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§1. Introduction

As is well known, actual solutions of linear ordinary differential equations
in a neighborhood of an irregular singular point are characterized and asymptoti-
cally represented by formal power series solutions which are in general divergent.
It may be more desirable to obtain the convergent representation of solutions
in a neighborhood of an irregular singular point in computing the exact value
of a solution. For this objective, J. Horn [1, 2], W. J. Trjitzinsky [12] and
H. L. Turrittin [14] attempted to sum formal power series solutions by means
of the so-called Borel exponential summation and obtained convergent generalized
factorial series expansions of actual solutions near an irregular singular point in
some cases. In particular, H. L. Turrittin attacked this problem of summation
for systems of linear differential equations believing that all formal power series
solutions could be summed in every case. Although a considerable progress was
made, he did not succeed in summing formal power series. solutions in all cases
in his paper [14]. See also [15]. . .

The method of obtaining convergent generalized factorial series expansions
of actual solutions near an irregular singular point is due to the decomposition
of an original system of linear differential equations into a sum of a certain number
of nonhomogeneous systems of linear differential equations whose solutions are
expressed in terms of Laplace integrals.

We here consider a system of linear differential equations of the form
(1.1) 42X — wawx,
where the matrix A(t) is holomorphic at 7= 00, i.e., it permits a convergent power
series expansion

(1.2) A(7) = 20 A zm

for sufficiently large values of 7.
If we then put

(1.3) X@ =% (Cr + 2@ € =)
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for a certain number h and an appropriately chosen number g, the functions
Z(&( =0, 1,...,g — 1) satisfy nonhomogeneous systems of linear _diﬁ'erential
equations and are expressed in terms of Laplace integrals. Thereupon we apply
the following N. E. Norlund theorem [9] to those Laplace integrals. See W.
Wasow [16; Chapter 117.

THEOREM (N. E. Norlund). Let Z(&) be a function of the form

(1.4) 2@ = 2o+ 29

¢ ¢
where A(§) is holomorphic and bounded in a right half-plane Re{2x>0, and
be expressed in terms of the Laplace integral

(1.5) Z) = S:e-és.ﬂz(s)ds,

where Z(s) is holomorphic in a half-infinite parallel strip containing the non-
negative real s-axis and has the property
(1.6) lime *sZ(s) =0
s+
in that strip.

Then there exists a constant wo=1 such that for w>w@, the function Z(&)
can be represented by an absolutely and uniformly convergent factorial series

Z, .
o L& ()

For our purpose, we may only determine the number of decomposition g
appropriately and investigate whether or not the functions Z,(¢)(/ =0, 1,...,q — 1)
have the properties stated in the above theorem. H. L. Turrittin, following
W. J. Trjitzinsky’s work [12], determined the number ¢ in each considered prob-
lem corresponding to the rank g and then analyzed the functions Z,(¢). But
the validity of the determination of the number g seems not to be clear. ~There-
fore in this note we shall show that the number ¢ is determined by the growth of
coefficients of formal power series solutions as an inevitable consequence and ob-
tain a small extension of H. L. Turrittin’s results.

In the system of linear differential equations (1.1), the integer g is called Poin-
caré’s rank of the singular point at t=o00. Since it is easily verified that when
g=0,i.e., t=00 is a regular or a regular singular point, there exists a fundamental
set of convergent power series solutions in the neighborhood of = oo, we assume
that g>0. It should however be noticed that even if g >0, 7= oo is not necessarily

Ms

(L.7) Z©) = (Re ¢ > k).

r
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an irregular singular point. See [7, 8]. We may therefore assume that the
system of linear differential equations (1.1) has t=co as an irregular singular point.
We can always seek independent formal power series solutions of linear differential
equations near an irregular singular point. The precise form of such formal
power series solutions of the system of linear differential equations (1.1) was
ingeneously given by M. Hukuhara [3, 4] and independently by H. L. Turrittin
[13]. As the starting point of our study, we here quote H. L. Turrittin-M.
Hukuhara’s results from the paper [14] and write them in the following

THeoreM (H. L. Turrittin-M. Hukuhara). An appropriate nonsingular
transformation

(1.8) X = P(1)Y = (éo P R)Y,

where N and p are suitably chosen positive integers and the change of variables
t=1!/? reduce the system of linear differential equations (1.1) to the canonical
form

(1.9) 4L = Gu(pOL + J) + 3 Biy(myrmY

G,j=12,.,p,
where 0;; is the Kronecker delta, I; (i=1, 2,..., u) are n; by n; identity matrices,

J;(i=1, 2,..., n) are n; by n; matrices of the form

0

gl | _

(1.10) J;= . , e =0o0r1 k=1,2,....,n,—1)
g2

]
O .s(in(—l). 0
and the infinite series of n; by n; matrices

(1.11) ﬁl Bym)™  (iyj=1,2..., )

are convergent for sufficiently large |t|, say |t|>t,>0. Moreover, p(t)(i=1, 2,...,
w) are polynomials of the form

(1.12) pit) = alth + al~1h=1 4. 4 o,

h being a positive integer, and no two of the polynomials (1.12) are identical,
ie., if i#j(i,j=1,2,..., w), for some k (0=k=h)
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(1.13) ak#ak

holds. In particular, if

for i# j, then the difference a? —a9 is not only not zero, but it also is not an
integer.

We here remark that in (1.12) h cannot be zero from the assumption that
the system of linear differential equations (1.1) has not a regular singularity at
T=00.

We can then find independent formal power series solutions of the canonical
system of linear differential equations (1.9) of the form

(1.14)  Y(O) = (U;(1)(5;;exp (pLO]; + J;log1)) (,j=1,2,..., 1),

where

" h-1
(1.15)  pio) = “—h't" + Z'Tlt"“ + o +alt +af logt

i=12,...,p
and the matrices of formal power series U;(t)(i, j = 1, 2,..., ) are of the form

(L16) U0 = Uymen,

(1'17) Uij(t) = t_h“_l io Uij(m)t—m (i #J; ia.’ = 13 2,---3 ”‘)’

In the above expression the nonnegative integers h;; (i#j; i, j=1, 2,..., u) are
determined as the largest integers such that

7:5(t) = pt) — p;(t)
= r,-j(h,-j)t"‘f + Flf(hlj - l)thij_l + 4 F“(O),

(1.18)

where I';j(h;;)#0. In particular, if h;;=0, I';;(0) is not an integer. Evidently,
the relations

hy = h,,
(1.19) { T

_ Fij(hij) = _rji(hji) i#j56,j=12,...,p
hold.
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§2. Estimates of coefficients of formal power series solutions

In this section we shall analyze the growth order of coefficients U;;j(m) of
formal power series solutions for sufficiently large values of m. To this end, we
first seek recurrence formulas satisfied by the coefficients U;j(m), substituting
the formal power series (1.16) and (1.17) into the following systems of linear diff-
ferential equations respectively:

& B (m)™U,,,

m=1

Q1) tU);= Uy = JjUs; + (X By (myr™Uy; +

M=

1
J

(2.2) tU}; =y;:0U;; + (UiiJ; — JUy) + (mz=:1 Bii(m)t_‘m)Uij

+ ( 21 B;j(m)t™U,;; +
m= K

LI M=

1 ("21 Bu(m)t™U,,; .

)

x>
A

We then obtain

(23) Uy (m)( = m = J)) + J,Uj;0m) = 3 B ()Uyy(m = )

+

FiM=

m=hgi~1
) “y' Bu(s)Upj(m —hy; — 1 —s) (m20),
i = '

putting U;(m)=0 for m<0. - We may therefore put
2.4) U 0=1;, @(=12.,n.

If i#j and h;;#0, we have, considering (1.19),
hij—1
F”(hu)U”(m + hij) = - kgl r”(k)U”(”’l -+ k)

(2.5)
LJ m+h;j+1
5 s =9+ B 1
m+hij—hg;

+ sz_‘.l ‘ Y Bu()Ui(m + hyy — by —s)  (mz0),

k#i,j s=1

putting U;;(m)=0 for m<0 and hence from (2.4)

(2.6) U,,(0) = rBJéz],)) :
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In particular, if i#j and h;;=0, we have
(2.7) Uijm)(= m — 1 + I;0) = J;) + J;U;(m) = El Bi(s)U;(m — 5)

. mt1 . L m—hy .
+Z BOUm+1=9) + 3 35 Buls)Us(m  hyy =)
CEi,j :

(mz20),
putting U;(m)=0 for m <0 again and hence

(2.8) Ui 0)(— 1 + I'j(0) = J)) + JU;0) = B(1).

From the above recurrence formulas the coefficients U;(m) can be uniquely

determined in succession.

Now in order to proceed to estimating the coefficient matrices, we rewrite
n,x n; elements in the coefficient matrices U, (m)(i, j=1, 2,..., p) in the form
of n;xnjdimensional column vectors #;(m)(i, j=1, 2,..., n). Then the re-
currence formulas (2.3), (2.5) and (2.7), the second subscript j being fixed and
hereafter dropped from I';;, h;; and the vectors #;,(m), can be rewritten in the

form

(2.9) (= m— B,;,(0)%;(m) = gl B;,()U;(m = 5)

B om—he—1 B
+ 3 }-;1 B (S)U(m —h, — 1 —5),

k s
k

—

#7

~.

2.10)  Tu(h)U(m +h) = — 'S Ty(k)@y(m + k)

k=1

m m+h;+1
+ Z=‘,‘ Bii(S)U(m — 5)+- Zl Bii(S)U;(m+ h +1—5)

m+hi—h
1

"
+ 3 " Bu()U(m + by — By — ) (h, £0),
k#i,j

@21 (=m—1+T,0) - %,;(0)%(m) = Zjl Zii(s)%i(m — 5)

m+1
+ }_:l Bij(s)Uj(m+1—5)+
k

m—zl‘;k Bu()U(m — by — 5)

§=

TI.ME

+*

iJ

(h;i=0),
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where #,,(s)(i, j=1, 2,..., n) are (n}) by (n;x n;) matrices corresponding to the
matrices Bj(s) and #,(0)(i, j=1, 2,..., u) are (n;xn;) by (n;xn;) matrices
constructed from the formulas

Since the infinite series (1.11) are convergent for |[¢|>t,, the absolute values
of all the elements in the coefficient matrices B;;(m) are not larger than a certain
constant times # to the power m for sufficiently large n>t,. Defining the norm
of a matrix A=(a;;: i, j=1, 2,..., n) and a vector X =(x;: i=1, 2,..., n) by

I4] = max( 3, la;)),
i Jj=1
X1 = max (1xi)

respectively, we have
(2.12) 1B = Mys (i,j=1,2,..., )

for a sufficiently large positive constant M.

We can now obtain a system of linear difference equations whose solutions
dominate the norms of U(m)(i=1, 2,..., u). Considering, for instance, the
inequality derived from (2.9)

@13) (= 1 @,0DI%m)] S £ 18,61 12,0m - 9
+ 2 7S 1@ nm = by~ 1= 9]

k=
k*j

[

and using the estimates (2.12) and the relations
(2'14) "gu(o)" =2 (ls.] = 1, 21-'-, #)9

we obtain a scalar recurrence formula of the form

(2.15) (m — 2)V,(m) = M( gl vV (m — s)
2 m—hg—1
+ > 3 npVim—h,—1-y5).
&

Likewise, from (2.10), (2.11) and (2.12) we obtain scalar recurrence formulas
of the same type as stated above. The system of recurrence formulas derived
in this manner may be called a majorant system of recurrence formulas cor-



612 Mitsuhiko Konno and Masahide OHTOMO

responding to (2.9), (2.10) and (2.11) in the sense that giving appropriately initial
values, the solutions of this system dominate the norms of #(m) (i=1, 2,..., y),
ie.,

(2.16) le(m| £ Vi(m) (=121

hold for all values of m.
Moreover, replacing m by m—1 in (2.15) and substracting # times the formula
derived just now from (2.15), we have the required linear difference equation

Q@.17)  V;(m) = (ﬁ‘——“—M)nV (m—l)+< My )z Viim — by —2).

By exactly the same procedure, we have

(2.18) Vi(m) = e;Vy(m — 1) + ci(”",:—_*zM)qu(m -1

hi—1
+ Y di(hy + 1 —-k)Vi(m — k)
k=2

+ (Trir +diD)Vilm=h)

m+ 2+ |[0)] .
+(en = P i =

g " (m — hk—1)+c<m1‘f’72)k§::1n(m-hk—z)
k#j

k#l o J
i#Jj)
for h;#0 and
@19) Vitm) = (22 2L LA M i — 1)
Mn -3 + M _
+(m S - ;r,.(0)|>< m— >”V’("’ D

Vilm — b, — 1)

‘“‘TI-Mt

+(i= IA—MIF(O)I)

,.I

=) (e z)E.V"(”‘ “h=D
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for h;=0. In the expression (2.18) we put for brevity

T = D] + k)|
(2.20) i T30 | ’

|ITi(k — D] —nlli(k)|

.21) dy(k) = 0]

(Isksh—1),

Mn

(2.22) = Trh)T

(G#j;i=1,2,., ).

We have thus obtained a majorant system of linear difference equations. In order
to estimate the growth of the coefficients #;(m)(i=1, 2,..., u) for a fixed j as
m— o0, we may investigate the behaviours of solutions of this system of linear
difference equations as m—oo. To this end, the very important theorem by
O. Perron [10, 11] is effectively applicable.

THEOREM (O. Perron). Consider a single n-th order linear difference equa-
tion

(2.23) g(s +n)+ a,(s)gis + n — 1) +---+ a,(s)g(s) = 0,

where the coefficients a; (s) have the properties

(2.29) lim —‘54‘5— = q constant (i=1,2,...,n).

s—»o St
We here construct an upward convex Newton-Puiseux polygon in the usual
orthogonal coordinate system such that the points with the coordinates

(225) (05 O)’ (1’ kl)’ (2’ kz)"“’ (n’ kn)

either lie upon the polygon or below it. Assume that the polygon consists of
o sides Si(k=1, 2,..., @) with the directional coefficients r, respectively and the
difference of abscissas of two end points of S, is equal to n,, i.e.,

(2.26) n,+n,+-+n,=n.

Then there exists a fundamental set of solutions of the linear difference equation
(2. 23) which is split into o classes of solutions in such a way that every solution
or every linear combination of solutions belonging to the k-th class has the
growth property

1
)

(2.27) fim | 9(5)

9(s) _|* <
soo | T(s + )| = Cs
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C, being a suitable positive constant. And that, the number of solutions included
in the k-th class is n.

We shall now apply O. Perron’s theorem to a system of linear difference
equations (2.17)-(2.19). First, consider a special case whenall h;=h (i=1, 2,..., p).

If we put
Vi(m)
(2.28) G(m) = Vz(m)
V,(m)

the column vector G(im) satisfies an (1 +2)-th order linear system of difference equa-
tions

(2.29) G(m) = o ;(m)G(m — 1) + o ,(Mm)G(m — 2) + -
+ Ay (MG(m — h — 2),

where the u by p coefficient matrices &7, (m)(k=1, 2,..., h+2) are easily obtained
from (2.17) and (2.18) although we do not here write their explicit forms. For
the purpose of applying O. Perron’s theorem, we again construct a majorant
linear difference equation corresponding to (2.29)

(2.30)  g(m) = a;(m)g(m — 1) + a,(m)g(m — 2) +--

+ay42(mg(m — h — 2),
where we set
(2.31) a(m) = | m) (k=1,2,.,h+2).

Then the just needed information is to know the growth properties of the coeffi-
cients a,(m)(k=1, 2,..., h+2) as m—oo. It is easy to see from (2.17) and (2.18)
that

(2.32) "l'i_{gloak(m) = a constant Agksh-1),
"l'mm a,.,(m) = a constant
and
(2.33) ’}'Ln; a,\_’(nm) = q positive constant (k=h, h+1).

Hence the coordinates of the points corresponding to (2.25) are
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(0’ 0)7 (1, O)»--" (h - 1) 0)9 (h’ 1)9 (h + 1, 1)! (h + 2_, - 1)

Since the Newton-Puiseux polygon then consists of three sides with the direc-

tional coefficients %, 0 and —2 respectively, every solution of the linear dif-
ference equation (2.30) at all events has the growth

S

(2.34) Tim |- 90m |"sc

mw’ T'(m+ 1)17%

IIA

for some constant C. We therefore obtain

IIA

1
(2.35) Tim |- Yu(m) "sc =12,

m—»oo] I'(m+ 1)1/h

for a fixed j. This result is the same one as derived by H. L. Turrittin in the paper
[14].

Next we consider the behaviour of G(m) for sufficiently large values of m
in general case. In this case an important role will be played by an integer

(2.36) g = min{h; # 0}.
i#j

All the coefficients in the linear difference equations (2.17) and (2.19) tend to
finite values as m—oo.  On the other hand, the coefficients in the right hand side
of the difference equation (2.18) except for the hi-th and (h;+ 1)-th coefficients
are constants or tend to finite values as m— oo and the h;-th and (h;+ 1)-th coef-
ficients have the behaviour mO(1) as m—oo. Therefore the system of linear
difference equations (2.29) satisfied by G(m), which is of at most (h+2)-th order,
but exactly h (= max {h;#0} +2)-th order, has the first (¢g—1) coefficient
matrices &, (m) (k—l 2 ., q—1) and the last coefficient &/ 4(m) which tend to
finite values as m—o0. Moreover, we easily have

(2.37) o (m) = mO(1),
(2.38) L(m)y=mo(l) (@+1=5k=gh-1).

The corresponding majorant linear difference equation in the form (2.30) has
the same properties as the system (2.29) has, i.e.,

(2.39) limay(m) =a constant (1 £k < q — 1), limma,(m) = a constant,

(2.40) lim f—";(n—"—')— = a positive constant ,

m— @
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(2.41) lim ﬂr%"ﬂ= aconstant  (q+1<k<h—2)
m—>

and in particular

(2.42) lim ﬂl’;fi) = a positive constant .

The Newton-Puiseux polygon, constructed by the points
(2.43) (0,0), (1, 0),..., (g — 1, 0), (g, ),..., (k, 8)s..., (h — 1, 1), (h, = 1),

where 6,=0 or 1, has three sides with the directional coefficients —l—, 0and -2

respectively. Applying O. Perron’s theorem to the majorant linear difference
equation (2.30), we have

il

T g(m)
(2.44) lim |- Fop v 1y7

IIA
a

for a suitable constant C.

We have thus obtained an important result with regard to the growth of the
coefficients of the formal power series solutions (1.14) of the canonical system
of linear differential equations (1.9). We describe it in

THEOREM 1. For a fixed j, define a positive integer q; by

(2.45) q; = min {h;; # 0}.
i#tj

Then we have

S

T Ui;j(m)
(2:49) M | Fom + D7

IIA
9
-~
]
N
R
N’

for a suitable constant C.

§3. The decomposition of the original system of linear differential
equations

Theorem 1 in the last section not only gives the growth of the coefficients
of the formal power series solutions, but also seems to teach us the number of
decomposition g.

We should like to attempt to represent solutions of the system of linear
differential equations (2.1) and (2.2) by sums of Laplace integrals as follows:

GD U0 =8 U0+ [Texn(-mowag,
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(2 Uy =il 8 (U0 + 1 Cexp( - O W (©)de)]

(i#ji=1,2,...,p0

for each j (j=1, 2,..., p).
For that purpose, we put, the second subscript j being fixed and dropped from
Uij(0), Ui (D), 7:5(0)s hu and ¢q; again,

(3.3) U =S U + 2,
(3.4) Uk) = ret LR UMD + Z(0]

(i#j,i=12,.,p,
where Z(t)(i=1, 2,..., u) are moreover expressed in terms of
q-1
(3.5) Z(n = Zo riZi() (i=12,..,p.
=

If we first substitute the expressions (3.3) and (3.4) into the system of linear dif-
ferential equations (2.1) and (2.2), we have a nonhomogeneous system of linear
differential equations of the form

(3.6) 1) = 2,0, = J;Z; + (3 B;;(mye™Z;
B 0 ©
+ kz=:1 (mz=:1 B (mytrmyri-1Z, + mz=:q C,(myr™,
k#j

(B7 thMNZi= —y O ™MZ, + 7" {Z(J;+ b+ 1) - Z}

* (mil By(myrmuZ, + (,,.21 B;j(m)t™tZ;
+ léll (mil B, (m)t—™)tmZ, + mi::q Ci(m)yt™
k#i,j

(#ji=12..,p),

considering the formulas determining the first g coefficients U /)(/=0, 1,...,
q — 1). Next we substitute the expressions (3.5) into the above differential equa-
tions (3.6) and (3.7) in order to obtain a system of linear differential equations
satisfied by the functions Z}(t9)(i=1, 2,..., u; I=1, 2,..., q—1).

Here we consider the functions Z!(¢9) as functions of a new variable s, defin-
ing s=14,
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Putting
o0 q-1 0
(3.8) 3 By mumr = 3 (5 By (mg + s,
o) q-1 0
(3.9) m;l B (myt—mhey = E’o i mgo BY(mgq + I)Sfm)
(v=0,1,...,9-1),
where
(3.10) By ,()=0 (L),
(3.11) Bu()=0 (sv+hy,

we immediately obtain g systems of linear differential equations

dzZ% -1 o
(3.12)  gs—7 L —1Z)= ZJ; - J,Z) + £ ( 3 By(mg + s Z;
-1 4 o
+ 2 X (X Bulmg+1—1)sm2Z;
v=0‘l:;} m=0 -

+ ile(mq+1)s"" (1=0,1,.,q-1)

from (3.6).
Consider now the case when h;>0. In this case we put

(3.13) hy=pgq + d;,

where p; and d; are nonnegative integers such that

(3.14) izl 0sdisq-1.

From the definition (2.45) of the number g we have
hi=q (pi=1,d,=0)

for some i. We then moreover put

(3.15) 2(OF Y = Tt + jﬁ: ti’(Api: ry(mgq + Ds™),
(16 (X Bymrmrr =5 o $ Bymg + s

v=0,1,.,q9-1), .
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where
3.17) riy=0 (I =v,
(3.18) () =0 l=sv-1)

and obtain g systems of linear differential equations

1-d;
(3.19) S"’"‘(qsd—zt'l",: - (g+1- d,)z:'”'")

q-1 Pit+1
=-Th)Zi- £ ( X Tilmg +Ds™™Z}
+ s_p‘—l(z‘il+l_di(Jj + hi+ 1) — JiZ?‘”'di)
q-1 » 0 o
+Z X (% Bi(mg+Ds™Zi+ 3 Cimg+D)s™

(=01,..,d -1,

(3.20) s“"(qs d fjs'd' - (- di)Zi““>

q-1 Pi+1
= —Tyh)Z} - v./ilo ( mgo Iy(mg+1)s™™Z}
+s7P(ZENI + b+ ) — T ZE )
-1 K @ 0
+ vgo :;1 (mgo BYy(mg + 1)s~™) Z} + Z=‘,l Ci(mg +1)s™
(I=d,d +1,.,9-1)

from (3.7).

In the remaining case when h;=0 we similarly obtain g systems of linear
differential equations by means of putting h;=p;=d;=0 in (3.20) and omitting
the second formula in the right hand side of (3.20).

From the construction of the above decomposed system of linear differential
equations it is easily seen that the infinite series

G2 Z)= T Umg+Ds™ (=120 030 =0, 1yqg = 1)

are formal power series solutions.
We shall now turn to the representation of solutions of the decomposed
systems of linear differential equations by Laplace integrals. To this end, we put

(322 Zio) =T WiOdE (=121 =0. 1 g 1)
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and investigate the behaviours of the new functions Wi(¢)(i=1, 2,..., p;1=0,
1,...,g—1). By a formal calculation we then obtain an associated system of

integral equations of Volterra’s type for Wi(&)(i=1, 2,..., u;1=0, 1,..., g—1).
Corresponding to (3.12), we have

(3.23) - qWiQ) = XZ{WL'(CWJ 1= I
q-1 0 _ m
+ 2. (Z, Butma + 0 E w0

q-1 u o _ m
+ v;o 21 <m§0 B}k(mq +71-1) %)W}:(C)}dc

k=
k#j

+ 3 Q‘L’”‘I'_'H)_gm (I=0,1,...,g—1).
m=1 m.
Corresponding to (3.19) and (3.20) for h;>0, we have

(24) LW = = T TIOWIO + 3, BLUDIWHE)

I=hyg—1

By () Wi(%)

v=0

+

1

Ed
W
o=

—1 Pit+1

_Zg

v=0m

)

ritmg + {08 wroar

1 (m—1)!

+

CE= P g i)
g () EoDT owaraa

+ gi ﬁ_;%i(wg+l—di(§)(1j +(pi+)g+1)— JWit-4()d¢

+3 5 % Bumg+ 0 [ CZO0 wyar

v Cimg +1) ¢ = -
t X m=nr ¢ (=0 1L..d-0),

(3.25)  TWWIO = - T THOWID) + 3 BLOWYD

B I-h—1
+3 3 BLOWIE)
k v=

S

#
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_agiegt ¢ (&= pmt ,
TS Titmg + 1) §0 L O Wi

+

O (9 L -4
‘]So =T wi4({)d¢

¢ — Pt
+ So %_C_)’l’)!_ (WO, + pig + 1) — LW4()dL

Bi(mg + 1) |* L= O wiar

& C,(mq+1) m- _ _
+ X Tttt U=didit L, gD,

Lastly, corresponding to (3.20) for h;=0, we have

(26— atwi© = | WO U, + 14+ 1 - TO) = W)

¢
0

+ 3 GlmatD e Go0,1,.,9-1).
=1 m:

We here remark that (i) the third formulas in the right hand sides of (3.24)
and (3.25) have meaning only for h,=0 since if h,>0 ie., h,=q, B}(/)=0 (0
<I<q-1) hold for any v (0<v=<g-—1) and (ii) the fifth formula in the right
hand side of (3.25) must be replaced by

(3.27) QWi (&)

for p;=1.
We have thus obtained the associated system of linear integral equations (3.23)
—(3.26) with entire functions as their coefficients. The problem to be solved is
to seek solutions of this system of integral equations with such properties as to
guarantee the well-definedness of the integrals (3.22) and the validity of formal
calculations done above.

We can immediately prove a local existence of solutions of the associated sys-
tem of linear integral equations in a neighborhood of the origin £=0. Let us
define series by

(.28) Wi@) = ¥ LMD rr (= 1,20 431 =0, 1 g = D).

Considering a formal calculation leading to
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© _of 2 Uf(mg+1) _> & m
sé —0Td o Emm L) gE = Ui(mg + I)s
Soe <m§1 (m - ])' é é mgl ( 1 )

and the derivation of the associated system of linear integral equations, it will be
clear that the series (3.28) are formal solutions of the system of integral equations.
However by means of Theorem 1 and the asymptotic behaviour of the gamma
function we can prove

() (2421)

1
im | Ulmg + 1) | ™ o 77— Ui(mg + 1)
Im | —=Fm) | =,}L’£‘o! T(mg + [+ 1)1/
1 1
x Tim | Lomg b L+ DT |"
= Cy

and therefore the series (3.28) actually eonverge for |£]|<C~2g~1.
We state the above result in the following

THEOREM 2. The series defined in (3.28) are actual solutions of the as-
sociated system of linear integral equations (3.25)—(3.26) in the neighborhood
of the origin =0, i.e., |E|<C g~ "'.

Now, for our objective, it must moreover be shown that solutions of the
system of integral equations exist in the large and have at most the exponential
growth of £ as {— oo in order to guarantee the validity of Laplace transformations
(3.22) and apply N. E. Norlund’s theorem. We can easily show the existence
of solutions in the large by the successive approximation method. Such direct
proof will be referred to J. Horn’s papers and also W. Wasow [16]. But it seems
to be difficult to prove that the solutions have such properties as described in N. E.
Norlund’s theorem. In the next section we shall study a special case in which
h;=q or h;=0(i=1, 2,..., p) and make progress in H. L. Turrittin’s work to a
small extent.

§4. Generalized factorial series expansions

We consider a case when h;=q or h;=0(i=1, 2,..., u) for a fixed j. Let
us denote n;x n; elements of the matrices Wi(¢)(i=1, 2,..., u;1=0, 1,...,g—1)
by n;xnj;-dimensional column vectors «{(¢) (i=1,2,..., u; /=0, 1,..., g—1).
Then the integral equations (3.23) can be rewritten in the form

@D - gtel@ = [euiar + 5 % ('8 - 0w)dt + €}
(l=0,1,.,q9-1),



A Note on Generalized Factorial Series Expansions 623

where &% (I=0, 1,..., q—1) are n? by n} constant matrices relating to the for-
mulas W4&)(J;+1)—J;Wi(&), and the n? by nm,xn; matrices Bi3(¢) (k=1,
2,..., 451, v=0,1,..., g—1) and the n}-dimensional column vectors €}(¢) (/=0,
1,..., g—1) consist of entire functions of £&. We hereafter use the same notation
as above. Itis easy to see that the integral equations (3.26) corresponding to
h;=0 can be rewritten in the form similar to (4.1).

From (3.25) and (3.27), the integral equations corresponding to h;=q (p;=1,
d;=0) can be rewritten in the form ' -

(42)  (Iih) = gOel(® = = Z. M1

T a0 )e(®)

k=1
v=0

1
+ 3 D) +

M=

L
J

—

o
+ -

(‘o0 - v

-
o

-1

+'5 & P80 - Der it + €10)

=0

(l=09 la ~-,Q“ 1)’

where 2!} (I, v=0,1,.,9—1) are n;xn; by n,xn; constant matrices and
6 (4, v=0,1,.,q—1) are n;xn; by n;xn; matrices -consisting of poly-
nomials in ¢ of degree at most 1. For our further analysis, in terms of successive
substitutions after multiplying both sides of (4.2) by £ and then replacing the second
and the third formulas in the right hand side of (4.2) by the right members of (4.1)
and the like, we obtain the following more suitable expressions of the integral
equations:

@3)  (Tihy) — &) 1Eal(E) = SZ PI(E, GH(E — 0), BH(E — 0)l(D)dL

-1 n (¢
+'5 5 (o o1 - 0, Bi - Dwra

where PI(&, y%, z*) and RI(¢, z*) (I=0, 1,..., ¢—1) are linear in y* and z* (A=0,
1,...,1) with coefficients of polynomials in ¢ of degree at most / and (/+1)
respectively, and Q}¥(¢, y4, z§) (k=1,2, .., u; I, v=0, 1,..., g —1) are polynomials
in y* and z} (h=1, 2,..., u; A=0, 1,..., ) of the first degree with coefficients of
polynomials in ¢ of degree at most (/+1).

Let S be a closed domain in the complex ¢-plane which consists of a circular
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disk about the origin £ =0 with the radius less than C~9¢~! and sectors with vertex
at the origin and appropriate central angles so that S has a positive distance from
the points I'(h;)/q corresponding to h;=gq. It is easily verified from (2.12) that all
the entire functions BAx(&), €HE) (h, k=1, 2,..., u; 4, v=0, 1,..., g—1)have the
exponential growth as {—o0. We can choose positive numbers K and 6 such
that

4.5) IBH(ON = Keolél
and
(4'6) “gﬂ(é)” é Keolgl (h, k= 11 2v-'-9 u; As V= 0’ la-'-’ q-— l)

hold. Moreover, taking, if necessary, a larger positive number K than that of
(4.5) and (4.6), we have for £ in S

4.7) 1G#(& — O < Kefls-4l,

“5 | P 61— D, B = )| < e,

and

(4.10) H (rf‘(if_‘f)’ f"-q(f)),{, <Ke®ltl (L Av=0,1,.,q—1).

We here remark that since the entire functions C}(¢) and C{(§) corresponding to
h;=0 have the factor ¢ (see (3.23) and (3.26)), Ri(&, €#(£)) can be written as

(4.11) RYE, €4&) = ERIE, €HD)),

where RU(¢, %) (I=0, 1,..., ¢—1) are linear in 5* (A=0, 1,...,]) with coefficients

of polynomials in ¢ of degree at most / and %;}(f) (h=1,2,..., u; A=0, 1,...,])
are entire functions, and

1 A
@.12) ”(I}" ((i f_‘gg,” < Ke®¥l  (I=0, ..., g—1)
hold.

Under these preparations, we can apply the usual successive approximation
method in order to prove the existence of solutions of the associated system
of integral equations (3.23)-(3.26) and at the same time to estimate the growth order
of these solutions as ¢—o00. Since the proof of the existence is not difficult, we
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here follow the analysis used first by J. Horn and later by W. J. Trjitzinsky and
H. L. Turrittin (see Lemma 1 in [14]) to obtain the behaviours of the solutions
WYé (i=1, 2,..., u; I=0, 1,..., g—1).

THEOREM 3. The matrices W(&) satisfying the associated system of inte-
gral equations (3.23)~(3.26) and defined in the neighborhood of the origin by the
series (3.28) can be analytically continued along every ray in S and satisfy the
inequalities

(4.13) IWHOI = Me®lél (i=1,2,..,0;1=0,1,.,9—1)
for sufficiently large positive numbers M and ¢.

Proor. We consider the integral equations (4.1) and the like correspond-
ing to h;=0and (4.3). From the definition of the solutions «}(¢) in the neighbor-
hood of the origin £=0, we can choose a constant M such that

(4.14) lelOl <M and [ol(&)] < Merlé!
(G=1,2,.,451=0,1,.,q—1)

hold for all =0 and || £¢&,, &, being a positive number less than C~7¢~'. Sup-
pose that all (&) (i=1, 2,..., u; [=0, 1,..., g—1) do not satisfy the inequalities
similar to (4.13). Then, for some pair of i and /, say i=i" and /=/", we have

(4.15) et (ED)] = Me®18']
for some point &' (|¢']| > &) in S, while
(4.16) O < Me®lél (i=1,2,..,p51=0,1,..,9—1)

for all [¢] <|¢'|, when we analytically continue /(&) along the ray connecting the
origin with the point &'

For instance, let »!/(¢) be represented by the integral equations (4.3). Then
from (4.8)-(4.10)

4.17) 1] b = [€1Me#1¥')
<[ l—,(,,)—!Ke"lg <l ()11 ]

+ Z ZS Ke' ¥~ (ONd L] + Ke®1€'

v=0 k=1

< MKXW e (8 1=1EDeolIg | |

]m‘

+unKg Ieo(lé’I-ICI)e¢|£|d|“ + Kebl¥'l,
0



626 Mitsuhiko Kouno and Masahide OHTOMO

where the path of integration is the ray connecting the origin with the point &’
in S. If we take ¢ >6 and moreover choose ¢ sufficiently large from the outset,
the above inequality leads to

K Slé’l _ .
| < : O-6)1& 1-1Eh g
Tk — T Jo ¢ <l
4 auK S""e<o—¢><|¢'|—lc|>d|C| + K gw-one
So Jo €o
1 qu) K K -0
- Lar\_ kK K
(“lr.-mo e B i e B ’

which is a contradiction since the right member will be less than 1 for a sufficiently
large value of ¢. Analogously, if »}(¢) is represented by the integral equation
(4.1) and the like corresponding to h;=0, the inequality similar to (4.17) leads to a
contradiction from (4.5) and (4.6). Thus the proof is completed.

Now we shall return to the study of Laplace integrals
Z(s) = S“’ eREWIEOdE  (i=1,2, ., 10=0,1,..,q—1),
V]

where the path of integration is some ray argé=Y¥ in S. From Theorem 3, it is
easily seen that the above Laplace integrals are absolutely convergent and hence
define analytic functions in the half-plane

(4.18) Re(se!¥)> @ = ¢ + ¢,

¢ being an arbitrarily small positive number. Formal calculations done until
now are legitimate and, as a consequence of it, the analytic functions Z!(s) are solu-
tions of the decomposed system of linear differential equations (3.12), (3.19) and
(3.20) in the half-plane (4.18). Moreover we can easily check the conditions in
N. E. Norlund’s theorem to obtain the convergent factorial series expansions

(4.19) zis) = £, (22 (22 Af?)( e )
w w

w

(i=1,2.,050=01,.,q9—1)

in the half-plane (4.18), where the positive constant w is sufficiently large and the
constant coefficient matrices A!(r) also depend on ¥ and w.

We have thus obtained the following main theorem in this note.

THEOREM 4. If for some j (j=1,2, .., ), hjj=q; or h;j=0 (i=1, 2,..., ),
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where h;; and q; are defined in (1.18) and (2.45) respectively, then there exists
an n by n; matrix of solutions of the canonical system of linear differential
equations (1.9)

Uy ;0
_| U0 { I e
@200 v, =| YO | exp{( % ¢ R R
U, @

+ alt + af logt>lj +J; logt},

where U;(t) (i=1, 2,..., u) can be represented in terms of convergent generalized
factorial series as follows:

4.21) Uj(t) = qf_l {U;(Ot + 71250},
=0
(4.22) Uy(t) = 1-hums ["lfg'ol U, + 12500 (),
2 Afj(r)
Zhi =% 7,07 TP TGP 9
4.23) i Z, [ te thie 1Tel
( () ) ()

(i=12,.,u51=0,1,.,q;—1)

provided that

(i) ¥ #arg (Ili(gi)-> (i#j:i=1,2,...,m), I'(q;) being defined in

(1.18); :

(ii) Re(ei¥t%) > &, ® being defined in (4.18);

(iii) the positive constant w is sufficiently large.
In particular, if h;;=q or h;;=0 (i, j=1, 2, .., p), then a fundamental set of solu-
tions of the canonical system of linear differential equations (1.9) near an ir-

regular singular point can be represented in terms of convergent generalized
factorial series of the above form.

H. L. Turrittin [14] proved the convergent generalized factorial series ex-
pansions of solutions only when h=1 or u=2 without restriction on the nature
of the characteristic constants, or when h>1 and the characteristic constants
at (i=1, 2, .., p) are mutually distinct. In these cases, however, h;;=h or h;;=0
necessarily and hence his results are included in our main theorem.
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