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1. Introduction. 1°. Assumptions. Let there be given a system
of » nonlinear ordinary differential equations of the form

(E) ' dw/dxr = F(z, w) , F(0,0)=0,

where ¢ is a positive integer; « is a complex variable; w is an n-vector;
F(x, w) is an n-vector function whose components are holomorphic func-
tions of (x, w) near the origin of the (x, w)-space. For many years of
study, the author has been interested in the problem of constructing
analytic expressions of bounded solutions for (E). A solution which is
defined in a domain D with the origin as an interior point or a boundary
point will be said to be bounded in D if, for an arbitrary point x, of D,
there exists a smooth curve I" in D starting from x, and extending to
the origin such that this solution converges to zero as = tends to the
origin along the curve I'.

Let {\y, Ny, - -+, \,} be the eigenvalues of the Jacobian matrix F,(0, 0).
We draw a straight line L passing through the origin of the complex
A-plane. Denote by S, = {A, Ny, -+, Ny} @ set of the eigenvalues which
are located on one side of L and by S, = {\u+1, Mwr4s, ** +, My} those which
are on the other side. Then each )\; of a set S; = {Npriy, Nprrta, =+, N}
is on L. As is well known by experts of this field, Malmquist [10, 11,
12] constructed analytic expressions for two kinds of particular bounded
solutions which correspond to the sets S, and S,, respectively. These
analytic expressions are in terms of uniformly convergent power series
of certain functions of x with coefficients admitting asymptotic expansions
in powers of # as x — 0 through some sectors D, and D,, respectively
(see, also, Hukuhara [1], Iwano [3, 4]). It is noteworthy that the sectors
D, and D, have no common part. So, it seems to be hard to construct
an analytic expression for a general solution unless certain special con-
ditions are satisfied. This is certainly the case when we can find a
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straight line L passing through the origin such that all the eigenvalues
of the matrix F,(0, 0) are located on one side of L. When ¢ = 0, this
condition has to be read as follows: all the eigenvalues and the unity
are on one side of L. When some of the eigenvalues are zero, Iwano
[4, 5, 6, 7, 8] constructed, under certain additional assumptions, analytic
expressions for general solutions. But, as far as we know, in the case
when there exists at least one pair of eigenvalues whose arguments
differ from w (mod 27), the problem of constructing an analytic expres-
sion for a general solution has not been studied yet. In this paper we
will give an example of such equations which enables us to construct an
analytic expression for a general solution.

We want to study a nonlinear 2-system of the form, in vector form,

1.1) e’ dw/dx = Aw + xh(z, w)

or, in scalar form,

aidylde = (¢ + az)y + zf(x, y, 2) ,
w'dz/de = (—v + gx)z + xg(x, ¥, 2) .
So, w, 4 and h(x, w) are given by

[y 0 a0 f(@, y, 2)
w“[z}’ =1 ——»]’ h(”’“’)‘[o B}w+[g(w,y,z)]

We assume that:
(a) x, y and z are complex variables;
(b) tt and v are positive mumbers, and a and B are monnegative
numbers satisfying one of the following three conditions:
1.3) (i) a=0,8>0; (il) a>0,8>0; (i) a>0,3=0.
(¢) flz, ¥, 2) and g(x, ¥, 2) are holomorphic functions of (¢, y, z) for
(1.4) xl=a, Jyl=b, [2[=D,

(1.2)

and are both equal to zero idemtically at y =2z =0, a and b being posi-
tive constants. Moreover, all their first order partial derivatives with
respect to y and z identically vanish at (y, z) = (0, 0), namely

(1.5) fi(x, 0,0) = fi(x,0,0) = g,(x, 0,0) = g.(x,0,0) =0 .
2°. Main result. Our main result can be stated as follows.

MAIN THEOREM. Given ¢ > 0, the differential equations (1.2) possess
a general solution of the form

(1.6) y= 0@, Ug), V@), 2z=7¥(, Ug), V()
with the properties that:
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(i) The pair (Ux), V(z)) = (Ciz” exp (—pt/x), Cyxf exp (v/x)) s the
general solution of the differential equations
1.7 r’du/dx = (¢t + ax)u , ’dvjdx = (—v + Ba)v,
C, and C, being integration constants.
(ii) oO(x, u, v) and ¥(x, u, v) are holomorphic functions of (x,u, v)
in a domain of the form
(1.8) 0<|z|<a’, |large —7/2|<m—¢, |ul<b’", |v|<b”
or
1.9) 0<|x|<a”, |large +7/2|<m—¢, |lul<b’, |v|<b’,
a” and b"” being positive constants. Moreover, these fumctions have uni-

formly convergent expansions in powers of u and v

@(my u, ’U) =u + Z pjk(x)u’j’vk (.7 + k g 2) ’

(1.10) ik

@'(x, u: ’U) = + 2;4 qjk(w)ujvk (.7 + k g 2) .
2

Here the coefficients p,,(x) and q;.(x) are holomorphic functions of x for
a sector of the form

(1.11) largx — /2| < 7w — ¢, 0<lz|<a”
or
(1.12) large + /2| < ®w — ¢, 0< |z <a”

and admit asymptotic expansions in powers of x as x tends to zero
through the domain (1.11) or (1.12).

To simplify the description, instead of (1.8) or (1.9) we write
0<|z|<a”, largeFrm2|<zm—e¢, |ul<b', |v|<b’.
Analogously, a domain of the form (1.11) or (1.12) will be written as
(1.13) largx F /2| < 7w — ¢, 0< |zl <a”.

3°. Contents. To prove Main Theorem, assuming that there exists
a formal transformation of the form

(1.10 bis) y=u + E;, pi()uvt, z=v + Z;, qn(X)uiv* (G+k=2),
e 2

which formally transforms the equations (1.2) into the differential equa-
tions (1.7), we want to determine the coefficients p;(x) and g¢,(x) as
solutions of certain differential equations. To this end, by inserting
(1.10 bis) into the equations (1.2) and replacing z*du/dx, x°dv/dx by (1.7),



456 M. IWANO

we shall obtain differential equations which determine the functions
2;:(x), g;(x). For each pair (4, k), a unique formal power series solution

{p;(®), g;2(x)} will be obtained. To give analytic meaning to this formal
solution, we put

Djr = Dix + P, Qip = Q5 + 2Qyu

where pj, = 9,,(0), ¢} = ¢;,(0). Then we have the differential equations
satisfied by {P;, Q,,} and we can prove that there exists a unique solu-
tion {P;,(x), Q;,(x)} which admits the formal power series solution as an
asymptotic expansion for a domain of the form (1.18). Thus the coefficients
p;(x) and g;,(x) will be determined as analytic functions by the formulas

(1.14) Pi(x) = i + xPy(x) , 2 () = () + 2Q u(®) .

It will be proved that if the ratio g/v is not equal to a rational
number, we have for any pair (4, k)
(1.15) Pi=0, qu=0,
while if the ratio p/v is equal to a rational number, say m/n, with
relatively prime positive integers m and », we have

Ph =0 if (4, k)= Q1 +In,Ilm) for any 1,

0

@, =0 if (4, k) # (Un,1+1lm) for any 1.

Thus the double power series u + 3 phuiv*, v + 3 ¢l u’v* have the form
of single power series

(1.16)

L17)  ow, v) = u(l + ; W™ a),  o(u, v) = v(l + Zl'. (wv™)'by) .

We will prove that the power series 3, aw’, >, bw' converge so that
the sums g¢,(u, v) and +,(u, v) of the power series (1.17) define holomorphic
functions of (u, v) at (0, 0).

If we replace (u,v) by the general solution (U(x), V(x)) of the
equations (1.7), the formal transformation (1.10 bis) with the relations

(1.14) will produce a formal general solution (for the equations (1.2)) of
the form

Y = 6(Uw), V(@)) + 2, 2P;u(x) Uy V()" ,
2 = (U), V(@) + 2, 0@ @) Uy Viz)* .

(1.18)

It will be proved that, for every k, the power series >}; Py (®)u’ and
3 Qii(x)u’ are convergent uniformly for # in the domain (1.13) and, for

every j, the power series > P;(x)v* and >}, Q;(x)v* are convergent
uniformly for x in the domain (1.13).
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Let N be an arbitrary but fixed positive integer. We make a
transformation of the form
¥ = o(U®), V(&) + Xw Py(x) Ul) V(x)* + Y,
z = o (Ux), V(@) + X 2Qu(@) Ulx) V(x)* + Z,
where 3y, denotes the summation of all the arrangements (4, k) such
that min {(j — 1)/v, (k — 1)/¢t} < N. Then it will be expected that the
equations satisfied by {Y, Z} admit a solution satisfying the order con-
dition Y = O(U(x)**V(x)**), Z = O(U(x)**+' V(x)*¥*+'). To prove this
assertion, we put
(1.20) Y =U@)9, Z=Vx)3.
We will prove that, for a given sufficiently small ¢ > 0, there exists a
unique solution for the equations satisfied by {2, 8} such that
(1.21) 9 = O(U@)* V()" , B = O(U)"* V(x)™)

whenever the values of x, U(x), V(x) belong to a domain in the (x, u, v)-
space of the form

(1.19)

(1.22) 0< |zl <ay, largezFr2|<rm—ce, |ul<by, |v|<by

with suitably chosen positive constants a, and b,. In the course of the
proof, it is convenient to replace this domain by a slightly modified

domain of the form
(1.23) 0< |z| < dw(argx) , large F /2| < 7w — ¢,
' lu| < dX(arge), |v| < bX (argw),

where a’' and b’ are positive constants. Here, the function w(r) and

Xi(z) (0 = a, B) are to be given by the formulas
J(sin e if It F /2| £ /2,

w(t) = . . _
[leosz|(sine)™ if m2<|tFxm2|<m—c¢

and

if |t F /2| = w2,
leosz|” if wlR<|tFn2|<m—c¢.

A domain of the form (1.23) will be called a stable domain for the
equations (1.7). Here is the reason: Let (x,, u’, v°) be an arbitrary point
of the domain (1.23) and determine the values of integration constants
C, and C, so that we have U(x,) = u° and V(x,) = v*. Then we can find
a curve I',, joining the point x, and the origin of the complex x-plane
such that, when x travels on this curve, the triple (x, U(x), V(x)), con-

Xi(z) =
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stdered as a point of the (x, u, v)-space, always stays in the domain
(1.23). This property is a sort of stability of the general solution of
the equations (1.7). A stability property like this always plays an im-
portant role in studying the analytic meaning of the formal solution.
By using a fixed point theorem which was devised by Professor M. Huku-
hara, we can prove the existence of a unique solution for equations
satisfied by {2), 8} with the order condition (1.21) whenever the values
of x, U(x), V(x) remain in the domain (1.23). By virtue of the unique-
ness of such solutions, our standard analysis concludes the uniform con-
vergence of the formal solution (1.18) and, consequently, the power
series (1.10).

Chapter I. Formal Transformation.

2. Formal transformation. Since f(z,y,2) and g(x, ¥, 2) admit
Taylor expansions in powers of y and 2z, the equations (1.2) can be
written as

vdy/dr = (¢t + ax)y + Z;‘,” xa;,(x)y'z" ,

2.1
(2.1) x'dzlde = (—v + Bx)z + Zk” xbjk(x)yjzk ’

where the a;,(x)’s and the b;(x)’s are holomorphic functions of z for
2| £ a. Y denotes the sum of all the arrangements (4, k) of nonnega-
tive integers j and k such that 57 + k = 2.

When the ratio p/v is equal to a rational number, we denote it by
m/n with relatively prime integers m and ». We want to prove the
following theorem.

THEOREM 1. Let ¢ be a sufficiently small positive number. Then
there exists a formal tramsformation of the form

(2.2) y=u-+ %” Di(®)uv* Z=v+ ]_’Zk" q;(x)uv*

which formally changes the equations (2.1) into the equations

(2.3) ’du/dr = (¢t + ax)u , r’dv/dx = (—v + Bx)v .

Here the p;j(x)’s and the q;(x)’s have the form

(2.4) (@) = Pi + @Pu(@) , (@) = gi + 2Qu() ,

where the pj.’s and the q},’s are constants such that

(2.5) P} # 0 mplies (J, k) =1 + In, lm) for some integer 1| >0,
(2.6) ¢l #= 0 implies (4, k)= (n,1 + Im) for some integer 1 >0,
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and the P;(x)'s and the Q;(x)’s are holomorphic functions of x for a
domain of the form

(2.7 o<zl <a, large F /2| < T — ¢
and, moreover, admit asymptotic expansions in powers of x as x tends
to 0 through the domain (2.7).

Proor. Let (u, v) be a solution of the equations (2.3). Put the
power series (2.2) into both sides of (2.1) and formally rearrange them
in the form of double power series in # and v. Then we have the

relations
v'dyldx = (¢t + ar)u + Z;" [#%dp/dx + (Gt — kv + (Ga + kR)x)psJuv® ,

2*dzlde = (—v + B + g," [2*dq,./dx + (Gt — kv + (Ja + kR)x)g; Ju'v® ,

(¢ + ax)y + xf(x, y, 2) = (¢ + aac)(u + g.' pnu"v")
+ %” wfa; (@) + Ajp(au(®), a(®), ¢.(x)juv*,

(—vy + Bx)z + xg(x, y, 2) = (—v + Bx)(v + Zk,” qj,,u"v">
+ %” w[b;n(x) + Bju(b, (), D), qu(®)) v .

Here the A;,(a,, D, 9.:)’s (or the Bj(b,, D, ¢..)’s) are linear forms in the
a,’s (or the b,’s) for all the arrangements (s, t) such that s+t < j + k
with polynomial coefficients in the P,’s and the Q,’s for s+t < j + k.
If we equate the coefficients in like terms, we have the linear differential
equations

(2.8) adpy/de = (1 — N+ kv — (7 — Da + kR)x)p;, + o(a;x) + Ag(x)) ,
(2.9)  2dg/dr = (—jp+(k—Ly—(ja+(k—1)R)x)q;+xb;u(x) +B;(x)) ,

which determine respectively the functions p,,(x) and g,,(x). Here, to
simplify the description, we used the symbols

(210) s)’I.ilc(m) = Ajk(an(m)y pat(x)y qst(x)) ’ §lec(x) = Bjk(bst(x)y pat(x)y qat(x)) .

We shall define a transitive relation < for the set of all arrange-
ments (4, k) of nonnegative integers 7 and %4 in such a way that we
have (7, k) < (§', k') if and only if either j + k< 5’ + K or j + k=3 + Kk
and j < j' holds. Suppose that the functions p,(x) and g, (x) for all
arrangements (s, t) < (4, k) have been determined as solutions of the
equations (2.8) and (2.9) with j = s, k = ¢, respectively, in such a way
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that they are holomorphic in x and admit asymptotic expansions in
powers of x as x tends to 0 through the domain (2.7). Then, the func-
tions ;. (x) and B, (x) are thought of as known holomorphic functions
of # which admit asymptotic expansions in powers of x as 2 tends to
0 through the domain (2.7). There are two possibilities. If (1 — 7))z +
kv #= 0, then the equation (2.8) possesses a formal solution which is
expressed by a power series in x without a constant term. If (1 — 7)¢ +
kv = 0, the quantity (j — L)a + kg is equal to neither zero nor a negative
integer. Indeed, assume this is not the case. Since we must have
(J—Da + kB =( — 1) (a + Byfv), the value of j will necessarily be
equal to 1 or 0. Thus the relation (1 — j)¢ + kv = 0 will be reduced to
the relation kv = 0 or ¢ + kv = 0, which is a contradiction. Since the
equation (2.8) is reduced to the equation

(2.11) zdpfde = —((7 — Da + kR)pji. + aj(x) + (=),

there is a formal solution which is expressed by a power series in z with
a constant term

(2.12) D5 = (2(0) + An(0))((G — De + kB)™",

where a;,(0) + %;,(0) = lim,_, (a,,(x) + Uj;(x)). In any case, the differential
equation (2.8) has a formal power series in 2 as a formal solution.
Similarly, this is also the case for the differential equation (2.9). Hence,
it turns out that there exists a unique actual solution p,,(x) (holomorphic
in ¢ in the domain (2.7)) which admits an asymptotic expansion of the
formal solution as « tends to 0 through the domain (2.7). Thus the
function p,,(x) has been uniquely determined. Similarly, we can determine
¢,.(x) uniquely as a solution of the equation (2.9).

In order to get a solution of the form (2.4), we put, for ex-
ample,
(2.13) p,-k = pgk + xij .
If (4,k) @ + In,lm), we have (1 — )¢t + kv = 0 and pj, = 0. The
equation (2.8) gives
(2.14) 2*dP;lde= (A — e+ kv — (7§ —a+ kB + 1)x)P;, + a;,(x) + Ajx) .
If (3,k) =@ + In, lm), we have (1 — j)¢t + kv = 0. The equation (2.11)
implies
(2.15) 2dP;lde = —((j — Da + kB + 1)Py,

+ o7 (@) + W) — (G — D + kB)D3) -

One notes that, in view of the relation (2.12), the nonhomogeneous term
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of (2.15) is a bounded holomorphic function which admits an asymptotic
expansion in powers of # as x tends to 0 through (2.7). In any case,
by solving the equation (2.14) or (2.15) we can obtain a unique holomorphie
solution P;(x) admitting an asymptotic expansion in powers of z for
2.7).

3. Determination of holomorphic functions ¢,(u, v) and (%, v). Let
(U(zx), V(x)) be a general solution of (2.3), namely

U(x) = C, exp (—p/x) - *, V(x) = C,exp (v/x) - 2*,

where C, and C, are integration constants. If we replace (u,v) by
(U(x), V(z)), the power series (2.2) represents a formal general solution
of the equation (1.2). When the ratio g/v is equal to a rational number,
as was already proved, the constant terms p,,(0) = pj, do not always
vanish if we have (4, k) = (1 + In, Im) for some integer [ =1 and the con-
stant terms ¢,,(0) = ¢, are not always equal to zero if (4, k) = (In, 1 + Im)
for some integers [ = 1, where m/n is the relatively prime expression
for p/v. This means that the asymptotic expansions of the coefficient
functions p,(x) and g,(x) may begin with nonzero constant terms for
some (4, k). This situation will cause a certain trouble when we study
an analytic meaning of the formal solution. So, we must consider a
formal solution of a slightly different form. But, fortunately, we can
prove the following theorem.

THEOREM 2. The power series of u and v which consist of the terms
independent of x on the right hand sides of (2.2), namely

do(U, ) = U + Zk, i wv*,  Ao(u, v) = v + % quv*
J 3y

are convergent. If pt/v is equal to a rational number, m/n, the power
series are reduced to

do(u, v) = u + u ; U™ D4 1nim
(3.1) -
“I’\O(uy 'U) = + v gi (uﬂvm)lq(l’n,l-i-lm .

If vy is not equal to a rational number, we have

(3.2) g, V) =%, YU, v) =v.

In any case, the sums ¢,(u, v) and (u, v) define holomorphic functions
of (u,v) at (0, 0).

PrOOF. We assume that the ratio p/v is a rational number. We
formally rearrange the power series (2.2) in the form of single power
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series in x as
(3.3) ¥ =g(u, v) + 2p(%, V) + -+, 2= (%, V) + TYy(w, V) + - .
In particular, the coeflicients g¢,(u, v), vo(u, v), ¢.(u, v) and +(u, v) are
given by the power series

go(%, v) = u + ]Zk pruvt,  (w, v) = v + ]Zk‘, auv*

$i(u, v) = ;?7: P (0)uiv* ¥i(w, v) = ,Z,:‘ Q;(O)uv"* .
The power series ¢y,(u, v) and (%, v) have the form

bo(, V) = 'u,<1 +3 (u”v"‘)‘a,) L e, v) = v<1 +3 (u”v"‘)’bl> .

In order to prove the convergence, we have to look for the equations
which determine the functions g¢,(%, v) and +,(u, v). Insert (3.3) into the
equations (1.2). Then a simple consideration gives «*dy/dx = w(g +
ax)od./on + v(—y + Bx)og,/0v + x{u(pt + ax)de,/ou + v(—y + Bx)os,/ov + xé.} +
O, (¢ + ax)y + xf(x, y, 2) = (& + ax)(p, + x¢,) + xf(0, @, v,) + O(x*).
Thus, equating the coefficients in like terms with respect to the powers
of x, we obtain the equations

(3.4) Ludd,/ou — vvdg,ov — g, = 0,
(8.5) pudg,/ou — vvog,[ov — Mp, = Ag, — AUIGJOU — BVIPe/ov + f(O, Bo, 4ro) .

In quite a similar way, we can derive the equations
(3.6) PUOY[0U — YVOYre[0v + vy = 0,
3.7 LU0 [OU — YV, [0V + Vi, = Brfrg— QU [OU — BVOYre[0V + g (0, o, o) -

The partial differential equations (3.4) and (3.6) have respectively
formal general solutions of the form

(3.8) fo=u+uS @vVa, = v+ 3 @

with undetermined coefficients a;, and b,.

Indeed, if one inserts formal power series ¢, = w + >,;,, @;u’v* into
(3.4), one finds the relation 3>;,(#(j — 1) — vk)a;,u’v* = 0. Hence, we
must have the relations a;, = 0 if (j, k) # (1 + In, Im) for any [ = 0, and
a;, = arbitrary if (4, k) = (1 + In, Im) for some ! = 1.

As was already shown, there exist for the linear equations (3.5) and
(3.7), respectively, formal solutions which are expressed in terms of
power series in w and v. Therefore, when we expand the right hand
side of (3.5) in powers of w and v, no terms of the form w(u"v™)' must
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appear. This requirement is the condition for the undetermined a,’s to
satisfy. Similarly, no terms of the form wv(u*»™)' must appear in the
formal power series expansion of the right hand side of the equation
(8.7). In this way, the power series (3.8) are uniquely determined. To
prove the convergence of the power series (3.8), we have to look for
the equations which define ¢, and .

Let

(39) f(()’ ¢0! ",1/'0) = %fgkqﬁ"pl’f ’ g(o, ¢0y "ph‘o) = JZ;. gjk¢3."/f‘(l)‘ (.7 + k g 2)
be Taylor expansions. Put

(3.10) 0, = w(l + ¢ , Ty = v + ),

(3.11) uv™ = w .

Corresponding to the power series (3.8), the equations in @, and ¥, admit
formal solutions which are expressed by power series of w

@0: Zwlal, ll"oz Zwlbl .
1 l
Hence, it is easy to see that the terms of the form ww* (k=1,2, -.-)
come from only the partial sum (of (3.9)) of the form >, fiiin,impt ™" i™ =

Sty firtnimW (1 + @) (1 + ¥ )™, Thus the equation satisfied by @, is
given by a partial differential equation of the form

(3.12) —aud®,/ou — Bvod./ov + S fritmmWi (L + @)1 + U =0 .
. =1
Analogously, we can derive, by using (3.7),
3.18)  —audl.jou — Boal,[ov + 3 Gunrrimw'(L + )L + T+ = 0 .
=1
Since u and v are considered as the independent variables, we can
regard them as general solutions of the differential equations
(3.14) xdu/dx = au , xdv/de = Bv .
Then, w = u™™ is a solution of the equation
xdw/dx = (an + Bm)w .

If we consider w as the independent variable, x, 4 and v are functions
of w, so that they satisfy the differential equations

(3.15) wdx/dw = (an + gm) 'x ,
(3.16) wdu/dw = (an + gm)'au , wdv/dw = (an + gm)™'Gv .

Hence, if @, is regarded as a function of w, we have (an + gm)wd®,/dw =
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(09,/ou)(an + sm)wdu/dw + (09,/0v)(an + Sm)wdv/dw = aud®,/éu + BvoP,[/ov.
Thus, it turns out that the 2-system of partial equations (3.12) and (3.13)
is reduced to the 2-system of ordinary differential equations

(an + m)wdydw = 3 frrimmw'd + O +(L + Ty,

(8.17) -
(an + BmYWdTfdw = 3 g rsmW'(L + BY (L + W)im |

=1

or, removing the common factor w,

A0, Jdw = 3, (an + BM) " Frrrnmw (1 + ) +(1 + W)m
(3.18) =
a¥,/dw = ,ZI (an + BM) G 1r1mW' (A + @) (L + T)+m .

It is the 2-system of equations (38.18) that determines the functions
?(w) and ¥(w). This system has no singularity at w = 0. Hence there
exists a unique holomorphic solution @,(w), ¥(w) satisfying the initial
condition (@, ¥,) = (0, 0) at w = 0. Thus, by virtue of the uniqueness
of formal solutions, the functions defined by

oo, ) = w(l + P(u™v™),  Po(w, v) = v(1 + ¥y(w"v™)
admit the convergent expansions (3.1).

It is immediately seen that there is no integer [ such that (7, k) =
(1 + In, Ilm) when the ratio g¢/v is not equal to a rational number.

Chapter II. Proof of Main Theorem
(Convergence of the formal solution).

4. Formal solution. In view of Theorems 1 and 2, we obtain the
following:

THEOREM 3. The equations (1.2) possess a formal solution of the
Jorm

y = ¢(Ulw), V(@) + 2" ePu(@)U@) V()" ,

(4.1) .
z = y(Ux), V(x)) + ]2;” 2Q () Ulx) V(w)*
with
U(z) = Ca" exp (— pt/x) V(x) = C.xf exp(v/) .
Here,

(i) ¢o(u, v) and +(u, v) have the form
4.2)  gu, v) = u(l + Dy(u™v™),  Polu, v) = v(1 + ¥ (uv™),

where @y(w) and ¥y(w) are holomorphic functions of w in a meighborhood
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of w=0 and are identically zero when the ratio p/v is equal to an
rrational number.

ii) The Py (x)’s and the Q;(x)’s are functions admitting asymptotic
expansions in powers of € in a domain of the form (2.7).

When we study an analytic meaning of the formal solution (4.1),
the following theorem will be very important.

THEOREM 4. (i) For each k, the power series >,; Pj(x)u’ and
> Qi(m)u? are uniformly convergent for a domain of the form
(4.8) 0<|z|<a, largeFrm2[<m—e, |u[<b,
corresponding to the domain of validity of the asymptotic expansions for
the coefficients P;(x) and Q;(x), where a, and b, are positive constants.

(ii) Amnalogously, for each j, the power series >, Pj(x)v* and
S Qi(@)v® uniformly converge for a domain of the form
(4.4) I<|z|<a,, |largxFr2|<m—e, |v|<b.

Proor. We give the proof of Assertion (i) only, because that of

Assertion (ii) can be carried out in quite a similar way.
To prove this theorem, let us introduce the new variables {7, {} by

(4.5) y=¢(U), V(@) +7, 2=q+4(Uk), V(x)) +C.
Then the equations satisfied by (%, {) can be written in the form
' dy/de = (¢ + ax)n + «F(x, Ulx), V(x), n, L),

zdl/dx = (—v + ), + xG(x, Ux), V(x), 1, ),

where the F(x, u, v, 7, ) and the G(z, u, v, 7, {) are holomorphic functions
of (x, u, v, 7, C) for a domain of the form

(4.7) o] <an, [ul<b, |v|<b, [7/<ec, [fl<ec
with suitably chosen positive constants a,, b, and c,.

Indeed, a simple consideration gives x*d»/dx = x*(dy/dx) — x*(d/dx)s U(x),
V(@) =(tt+ax)(¢(U(x), V(x)+n)+xf(x, o+, yo+0)—(¢+ax)U(x)dg,/0 U —
(—y + Bx)V(x)dg,/oV. Here 04,/0U means (dg,/ou)(U(x), V(x)). In view
of the equations (3.4), we have F(z, u, v, 1, {)=a¢,(u, v)—au(d/ow)g,(w, v)—
Bv(0[ov)gy(u, v) + f(x, go(u, v) + 9, Yr(u, v) + ). This shows that the F
satisfies our requirement.

Obviously, the power series

(4.8) 7= 2" Pu@)Uzy V@', (== %" Qiu(@) U) V(x)*

(4.6)

is a formal solution of the equations (4.6). We formally rewrite (4.8)
in the form of single power series in V in such a way that
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(49) 7 =s3 Ak, Ua)V@), =23 B Ue)V@',

where the A,(x, u)’s and the B,(x, u)’s are power series in . Let us
look for the differential equations which determine the coefficients A,(x, )
and B(x, w). A direct calculation yields x*dy/dx = x 35, {x*dA,/dx +
(=kv + (k3 + L)2)A}VE, (¢ + ax)p + «F(z, U, V, 7, 0) = x(¢t + ax)A, +
xF(x, U, 0, xA,, 2B,) + = >, {(¢¢t + ax + zF\(z, U, 0, A, ©B,))A, + «F(x,
U, 0, xA, xB)B, + 2z, U;A,, -+, Ay, B, -+, B,_)}V*. Here the ,’s
are linear forms in the expressions (o"+**+/ov"on*ol*)F(x, U(x), 0, x A (x, U(x)),
2By(x, U(x))), 2 < r + s + t < k with polynomial coefficients in (z, A,(z, U),
coo, Ay (=, U), Bz, U), ---, B,_,(z, U)). In particular, if &k = 1, we have
A, = (0F/ov)(z, Ux), 0, Az, Ulx)), B,(x, U(x))). Thus we are lead to
the relations

(4.10) *dA/dx = (¢t + (¢ — L)x)A, + F(x, Ux), 0, A, xB,)
and
(4.11.k) dA,/de = (kv + ¢t + (@ — kB3 — 1)x)A,
+ o[ F,)A, + 2 F;]B, + =[],
where, to simplify the description, we adopted the symbol [ ], for ex-
ample, to mean
[FV] = F’/(xy U(x)r 0: on(x’ U(x))y xBD(xv U(x))) ’
[mk] = QIlc(xy U(x)’ Al(x’ U(x))’ Tty Bk—l(xy U(x)» .
Similarly, by using the power series expression for {, we can derive
equations of the form
(4.12) 2*dByJdx = (—v + (8 — L)x)B, + G(z, U(x), 0, A,, «B,) ,
(4.13.k) 2*dB,Jdx = (k — 1)y + (8 — kB3 — L)x)B,
+ #[G,]A, + «[G;]B, + [B,] .
The meaning of the functions [G,], [G(], [®B.] Will be almost clear.

The following are noteworthy.

(i) The system of equations (4.10) and (4.12) determines the func-
tions Al x, u) and Byx, w) and it is a nonlinear 2-system with an ir-
regular type singularity at x = 0. Moreover, there exists a formal solu-
tion of the form
(4.14) Ay = 3 Py@)U(x)!, B, = 3 Qux)U) .

(ii) For every k = 1, the 2-system of linear differential equations
(4.11.k) and (4.13.k) determines the functions A, (x, ) and B, (x, w). =0



NONLINEAR 2-SYSTEM 467

18 an irregular singularity of this linear system. There is a formal
solution of the form

(4.15.k) A, = 2;, P (x)U(x) , B, = 3 Q) Ulx) .

(iii) These differential equations involve an arbitrary function U(x)
in the sense that U(x) contains an arbitrary constant.

Differential equations of this type were already studied by the
author. By applying a theorem due to Iwano [3] (in which a nonlinear
n-system of much more general type was studied), we see that the
formal solution (4.14) is uniformly convergent when the values of
(x, U(x)) belong to a domain of the form (4.3) and its sum {A.x, U(x)),
Bz, U(x))} represents a solution of the equations (4.10) and (4.12) when-
ever the values of x and U(zx) stay in the domain (4.8). Thus, Az, %)
and B,(x, u), considered as functions of (x, u), are holomorphic in (x, )
for (4.3). In'order to apply an induction technique, suppose that the
functions A,(x, ) and Bz, ) have been already determined for I < k&
in such a way that, for every [, they are holomorphic functions of (x, u)
for (4.3) and the pair {A,(x, U(x)), Bz, U(x))} is a solution of the 2-system
of equations (4.11.1) and (4.13.l) whenever the values of x and U(x)
remain in the domain (4.3). Then the coefficients of the linear differential
equations (4.11.%) and (4.13.k) are considered as holomorphic functions of
(x, U(x)) provided the values of x and U(x) remain in the domain (4.3).
Moreover, there exists a formal solution given by the power series
(4.15.k). So, if we again apply the same theorem to our linear system,
it can be proved that this formal solution is uniformly convergent so
that the sum {A,(x, U(x)), B,(x, U(x))} represents a solution of the linear
system (4.11.k)-(4.13.k) provided the values of x and U(x) stay in the
domain (4.3). Hence, A,(x, ) and B,(x, w) have been determined as
holomorphic functions of (x, #) for the domain (4.3).

Thus, proceeding inductively, we see that, for each %, the coefficients
Az, w) and B,(x, ) are uniquely determined as holomorphic functions
of (x,u) in a domain of the form (4.3) in such a way that the pair
{A,(x, U(x)), B,(x, U(x))} is a solution of the linear system (4.11.%)-(4.13.k).
This proves Assertion (i) of Theorem 4.

5. Truncated differential equations. In order to prove the con-
vergence of the power series (2.2), it suffices that the formal solution
(4.1) is convergent, or what is the same thing, that the formal solution
(4.8) of the equations (4.6) is convergent whenever the values of z,
U(x), V(x) remain in a domain of the form (1.8) (or (1.9)). Observe that
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the differential equations and their formal solutions under consideration

are given by
' wdl/dx = (—v + Bx), + 2G(x, Ulx), V(x), 7, )

and
6.2 7= ﬂij" Py(@)U)V(®), (== J%‘." Q@) Ux) V(x)* ,

where
U(x) = Ca®exp (—ptfx) , V(x) = Cixf exp (v/) .

As was shown in Section 4, the function F(z, u, v, %, {) takes the form
F(x, u, v; 77; C) = a¢0(u’ ’I)) - au(a/au)¢0(u; 'U) - Bv(a/av)¢0(u, ’U)+f(x, ¢0(u’ 1))'{'
N, ¥o(u, v) + {). By definition, we have the order relations

flx, y, 2) = O(¥") + O(yz) + O(z") ,
$o(w, v) = u(l + O(u™™)),
po(u, v) = v(1 + O(u"v™)) .

Hence, it is concluded that the functions F(x, u, v, 7, {) and G(x, u, v, 1, {)
satisfy an inequality of the form

(5'3) max {IF(x) U, v, 77’ C) - F(x’ u,v, 0’ O)I’ |G(x9 u,v, 77! C) - G(xi w, '0101 O)I}
= M((wl + [vDUn] + €D + 7 + 1)
for (x, w,v,7,{) in the domain (4.7), where M, is a suitably chosen

positive constant.
Let N be an arbitrary but fixed positive integer, and put

(56.4) Py(x, u, v) = x D Pi()uv®, Qy(z, u, v) = 2 >,m Qu(@)uv*,

where 3, denotes the summation of all the arrangements (4, k) of non-
negative integers j and % such that min{(j — 1)}y, (k — 1)/¢t} < N. Now
we apply the transformation

(6.5) N =Py, Ugx), V@) + Y, {=Qyx Uw), V() + Z.

Since

2*’dY/dx = a*dy)/dx — 2’0 Py/ox — U(x)(¢t + ax)oPy/oU— V(x)(—v + Gx)oPy/oV ,
we see that the transformed equations take the form

dY/de = (¢ + ax)Y + zA(x, Ulx), V(x), Y, Z),

(5.6) ¥’ dZ/dx = (—v + Bx)Z + xB(x, Ulx), V(z), Y, Z) ,
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where, A(x, w, v, Y, Z) and B(x, u, v, Y, Z) are holomorphic and bounded
functions of (x, u, v, Y, Z) in a domain in the (x, u, v, Y, Z)-space of the
form

I<|z|<ay, |largex Frm/2|<7m—c¢,

5.7
®.1) wl<by, lo|<by, |¥|<ecr, |Z]<ecx,

where ay, by and ¢, are suitably chosen positive constants. It is obvi-
ous that the equations (5.6) have a formal solution of the form
(N

Siu(@)Ul) V(x)*,

58 Y=g gv‘; Ru@) U@y V@), Z=z

)
= JZyN+1
k=pN+1 k=

ZpN+1

where the coefficients R;.(x) and S;.(x) have analytic meanings analogous
to those of the P;(x)’s and the Q;.(x)’s.

Note that the functions Py(x, w, v) and Qy(x, u, v) satisfy the order
relations Py(z, u, v) = O(®) + O(uv) + O(v*), Qy(x, u, v) = O(u?) + O(uv) +
O(v*. By using the inequality (5.3) and the formal solution (5.8), we
can easily verify that the functions A(x, u, v, Y, Z) and B(x, u, v, Y, Z)
satisfy an inequality of the form
(5.9) max {| A(x, w, v, Y, Z)|, | Bz, , v, Y, Z)|}

= M((lwl| + [vDAY] + [Z]) + Y[+ [Z]) + Ly|u[*+|v]¥+
for (x, w,v, Y, Z) in the domain (5.7) and Lipschitz’ inequality of the
form
(510) max {IA(x» u, v, Yl; Zl) - A(.’.E, u, v, Yz; ZZ)I’

IB(xr u, v, Yl; Zl) - B(xr u, v, Y2y Zz)l}

= M(lul + |yl + | Y| + | Yol + |Z)] + 1 Z)( Y, = Y| + |2, — Z,)),
where L, is a positive constant and M = M, is a positive constant
independent of N.

We expect that the equations (5.6) possess an actual solution satisfy-
ing the order condition
(5.11) Y = O(@U(x) ' V(x)™+Y) , Z = OxU(x)" "+ Vix) ¥+ .

We make a further transformation of the form
so that we have the equations
dY/dx = x U(x)"* Az, Ulx), V(z), U®)D, V(x)3),

(5.13) d,8/dx — x_lv(w)-—lB(x’ U(x), V(x), U(a:)?), V(x)'g) .
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6. Fundamental lemma and the proof of the convergence. To
prove the existence of a solution for the equations (5.6) satisfying the
order condition (5.11), we have to borrow a lemma which is usually
called a fundamental lemma.

FUNDAMENTAL LEMMA. For a preassigned sufficiently small positive
¢, the differential equations (5.13) possess a solution of the form

(6.1) 9 = Pu(x, Ulx), V(x)), B = Bsx, Ulx), V()

such that the Py(x, u, v) and the By(x, w, v) are holomorphic functions of
(@, u, v) tn a domain of the form

6.2)y O0<|x|<ay, largeFr2|<m—e, |ul<by, |v|]<by

with some positive constants ay(Zay) and by(Zby). Moreover, a solution
of the equations (5.13) such that

(6.3) P = O(U@)™* V(x)**), B = 0(U(@)""V(x)™)
18 unique.

Conditional on this fundamental lemma, we shall prove the uniform
convergence of the formal solution (5.2), which produces the proof of
our main theorem. Obviously the expressions

(e, Uw), V(x)) = Py(z, Ux), V(2)) + U)Yy(x, Ux), V(x))
Cnle, Ulx), V() = Qu(x, Ulx), V(@) + V(@)Bx(z, Ulx), V(x))

are solutions of the equations (5.1). If we can prove that these sums
are independent of N, the convergence of our formal solution will be
established.

Indeed, the functions P,(x, u, v) and 9,(x, u, v) are both holomorphic
with respect to (u, v) at (0, 0). Hence, by virtue of the Cauchy Theorem,
the sums 7,(x, U(x), V(z)) and {y(x, U(x), V(x)), which are independent
of N, have uniformly convergent expansions in double power series of
U(x) and V(x). By the uniqueness of the Hartogs series expansions,
such double power series expansions must coincide with the power series
(5.2).

Thus the solution {@(x, U(x), V(x)), ¥(x, U(x), V(x))} mentioned in the
introduction is given by the formulas

Oz, U), V(@) = $(Ux), V(&) + 7z, Ux), V=),
U(x, Ulx), V(@) = y(U), V(@) + {(x, Ulx), V=),

where 7(zx, u, v) = Ny(x, w, v) and {(x, u, v) = {y(x, u, v) are supposed to
be independent of N.

(6.4)
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To prove that the solution {n,(x, U(x), V(x)), Cy(x, U(x), V(x))} is
independent of N, take N’ > N. Then, the pair

N = Ny (x, Ux), V(®)) — Py(z, Ux), V() ,

€ = Ly, Ulw), V(x)) — Qylx, Ulx), V(x))
is a solution of the equations (5.13) because {7y.(x, U(x), V(x)), {y(x, U(x),
V(x))} is a solution of (5.1). However, this solution satisfies the order
condition U(x)~'(ny(x, Ux), V(x)) — Py(x, Ulx), V(%)) = Ux)(Py.(x, Ulx),
V() — Py(x, Ulx), V() + U@)Dy(x, Ulx), V(2))) = O@U(x)™ V(x)**) +
O(U(x)*™ V(x)"¥+) = O(U(x)*” V(x)**') in the common part of the domains
(6.2)y and (6.2),.. Similarly, we have the order condition V(x)~*({y-(x, U(x),
V() — Qu(x, Ux), V(x)) = O(U(x)”***V(x)*¥) in the same common part.
Owing to the fundamental lemma such a solution must coincide with
our solution {Yy(x, Ulx), V()), Bx(x, U(x), V(x))}. Hence we have the
identities
| N, Ux), V(x)) = Py(x, Ux), V(2)) + U@)Py(x, Ulx), V() ,

Ly, Ulx), V(@) = Qy(z, Ulx), V(x)) + V(2)8x(z, Ul), V()

in the common part of the domains (6.2), and (6.2),., which immediately
implies that we have the identity relations

771v'(97, u, ’U) = 77N(x; u, ’U) ’ CN’(x; u, ’U) = CN(x; u, ’U) ’
in the common part of the domains (6.2)y and (6.2),.. Thus the functions
N(x, w, v) and {(x, u, v) are defined as holomorphic functions of (x, u, v)
in a domain of the form
0<|z|<a”, largzFr/2|<zm—e¢, |ul<b, |v|<b’

with a” = sup ay, b’ = sup by.

Chapter III. Proof of the Fundamental Lemma.

7. Family § and mapping . We need a lengthy reasoning to
prove the fundamental lemma. It is very convenient to consider, instead
of the domain (6.2),, a domain of the form

0< |z] < a'w(argx), |argx Frw/2|<7w—c¢,

7.1
@b |lu| < X (argx), |v| < bXs(argw),

where the w(z) and the X,(z)’s (0 = a, ) are continuous functions defined
by
(sine)™!, It F /2| £ w2,

(7.2) @(7) = leost|(sine)™, w2 <|tFm2]<m—e¢
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1, |t F /2| = w2,
7.3 X(7) =
@3 © {lcosrl", T2 <|tF w2l <m—c¢.

The functions are bounded from below by a positive constant. It is to
be noted that, for a preassigned positive numbers a° and ?°, if we choose
the values of a% and by in a suitable way, every point (x, u, v) of the
domain (6.2), belongs to the domain (7.1).

We will prove that the fundamental lemma holds in a domain of the
form (7.1). Let § be the set of pairs {g, ¢} of functions ¢(x, u, v) and
y(x, u, v) which are holomorphic in (x, u, v) for the domain (7.1) and
satisfy there an inequality of the form

(7.4) max {|v|~|4(z, u, v)|, |u|"|y(@, w, v)[} = Ky|uv"|",

K, being a certain positive constant. Since {0, 0} e, 5§ is not empty.
It is almost evident that this family is closed and normal with respect
to the topology of uniform convergence on every compact subsets.
Moreover, ¥ is convex.

In order to define a mapping ¥, let (x, %', v°) be an arbitrary point
of the domain (7.1). Choose the values of integration constants C, and
C, satisfying the conditions U(x,) = u°, V(a,) = ¢°, so that we have

(7.5) "Ciu’(@,)" exp (24/x,) ,  Cy = v"(x) % exp (—v/,)
We define the functions @(x, u, v) and ¥ (x, w, v) by the integrals

(7.6) D (o, w0, ") = S E@de, ¥, ', o) = So H@w)de

where the integration is to be carried out along a curve I',, which will
be defined later. Here, to simplify the description, we introduced the
functions Z(x) and 7I(z) by
E(x) = a7 U(x) " Az, Ux), V(x), Um)g(x, Ulx), V(2)), V(2)y(x, Ulx), V(ix),
I(z) = 7' V(x)"'B(z, U(z), V(2), U)é(z, U(x), V(2)), V(2)y(z, Ulx), V(x) .
The mapping < is to be defined by

{¢(x’ u’ v)’ ’.)b‘(xi u) ,v)} - {Q(x’ u’ v)’ qr(x’ u! v)} M

We want to prove that, if the curve I',, is chosen in a suitable way,
there exists a fixed point of the mapping T. But, since the definition
of the curve /', is very complicated, we will first list up, without proofs,
some important properties concerning this curve. Those properties will
be verified in the last chapter.

8. Curve [',, and its properties. The domain of the independent
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variable z is given either by
(8.1) D: 0<|z| < a'w(argzx), |arge —w/2|< 7w —¢
or by
(8.1 bis) 0<|z| < dw(arg x) , ]argx+7z:/2|<7r—s.

As is illustrated in the figure, we divide the domain into three subsets
either of the form

Imx

D3 Dz Rex

FIGUrE 1

D: |Rezxz|=Imzx, Imax>0,
(8.2) D, Rex >Imx, Rex >0,
D;: —Rex>Imzxz, Rex <0
or of the form
D;: |Rez|< —Imzx, Imzx<O0,
(8.2 bis) D, Rex > —Imxz, Rex >0,
D, —Rex> —Imx, Rex<O0.
We discuss only the former case. Because, if we notice that the
domain (8.1 bis) is the symmetric image of the domain (8.1) with respect
to the real axis, the latter will be treated in quite a similar way.

1°. We consider the case when @« = 0 and 8> 0. Then we define
the positive number £ by

(8.3) K =48"+ 12 a,sine)?.
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Our curve [I',, consists generally of two parts /" and I (See Figure
2). ,

Imx

Rex

FIGURE 2

(I) The case x,€D,. Letx,=A,+1iB, (i =1 —1). Then, |4, < B,
B, > 0. The curve I, consists of a part /” only. The variable point
2 = v(o, 2,) on I is expressed by

(8.4) v(o,2) =0+ A — @'Bé"" , 0=0< o,
if we put
(8.5) A = A/(43 + BY), B= B/(4; + B;).

(II) The case x,€ D,. Let x, = A, + ¢B,. Then, A, > B, and A4, > 0.
The curve I', consists of two parts /” and I"’. The variable point z
on I'" is expressed in the polar coordinates by

(8.6) x = (|x,] cos z/cos B)e* 0<rt<=m/4,

where 7 =argx, 6 =argxz,, The end point of the curve I is
|,|(2cos 0)~*(1 + i) (1 =1V —1). Then we switch to a curve I” of the
form (8.4) with A = B = |x,|"cos§ > 0 since A, = B, = |x,|(2 cos ).

(III) The case x,€D,. Let x2,=A,+ ¢B,, Then, —A, > B, and
A, < 0. The curve I',, is made of two parts I and I'”. The variable
point ¢ on I is expressible as

(8.7) x = (|«,| cos z/cos B)e’* A<t =6.

At the end point of the curve I'”’, namely |x,|(2cos 6)7'(1 — i) (1 = V' —1),
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we switch to a curve /" of the form (8.4) with A = —B'= |2,/ cos § < 0
since we have A, = —B, = |z,|(2 cos ). :

The curve I',, furnishes the following properties stated in the
proposition below. :

PrROPOSITION A. (i) The curve I', is contained in the domain (8.1)
as long as its start point x, is. :

(ii) The part of this curve for o > max {0, — A} is in the open first
quadrant and is tangent to the imaginary axis at the origin.

(iii) This curve never intersects itself and, for any two points z,
and x,, the curves I',, and I', cannot have common points unless one of
them is a subset of the other as point sets.

(iv) When x travels on the part I'', |x|. is a decreasing function in
the parameter o.

Let s be the arc length of the curve /', measured from the origin
to the variable point x. When « is on I, s is considered as a decreasing
function or an increasing function in the argument ¢ = argz according
as we have z,€D, or x,€D, Hence, ds= F{(d|x|/dz)* + |z|}"dr =
F{(|zo| 8in z/cos 6)*+ (|z,| cos z/cos 0)*}*dr = F|x,||cos 0| ~'dr = —|x,|(cos §)~'dz.
Thus we have
(8.8) ds = —|x,|(cos@)'dz on I .

By differentiating (8.4), we have
(8.9) dxf/do = —a*(1 — ikBe®) on I".

Since s is a decreasing function in the parameter o, we have ds =
—|dx/do|do and hence

(8.10) ds = —|z"{1 + k*B%**}*do on I'.

The growth order of the general solution of (2.3) along the curve
I',, will be clarified in the proposition below.

PROPOSITION B. (i) The functions U(x) and V(x) with the initial
condition (7.5) satisfy the inequalities

(8.11) [U(x)| < b (argx), |V(x)| < bXs(arga) on I, .
(ii) In particular, as « is on the curve I, we have

(8.12) |U(x)|7d|Ux)|/ds = pt|2|*{1 + £*Be™}*,

(8.13) |V(2)|"'d| V(x)|/ds = v|x| {1 + £*B?e*}"*.

(iili) We have moreover inequalities of the form
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(8.14) |U(@)| = |w’|(sine)™, [V(x)| =< [v°|(sine)? on I, .

The inequalities (8.11) show that, as x travels from the start point
x, to the origin along the curve I',, the values of x, U(x) and V(x)
continue to remain in the domain (7.1) provided their initial values z,,
#° and v° belong to the same one. For this reason, a domain of the
form (7.1) will be usually called a stable domain for the reduced equations
(2.3). Such a stability condition will be necessary when we want to
prove the existence of solutions by means of the fixed point technique.
The inequalities (8.12) and (8.18) mean that, on the curve /7, the func-
tions |U(x)| and |V(x)| are monotone decreasing functions in the param-
eter ¢ associated with the curve I”.

2°. In the case when a >0 and g =0, we define the positive
number k£ by

(8.15) K = 4pa + 12 a'(sine)' .
A curve I" is to be defined by
(8.16) v(0, ) = —0 + A — iBe™ , 0=0< .

Then if ¢ > max {0, A}, the part of the curve I’ is in the open second
quadrant and is tangent to the imaginary axis at the origin. A curve
I'" will be defined in the same way as in 1°. Thus we have a similar
curve I, as in 1°. So we do not go into any details in this case.

9. Existence of a fixed point. 1°. First of all we must prove the
following assertion.

(a) The mapping T is well defined.

To prove this, one notes that, if the positive constants a’ and b° are
chosen appropriately, the domain (7.1) becomes a subset of the domain
in the (x, u, v)-space which is expressed by the (x, u, v)-component of
the domain (5.7) in the (x, u, v, Y, Z)-space. Suppose that the constants
K, and b° satisfy

(9.1) KN(bO)(v+,u)N+2 < bN , KAV(bo)(H")‘V“ < 1.

By virtue of Proposition B, the values of z, U(x), V(x) belong to the
domain (7.1) as x moves on the curve I',. Hence, the functions
é(x, U(x), V(x)) and +(x, U(x), V(x)) become holomorphic functions of «
on the curve I',. Therefore, owing to (9.1), the values of z, U(x), V(x),
Ux)p(x, U(x), V(x)) and V(x)y(z, U(x), V(x)) remain in the domain (5.7)
as x travels on I',. This fact shows that the integrands Z(x) and /7(x)
are holomorphic functions of 2 on the curve I 2
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We shall show that the integrals (7.6) are convergent. Note that,
in view of (5.9), we have, for example,
9.2) |E@)| = |=[?|UI™MMU| + | V@K U+ | V]
+ MEKR)| UV #5 4 Ly|Up*# V)
= 2M(U| + |V| + Ky | U | V[ Ky + Ly} || U7 | V[
= 2M@20° + Ky(0)* ") Ky + Ly}|a| U™ | V] +
= (BMb)Ky + Ly) || |U) Y| V(w) | (by (9.1)) .
In quite a similar way, we can derive an inequality of the form
[ I(z)| = (6MB)Ky + Ly) ||~ |Ulx) [+ | V(w) [ .

However, thanks to (8.10), the inequalities (8.12) and (8.13) give
—|U|*d|\U|/de = pt, —|V|*d|V|/do = v on I, which implies that |U(x)| =
O(e=), |V(x)| = O(e™) on I". And, (8.4) and (8.10) imply that we have
|2|~'ds = O(1)do for large ¢. Thus we have |Z(x)|ds = O(exp (—(¢vN +
v + vtN)o))do for large 0. Hence the first integral of (7.6) is convergent.
Analogously we can prove the convergence of the second.

2°. We shall prove the following assertion.
(b) T maps §F into itself,
or what is the same thing,
(b.1) The functions @(x, u, v) and ¥(x, u, v) satisfy the inequality
(9.3) max {|v|™ | O(x, u, v)|, ||| ¥ (x, u, v)|} < Ky|wv"|" .
(b.2) These functions are holomorphic in (x, u, v) in the domain
(7.1).
PRrROOF OF ASSERTION (b.l). It is sufficient to prove that
| Dz, w', )| = Ky(|w'[*[v° 1) [v°]
¥ (@, w’, )| = Ky(u' [0V ]w'],

because the point (x,, #°, v") was arbitrarily chosen from the domain (7.1).
In view of the inequality (9.2), it will be sufficient to prove that

(9.4)

(9.5)  (6BMV)Ky + Ly) Sr lz |7 | U) Y| V(@) [V Hds = Ky |u® [ [o°] .
To estimate this integral, we estimate two integrals

9.6) |, 1817 1U@) | Vi) s,

0 Sr' ||| Ux) | | V(e) | 'ds .
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By virtue of (8.14) in Proposition B, we get two types of estimation
- (|u® Y| 0° |V +(sin g) (> +bN=F on [,
O8)  NU@FIVEIT =1, o in e)# | U@) ¥ [V@)™  on 17
Since
a*(d/dx)(Ux) V(x)) = (¢t + ax) + (—v + g2)) Ux) V(x)"
= (av + g)xU(x) V(x)" ,
we have, by solving the linear equation,
9.9) Ulx) V()" = (u')(v")" (/@) .
On the curve I'”, by virtue of (8.8), we have
|2|~'ds = — (|, |™" cos 8/cos 7)(|x,|/cos 8)dz = —(cos 7)~*dz .

When z is on ", ¢ = arg « belongs to a z-interval [arg x,, 7/4] or [37/4,
arg z,]. Hence, we have
6 6
TR (S R S
re s COS T

ssu cosT 4 sine’
Thus the integral (9.6) is bounded by

(9'10) SF” Ix I—l |U[uN l Vl/1N+lds é (37T/4)(Sin 8)—(au+py)N—p—l luo |vN l v0|/1N+l .

On the curve I, as is seen from Proposition B, the functions |U(x)]
and |V(x)| are increasing functions in the arc length s. By (8.12) and
(8.13), we see that the function W(x) = (U(x)[|"|V(x)|*)¥ satisfies the
inequality d W(x)/ds = Ny + p) W(x) x| {1 + £°B%e*°}-*. We shall prove
later that
(9.11) kB = kB)/(A}+ B) >1 if |A) < B,.

Hence we get ]xl-—l{l _I__ ,CZB2eZKa}—-l/2 — {(O- + A)2 + B2e2xa}1/2{1 + Ic?BZe?l:a}—lm g
Ber(2k*B%*} > = (V' 2 k). Thus we have dW(x)/ds= Ny +
)V 2 k)| W(x) = (Nve/k)|z|*W(x). Hence it turns out that the
integral (9.7) is bounded by Sr, < Sp [2°| (sin &)~#| x| W(x)ds <
[v°| (sin &)~ Pk(Nyp)~* W(x,), where x, is the start point of the curve 7.
In view of (9.9), we have W(x,) = [u’|"Y|v°|*¥|x,/x,|*+#*¥. The point z,
is given by

2, if z,eD,,

&, = {|,| (V2 cos 6)~" exp (wi/4) if x,eD,,

|2, (V"2 |cos 0])" exp (3nif4) if x,€D,.
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Since |cosf| = since, E_ turns out that the value W(x,) is bounded by
W(xl) é |u0IvN],UOI/1N(‘/ 2 Sin 8)—(au+ﬁp)N é luolw\flvoiyb’(sin 6)—(av+p/1)N' Thus we
have the estimate

©.12) | |21 [UP |V ds S a(Nvpe)(sin )t soom=t s ¥ [ e

It follows from (9.10) and (9.12) that the inequality (9.5) certainly

holds if we take K, in such a way, for example, that it satisfies the
equation

(9.13)  ((6Mb")Ky + Ly)(£(Nv)™ + (3n/4)(sin &)~')(sin )~ @ +brv—e=f = K .

In quite a similar way, we can prove that the inequality
(9.14)  (BMV)Ky + Ly) Sr l |7 [Ul) [V Vi) [“Vds = Ky(|w’ "] v°[4)Y |u]

is satisfied for the K, defined by the equation (9.13).

To complete the proof of Assertion (b.1), we shall prove the inequality
(9.11). One observes that, since A, + iB,€D,, A, and B, satisfy the
inequalities |4,| < B, < {(a*/sine)® — A%}*, |A,| < a’(V'2 sine). How-
ever, since B = B,/(A} + B¢), we have 0B/oB, = (A% — B?)/(A: + B2)* < 0.
Hence, B > (a"/sin &)7*{(a’/sin &)* — A}"* > (a’/sin &)*{27'(a’/sin &)}** =
(V2 a"'sine. Thus the definition of £ proves the inequality (9.11).

PROOF OF ASSERTION (b.2). The inequalities (9.4) show that, for
each fixed x, the integrals (7.6) are uniformly convergent with respect
to (', v°). Hence the functions &(x,, u, v) and ¥(x,, u, v) are holomorphic
with respect to (u, v) at (u° v°). To prove that, for each fixed pair
(w’, v°), the functions @(x, «’, v°) and ¥(x, »’, v°) are holomorphic with
respect to x at x = x,, it is sufficient to prove that, for x, sufficiently
near x,, we have, for example, the relation

9.15) Dy, W', ") = S E()de + S"’E(x)dm,

I'zy z
where the second integration must be carried out along the segment u,x,.
Let t, and ¢, be intersection points of the curves I',, and I',, with a
circle |z| = p of a sufficiently small radius p. Then the relation (9.15)
will be established if we can prove that

(9.16)

StlE(m)dx\—eo as o—0,
to

where the integration is to be carried out along an arc of the circle
|&| = po. Since the arc length is less than prn/4, the integral appearing
on the left hand side of (9.16) is bounded by ((6MbW)K, +
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Ly)o™ |U(@) ¥ | V(x) |*“*+(rmp/4) = O(|U(w) M| V(x) |**') = O(exp (— (v N + v +
vuN)o)) — 0 as o — 0. Analogously, we can prove a relation of the form
(9.15) for the function ¥(x,, «’, v°). This proves the assertion (b.2).

3°. We have to prove the following assertion.

(¢) The mapping T is continuous with respect to the topology of
uniform convergence on compact subsets.

To prove this assertion, let {s,(x, u, v), v (2, u, v)} be any sequence of
the family & which converges uniformly {4(z, u, v), ¥(x, u, v)}. Put
(’z{q}l(x’ u’ ’U), 'Srfl(xy 'le, 'I))} = {Ql(xy u’ ”U), wl(wy u, Q))} ’
Yo(x, w, v), ¥(@, w, v)} = {O(z, u, v), (@, u, v)} .
Then, the continuity of T follows from the assertion that we have
uniformly lim,_ {®,(x, u, v), ¥\(z, u, v)} = {O(x, u, v), T(x, u, v)}. If we use
the Lipschitz inequality (5.10), this assertion can be easily verified. We
would like to leave the proof to the reader.

Owing to a fixed point theorem in the functional space (see, for
example, Hukuhara [2], pp. 14-15), there exist a pair of functions, say
{Dn(x, u, v), By(x, u, v)}, which correspond to a fixed point of the mapping
Z. Then we can prove that

(d) The pair {YPy(x, Ulx), V(x)), Bx(x, Ulx), V(x))} is a solution of
the equations (5.13).

Since the proof of this assertion is easy, the author would like to
leave the proof to the reader (See, Iwano [5]).

Thus we have obtained a proof of the fundamental lemma.
Finally we have to prove the uniqueness of our solutions.

(e) A solution of the equations (5.13) such that
(9.17) 2 = O(|U@) ™| V(@) "), 8= O0(U@)**|V(x)|")
18 unique.

To prove this, we impose the condition
(9.18) 24 Mb'(k(Ny )~ + (3m/4)(sin &) ')(sin )~ (N -a=F < 1

on the value of 8°, where M is the constant appearing in (5.10). It is
easy to see that this condition also enables us to solve the K, as a
positive solution of the equation (9.13). Suppose that there exist two
pairs of solutions for the equations (5.13) satisfying the order condition
(9.17). Let Yz, Ux), V(x)), B(x, U(x), V(x))} be the difference between
these two solutions. Then we have
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(9.19)  max {|u||Y(x, u, v)|, [v][B(, u, v)[} = 2Ky u]["+ [v]¥+

for (x, u, v) in the domain (7.1). On the other hand, in view of (5.10)
with Y, — Y,=U% and Z, — Z,= V3, we have the inequality, for
example,

1Yo, u’, v7)]

= MSF (U] + V| + 4Ky | U VAR ) [x | U Y | V™ +ds
where the last integral is estimated as

= M| @+ AR E) AR, o U VI ds

20

= euary)(| |+ | sl U viids oy 0.1)

r r
< (BMB)(AKy)(k(Nyp)™ + (8m/4)(sin €) ') (sin &)~ (@ FAmN—a=f |0 N | 90| 1N 41
(by (9.10), (9.12))
= Ky|w' Yo' (by (9.18)) .

Hence, the inequality (9.18) implies that |Y(x, u’, v°)| < Ky |u®[*¥|v°|*¥+.
Thus the constant 2K, appearing in (9.19) has been halved. Applying
this procedure repeatedly, we have an inequality of the form |(x,, u’, v°)|<
(Ky/2H 1w |V [v°|*¥+ for each integer I, which implies Y(z, u, v) =0,
because (x,, u°, v°) is an arbitrary point of the domain (7.1). Similarly,
we can prove that 3(x, u,v) = 0. This completes the proof of the
fundamental lemma conditional on Propositions A and B.

We want to show how to determine various constants in order to
obtain a unique solution of the fundamental lemma for the domain (7.1).
For any fixed positive integer N, there exist positive constants (ay, by, ¢x)
and (M, Ly) which are associated with the domain (5.7) and the inequali-
ties (5.9), (5.10). Take the value of a° small enough to have a’/sine <
ay. The positive constant £ is to be defined by the formula (8.3).
Choose the value of b° so that the inequalities b° < b, and (9.18) are
both satisfied. Finally we determine the positive constant K, as a solu-
tion of the equation (9.13). Since K, is considered as an increasing
function of b°, if the value of ° is sufficiently small, the second inequality
of (9.1) certainly holds together with #° < by. Then the first of (9.1) is
automatically satisfied. Thus we have a unique solution of the funda-
mental lemma for the domain (7.1).

Chapter IV. Verification of Propositions A and B.

10. Verification of Proposition A. Conditional on Propositions A
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and B which are the conditions imposed on our curve I',, the fundamental
lemma has been established. These two propositions will be proved in
the rest of this paper (also, refer to Iwano [9]). But, since Proposition
A is geometrically understandable except for Property (iv), we are
satisfied with verifying that || is a monotone decreasing function in
the parameter o.

Since the start point A, + ¢B, of the curve I” always is in the set
D,, we have the inequalities

(10.1) |4,] < B, < {(a’/sine)* — A}*, |A,] < a’/(V 2 sine) .
On the curve I, |z|™* is a function of o, say L(o),
(10.2) L(o) = (6 + A} + B%*° .

Hence it is sufficient to prove that the derivative L’(¢) is positive valued
for 0 < 0 < .
Since L'(0) = 2(g + A) + 2kB%*’, we have

L'(0) =24 + 2kB* > 2A + 2B (by (9.11))
=0 (by (10.1)) .
Moreover, it is obvious that the second order derivative L'’(0) satisfies
L"(0) = 2 + 4k’B%*° > 0 .

Hence, it follows that L’(6) > 0, which is our required inequality.

11. Verification of the inequalities (8.12) and (8.13). In this section,
we write U and V in place of U(x) and V(x). One notes that

(11.1) |U|'d|U|/ds = (d/ds) log |U| = (d/ds) Re (log U)

= Re {(d/ds)log U} = Re (U'dU/ds)

= Re (U*dU/ds - dx/ds) = Re {(¢¢t + ax)x~*dx/ds} .
In view of (8.9) and (8.10), it is verified that
(11.2) x *dx/ds = x~*dx/do - dojds = |x|*(1 — ikBe”){1l + £*B’e*?}V* .
Hence, we have
(11.3) |U|'d|U|/ds = |z|{1 + £*Be*}~*

X Re[{¢t + al{(o + A)* + B%*°}™'(6 + A + iBe*)}(1 — ik Be*)}
= {(ka + p)B%e* + (o + A} + a(o + AHL + £’B%e*}* .

If we can prove that the last expression is bounded from below by
2lx|™1 + £*B%e**°}~"%, namely the function H(g) defined by

(11.4) H(o) = kaB%*° + a(c + A)
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is positive valued for 0 < ¢ < <o, the inequality (8.12) will be established.
To prove this, we observe first that there holds a trivial inequality
H'(0) = 25*°aB%*° + a = 0 for 0 < 0 < . On the other hand, we have
H(0) = kaB* + aA = {a/(A; + B)}«kB;/(A; + Bs) + Ay)
= {a/(4; + B)}e/2 — a’/(V 2 sine)} (by (10.1)
= {a/(45 + B)}2v/B) (by (8.3)) .
This implies that we have H(g) = 0 for 0 < ¢ < «. Thus the inequality
(8.12) holds.
By a similar consideration, we can derive the relation
(11.5) |VI7'd|V|/ds
= {(kg — v)B%¢*** — v(o + A)* + B(c + A)H1 + K’B’e*}* .
In order to have the inequality (8.13), it will be sufficient to prove that
the function K(o) defined by
(11.6) K(0) = (k8 — 2v)B%e* — 2v(c + A)* + B(o + A)
is positive valued for 0 < ¢ < . We notice first that K(0) = 0. Indeed,
K(0) = (k3 — 20)B® — 2vA® + BA
= kBB* — 2v/(A} + B) + BA (by (8.5))
= {8/(43 + BHHeBS/(Ai + Bi) — 2v/8 + Ay}
= (/4 + BYHK/2 — 298 — a'/(V 2 sine)} (by (10.1))
=0 (by (8.3).
Since K'(0) = 2k(k3 — 2v)B%¢** — 4v(0 + A) + 8, we have K'(0) > 0.
Because,
K'(0) = 2k(kg — 2v)B* — 4vA + 3
> 2(kg — 2v)B — A + 3 (by (9.11))
= 2(kg — 4)B + 3 (by (10.1))
=212 B(a/sine)B + 38 (by (8.3))
>0.
Moreover, we have K'(0) = 4k*(k3 — 2v)B%* — 4v > 0. Indeed,
K'"(0) = K"(0) = 4k*(ks — 2v)B* — 4y
> 4(kp —2v) — 4y (by (9.11))
=4k —3v) >0 (by (8.3)).

Thus we have proved that K’(¢) > 0 holds for 0 < 0 < . Consequently,
the inequality K(o) > 0 is satisfied in the same o-interval. This proves
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the inequality (8.13).

12. Verification of the inequality (8.11). The functions U(x) and
V(x) are expressed by

Uxr) = w'(x/x,)* exp (¢/x, — /) ,

(12.1) Viz) = v(/x,)f exp (v/x — v/2,) .

Thanks to the inequalities (8.12) and (8.13), the functions |U(x)| and
|V(x)| are monotone decreasing functions in the parameter o. So, we have

(12.2) U@)| = [U)], [V@)|=I|V() onlI”,

where x, denotes the start point of the curve 7.
First of all we will prove that

(12.3) Re(l/x) = ReQ/x,) on [ .
Indeed, in view of (8.7) and (8.8), we have

2 = (|x,| cos z/cos B¢ on I,
ds = —(|x,|/cos 6)dz on I .

A direect calculation gives da/dr = (|%,|/cos §)(—sin T + 7 cos 7)e =
(|x,|/cos B)(ie¥)e” = (|x,|/cos §)ie’**. Hence, (d/ds)Rex = Re (dx~'/ds) =
— Re (x%dx/ds) = — Re (x~*dx/d7 - dz/ds) = — Re {(cos 6/(|x,| cos 7))%e** -
(lx,|/cos B)ie™ - (—cos 6/|x,|)} = 0. This proves that the function Re (1/x)
is constant as x travels on the curve /™ and consequently the assertion
(12.3) holds.

We consider the case when x,€D,. By virtue of Property (ii) in
Proposition B, we have, for example, |U(x)| < |U(x,)| = |%’]| < bX (arg ;)
on I'. But, by the definition of X, (arg x), we have X, (arg x) = 1 constantly
when xelI”’. Thus we have

(12.4) [U(x)] < bXA(arga) on I .

This proves that the first inequality in (8.11) holds on the curve /7. In
quite a similar way we can prove that the second one in (8.11) does on
the same curve.

We consider the case when x,€D,. By virtue of (12.8), we have,
for example,

(12.5) [U(x)| < [u’||x/x,]® on I
= |u’|(cos T/cos ) 0 <7 < m/4.
But,
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(0 if (0 —=n/2| < x/2,
[Blecos o] if m/2< |0 —m2|<m—c¢.

Suppose that 0 < 6 < n/4. Then, |U(x)| satisfies the inequality |U(x)| <
b’(cos t/cos 6)* for a r-interval [0, 7/4]. Since x is on I"”, we have 0 <
r < w/4, and

2.7 0<cost/cosd £ 1

for the z-interval [0, w/4]. Hence, it holds that |U(z)| < bX (arg z) on
I'", because, in the r-interval under consideration, we have X (argx) =1
identically.

Suppose that —7/2 +e¢ < 6 < 0. Then, owing to (12.5) and (12.6),
we have the inequality |U(z)| < b°|cosz|* for 6 < 7 < n/4. Thus, by the
definition of X (arg x), we have |U(x)| < bX (argx) on I'".

In any case, we obtain |U(x)| < bX(argx) on I"'. At the end point
of I, say z,, we have |U(x)| < bX (argx,) = b°. Hence, by virtue of
(12.2), it follows that |U(x)| < b° = b, (arg «) on I”, because X, (argz) = 1
for xel”. Thus we have proved that |U(x)| < bX(argx) on I, .
Similarly, we can prove that |V(z)| < bX,(arg ) on I,,.

The case when x, € D, can be treated in almost the same way. Thus
the inequality (8.11) has now been verified.

(12.6) |u’| < b (arg x,) =

13. Verification of the inequalities (8.14). By virtue of (12.1) and
(12.3), we have |Ux)| = |uw||x/x,|%, |V(x)| = |2°||2/x,|® on I'". The
relations (8.6) and (8.7) imply that |z/x,| < (sin¢)*. Hence, we have
|U(x)| < |u’|(sine)™®, |V(x)| < [v°|(sine)™® on I'. But, the inequalities
(8.12) and (8.13) show that |U(x)| < |U(x,)|, |V(x)| = |V(x,)|, where =, is
the start point of the curve I” or the end point of the curve I'’. Thus
we have the inequalities

|U(x)| < max {|u’], |u’|(sine)™%} = |w’|(sine)™* on T, ,
|V(x)| = [v°|(sine)* on I, ,
because, ¢ is supposed to be sufficiently small. Thus we have the
inequalities (8.14).

Acknowledgment. The author wishes to express his gratitude to
the referee for his constructive remark by which the expression (8.4)
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