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On the Continued Fractions associated with the
Hypergeometric Equation.

By E. Lixpsay INce, Carnegie Fellow.

(Received 29th Janwary 1916. Read 11th February 1916).

§ 1. Introductory.

The present paper is based on a method attributed to Euler of
expressing as a continued fraction the logarithmic derivate of a solu
tion of a linear differential equation of the second order. The method
is particularly applicable to equations of hypergeometric type, and,
in that connection, was previously employed by the present author *
as a means of adding to the number of known transformations of
continued fractions. The theory of the hypergeometric equation
has been very thoroughly worked out, so that we may expect, by
making use of the known properties of its solutions, to arrive at
much that is new in the theory of continued fractions. Thus the
investigation mentioned above was intended to show how to every
transformation of one hypergeometric equation into another
corresponds a transformation in continued fractions. The present
paper makes use of the researches of Schwarz, in which he solved
certain cases of the hypergeometric equation in a finite form, and
indicates a method by which continued fractions may be derived
which are expressible in an algebraic form.

§3. The two continued fractions derived from the hypergeometric
equation.

_Consider the hypergeometric equation

dy dy -
“’(1““’)3;2""{7_(“""?"‘1)“:};i:,’c""'lgy“o' ............ 1
Differentiating, it becomes

(=92 4 (y+1-(+B+3)2) T _@rnyB+1) %,

*- Proc. Edin. Math. Soc., Vol. XXXII. (1913-14), p. 101.
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and, in general, after differentiating » times,
dr-Hy
dx'r+l
dy
- (@) (B4n) TL=0.

z
From this set of recurrence-relations we are led at once to the

continued fraction

1dy _ «f (2+1) (B+1)z(1-=)

yde y-(@+B+Da+y+1-(a+ B +3)x +..

(a’+"')(ﬁ+r)x(l_x) (A)
vt yHr—(a+B+2r+ 1)z +...

Starting again from the hypergeometric equation (1), we may

obtain a second set of recurrence-relations by repeated integration ;

thus, on integrating once, we obtain

d
z(l-0) Lt{y-1-@+B-Da}y-(«-1)(B-1)n=0,
and on integrating again,

z(l-2)y+{y-2-(x+B-3)a} - (x-2) (B-2)1.=0,
and after integrating  times,

e(l-m)y, ot {y~-r-(2+B-2r+ D)z} g,y ~(x-7)(B-7)y,=0
where y, denotes -\. y dx, y, denotes j 4, dx, and so on.

dr+2y
x(l —‘Z‘)m+{7+?‘—(&+,8+2r+l>x}

This set of recurrence-relations leads in its turn to the continued

fraction
ldy_ y-l-@@+B-Dz __(=-D(B-1)
y dx z(l-=x) v-2—-(x+B-3=
(@-2) (B-2)=(1-2) (w-7) (B=r)&(1-2) ®)
- y-3—(c+B~B)x - ... —y-r-1l-(a+B-2r-1)z-..

These two continued fractions evidently converge most rapidly
when the variable « approaches the values 0 and 1. In fact, when
2 approaches the value 0, the continued fraction (A) tends towards

the value %l_?’ and when x approaches the value 1, it tends towards

the value ——l"i——— Likewise, when « tends to zero, the con-
y-a-B-1

tinued fraction (B) approaches the value 1-v , and when = tends

to unity, it approaches the value % ;o' I B,
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Now, consider the typical solution of the differential equation
(1) in the neighbourhood of its singular points x=0 and 2=1.
The exponents at the singularity x=0 are 0 and 1 -, and corre-
sponding to these respectively

y=1 +Lﬁw+..., whence —1—@ =&é+
Y y dx ¥
and
s ey DBy +) o
y= Cp T,
whence 1dy 1 .|.<°" y+1)(B- '}"*'1)
d x 2-y

Similarly, corresponding respectively to the exponents O and
y - &« ~ 3 at the singularity z=1, we have

_ of 1 dy o
y=1 +7 o l(ac—1)+ .» whence i T I+
and
-1y %8 (Y—IBHY”“) _yYemArl
y=-1y" P P e +
ldy y-e«-g (7 Byly-o) .
h — X _
WHene iz T z-1 T atfB-y-1 7
all of which expansions proceed in ascending powers of x or of x-1.
Comparing these expressions for % % with the limiting values

obtained directly from the two continued fractions, we arrive at the
notable result that the continued fraction (A) corresponds to the expan-
sions with zero exponent at each of the two singularities O and 1, and
the continued fraction (B) to the expansions relative to the non-zero
exponents. The continued fractions have, therefore, a range of
convergence much more widely extended than any of the expansions
in series. In fact, since the hypergeometric equation has no finite
singularity other than x=0 and « =1, the continued fractions (A)
and (B) would converge throughout the finite part of the x plane,
with the possible exception of the zeros of the series y.

Butthetwoseriesl+a—ﬁw+ and1+————’8 (-1)+...
Y —oe-f-1

are quite distinct and cannot be transformed 1nto one another, so that
we come to the conclusion that, even though the continued fraction
(A) may converge throughout a region including the points =0
and x =1, yet it represents in the neighbourhood of x =0 a function
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entirely different from that which it represents in the neighbour-
hood of x=1. Equations (4) and (5) of §4 may be taken as
examples of this phenomenon.

§$3. The Solution in Finite Form.

There are certain definite cases in which the hypergeometric
equation admits of a solution in a finite form, and these cases are
determined as follows :—

The Schwarzian derivative connected with the equation (1) is
given by the relation

— Az — 2 A 2412 —

(o o} =} 4} (71_1)2 +3 x’(;tvl) L, (@)
where  M=(l-yf, @=(x-Bf, ¥=(y-o-pp
Now there are fifteen separate cases, in which A, p, v are definite
numerical constants, where a relation in finite terms exists between
xz and s. When that is the case, the hypergeometric equation can
be solved in a finite form. These fifteen cases may be tabulated
as follows * :—

Case A " v

L 1/2 1/2 1/n
Im. .. 1/2 1/3 1/3
IIr. ... 2/3 1/3 1/3
v, ... .. 12 1/3 1/4
V. 2/3 1/4 1/4
VI .. .. 12 1/3 1/5
VII. ... 2/5 1/3 1/3
VIIIL 2/3 1/6 1/6
X, .. 1/2 2/6 1/5
X .. 3/6 1/3 1/6
XI. ... 2/5 2/5 2/5
XII. ... 2/3 1/3 1/5
XIII. 4/5 1/5 1/5
XIV.... 1/2 2/5 1/3
XV. ... 3/ 2/5 1/3

* Schwarz, Crelle, Ixxv. (1872), p. 292,
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Knowing the solution in any one of these cases, we may construct
the relative continued fraction, and thus obtain an identity
between a continued fraction and an algebraical expression.

Schematically represented, the hypergeometric equation is
0 ] 1
P 0 3 0 =z

-y B y-o-8

or, in terms of the new constants A, p, v,

0 a0 1
0 1-A-p-v 0 = l
P 2
—-A -
g

so that A, p, v are the expoment differences at the singularities
0, o, 1 respectively, and may, without loss of generality, be taken
to be always positive. As « and S are interchangeable, we may
further assume that a. is greater than 3, so that p=a -~ 3. We shall
also limit ourselves to the case in which the ordinary hypergeometric
series ¥ («, 8,7, x)converges right up to the point « = 1, so that y—a.- 8
is positive and v=y -~ 8. We then have A=1-y,0r A=y-1,
according as y is less or greater than unity. Thus, with these
restrictions, we find that two distinct differential equations corre-
spond to each set of values of A, g, v, and as to each differential
equation corresponds two distinet continued fractions we may
ultimately arrive at 60 continued fraction relations of the kind
required.*

§ 4. 4 Case in Detarl.
' 1 1

1
Let us consider Case I.in which )\=—2—, p=gs V= On

solving the relations A=1-1y, p=a -, v=y —o. - B, we find that

* Bince the continued fractions in (A) and (B) are convergent at both the
singular points 0 and 1, we may discard the restriction that v -a~g >0, and
thus further increase the possible number of continued fraction relations.
No further generality is, however, obtained by interchanging A and »,
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1
Y=g *=g T, B=~ e and the corresponding hyper-

geometric equation is

098 (o (D) L0 -Der

n

n
0 o) 1
1 1
or P PR 0 =
1 1 1
2 T2n n

The quotient, s, of the two solutions of this equation is given by
(L4 oy
T (1 . x)]/n
so that
ds 1 -
= = 12 2/n — my—1-Un
§===— P (l+ Nayin (1 - )
The complete primitive of (3) then is
y — (As'—]/i + Bs’—]/? 3) x—l/l (1 . w)—l/?—l/'ln
=4 (1-a)fr(ls Vo) e B (1+ )i
=4 (1~ Ja)"+ B (1 + Ja)m
where 4, B, A’ B’ ave arbitrary constants,
Consider the behaviour near the singularity =1 of the two
parts of this primitive. Writing 1 — 2= £ it becomes
4gm {1+ VITE s B {1+ JTZE
Near £=0, i.c. near z=1, {1+ ~/1-£}" can be expended as a
Taylor’s series in powers of £, so that this particular solution is the
one which corresponds to the exponent O at the singularity x=1 of
the differential equation The quantity {1+ V 1-£}=" can
likewise be expanded near £=0 as a Taylor’s series in powers of &,
but the particular solution into which it enters contains also the
multiplicative factor £, and therefore corresponds to the

exponent 1 at the singularity =1 of the differential equation.
n

Thus in the neighbourhood of the singularity x=1 the solution
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1+ N) ) corresponds to the continued fraction which we have

called (A), and the solution (1 —x)'* (1+ V@ )~ to the continued
fraction (B).
It is, however, easily seen that, as might be expected, the

solution (1 + N @) does not also correspond to the exponent 0 at

the singularity =0, nor does the solution (1 - ~/z )* correspond
to the non-zero exponent at that singularity. In fact, it may
readily be verified that the appropriate solutions at the singularity
=0 are respectively

H(+ Vaprt(1- VEP") and o {(1+ V)"~ (1 - V).

We may thus deduce the two continued-fraction relations :—
1 1 1 1 1
- 9_— - - - = —
1-— ( n)(3 n)x(l ) (4 n)(s n)w(l <)
1 (3 2 3-(7 3) 5-(11 3)
- - ';;) xr + - ( - n x + - ( - 7 x + .

(2r_l) (2r+1—i)x(1—m)
n n
2
o+ 2r+1-—<4r+3——;)w + ..

yne1 _ (] — 1
__ 1+ Je=) (1= @I} o the neighbourhood of x=0

{1+ Vo) +(1- Jaz)r} =

= —2z~(1+ /)~ in the neighbourhood of =1 ............... 4)
and
1 1 1 1 . 1 1
(1+7;)(2+7) (3+5)(2+5) =02 (or-145) (ore)=t-a)
2
_3+(5+%)w - —5+(9+;>w _—— —2r—1+(41'+1+-"27)m -

9
—l-(1+—n—>w _ {1+ Jaymte(l- Ja )}
ST e(-e)  a{T+Ja)" - - J=)") /e
in the neighbourhood of =0

- :; +%w—m (1+ ~Z)~ in the neighbourhood of z=1. ... (5)
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The second differential equation

&y (3 /5 1 dy 1y/1 1
s-0gx Hz -(7-7) )z (%) (G-m)v=0

of Case I. may be similarly treated, and will be found to give rise
to the same two continued fractions as occur in (4) and (5), though
in the reverse order. In like manner the remaining fourteen cases
may be worked out, the differential equations of each case leading
to a pair of continued fraction relations.

§5. The cases of A+pu+v=1.

The cases enumerated by Schwarz are characterised by the
inequality A+p+v>1. When A+p+v=1, there is a simple
method by which algebraic solutions of the hypergeometric
equation may be obtained. Forsyth (Diferential Equations, 4th
Edition, Ex. 3, p. 121) gives the following examples, which may
conceivably give rise to new continued fraction relations, viz.

Case (i) B=1  N=(l-y w=(e-1F F=(y-a-1)
() y=o  N=(l-af @=(e-ff =p
() y=atl M=o pe(a-By r=(1-Br
Cases (ii) and (iii) are virtually the same, and do not lead to

distinct continued fractions. Taking case (ii) we find that a
solution of the corresponding differential equation

a;(l—m)%+{a.—(a.+ﬁ+l)x}3—i—aﬁy=0 ............ (6)

is (z-1)7P, »
which represents the solution corresponding to the exponent — 8

at the singularity =1 and the exponent 0 at the singularity z=0.
Thus we are Jed to the two continued fraction relations

af3 {(e+1) B+ a(l-2)
a-(e+B+)z+ a+l-(a+B+3)z +...

(x+r)(B+r)x(l-2)
et atr—(a+B+2r+1)x +...

= 1—@— in the neighbourhood of =0 ...... )

11 Vol. 34
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and
(«-1)(B-1) (x=2)(B-2)w(x-1)
a-2—(x+B-3)x+ a-3-(a+B-5)z +...
(x=r)(B-r)z(x-1)
et —r=1- (e+B-2r-1)w+...

l-a

=— in the neigbourhood of x=1. ...... (8)

These two continued fractions may easily be transformed into
one another. The second solution has not in general an algebraic
form. In case (i) the continued fraction of (B) vanishes, and we
are led to a simple identity, while the continued fraction (A) is not
expressible algebraically.
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