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Singular hyperbolic systems, V.

Asymptotic expansions for Fuchsian hyperbolic
partial differential equations

By Hidetoshi TAHARA

(Received July 28, 1983)

In this paper, we study the asymptotic behavior of solutions of Fuchsian
hyperbolic partial differential equations (in Tahara [9-III]), and determine complete
asymptotic expansions of solutions in C=((0, T)XR™) as t—-40. Our result
corresponds to the well-known result in the theory of ordinary differential
equations with regular singularities.

Let (t, x)=[0, T)XR" (T >0) and let

P(t; x: at: ax>:tmazn+P1(t; x} ax)tm_lazn—l+ o +Pm(t; x} az)

be a linear partial differential operator of order m (=1) with C~ coefficients on
[0, T)xX R™. Assume that P satisfies the following conditions :

(i) order Pi(t, x, 0.)=7] (1=j=m),

(ii) order P;(0, x, 0,)=0 (1=j=<m).
Then, P is said to be a Fuchsian type operator with respect to ¢{. Further, if P
satisfies some hyperbolicity conditions, P is said to be a Fuchsian hyperbolic
operator with respect to t. By (ii), P;0, x, ;) (1=j=<m) are functions in x. We
set P;0, x, d;)=a;x) (1=j<m). Then, the indicial polynomial C(4, x) associated
with P is defined by

C(A, x)=AA—1) -+ A—m+D+a,(x)A(A—1) -+ (A—m+2)+ -+ +an(x)

and the characteristic exponents p;(x), -*-, pm(x) of P are defined by the roots
of the indicial equation C(4, x)=0 in A.

In [9-III], we have solved the Cauchy problem in C*([0, T)X R™) for Fuchsian
hyperbolic operators P under various assumptions of hyperbolicity. But, here, we
want to consider the equation

(S) P(ty X, at; ax)u(t’ x):()

in C=((0, T)XR"™) (not in C=([0, T)x R™) under the same assumptions as in
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[9-III7. Note that the difference between the study in C=([0, T)X R™) and the
study in C=((0, T)x R™) lies in whether we admit solutions with some singular-
ities at =0 into our consideration or not. Especially, we are much interested in
the following questions. What kind of singularities appears at t=0 for solutions
of (S) in C=((0, T)XR™? By what quantities are the singularities characterized
at t=07? These are our first motivation of the study in this paper.

The main result of this paper is summarized as follows. Let P(¢, x, 0,, 0;)
be a Fuchsian hyperbolic operator with C* coefficients and with suitable hyper-
bolicity (that is, with (S-1)~(S-5) in §1), and let p(x), -, pn(x) be the charac-
teristic exponents of P. Then, we have obtained the following result in this
paper, which answers the above questions.

MAIN THEOREM. Assume that p«x)—p(x)&Z holds for any xR"™ and
1=i#7=m. Then, we have the following vesults.

(1) Any solution u(t, x)=C=((0, T)XR™) of (S) can be expanded asymptotically
into the form

m o  mk ) z
u(t, x)~ E (SDi(x)Z‘p““—[— k;l h;) gD;ng(X)l‘pi( )+k(10g t>mk_h> %)

i=1

on R™ (as t—-+0) for some @,(x), eih(x)eC=(R™. Further, such coefficients
0i(x), ©ih(x) are uniquely determined by u(t, x).

(2) Conversely, for any @i(x), -+, en(x)EC=(R™) we can find a solution
u(t, x)€C=((0, T)XR™ of (S) and coefficients i (x)eC=(R™) (1=<i=m, 1=k<co
and 0=h=mk) such that the asymptotic relation (%) in (1) holds. Further, such a
solution u(t, x) and coefficients o (x) are uniquely determined by ¢:(x), -+, n(x).

Here, the meaning of the asymptotic relation () in (1) is as follows. Denote
by Ry, x) the N-th remainder term, that is,

m N m
Ry(t, x)=u(, x)— X (goi(x)t”i””Jr El § i ()t * (log t)mk*h) .

i=1 h=0

Then, the asymptotic relation () above is defined by the following : for any s>0
and any compact subset K of R", there is an N,= N such that for any N=N,

sup|0i0s Ry (t, x)|=o0(*"")
TEK

(as t—-0) holds for any / and a.

In the case of ordinary differential equations, the above result is well-known.
For example, see Wasow [12]. In the case of analytic category, analogous
characterizations are obtained in Froim [3], Tahara [7, 8], Chi Min-You for
general Fuchsian type partial differential equations. Note that the asymptotic
expansion of the above form can be easily obtained from the development of the
fundamental solutions constructed in Tahara into formal series. See also Repin

[5], Tersenov [11], Weinstein [137].
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The basic idea of our discussion is as follows. By (ii), P(, x, 9,, 0,) is
decomposed into the form

P, x, 0y, 0;)=C(t0,, x)—tR(t, x, t0;, 0,)

for some linear differential operator R(t, x, 0;, 0,) of order m with C* coefficients.
Therefore, we can construct formal asymptotic solutions of (S) by solving the
ordinary differential equations C(td;, x)u,=tR(, x, 10;, 0)u,-, (p=0, 1, 2, --- and
u-;=0) inductively on p (see [Proposition 7). Combining this with the C= well
posedness of the flat Cauchy problem in [9-III], we obtain (2). The proof of (1)
is somewhat more complicated, but the essential idea is the same (see Proposi-
tion 6).

REMARK 1. When the hyperbolicity assumption is not satisfied, the situation
becomes quite different from that in the above theorem. Let P=td,++ —1t3,—p.
Then, the general solution u(f, x)=C=((0, T)XR) of Pu=0 is given by u(t, x)=
t°f(t++'—1x), where f(z) is an arbitrary holomorphic function on {z&C;
0<Rez<T}. In this case, it is impossible to characterize the singularities at
t=0 of u(¢, x) by the notion of asymptotic expansions or asymptotic behaviors
(as t—-40).

REMARK 2. When pi(x)—p;(x)&Z (x€R" and 1=i/#j=m) does not hold,
the asymptotic expansion of u(¢, x) (as t—+0) will be much more complicated.
For example, in the case P=(t0,—td,—t—x)td;, the asymptotic expansion of
solutions u (¢, x)=C=((0, T)XR) of Pu=0 has the following form:

ut, x)~@(x)+P)Y 1(t, x)+(00)(x)Y 5(t, x)+o(t**)

(as t—-+0), where ¢(x), ¢(x)=C=(R) are arbitrary and Y,(, x), Y.{, x)&
C=((0, T)YX R) are functions defined by

=1 1 (t““—l

——t“llogt), when x=+0, —1,

x  x+1\ x4l
Y.t x)=\1—t+logt+itlogt, when x=0,
1—%+%~(logt)2, when x=-—1,
r+1__
t—~—l-, when x+#-—1,
Yaolt, 0)={ *+t1
logt, when x=-—1.

The paper is organized as follows. In §1 we state our assumptions of
hyperbolicity. In §2 we define our asymptotic expansions and give some
elementary properties. From §3 to §5 we prove Main Theorem above: the
part (1) is proved in §4 and the part (2) is proved in §5. §3 is a preparation
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for the discussion in §4. In §6 we give some typical examples which illustrate
our assumptions in §1. In §7 we give some remarks and generalize our results
to some extent.

§1. Assumptions of hyperbolicity.

First, we state our assumptions of hyperbolicity imposed on P in this paper.
Let (¢, x)e[0, T)XR™ (T >0), let

P(t, x, 8;, 0,)=t™07+Py(t, x, 0)t™ 07 "+ - +Pnlt, x, 02)

be a Fuchsian type partial differential operator of order m (=1), and let
a; o, x)€B>([0, T)XR™ (|la|=j) be the coefficients of P,{, x, 0.), that is,

Pj(t) xy ax)zla@j aj,a(t; x)ag (1'1)

for 1=;=<m, where B>([0, T)XR") is the space of all such functions in
C=([0, T)x R™) that every derivative is bounded on [0, T)x R™ Note that the
condition (ii) (in the introduction) implies the following: when |a|>0, a; (0, x)
=0 holds on R™ On hyperbolicity, we assume the following five conditions
(S-1)~(S-5) for P.

(8-1) (Factorizability). There is a positive number g such that aj; .(t, x)
(when |a|=7) has the form

a;j o, x)=t"b; 4(t, x)

for some b; ,(, x)=B%[0, T)x R™) satisfying (t9,)'08b; (¢, x)= B*[0, T)x R") for
any / and 3, where B°([0, T)X R") is the space of all bounded continuous func-
tions on [0, T)x R™.

(S-2) (Hyperbolicity). All the roots A;(¢, x, &) (1=7/=m) of the equation in A

3 S byt 0E =0

j=1 tal=j
are real valued for any (¢, x, §) [0, T)x R"X R™.

(S-3) (Distinctness). There are a positive constant ¢ and a real quadratic
form QQ, §)=X7;.1a, ;)6 satisfying (i)~(iii) given below such that the
estimate

14:(t, x, ©)—2,(t, x, §)|2cQ, £)*

holds for any (¢, x, £)€[0, T)XR"X R™ and 1={+#7<m, where (i)~ (iii) are as
follows: (i) a, ;()eCY[0, T)), (i) Q(, £)>0 for t>0 and £ R*— {0}, and (iii)
max {|d,1ogQ(t, &)|; |§1=1}=0(1/t) (as t—-+0).



Singular hyperbolic systems, V 453

(5-4) (Estimates of principal part). For any f, there is a positive constant
Cp such that the estimates

la’ilez‘,jb,-,a(t, X)EX| ZCpQ(2, £)772,
|ata£}l2=,bj,a(t, x)E“[éw

hold for any (¢, x, §)(0, T)XR"X R™ and 1=<7<m.

(S-5) (Estimates of lower order parts). For any fJ, there is a positive
constant Cs such that the estimate

laﬁmgj a;,o(t, )V =18 =Cg(1+12#Q(t, &)1

holds for any (¢, x, §)€[0, T)XR*XR™ and 1<;<m.

These (S-1)~(S-5) are our assumptions of hyperbolicity. The meanings of them
will be illustrated by examples in §6.

Note that P is nothing but a Fuchsian hyperbolic operator of class (1, p) in
the sense of Definition 1.1 in Tahara [9-III] and that the Cauchy problem for
P is C> well posed in the sense of Theorem 3.1 in [9-III]. In [9-III] we have
dealt with much more general classes of Fuchsian hyperbolic operators, but here
we will discuss only the case of class (1, u), because it is the most fundamental
and the generalization is not so difficult.

§2. Asymptotic series.

S=condly, we define our asymptotic series and present some elementary
properties of them.
Let U be an open subset of R*. For ¢(t, x)eC=((0, T)xU) and p(x)eC=U),
we denote by
o, x)=o(t"®; V®) on U (as t—+40) (2.1)

the following: for any / and « the function (¢9,)'05(t™*‘®¢(t, x)) converges to
zero {(as t—-0), as functions in x, uniformly on any compact subset of U. For
u(t, x)eC=((0, T)xU), px)eC=U) (1=i=m) and eHhx)eCU) (1=i=m,
0=k <o and 0Zh=<mk), we define the asymptotic relation

ult, )~ ?3 ,gwéf%(x)zf’ﬂ“”aog H™E=n on U (as t——+0) 2.2)
=0 h=0

=1

-

by the following: for any s>0 and any compact subset K of U, there is an
integer N, such that for any N=N,
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[

m

ult, x)— 2 éo 3 o ()t (log ™A =0(t* ; T*)

i=1 =0

-
>

(2.3)
on K (as t—+40)
holds. This is the meaning of our asymptotic expansions.

We now investigate some elementary properties. The following proposition
is clear from the Taylor expansion in f.

PropPOSITION 1. If a(t, x)eC=([0, T)xU), then we have

alt, x)~ g}og[)k(x)t” 2.4)

on U (as t——40) for some ¢(x)=C=(U) in the above sense.
Hence, we may assume that the coefficients a; ,(, x) of P are expanded

asymptotically into the form (as t—-+0). We will often use this fact in
§§4 and 5.

PROPOSITION 2. For any p(x)eC>U) (1=i=<m) and any ¢i%(x)eC>U)
(1=i=m, 0=k <oo and 0=h=mk), there exists a function u(t, x)eC=((0, T)xU)
such that the following asymptotic relation holds:

£

m

u(t, x)~ i > O  (log £)mE-

k=0 h=0

=

on U (as t—+0).

Proor. To obtain this, we have only to construct a function u;{t, x)E
C=((0, T)xU) such that

udt, O~ 3 :E}:)goéf}l(x)t”i“”k(log fyme-t (2.5)
=0 h=
on U (as t—-+0). Since is equivalent to
o mk
wilt, x)~ :4_30 hzo i (x)t*(log t)™ k- " (2.6)

under the relation u;(¢, x)=t"1“w(t, x), we may construct w;(t, x)C=(0, T)xU)
such that holds on U (as t—+0). Let K,CK,CK,C-- be a sequence of
compact subsets of U such that \UgK,=U holds, and put

mk .

M,= 3> X sup |03¢h(x)]
lalsk h=0 ZEK

for any k. Choose a sequence {a,; 0=k <oco} of positive numbers such that the

following conditions are satisfied: (i) 1=a,<a;<a,<---, (i) a,—-+oo (as

k—4o0), (iil) a,>e™* for any %, and (iv) the inequality

n
1/k k_
2AM< oo
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holds for any % sufficiently large. Let #(t)eC>=(R) such that #(t)=1 for t=<1/2
and 6(#)=0 for t=1. Then, w;(, x) is given by

wit, ©)= go goga,gf;(xw(akt)tkaog fym=n @.7)

Since the right hand side of is a locally finite sum on (0, T)XU, w;(t, x) is
well defined and satisfies w;(t, x)=C>=((0, T)XU). Further, by using (i)~(iv) we
can easily see the following: w;(f, x) defined by satisfies the asymptotic
relation [2.6). Hence, we obtain Q.E.D.

PROPOSITION 3. Assume that p;(x)—p;(x)&EZ holds for any x€U and
1<i#j=<m. Then, if pih(x)eC=U) (1=i<m, 02k <o and 0=Sh=mk) satisfy

mh
] rfgogoéf)h(x)t"i(x“k(log f)ymk-n (2.8)

Ms

0~ 3
i=1

k

on U (as t—+0), we have ¢fh(x)=0 on U for any i, k and h.
ProOF. Take any x,€U and fix it. Put p;=pi(x,) and af=@fh(x0).
Then, p;eC (1=i<m) and afeC (1=i=<m, 0=k<oco and 0=<h=mk) satisfy

Ms

0~ 5 B ettt log - 2.9)
k=0 h=0

i

[}

1

(as t—+0) in the same sense as in [2.8) Therefore, to obtain it
is sufficient to prove that implies a{%,=0 for any 7, £ and h. We show this
hereafter. Put X@)=t""*(log)™*-* and Y (t)=t’"(log t)™?-¢ for (i, k, h)+
(j, p, ¢- Then, X(t) and Y () satisfy the following: (i) if Rep;+k+#Rep;+p
or if mk—h#mp—gq, then either (X/Y)#)=o0(1; V) (as t—+0) or (Y/X)(t)=
o(l; V=) (as t—-+0) holds, and (ii) if Rep;+k=Rep;+p, mk—h=mp—q and
i#7, then (X/Y)#)=t""1° ‘holds for some c=R— {0}. In fact, (i) is clear and
(ii) is verified by the condition p;—p;&Z. Therefore, by placing t***(log t)™*-*
(1=i=<m, 0=k<oo and 0=h=mk) in order of the degeneracy at ¢=0, we can
obtain X; ;(t)eC=((0, T)) (0=i<oo and j&I;, where I; (#@) is a finite index set
depending on 7) such that the following conditions are satisfied : (iii) {X;, ;(t) ; ¢, j}
= {t***(log t)™*-" ; i, k, h} holds, (iv) (Xis1, ;/Xs, »)E)=0(1; V=) (as t—+0) holds
for any 4, j€l;4, and k<1, and (v) if j, k<l; and j#k, then (X; ;/X:i)t)
=¢¥=19 holds for some s =R— {0}. Consequently, is expressed in the form

ON 2 2 bZ,JXL](t) (2.10)
1=0 j&Iyg
(as t—+0) for some b; ;&C such that {b;;; 7, j} ={af) ; 7, k, h} holds. More-

over, we may understand that (2.10) means the following: for any N and any
kely
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N
(2 B buskis)/ Xna)1=00; ¥
(as t—-+0) holds. Therefore, by given below and by the standard
method we can easily obtain b; ;=0 for any 7 and ;. Hence, we also obtain

ash =0 for any 7, £ and A. Thus, to complete the proof we have only to show

the following lemma.

LEMMA 1. Let [N, o()eR (1=i=!) and assume that o(@)+a(j) holds for
1=<i#7=l. Then, if ¢;€C (1=:=]) satisfy

i}l etV T =1 ;T 2.11)

(as t—+0), we have ¢;=0 for any 1.
The proof of this lemma is as follows. Applying (19,)* to we obtain

g (W=To(@) ety Tom - 0 (2.12)

(as t——+0) for any k. Since o(7)# () holds for 1<:+# j</, it follows from
that ¢c;t¥~1?® 0 (as t—-+0) for any ;. Hence, we obtain ¢;=0 for any 7.
Q.E.D.
By we can conclude the following: when pi(x)—p;(x)&Z
holds for any x€U and 1=:#;<m, the coefficients ¢, (x) of the asymptotic
relation are uniquely determined by u(¢, x).

§3. A priori estimates.

Thirdly, we give a priori estimates of the degree of singularities at t=0 for
solutions of (S) in C=((0, T) X R™).

PROPOSITION 4. Assume that P satisfies (S-1)~(S-5). Then, there is a positive
number s; such that any solution u(t, x)C>=((0, T)XR™ of (S) satisfies the
estimate

u(t, x)=o(t"%1; V=) 3.1
on R™ (as t—+0).

We prove this by the same L2-argument as in Proposition 5.1 of Tahara
[9-I] or in of [9-IV]. To do so, we note the following lemma.

LEMMA 2. For any solution u(t, x)C>=((0, T)XR™ of (S) and any compact
subset K of R", there exists a solution w(t, x)=C=((0, T), H*(R™) of (S) such
that w(t, x)=ul(t, x) holds on (0, T)x K, where H>(R™) is the Sobolev space on R™.

ProOOF. Let L be a compact subset of R™ such that
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ZmaxT'u
7
where p is the positive number in (S-1), 2max=max{| 4, x, §)|; ¢, x)€[0, T)XR",
[E|=1, 1=/=m}, and A4;(t, x, &) (1=/<m) are the same as in (S-2). Let ¢(x) be
a C= function with compact support such that ¢(x)=1 in a neighborhood of L,
and put g(t, x)=P(¢, x, 0;, 0.)(p(x)u(t, x)). Then, g(t, x) satisfies g(¢, x)=0 on
(0, T)X L and g(t, x)=C=((0, T), H*(R™). Therefore, we can find a solution

v(t, x)eC=((0, T), H*(R™)) of the equation

{ P(t) x) aty az)v<t: x):g(ty JC),

wt, x)]=r,=0 O=i=m—1)

{XER” ; minjx—y|= }CL,
yeK

(where 0<T,<T) such that v(¢, x)=0 on (0, T)X K, because P(t, x, 0;, 0,) is a
regularly hyperbolic operator on (¢, T)XR™ for any ¢>0. Hence, by putting
w(t, x)=p(x)u(t, x)—v(t, x) we obtain a desired solution in Q.E.D.

In consequence of we have only to show that is valid for
any solution u(f, x) of (S) in C=((0, T), H*(R™)). Further, by using Sobolev’s
lemma (for example, Theorem 2.8 in Mizohata [4]) we can reduce the problem
to the L2-version (3.2) given below. Therefore, to obtain it is
sufficient to prove the following proposition.

PROPOSITION 5. Assume that P satisfies (S-1)~(S-5). Then, there is a positive
number s, such that any solution u(t, x)(=u@®))eC>=((0, T), H*(R™)) of (S) satisfies
the estimate

I(t90) au®) || =o(t~*2) (3.2)

(as t—+0) for any | and a, where ||-|| is the L*-norm on R™ and ¢(t)=o(t"°) (as
t—-+0) means that t*¢(t) converges to zero (as t——+0).

ProoOF. First, we transform (S) into a symmetric first-order system of
pseudo-differential equations. Let u(t, x)(=u())C=((0, T), H*(R"™)) be a solution
of (S), let p(t) =C=(R) such that p(t)=0 for t<1, 0= p(#)=<1 for 1=t=2 and p(f)=1
for t=2, let @(t) be the pseudo-differential operator defined by the symbol

0, =pA—Q, )+Q, £ pQ, H')

(where Q(t, &) is the quadratic form in (S-3)) in Proposition 2.6 of Tahara [9-11],
let a@)="%"(u,@t), ---, un()) be the m-column vector defined by

uit)=(V =D IA+trOW)™ 0} u(t), j=1, -, m

(where u is the positive number in (S-1)), and let 4 be the pseudo-differential
operator defined by the symbol A(&)=(1+|&|®" 2. Then, we have

LEMMA 3. There are mXm matrices N{), M), Rt) and 2mX2m matrices
A@t), B@t) of pseudo-differential operators such that the following conditions are
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satisfied: (i) (S) s transformed into
W UO+AQUG—t*BOUM=0, 0<t<T (3.3)

under the relations U(t)="(U,{), U,()), U,@)=N@)a@®), U,t)=0@) 'i(t) and a(t)
=M@ U,(t)+RU,), (i) N@), M), R(t), A(t) and Blt)A~* are pseudo-differential
operators of order 0 with a parameter t (0=t<T) in the sense of Tahara [9-1I,
§1], and (iii) there is a positive constant b such that |Re(B({)v, v)| Zb|v||? holds
for any ve H*(R") and 0=t<T, where (,) is the inner product in L*(R").

In fact, this is verified as follows. By the same calculation as in the proof
of Theorem 6.1 (with ¢=1) in Tahara [9-II] or in the proof of Proposition 2.1
(with a=1) in [9-III], we can transform (S) into a first-order system of the
form

vtatﬁ(t)—i—K(t)ﬁ(t)——\/———lt"H(t)@(t)ﬂ(t)zO ,

where K(¢) is a suitable mXm matrix of pseudo-differential operators of order 0,
H(t) is the matrix given by

H(t)= -
0 1
L—hnl) —hn-a@) - —h@) ]

and h,@) is the pseudo-differential operator defined by the symbol
hitt, x, )= 3 by.alt, x)6°6(1, &)

(where b; ,(t, x) are the same as in (S-1)). Since the symbol H(t, x, §) of H(f)
satisfies the conditions (I-1)~(I-4) in §3 of [9-I], by Theorem 3.1 in [9-II] we
can find mXm matrices N(), M({t), D@®), L), T(@®), R and S(f) such that the
following conditions are satisfied: (iv) N@), tNi(t), M@®), tM.®), D@), tDi(t), L{),
T@®), R(t) and S(t) are pseudo-differential operators of order 0 with a parameter
t (0=t<T) in the sense of [9-II], (v) N@®H@®O®=D®)OENG+LE), (vi)
D®O@)—(D®)O1)*=S(t) (where (D({)O(t))* is the formal adjoint operator of
D@®O®)), (vil) MGONE)=I—R®)O(t)™?, and (viii) N¢)M@)=I—T&)O(t)"*. Hence,
by the same calculation as in the proof of in Tahara [9-IV] we can
easily obtain this lemma. Therefore, we may omit the details.
Next, we estimate the solution U() of [3.3).

LEMMA 4. Put a=sup{|AQ@)| ; 0=Zt<T} (where |A@®)| is the operator norm
of A@t)in L*(R™)) and define the sequence {a; ; 0=k <oo} by ay=a, ar=a;-,+1/2)*
(k=1). Then, any solution U)eC=((0, T), H*(R™)) of (3.3) satisfies the estimate
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[A*U@®) =0 %) (3.4)

(as t—+0) for any k=0, where ¢(t)=0@1"*) (as t—+0) means that |t°¢{)|=M
holds for some M>0.
This is verified by induction on 2. For >0, we have

d o onnf , dU®)
— 1 IU@P=2Re( - L U)

=2Re(ANU (1), Ut))—2t*Re(BOU®), U(t)) .
Since |Re(AU, U)|=a|U|* and |Re(BU, U)|<b||U|?, we have
_t—dd?||U(t)H-—aIIU(t)H—bﬂt”U(t)Hgo. a5

Therefore, multiplying by t*'exp((b/p)t*) and integrating from ¢ to T,
(where 0<t<T(y<T) we have

WU Olexp(; 7)< TEIU T lexp( L T

Hence, we obtain t*|U(t)|=0(1) (as t—-0), that is, [U®)||=0(t"*) (as t—-+0).
This implies that is valid for £=0. Suppose that /=1 and that is
valid for £=0, 1, ---, /[—1. Then, for k=I[ is obtained in the following
way. Note that AU(t) satisfies

t% AUB+AGAU@)—t*(B@)+IB() AU @)

= (! l-j Lt 1-j+1

= JZQI(]-)AJ-(L‘)A fU(t)+t#j§2(j>B,(t)A U,
where A,=[4, A],. AJ':[A: A;-] (7=22), B,=[4, BA™*] and B;=[4, B;]
(j=2) under the notation [X, Y]=XY—Y X. Since a,>a, by the same argument
as in (3.5) we have

_t% [ATUO|—a | AUG| bt | AUDB= :‘i cllAX U@ (3.6)

for some b,>0 and ¢,>0. Therefore, multiplying both sides of by
t*i-texp((b,/pw)t*) and integrating from ¢ to T, we obtain

| AU fesp(L)S T 40T exs( 2T

-1 T b 3.7
+ 2 el AU G exo( 2 )iy

Since a;>a, for k=0, 1, ---, [—1 and since is valid for k=0,1, ---, [—1,
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the integral terms in the right hand side of (3.7) are convergent as t—-0.
Therefore, by (3.7) we obtain t*|AU®)|=0() (as t—+0), that is, [|A'UQ)|=
O(@t~*t) (as t—+0). This implies that is also valid for k=/. Thus,
is proved.

Now, let us prove the estimates in Let u(t, x)(=u®)<s
C=((0, T), H*(R™) be a solution of (S). Then, by Lemmas 3 and 4 we have the
estimate [|(20,)'0%u(t)||=0(t"*"") (as t—-+0) for [=0,1, ---, m—1 and a. Since
u(t, x) is a solution of (S), by operating (¢0,)*9% on (S) we have

t0,)™*osu(t, x)= X2 ¢j 8(t, x)(t0,)08u(t, x)
J+\ﬁ]\é%ili+la\
for some c; 4(t, x)=B>([0, T)XR"™. Therefore, by induction on 2 and a we can
easily see that ||(t9,)™**02u(®)|=0("%"") (as t—+0) holds for any %2=0 and «a.
This immediately leads us to Proposition 5. Q.E.D.

Thus, Proposition 4 is also proved. In general, P is said to have the
tempered growth condition (as t—-0), if P satisfies the following: for any
solution u(t, x)=C=(0, T)xR™) of Pu=0 and for any compact subset K of R",
there is a positive number s such that u(t, x)=o0(¢ *; ¥V°) on K (as t—-0).
Hence, by Proposition 4 we can conclude that our Fuchsian hyperbolic operator
P has the tempered growth condition (as t—-0).

§4. Asymptotic expansions.
Fourthly, we establish the following theorem.

THEOREM 1. Assume that P satisfies (S5-1)~(S-5). In addition, assume that
p:(x)—p(x)EZ holds for any x€R™ and 1=i+#j<m. Then, any solution u(t, x)
eC>((0, T)XR™ of (S) can be expanded asymptotically into the form

m o mk X o)+
ult, x)~ gl(goi(x>t"i‘“~|-g:31 2 k(0" (log t)’"k"") 4.1)

on R™ (as t—-+0) for some ¢i(x), pih(x)=C=(R"™). Further, such coefficients
©0i(x), Oih(x) are uniquely determined by u(t, x). If ¢i(x)=0 on R™ for any i,
then we have ¢ (x)=0 on R™ for any i, k and h.

Recall that the local uniqueness of the coefficients ¢;(x), @i (x) of the
asymptotic expansion (4.1) is already proved in Proposition 3. Therefore, to
obtain the first half of Theorem 1 it is sufficient to show the following: for
any x,=R", there is an open neighborhood U of x, such that u(f, x) is expanded
asymptotically into the form (4.1) on U (as t—+0) for some ¢;(x), @it (x)=C=U).

Take any x,cR"™ and fix it. Let A(x)=p,x)+k and o(x)=p;(x)+{ for
(¢, k)#(j, ). Then, one of the following three conditions holds : Rei(x,)>Reao(x,),
Rei(xy)=Rea(x,) and Red(x,)<Reo(x,). Therefore, by placing p;(x)+%2 (1=<i<m
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and 0=k <oo) in order of the value of Rep;(x,)+ %, we can obtain 1, ,(x)=C=(R")
(1=7<co and /[e];, where I; (+@) is a finite index set depending on j) such
that the following conditions are satisfied: (1) {4, .(x) ; 7, } ={p«(x)+Fk ; i, k}
holds, (ii) Red; (x,)=Red; r(x,) for any ; and [, kl; and (iii) Red; (x,)<
ReA;iy1, #(xo) for any j, /el; and k<l;,,. Consequently, we also obtain the
following : (iv) 4, :(x)+1 is expressed in the form A; ,(x)+1=2, .(x) for some p
(=z7+1) and k<1, and (v) there is a positive integer p, such that {4, ,(x)+1 ;
(€]} ={A;1p, ¢(x) ; REI;1,,} holds for any j sufficiently large. Hence, we can
choose a common open neighborhood U of x, and a sequence {m; ; 0=j<oo} of
real numbers so that the following inequalities hold :

m0<inf(Re 21, L(x)) y (4.2)
it

sup(Re 2;,,(x)) <m;<inf(Re 2,11, (x))  (j=D), 4.3)

fEIj igl‘ﬂ,l

mi<m;+1  (720). 4.4)

Hereafter, we fix {4;.(x) ; 1=j7<co and /€I;}, the open neighborhood U of x,
and the sequence {m;; 0=;j<oco} above. For A;.x)=p;(x)+k, we denote
K(2;,,)=Fk. Then, we can obtain the following proposition.

PROPOSITION 6. Let {2;.(x) ; 1=j7<co and [€l;} and U be as above. Then,
any solution u(t, x)C>((0, T)XR"™) of (S) can be expanded asymptotically into the
form

ult, )~ B gi(x)ttii@®
j=1 lEIj

K (4 =0

o0 mK (5 1) (45)
X 2 X endatiai®(log pniis o

Jj=1 lelj
K(z.’, l)*(}

on U (as t—-+0) for some ¢; (x), o} (x)eC>U). Further, if ¢;.(x)=0 on U
for any j and [, then we have ¢} ,(x)=0 on U for any j, [ and h.

This immediately leads us to [Theorem 1. So, from now on we confine
ourselves to proving Here, we prepare some lemmas which are
necessary to the proof of [Proposition 6,

LEMMA 5. Let p(x)eC=(U), A, BER and f({, x)eC=((0, T)XU). Assume
that f(t, x)=0@*; V=) on U (as t—-+0). In addition, assume that B<A<Rep(x)
holds for any x€U, or that Rep(x)<B<A holds for any x€U. Then, there
exists a solution (t, x)eC>((0, T)XU) of the equation (td,—p(x))i(t, x)=f(, x)
which satisfies 1i(t, x)=o0(t®; ¥°) on U (as t—+0).
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PrROOF. When B<A<Rep(x) holds for any x&U, #(t, x) is given by
Ty
i, x):—t”‘“gt e @15 x)dr
(where 0<T,<T). When Rep(x)<B<A holds for any x€U, i(t, x) is given by
(e, x)-——t"’(’”gtr‘f"“‘lf(f, x)dr.
0

In any case, details are verified by direct calculations. Q. E.D.

LEMMA 6. Let A, BER and f(t, x)€C=((0, T)xU), let p,(x), -+, pn(x) be
the characteristic exponents of P, and let C(A, x) be the indicial polynomial associ-
ated with P. Assume that f@, x)=o0(@4; V°) on U (as t——+0). In addition, for
any i (1=i<m) we assume that B<A<Rep;(x) holds for any x&U, or that
Repi(x)<B<A holds for any x€U. Then, we have the following results. (1)
There exists a solution #(t, x)C=((0, T)XU) of the equation C(td,, x)i(t, x)=
f@t, x) which satisfies #(t, x)=o0(t®; V) on U (as t—+0). (2) Any solution
u(t, x)eC=((0, T)yXU) of the equation C(t0,, x)u(t, x)=f(t, x) is expressed in the
form

ut, =3 B @D 40?5 ) 4.6)
=1 &1
K(lj I3}

» =0

on U (as t—-+0) for some ¢; (x)eC=U).
PROOF. Note that C(td;, x) is decomposed into

C(ta,, x):(tat_‘ol(x))(taz"Pz(x)) (tat'_pm(x)) .

Therefore, applying m-times we obtain (1). The proof of (2) is as
follows. Let (¢, x) be the solution obtained in (1) and v(t, x)=u(t, x)—i(t, x).
Then, v(t, x) satisfies C(td;, x)v(t, x)=0. Since p;(x)+#p;(x) holds for any xU
and 1=/#j7=m, we have

v(t, x)= é%(xﬁ"i”"

for some ¢;(x)eC=(U). This immediately leads us to because u(t, x)=
v(t, x)+ii(t, x) and {4;(x) ; 1=j7<oo, l€l; and K(4;)=0}={p:(x) ; 1=i=m}
hold. Q. E.D.

LEMMA 7. Let u(t, x), f(t, x)€C=(0, T)XU) and let {m;; 0=j7<oo} be the
Sequence chosen in (4.2)~(4.4). Assume that u(t, x) and f(t, x) satisfy the equation
C(td,, x)u@t, x)=f@, x). Then, we have the following results. (1) If f(t, x)=
o(t™%; =) on U (as t—-+0) for some a>0, then we have u(t, x)=o(™%; V>)
on U (as t—+0) for any b>a. 2) If f(t, x)=o0(@™1*¢; ¥*) on U (as t—+0) for
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some ¢>0, then we have

u(t, x)=lEZI) @1, ()AL o™ T=)
1

on U (as t—+0) for some ¢;,,(x)=C=U). @) If u(t, x):o(tmz)¥1; v°) on U (as
t—+0) for some p (=2) and if f(t, x) has the form

mK QAp 1)

f@ 0= 2 3 Pp (0t e (log ™K A 0P fo(tme e 5 T) 4.7)
lEIp h=0

K(Zp,p*o
on U (as t—40) for some ¢} (x)eC=(U) and some >0, then we have

U, D= B gpulotin®
»

Ky, =0

mK Ay D (4.8)
4 E hzo SDg,L(x)l«lp,l(;v)(log t)’"K“p:l)"‘—i—o(t’"p; Voo)

lEIp
KAy D#0
on U (as t—40) for some ¢, (x), ¢p(x)€C=U). 4) In (3), the coefficients
{oh (x); (€], KQp1)#0 and 0Sh=mK(,,)} are uniquely determined by
{Qr (x); lel,, K, )#0 and 0<h<mK(,,)} and are characterized as the
unique solution of the equation

mEQp, 1

C(td,, x)( hE Spg,l(x>t2p,[(z)(logt)mK(lp,l)—h)
=0

mE Qp, 4.9
= hzo gbg,z(x)t‘p-l"’(log t)mK(Zp_l)-h

for any €1, such that K(1p,:)+0.

ProOF. The proof of (1) is as follows. By (2) of u(t, x) is
expressed in the form

ut, D=3 N @, () S o(me; T)
Jj=1 ler;

K2z p=o

on U (as t—+0) for some ¢, ;(x)C=(U). Hence, we obtain u(t, x)=o0(™"; J)
on U (as t—+0), because by (4.2) we have ¢(x)t*1®@=0@™?; ¥*) on U (as
t—+0) for any j=1, /€]; and ¢(x)=C=(U). Thus, (1) is proved. Since by (4.3)
we also have ¢(x)t%.1®=0(t™; V<) on U (as t—-+0) for any j=2, /€], and
o(x)eC=U), (2) may be proved in the same way as (1). The proof of (3) is as
follows. Divide f(t, x) (in (4.7)) into the following :

ft, x)= 2 gut, x)+h, x),
€T,

Ky p#o
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mK (Ap )
gt )= 2 ¢$,z(x)t1p'l(z)(10g HmEAp, v-h
A=o

where ¢% (x)eC=(U) are the same as in (4.7) and A(t, x)=o0(@™»**; V*) on U (as
t—-+0). Note that C(4,,,(x), x)#0 holds on U for any 2, ,(x) such that K(4,,,)
#0, because p;(x)—p;(x)&Z holds for any x<U and 1=i#j<m. Therefore,
by an easy calculation we can determine the coefficients ¢} (x)eC=(U)
O=h=mK(2,,.) of

mEK (Ap )
wit, x)= X gD%,z(X)tip'l(x’(logt)mK”le)'h
h=0

(where /€], and K(4,,,)#0) so that w,(t, x) becomes a solution of that is,
C(t0;, x)w,(t, x)=g,(t, x). On the other hand, since h(f, x)=o(™»**; V) on U
(as t—-0), by (1) of we can find a function #(, x)eC=(0, T)xU)
which satisfies C(t0;, x)#i(t, x)=h(, x) and @, x)=0@™r; V=) on U (as t—-+0).
Consequently, u(¢, x) is expressed in the form

ut, =3 3 ‘QDJ‘,L(XNX]A'I(I)”{_ 2 wilt, x)tomr; V) (4.10)
=1 1€ IETp

K (2; =0 KAy #0

on U (as t—-+0) for some ¢; (x)eC=(U). Since u(t, x)=o(™»-1; V*) on U (as
t—+0), we have ¢, ,(x)=0 on U for any j=<p—1 and /eI, Therefore, (4.10)
immediately leads us to because @(x)t%,1®=0(t™»; V) on U (as t—+0)
for any j=p+1, [el; and ¢(x)eC=(U). Thus, we obtain (3). Moreover, by
the same argument as in the proof of we can prove that the
coefficients ¢, (x), ¢ (x) of are uniquely determined by u(t, x). Therefore,
(4) is clear from the discussion of (3). Q.E.D.

LEMMA 8. Let u(t, x)eC>(0, T)xU) and let R, x, 0;, 0;) be a [linear
differential operator of order m with coefficients in C=([0, T)XU). Then, we have
the following results. (1) If u(t, x)=o0(@™»; V°) on U (as t——+0), then we have
tR(t, x, td,, 0,)u(t, x)=o(t™p+1*¢; V=) on U (as t—+0) for some ¢>0. (2) If
u(t, x) has the form

mK Qp, g

u(t, x):qezlp hz;o SD;;Lq(x)t,zi,,,q(ac)(10gt)ml{dp,q)—h

for some p (=1) and ¢} (x)eC>(U), then we have

mK (A5 1)

tR@, x, t0,, 0 )ult, x)~ 2 2 X (0™ (log tymKAj0-n
=p+1 1E1; =0
K(Zj.l)#:o

on U (as t—+0) for some ¢ (x)eC=(U).

ProOOF. (1) is clear from (4.4). (2) is verified by and the
following facts: (i) 4, ,(x)+ k% (where k= N) is expressed in the form 2, (x)+£k
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=2;,:(x) for some j (=p+*k)and /€], and (ii) when 1, ,(x)+k =2, ,(x), we have
K(ip.)+k=K(Q, ) and therefore mK(i, )+m=<mKQ, ). Q.E.D.

Thus, preparations are completed. Now, let us return to
Note that by the condition (ii) in the introduction we can decompose P into the
following two parts

P, x, 0;, 0;)=C(t0,, x)—tR(, x, t0;, 0,), 4.11)

where C(4, x) is the indicial polynomial associated with P and R(, x, 0¢, 0;) iS a
suitable linear differential operator of order m with coefficients in C=([0, T) X R™).
Consequently, the equation (S) is expressed in the form

C{0;, x)ult, x)=tR({, x, t0;, 0)u(t, x).

For simplicity, we denote tR(f, x, t0;, 0,)u(f, x) by tR[u]{¢, x). Then, by using
the results in Lemmas 7 and 8 we can give a proof of Proposition 6 as follows.

PROOF OF PROPOSITION 6. Let u(t, x)=C=((0, T)XR™) be a solution of (S)
and let us consider the equation

C(o:, x)u(t, x)=tR[ul(, x) (4.12)

on (0, T)xU. Note that by Proposition 4 we have u(t, x)=o@™~¥; ¥°) on U
(as t—+0) for some Ne N sufficiently large, and that this implies that tR[u](t, x)
=g(t™0~%1; J*) on U (as t+—+0) for any a,>N—1. Therefore, applying (1) of
Lemma 7 to (4.12) we obtain u{t, x)=0@™"%; ¥*°) on U (as t—+0) for any
b,>N—1. This also implies that tR[u]{t, x)=o(™e%2; ¥*) on U (as t—+0) for
any a,>N—2. Again, applying (1) of Lemma 7 to (4.12) we obtain u(f, x)
=o(t™ % ¥°) on U (as t—-+0) for any b,>N—2. Repeating the same argument
N-times, we can obtain u(¢, x)=o0(t™0""; V) on U (as t—-40) for any >0, and
hence we can also obtain tR[u]{, x)=o(™1*; V) on U (as t——+0) for some
¢>0. Therefore, by (2) of Lemma 7, u(f, x) is expressed in the form

u(t, x)zlgl%,L(X)t‘hl"””ro(t"‘l; =) 4.13)

on U (as t—-+0) for some ¢, ,(x)eC=(U). Thus, we have obtained the first
terms of the asymptotic series in (4.5).

Now, let us determine all the terms of the asymptotic series in (4.5). To
do so, it is sufficient to find functions w;(¢, x)C=((0, T)xU) (j=1) of the form

lUj(t, JC): l€21~ SDj_L(X)tRjal(x)
J

Kj =0

mKuj,l) (4.14)
T hz o ((x)t25. 1@ (log t)ymK A5, 00
=0

ler;
K(ZjJ)#O
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(where @; (x), ¢} (x)eC>(U)) such that the following conditions are satisfied :

w(t, X)— 3 wilt, x)=ot™r; T9), (4.15)
Jj=1
k T k-1
e, 2w, x)):m[ S w j](t, )Fo(tme; T°) (4.16)
=1 j=1

on U (as t—+0) for any £=1. Put

w, (2, x):zezl @1, (XA
1

where ¢, ;(x)€C=(U) are the same as in [4.13). Then, [4.15) and [4.16) are
valid for 2=1. Suppose that p=2 and that we have already obtained w,(t, x),
o, Wp-y(t, x)EC=((0, T)XU) of the form such that [(4.15) and [4.16) are
valid for k=1, ---, p—1. Then, we can find w,(, x) in the following way. Put
up(t, x)=u(, x)—2XPtw,(t, x). Then, u,{, x) satisfies u,(t, x)=o0(™»-1; V*) on
U (as t—-+0). Therefore, by (1) of we obtain tR[u, ], x)=0(@™»*; V)
on U (as t—+0) for some ¢>0. On the other hand, by we have

p-1 p-2
ey, Xyuylt, x)=—C(13,, 2 T ust, x))+tga[ by w,](t, %)

FtRTw,-1 1@, x)+tR[u,t, x).

Hence, by for k=p—1 and by (2) of we can obtain the following
equation
mK Qp, 1)

C@0:, x)up(t, x)= 2 > Pp(x)tie @ (log t)mE Ap, DR
lGIp h=0 (417)
K(lp’l)?ﬁﬁ +0(tmp+a . Voo) s
where ¢% (x)eC>(U) are known functions determined by w;(t, x), -, w,-:(¢, x).

Consequently, by (3) of up(t, x) is expressed in the form u,(, x)
=w,(t, x)+o@™r; V*) on U (as t—+0) for some

wy(t, x)= ,EZ," ©p, (XA, 1
y4

K(Zp’l)=0

mE (Ap, D (4.18)
Tz & @3, ()t P 1 (log )™ K Ap, 01

lEIp
KQp #0
where ¢, (x), b (x)eC=U). Thus, we have obtained w,{, x)=C>((0, T)xU)
of the form such that [4.I5) and [4.16) are also valid for 2=p. Repeating
the same argument as above, we can obtain all the terms w;(¢, x)=C=((0, T)xU)
(7=1) of the form [4.14) such that
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ult, x)~ ji: w,t, x)

on U (as t—-0). This immediately leads us to [4.5) Thus, we have proved
the first half of Further, by (4) of we have the
following : if w;{, x)=0 on (0, T)XU for j=1, ---, p—1, then in (4.17) we
have ¢} (x)=0 on U for any / and s, and therefore in (4.18) we also have

¢k (x)=0 on U for any / and h. Therefore, the latter half of is
clear. Q.E.D.
Thus, the proof of is completed. Note that the hyperbolicity is

not used explicitly in the discussion of this section. Therefore, is
also valid for any operator P which satisfies the following two conditions: (i)
P is decomposed into the form and (ii) P has the tempered growth
condition (as t—--0). However, it seems to the author that such operators are
closely related to Fuchsian hyperbolic operators in a suitable sense. For example,
we can easily see the following: if P=t0,+at™d,+f (where meZ and a, fC)
has the tempered growth condition (as t—+0), then we have m=1 and a<R.

§5. Completion of the proof of Main Theorem.

Fifthly, we complete the proof of Main Theorem in the introduction. Since
the part (1) of Main Theorem is already proved in to obtain Main
Theorem it is sufficient to show the following result.

THEOREM 2. Assume that P satisfies (S-1)~(S-5). In addition, assume that
p:i(x)—pix)EZ holds for any xR and 1=i#j7<m. Then, for any ¢,(x), -+,
on(x)EC=(R™) we can find a solution u(t, x)&C=((0, T)XR™) of (S) and coefficients
i (x)eC=(R™) (1=i=m, 1=k<oco and 0=h=mk) such that the following asymp-
totic relation holds:

m o Mmk
ut, D~ B (@it P+ 3B ofth ()t (log fymen) 5.1)

i=1

on R™ (as t—+0). Further, such a solution u(t, x) and coefficients @ih(x) are
uniquely determined by ¢.(x), =+, @m(x).

Before the proof of we prepare two propositions: the one
asserts the existence of formal solutions of (S) and the other asserts the C*
well posedness of the flat Cauchy problem for P.

PROPOSITION 7. Assume that px)—p;x)&Z holds for any x<R"™ and
1=i#j7=m. Then, for any ¢i(x), -+, en(x)EC™(R"™) we can determine the coeffi-
cients i (x)€C=(R™) (1=i=m, 1=k <oo and 0=h=mk) of the formal sum

mk

at, )= 3 (ot 3 B offh(x)t D (log 1)

k=1 h=0
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so that a(t, x) becomes a formal solution of (S) in the following sense: for any

s>0 and any compact subset K of R", there is an integer N, such that for any
N=N,

< P (z) Yy owk i pi(xT)+E mk-h
P, x, 3, 0 B (et + 2 8 ofh(0t  log ™)) 52
=o(t*; V™) on K (as t——+0).

PrRoOOF. To obtain this, we have only to discuss a formal solution #;(t, x) of
the form

ay(t, x)=@y(x)t°1® + kil ’gogoéf%(x)t”im”(log tymk=h (5.3)

corresponding to p;(x) and ¢;(x) only. Recall that P is decomposed in [(4.11) into
the form

P(tl x} at; ax):C(tab x)_tR<t} X, tat’ ax)

for some linear differential operator R(f, x, 0;, 0,) of order m with coefficients
in C=([0, T)XR™. Therefore, to obtain a formal solution #;(, x) of the form
it is sufficient to show that we can determine the coefficients ¢f%,(x)=C=(R™)
O=h=<mk) of

3
a

wit, x)= 2 ()t ¥ (log )™ -7
0

>
Il

(where £=0 and ¢ (x)=¢;(x)) so that the following conditions are satisfied :
k k-
e, D B wi, %)=tR(, x, 13, 2.( > wjt, 0o’ T G4
J=0 7=0

on R™ (as t—-+0) for any 2=0. Note that C(p;(x), x)=0 holds on R"™ and that
c(a,, x)(gpi(x)tﬁi(ax))_:c(pi(x), x)(pi(x)t'oi(“:()

holds on (0, T)XR™ for any ¢;(x)=C=(R™. Therefore, we can take the coeffi-
cient ofH(x)(=@i(x))=C=(R"™) of w,(, x) arbitrarily. Suppose that p=1 and
that the coefficients ¢ (x)eC=(R™) (0=k=p—1 and 0=h=mk) of w,(, x), ---,
wp-1(t, x) are already determined so that (5.4) is valid for =0, :--, p—1. Then,
by an easy calculation we can transform (5.4) for k=p into the form

C(td,, x)w,(t, x)= ,}‘ﬁ,tﬁéi)h(x)t"f‘”’*”(log PP o1 TFP ) (5.5)

on R" (as t—+-0) for some known functions ¢{7,(x)eC=(R"). Since C(p:(x)+p, x)
#0 holds on R™, by [5.5) we can uniquely determine the coefficients ¢{,(x) € C=(R™)
(0=h=mp) of w,{, x). Thus, by induction on 2 we can obtain all the coefficients
i (x)eC=(R™) (0=k<oo and 0=h=mk) of w,(t, x) (k=0) such that (5.4) is
valid for any %£=0. Hence, we obtain a formal solution #;{f, x) of the form
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by
@, x)= i we(t, x)
k=0
for any ¢i(x)(=@i(x)eC=(R™). Q. E.D.

PROPOSITION 8. Assume that P satisfies (S-1)~(S-5). Then, for any g(t, x)
eC=((0, T)XR™) such that g(t, x)~0 on R™ (as t—+0), there exists a unique
solution v(t, x)C=((0, T)XR™ of P, x, 0, 0:)v(t, x)=g(t, x) which satisfies
v(t, x)~0 on R™ (as t—-+0).

ProOOF. Note that the following two conditions on u(f, x)=C>((0, T)XR™)
are equivalent to each other: (i) u(f, x)~0 on R™ (as t—-0), and (i) u(, x)
eC>([0, T)xR™ and (0:u)(0, x)=0 on R™ for any /[=0. Therefore,
is an easy consequence of Theorem 3.1 in Tahara [9-III] and its proof.

Q.E. D.

Now, let us give a proof of by using the above propositions.

PrROOF OF THEOREM 2. The proof of the first half is as follows. Let
¢i(x), -, pu(x)eC=(R™) and let #(t, x) be the formal solution of (S) constructed
in corresponding to ¢,(x), -+, ¢n(x). Then, by we
can find w{t, x)=C=((0, T)XR™) such that w(, x)~a{, x) on R* (as t—-+0).
Put g, x)=P(, x, 0;, 0,)w(t, x)=C=((0, T)xR™). Then, we have g(f, x)~0 on
R™ (as t—-+0), because P#a(t, x)~0 on R"™ (as t—-+0) in the sense of (5.2).
Therefore, by we obtain v, x)€C=((0, T)XR"™ such that
P@, x, 0,, 0:)v(t, x)=g(t, x) and v(t, x)~0 on R™ (as t—-+0). Hence, by putting
u(t, x)=w(t, x)—v{t, x) we obtain a solution u(t, x)=C=((0, T)XR") of (S) which
satisfles u(t, x)~a(t, x) on R™ (as t—+0). This implies [5.1)} Thus, the first
half of is proved. The proof of the latter half of is as
follows. Assume that a solution u(t, x)C=((0, T)XR™ of (S) and functions
i (x)eC(R™) (1=i=m, 1=k <oco and 0= h=mk) satisfy the following asymptotic
relation

8

m mk . z
u(t, x)NEI P hZ:)ow,S?}L(x)t"i( " (log tymr-n (5.6)

on R" (as t—-0). Then, by the last part of we have ¢f%(x)=0 on
R™ for any 7, £ and h. This implies that u(f, x)~0 on R™ (as t—+0). There-
fore, by the uniqueness part of we also have u(f, x)=0 on
0, T)xR™. Thus, we have proved the following: if u({, x) is a solution of (S),
then [5.6) implies u(¢, x)=0 on (0, T)XR" and ¢{%(x)=0 on R for any 7, k
and h. This immediately leads us to the latter half of Q.E.D.

By (in §4) and (in this section), we obtain Main
Theorem in the introduction. Thus, the proof of Main Theorem is completed
at last.
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§6. Examples.

Sixthly, we give some typical examples to which we can apply our results.

ExaMPLE 1. Let P; be the Euler-Poisson-Darboux operator of the form
Pi=8i—A+ %at ,

where (¢, x)€[0, T)XR", A=0% + - +0%, and a=C. Then, P, satisfies our
conditions with g=1 and Q=£&}+ --- +&%, and the characteristic exponents are
given by 2=0, 1—a. Note that by the change of variable ¢*—¢ we can transform
£2P, into the form P,=4£29?—tA+2(1+a)td,, and that P, also satisfies our conditions
with p¢=1/2 and Q=&+ --- +-&%. Therefore, we can obtain the following: if
a+=+1, +3, +5, ---, then any solution u(, x)=C>((0, T)XR") of Pu=0 is
characterized by the asymptotic expansion (as t—-+0) of the form
ult, x)~ 3> —— 2%
= 22kr(k+1)r(k+~lj21‘f)

3__
R G YOS
+ E t2k+1—a_

k=0

ExAMPLE 2. Let P, be of the form
P,=120}—t*0%+tta(t, x)0,-+b(t, x)td;+c(t, x),

where (¢, x)e[0, T)XR, k and [ are positive integers such that [/=k/2, and
a(t, x), b(t, x), c¢(t, x)B=([0, T)YXR). Then, P, satisfies our conditions with
p="Fk/2 and Q=¢&% and the characteristic exponents p.(x) are given'by

pi(x):.b(O, g)——l N A/ (b(0, x)——;) —4¢(0, x).

Therefore, if p.(x)—p-(x)&Z holds for any x<R, then any solution "u(t, x)
eC=((0, T)XR) of P,u=0 is characterized by the asymptotic expansion (as t-—--0)
of the form

u(t, x)~ §) (Qa(x)P= 4 ),
ExaMPLE 3. Let P, be of the form
P,=R(, x, t0;, t*0,),

txaz:(txlazly ) t"naxn) ’
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where (¢, x)€[0, T)XR", x; (1=i<n) are positive integers, and R(, x, 0;, 9;) is
a regularly hyperbolic operator (for example, see Mizohata with coefficients
in B=([0, T)XR"). Then, P, satisfies our conditions with g=min{k;; 1</=n}
and Q=&3*1-» 4 ... +-£2ka-m  and the indicial polynomial is given by C(Z, x)
=R(0, x, 4, 0). Therefore, we can apply our results to the equation Pyu=0 in
C>((0, T)XR™. See Tahara [10].

§7. Supplementary remarks.

Lastly, we give some remarks. Throughout our whole discussions before,
we have assumed that the coefficients of P belong to B0, T)XR") or
C>([0, T)xR™). However, this condition is too restricted from the view point
of asymptotic analysis. Here, we give a wider condition and generalize our
results to some extent.

Let P(¢, x, 0;, 0;) be a Fuchsian type partial differential operator of order m
and let a; .(t, x) 1=j<m and |a|=<j) be the coefficients of P in Instead
of the condition a; (¢, x)= B=([0, T)XR"), we assume the following two condi-
tions on a; .(¢, x) for any 7 and «:
 (T-1) aj 4, x)eBY[0, T)XR"NC=((0, T)XR") and (19,)'0%a; ., x)
B[0, T)XR™) for any [ and B.

(T-2) There is a positive integer N (independent of ; and a) such that
a; .(t, x) is expanded asymptotically into the form

aj oft, x)~ ’;2 a® (x)tkv
=0

on R™ (as t—+0) for some a¥,(x)sC=(R").

Then, under (S-1)~(S-5) we can obtain Propositions 4 and 8 also in this case.
In fact, to obtain these results we do not necessarily need the condition a;, .(¢, x)
e B=([0, T)xR™) but we need only the condition (T-1). Therefore, carrying out
the change of variables #*/¥—t and x—x, and applying the same argument as
developed in the previous sections, we obtain the following theorem.

THEOREM 3. Assume that P satisfies (T-1), (T-2) and (S-1)~(S-5). In addi-
tion, assume that p(x)—pix)EZ/N={k/N; k€Z} holds for any x=R" and
1<i#j<m. Then, we have the following results.

(1) Any solution u(t, x)€C=(0, T)XR™) of (S) can be expanded asymptotically
into the form

u(t, x)~ 3 (goi(x)t”i‘“+ »3lp3) s (Xt ¥ (log t)"““-") : (%%)
i=1 k=1 h=0

on R* (as t—+0) for some ¢i(x), ofh(x)€C=(R"™). Further, such coefficients
pi(x), pi%h(x) are uniquely determined by u(t, x).
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2) Conversely, for any ¢i(x), -+, pu(x)EC>(R"™) we can find a solution
u(t, x)eC=((0, T)XR™) of (S) and coefficients @ (x)eC>(R™) (1=i<m, 1=k<oo
and 0= h=mk) such that the asymptotic relation (x%) in (1) holds. Further, such a
solution u(t, x) and coefficients ¢i¥,(x) are uniquely determined by ¢i(x), -, @m(x).

Note that the functions ¢, t%a(t, x), a(t?, x), --- satisfy (T-1) and (T-2), if ¢
is a positive rational number and a(?, x) B=([0, T)xR"). Therefore, we can
apply to the operator P, (in Example 2) when % and [ are positive
rational numbers, and also to the operator P, (in Example 3) when «; (1=<:/<n)
are positive rational numbers.
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