=a,(¢(X)), which implies (1). Using (1.5) and the fact that Ay« is
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a derivation of the algebra of tensor fields which maps every function into
zero, we obtain (Da) (X*, Y*)=(Dy+a) (X*)=—(dy+wt) (X*)=—Ap+(a(X*))
+a(ApX*)=a(Ay+X*). This means Da,(¢(X), ¢(Y))=a(f(Y)q(X)). Q.E.D.

Lemma 1.3. Let { , > denote the value of g at o. Then, for X,Y g
we have

(© AX)(Y), g2 +<e(Y), A(X)a(Z)>
= {fAV)g(X), ¢(Z2)>+<9(X), (Y)e(2), -

Proof. Since Ay« is a derivation of the algebra of tensor fields and maps
every function into zero, we see (A x+g) (Y*, Z*)=A x(g(Y*,Z*))—g(Ax Y*,Z*)
—g(Y*, AyrZ*)y=—g(Ax» Y*, Z*)—g(Y*, Ax+Z*). Since X* is an infinitesimal
isometry, we have Ly+g=0 and hence (Ax+g)(Y*, Z*)=—(Dx+g) (Y*, Z*).
Thus we have (Dx+g) (Y*, Z*)=g(Ax+Y*, Z¥)4-g(Y*, Ax+Z*). Since g is
locally Hessian it follows (Dx«g) (Y*, Z*¥)=(Dy+g) (X*, Z*). This shows

g(Axs Y*, Z¥) 4 g(Y*, AxsZ*) = g(ApeX*, Z*)+g(X*, ApsZ¥),
which implies (C). Q.E.D.

Since ¢ is a linear isomorphism of g onto V, for each vV there exists
a unique X, &g such that

(1.6) (X)) =v.
We now define an operation of multiplication in V by the formula
(1.7) u-v = f(X, ) for u,veV.

We use the following notation

Lyov=u-v, Rv=v-u,

[w-vew] =u-(v-w)—(u-v)w.

From Lemma 1.1, it follows

(1'8) [Lm Lv] = Lu-v—v-u >
(1.9) [uevw] = [veu-wi,
(1.10) [Lu, R,] = Ry,—R,R,,

and these conditions are mutually equivalent. An algebra satisfying one of the
above conditions (1.8)~(1.10) is said to be left symmetric [7].
The condition (C) and the formula in Lemma 1.2 are reduced to

(%) Suv, wyHv, uw) = {v-u, wr+<lu, v-w),
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(1.11) avy=TrL,,

(1.12) (Da,) (u, v) = a,(u-v).

Using (1.9) and (1.12), we have

(1.13) (Da,) (u-v, w)+(Da,) (v, u-w)

— (Dat,) (v, w)+(Dat,) (1, 9-1) .

Lemma 1.4. Let V be a left symmetric algebra endowed with an inner pro-
duct satisfying the condition (C'), and let U be a subalgebra of V. For a fixed
element uc U we put P={pcU; p-u=0}. Suppose L.PCP. Then we have

(1) Lp-9) = (Lup)-q+p-(La),
(2) exp tL,(p-q) = (exp tL.p)-(exp tL.g),
(3) % {exp tL,p, exp tL.g>

= <u, exp tL(p-q)>,
for p, g=P.
Proof. (1) follows immediately from (1.9), and (2) is a consequence of
(1). By the condition (C’) and (2), we have
%(exp tL,p, exp tL,g>

= <L, exp tL,p, exp tL.g>+<exp tL.p, L, exp tL.g>
= {(exp tL.p)-u, exp tL.g>-+<u, (exp tL,p)-(exp tL.g)>
= {u, exp tL(p-q)>  for p,qEP. Q.E.D.

A left symmetric algebra V' is called elementary, if V satisfies the following
conditions:

(E.1) V= {u+P (direct sum of vector spaces),
(E.2) uw=u, ukx0,

(E.3) u-PcP, P.u= {0},

(E4) p-q=2(p, gu  for p,q=P,

where @ is a symmetric bilinear form on P.

Proposition 1.5. Let Q be a homogeneous domain in V containing 0, on which
an affine Lie group G acts simply transitively. Suppose that the left symmetric
algebra V of Q at 0 is elementary, i.e. V=1{u} P satisfies the above conditions
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(E.1)~(E.4). Then we have
Q= {au+p; a—%cb(p, p)>—1 for aER,pEP} .

In particular, if @ is a positive definite symmetric bilinear form on P, then Q is
the interior of a paraboloid.

Proof. From X, x=L,x-+v for x, vV, it follows exp X,,x=x+i Ls
=o(k+41)!

(L,x+v). Using this formula, for teR, g=P we get
exp tX, (au+p) = (ae'+e—1)u-+exp tL,p,
exp Xi(au-tp) = (a+@(2 9+ (@, 9) Jutp+g.

where a=R, pP. We show first that exp tX, and exp X, leave Q)= {au+
p; a—3®(p, p)> —1 for acR, pe P} invariant. Let au+p<Q’. Then we have
(ae'+e' —1)— 4D (exp tL,p, exp tL,p) = (ae'+e' —1)—3D(p, p)e’ =e'(a— 1 D(p, p)
+1)—1>—1, by Lemma 1.4. Therefore (exp tX,) (au+p)cQ’. On the other
hand, exp X, (au+p)=Q, since a+P(p, )+ 3P(g, 9)—:P(p+¢, p+9)=a—iD
(p,p)>—1. For any au+pe) we have exp #,X, exp X- p(au+p)=0, where
t,=—log (a—3P(p, p)+1). These show that G acts transitively on Q’. Since
G acts transitively on Q and Q' and since QN Q'>0, we conclude Q=Q'.
Q.E.D.

Now assume that V is decomposed into a direct sum of vector spaces
(A.0) V= ’:gl ({ud +P)+ V"
with the following properties:

(A1) Vi=A{w,}+P, is an elementary left symmetric algebra such that the

real parts of the eigenvalues of L, on P, are equal to 3 and that the symmetric

bilinear form @ (p, q) is positive definite on Py, where p-q=p, q)u,, for p, g Py.
(A.2) If we set V"*‘:,iz—:l V,+V™, then V**' is a left symmetric subalgebra of
V such that

e VEIC VR, VR, = {0},

P,.-V¥'cP,, V¥'.P,CP,,
and the real parts of the eigenvalues of L, on V¥ are equal to 0.
(A.3) The factors of the decomposition V=MZ_1( {up} +Pp)+V"™ are mutually
orthogonal with respect to Do, and D, 1s pos;t;';e definite on :‘;‘;( {up} +Py) and

non-degenerate on V™,
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2. Proof of Theorem: Existence of u, in V*

The main purpose of this section is to prove the following.

Proposition 2.1. Let V=m§—j({u,,} +Pp)+ V™ be the decomposition given in
(A1)~(A.3). Then there exz'st;=¢lz non-zero element u,, in V™ such that
(1) Upy *Upyy = Uy, 5
(2) V™t C Uy} -

We set g"={X,=q; veV™. Since V"™ is a left symmetric sub-

algebra of V, g™ is a Lie subalgebra of g. Since g™ is solvable, by Lie’s
theorem there exist elements u=0, v& V™ such that

fX) (ut-iv) = (MX)—i#(X)) (w+iv) for Xeg™,
where 2=—1, and X, Z are real linear functions on g”. Hence we have
xeu = NMxyu+ p(x)v
%0 = —p(x)u-+Nx)

for x& V™, where A=DXog™!, u=fiog~’. We shall now prove that » and v
are linearly dependent and so V™. {u} C {u}.

Suppose that # and v be linearly independent. Let W be the subspace of
V™ spanned by the elements {u, v}. Then we have

2.1y

Lemma 2.2. Let xeV™. If (Da,)(x, w)=0 for all we W, then x-w=0
for all we W.

Proof. We first remark «,#0 on W. Indeed, if a,=0 on W, we have
(Da,) (v, w)=a,(y-u)=0 for all ye V™. Since D, is non-degenerate on V™
(cf. (A.3)), we have u=0, which is a contradiction. From the assumption
(Dat,) (x, w)=(Dar,) (2, 0)=0, we get Mwer,(u)-+a(®ae)=0, —u(x)ars(u)+
Mx)a(v)=0. Since a,(#)+0 or a,(v)+0 as remarked above, we get A(x)
=p(x)=0 and hence x.-u=x.9=0. Thus x.w=0 for all weW. Q.E.D.

Consider now the subspace W,= {w,e W; (Da,) (w,, w)=0 for all we W}
of W. We shall first show that W = {0}. Suppose that W,={0}. Then Da,
is non-degenerate on W and hence there exists a non-zero element 2, W such
that (Da,) (2,, w)=a,(w) for all weW. When z,=au-bv (a, b=R), put =z,
=—bu+tav. Then {z,2,} is a basis of W such that
X3 = 7\',(")")'3'1'{‘Ml("c)zz ’
x+2, = —p'(%)z,+N(%)2,,

for x& V™, where A’ and p’ are linear functions on V™. By (1.13) we have

2.1%)
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(Da)(w, 2,-2,) = (Da,) (w-2,, 2)+(Da,) (2, w-2,)—(Da,) (2, -w, 2,)
= ot(w-2,)ta,(w-2,)— (2, -w)
= (Da,) (w, 2,)
= a,(w)

for all weW. This implies 2,-2,=2, and by (2.1") 2,-2,=32,. Put 2,-2,=
AoZit poRs and 2, 2,= —p2,+A.2,. Then we have

(zl 'zz) *3—R '(2’2 'zl) = (2’2 ’21) *R—R, '(zl 'z1)
by (1.9) and so
0 = NomoR, (1o~ t20)3: -

Therefore p,=0, or u,=1 and A,=0. In the case p,=0, we put x=a,(z,)2,—
®,(2,)2,. 'Then

(Da,) (21, %) = a,(2,°%) = (%) = a(2)a,(2)—a(3:)aq(z,) =0,
(D) (25 %) = (25%) = M%) =0,
which imply ¥=0 and «,(2,)=a,(2,)=0. This contradicts @,+0 on W. If
p,=1 and A,=0, then it follows from (C’)
<21 *% 2‘2>+<2'2, 2 '.2'2> = <.2’2 3 z2>+<zu .2'2'2'2>

and hence <z,, 2>+<z,, 2,>=0, which is a contradiction. Thus we have
shown that W, == {0}.

Now, we show dim W,>1. Suppose dim W,=1. Then W, is spanned
by a non-zero element z,=au-+tbv (a, b&R). If we set z,=—bu+tav, then
{2,, 2,} is a basis of W such that

x+z, = N'(x)2,+p/(%)2,,

2.17
( ) xe2, = —p ()2, 4+0"(x)z,,

for x& '™, where A" and p” are linear functions on V™. Since (Da,)(2,, w)
=0 for all weW, it follows from Lemma 2 that z,-2,=2,-%,=0. Using this
and (1.13) we get

(Dat))(zz'zn zl) =0,
(Da,)(22- 21 22) = (Dot,) (2,225 22)+(Det,) (225 2y282)—(Det,) (21 2,°2,) = 0,

and hence we can write 2,-2,==\2;, 2,°2,=N\,%,. We have from (C’)
<2‘2-2‘1, 2’1>—+—<2’1, 2’2-2'1> = <z1 *%3 .2‘1>—|'—<2'2, 2‘1-2‘1>

and so
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20 <2y, 20 = 0.

Therefore, we obtain ;=0 and (Da,)(2., 2,)=(Da,)(2,, 2;)=0. This means
z,€W, and dim W,=2, which is a contradiction. Thus dim W,=1 does not
occur.

Finally suppose dim W,=2. Since Da,=0 on W, we have by Lemma
2.2.

(2.2) W-Ww= {0}.
In this case we first prove:

(2.3) Let P={pcV™;, p-u=0}. Then L,V"CP and the real parts of the
eigenvalues of L, on V™ are equal to 0.

Proof of (2.3). By (1.9), (2.1) and (2.2), we have (u-x)-u=u-(x-u)+
(x-u)-u—x-(u-u)=0 for all xV™. Hence it follows L,V"CP. Let (V™)°
be the complexification of V™ and let P° be the complex subspace of (V™)°
spanned by P. Then the inner product { , > on V™ can be extended to a
complex symmetric bilinear form on (¥™)°, which is denoted also by < , >.
Let A+ip (n, pER) be an eigenvalue of L, on P° and let p+ig(p,g=P)
be an eigenvector corresponding to A+-iu, i.e. L(p+ig)=(A+iu)(p+ig).
Then we have {exp tL,(p-ig), exp tL(p—ig)>=<{e*"**(p+ig), e*-**(p—ig))>
=e™({p, p>+<¢, ). On the other hand, it follows from Lemma 1.4, (C’) and
(2.2) that

4°
ds?

Z Cuy exp tL{(p-+ig)-(p—ig))>

=u,u-p’>
= <P,'u’ u>+<u) P/'u>_<u'u) P'> =90 ’

where p’=L, exp tL,((p-+1iq)-(p—ig))&P°. 'Therefore we get (2A)*(<(p, po+
{g, 9)e*=0. Since <{p, p>+<g, ¢>>0, we have A=0. According to this and
L, V™C P, we see that the real parts of the eigenvalues of L, on V'™ are equal to
0. Thus the proof of (2.3) is completed.

We shall next show:

{exp tL,(p+1q), exp tL(p—iq)>

(2.4) Trp,Lu=0.

Proof of (2.4). We have L,P,CcP, by (A.2). Let p,q=P,. Then it
follows from (A.1), (A.3) and (1.13) that

(Do) (Lup, 9)+ (D) (p; Lug) = (Dato) (Rup, 9)+(Dat) (4, p+9)
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= (Dato) (Rup, 9)+(Dao) (4, (P, )t4s)
= (Dat,)(Rup, 9) -

Since Da, is positive definite on P, by (A.3), denoting by ‘L, the transpose of
L, on P, with respect to Da,, we have

R,= L,+*'L, on P,

From (1.10) and (2.2), we have [L,, R,]=R,.,—Ri=—Rj} and hence Trp R/R,
=Trp Ri=—Trp,[L,, R,]=0. This means R,=0and ‘L,~—L, on P,. There-
fore we obtain Trp,L,=0.

Using (A.2), (2.3) and (2.4), we get
o) =S Ty Lyt 33 Trp Lyt TrymL, = 0.
k=1 k=1

Taking v for u, we have similarly
a,(v)=0.

Hence a,=0 on W. As remarked in the proof of Lemma 2, this contradicts
the assumption (A.3). ;

Thus we conclude that dimW=1, and this proves that » and v are linearly
dependent which contradicts the assumption that » and v are linearly inde-
pendent and that V"™-ucC {u}.

Suppose now #u-u=0. Then, by the same argument as above, we get
a,=0 on W and this contradicts (A.3). Therefore we have u.-u=xu, where
»,£0=R. Putting umz%u we get

]

(2.5) Uy * Upyy = Uy, .

This completes the proof of Proposition 2.1.

3. Proof of Theorem (continued): Decomposition of V™

Proposition 3.1 Let u, be the element in Proposition 2.1. We set
P={pcV™; p-u,=0}. Then L, PCP and the real parts of the eigenvalues
of L, on P are equal to 0 or ;. Let P, and V™" denote the largest subspaces
of P on which the real parts of the eigenvalues of L, are equalto } and 0, respec-
tively. Then we get the decomposition

V= ‘ﬁ ({u} + P+ V™

of V and each factor of the decomposition has the properties stated in (A.1)~(A.3).

Proof. For simplicity, we write u for the element u,. First we have
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3.1) L,PcCP,
(3.2) V™ = {u}+P  (direct sum).

In fact, for each pcP we have (u-p).u==(p-u)-u—p-(u-u)+tu-(p-u)=0 by
(1.9), which shows (3.1). The relation (3.2) follows from x—\(x)u< P for all
x< V™, where A\ is a linear function on V™ such that x.u=n(x)u.

Let P° denote the complexification of P and let P,; denote the larget
subspace of P° on which the real parts of the eigenvalues of L, on P° are equal
to A, i.e. Poy={pcP’; (L,—(A+ip))p=0 for some p =R and sufficiently
large 7}.

Lemma 3.2. The real parts of the eigenvalues of L, on P are equal to 0
or %, i.e. PC=P0[}]+P’:EOJ.

Proof. For p=P°, we have
%(ext tL,p, exp tL > = {u, exp tL (p-u)>=0.
by Lemma 1.4. Since exp tL u=-¢'u, it follows
3.3) {ext tL,p, u) = ae™*

where a is a constant determined by p, not depending on ¢. Therefore, for
each x=cu+ps(V")° (ceC, p=P’) we have

(3.4) {u, exp tLx> = <u, ce'u+texp tL,p)
= ¢lu, we'+<u, exp tL p>
= ae~*1+be,

where a, b are constants determined by x, not depending on t. Let A4ip
, r<R) be an eigenvalue of L, on P° and let p+ig (p, g=P) be an eigen-
vector corresponding to A+7x. Then we have

2 Cexp tL(p-+ig), exp tLup—ig))
— %<e(k+iﬂ')l(p+iq), e(k'i“')t(P_iq)>

— LM p+<g. )

= 2:(<p, P> +<g, )™
On the other hand, we get from Lemma 1.4. and (3.4)

%_(exp tL(p-+ig), exp tL(p—ig)>
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= {u, exp tL((p-+iq)-(p—1q))>
= ae~*+-be’ .

Thus we have

(3.5) 2P, P +<g, )€ = ae”'+be’ .
This implies A=0, § or —}. Let p,&P°,; be such that (L,—(A+ip)) pr=0
for some y and . Then
exp tLuP)\ — e(h+il")t '21 ;_:(Lu_(x_l_illl))lp)‘ R
=0 ]!
and
{exp tL,p,, up = et ,

where k() is a polynomial of degree r—1 at most. From this and (3.3), we
obtain

ae—(H-?n)f — h(t)eﬁ"t .
Assume now a=+0. Since 1+A>0 and since A(#) is a polynomial of degree
=<7r—1, we have

— (14202
ae ,
= oo and lim =0,
oy 00

lim
tp—o0

h(t)eit
tr

which is a contradiction. Hence we have a=0. Thus it follows

(3.3) {exp tL,p,u> =10 for all peP°,

34 {exp tLx, uy = be for xe(V™)°

and

(3.5) DML, P44, )™ — bet .

This implies A=0 or %, which proves Lemma 3. Q.E.D.

Lemma 3.3. Let Py, denote the largest subspace of P on which the real
parts of the eigenvalues of L, are equal to . Then the factors of the decom-
position V™= {u} + Py,+ Py, are mutually orthogonal with respect to Da, and
satisfy the following relations

P+ Py C Py, Py PryC P,
Pry+PiyC Pryy, Prye PrynC {u} .

Proof. For xeR we put (V™) °,={x=(V"™)°; (L,—+ip))x=0 for
some pER and sufficiently large 7}. Then V™ ;={u}, (V™) y=P°y and
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(V™) ta=P. Let po,=P, and py <Py, such that (L,—(A+iu)) pr=0,
(La—(\'+ip’)y’ py=0 respectively. For s=r-+r" we have by Lemma 1
(L,,—(x+x/+i (m+p))) (Br pv)
= R g T O Pae L (Vi) e
=0.

This implies P°py+ P i C (V™) sy From (Da,)(p, w)=a(p-1)=0 for pP,
it follows that {u} and P are orthogonal with respect to Da,. Let pe Py, and
g€ Py;. Since p-g= Py, and since L, is non-degenerate on Py, there exists an
element p’e Py, such that u-p’=p.q. Hence we have (Da,)(p, §)=a,(p-9)=
a(u-p)=(Da,)(u, p)=0. This shows that Py, and Py, are orthogonal with
respect to Da,,. Q.E.D.

Lemma 34. «,(x)>0.

Proof. We have [L,, R,]]=R,.,—R:=R,—R? by (1.10), and R,=L,+'L,
on P, as in the proof of (2.4). Hence it follows

Ttp, L. = %TrPhR,,

— iTrpk(R L R)

- %TrPkR,/R,,gO .
According to (A.2) and Lemma 3.2, we have Try,,L,=0, TrynL,=1+4+3% dim
Py;>0. Thus we obtain
au)y="TrL,
= B T Lt T TroLut TrynLu>0.
Q.E.D.
Lemma 3.5. Da, is positive definite on Py,.

Proof. For =0 we put P°y4.;n,={p=P°; (L,—(3x1p)) p=0 for suffici-
ently large 7} and Pg,p=1{p+P; pEP q+im}. We shall then prove that the
decomposition Py;=>"Pg.u, is orthogonal with respect to Da,. For p, p’'=0,

=
let pE P41, and p’ EP° 4w, such that (L,—(3+1p)) p=0, (L,—(5+in)Y'p
=0. Then we have exp tL, p—e®+i** p(t) and exp tL,p'=ed# ! p/(1), where

HO=5 0 (L—(+in)p and p(O=Fo (L(+in)'p',  respectively.
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Therefore we get

(3.6) %(exp tL,p, exp tL,,p_’> = %_@(Hmtp(t)’ e(i-m’)tpth»

— JL iR 1Nt NT4)
T o), P

— e(1+i(lb—l"’))tg(t) ,
where g(t):%(p(t), PO>+(1+i(u—u))<p(t), PE@)>. On the other hand, it

follows from Lemma 1.4 and 3.3

3.7) %(exp tL.p, exp tLop’> = <u, exp tLp- P>

= {u, \e‘w)
= >\'<u: u>et 3

where we put p.p’=ru(A&C). Thus we get g(t)=r<u, upe*~**. Assume

p#+p’. Since g(t) is a polynomial and since p'—p %0, we get A=0 and p-p’
=0. Hence we have

(3.8) Plqriny Poq-aw, = {0}, if pFp.

Similarly, using
—%(exp tL,p, exp tL,.p"> = <u, exp tL(p-p'),

we obtain A(t)=v{u, upe’™ *** where h(t)=7‘;t—< (D), p'(O>+ (A +i(p'+p))p(2),
@) and p- p'=vu (v=C). If u+pu’>0, then we see v=0and p.p'=0. Thus

we have
(3.9) Pc(}_'_;p.)’Pcd_‘_,'y/) = {0} When [L‘I‘/.L/>O .

If wu’, then it follows from (3.8) (3.9) that Pe.sm-Pasiwr=1{0} and hence
P4 +iuyy Pg.raw, are orthogonal with respect to Da,. Now, let p& Py, be a
non-zero element such that (L,—(4-+7u))"p=0. Then we have by (3.6) (3.7)

‘L’;§L)+k(t) = Au, w>,

where  k(1)—<p(t), 0D, pO=3) - (La—(hHin))'p, and p-p=hu (LeC).

The solution of this equation is k(#)=ce~*4+A<u, u> where ¢ is an arbitrary
constant. Since k(¢) is a polynomial, we get c=0 and k(#)=n<u, u>. Thus we
have
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kRO) _ <p.B
3.10 a=HO0) _ <Py
(3.10) <y up  <u,up

In the case x>0, by (3.8) (3.9) we obtain (p+35)-(p+p)=p-p+F-p=22u.
Therefore it follows from Lemma 3.4 and (3.10)

(Da,)(p+P, p+5) = a((p+P)-(p+P)) = Zra,(u)>0,
for p£0& P 4 in- In the case =0 we have

(Da.)(p, p) = ao(p+p) = Mt ,(¥)>0,

for p£=0Py,. Since Py, and Py, (un=+p’) are orthogonal with respect to
Da,, it follows that Da, is positive definite on Py;=>" P - Q.E.D.
(=1

This completes the proof of Proposition 3.1.
Applying Proposition 2.1 and 3.1 successively, our theorem follows by
induction on m.
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