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Continuation of Bicharacteristics for
Effectively Hyperbolic Operatorst

By

Gen KomaTtsu* and Tatsuo NISHITANI**

Introduction

The present paper is concerned with bicharacteristics of an effectively
hyperbolic differential or pseudo-differential operator. Given a hyperbolic
principal symbol p=p(p) =p(x, &) and an effectively hyperbolic characteristic
point p=(£, )e T*R"*!, we consider bicharacteristics p=p(s) tending to p
as 57400 or s| —o0. Our main purpose is to prove the following two facts
(cf. Theorem 1):

(0.1) There are exactly four such bicharacteristics. Two of them are
incoming toward the reference point p with respect to the parameter s, and the
other two are outgoing.

(0.2) Each one of the incoming (resp. outgoing) bicharacteristics is naturally
continued to the other one, and the resulting two curves are regular, C® or

analytic corresponding to the assumption on the principal symbol.

Concerning (0.1), it was first observed by Melrose [12] that there are
at least four such bicharacteristics. Following that work, the second named
author showed in [13] that the number of such bicharacteristics is exactly
four, under a smallness assumption on the purely imaginary eigenvalues of
the Hamilton map. This assumption was then eliminated by Iwasaki [11]
by using his result in [10] concerning a factorization of the principal
symbol. He also observed the C® result in (0.2), the C*® continuation of
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bicharacteristics. 'The method employed in [10] is the Nash-Moser implicit
function theorem or, rather, its proof. It will be extremely difficult, even
if it is possible, to obtain an analytic version of the result in [10].

Our method of proving (0.1) and (0.2) above is completely elementary
and applies equally to the analytic case as well as the C® case; rather, the
analytic case is much simpler. We reduce the problem to the study of a
Briot-Bouquet singularity (cf. Theorem 2), where a linear algebraic condition
appears quite naturally. Nevertheless, it is plausible that the same idea is
applied also to a higher order analogue of effectively hyperbolic principal
symbol. We hope to return to this matter at a future time.

It has been known that the Cauchy problem for a hyperbolic operator
is C* well-posed independent of the choice of lower order terms if and only
if the principal symbol is effectively hyperbolic at every multiple (necessarily
double) characteristic point. (There were many contributions of proving
this fact in general, and Iwasaki’s factorization theorem in [10] was
fundamental in order to reduce the general problem to a special case.) The
notion of effective hyperbolicity was first introduced by Ivrii and Petkov in
[9]. [Its definition requires the existence of (necessarily two) non-vanishing
real eigenvalues of the Hamilton map i.e. the so-called fundamental matrix
obtained by linearizing the Hamilton field of the principal symbol. (It turns
out that such eigenvalues must be of the form +1.) The question arises
how this linear algebraic definition is reflected in the dynamical system of
bicharacteristics near the reference point. This is a motivation of the present
work.

The present paper is organized as follows. The main result (Theorem
1) is stated in Subsection 1.1. We then exhibit, in Subsection 1.2, a heuristic
argument by considering a linearized problem. An outline of the proof of
Theorem 1 is given in Subsection 1.3, where we reduce the problem to the
study of a singular initial value problem (cf. Theorem 2). This reduction
involves a symplectic change of coordinates, which we achieve in Subsection
2.1. Using the new coordinates p=(y, ) with p=(0, 0), we get a factorization
of the form p=p*p~ with

Pi(% ’1)=770_y07ri(y0: V/_Vo)» V=(y'> ’7()»

cf. (1.7), a factorization which is only valid within a restricted neighborhood
of p. This restriction causes no difficulty (cf. Proposition 1), as we see in

Subsection 2.2. Thus, Section 2 concerns the reduction of the proof of
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Theorem 1 to that of Theorem 2. We prove Theorem 2 in Section 3 by
using (the C® version of) the Briot-Bouquet theorem due to Briot-Bouquet
[1] (and de Hoog-Weiss [3], [4] for the C® version, see also Russell [14]). We
first state, in Subsection 3.1, the original holomorphic Briot-Bouquet theorem
in system form (Proposition 2). This implies Theorem 2 in the analytic
case, whereas the C® version (Proposition 3), formulated as a one-sided
problem, reduces the proof of Theorem 2 to examining the consistency of
the successive right and left derivatives of the solution at the origin. This
step requires some knowledge of a related linear system, which is also used
in the proof of Proposition 3— we prepare it in Subsection 3.2. Finally in
Subsection 3.3, we complete the proof of Theorem 2 after stating and proving
Proposition 3.

§1. Statement of the Results and Outline of the Proof

1.1. Continuation for two pairs of bicharacteristics

Suppose given a linear partial differential (or pseudo-differential) operator
P=P(x, D,), D, = —\/———1 0/0x, of order m with C® coefficients in an open
set QcR"*! with coordinates x=(xq, x')=(xy, %1, '+, X,). We denote by
p=p(p)=p(x, £) the (real) principal symbol of P, so that p e C®°(T*Q\0), where
the cotangent bundle T*Q is equipped with the standard coordinates p=
(x, &), E=(&p, EN)=(&p, &4, -++, E,).  Suppose also given a multiple characteristic
reference point p=(X, &)eZ,=2\X,, where

T={pe T*Q\0; p(p)=0}, Z,;={peX; dp(p)+#0},

so that X, is the simple characteristic set of p. We assume that p(x,") is
hyperbolic with respect to dx, near x=%£€Q, that is, the equation p(x, &)=0
(¢ #0) with unknown &, has exactly m real zeros &,=¢&q(x, &) near x=4%
counted with multiplicity.

Setting (y, ) =(x—4&, ¢ —&) e R*"*2, we obtain a new coordinate system
p=(y, n) on T*Q for which p is the origin. It then follows from the Taylor
expansion around p=p that

p(p)=ps»y, M+O(W, MI*) as p-p,

where p;(y, ) is a quadratic polynomial of (y, #) corresponding to the
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1
Hessian of E‘b(p) at p=p. Observe that this quadratic polynomial extends

naturally to a quadratic form Q(-,") on T;(T*Q). Then, the Hamilton map
H of p at p is defined by

o(X, XYV)=0(X, V) for X, YeT«T*Q),

where ¢ stands for the natural symplectic form given by

Jj=0 j=0

Recall that the matrix expression of # with respect to the coordinates
(v, 1) is the so-called fundamental matrix given by

1
H = ( Pry P ) evaluated at p=p,
2 \—by, ~by

where the subscripts y, n stand for the differentiation.

Let us assume that p=p(p) is effectively hyperbolic at p=p, that is, the
Hamilton map 4 admits at least one non-vanishing real eigenvalue. (It
turns out that the number of such eigenvalues is exactly two, if there exist,
and that they must be of the form + 4, 0#4eR.) Clearly, this condition
is open with respect to points peX,. Observe that p is a double characteristic
point, because the quadratic form Q(:,) does not vanish identically.

We are interested in the behavior of bicharacteristics of p=p(p) near
p=p. By definition, a (null) bicharacteristic of p is an integral curve p=p(s)
of the Hamilton field

 (op O op 0\ 0p O op 0
Ho= 2\t o, iy 06) " e ax
i=0 j 0x; x; 0¢;) 0& oOx  Ox 0
subject to the restriction p(p(s))=0. In terms of the coordinates p=(y, ),

this curve p=p(s) satisfies the following system of ordinary differential

equations

dy . 0p dn . 0p
(1.1 ;;(s)—%(y(s), n(s)), " ()= @(y(s), n(s)),

the Hamilton system with Hamilton function p=p(y, ). It is worthwhile
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noting that the linearization of (1.1) at p=p yields a matrix corresponding
to 2.

We are thus led to study solutions of (1.1) satisfying
(1.2) (@), n(9)—(0,0) as s1 +oo (resp.s | —oo);

we refer to them as incoming (resp. outgoing) bicharacteristics relative to the
reference point p=p. Two bicharacteristics will be identified if they are
equivalent under a trivial change of parameters s—s+ constant. Now, the
main result of the present paper is stated as follows:

Theorem 1. There are exactly two incoming (vesp. outgoing) bicharac-
teristics of p=p(p), relative to p=p, contained in the simple characteristic set
2,. Furthermore, one of the incoming (resp. outgoing) bicharacteristics is
naturally continued to the other one, and the resulting two curves are C® regular
near p=p as submanifolds of T*Q. These two curves are (real) analytic near
p=p whenever p=p(p) is assumed to be analytic there.

1.2. A linearized model

(A). A linearized problem. Before beginning the proof of Theorem 1
above, we wish to exhibit a heuristic argument. Readers can skip it and
proceed directly to the next Subsection, in which the proof of Theorem 1
is outlined.

It may be natural to expect that our problem (1.1) with (1.2) is a
perturbation of its linearization at p=p:

a1y PO=2050, F=0, NRTIXRY,
L)

under the limit condition (1.2), where g=(y, 5) is regarded as a column
vector. To consider (1.1)" is equivalent to replacing p(p) by its quadratic
part ps(p). After a linear symplectic change of coordinates, we can write

p5(p)=Q(p, p) in normal form—up to non-vanishing multiplicative factor,

ny na
Q(ﬁ;ﬁ)=’7(2)“y(2)— Z #j@}""ﬁ)_ﬂo Z y}
=1

J j=nm+1

= Z Qj(ﬁjy ﬁj) for p~j=(yjr 'IJ)GRZ,
j=0
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where u;, 1o>0 and 0<n;<n,<n (cf. (1.3) with (1.5) and the proof of
Lemma 2.2 below). Therefore, (1.1) splits into real 2 x 2 systems

, d i .
L1, BO=2#,5()  for 0<jsn,

where each matrix # ;€ M,(R) corresponds to Q;(p;, ;). We are thus led

to consider (1.1)’; under the condition
(1.2); pj(s)—(0, 0)eR* ass | —oo or st +o0.

It is well known in the linear theory of ordinary differential equations that
the nature of the equilibrium point (0, 0) is determined by the spectral
property of the real matrix #;: if j=0 (resp. 1<j<n,), then #; has
eigenvalues +1 (resp. _-i_-\/——l ), so that the origin (0, 0) is a saddle point
(resp. center); if n; <j<n, (resp. n,<j<n), then rank#’ ;=1 (resp. #;=0)
and J; has only one eigenvalue 0. Therefore,

Claim. If 1<j<n then there are no (non-trivial) singular trajectories,
that is, p (s)=(0, 0) is the only one solution of (1.1); with (1.2);.

Namely, we do not encounter the following types of the equilibrium
point (0, 0)e R?:
Non-degenerate (or two-tangent) node: In this case, there are distinct

real eigenvalues 1, >1_ of the same sign.

Degenerate node: 'This is the case where two-tangent node degenerates
to A, =A_€eR\O; it is a stellar node (resp. a one-tangent node) if the matrix
in normal form is diagonal (resp. triangular and not diagonal).

Focus: In this case, the eigenvalues 1 are not real nor purely imaginary.

One-dimensional flow: This is the case where the matrix in normal form
is diagonal and of rank one.

Therefore, it suffices to consider the saddle point case j=0.

{B). The simplest model. 'To consider the case j=0 amounts to replacing
the principal symbol by its simplest model

P’ m=mo—ys in  R"IXR™L
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In this case, we have an obvious factorization

2°v, M=Mo—v0) (Mo+y0)=0%1, Mp2(, n);

it is then immediately seen that the singular trajectories constitute two
straight lines. Indeed, on the trajectory of each bicharacteristic p°®=p%(s)=

(y, ) of p°, we have a Hamilton system with Hamilton function p% or p? :

d oS 6p‘i) 2

— , H=|—, — = 1=, £+ eR?,

o 0o, M0) (1) (6110 Pye ( )E
% ap%

o’ oy

il o', 1) (t)=( )=(o, 0)eR"x R".
dt

Solving it under the initial condition p°(0)=(0, 0)e R*"*?, we obtain

o, Mo)=(t, *1), o', n)=(0, 0)eR"xR".
Here, the change of parameters s—>t=1t* satisfies the relation
|t|=e" 2 as t—0 along singular trajectories.

We wish to emphasize that, passing from p° to p9%, we can take y, as a
new parameter t=t*.
In the case of quadratic model (i.e. the linearized problem), we have a

similar factorization

P4, '7)=<’10'"E(y0: V)1/2> <'Io+E(yo» V)”Z),

where v=(/, 1), Evo, W =38+ L 0P 5

J

which does not hold in a full neighborhood of p=(y, )=(0, 0); it is only
valid in a restricted part y,7#0 (or |v|/|y,] <constant). Nevertheless, this is
sufficient for our purpose, because every incoming or outgoing bicharacteristic

p(s)=(y, n) satisfies v=0—we have

d
s W7+n})=0  for 1<j<n.
4}
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Furthermore, the term E(y,, v)!/? in this model does not involve the variable

Mo, so that as in the simplest case we can single out y, as a new parameter:
d + +
s yo(tT)=1 (thus, we may take t=1" =y,).
it

Therefore, we obtain a closed system having v=v(t) as unknown, a system
which admits only a trivial solution v(*)=0 (under the initial condition
v(0)=0), as we have already known.

In what follows, we shall observe that the general problem can be put
in a situation similar to that as above.

1.3. How to continue bicharacteristics

In order to prove Theorem 1 above, we shall perform in Subsection 2.1
below a symplectic change of variables about p=p. In the new coordinates
p=(y, n) with p=(0, 0), the principal symbol p=p(p) takes the form

(1.3)  pp)=ap) [{ﬂo*fp(y, 72— ¥, 11')] with  g(p)#0,

so that we may assume ¢(p)=1. Here, p(y, *) is hyperbolic with respect to
dy, near y=0, a fact which implies that

(1-4) l//(P*)ZO near p*=(y, ,1’)=(0, 0)€R2"+1,
Furthermore, if we write O'=0(|p*|) as p*—0, then

o(p*)=0%, Y(p*)—E(p*)=03 where
(1.5)
Ep¥=y5+ Y, wi+n)+u Y v
j=1

j=ni+1

with some positive constants u; u,, where 0<n;<n,<n. (The case
n, =n,=n does not occur in our problem, though we need not exclude it
in what follows.)

We now set, for u=(z', {')e R*" with |u|<1, that

(D(VO: u)=y62 (p(yO) y0u)’ ‘F(y(): u)=y(;2 lp(yO) y()u):
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ni(yo» u)=1+¥(y,, u)1/2+y0 Dy, u),

where the square root can be taken by virtue of (1.4). Observe that ® and
¥ are smooth (i.e. C® or analytic, corresponding to the assumption on the
principal symbol p=p(p)) as far as |y,| is small, a fact which can be observed
by inspecting the remainders of the Taylor expansions. Similarly for ¥!/2,
a consequence of the fact W(y,, u)=FE(1, u)+---. Thus, the functions ©*

are smooth whenever |yg| is small, say, in {|yo|<a, |u|<1}, and satisfy
1
(1.6) +7*(0, u)=E(1,u)1/2=1+5 E(0, u)+O(ul*)

as u—0. Therefore, setting v=(3', %) and

A7) p @, M=no—yon* (o, ¥/¥0),
we have a factorization of the principal symbol
(1.8)  p(p)y=p*(p)p~(p)  near p=p

which is valid within a certain cone (or, rather, a two-sided wedge having
the 5y-axis as its edge):

(1.9) V=10, M)l <alyol with some constant a>0.
It will be shown in Subsection 2.2 below that:

Proposition 1. Suppose given an incoming or ouigoing bicharacteristic

p(s)=(s), (s)), a solution of (1.1) with (1.2). Then, v(s)=(y'(s), n'(s)) satisfies
(1.10)  EOI<SClys)l*?  as  p(s)-p,

where C >0 is a constant independent of the choice of a bicharacteristic p = p(s).

By virtue of Proposition 1 above, every solution of (1.1) with (1.2) must
stay, locally near p=p, in the cone (1.9). Furthermore, we see, in view of
the factorization (1.8), that it must be an integral curve p=p(z) of either
H,. or H,- with the limit point p=p, where the parameter must be changed
from s to t=t*. Therefore, setting

p()=W(), n(®), v(BO=0'®), 7)),
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we have (dyy/dt)(t)=1 in either case, so that we may take y, to be the
parameter t=t* simultaneously. Then,

’ + ’ +
ﬂv...(t)z _QL (t, @)) ﬂzgn_ <t, Y@) s
t dt 0% i

(1.11)*

— 50eR?*™ as -0 (by Proposition 1),

and similarly for the scalar function #n,=74(f), that is,

(12t Mogy g (z, @) S a”_( v(t)\ 10(0)=0.
dt t i

Conversely, if we are given a solution of (1.11)*, then we can reproduce a
solution of (1.1) with (1.2) by integrating (1.12)%.

It may be worthwhile noting that (1.7) with (1.6) determines how the
orientation of the parameter is changed from (1.1) to (1.11)*. Namely, in
case ¢>0 in (1.3), every solution of (1.11)™ (resp. (1.11)7) in either t>0 or
t<0 corresponds to an incoming (resp. outgoing) bicharacteristic of p. The
situation is reversed in case ¢<0.

We are thus led to investigate the unique existence and the regularity for
the solution of each one of the initial value problems (1.11)*. Here, the
uniqueness is for the one-sided problems, whereas the regularity is for the

two-sided ones. Evidently, the regularity of v=v(¢) in (1.11)* ensures that
of 7o=1(t) in (1.12).

Let us write (1.11)* as follows:

a1.11) ——(t) F( v(tt)> @_»OERN as 10,

where N=2n and

on*

o, 1), a”+< ))
a{ Yo u yOr u .

F(yO) u)=Fi(y0) u)=<

It then follows from (1.6) that
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(1.13) F(0, 0)=0, a(F (0, O))C{ﬂ.EC; Re /130},

where d(F,(0, 0)) stands for the spectrum of the Jacobian matrix F,(0,0)
=(0F/du) (0, 0). Indeed,

det(S# —Al,, . ) =12 —1) det(F(0, 0)—AL,,),

so that the eigenvalues of each one of F¥(0, 0) are 0 and +./—1 u; for
7=1, 2, .-, n;. We shall prove in Section 3 below that:

Theorem 2. Suppose given a C* (resp. analytic) function F=F(yq,u)
€ R" near (y,, u)=(0, 0)e R x RN satisfying (1.13). Then, the two-sided initial
value problem (1.11) admits a C*® (resp. analytic) solution v=v(t) near
t=0. Furthermore, the uniqueness is valid for each one of the one-sided problems,
among solutions of C'-class except at the end point t=0.

Therefore, Theorem 1 will be established if we shall prove Theorem 2
together with Proposition 1.

Remark. In view of (1.11)* and (1.12)*, we see that
dv dno +
—(0)=0, —(0)=n"(0, 0)= +1,
dt( ) dt( ) 0, 0)

so that the integral curves p=p™*(t) of H,* with p £(0) = p satisfy, respectively,

+ +
.14  # % )= + % 0).

Namely, the tangent lines at p of the two curves in Theorem 1 are spanned
by eigenvectors of the Hamilton map 4 associated with the two non-vanishing
real eigenvalues +A. In (1.14)* above, the normalization A=1 is made

corresponding to the assumption g(p)=1 in (1.3).

§2. Preliminary Reductions

2.1. Normalization by symplectic transformations

The present subsection is devoted to the justification of (1.3) with (1.4)
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and (1.5) stated in Subsection 1.3. Every function will be C® or analytic
near p=p, without any mention of it, corresponding to the assumption on
the principal symbol p=p(p). In particular, the abbreviated expression O'

as in (1.5) can be differentiated in a usual manner.

We first reduce the problem to the case of second order symbol
p=p(p). More precisely,

Lemma 2.1. After a symplectic change of coordinates about p=p, the
principal symbol takes the form

2.1 px, O)=q(x, &) {&—(x, &)},
where q(&, E)#0 and Y(x, £)>0.

Proof. We first observe that

2

o°p

2.2) o

a fact which is obtained without difficulty by using Lemma 1.3.1 in Hérmander
[5]. Namely, suppose the contrary; then the hyperbolicity implies the
vanishing of the Hessian of p(p) at p=p, but this contradicts the effective
hyperbolicity.

By virtue of (2.2), we may apply the Malgrange (or Weierstrass)
preparation theorem and conclude that p(x, &) takes the form
px, &)=q(x, OF(x, &), q(&, &#0,
ﬁ('x, £)={£O_¢(xy 6,)}2_|p('xa é’)
Here, the hyperbolicity inherits from p(x, &) to §(x, £), so that § (x, &) > 0.

The desired symplectic coordinate system is obtained by a repeated
application of the Frobenius theorem (see Theorem 21.1.6 in Hormander

[6]1). Indeed, itis possible to construct a change of variables (x, &)— (%, &):
Eozéo"(ﬁ(x, Cl)) glzg’(x) 6’))
i0—:‘x0) £,=x~,(x) é’))

in such a way that, for 0<j, k<n,
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{& E3={7;, £}=0, (&, %} =64,

where {-,} stands for the Poisson bracket. g.e.d.

Remark. The symplectic transformation in Lemma 2.1 above can be
taken to preserve the homogeneity (cf. Theorem 21.1.9 in Hormander
[6]). Furthermore, it is possible to make p(x, &) homogeneous in ¢ in the
proof above. Then, Y(x, &) in (2.1) is homogeneous of degree two in &,
so that the problem is completely reduced to the case m=2. In what follows,

however, we shall not use the homogeneity of y(x, &).

Without loss of generality, we assume that g(x, £)=1 in (2.1). It is
also convenient to deal with a coordinate system having p as the origin
because the homogeneity is not concerned. We thus introduce a coordinate
system p=(y, 1) by setting

(,V) ’1)=(‘x—5e) é_f)ERZ'H-Z)
so that p=(0, 0). Then,

Lemma 2.2. After a linear symplectic change of coordinates about p=p,
the symbol p=p(y, 1) normalized as above takes the form

(2.3) P&, M=c{ng—E@, "N}+0*w, n)  as p-p,

with some constant ¢>0, where E(y, ') is a quadratic polynomial of (y, ")
given by (1.5) with p*=(y, n'). Furthermore, preserved is the hyperbolicity of
p(y,") with respect to dy, near y=0, after the change of coordinates.

Proof. Let us first write (2.1) in Lemma 2.1 with ¢(x, £)=1 in terms
of the (y, ) coordinates as follows:

P(y; ’1)=('10+£o)2—¢(ys r’l)’ l//(y) ’7,)20

Since peX,, it follows that &,=0. We next set

Pfi(y) 11)=Q((y: l’,), (y: 'I))='7(2)_‘/’,5(y: '7’))

where Q(-,") is a quadratic polynomial as in Subsection 1.1, so that

p(ys 7])‘—’1’,;(.% ’7)+03(y) n) as p—>ﬁ
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By virtue of the effective hyperbolicity, we can write ps(y, #) in normal form
(see, e.g., Theorem 21.5.3 of Hormander [6]) as follows: there exists a linear

symplectic change of coordinates S: (y, f)+ (y, ) about (0, 0) such that

with some constant ¢>0, where E(y, 7') is given by (1.5) with p*=
(¥,1"). Setting

@, M=p(SG, M) =pO, ),
we see that its quadratic part is given by
P50, M=p;(S@, 7)=p;, n).
Therefore, we obtain (2.3) in the (3, #) coordinates.

It remains to observe that the hyperbolicity with respect to the 7,
variable is preserved under the symplectic transformation .S as above. Since

S is linear, this fact is easily verified as follows. Setting
ﬁi(.’;’ ﬁ)=Pi(y’ 'I)=’70¢¢(y, nl)llz,
we shall show that each one of $.(§, 7) has a real zero

=5, )  with  [i|<e

S+

Ul

in a closed region |(¥, j')| <&?, as far as the constant >0 is small enough. (It
should be noticed that p, above are different from p* in Subsection 1.3). If

we write

Mo =aﬁ0 + 0(82)) W(y: VI') =ﬁﬁ% + 0(83)

in a closed region {(3, ); |fio|<e, |(¥, 71")|<&*} with constants « and B, then
f=0 and

@, M=p, M=(>~P)is+O0E),
so that (2.3) yields a> —f=c¢>0. On the other hand, if in addition |fj,|=¢ then
5+G, M=wiio T /B liiol+ 0@,

so that each one of p.(y, #) has different sign at ;= +¢. Therefore, the
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desired conclusion follows from the continuity of 5, (y, 7f) with respect to
the #, variable. g.e.d.

Justification of (1.3) with (1.4) and (1.5). By virtue of Lemmas 2.1 and
2.2, we have, after a symplectic change of coordinates about p=p, that

P(y) 71)=¢7(y, 7’) {”%_lp(ys ’7)}»
v, m=E@, n)+0%y, n) as  p-p,

where ¢(p)#0. It then follows from the Malgrange (or Weierstrass)
preparation theorem that p(y, #) takes the form (1.3) in which ¢(0,0)
=1(0,0)=0. Comparing the quadratic parts of these two expressions of
the same function p=p(y, %), we obtain (1.5). Let us finally recall by
Lemma 2.2 that p(y,") in the new coordinates is hyperbolic with respect to
dy, near y=0. This together with (1.3) implies (1.4).

2.2. An estimate for bicharacteristics near the reference point
The purpose of the present subsection is to prove Proposition 1. Let us

begin with the following simple observation.

Lemma 2.3. There exists a constant C>0 such that

ldp(p)|<C

@(p)l for peX nmear pP.
Mo

Proof. 1If peZ, then p(p)=0, so that

1{0p
YN = lno—o(p*) =5 —(p)l-
2101,
On the other hand, ¥ >0 implies |dy|<Cy'? with some constant C'>0.

Therefore, the desired conclusion follows from

3 d 2 ) i B
P ) — W P -2 — &Y.
oy oy 0y on on on

g.ed.

By using Lemma 2.3, we obtain the following estimate for incoming
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or outgoing bicharacteristic p=p(s).

Lemma 2.4. A weaker version of Proposition 1 holds, where the conclusion
(1.10) is replaced by

o< Clyo(s) as  p(s)—p.
Proof. We first note that
Vo) #0 as  p(s)—p,

where the dot refers to differentiation with respect to s. Indeed, if yy(s)=0
at some point p(s)eZ; near g, then

o .

——(p(s))=y0(s)=0,

Mo
so that LLemma 2.3 implies dp(p(s))=0, but this contradicts p(s)eZ,. Thus,
we may take y, as a new parameter of the curve p=p(s) near the reference

point p. Then,

d
p(s)=y o(s)d— p(s(¥0)),
Yo

so that LLemma 2.3 implies

ap

oo

dp d
-5 P

=|<H,, dp>|=|dp|<C
ong dyo ?

on the curve p=p(s). Therefore,

lo(s)l= <Clyo(9)l-

Yo 4
f d—'P(S(.Vo))dyo

0 Yo

By virtue of Lemma 2.4 above, it can be understood that
(2.4) O0'=0'(y, M=0(lyol) as p—p,

as far as the limit is taken along a bicharacteristic.

The following lemma is crucial in the proof of Proposition 1.
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Lemma 2.5. For every >0, there exists 6 >0 such that
1+¢ .
(2.5) [yo(s)l < N [Vo(s)] whenever 0< |yo(s)| <9,

where 0 is independent of the choice of a bicharacteristic p = p(s) satisfying p(s)—p.

Proof. We shall be working on the bicharacteristic p=p(s). Since the
trajectory is included in the characteristic set X, it follows that

b.’o|=

d
a—p (p)' =2lno—@(p*)| =24 (p*)"%.
Mo

On the other hand, we have by using (1.5) and Lemma 2.4 that
Yo <E(p*)=yY(p*)+0?

under the notation (2.4). Since |yy| is small enough, we obtain the desired
conclusion (2.5). g.ed.

Remarks. (1) In proving Proposition 1, we only need the fact that
(1+¢)/2 in (2.5) above is a positive constant independent of the choice of
a bicharacteristic. Nevertheless, it might be worthwhile noting that (2.5)
yields the following estimate

Y.5)<Y,.(so) as p(s)—=p with s, fixed,
where Y, (s)=|yo(s)| exp [2|s]/(1+¢)]. In particular,

2
[yo(s)|<C exp <-— |sl> as  p(s)—p
1+¢

with some constant C>0, cf. Subsection 1.2, (B).

(2) A reversed inequality with 1—¢ in place of 1+¢ is also obtained
by using the conclusion of Proposition 1 (or Theorem 2). Namely, it follows
that v=03? (or v=0?) under the notation (2.4), so that Y(p*)—y3=03.
This yields, as in the proof of Lemma 2.5, that

1—e¢ .
|y0(5)|ZT [yo(s)] whenever 0< |y(s)] <9,
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which in turn leads to
Y_(5)>Y _(so) as p(s)—=p with s, fixed.

In particular, with some constant C>0,
-2
[yo(s)] =C exp 1_¢ Isl ] as p(s)—p.
Proof of Proposition 1. Settintg
1 2 2 .
=2 +nf9?) for 1<j<n,

we shall show under the notation (2.4) that

(2.6) ej=O3 for 1<j<n,, ej=04 for n;<j<n.

Let us first consider the case 1<j<n;. Since

0 )
55@) =2uy;+ 02, a—p(/’) =2ujn;+ O

J J

under the notation (2.4), it follows that
. op op
éf(s)=y; —(p)—n; —(p)=0>.
on; 0y,

This together with Lemma 2.5 implies

E; ej(s(yo)) =0?,

where a change of variables s—y, is made as in the proof of Lemma
2.4. Integrating both sides with respect to y,, we obtain the desired estimate
€j=03.

In case n,<j<n, we have

0 0
y'j<s>=a—’f(p>=02, )= — a—’f(p)=02,

J y}
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so that «3]-=O4 is obtained by the same argument as above. Indeed,

i yey! i —N!
dyq yj(s(yo))*-o ) e nj(S(yo))—O .

It remains to consider the case n; <j<n,. We first have, as above,

020t 4 = ot
y,(s)—'anj(l’)—o ’ dyo y,(s(yo))—o ’

so that yj=02. By using this, we obtain

op
Jy;

J

ni(s)=— ——(p)= —2pey;+0*=0?,

so that nj=02, and hence ej=O4. This completes the proof of (2.6).

§3. A Singular Initial Value Problem

3.1. The Briot-Bouquet singularity

In order to prove Theorem 2, we begin with the existence result in the
analytic case. Setting u(t)=v(t)/t, we write (1.11) as

(3.1) tf’ld—':-(t) =f(t, u(t)), u(0)=0eRY

with f(¢, u)=F(t, u)—u, so that (1.13) implies
3.2) 0, 0)=0, o(M)<={2eC; Re 1<0},

where M=f,(0, 0). Let us now recall a celebrated result of Briot and
Bouquet in [1] which states that:

Proposition 2. If f=f(t, u)e CN is holomorphic near (t, u)=(0, 0)e C x C¥
and satisfies

3.2y f0, 0)=0, o(M)NnN=,
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where N={1, 2, ---}, then (3.1) admits a unique holomorphic solution u=u(t)
near t=0€eC.

Indeed, Proposition 2 in case N=1 is obtained in [1], pp. 164-171 (see
also, e.g., Ince [8] or Hille [2]), and their method remains valid for general
N. The proof is sketched as follows.

It is easily seen that the assumption (3.2) implies the unique existence
of a solution as a formal power series u(f)=c,;t+c,t*+---. Thus, it suffices
to find a convergent scalar majorant U(t)=C,t+C,t?+---, which can be
obtained as the unique solution of a functional equation of the form

3.1t eU@t)=@(t, U(t)), U(0)=0eC

with a small constant ¢>0, where ®(¢, U) is a standard scalar majorant of
f@u)—Mu. Since ®(0,0)=®y,(0,0)=0, the unique existence of a holo-
morphic solution U(t) of (3.1)* near t=0eC follows from the implicit
function theorem.

Remark. It turns out that every formal solution of (3.1) is necessarily
convergent without any assumption on o(M), cf. Hukuhara et al. [7], pp.
77-78. Indeed, the subtraction of the polynomial of degree <r part
cyt+ -+ +¢,t" from u(¢) amounts to reducing the eigenvalues of M by . Taking
r large enough, we may apply the contraction principle to the reduced
equation in order to obtain a holomorphic solution, while the formal
solution of the original equation is unique up to terms of degree <r. Hence,

an arbitrarily prescribed formal solution must be holomorphic near t=0.

Therefore, it remains to establish the C® version of the Briot-Bouquet
theorem (Proposition 2) under the assumption (3.2) in place of (3.2). This
has been done by de Hoog and Weiss [3], [4] (see also Russell [14]). We
shall reproduce the proof in Subsections 3.2 and 3.3 below, because the
setting in [3], [4] is too general for our purpose.

The proof of Theorem 2 in the C*® case is fairly elementary. We shall
first consider in Subsection 3.2 a linear problem with “‘constant coefficients.”
Then, the nonlinear problem can be regarded as a perturbation of the linear
one — as we shall see in Subsection 3.3. Indeed, the unique existence is
obtained wia the contraction principle, whereas the proof of the regularity
requires a closer look at the linear problem.
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3.2. A linear system

Let us consider a linear system of singular ordinary differential equations
du
3.3) t % (&) —Mu(t)=g(t) for 0<t<T,
t

where ge C°[0, T]=C°([0, T], C") and Me My(C). As in (3.2), we assume
that

3.4) o(M)={leC; Re 1<0}.

In order to solve (3.3) in the space %3!'=C°[0, T]nC' (0, T], let us
introduce a linear operator &,,:C°[0, T]—%%"' by setting

COWM ds [ /0WMd
suso=[ (a0 %= [ (O s
o \§ s o \§ s

where tM=exp (M logt), so that &,,g(0)=—M 'g(0). It is easily seen that
u=~E,, ¢ satisfies the equation (3.3). Furthermore,

Lemma 3.1. A unique solution ue €% of (3.3) is given by u=~&g.

Proof. With t € (0, T] arbitrarily fixed, the general solution of (3.3)
takes the form

(3.5) u(t)=(f>M u(x) + f <5)M oL
T . \s 5

If ue %%, then the assumption (3.4) permits us to take the limit £}0 in (3.5);
thus u=8yg. g.ed.

The differentiability property of the operator &, is clear from the second
expression of its definition. Namely, if ge C"[0, T] with some re Ny={0, 1,
2, -}, then &y g€} =C'[0, TInC™*1(0, T] and

d r
(3.6) (éBMg)(r)=<£> gMgzéaM—rlg(r);

where e My(C) stands for the identity matrix. In particular,



906 GeN KomATsu AND TATsuo NISHITANI

(3.6)0 (Eng)"(0)=(rI—M)~"g"(0).

In the application to the nonlinear problem, we also need an estimate
for the operators &,_,; with re Ny in terms of the norm |u;=max{[u(z)[;
0<t<T} for ueC°0, T], where the pointwise norm || on CV is specified
appropriately. The following lemma asserts that the operator norm of &y,_,;
with respect to ||| is bounded as T|0.

Lemma 3.2. If a constant 6>0 satisfies
o(M)c{AeC; Re A< -4},

then there exists a constant C>0 such that
C 0
lEm-rgllr< — lglr for geC°[0, T,
r+0

where C=C)y 5 is independent of T>0 and re N,.

Proof. It suffices to choose C in such a way that
Is™My| < C s%v| for se(0, 1) and veCV,

a fact which can be easily seen by writing M in Jordan normal form. gq.e.d.

3.3. A nonlinear system; Proof of Theorem 2

In order to complete the proof of Theorem 2, we consider a nonlinear

system of singular ordinary differential equations
du
3.7 td—(t) =f(t, u(t)) for 0<t<T,
t

where f, df/due C°([0, To]x B(R,)) with 0<T<T, and B(R,)={veCV;
V| <Ry}, Ry>0. Assuming, as in (3.2), that

(3.8) M=§—f (0, 0) satisfies (3.4) and f(0, 0)=0,
Uu

we shall prove the unique existence in the set €%k with 0<R<R,, where
&7'x=C"([0, T], B(R))NC"*1(0, T], together with the corresponding regularity
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ue¥l, for each re N in case
T,R

(3.9), 5 % e C'([0, T]x B(R)).

More precisely,

Proposition 3. There exist constants T € (0, T,] and R € (0, R,] such
that (3.7) has a unique solution u in €%, which satisfies u(0)=0
automatically. Furthermore, u € €'y provided (3.9), holds with r € N.

Proof of the unique existence. Setting glu](t) =f(t, u(t))— Mu(t), we see
that the equation (3.7) takes the form (3.3) with g=g[u]. It then follows
from Lemma 3.1 that (3.7) with u € ¥%} is equivalent to u=% [u], where
Ful=6&y glul. Thus, it suffices to show that

(3.10) & 1is a contraction on %”(},R=CO([O, T1, B(R))
with respect to the norm |||; as far as the constants T and R are chosen
appropriately.

We first observe that if u,, u, € % then

Fu]—Flu]=6y h,

where h(t)={M (t)— M} {u,(t)—u,(t)} with

_ L9
M(t)=J af (t, uz(t)+9[u1(t)——u2(t)]) do.

o Ou
It then follows from Lemma 3.2 that

17 [u] = F[u,]llr <

SR

2llr< Llluy—ulr

with L=(C/d)max{|M (t)—M|; 0<t<T}, where || stands for the matrix
norm. Clearly, 0<L <1 provided T and R are small enough. We next
notice that if ue €% then

C
1 [ulllr <Lllulr+ “f[O]HTSLR_*'E e[0Tl 7,
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while g[0] (¢)=f(¢, 0), so that |#[u]|r<R provided T and R are small
enough. Therefore, the desired conclusion (3.10) is obtained under the
assumption (3.8).

The proof above shows that Re(0, R,] can be chosen arbitrarily small
by shrinking T'e(0, T,]. Hence, the unique solution u € ¥%; must satisfy
u(0)=0.

Proof of the regularity. It suffices to prove by induction on r that
(3.11), ueC'[0, T] provided (3.9), holds,

where ue %% % is the unique solution of (3.7), so that (3.11), is valid. In
fact, (3.11), together with ue %%} implies the desired conclusion ue®%k.
Recall that the unique existence was proved wvia the contraction principle,
so that the unique solution u=u,e%% ; (see (3.10)) is obtained by taking

the limit in the iteration scheme
U1 =F [w]=6y glu] for keNy; up=0.

It then follows from the differentiability property of &, as in (3.6) that if
(3.9), is assumed then {u},=%}x<=C"[0, T] and

(3.12), w =8y glu]” for keNy; u$)=0.
Thus, the desired conclusion u € C'[0, T] will be obtained if we shall show that
(3.13), {u{’}, is uniformly convergent on [0, T7],

by shrinking T>0 if necessary.

Let us prove (3.13),,, by assuming (3.13), and (3.9),,, so that (3.12), .,
is valid. Setting w,=u{*!, we regard (3.12),,, as an iteration scheme for
{w,}, involving wu,, uy, ---,u’ as known functions. In order to write it down

more explicitly, we begin by observing that glu,] = A[u,Ju;,+b[u,], where
%) )
A 0=2L @, wen-m, o ©=2 (&, uo).
ou ot

Differentiating both sides successively, we obtain g[u,]"* " = A[u,]w, +b,[u],
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where
rol r R
blul= Y () Alu]" ™D @D 4 plu]®,
i=0 l
Then, (3.12),,, can be written as

(3.14) w4 = [u Jw+ B, [u] for keNy; wy=0,

where o\ [ulw=Ey 11y (Alu]w) and B (ul=Ey -+ 1y blul.
The uniform convergence of {w,}, is obtained via (3.14) as follows. We
first observe by Lemma 3.2 that

C
r+1+6

o, [ulwlly < lAfuJwlly < L'fwls,

where L'=(1+8)"'C sup{|4[u](¢)l; 0<t<T, ue%%y} so that 0<L'<1
provided T and R are small enough. Thus, there exists a unique w_ € C°[0,T]
satisfying

Woo = [t 00, + B 11, ).

Setting w,=w,—w_, we have |0 (ll7 < L' ||lwllr+& with ¢ | 0 as k—o0.
This yields at first the boundedness of {w.}, and then the convergence
w,—0 as k— 00, which implies the desired conclusion (3.13),,;. Therefore,
the proof of Proposition 3 is complete.

We are now in a position to prove Theorem 2. By virtue of Propositions
2 and 3, we can finish the proof with the aid of the formula (3.6), as follows.

Proof of Theorem 2. It remains to show that the C® solution for each
one of the one-sided problems continues smoothly across =0 to that for
the other one. But this fact is obvious if we write the equation (1.11) in
the form (3.1). Indeed, the limits 4™ (40) can be computed successively by
using the formula (3.6),, and it is easily verified that

(3.15) u"(+0)=u"(—0) for r e N,.

Let us explain it more precisely. By virtue of Proposition 3, we see
that the C*® solution v(t)=tu(t) of (1.11) for 0 < ¢ < T exists and that the
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solution u(#) is unique in the class ¥%'=C°[0, T]n C}(0, T}, where T>0
i1s small enough. The same is true for the problem on [— T, 0]. Indeed,
setting u, (¢)=u(+tt), we are led to the equations

d
ta ui(t)=f+(t,us(t)) for 0<t<T,

where f.(t,u)=f(+t,u), so that f_(0, 0)=f,(0, 0)=0 and

- 0 0= 0 0)=
E 0, 0)= » 0, 0)=M.

Therefore, Proposition 3 can be applied equally to both problems. It remains
to verify (3.15), i.e.
(3.15y u® (4+0)=(=1) u (+0) for reN,.

Setting g.()=f+(t,u+(t))—M u.(t), we have
d
—us(t)—M u.(t)=g+().
dt

It then follows from the formula (3.6), that

uf (+0)=I-M)"" g9 (+0),
so that (3.15)" is equivalent to
(3.15)" g (+0)=(—1) g® (+0) for reN,.

Recall u.(+0)=0, so that g,(+0)=0. On the other hand, it is clear from
the definition of g, (t) that gP(+0) are independent of #Y (+0) and depend
only on u%? (+0) with ' <». Therefore, the desired conclusion (3.15)" is
obtained by induction on 7.
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