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ON THE ZEROES OF CERTAIN CLASSES OF INTEGRAL
TAYLOR SERIES. PART II.—ON THE INTEGRAL
FUNCTION

@

xn
,Eo (n+a)n!

AND OTHER SIMILAR FUNCTIONS

By G. H. Haroy.

[Received August 20th, 1904—Revised* October-November, 1904- -Read November 10th, 1904.]

1. This paper is a continuation of one recently published in these
Proceedings.t The general object of the two papers is the same, but the
methods used and the results obtained are of entirely different types, and
I have therefore judged it best to keep the two distinet.

Introductory Remarks.

2. The principal end which I have had in view is to determine
asymptotically the zeroes of the fumction

bt T

@) Fo,4(z) = %m

[where (n+a)’ = ¢'8**+9) the imaginary part of the logarithm being be-
tween — i and 7] for all values of a and s, real or complex, except, of
course, negative integral or zero values of a. In endeavouring to obtain the
complete solution of this problem I have naturally been led to consider
other varieties of functions of similar types, some of which include the
particular function (1) as a special case. I have not hesitated to include
proofs of these results in this paper, when such developments do not
diverge far from the natural course of the analysis required for the
discussion of the function (1); but, when this course would have led to a
considerable increase in the length and complexity of the paper, I have
confined myself to a general indication of the results and of the methods
by which they can be proved.

® This part has been entirely rewritten, and some of the results considerably extended.
t Supra, p. 332.
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In what follows I consider only the half of the plane of the complex
variable
@ z = {tin = re?
for which n>0. The corresponding results for the lower half of the
plane may be deduced immediately. By drawing a semicircle whose
centre is the origin and whose radius is a sufficiently large fixed quantity
R, and the radii vectores 6 = 3= F 6, where ¢ is also fixed, but arbitrarily
small, we divide the distant part of the plane into three regions

D) r > R,, 0oL 3r—46,
D" 7> R,, Ir+i<oOL T
(E) r>R, Ir—i<OL TS,

within which the behaviour of the functions which I shall consider is
entirely different. It will perhaps be convenient if I state at once the
principal results which I obtain concerning the function (1).

I. Throughout D
(®) Fo\(@) = % (14e)

where ¢, is a function of z which tends uniformly to zero with 1/#.*
IT. Throughout D’

(4) F, @)= ((a))( —2)"*{log (—2)}*7 ! (14€).

In these equations «*, (—2)~% {log (—=)}*~! are so chosen as to be real

when z, a, s are real.

I1I1. Throughout E
(5) W@ =5 4+ 11:?‘)’

In these results a and s may have any values, real or complex, save
zero or negative integral values. From III the nature of the zeroes may
be very precisely determined. Thus

(—z)~*{log (—z)} 7' (14

IV. If a and s are real, the zeroes of F, ,(z) are given asymptoticallyt
by the equations

© (€= (s—a) log (2km) +(s—1) log log k+log
ln = @Qk+1)7+3(+a)m,

where k is a large positive integer.

I (a)
()’

¢ T use ¢, generally in this sense, sometimes omitting the suffix. Of course ¢, is not the
same in different equations.
+ For a precise definition of what is meant by this see Part 1., supra, p. 333.
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If @ and s are complex, these formule require a slight modification.

So far, zero or negative integral values of @ and s have been excluded
altogether. If a is zero or a negative integer, F, , (z) is no longer defined.
On the other hand, if s is zero or a negative integer,

V. The function F, (z) reduces to the product of ¢* by a polynomial,
and has but a finite number of zeroes. It will be seen in the sequel that
greater precision can be given to some of these results, notably to I.

The paper is divided into four sections. In Section I. (§§ 8-18)
I consider the region D, in which the functions under consideration have
no zeroes ; and in Section II. (§§ 14-22) the region D', of which the same
istrue. I have in Section I. considered the function F, ,(z) as a particular
cage of a certain class of functions, and I have endeavoured to make my
method as direct and elementary as possible, avoiding the use of contour
integrals and other contrivances, which, although very powerful aids to the
obtaining of particular results, are apt to obscure the basis on which they
rest. In Section IIL. (§§ 28-81) I consider the region E. The analysis in
this Section (as, in a less degree, in Section II.) is more difficult and in-
direct, the problem being inherently less simple, and I have not attempted
to deal with more than a few special functions besides the function
F, (). Finally, Section IV. (§§ 82-37) is taken up with a brief discussion
of several matters naturally arising out of the previous work.

It will be found in the case of the asymptotic expansions discussed in
Sections I. and II. that to each of the regions D and D’ corresponds a
special function whose asymptotic expansion is of a particularly simple
character, reducing, in fact, to one ferm. For D the function is
145 4 22

F1 T eEDese T

2

T
24a)2!

and for (D) it is 1+ =+ +....

1+4a) 1!
The results, so far as they concern these functions, are particular cases of
results which have already been arrived at from a different point of view
—that of the theory of linear differential equations—by Horn, Jacobsthal,
and others. Horn has also considered the question as to the nature of
the places in which the integrals of the equations assume assigned values,
and, in particular, of their zeroes,* but his approximations are much less

* (relle, Bd. cxx., p. 1.
202
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precise than mine. The general types of functions considered here are,
of course, not solutions of linear differential equations at all.

I. Tee RecgioNn D (r > R, 0O L 3w —9).

. I' (s) "
The Function E———P FE—— ",
8. It will be found that there are certain functions whose behaviour

in D (or D') can be specified in a particularly simple manner. In the
case of D the function

2 I' (s)
@ f@= 2 v

is such a function.
Let us suppose first that R(s) > 0. Then, by the help of the formula

=

U SR S

1
s U sGF+D s+ +2)

1 _ Tn+1)T ()
B (1 eny\5—1 —

8 Sou 1—w)y"du Totits’
we find that*

1
©)) fa(@) = 5 e (1—w)* ' du,

0
where (1—w)*~! = ¢~D180-")_ the logarithm being real. Hence

1
(10) fi@) = & e = 4,01 @
where
(11) ¢ () = e"r e ldw = T'(s)z~%¢"
(1]
(z=* being defined by z~° = ¢~*'%%* where the logarithm is real with z) and
(12) Vs (@) = e’r e o' du.
1
Thus
(19) fi@=T m‘se’—e”r e o du
1

when R(s) > 0. But it is easy to see that the right-hand side of (12)
represents an analytic function of s regular for all values of s, save
negative integral (including zero) values. The equation (18) consequently
holds for all values of s, with these exceptions. Now, we find easily by

* The term by term integration is easily justified.
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integration by parts that
14) V(@) =_:;_ +s 1_*_m_i_(s—l)(s—2)...(s—u+2)

xv—l

+ (s—1) (3—32—1 (s—v+1) e’ J::e—»:m o ~dew.

$2

But

1

ea;S e~ ws—vdw‘ < ea-cosojlne—mcosf)lw —v|dw <L-e—rtcos8| 1+t|s-—vdt<KW*
Hence, changing v into v+1,

v=l (0. — N
(15) j‘ (x) o I‘(s)x-sex_ z (S 1)(8 2) (‘S ,u'+1) +R

pu=1 (I]“

where |R|< %

That 1s to say, the asymptotic expansion of f,(z) in D s

P8 J;__l__s'—]- _(3_1) (3_2)_
(16) T'(s)x~ e . = - .

and the asymptotic expansion of e~*f;(x) s
a7 L@z

simply ; tor |e~“f,(®)—T (s) £~°| decreases with 1/r more rapidly than any
power of 1/r.

[ may remark that the extension of (18) to general values of s, which
was inferred from the principle of analytic continuity, may be deduced
directly from the formule

L
1 w__ 4 W n _ ”[ oe=1 _ I‘(,n+ 1) 1‘(8) _ o (—-—) (y)
(18) L{u Eo( ) (u) (1—w) J 1—uytdu = ToEiTs Eo e

»n » T v

(19) S fgmro__ 5 (—)"(‘E—U)—l' W lde = 27 T'(s),
1} k v=0 v! j

which hold for a wider range of values of s than the ordinary Eulerian

formulee ;+ in each of them p is the greatest integer in R(—s), which is
supposed not to be integral.

* For an explanation of my use of K see Part I., p. 336 (footnote). By using A, I imply
that the limits of A", may depend on v, but not on 2.

t+ The formula (19) is attributed by Mr. Whittaker to Saalschiitz (see Modern dnalysis,
p- 184) ; but it really dates from Cauchy (‘‘ Sur un nouveau genre d’Integrales,”” Ezercices de
Math., t. 1., p. 57).
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1
The Function j e (1—u)f~ 'Y (1 —w)du.
0

4. T shall now consider the more general function

1
(20) ¥, (z) = j e (l—u) "y 1—wdu
0
where R (s) > 0. I suppose that - (w) is a function expansible in a Taylor
seres 60+Clw+02w+..-
whose radius of convergence is at least equal to unity, and that, if
(21) V(@ = Z|e e,

1_.
j Y () dw 1s convergent.®

I propose first to show that under these circumstances W¥,(z) can
be expanded in a series

(22) S 6o fon @)

convergent throughout D.

5. Consider the integral
1 »
(28) I, ) = J (1 —u)*~ldu Z ¢, (1 — ).
0 »

We divide the range of integration into the two parts (0, €), (, 1). We
can determine a positive quantity K, independent of w and u', and
greater than the maximum of

| etu(l_,u) |s-l

in (0, J), 6 being any small fixed quantity greater than e¢. We can then
choose € so small that the modulus of the integral over (0, €) is less than
any given small quantity o ; for it is obviously

<K j s [ | 1 —w)} < Kr@u)du.

0 ® 0

When ¢ is fixed the series Z¢p(1—u)* is uniformly convergent in (e, 1).
Hence u can be so chosen that

<c

) .
l j e (1—u)p~tdu % i (1 =)k
"

* A more stringent condition than that which merely asserts the absolute convergence of
J" Y (w)dw.
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for all values of u' > u, and hence so that

‘ I(/": M’) ‘ < 2
for all values of u' > u. It follows that
(24) q-’s (.’l?) = IIEOCV s+v(-z)y

by a deduction so obvious that I need not set it out in detail.*
6. Again, if x is any positive integer and

p—1
(25) Vo) =3, 0 fin ).

1

(26) V(@) = Y, . (0)+ 5 et (1—wpdu é o (1—u).
0 [

Let us divide the range of integration into the two parts
(0, 1_8): (1_6’ 1)

where é§ = ¢* <A<,
Then

(27)

1-3
5 ‘ < Ket-9¢ j-l VW) du < Ket=4
0 0

Moreover, it is plain that throughout (1—6, 1)

e (1—u)*
M

<KQ—wr <& =§™

and so
1
(28) l S < chf""‘.
1-8
Thus F < Kef(e 8 " £7M) < Kot
0

(for sufficiently large values of 7), or

@29 . <K
since £ > Kr» throughout D.

eZ
M

407

* Generally, if . 3
j o B(u) 2 pu(w)du = = j ‘ 9, du

A o
for any ¢ > 0, we may replace ¢ by 0 if (i.) ® is continuous up to 4, and (ii.) I ¢ (v)du is con-

vergent, where ®(4) = 2| ¢n(w)].

This set of sufficient conditions for the integration of an infinite series is often useful in practice,

as it covers certain cases which freqﬁently occur and are excluded by the ordinary tests.
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Again, we can choose R so that, if » > R,

¥,,@) = & Z e, (s+v)+

s+v

where
(30) vl o |
Hence Y(r) = ¢ Eﬂ%f—y)-l- Ps

where p again satisfies an equation of the form (30). Now Au tends
to infinity with u, and so, finally, putting m = [Au),

1) V@)= eF ey,

where |[p| < K, |z ™¢"|. It is easy to see that we can, if we like,

replace this last inequality by |p| < K, |z7¢*"+V¢*|: and we may sum
up the result by saying that the function

eV, (x)
possesses an asymptotic expansion

(32) z Cyr(5+l/)
zV
valid throughout D.

Eztension to General Values of s.

7. Throughout §§ 5, 6 it was supposed that R(s) > 0. 1In fact the
integral by means of which ¥,(x) was defined is evidently divergent when
R(s) < 0. We might generalise our result by the use of contour integrals
instead of line integrals, but for my present purpose it is more convenient
to proceed as follows :—

We shall, in the sequel, be occupied with functions ¥,(z) which
(1) are analytic functions of s for all values of s save (possibly) negative
integral or zero values; (ii.) are expressible, when R(s) > 0, in the forms
(20) and (22).

Now suppose R(s) < 0. We can choose k so that R(s+% > o.
This being so, it can be shown, by the method of §§ 5, 6, that the series

(39) PO (g) = % 6 forn (@)



1904.] ZEROES OF CLASSES OF INTEGRAL TAYLOR SERIES. 409

is convergent, and that z°%¢~*¥®(z) possesses the asymptotic expansion

%c,x"’I‘(s+v).

Moreover, it appears that the function (38) is an analytic function of s
for all values of s for which R(s+%) is positive. The equation

k-1
¥ (@) = 2 6fu, @+ @)

i8 therefore valid for all such values of s save 0, —1, ..., —(k—1). From
this it follows at once that the conclusion of § 6 holds for the function
V,(z) for all values of s save zero or negative integral values.

Ezamples.

8. Before proceeding further I shall illustrate this result by some
examples.

(i.) Suppose that we write « for s, and that
Y(l—uw) = uf! = {1—(1—u)}F?
where R(8) > 0. Then

- 1=BEe— ,3 (v—ﬁ)
1.2.

It is easy to see (by a glance at a figure) that, however small « may be,
lv—B| < v—R(B)+x,

after a certain value of v. Hence it follows that, after a certain value
of v, | ¢, | is less than the coefficient of z* in the expansion of

K (1 ~z)~+=—RE)],
Now « can be so chosen that 14+x—R(8) < 1, in which case

1 dz
0 —g)+=—E®]

is convergent. The condition of § 5 relative to yr(«) is therefore satisfied.
We find easily that

_T@I@ [, B8 BB+D .
Y@ =Taxs M e T T et A e BFD S T

and the asymptotic expansion of ¢~*W¥,(z) is

sTat)lw+1—F) _
ra-pgre+1 K

provided that R(8) > 0, and that neither a nor a+8 is a negative integer.
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The first restriction is easily removed by the help of an obvious recurrence
formula for ¥,.(z), unless B is a negative integer. The cases in which 8
or a+B is & negative integer are obvmusly trivial. If a is a negative

integer, the function 1+ —=—; T B e ,3 . may be easily reduced to the form

SPw) f—,,

where P(v) is a polynomial. This is one of a class of functions which
may be reduced to the product of ¢* by a polynomial.

The asymptotic expansion found for y.(z) in D has been otherwise
obtained by W. Jacobsthal * from the point of view of the theory of linear
differential equations.

9. (ii.) Suppose that

S A U Y
(34) Y =a-otog( )]

@ and s having their real parts positive. Then

85 ¥, =£e’“u“'l fog (L)} " au= % 2 Sl wor=llog (1)} au

v=0V. JO

I
)ﬁ

()% =T () F, (@),

v+a)y!

if w® = ¢! and {log (1/w)}*! = ele=DIele@ Jogy and log log (1/w)
being real, while (v+a)® is defined as in § 2. If @ and s are real, it is
almost obvious that, from a certain v, ¢, is positive. Otherwise it may be
verified by an extension of the argument used in the preceding section,

that the condition concerning v (w) is satisfied. Thus we find the
asymptotic expansion

(86) T'(s)z'e " F,,,(z) = 22‘%37-}'1)

8=1
where ¢, i8 the coefficient of ' in (1— )“‘1{—‘1— log (l—i—w)} ; 80 that,
in particular, '
87 =1, ¢ = $(1+s)—a,

This is valid throughout D if the real parts of a and s are positive. This

*+ Asymptotische Darstellung von losungen linearer Diff.-gleichungen,” Math. Annalen,
Vol Lvi., p. 129.
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restriction is not, however, essential. The restriction as to s may be
removed by an argument similar to that of § 7, notwithstanding that the
coefficients ¢, depend upon s. The restriction as to @ may be removed if
we choose & so that R (a4£) is positive, and consider the function
LSRN o P (xu) by 1\t
68 Fuut= 2 s = e e () e
But I do not propose to go into the details of this here; for when I come
to consider the region E, which it is difficult to deal with satisfactorily
by the comparatively simple and direct methods of this part of the paper,
I shall have to apply to the function F, ;(z) a different and less elementary
treatment which leads with greater ease to the desired extension. The
only exceptional cases are those in which @ or s is zero or a negative
integer, the cases which were indicated as exceptional in § 2.

10. When z, a, and s are real and z positive, the dominant terms in
the asymptotic equations for f;(z), F.,,(z) may be deduced very easily from
a formula given by M. le Roy, who has proved * that, if

-]

f@ =Zaz",  a, =",
0

where ¢ (n) is a positive function such that it and its first derivate ¢'(n)
tend steadily to o for # = o, while ¢" (n) tends steadily to O, then for
large values of z AP O-®

(2) ~ A (27) ———s

where £ is defined by the equation ¢'(£) = log .

11. The general form of the coefficient a, in the Taylor’s expansion of
¥, (z) is easily seen to be

é T'(s+wv)
o Tlstntrt1)

Thus, for instance, in the first example of § 8,

1 é TA—B4+vTI (a+v)
TTa- —B) =o' QA+ T (a+n+v+1)

_ I (a)
T I'(a+n+1)

F(1-38, a, atn+1, 1).

* Bull. des Sciences Math., t. xx1v., p. 245.
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We saw otherwise that

we T@T@E+m
"T T'w+D)T (a+B+n)’

and the two results agree in virtue of a well known property of the

hypergeometric series.* A more general form of @, which we might take
would be T (a)

I = I'(a+n+1) v
corresponding to V(l—u) = {1—t1—w)}sL

F(1—R8, a, at+n+1, 9),

12. Instead of starting with the function f, (z), we might have started
with the function

_ 1.2...n n
for@) = e e (D

defined, when R (s) and R (¢) are positive, by the double integral

Sl Sl e (1—uy ' (1—0v)'dudy;
0Jjo

or from other more general functions which suggest themselves im-
mediately.t But, as I said in § 2, I shall content myself for the present
with indicating these generalisations.

18. Before leaving this part of the subject I may point out an inter-
esting application of these results to the theory of multiform functions,
defined by Taylor’s series, with finite radii of convergence.

Application to the Function ¢ (z) = 1+ ei]i z+ (gii))((’fig)) =4 ....

If

_ T+l &2 I'G+14y
69) $@ =@y 5 Tatien ™

a
r'e+y j 0
if |z| <1and R(B)> —1. If z approaches z = 1 along any path which
does not meet the circle of convergence, tz = u approaches infinity along
a path lying entirely within the region D in the «-plane. Hence
fu(tz) = T'(a) (j% +R
where |R| < K.

it is easy to see that ¢ (z) = et tPf, (ta) du

* Forsyth, Differential Equations, p. 199.
+ The dominant term of f; . (2) is easily proved to be I' (s) I (¢) z=5-¢ ¢=.
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Now, if B—a-+1 has its real part positive,

I (a) fe-w t (tz)~*dt = F;‘j)(f_(_ﬂr)‘ﬁ‘_’j}).

Moreover,

j' e“t”Rdt‘ < K.

0

It follows that

_ T+ DTE—atD)
“o PO = T D a—ar

where O (z) remains numerically below a finite limit as 2 approaches z =1
along any path lying inside the circle of convergence. This result may be
verified by means of the relations between the particular integrals of the
hypergeometric differential equation.

The condition R(B) > 0 may be removed without difficulty, either by a
recurrence formula or by the use of a contour instead of a line integral.
If R(B—a+1) <0, the series for ¢(1) is convergent. If R(B—a+1) =0,
the result still holds unless 8—a+1 = 0, in which case the part of ¢ (r)
which becomes infinite is easily found to be

ilo(l)
T E\1—2/"

And, obviously, similar results may be obtained for such functions as

L +0(@)

o

x‘ll

2 o

It is not difficult to determine the limit of O (x) in (40), and of the corre-
sponding term in the similar formula for the function (41); but to enter
into this would carry me too far from my subject.

(41)

II.—TrE RecioNn D' (r > Ry, ir+d << O < m).

14. The functions which we have been considering belong to a class
of which it may roughly be said that they exhibit their most characteristic
behaviour in the region D; and, notably, for real positive values of w.
An obvious illustration is provided by the function e*—P(z), where P
is a polynomial. The dominant term of all such functions is the same
in D; in D’ it depends on the particular polymomial chosen. It is then
not to be expected that the easy analysis of I. will be be equally effective
now.

In this section I shall consider the function ®,.(x) defined (when
R(a) and R(s) are positive) by the equation
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(42) 8, (@) = 5: e {log (1) }H V(@) du,

where y(u) is a function of « subject to certain conditions. I shall not,
however, treat the function in its most general form, but I shall consider
only two cases: (i.) the case in which y+(x) =1, (ii.) the case in which
s = 1.

1
The Function S- €™~ () du.
0
15. I shall consider first the function which is defined, when R(a) > 0,
by the equation
1
(48) P, (z) = j e " () due,
0

where () is a function satisfying the same conditions as Y- (w) in § 4.
The simplest case is that in which (w) = 1, i.e.,

(44) B,2) = 3

m — .
> el = Fea@s

this function more or less fulfils the rdle of “simple element” fulfilled
by fi(z) in L
It is evident that

45) For@) = L@ _ r st du

- (—2z)° 1
where (—z)* = ¢*1%6(=), the logarithm being real for real negative values
of z; and this formula holds for all values of a save negative integral
values (including zero). We easily find that
(46) j e utldu = é°x(z)

1

where x(z) is a function which possesses the asymptotic expansion

1 l—a |, 1—a)(2—a) .
(47) T S
so that
_ T
48) Fo (@) = o TP

where |p| is for sufficiently large values of 7 less than any power of 1/r;
in other words, we may say that the complete asymptotic expansion of

Fa,l(x) 'iS (—.’E)_GI‘(CL)'
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16. Now consider the more general function ®,(z) of (48). We can
prove, as in §§ 5, 6, that, if x is a sufficiently large positive integer and

-1
49) o, (@) = 2 6 Fur1 @),
then
(50) P,(x) = &, . (@)+ F e tut— du g‘, c b,
0 d

We divide the range of integration into the two parts (0, 8), (3, 1) where
§=(=6" 0O<Ar<,

and we prove by analysis similar to that of § 6 that

1 8 1
Ll <15+ 1)
0 0 8
finally deducing that, throughout D', &$.(z) possesses the asymptotic
expansion

(51) EM’_")

(_x)n+v °

<

< Kef’5+K8"+“-1 < K {e~(_5)l-x+(_f)_;\(um—l): ,

Thus, for example, if & = 8, and
(1) = (1 —aw)*t,

where'R(a)> 0, we obtain for the function (i.) of § 8 the asymptotic

expansion 1 s TB+y Tl—a+tv) (— ) B
Ti—a) I+1) o

In particular, if 8 = 1, we obtain for the function f,(z) the expansion

s 1—a)2—a)... v—a) '

(_z)1+v

This again agrees with a result of Herr Jacobsthal’s,* and the restriction
on a is easily removed.

The Function F, s(z).

17. I come now to the question of the behaviowr of F,(z)in D’;
and it is at this point that we begin to feel the need of more powerful
analytical machinery.

I start from the equation

—_ z” —_ 1 ! T, ,a—1 i ).3—1 :
Fa,s(x)—z—-—————vl(y_l_a)s—r—(s—)joe u {log(u>) du,

* L.e
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valid when the real parts of ¢ and s are positive. To obtain a formula
for F, s(x), valid for other values of @ and s, I consider the integral

(59) j e {1og (L) 1™

taken round the contour in the plane of u = oe** formed by (i.) the
positive real axis from p to 1—p and from 14p to R, p being small and
R large; (i) the radius vector ¢ =7—6, from ¢ =R to o =p;
(i1i.) arcs of circles whose centres are at the origin and whose radii are
p and R; (iv.) a small semicircle of radius p described around and above
the point » =1 (see Fig. 1).

NN

0 T
Fia. 1.

It is easy to see that the contributions of all the curvilinear parts of
this contour tend to zero when p tends to zero and R to infinity.
We start from p towards 1—p with

1 8~1
ua—l —_ e(a—l)logu’ {lOg (_)} — e(s—l)loglog(l/u)’
u
log » and log log (1/u) being real. If u = 1—pe',
1 " ( 1 ) :
—_— = * ceey 1 1 —_ = cer o
log 7— o = P + og log {—) = log p+iy-+
When % is at 1—p, Yy =0, and as u goes round the small semicircle

V decreases to —=. When u is at 14-p, loglog (1/u) = log p—i7+...,
and so the value of {log(1/«)}*~! along the line (1+p, R) is defined by

§=—1
(2]} = et

where (log ) -1 — e(s-l)loglog'u,

log log » being real. Thus the contribution of (i) is ultimately

(53) Sl ! {log (l)}s_l du_f_e—(s-l)ntr e ut=" (log w)*~* du
0 L (A 1 ]
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with the above assumptions as to the values of the many-valued func-
tions involved.

Again it is easy to see that the contribution of (ii.) is

w

. . 1 =1
_pa(m—0)i —or .a=1 1 ( : )}
(54) e L e "o { og o do,

where the path of integration is real, *~! = ®~11%87, log o being real, and
{log (L) }’—l= s=D1og [~log o-+i(9=m)]
ae'® ’

that branch of log { —logo+%(0—)} being taken whose imaginary part
is very small with 0. Thus, by Cauchy’s theorem, we arrive at the
equation

(55) T(5)F, () = =0 S e~ { —logo+i(0—m) | do

0

_e(s—l) n-ij ezuua—l (lOg u)s—l du
1

— ea(n—o)i roo S
0

e~'t*1 {logr—log t+ (0 —m)}~'dt

_gt-(s—l)fri Sw e:ct (1+t)a-1 {log(l-l-t)s_l} dt,
0

on transforming the two integrals by the substitutions or =¢ and
u= 1+¢ This formula, which I shall write in the form

(56) T () F,, (@) = #0ip-2g —#=C-Di B,

is valid if the real parts of a and s are positive.

Introduction of Loop Integrals.

20. This formula is easily generalised so as to cover all values of s
save negative integral values. For consider the integral

j et (148 {log (1+1)}* dt,

taken round the contour C shown in the figure (Fig. 2), including the

SER. 2. VOL. 2. No. 877. 2 E
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positive half of the real axis, but excluding the point ¢t =—1. The
values of the many-valued functions are to be so chosen that, if ¢ moves
along pp’, they assume at p’ the values already assigned to them in B.
Then, if R(s) > 0, the contour C may be transformed into the limit of
the contour C' (see the figure) and it is easy to see that

(57) 5@ — {1—g-me-D) B,

tlog(14#)}*~' being multiplied by *™ ¢~V by a positive circuit round the
origin. Thus

58 I'(s)F, — La(m-8)i .—a A=V
" o= e A_Ije-Tﬁ@-—nJ(c)

= ea(vr—é) i,r—a.A _ez-—-(s—l)'riBr’ S&y.

This formula is valid for all non-integral values of s; while (56) is valid
for all values of s whose real part > 0. Thus one of (56) or (57) is valid
for all values of s save negative integral or zero values of s. In both,
however, R (a) > 0.

21. Now it is easy to see that throughout D’
(59) | B'| < E(—£),
where v is a real constant. For, if we take C' to be formed by two lines

practically coinciding with the real axis, and a small circle of radius p,
then along the circle
le®| <e®, |48 {logA+8)}| < Kp™,

where s = R(s); so that the modulus of the contribution of the circle is
less than Kpe~%. If we take p = —1/{, this is less than K(—§)~*.
Again, the contribution of the rectilinear parts is in absolute value

(] '

< KS #lat+ K,
4

where ¢ is any small quantity . > p. It is easy to see that, if we take
s =log (—&/(—&), the first of these terms is less than K (—¢)'~%, and
the second less than K/(—&). Hence the second term of (58) is in
absolute value less than Kef(—£)*, or, what is the same thing, less than
Ketp,

22. Again
© 1 -1
A = (log” "‘j et t““{l—l—-g—————o t—%(e_w)} dt,
0 log » )

and it is easy to see that the limit of this integral for » = ® is

5 ettt 1dt = T (a).

0
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I omit the formal proof of this, which is a little tedious, and in no way
particularly interesting. Hence we arrive at the following conclusion :—
for all values of 6 such that 3r+5<<O0< 7

(60 Fia@) = 1@ (—a)* (0g " (1+e)

where ¢; is a function of z which tends to 0 for » = w0, and that uniformly

for all values of # in question, being, in fact, numerically less than
K[logr. Here

(_x)—a —_ ,r-uea('rr—o)i’
which is real for 6 = 7. Again (log 7)*~! = {log (—2)}*"*(1+¢). Finally,
frowmn the uniformity of the convergence of lim ¢,, we infer that the equation
(60) is valid also for & = = (as may be proved independently). We have
thus proved theorem II. of § 2 with the sole restriction that R (a) > 0.
This last restriction also may be removed unless a is zero or a negative
integer. For, if z, is a fixed point in D’ and |z | is large, and the path of
integration is rectilinear,

SFG, @de = = 4C=Foy @—14C,

v+l
o (v +1)'( +ay
where C is independent of z. Now

S: (—2)~*{log (—2z)}*1dz
—mp)l-a £ 1 (= .
= [—(—l-g)-a— {log (—z)}*! ., aLo(—x)‘“{log (—z)}*2de.

The first term may, if 0 < R (a) < 1, be put in the form

\l-a
- (li)a, {log (—2)}*~! (1 +-ea),

while the second is in absolute value less than
K S ™% (log 7y~ dr < K7'~* (log 7)°~2

Finally, it is easy to deduce from the inequality |e.| < K /log 7 that

r (—2)"*{log (—2)}* e, dz | < Kr'~*(log 7)° 2.
Zo

Thus, finally, * Fo_, ;(z) = I‘(I(‘L( )1)( a:)l““(log 7" (14e).

If we write a for a—1, the range of (60) is extended to all values of @
other than & = 0, for which R(a) > —1. Repeating this process of
extension, we arrive finally at the complete proof of II.

2 E 2
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ITII. Tee Recion E: THE ZEROES OF F, ,(2).

28. It follows from the results of I. and II. that there are infinitely
many zeroes of F, ;(z) within the region E. In order to determine them
more precisely it is necessary to determine an asymptotic formula for
F, () valid within this region. We must distinguish three cases—the

. . <
cagses in which ¢ = 0.
>

The case £ <O.

24. The analysis which led to (58) assumed only that £ <0, and the
formula is therefore valid for all such points of E. The same is true of
the reduction of the first term on the right-hand side of (58) to the form

T (a) (—z)*{log (—a)}* ' (1+¢).

But we must now consider the second term more precisely. We therefore
turn our attention to the integral

(61) I= Lc)ed (1421 log (148} dt.

The real part of & being negative, it is easy to see that we may replace the
contour of integration by a similar contour C, enclosing the origin and the
straight line for which , _ _ o, ¢ =7—0.
This contour we replace by a contour C; similar to the contour C’ of § 21,
taking the radius of the small circle to be 1/». Now

_ - —omie-1)) L (8)
o 1 —_ — p—2mi(s—-1)
I Lcoe“ t-'di+ R {1 e } —(—z)3 +R,

where (—z)* = 7" e®—™% and
(62) R = Lc )e“[(1+t °~{log (148)}*-1—¢-1]dt.

We can prove, as in § 21, that the absolute value of the contribution of the
circular part of the contour is less than K7»~*~!. The absolute value of
the remaining part of R is less than

had . S 0
KS / e~ | (147e4)*"! log (1411 —r5"1e6- D% | dr = KL + L
1r r
where ¢ is less than unity. The first term is less than
(]
K Sl/ Pdr < K (@ —rY),

and the second than Ke™™.
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If we take & = «log7/r, where « > s'41, both terms are small in
comparison with »~¥, and so

(63) lim "R = 0,
and that uniformly for all values of . whose real part is negative. Hence

64 Fo.@ =13 (—a) {log(—a)} (et S0+

where (—z)™“ = ¢™*8(-?, and z* = ¢~*'%8®), the logarithms being real
on the negative and positive halves of the real axis respectively, and e, €
are quantities which tend uniformly to zero with 1/» for all values of =
whose real part is negative. Owing to the uniformity of the convergence
of the limit in (68) the formula is also valid when R(z) =0. The
extension to values of @ whose real part is less than 0 is much the same
as before. We have only to make the almost obvious additional remark
that when r is large

[La=Sa+ato
£ £

Lo

where C is independent of z.

The case ¢ > 0.

25. It is of importance for our present purpose to prove that the
formula (64) is valid also for those points of E whose real part is
positive. The proof of this is so similar to the preceding wnalysis that
I shall merely indicate the principal steps in it.

We start from the formula

. s—1

1
R —-ru(] a.—l( —1 ) )
65 T F.,. ) = Le (a—we= flog (71) |,
valid, like (85), so long as the real parts of @ and s are positive; and
we consider the integral

S@"""‘(l—u,)“‘1 ! log <_}_) ).s_ldu

( 1—u/)
taken round a contour which only differs from that of § 17 in that the
radius vector (ii.) is defined by ¢ = — 6 and that the semicircle (iv.) is
turned downwards. By arguments similar to those of § 17, we arrive
at the formula

66) T Fou() = ¢ 5: e—”a‘_"e_w)a—l {108 (=2m)} " e

—gote—hmi j e (u—1)""1{ —log (u—1)—mt}*'du
1
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where in the first integral (1—ge=®)=! = go-Dlog-0e" ¢} logarithm
vanishing for ¢ = 0, and

(o8 (rmgzms) | = exe [(= o 1og ()]

wherein

1 .
tog () = ot loglog () = logo =i

when ¢ is small ; while in the second integral (u—1)*~! = g@-Dls-1)
the logarithm being real, and
{—log (u—1)—mi}*~! = exp[(s—1) log { —log (u—1) —=i}],

log (tk—1) being real and log { —log (u—1)—mi} having its imaginary
part small when (x—1) is small.
We transform each of these integrals as in § 19, obtaining

67) I'(s)F, (@)

a-1 10
= A0 s L e~tp-l (1_ .% e‘io) J?‘i log(

— ("“)"‘j e~ t* 1 { —log t—mi} ' dt
0

where in the first integral the last bracket, when expanded in powers of
t, starts with the term 1+-....

The first of these integrals must be replaced by a loop integral when
R(s) <0, as in § 20.  Finally, by arguments similar to those of
§§ 22-24, we arrive at the asymptotic formula (64).

The Zeroes of F, ().
26. We have then the asymptotic formula *

60  Fuuld) = p (—o)*{log (=)}~ (+e) + S+,

valid for all points of E, and all values of a and s other than negative
integral values. If z = £y is a zero of F, ,(2),

N T (a) 1 (@—m)i
£+in—si0 .~ — 2 o ,—(0—n)ia
gftn—aly=s — I,()(logr) e 1+4¢).

* In this section I suppose, for simplicity, that a and s ure real. The necessary modifications
when they are not are easily made.
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Now 7= n(l4¢), logr =logn(l+¢), and 6 = 3r+e. Hence

in—ASmwi~€i e ]1 s—1_s—a  dnia
(68) o Hinmtorieci — _ I,E;‘)) (log n)*~Ly=® ¢t (1 4-¢).
Equating the moduli of the two sides, we find
(69) e g)) (log n)y*~'#n*~*(1 ),
(70) &€ = (s—a) log n+(s—1) log log n+logr( )+
Dividing (68) by (69),
(71) e(n—bxrr—e)i - _eiarri’
or
(72) n=73%@+s)T+Qk+1) 7+,

k being a positive integer. From (70) and (71) we deduce the asymptotic
formule

5 = (s— _ I (a)
(78) [ £ = (s—a) log (2k7)+(s—1) log log k+1log e +e,
ln = (2k+1) 7+ (a+s) m+e.

Thus, the zeroes of F, ,(x) are associated with some or all of the points
obtained by giving k any large positive integral value in the above
formulee. The real part of the zeroes is therefore ultimately positive if

§ > a, negative if s <a. If s=a, its sign depends on that of s—1.
If s=a=1,

U) xl’. e ___1

o(+1)' z ’

and the zeroes are all purely imaginary.

Fa, (@) =

27. It still remains to be proved that one, and only one, zero of F, ,(x)
corresponds to each of the points (78). The proof of this is not difficult,
though a little tedious. I shall only indicate the argument briefly ;
it is as follows :—

In the first place, it is easy to show that the function

r(a) -a — 5=-1 _e_x_
(74) O,,.(x) = T )( z)~*{log (—)}* '+ po
vanishes, when % is large, once, and only once, in the immediate neighbouir-
hood of each of the points (73). To prove this, we have only (following a
line of argument which I have employed on several ocecasions in the
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papers already referred to) to draw the portions of the curves

r —-a 5— — e

TQ (- {lg—a | = | £ |,

I‘ z
am % (—z)~* {log(—=)}*! = am (—- %),

which lie in the part of the plane in question, and to satisfy ourselves that
there is in fact just one intersection near each of the points (78).

Now let ¢ be a fixed, but fairly small, positive quantity (such as +%).
Let us surround each of the points (78) by a closed contour, say a square
with its sides parallel to the coordinate axes and all at unit distance from
the point. First we prove that for all points on this square

T
(75) 104 (@) | > 6 17%’(—@-“ flog (—a)}*| .

Then we have only to show that for points on the square the ratio of
the moduli of the two terms of O, ;(x) lies between certain fixed limits in
order te satisfy ourselves that along the contour of the square

(76) F. (@) =86, 014d),

where ¢ is small. It follows that F, ,(z) has within the square the same
number of zeroes as O, ;(z), that is to say, one.

The Zeroes of the Two Simple Functions f;(z) and F,,(z).

28. When s = 1 we obtain, for the zeroes of the function F, ,(z) which
served as “ simple element”’ in D’, the asymptotic formula

(17 £ = (1—a) log 2km)+log '(a), n = Qk+17+3(@+1) .

29. The corresponding investigation for the function f;(z), which
served as our simple element in D, ig simpler, and I shall not set it out in
detail, as the formula

(78) fi@) =Tz e*(1+e)—z7  (1+¢)

is already known.* From this we deduce the asymptotic formula for the
zeroes, viz.,

(79) € = (s—1) log (2kw)—log I'(s), n = 2kwr+3(s—1).

It may be shown, as above, that one and only one zero is associated with
each of these points.

* Sec e.g., Jacobsthal, loc. cit.
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80. I do not propose to attempt a similar discussion for the more
general functions considered in I. and II. It is obvious that in order to
apply the preceding methods assumptions would have to be made not only
as regards the behaviour of the arbitrary functions - along the line (0, 1),
but also as regards their analytic nature for complex values of u. To take
a simple example, consider the function defined by the integral

Gu(z) = ﬂe“’“u““‘xb(u)du (@ > 0)

and its continuation in the a-plane, y (x) being real and expansible in a
Taylor's series which converges for « =1. Then the dominant terms
of the asymptotic expressions for G,(z) in D and D’ respectively are
z7'e*y(1) and I'(a)(—z) ™, (0) respectively. It is natural to suppose
after what has preceded that in E

Gu@) = Sy MA+9+T @ (—D)= ¥ O+,
in which case the zeroes are, when a is real, given by the points
(1—a) log (2%kw) +1log I'(a) +1log % +1{@2k+1) r+3(@a+1)7}.

But I do not intend now to attempt to investigate the conditions re-
garding Y- («) which are sufficient to establish the truth of this.

The case tn which s = 1 and a is a Positive Integer.

81. If s =1 and a is a positive integer, we can obtain an easy and
interesting verification of our results. In fact, in this case,

60 Fopu@ = [ murtau = £ 5 (le=Dn oy (SXa- b

0 Z z° ’

as 18 easily found by repeated integration by parts. In the first place, this
verifies the formula (64). Again, the equation F, ; (z) = 0 takes the form

e = (—)r Y a—1D!z1—...,

and it follows from results which I have proved elsewhere* that the

* Quarterly Journal, Vol. xxxv., p. 261.
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asymptotic solution of this equation is given by
§ = (1—a)log(2km)+log T (), 1= @2k+1)7r+4@+1)m,

which is in agreement with the general result. The case in which a =1
has been already disposed of (§ 26, end).

IV.

82. I shall conclude this paper by a short discussion of one or two
points of a miscellaneous character.

The Function F, _,(x).

In all the preceding analysis it has been assumed that neither @ nor s
is a negative integer. If a is one, F, ,(z) is no longer defined. But the
case in which s is & negative integer —n is of considerable interest. In
fact, in this case F, ;(z) reduces to the product of ¢* by a polynomial P, (x)

of degree n. For .
Fo,ale) = 3 LEE U OB

,,|

is the coefficient of ¢* in the expansion of

o v+ﬂ.)t
n! 2 ¢ = q! "t
V.
—_— i)-n, at+xct]
so that Fo _.(x) = [(dt e "

which is easily seen to be of the form*
(81) _ €"P,, (z).

From the method of formation of the polynomials P, it is easy to deduce
the recurrence formula

(82) Po(@) = z+a) P, (x)+z —=~ dPn (‘E)

s0 that
(838) Pyx) =1, P,@@)=z+a, Py =2"4+Q2a+z+d’ ....

If a is real and positive, the roots of P,(z) are all real and negative, and
separated by those of P,_i(z). This is easily proved by induction.

# A result substantially equivalent to this was proposed as a problem in the Mathematica
Tripos for 1903.
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Another interesting property of these polynomials is that

(84) SO P, (zx)dz = (a—1)".

-

The Equation F, ;(z) = c.

88. The question is naturally suggested whether the functions F, ;(z)
possess the property that for one value of the constant ¢ the distribution
of the roots of F,,(xr) = ¢ is abnormal. It is easy to see that in certain
cases they do, though the peculiarity is far less marked than in the case
in which s = 0 (or, more generally, s is a negative integer). Suppose, for
simplicity, that s =1, and that ¢ and ¢ are real. Then we have to
satisfy the equation

§<1+e)+r(a>(—x) ~(1+4e =ec.

It is easy to infer from this that £ must be positive and large (though
small in comparison with »), whatever be the value of a. If @ <0, we
approximate to the roots by taking

& =T(@)(—z)"1+e),
and the value of ¢ is indifferent. But, if @ > 0, we must take
e = cx (1+¢),
2.6., £ = log (2km)+log c+e, = Q2k+3) =,

unless ¢ = 0, in which case the approximation (77) still holds. Thus the
case of ¢ = 0 is abnormal, provided @ > 0 [and, more generally, pro-
vided R(a) > 0].

. ©@ z'fb
The Function Fy(z) = I -
1 w°n!
84. In the case in which a is zero or a negative integer the definition
of F, ;(z) by means of a series fails. But, if, for instance, a =0, it is
natural to define Fy(z) = Fy,:(z) as

(85) lim {F, (1)—a"°} :>;5 z

=0

I R >0, TEF@= Y T log (1)1 aw
0

u

1 3 8—1
and T(s)Fo(x) = 50 e : log (i—)} du =T (s) Fy, ().
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The asymptotic expressions in D and D’ for F; ;(z) are

=S _ 1 “(’g(_w)}s_l
z7%" and e = ,

and 1t may be shown, in the first place, that the dominant terms in the
expressions for F,(r) are dominant terms in the integrals of these
expressions, namely

z7%" and ___Llo (—2)}*

T's+1

and, in the second place, that the equation F;(z) = 0 is equivalent to

p—Spt — !log(_w)}s
™% TGTD) 1+,

from which we deduce as an asymptotic formula for the zeroes
(86) € = slog(@km)+sloglog k—log'(s+1), »n= 2k+3s).

In the particularly interesting case in which s = 1, so that
_ o mil’ s
87 F(@) = 213 oy B li(¢) —log (—a)—y,

where. y is Euler’s constant, the asymptotic expressions are*®
(88) ¢'lz, —log(—x),
and the formula for the zeroes is

(89) log(2km)+1loglog k41 (2k+3) 7.

Functions analogous to the Sine Function.

35. All the functions which have been considered so far are in many
ways analogous to the ordinary exponential function. Their increase is
substantially that of ¢", and the distribution of their zeroes is substantially
similar to that of the zeroes of ¢‘—c (¢ 0). Even in the case of those
functions whose zeroes have not been approximated to by the methods of
Section III., the asymptotic expressions obtained in I. and II. show that
the zeroes ultimately lie inside any small angle issuing from O and
including the imaginary axis.

* See Barnes, ‘‘ On Integral Functions,”’ Pkil. Trans. (A), Vol. 199, p. 411, and Horn,
Crelle, BA. cxx., p. 1, where complete asymptotic expansions of this function are obtained.



1904.] ZEROES OF CLASSES OF INTEGRAL TAYLOR SERIES. 429

By means of combinations of these functions we can form a variety of
functions similarly related to the simple function sin z.
Consider, for instance, the function

(90) Yu(z) = sm(xu)u “ldu [R(a) > 0]

. _ ”n ( )n 2141
 Farli—For(—ia} = 2t e DT

wp—: 5
v

We easily find that in the domain D, for which 0 <LK m7—d< 7
__”

(91) Yal@) = %2 1+,

while within the corresponding domain below the real axis
_ &

(92) Yal@) = % (1+¢).

Thus r,(x) possesses the property of sinz that its modulus tends to
infinity along any line issuing from the origin and going to infinity save
along the real axis.

On the other hand, if £ and £/5 are large and £ positive, V¥, (z) may be
expressed in the form

e“+e‘“ I'(u) |

(93) (1+o+ == {(—z)~"— (@)~} (1+),

where (—27) ~® has an argument nearly equal to 3wia and (27)~“ one nearly
equal to —3mia. From this formula an asymptotic formula for the zeroes
may be deduced. 1If, e.g., @ is real, positive, and less than unity, ¢,
and £/n are all large and positive and

e~#+1  T'(a)sin 7a

146,

and so
(94) & =2kn+e, 9= (1—a)log(2km)+log{I'(a)sin}ra}+e

In the special case in which a = 1,

1 -
Y (@) = 5 sin zudu = I—C(M,
0 T
g0 that all the zeroes are real ; in fact, £ = 2kw, » = 0, which agrees with
the general result. The close analogy between .(x) and sinz is now
apparent,
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"

z
o T(an+1)"

Functions analogous to the Function X

86. Prof. Mittag-Leffler has defined a function
x’ll,
Eow) = 0 I‘(a'n+ 1)’

and has summarily indicated some of its properties, which are in many
ways analogous to those of the exponential

e‘t]/n

It is natural to suppose that the function

’IL

0 n+a) I'(an+1)

would be, to some extent at any rate, amenable to analysis similar to that
of this paper. But, as Prof. Mittag-Leffler's extended memoir on the

subject has not yet appeared, I shall not discuss this question further at
present.

a, a8 (z) =

Conclusion.

87. The behaviour in D of the series

CnZ"

v
where Cn = oy +a)” (bo+ + 2 4. )
the series by+b,/n+... being convergent for » > 1, may be determined in
certain cases by means of the results of Section I. But the corresponding
investigations for D’ and E seem to present serious difficulties, the nature
of which I have to some extent already indicated. And, if, instead of
postulating the entire analytic nature of the coefficients ¢, we confine our-
selves to the information furnished by inequalities, however precise, we
find at once that very little progress can be made. Suppose, for instance,
that we consider the function

w'ﬂ.
F (.’17) = 20"72,7

K
where tn = n+a + pn, | pn | < T

Then F(z) = F,,1(x)+ ¢ (2)
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‘ v £
where | (0) | < R“(n+a)2n! <K
Thus at & zero of F(x)

|F..@)| <K %,
7

which, if, e.g., £ > 0, gives
7'2 , E< K+r—logr,

an inequality which conveys very little information indeed. And this is
only as it should be. Consider, for instance, the case in which

—_1 4 (=
= aFa + n+a)?’

The modulus of this function becomes exponentially infinite when =z
approaches infinity along any radius vector situated in the angle
(3w—96, .3w+36); and its zeroes are distributed over the plane in a
manner entirely different from that of the zeroes of F, (z).

F(@) = Fo,1(z) + Fo,2(—12).



