EXPANSION THEORY ASSOCIATED WITH LINEAR
DIFFERENTIAL EQUATIONS AND THEIR
REGULAR SINGULAR POINTS*

BY
LEONARD BRISTOW

Introduction. Birkhofff has developed an expansion theory associated
with linear differential equations on an interval of the real axis containing
no singular points of the equation. The purpose of this paper is to develop
a similar theory for the domain of complex variables in a region containing
a regular singular point of the equation. To take the place of the two-point
boundary conditions of the real variable case, we have corresponding relations
between the values of the solution and its derivatives at a given point, and
the values obtained by analytic continuation about the regular singular point
back to the given point. The boundary conditions, # in number, are assumed
to be linear, homogeneous and linearly independent, the order of the equa-
tion being .

An expansion theory associated with the linear equation of the second
order with polynomial coefficients has been developed by O. Volk.} The
method used in this paper is different from that employed by Volk and the
coefficients are not assumed to be polynomials. The results of this paper and
those of Volk overlap each other for the second-order equation, but neither
includes the whole of the other. The Neumann- Gegenbauer expansions in
Bessel’s functions are obtained as special cases. The Legendre and hyper-
geometric differential equations give rise to expansion theories if infinity is
considered as the regular singular point and the parameter is suitably chosen
as a function of the arbitrary constants of the respective equations. The ex-
pansion theory for the hypergeometric equation as developed by Reinsch§ is
not included as a special case, since the parameter does not enter in the same
way. In another paper it is hoped to extend the present theory so as to in-
clude the latter as a special case of a more general theory. The Laurent ex-
pansion is included as a special case arising from differential equations of
every order.

A solution of a differential equation with a regular singular point is, in
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general, multiple-valued in the neighborhood of the singular point. An in-
finite series of such solutions in which the type of multiple-valuedness changes
from term to term of the series will in general not converge to a function with
a simple type of multiple-valuedness. For this and other reasons the bound-
ary conditions will be limited as set forth later.

The method of the paper is to obtain an expansion of ({—x)~! by means
of the solutions of the original equation and its adjoint. The expansion of an
arbitrary analytic function of one variable is then obtained by use of the
Cauchy integral theorem. Absolute and uniform convergence of the expan-
sion is proved by obtaining asymptotic properties of the functions involved.
The results are generalized by developing an expansion theory for functions
of any finite number of complex variables.

1. Boundary conditions. There is no generality lost by assuming that
the regular singular point is at x=0. In order that the formulas be as simple
as possible we consider the equationf to be

(1) L(y) + xx—ly = xn—ly(n) + xn—2ay(n—l)
+ 2" pe(x)y P - -+ pa(x)xTly + M7y = 0,
where p2(x), - - -, pa(x) are analytic and single-valued within a circle of

radius I" about # =0 and « is a constant. The equation adjoint to (1) may be
written

(2) M(») + Na~lo = (— 1)rx~ ™ + xn2Bp(»—D
+ xn—sqz(x)v(n—ﬂ) + -+ qn(x)x—lty + A~y = 0,

where g:(x), - - -, ga(%), B(ga(x) =pa(x)) have the same properties as p:(x),
-+ -, pa(x), . We have the Lagrange identity

d
3) vL(y) — yM(v) = —R(y, v),
dx

where R(y, v) is the bilinear concomitant. Let

@ —F@p)=plp—=1)---(p—=n+1)+aplp—1)---(p —n+2)

+ Zo@ple—1) - (o —n+u+1).
P, I“-z
t The equation

2™ 4 27720, (2)u) - - - - 4 pa(z)z7u + RN = 0
is not essentially more general if R(0)0, since substituting

u=exp[—%f Mdt], z=exp[f {R(t)}l"'t"‘dt],
a b

a0, b0, in the order given transforms it into the type (1).
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Then the indicial equation of (1) forx=0is

(5) N —F(p) = 0.

If pi, ps, - - -, pn are the exponents belonging to the point x=0 of the
original equation (1), then, since we have taken the equation in this form,
—p1, —p2, - - -, —pn are the corresponding exponents for (2). This fact may

be easily inferred from a result in Forsyth’s Theory of Differential Equations,
Part III, volume IV, pages 256-257.

Let y¢?(a) be the value at x =a of the jth derivative of y(x), a solution of
the differential equation, and let ¥Y(?(a) be the value obtained for y(?(x) at
x=gq after analytic continuation about x=0. The 2% quantities y?(a),
Y@(a), =0, 1, - - -, n—1, are the quantities used in the boundary condi-
tions. We assume a set of boundary conditions which have, in addition to
the properties described in the introduction, the following properties: they
determine an enumerable infinitude of values of N, called characteristic
values, for each of which the equation has a solution (not identically zero)
satisfying the boundary conditions; for each characteristic value the solution
for the present is assumed unique. The case where the solution is not unique
is discussed separately for the boundary conditions which are used. The
boundary conditions to be associated with the adjoint equation are to have
the same properties. We shall later put on still further restrictions and arrive
at the boundary conditions

Y (a) = Ky (a) G=0,1,---,n—1),

for the original equation; for the adjoint equations we shall then have the
conditions

Vd(a) = K—lv(i)(a) (] =0,1.---,n— 1).

Let A\* and \** be two different characteristic values for a given set of
boundary conditions, and let y*(x), y**(x) be solutions of (1) for A=\* and
N =M\** respectively, and let v*(x) and v**(x) be the corresponding solutions
of the adjoint equation. Suppose py, ps, - - -, pa to be the exponents corres-
ponding to A=A** and g1, 03, - - -, 7, be those corresponding to A =\*. Since
a differential equation having two exponents equal or differing by an integer
usually has in its general solution logarithms, we shall assume, except for a
finite number at most of characteristic values, that the exponents are not
equal and no two differ by an integer. Consider the »? differences p;—o;,
1,7=1,2, - - -, n. We shall make the additional assumption that not more
than one of these differences is equal to another difference plus an integer.
The reason for this will appear later.
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The solutions in question for the original equation and its adjoint A =\*
may be written
y*(x) = clyvl(x) + -+ Cnyv,.(x)’
v*(x) = biv_o,(x) + - - - + bav_q, (%),

where the functions in the right members have the formulas

(6)

(7) y,;(x) = xd'{l + Zw:aai,mxm} = xd‘¢vi(x)y
(8) V_gi(x) =27% {1 + ib_ﬁ.mx"‘} = 27%_o(%),

and similarly for \=\**. The series (7) and (8) converge for | x| <T.
We have from (3)

‘I)*L(y**) — y**M(v*) + (x** —_ k*)v*y**x—l

= Ed—{R(y**’ .u*)} + ()\** - )\*)v*y**x—l = 0.
X

Multiply the above by dx and integrate once about the origin along the con-
tour C, which passes through the point ¥ =¢ and encloses only the singularity
x=0 of the equation. The first part becomes R(y**(a), v*(a)) — R(¥Y**(a),
V*(a)). This difference is a non-singulart bilinear form jn the 2n quantities
involved. Hence if the original conditions were linear, homogeneous, linearly
independent, and # in number there exist unique boundary conditions for the
adjoint such that if v* is a solution satisfying these conditions the foregoing
expression has the value zero. Letting v* be such a solution, we have, since
NENEE

9) f v¥y**x~ldx = 0.

a

This condition together with the condition

f v*y*x~ldx # 0

a

would enable us to determine formally the coefficients in the expansion

&) = S anyala),

t This follows from the formal properties of the bilinear concomitant as in the real variable
case. Compare Carmichael, American Journal of Mathematics, vol. 43 (1921), p. 234.
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where y.(x) is the solution, supposed for the present to be unique, satisfying
the original equation and boundary conditions for A =\., a characteristic-
value. However, in order to do this using only the foregoing, the path of in-
tegration would have to pass through the point x=a. We would then be
unable to obtain the expansions of functions whose region of existence did not
extend out to x=a. We shall then limit ourselves to boundary conditions for
which (9) is true for all paths which enclose only the singularity x =0.

At any point sufficiently near x =0 the function v*y**x~1 is single-valued
and analytic. There exists then a function ¢(x) such that its derivative is
v*y**2~1 If we continue analytically about x =0 the analytic continuation of
¥(x) retains this property. From (9) for all paths we conclude that ¥(x) is
single-valued near x =0. Its derivative, and hence v*y**, has this property.

We have the followingt

LemMA. If Si(x), Sq(x), - - -, Sk(x), T(x) are single-valued and analytic
functions near x=0 and o, - - - , a are complex numbers different from integers
and such that no difference ai—a;, i, j=1, 2, - - -, k; 154, is an integer, and
we have

2uS1(x) + xSa(x) + - - - + 2uSi(x) = T(a),
it follows that S\(x) =Sy(x) = - - - =Si(x) =T (x) =0.

For the conditions named we shall show that the boundary conditions
must lead to solutions which are constant multiples of the fundamental solu-
tions corresponding to one exponent for each characteristic value. Suppose
on the contrary that y** and v* are both combinations of more than one solu-
tion corresponding to the exponents. The product y**v* is of the form of the
left member of the equation of the lemma with the «o’s replaced by p,—a,.
One of the differences must be an integer. If this were not true the product
would be identically zero by the lemma, and hence either »* or y** would be
identically zero, contrary to hypothesis. We may then take py—a1=m,, m;
an integer and ¢,;#0 and ;0. If this were the only such difference equal to
an integer, then by the lemma the product would be equal to ¢;b.x%%¢,,(x)
-¥_,,(x). We would then have

blczx""‘l¢,,,(x)'[/_,|(x) + bac1aP P, ()Y (2) + -+ -+ - - - = 0.

Now ¢,,(x)#0 and ¢_,,(x)#0,4=1, 2, - - - , n. We shall first suppose that
the notation can be so chosen that ¢, =0, b,0. Since the above equation is
satisfied and none of the members written is identically zero, the lemma is

t For proof see for instance Schlesinger, Handbuch der Theorie der linearen Differentialgleich-
ungen, vol. I, p. 176.
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contradicted unless the differences p; —a,, p2—a1, p2—o. are equal to similar
differences plus an integer. We have at least two such and this is contrary
to hypothesis. Hence at least either v* or y** is of the character we wished to
establish for them. Next suppose c;=c¢;= - - - =¢,=0 but 5 0. Then we
would have to have either py—o.=m; or py—02s=p1—0;+ms, j>2, m, and m;
being integers. In both cases using the relation p,—o;=m; we would have
o;—o;=integer, ¢7j, contrary to hypothesis. Hence by=b;= - - - =b,=0.
Similarly if we chose ¢,#0 and by=b;= -~ - =b,=0 we would get a contra-
diction. The same result would be obtained if it were assumed that another
difference of exponents were an integer.

If » is the exponent to which the solution satisfying the boundary condi-
tions corresponds for A =X\, then the exponents for the other characteristic
values are v+m, m a positive or negative integer. From (5) we have

(10) Am=Fo+m  (m=0+1+2---).

The solutions of the original equation evidently satisfy the boundary
conditions

(11) Y(a) = Ky(a),
Y9 (e) = Ky (@) (=1, ,n—1);
and the adjoint solutions satisfy the conditions
V(a) = K-
12) (a) v(a),
V®(a) = K~19(a) (s=1,---,n—1),

where K =e?* i=(—1)12 and a is any point different from zero and within
the circle of radius I' about x=0. The adjoint conditions have the required
character that the bilinear concomitant is single-valued near x=0. Any other
set having this character is made up of linear combinations of these and hence
equivalent.

These boundary conditions can be seen to lead to the characteristic
values A\, and to the solutions we have obtained. We have the orthogonality
conditions

(13) f Veyes (%) Vorm(2) 2~ Wdx = 0, s % m,
c
where C is a circle of radius R <T about # =0. The arbitrary multipliers may

be taken equal to unity since they can be absorbed in the coefficients of the
expansion. It is evident from (7) and (8) that

(14) fv_,_m(x)y,+m(x)x“dx = 2mi.
c
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The set N,,=F(v+m) will furnish an enumerably infinite number of charac-
teristic values as required for the expansion. Unless F(v+m)=F(v+p),
m#=p, the equation has only one solution satisfying the boundary conditions.
The case F(v+m) =F(v+p) we shall treat separately.

2. Formal expansion of 2’/(t—x). For a given value of K0 of the
boundary conditions we have for some v, e2** =K. Let v be a determination
such that either (a) a solution of the form (7) existst for each exponent
v+m,m=0,1,2, - - - evenif F(v+m)=F(v+p), m=p, or (b) the members
of the set F(v4+m), m=0,1, 2, - - -, are all different. We shall see presently
that we can do this. The set of characteristic values of \ are \,, = F(v+m) for
m a positive or negative integer or zero. For our expansion theory we will
need only those arising from m =0.

If for a given characteristic value A\, the exponents are such that two of
them differ by an integer or are equal but the exponent »+m is not involved,
the orthogonality conditions still hold. However, if the two exponents whose
difference is an integer include as one of them the exponent v+m we would
have

A =F@+m) =F@+ p) =N, p 5~ m.

That is, theére are two notations for the same characteristic value. If p is

negative there would be the question as to the existence of the solution of the

adjoint corresponding to the exponent —v—m, since —v—p is also an ex-

ponent. If this solution exists in the form (8) there is no change in the theory.
For a given » we have \,, =F(v+m) = G(m), where

Gm) = —m*+ am™1+ - - -+ a,
= —mdam T+ ot ilfmmt B,

a,=a,+18,, a, and B, being real. Then F(v+m)=F(m)+iF.;(m) where
Fy(m) and Fy(m) are real-valued polynomials in the real variable m. Now
Fy(m) and Fy(m) as functions of the continuous variable m have a finite
number of maxima and minima, and hence for m sufficiently large F,(m) is
different for different values m, and likewise for Fo(m). From this it follows
that at most only a finite number of F(v+m), m=0, 1, - - - , are equal.

We shall now compute formally the coefficients in the expansion

(15) 2/ = 2~ S an(()pim(a).
m=0

1 For the condition that this solution exists see Ince, Ordinary Differential Equations, Chapter
XVI, pp. 404-6.
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We shall first consider the case when the X’s with the positive subscripts are
all distinct from those with negative subscripts. Let A\, be a characteristic
value which does not have two exponents v+m and v+ p, p #m, correspond-
ing to it. Multiply both sides of (15) through by v_,_.(x)x~'dx and as-
sume for the moment that the series on the right permits of term by term
integration. Integrating on the contour C about the origin and using (13)
and (14) we get
1 2"0_,_m(x)dx
an(t) =— | —m8-
2ride  x(t — %)

Substituting series (8) for v_,_.(x) and expanding 1/(t—=x) in powers of x
and simplifying we get
(16) an(t) = t7'P_,_a(t),
where P_,_,(¢) is the sum of the first m+1 terms of the power series expansion
of trv_,_n(2).

Next suppose F(v+r)=F(@+r)= --- =F(@v+r,), where 0=5r,<r,<

-+ - <r,, and that solutions exist in the form (7) for the original equation

and adjoint for the exponents v+ry, v47s, - - -, v+r, and —v—ry, —v—ry,

- -, —v—r, respectively. Let %,,,(x), - - -, %,4,(x) be a particular set
of solutions of the original equation and v_,_,,(x), - - -, v_,—,, be a particular
set for the adjoint. These sets may be chosen, for example, by putting all
the arbitrary elements equal to unity for each exponent. We have

fv_,_,,(x)u,+,q(x)x‘ldx =0,9g<p,
¢ = i, q = p,

=dg,p 27, q¢ > p,
where d,,, is not necessarily zero. Now the solution
y'+fp(x) = u'+fv(x) + aP.P+l“'+f,+l(x) + -+ ap.suv-f-n(x)

is in the form of (7). Next form

fv_,_,q(x)y,+,,(x)x“dx = lq.p71,
c

forg=p+1, - - -, s. We then have s—p equations

dp+l.p + Qp,p+1 = lP+1vm

dpi2,p t p,pr18pi2.pt1 + Xppi2 = lpt2p,

..................
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It is evident that we can determine uniquely a,,,, ¢=p+1, - - -, s, so that
lop=0, ¢g=p+1, - - -, 5. Let this be done for p=1,2,---,s. We then
have

f Veyerg(%) Voirp ()27 Mdx = 0, ¢ # p,
c

= 2w, q = P,

and the solutions have the same orthogonality properties as do the remaining
solutions if this is done for every such case. The determination of the coeffi-
cients in the expansion is then the same as before. We have the formal ex-
pansion

(17) x/(t— x) ~ Zot—lp~v-rn(t)yv+m(x)-

We now take up the case when we have, for some Am, A\ =\_,, m and p
both positive. If a solution of the adjoint exists for the exponent —v—m
there is no change in the theory. However even if this solution does not exist
we sometimes can obtain a formal expansion. InP_,_,(f) we have only the
first (m+1) terms of the power series expansion of #v_,_.(f). If we try by
formal methods to find the solution of the adjoint corresponding to the ex-
ponent —v—m we are able to compute the coefficients up to and including
b_»—_m, mip—1, being unable to compute b_,_m, mip OD account of a zero multi-
plier. Since >0 we can compute the coefficients up to b_,_m, » Which are
all that are used in P_,_,(f). Whenever this case arises we shall use the co-
efficients for P_,_n(f) computed in this way. It is to be noted that these
coefficients satisfy the same general formulas as do those when the solution
exists.

3. Asymptotic properties of ¥,4m(x) and P_,_n.(?) with respect to m. We
now show that we have an actual expansion of x*/(¢—x) by first showing that
the series in (17) may be integrated term by term and next that it converges
to 2*/(t—x). This will be done by first proving the uniform convergence of
the series in (17) with respect to both x and ¢ in a suitable range.

The functions ¥, (x) and P_,_.(¢) of (17) may be written

Yopm(2) = Zav+mwx‘+'r Qim0 =1,
8=0

(18) -
P_y_m(t) = Zb—-y—m,ata, b—v—m,o = 1-

=0

We havet

1 For formulas (19) to (24) see Frobenius, Journal fiir Mathematik, vol. 76 (1873), p. 214.
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av+m,0f0(” + m) = 0’

. a,+,,,'1fo(ll +m 4+ 1) + ar+m.0f1(" + m) =0,

(19) . . . . . .

Grimarifo@ +m+ s+ 1) + - - -+ topmofers(v +m) =0,
and
b—r—m.0¢0(— v — m) =0,
(20) b—-’—m.l¢0(_’ v—m+ 1) + b—r—m,ﬂd’l(— vV — m) = 0:
b—v—m.md’o(— V) R b—v—m.@m(— v = m) = Or
where

fEv+m+s)=p+m+sl+alp+m+ slas+ p() [y +m + s]a-e
+"'+pn(x)+km
= ShG +m+ o),

@1) ¢z, =y —m+ ) = (= D*[= » = m + 5o+ B[— v — m + ]y
+ @) |[—v—m+tslat -+ ga(x) +n
= Sou— v —m+ ),

p=0

b+m+sl,=0+m+)op+m+s—1) - - +m+s—r+1).
The first conditions in (19) and (20) are
fow+m) =N —F@+m) =0 and ¢o(—v —m) =\ — F(v + m) = 0;
both give rise to the indicial equation. If
(22) Crimatr
_ { |rtme | ME+m+35)+ |arim.or | Mp+m+s—1) R+ - - -+ M@p+m)R*}
| for +m + s+ 1)|

)

where
Me+m+s)=|[p+m+sle|Ms+ -+ M,

M,, - - -, M, being the maxima of | p4 (x)|, etc., within and on a circle of
radius R<T, then

(23) I av+m,o+1| < Crgm.at1-



1931] AN EXPANSION THEORY 465

We also have

M(v+m+s)+|jo(v+m+s)|R‘1}

C m ,8 <C'ﬂ,l
Tt { [ for +m + s+ 1)]

which becomes

M(v+m+s)+|F(v+m)—F(v+m+s)|R“}
|Foo+m) —Fp+m+s+1)|

For m sufficiently large} the denominator of the right-hand side of (24)
is always different from zero. We consider first

Fo+m) —F@y+m+s) _ Gm + s) — G(m)
Fo+m)—Fp+m+s+1) Gm-+s+ 1) —G(m)

when s is large. Put

(24) Cp+m,.+1 < Cy+m,3 {

(25) Pr+m.a =

(m + S) n—r mrr
e

After dividing the numerator and denominator of (24) by (m+s)*—m~ and
expanding (m+s+1)" into powers of m+s by the binomial theorem, we
may write
14 ZABTwrs() + CUmia(n)}
(26) P—r-m . = ':l )
1+ Z{DrTmh(’) -+ ErUM:(')}
el

where B,, C,, D,, and E, are uniquely determined. Now
(m + ) _ 1

(m+ s)r —m* (m+s)'-—m'{ m }a—f
m-+s
and m/(m+s) <1; hence
(m + s)* < 1
m+s)"—mr (m+s)r —m

Now we have

-1
(m+s)'—m'=S{rm"‘+’£2—2m'—2s+~-+s'—l} 25, r21;

t Note that the argument for y,.m(x) holds for m becoming infinite through positive real values.
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hence

(mi + )™ 1 mrr (m + sy < 1

(m+ )" — m» s’(m+s)"—m" (m+s)»—mr s

If s is sufficiently large the denominator is surely positive and we can write

1+ i{lBr| Tomts(r) +|C'| U""“'(r)}

r=1

IP’+-|'.| <

n

1- E{ I Drl Tomys(r) +|ErIUm+l(r)}

re=l
For a given 8, 1 >4 >0, there exists an s, such that for s> s,

149
IPH.".,.' <1—_—E'
Now consider one term of
M+ m+s)
|Fo+m)—Fo+m+s+1)|
o M| tmts) G Amts—ntr—1)]

=,§ |Gim + s + 1) — G(m) |

which may be written

0 _M'l("+m+s)-~-(v+m+s—n+f—1)|
e [Gm + s+ 1) — Gm) |

Ml<1+ v ) <l+v—n+r—l)
r m+s m+ s l

{ontor = () ) [Gln +5 + 1) = Gom)|

m—s (m + s)» — mn

We have for s>s;

M, M,
< < ’
tm 4+ s)r —mr  s(1 —9)

Qv-}-m N

where M, is independent of s. For a given é there exists an s, such that for
§>5285

Qv-l-m.c(r) < _L (' = 2’ 3) ] n)‘
n—1

We can now write
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1+ Crim.e
Crimop1 < CH.,,.,. {5 + l_—ﬁR_l} < +

—8,’ $> 522 8,
where 8, may be made arbitrarily small.

For s=1,2, - - - | s, the right-hand side of (24) approaches s/((s+1)R)
<1/R as m becomes infinite. This follows from the fact that the degree of
the numerator and of the denominator of P, ., , is #—1 in m, and the coeffi-
cients of m»~! are respectively s and s+1. The rest of the numerator of the
right-hand side of (24) is of degree n—2 in m. There exists then an m, such
that for all m >m, we have for all s

Crimae
R — &,

CH-'- 8+1 <

Using this bound for C,im,e - - -, Co4m,2 We get

1 [
| Gy+m,:+1l <Chumann < [R — 81] Crima,

where
M| [p+mls| + -+ M.

|Fo+m) —Fo+m+1)]

C»+m,l =

We may write

© l —1
r—m'm _.1 C m, s
| mpan) = 1] < Cama = [ 75| 1

1
=Cv+m.1lx|[-ﬁ], le < R — 8.
1_
R — &,

Now for |x| SR'<R—8,<T we have for M independent of x and m -
l XY m(X) — 1| < CyymaM.

The numerator of C,;m, is of degree # —2 in m and the denominator of degree
n—1. Hence for a given arbitrary small positive number e there exists an m,
such that for m >m, we have

€
Cy m, < —
+m1 S
Then for m >ms, the larger of m, and m,, we have

| e "ym(@) = 1] < | 2| SR <R -8 <T,

or
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(27 Yoem(2) = {1 + 7, n(2)},
where
L ny4m(x) = 0.

We have proved the following

THEOREM I. Let y,.m(x) be the solution of the differential equation with
A=\ formed with the exponent v+m; then if we write

Yrim(%) = x'+m{1 + Mim(®) } ,
we have

L '7v+m(x) =0,

provided that | x| SR'<T.

The coefficients in the function P_,_,(¢) for all the cases we have con-
sidered satisfy equation (19). Since ¢po(—v—m+s+1)=Ap—F@p+m+s—1)
the argument in this case goes much like the preceding when we observe that

m—s is always positive. It is necessary that m is always as large as s is taken.
We shall not give the proof but state the corresponding

THEOREM II. Let P_,_.(f) be the function previously defined; then if we
write
(28) Ponl) =t m{1 +r,_n(®)},
we have
Lr,wt)=0

provided that |t| <R <T.
The following corollary is evident.

COROLLARY. Let y,.m(x) and P_,_.(t) be the functions of Theorems 1 and
II; then xy,.m(x) and P_,_.(t) are dominated by M,|x|™ and M,|t|-™
respectively, where My and M, are independent of x and ¢, provided |x| <R'<T
and |t| <R"<T.

4. Convergence of the expansion for x’/(t—x). Consider the series

(29) 2P Y um(%),

m=0

where P_,_.(f) and y,.m(x) are the functions previously defined. By the
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corollary of the preceding section the general term is in absolute value domi-
nated by MyMy|x||¢|~=-1. This is a term of a convergent series if |x| <|{|
<T. Hence for || <|¢#| the series converges absolutely. If # is restrained to
the circle |¢| =R’ and |#| <R’'<R’, then the series is dominated term by
term by a converging series of constants and hence by the Weierstrass M-
test converges absolutely and uniformly with respect to both ¢ and #. Next
we must show that the series actually represents 1/(¢—x).
We prove the following

LEMMA. If v, m(x) and P_,_,(x) are the functions defined above, then

(30) fP_,_,,(x)x"x“y.+,,.(x)dx =2mi, p =m,
c

=0, p#m,
and

1 P_, ,(x)dx
— ?—() = I—lP_._p(t).
2ride  x(t — x)

The first and last results may be verified easily by using the expansions
of the functions involved. We now prove the second result for the cases where
the functions v_,_,(x) exist for each p=0. From the orthogonality conditions
we have

f”—'—P(x)y%M(x)x—ldx = fP—r—p(x)x_v_ly%m(x)dx
C C

+ fR_,_,,(x)x"y,+m(x)dx =0,
c
where R_,_,(x) is analytic at x=0. But

[ Reres@rpintriz = 0;
c
hence
fP_,_,,(x)x“’—‘y,,+,,.(x)dx = 0.
c

Evaluating the foregoing integral for m <p we get

o
(31) Z bor—p.¢" Grm,p-m—gq = 0.

=0

Now let P_,_,(x) be the function defined when the solution does not exist.
We evidently have
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fP_._,,(x)x""y,+,,.(x)dx =0, m> p,
c

p—m
(32) = 2w E bos—p.00vtm.p-m—g, m < P,

¢=0

= 27i, m = p.

Consider now the points & for which F(v+8+m)=F(v+d-+r) for every
pair r and m, r=m. For each pair there are at most #». The totality for all
such pairs forms an enumerable set. The complementary set, then, is non-
enumerable. There exists then a set a, 8, - - -, 7, - - - which has the limit
zero and such that Fo+7+m)=F(v+7+7),r,m=0, £1, £2, - - - ; r~m.
Consider now the functions y,,,+m(*¥) and P_,_,_,(x) which are formed for
A=\ =F(@+7+m) and N\=\, =F(v+7-+p) respectively. This is equiva-
lent to replacing the K of the boundary conditions by K, =e?*- K. These
latter functions come under the previous case and we can write from (31)

p—m

2 borr—p.g@rtr+m.p—m—q = 0.
=0

We have

1110 borr—p.a = bos_p.o jfo Cytrim,p—m—gq = Qvim,p—m—gq-
This follows from the continuity of the function involved in the equations
satisfied by the a’s and b’s. Since (31) is only a finite sum we may write

p—m r=
,—I:o Zb—'—r—p.qar+r+m.p-m-q = Z b—y-p olrim . p-m—q = 0.
g=0 =0

Comparing with the second equation of (32) we get
fP—V—ﬂ(x)x_lyv+m(x)dx =0,

which proves the lemma.

The series (29) is a series of analytic functions of # and ¢ and converges
uniformly if |#| <R <|¢|; hence it represents an analytic function of x and
t. The difference

=21 = P D Yym(2) = D An(t)a™
m=0 m=0
is an analytic function of x and has an ascending power series expansion in x.
To determine the coefficients A (¢) let ¢ be any fixed point such that 0< |¢|
<T. Multiply through by #~'P_,_n.(x)dx and integrate along the contour
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C: defined by |x| =R"'<|¢| <T. This is legitimate since the series con-
verges uniformly along this circle. From (¢—zx)~! we obtain #'P_,_,(f) and
from the series we get also ~'P_,_,(f) and hence the right hand side gives
zero. We have form=0,1,2, .. -

L]

E A () xP_,_n(x)dx = 0.

r=0 C,

Now
P, n(x)=2am {1 + Zm:b_,_,,.,.x'} .

=1
Substituting in the above summation we see that if r—» >0 the integrals are
zero, otherwise they are equal to b_,_m,m—-277; that is,

27|'i Z Ar(t)b—y-.m,m—r = 0-
r=0
The coefficient of A () is b_,_m,o Or unity, and 4.,(¢) is expressed as a linear
combination of 4 »_1(f), Am—2(t), etc. But for m=0 we have

Ao(t)b—r-—m,o = 0 or Ao(t) = 0.

Hence by induction 4 .(f) =0 for every m. This proves

THEOREM ITI. Let x and ¢ be two complex variables such that |x| <R'<T
and T'>|t| ZR>R’; then the expansion

(33) (t—2x)t= Z 7Py ()XY im(%)

m=0
is valid. If t is a variable point on the contour C defined by the circle | t| =R and
x a variable point within a smaller circle about x =0, then the expansion con-
verges absolutely and uniformly with respect to ¢t and x.

5. Expansion of an arbitrary function. Since the expansion (33) con-
verges uniformly with respect to ¢ on the circle C, then if |2| <R we may
write

1 f@dt
J(x) = —

2 ct—x

el 1
= Ex_'van(x)_‘. ff(t)P-—r-—rn(t)t_ldt:
1Je

m=0 21!'
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where f(x) is analytic within and on the circle of radius R. We may state
this as the following

THEOREM IV. Let f(x) be a function of x which is analytic and single-valued
inside and upon the contour C formed by the circle | x| =R<T'; then the ex-
pansion

(34) 2f@) = 3 anyren(a),

m=0

where

topo
i = j; JOF P n(t)dt,

is valid in the circle |x| =R’, where R’ <R. The expansion divided by x” con-
verges absolutely and uniformly with respect to x provided that |x] <R

The absolute and uniform convergence follows from bounding the coeffi-
cients @, and the function "y, (x) by use of the corollary of §3.
Let the Taylor’s series for f(¢) be

@) = Z; ad’;
then

1
o= fc JOF Py _m(t)dt

1
c

2%
The coefficient of 1/ is D _ne0d_,_m,m—st»; hence
(35) Am = Zb—y—m,m—nan (m = 0, I’ .« ).
n=0

Let f(x) be a single-valued analytic function in the annular region de-
fined by 0<7<|x| R’<T. Then by Cauchy’s theorem

1) = _1_ f(t)dt + 1 f@)at

midet—2x 2miJ. x — ¢

)

where C and ¢ are the contours |¢| =R’<T and 0<|¢| =7/, r<R’, respec-
tively. We use the expansion (33) for 1/(¢—x) in the first integral and (33)
with x and ¢ interchanged for the second integral. Taking into account that
these expansions converge uniformly we evidently have
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THEOREM V. If f(x) is analytic and single-valued in the annular region de-
fined by

0<r=<|z|]<R<T,

the expansion

m=0

(36) @) = X anxpim(x) + X aud 2P, n(x),
M)
where

am = —1— SO Py_m(t)dt, am = f JOry,.m(t)de,
c c

271

is valid and comverges absolutely and uniformly with respect to x when v’ < | x|
=R’ where r<r' and R’ <R.

If the Laurent expansion of f(x) is

flx) = i'amx""‘ + i Al &~
Ma=]

Mme=0

we can write

(37) aAm = Z b—v—n.m—uan, am, = zar-i»m-«}-l.uam'+n+l-
ne=0 n=0
6. Extension to functions of several variables. Let x,, &, %3, &, - - -, %,
¢, be complex variables and let f(x,, xz, - - -, x,) be a single-valued analytic

function when |%;] <R ST, || <R, <T, - - -, |%] <R,<T. The expan-
sion (33) for (¢x—x:)~! converges absolutely and uniformly with respect to
x if ¢ is restricted to the circle |£:| =R{ <R, and |x:| <R/. A product of
such absolutely convergent expansions for k=1,2, - - -, s will have the
corresponding property for #, - - - ,x,and 4, - - - ,¢,. We also have

= _1_.. f(t”"':tl)dtn"‘dh
f(xl,x2,~.-,x0)—<21ri) j;', L’ c.(tl—xl)-~-(t,—x,),

where Cy, Cy, - - -, C, are contours defined by the circles

|t| = R{, || =R, ---,| 0] = RE.

The following extension is evident.
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THEOREM VI. Let f(xy, %s, - - - , %.) be a function of x,, xz, - - - , x, which
is single-valued and analytic when x,, %, - - - , x, respectively satisfy the condi-
tions | 21| <Ry, |%s| <Rs, - - -, | %] <R.; then the expansion

f(xl,xz,~--,x,)=i i

mi=0 my=0

(38) E Am,.m,.--- m.x;'lx':"' c xa—")"1+m|(xl) tt ,Vn+m.(xa)»

mem0

where

- =(2iﬂ) j; .

(tlt2 AR tc)_lf(tl, st ,tt)P-'l—rm(tl) c P—'s—'ﬂu(tl)dtl M ‘dtl,
Ca

is valid and converges absolutely and uniformly when x,, - - - , x, are respectively
inside the circles | x| =1, - - -, |2.| =1., wherer, <Ry, - - - , 7, <R..

It is to be noted that it is not necessary that the expansions of the various
(¢x—=x) used in proving the above theorem arise out of a single differential
system. The various ¥,,m,(x:) may be replaced by a solution of a different
differential system of the type considered here.
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