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THE HARMONIC FUNCTIONS ASSOCIATED WITH THE
PARABOLIC CYLINDER

(SeconDp PaPER.)

By G. N. Warson.

[Received and Read December 14th, 1916.]

1. It has been shewn by Weber* that the functions associated with
the parabolic cylinder in harmonic analysis are solutions of a differential
equation of the form

y'+2y =0,

where Z is a quadratic function of the independent variable z. There is.
no loss of real generality in taking the equation to be

y'+m+3—32)y =0;

and, when n is a positive integer, a solution of the equation is

N

(= e e,

This function is intimately connected with Hermite's* polynomial
n

2
dz”

2

U.le)=¢ (e=%).

References to other investigations of the solutions of the differential
equations are to be found in papers: published in the Proceedings in 1908
and 1910. It should be stated here that the standard solution of the

¢ Math. dmn., Vol. 1 (1869), pp. 1-36.

t Comptes rendus, t. 58 (1864), pp. 93-97, 266-273.

+ Whittaker, Proceedings, Ser. 1, Vol. 35 (1903), pp. 417-427; Watson, Proceedings,
Ser. 2, Vol. 8 (1910), pp. 393-421. See Encyclopédie des Sciences Math., Vol. 2, t.5, p. 825.
Refercnce may also be made to the work of Markoff, Bulletin de I'Académie des Sciences de
St. Pétersbourg, Sér. 5, t. 9 (1898), pp. 435-446, and A. Milne, Proc. Edinburgh Math..
Soc., Vol. 33 (1915), pp. 53-59, concerning the zeros of D, (z).
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equation, when % is unrestricted, is taken by Whittaker to be

’

' (0+)
D,(2) =— I—‘%l;;%l‘) 6'*2)2"J e~ A (— ==l gy
and other solutions are D, (—2), D_,_,(+12).
When # is a positive integer, then

D.(5) = (=)" e ;;'VZ;,,‘ (™) = (=)' 27 e U, (2/y/2).

The most remarkable discovery which has been made concerning the
function D,(2) i3 contained in Adamoff’'s* approximation, namely that,
when 7 is a large integer and z is positive,

D, (x) = 2ntre~¥ [cos (znt—Inm)+n~ i, (z)],
where () = e7%,()/(@s/7),

and | 9,()] <885..., when n>2; and «,® =0 or i%/n (where
—1< 9 < 1), according as » is odd or even.

In my former paper, I shewed that Adamoff’s investigation would Le
extended to D,(z), when z is complex, provided that |1(z)| is not too large :
and this result made it easy to give a formal proof of a theorem enun-
ciated by Hermite and Whittaker, concerning the expansibility of an
arbitrary analytic function in the form X a, D, (2) :—a result analogous to
Neumann’s expansions in series of Legendre polynomials and Bessel
functions.

In this paper, I investigate various types of asymptotic formule and
expansions of D,(2), by the method of steepest descents; the results con-
tained in the paper are therefore to be associated with those previously
ohtained by Debyet and by myself] for Bessel functions.

It should be stated here that the method of steepest descentsy is a mode of discussing the
integral je"f“" ¢ (s)ds by choosing a contour which passes through a zero of f'(s), and which

* dnn. de UInst. Polytechnique de St. Pétersbourg, t. 5 (1906), pp. 127-143. More recently,
Perron, Archiv der Math. u. Phys., Ser. 3, Vol. 22 (1914), pp. 329-340, has given some
approximate formule for the contluent hypergeometric function of which D, (2) is a special
form, but the limits of error in the formula are not investigated with the preciseness of the
earlier work of Adamoff.

T Math. Ann., Vol. 67 (1909), pp. 535-558 ; Miinchener Silzungsberichte [5], 1910.

1 Proceedings, Ser. 2, Vol. 16 (1917), pp. 150-174. The present investigation is much
more closely connected with this paper than with the paper of which it is nominally a sequel.

§ The method is to be traced to a posthumous paper by Riemann, Werke, 1876, p. 405.
See also Brillouin, Ann. de UEcole Norm. Sup., Sér. 3, t. 33 (1916}, pp. 17-69
Riemann’s method was a combination of the method of steepest descents and the method of
stationary phase,
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is such that If (s} is’ constant on the contour; so that Rf (s) falls away from its maximum as
rapidly as possible, f(s) being monogenic. The name is derived (like the German ‘¢ Methode
der Sattelpunkte ’ and the French ¢ Méthode du Col’’) from a consideration of the surface
on which the coordinates of any point are R (s), I (s), Bf (s) ; the contour is the plan of a curve
drawn on the surface so as to pass through a saddlepoint and at all other points on it to be as
steep as possible,

2. Whattaker’s integral for D,(2{a/n).

It is convenient to take a new variable in place of 2, the argument of
D,(2). We shall write throughout z = 2{s/n, £ = 2£4/n, where £ is real ;
it will be supposed that » is positive (except in §§ 10-14, 16, 17, in which
1t is assumed merely that R(n) > 0 and | argn | < i), so that, with these
exceptions, « is also real.

In Whittaker's integral, already quoted, we take a new parametric
variable s, defined by the equation

t = —284/m,

where | arg s | < = on the path of integration. This gives

T Qe

D, (2) = Lot1) j«m 57" 1 exp { — 22 +ndzs—ins?} ds

=71 (6/?1)*“ I‘(n+1) An(g)y

0+)
if A6 = 513 E exp | —n ({2 +3+1log s—2{s+4s7} s~1ds
©+)
P— TQ,IZJ e—n-rs—l ds,
where ™ = {*+3+log s—20s+3s

We proceed to discuss the properties of D,(2) by means of the slightly
simpler function A, ({).

8. Inequalities satisfied by A, (€) when £ > 1.

We shall now apply the principles of the method of steepest descents
to the contour integral for A,(£), introduced in § 2, in the special case in
which £ > 1.

Write £ = cosh «, where a > 0; then the value of = becomes

cosh? a+3+1log s—2s cosh a+ 352
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Evidently =, qua function of s, is stationary when
(1/s)—2 cosh a+4s = 0,

s = ete,

i.e., when
At these points T is real, and so we choose (if possible) a contour on

which I(r) = 0.
or part of the curve whose equation in polar coordinates is

Writing s = re®, we see that the contour must be given by the whole
6—2r sin 6 cosh a+7*sin 6 cos 6 = 0.

This equation is satisfied, either if 6 = 0, or if
r = sec 0 {cosh a % 4/(cosh® u—0 cot 0)}.

If the lower sign be faken for the radical » is positive when

— 7 << 0 < 7, and 7 is an even function of 6: as f increases from O to =,

» varies* from e=* to 4+ .
If the upper sign were taken for the radical, r would vary from ¢- to + » as 6 incrcases

from O to v ; and when 4r < 6 < m, » would be negative.
The curves on which 6~2rsin @ cosh a+72sin 8 cos 6 vanishes are shewn in Figs. 1 and 2,
the latter shewing the special case a = 0; the dotted portions correspond to the negative

values of »,
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Consequently the curve r = sec 6 {cosh u—4/(cosh? a—8cot )} is a

* It appears that r does not necessarily increase steadily ; for, when ¢ = 0, r is stationary

and its second differential coefficient with regard to 0 is negative if cosha < 2/+'3,
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contour of the appropriate type; and it gives rise to the definite integral
=L (" -ar (L ar .
@) =g [ (5 G+i) s
where 7 is the stated tunction of 6 and T is defined as a function* of 6 by
the equation

T = cosh® a+%+log »—2r cos 0 cosh a+4+? cos 26.

To indicate the dependence of T on 6 and «, we shall frequently write
T (6, cosh a) in place of T'; we thus have

T(6, cosha) = log [sec6 {cosha—4/(cosh?a — O cot6)} ]+ cosh? a3 —0Ocot 26
—cosh a sec® 6 {cosh a—4/(cosh®a—6 cot 6)}.

Since » and T are even functions of 6, we see at once that

Au§) = L e df.
From the equations
dT[d6 = {(1/»)—2 cos O cosha+r cos 20! (dr/d6)+ 2r sin O(cosh a—1 cos 8),
0 = 2in 0 (» cos 6—cosh a) (dr/dB)+ (1 —2r cos 8 cosh a+1?% cos 26)

(the latter being derived from the fact that I(r) is zero on the contour), we
see that

dT|d6 = r[2sin O(cosh a—7 cos 6)]7 [{1/r—2 cos O cosh a+7 cos 26}*
+ 4 sin® O(cosh a—7 cos 0)?]

= 7[28in O(cosh a—7rcos )]} [{1/r—2 cos 6 cosh a+7}?
+ 4 sinh® a sin® 0] .
Since cosh a—7 cos 8 = + 4/(cosh? a—6 cot 6) > 0,
we deduce that, when 0 < 6 < =, T is a non-decreasing function of 6,
and s0 T> T (0, cosh «) = sinh a cosh a—a > 0.
It now follows immediately from the last integral given for A,(£) that
0 < A, (cosh a) < we~"TO cosha)

An inequality for A, (cosh a), which is stronger than that just obtained

% In fact 7'= R (7); although 7 reduces to 7' on the contour considered, it avoids con-
fusion to make a distinction between 7, a function of the complex variable s, and T', a function
of the real variable 6,
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(except when a is small) can be derived from the former of the pair of -
expressions given for dT'/df; for we have

dT[d6 > 2r sin 6 (cosh a—r cos 6)

—on 1_ cosh «
=20 il cosh «+-4/(cosh® a—0 cot 6)

> 20 {1—e"cosh },

since Ocot 6 1. Hence, on integration, T—7'(0, cosh a) > %Og(i—e‘fﬂ),
and so

™

A, (eosh o) < j exp { —nT' (0, cosh a)—3n6% (1 —e~%)} db
0

L @Gm/mt(l—e ) Yexp { —nT (0, cosh a)} ;

and this is the inequality to which reference was made.
The results of this section may be summed up in the following
theorem :—

When & > 2+4/n, D, (x) ts positive and does not exrceed the smaller of
the functions

To41) e @)™ {x+4/(@?—4n)} "exp { —}es/(P—dn)},
@m) T+ 1) et @n) "t (P — )~}
X {z44/(2®—4n) | "+ exp{ —Fxs/(*—4n)}.

1. The behaviour of A (€) and AL (€) when £ > 1.
It is easy to see that

dT®,§) _ sec? 0
d€ ~ 4/(cosh®a—6 cot 6)

[ 1cosh a sin? 0—4/(cosh® a— 0 cot 6) }
+cos?6{cosh?a sin?6+sinh®a} ] > 03
and consequently

dng:: £ = z_i% [2 tan 64/(cosh® a—8 cot 6)+ 2 cosh « (6—tan 6)].

_From the integrals

" dT®, &)

A, (6) = S: e dl, A =—mn L —aF e~"Tdo,

it is now evident (i) that, when z > 24/n, D,(z) is a positive decreasing
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“function of z when = is fixed, and (i) that, when £ is fixed, and not less
than 1, A, (£) and —n~'A,/(€) are positive decreasing functions of #, since

T > T, ) = sinh a cosha—a > 0.

5. Simple properties of a, (1) and an(1).

The functions an (1), 65(1) are not so amenable to analysis as J, (n), J,, (n). It is easily
verified that, when 0 is small, 277 (9, 1)/6® ~ 8 /8—126, and so T'(6, 1)/6* initially decreases,
though it ultimately increases, since it tends to infinity as § — .

From a theorem of Bromwich (see his Infinite Series, p. 444) it follows [since T (6, 1) is
monotonic] that

Lim [#}a"(1)] = Lim nd ‘ exp (—8n+’8.6%27) do] = é:‘(§)/3-‘=.
N~px N—>x Jo
Also, it is casy to shew that

dlntan()] _ 4 4,47 _. T g -
A= g | [o4f-ar e

but, since the integrand is not one-signed, we cannot infer that n3a, (1) is monotonic. On
the other hand, since the integrand is negative for sufficiently small values of 8, we can infer
that 234, (1) is a decreasing function of n when n is sufficiently large.

Similarly, if we put

2 tan 8,/ (cosh? a— 8 cot 6) + 2 cosh « (§— tan ) = G 14, cosh a),
it follows from § 4 that Fﬂiﬁ:}éﬂ = [ (TG =3GT) e-7do,
n m

where G is written in place of G (9, 1). Since, when 0 is small,
TG'~3GT ~ —865/135,
it follows that —n—3a4;, (1) is a positive increasing function of n, when n is sufficiently large.
[ddded, December 15th, 1917.—A proof will be given at the end of §7a that TG'-2GT

is negative throughout the range 0 < @ < w. This result obviously shews that —n-% 4, (1) is
a positive increasing function of n for all positive values of 1.}

6. Properties of the contour introduced wn § 3.

We shall now make a rather elaborate investigation with a view to
proving ultimately that D,(2£4/7)/D.(24/n) is a non-mncreasing function
of n when ¢ is fixed and not less than 1, provided that §—1 is not too
large. The range of values of £ for which we shall prove the theorem is,
in fact, 1 << £ < 1'2 approximately. The theorem may be true for greater
values of £ but it is then comparatively unimportant. The fact that if is
true for the range of values just specified will be found later (§18) to be
of vital importance in dealing with the convergence of series of Kapteyn's
type when £ > 1.

We shall retain the notation of § 3 and consider values of 6 between O
and = only.
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Since d(rsin 6)/d6 = sin 0 (dr/dO)+r cos 0

we see that the ordinate of the contour increases with 6 so long as r < 1,
and decreases when r > 1.

Now » =1 only when 6-—2cosh a sin 8+sin 6 cos 6§ = 0.

Since* 0 coseec 04cos O decreases steadily from 2 to 4= as 6 increases
from O to 3, and then increases steadily from 37 to + o as 0 increases
from 47 to =, we see that there is one value only of 6 (other than 6 = 0),
say 60 = 0,, for which 0 cosec 0+4cos 6—2cosh « vanishes; and 6, is an
obtuse angle exceeding 6, where 6, is the value of 6 for which
A cosecH+cos 6 —2 vanishes.

[The angle 6, is 2:139 radians ; the sexagesimal measure of this angle is 122°32'.]

It is evident thatt » <1 when 0< <6, and »r>1 when
H. <6 < 7; and so rsin 0 increases steadily as € increases from O to
f., and then decreases steadily as 6 increases from 6, to =.

We shall subsequently (§ 7) require an upper bound to the value of
f (@), where f(a) is the value of 7 sin 6/(cosha—7 cos ) when 8 = 6..

We have

f (@) = sin 6,/(cosh a—cos 6,) = 2 sin? 0,/ (6.—sin O, cos 6,).

But sin® 6, < sin®6,, 6,—sin 0, cos 6, > 6,—sin 6, cos 6,, since 6, and
6, are obtuse angles of which the former is the greater.

Hence f(a) << f(0) = sin 6y/(1—cos 6,) = cot 6, = 0°548.

That is to say, 0'548 is the upper bound of f (a). The fact which will
be found essential in § 7 is that this is less than unity.

We shall next shew that, when 0 << 8 << 6,, the contour is concave to
the initial line.

It is easily seen that

d(rsin6) (1—7%sin 0 .
d(rcos ) ~ cos 8—2r cosh a+12 cos 0’

and the contour will be concave, when 0 <6< 6,, if this expression

# The differential coefficient of this function is —cos 6 cosec?8 (8 —sin 6 cos 6).
t Ifa=0,r=1 when 6 =0; for positive values of a, 7 <1 when 6 = 0
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has a positive differential coefficient with vegard to 6 for these values
of 6.

We shall need the following preliminary results (valid when 6 lies
between 0 and «) to prove this theorem :—
(1) 1—2rcos 6 coshat1?cos’ =1—60cot6 >0
(i) cos 6—2reosh a+7* cos 6 = cos 6—6 cosec 6 < 0
(iii) cosh a—2r cos 412 cosh a > 1—2r cos 6 cosh a+1?,
(iv) 2(sin 0—0 cos 0) > 0—sin 6 cos 6.
Proofs of (i) and (i1) are left to the reader. To prove (iii), we see that

the difference of the expressions is (cosh a—1)(14 21 cos 0+41?), and this
i8 never negative. To prove (iv), we observe that

2(sin O —0 cos 6) — (6 —sin 8 cos 6)

vanishes when 6 = 0, while for values of 8 between 0 and = it has the
positive differential coefficient 2 sin 6(6—sin 6), and so is not negative.
Now it is easy to shew that

(cosh a— 7 cos 0)(cos 8— 2 cosh a+12 cos 6)° 20 [(l (sin6) /d 4 cose]

= 2(cosh a—27 cos 8+ 2 cosh «) (1 — 27 cosh a cos 6412 cos® 6)
+7(cos 8—27 cosh a1 cos 6)(1—2r cos O cosh a+1?)
> 2(1—06 cot 6)(1— 27 cos O cosh a+1?%
—1 (0 cosec @—-cos 6)(1—2r cos 6 cosh a+1?)
= {2(1—0 cot )—7(6 cosec 0—cos 0) - (1— 2 cos 6 cosh a+1?)
> (1—17)(6 cosec 6—-cos 0)(1— 2 cos A cosh a-+1%) >0

provided that » <<1. Hence the differential coefficient of
{d (r sin ) [d(r cos 6) }

is positive when 0 < 6 < 6,, and so the contour is concave to the initial
line for this range of values of 6.

7. 4 family of bicircular quartics associated with ihe contowr.
It will next be shewn that

dT(6, cosh ) /dG(O, cosh u)
" de do
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s an increasing function of A, when 0 < 6 < 7 ; where, with the nota-
tion of § 5,
G(6, cosh a) = 2 tan 64/(cosh? a—0 cot 6) +2 cosh a (A—tan 6).
From the formul= of §§ 38, 4 it is evident that

dT(0, cosha) /dG(6, cosh a) __ (1—2rcos 6 cosh a+7)?44+? sinh® a sin? 0
do a9 —  2rsin 8 (”*—2rcos € cosh a+cosh 2a)

Now write*

X = a (cosh a—7r cos 0)/sinh «, Y = ar sin 8/sinh «,

where a is any positive constant, and we bave

dT (8, cosh a) /dG(H, cosh a) __sinha (X2 4 Y2 ~ad)?+4a%Y?
do de ~ 2a Y(X?+Y*+ah -

Henece, if we write
X2+ Y*—a%)2+4a?Y? = 4ar\Y(X2+ Y 24a?),

we have to shew that A increases steadily as the point (X, Y) traces out
the curve C defined by

X = «(cosh a—recos O)/sinh«, Y = arsin B/sinh «;

where 6 is a parameter increasing from O to =, and r is, of course,
written for brevity in place of sec 8 {cosh «—4/(cosh® «—8cot 6) .
We shall consequently study the family of bicircular quartics

(X?+Y?*—a)+4a’Y? = 4a\Y (X?+ Y+ D),

A being the parameter of the family. Only one quartic can be drawn
through any real point, other than the points for which both Y=0
and X®+ Y% = a?; and all the quarties pass through these points, which
are (+ a, 0). We shall shew that, as a point P describes the curve C
from # =40 to 8 = 7, the value of A for the quartic through P steadily
increases from 0 to »; and this will establish the theorem to be proved.
Each quartic is symmetrical with regard to the Y-axis, and it is
wholly above the X-axis ift A >0; it meets the Y-axis at (0, & aq),
[0, 2Aa + a(4\*—1)¥], and the two latter points are real only when X > 3.

* The analysis breaks down when a is actually zero, but it can then be replaced by the
simpler analysis of § 7a.

t+ When A < O the quartic lies below the A-axis, and therefore we may confine our atten-
tion to positive (including zero) values of A.
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When A\ = 0, the quartic consists of the two points (4 a, 0); all the
quartics touch the axis of X at these points, while the shape of the
quartics near them is that of the parabolas 2a\Y = (X F @)®; these
parabolas increase in size with .

Fic. 8.

fach quartic consists of a number of closed branches,* and this number
cannot exceed 2 ; for if there were 3, a circle drawn through a point on
each branch would cut each branch a second time and would meet the
curve twice at each circular point, so that a quartic and a conic would
have 10 intersections, which is impossible. When A > 3, there cannot
even be two branches, for, by symmetry, they would have O or 4 intersec-
tions with the axis of Y.

Hence, when A < 3, each quartic is bipartite, and, when A > %, each
quartic is unipartite ; and by a consideration of the curves near (4 a, 0),
we see that the quartic (A) is wholly enclosed by the part or parts of the
quartic A" when \' > .

* The curves shewn in the figure are those for which A =1/+8,4,1/.'2; the dotted
curve and line are the sextic and its asymptote which will be introduced presently: the line
Y = X cot 34, is also shewn.
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When A = }, the quartic has a double point at (0, a), and we have a
transition from the bipartite to the unipartite type.

We shall next consider the inflexions of each of the quartics; and we
ghall discuss them by means of the obvious result that a closed curve
cannot have one inflexion without having a second, and if it has two (or
more) inflexions, a bitangent can be drawn such that two inflexions lie be-
tween its points of contact.

Now the quartic has the following* eight bitangents :—

() Y=0, Y =2a\/(1—7\)).

(i) A?Y*4+X%2=0.

(iil) Y = mX-+c, where

¢=a{l+4/A—=4N}/@2N), mE = {c(1—2A)—ar}/(a\’).

The pair (ii) are always imaginary. The set (iii) are real if, and only

if, A < 3, i.e., if the quartic is bipartite ; since
a?—(c/m)? = ach > 0,

the set (iii) all pass between the two branches of the curve. Also Y =0

touches at (4 a, 0), and ¥ = 2a)/(1—A?) touches at real points only if
A < 1/4/8; these points of contact are given by

a2 —X? = 4@\ =A%,

and so they lie between the lines X = + a.

Now consider the area which forms the greatest possible region
bounded by ares of any particular quartic, and the segment of contact
of the bitangent ¥ = 0 and the segment of contact of the bitangent

Y = 2an/(1—2Y),

the latter being omitted if it does not touch at real points. The boundary
of this area is a simple closed curve with no real bitangents, except one
(or two) which touches at every point of a segment of a straight line.
This curve consequently has no inflexions, and since the whole of the
portion of the quartic lying on the right of X = a forms part of it, it
follows that no quartic has any inflexions on the right of the line X = a.

* Salmon, Higher Plane Curves, pp. 231-237, shews that a bicircular quartic has not
more than 8 bitangents, and gives a method for deducing them in pairs from four canonical
forms of the equation of the quartic ; as it does not seem easy to obtain all of the four forms,
I derived the bitangents by the direct process of substituting mX +c¢ for ¥ in the equation,
and writing down the conditions that the result should be a perfect square in X.



128 Dr. G. N. Warson [Dec. 14,

Hence, if a point starts from (a, 0) to the right and travels along the
quartic until it again reaches the line X = a, the tangent to the quartic
at the point has a continually increasing slope, which increases from 0 to
+ ® and then (as the point moves to the left on the upper part of the
quartic) from — o to a finite negative value.

Moreover, the locus of points of contact with the quartics of tangents
parallel to'the Y-axis is the sextic

Y4 74X +ah)— V(X' —10X%a’+a') — (X*—a?)* (X*+a?) = 0.

Since the product of the roots of this cubic in ¥Y? is positive, and the sum
of the roots is negative, the cubic has one positive root and cannot have
more than one ; and hence, corresponding to any positive value of X, there
is one and only one point on the sextic in the positive quadrant. The
ordinate of this point vanishes when, and only when, X = a.

The portion of the sextic in the region in which ¥ >0, X> a con-
sequently consists of a single branch starting from (e, 0) and terminating
at infinity* on ¥ =X ; and, at points between this branch and the X-axis,
the quartics obviously have positive slopes, and are consequently conver
to the X-axis.

Further, when X is sufficiently large (in fact when X > «x1'9...
approximately), the sextic lies above the line ¥ = X cot 38,, since

cot 36, = 0548 < 1,

and the asymptote of the sextic is ¥ = X.
Next consider the curve ¢ (introduced on p. 125) traced out hy the
point whose coordinates are

X = a(ecosh a—rcos B)/sinh @, ¥ = arsin /sinh «,

as 0 increases from O to .

As 0 increases from O to 8, the point moves to the right from («, 0)
with an increasing ordinate. This portion of the curve traced out by the
point has a decreasing slope, and consequently it cannot meet any par-
ticular quartic more than once, since each quartic has an increasing slope
on the right of X = a and an increasing ordinate.

The portion of C for which 6, < 8 < = has a negative slope, and it
lies on the right of the line X = a (cosh a—cos 6.)/sinh « and below the
line Y = Xcot36,, by § 6; and so it lies entirely in a region in which
the quartics have positive slopes, if we choose a so that

@ (cosh a—cos 8,)/sinh a = aX1'9 ..

# The lines Y =+ X are the only real asymptotes of the sextic.
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Since 6, is obtuse, this condition is certainly satisfied when
cotha>19 ..., 7.e., when cosha<<12....

When this condition is satisfied, the portion of C under consideration
obviously cannot meet any particular quartic more than once.

Hence, if a point P travels along C from 6 =<0, the parameter A
of the quartic through P must be monotonic as 6 increases from O to 0,
and it must also continue to be monotonic as 6 increases from 6, to ;
for, if A, had any maxima or minima, we could find two points on the
curve (one on each side of the critical point) at which A had the same
value, and these two points would lie on the same quartic.

Since A\, >0 as 68— +0 and Ap,— ® as § -, while \p is posi-
tive when 6 = 0,, it is obvious that A, must be a steadily increasing
function of A ; and so we have established the required result that, when
« has any fixed value such that 1 < cosha<{12..,

dT'(f, cosh a]/dG(O. cosh a
dafa dao

is an increasing funetion of 6.

Ta. The simplification produced by making a = 0.

In the special case in which a = 0, the analysis of §7 breaks down; we then have to
prove that (1—2rcos 8 +72)/(2rsin 6) is an increasing function of 8.

Write X = 1—7cos6, ¥ = rsin g, and we see that we have to prove that (X2 + ¥?)/(2Y) is
an increasing function of 6.

We therefore study the family of circles X®+ Y* = 2AY. These touch the axis of X at
the origin, and have positive slope when A >0, X >0, ¥ < .X. The curve traced out by
(1—rcos#, rsin @), as 0 increases from +0 to 8, i8 concave to the axis of X, and the ordinate
and abscissa of a point on it are positive and increase as 6, the parameter of the point, in-
creases. This part of the curve consequently meets each circle only once. The portion of
the curve for which 8, < 8 < = has a negative slope, and lies below Y = Xcot 36,, and there-
fore in a region in which the circles have positive slope. The proof that (X*+ ¥3)/(2Y) in-
creases as the point (X, Y) moves along the curve now follows exactly as in § 7.

It may be remarked that, even in this particular case, a direct algebraical proof, that

(1 =27 cos 6 +7?)/(27 sin b)

is an increasing function of 6 on the curve under consideration, seems to be so arduous as to
be impracticable.

(Added, December 15th, 1917.—The result stated at the end of § 5, that TG'—2GT is
negative when 0 < 6 < w, may be proved by similar graphical considerations: here T, G
stand for T(8, 1), G (6, 1) respectively. For we have

GG" 8XY? -

— = ————— = 8sin’ ¢ cos

7 T (XEr v e
where tan ¢ = Y/X. Now, since X = 1—7rcosé, Y = rsing, ¢ steadily decreases as @ in-
creases from O to « ; for when 8 is less than ¢, the curve traced out by (X, ¥) is concave to
the X-axis, and when 6 > 6, the curve has an ordinate which decreases as ¢ increases. Hence

SER 2. vor.17. wo. 1310. K
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¢ steadily decreases from ir to O as 6 increases from O to =. But, when 0 < ¢ < 4=,
‘—% (sin® ¢ cos ¢) = sin' ¢ (3 cot?¢p—1) > O,

and so GG'*/T" is a steadily decreasing function of ¢; hence
T (2GG"+ G')-2GG'T" <0,

that is to say, (% [3T—2 (GT'/G")] < O.

Therefore 3T—-2(GT'/G’") is a decreasing function of § which vanishes when 6 = 0, and so is
negative when 6 > 0; and from this result it is obvious that 3TG'—2GT" is negative when
8> 0.]

8. The cardinal theorem concerning D,(2€a/1)]Dy(24/).

We are now in a position to prove the important theorem that, when
£ 18 fixed (and 1 <€ 12...), D,(260/n)/D(24/7) is a non-increasing
function of n.

For the values of & under consideration, we have, from the results
of §§ 7 and 7a,

"e'-1'G">2 0.

It follows that

dT"G/G") _dT _ (I"G'=T'G" G >0
de e — G" ==

since G is not negative; for G is bounded* when 0 < 0 < 7, while G

vanigshes when 6 = 0 and G' =dT/d§ > 0, by § 4, when 0 <O L .
Hence (I"G/G")—T is a non-decreasing function of 6, and it is equal

to —T(0, cosh a) when 6 = 0; and hence we at once get

dT (0, cosh a)

dG(0, cosh «)
do .

G (0, cosh a) 0

> T, cosh a)—T(0, cosh a)}

Next, we shall shew that

A (€) _ cAu(f) M)
A0 onoé O on >

We have

a = renay, DO [ BB gy

and, differentiating under the integral sign, and then integrating by parts,t

* Tt is easy to see that G (¢, cosha) = 2 (8 cosh a—7 sin6).
+ Compare the corresponding analysis in the Proceedings, Ser. 2, Vol. 16, pp. 164, 165.
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we easily find that

aQA‘n ”An & (—\n + !
A6 ("'n?(‘g DE’S : (nf) Sr.[ 2B, )em TEDT O dB A,
where 06, ) = 60, & L% 411y, -1, 81} 8L
66,680 1 110, g1— 100, £ LG
>0,

by the result just proved ; and so we have

FALE) 04, (&) dALE)

onog o on

AL

when 1< EL12....

It follows from this inequality, exactly as in Proceedings, Ser. 2,
Vol. 16, pp. 164, 165, that A, (£)/A,(1) is a non-increasing function of »
when £ is fixed and 1 < £ 1'2.... Changing to parabolic cylinder func-
tions, we see at once that D, (26s/n)/D,(24/n) is a non-increasing function
of » when £1s fixed and 1< EL12....

9. An wpper bound to | Do (2) | when the order is a positive integer
and z 18 unrestricted.
It will now be shewn that, when » is an integer,

| D.(2)] < T(n41)et (2n)~" | {z44/(2—4n) } "exp { —12y/ (P—4n)}|,
where that value of 4/(z*—4n) is taken which makes

Lz— AR =) | < 2/

1 (0+)

In the formula A€ = mS e Vs~ 1ls,
obtained in § 2, take the contour to be a circle, with centre at the origin,
terminated at the points at which args = + 7, together with the lines
joining the end points of this are to —a« . The integrals along the lines
cancel, since 7 is an integer. :

To obtain the best possible inequality, take the circle to pass through
a stationary point of =, namely, the point at whieh s = ¢~ (+#) = g say,
where { = cosh (a+i8) and « >0, — 7 LB L 7.

Writing s = ¢™**% on the circle and putting + = 7, when s =5, we

K 2
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see that, when s is on the circle,
R(r—7y) = 2 %sin? } (64 B) {e**—cos(0—B)! > 0.
Hence the modulus of A,({) cannot exceed 7 |exp (—nry) .
Now sy = cosh (a1 —sinh («4iB8) = {—/({?—1),

where that sign is given to the radical which makes |s,|<1: and on
substituting for =, in terms of {, and thence of 2, we at once obtain the
inequality stated.

Since R(ty) = % sinh 2a c0s 28—~a >0, -

if a=0 orif 8 =0, we see that, if z is positive and equal to 2 (whether
greater than, less than, or equal to 24/7n) then A,(§) <, and so

| -Dn(x) < P()1+1) ot =¥

This inequality shews that Adamoff’s function w,(z) is, in reality, O (n) at
most, where the constant involved in the symbol O is independent of .

It is easy to construct a very similar inequality when = is not restricted to be an integer
by obtaining a suitable upper bound for the integrand on the straight lines which pass from
the circle to infinity. .

10. The expression of a definite integral in terms of parabolic cylinder
Sunctions.

We shall subsequently need the result
S" 57" Vexp (—12+nt zs—Insdds = Quu eF4HUTD _,_(F 42).

The upper or lower sign is to be taken according as the path of integration
passes above or below the origin.

This is most simply proved by taking E(n) < 0, deforming the contour
into the rays args = 0, arg s = + =, expanding exp (ntzs) in powers of
z and integrating term by term ; the result follows for all values of n by
the general theory of analytic continuation.

11. Asymptotic expansions of Dn(2) when 2z and n are large.

We shall now investigate asymptotic expansions corresponding to those
obtained by Debye for J,(z). The analysis is similar to that given by
Dehye, and will be stated very briefly, except in the discussion of the
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range of validity of the expansions; the portions of Debye’s work which
correspond to the last mentioned investigation seem to be somewhat in-
adequate.

The expansions will be deduced from the following Lemma :—

Lenya—If (i) f(?) is analytic when |t < a3, where a > 0, é > 0,
except at a branch-point at the origin, and

) = = auten
1

n=

when t| < a; (i) |f ()| < K", where K andb are independent of t, when
t is positive and t > a; (i) |argn | << 37—A, where A>0; @v) |n!
is sufficiently large : then there exists a complete asymptotic expansion
grven by the formula

7]

j’ e f)ydt ~ s ay L nfr) n=n,
0 1

=

The proof of the lemma is easy; for, if M be any fixed integer, we

have

M-] I

’f(t)_ 2 amt(w./r)—l.l < Klt(ﬁl/r)—lebt

m=1
throughout the range of integration, where K, is some number indepen-
dent of ¢.

M-1

Hence j e fiydt = = S e~ a, t™N1dt 4+ Ry,
0 . ]

m=

»

where ,RMl < J le_ml K] {MIn)=1 bt 74

< K, T(M[n)[{R@n)—b}HI,

provided that R(n) > b, which is the case when || is sufficiently large ;
and since {R(n)—b} ' = O(1/n) for the range of values of n under con-
sideration, we have

@ M~-1
j emf)dt = 2 a,L (mfr) ™74 0 @n="),
1

(G m=

and so the integral possesses the complete asymptotic expansion, which is
of Poincaré’s type.
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12. The application of the method of steepest descents to Whittaker's
integral.

We take the form of Whittaker’s integral obtained in § 2, namely,
(0+)

8.0 = 5. j e—ms-1ds,

where = "+ 3+log s—20s+13s*;

this formula is obviously valid when |argn| < 3w—A, where A is any
positive number. As in §9, we write { = cosh(a+13), where « >0,
—7r < B K, and also s = 7¢®; further, let «+i8 =1y, ¢7Y = s,

It is evident that = is stationary when s = sy; let the value of = at
this point be 7.

Then 7—7, = log r+a—r{e*cos(@+B)+e* cos(@—p)}
+372 0820+ 1+3¢~% cos 28
+i[0+B—7 e sin(@+B)+e*sin(@—P)}
+ 3% sin 20—3e~*sin 26].

It is necessary, before we apply the method of steepest descents, to
study the form of the curve on which ~—, is real, namely

?sinf eosf—r{e* sin(@+B)+e*sin(@—B)} +0+B—e*sinBcosB = 0.

The curve has already been considered (§§8, 6) when 8= 0; and
since its equation is unaffected by changing the sign ofZf, provided that
the sign of 0 be also changed (so that the curve is reflected inZthe real
axis), it 18 sufficient to consider in detail values of B such that 0 < B < 7;
further, since the effect of increasing B8 by = leaves the equation un-
affected, provided that 6 be diminished by = (i.e., provided the curve is
turned through two right angles), it is really sufficient to consider values
of 3 between 0 and 3.

Suppose therefore that 0 < 8 < 3w, and consider the values of r
corresponding to various given values of 6.

We have 04-B8—e *sinB cos 8 positive when 0L O =, and
e* sin (04 B)4¢~* sin (0—B) changes sign once (from + to —) at a
value of O greater than 3.

Hence, when }7 < 6 < =, there is one positive root of the quadratic
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in r; this root is a continuous function of 6 and tends to a limit
when 0 — 17 ; but it tends to + o as 8 —> = (in the latter case, the
negative root tends to a finite limit).

When 0 < 6 <3, there are two distinet positive roots so long as

{e*sin (0408)+¢~* sin(0—3)}*—4 sin 0 cosd {#+B—e~*sin B cos B} > 0.
The last expression may be written in the form
4 8in 0 cos O {sinh®a sin®(0+/3)/(sin 6 cos ) |
+ !{sin(6+8) cos B sechH} —-0'—,8].
The differential coeflicient of the expression in square brackets is
sin(0+ ) sin (0—B) sec? {sinh?® u cosec’0+1},

and so the expression has one minimum in the range of values of ¢ under
consideration, namely 6 = B; its value is then cosh2asin2B—28.

[The expression cosh 2«— 283 cosec 23 is positive* when { (= &+n) is
on the right of the curve shewn in Fig. 4 by a continuous line on the
right of the z-axis; the curve has a point saillant at £ =1, » = 0.]

L}
\
\\ ,
\ /
\ 'I,
\
\ 0 //
y 3
/ \\
/ N
/ \
\
/ \
,/ Ay
Fro. 4.

There are thus three cases :—(i) If ¢ is on the right of the curve, we

% The expression is written in this form to cover the case when 8 is negative. The resder
should note that it did not seem practicable to draw the curves in Figs. 5-11 accurately ; and
the sketches given indicate merely the general form of the curves.

The dotted curve in Fig. 4 (which is drawn accurately) is sinh 2acos 28 = 2a; see §18.
The other continuous curve is the image in the n-axis of the first curve ; see § 16.
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get two distinct values of » for each value of 6 between 0 and 1w, as in
Fig. 5. () It {is on the curve, the contour has a second double point

)
AN

Fie. 5.

where 6 = 3, as in Fig. 6. (iii) If { is on the left of the curve, there
are two values of 0 such that between them » is imaginary, and the
curve is as in Fig. 7.

% :';\’/0/\

N .

Fi6. 6. F1a. 7.

Next, when 0> 6 > — 3w, one value of r is positive so long as
9> —B+e *sin B cos B, and when 0 is less than this value, both are
positive, provided that e sin (§+B)+¢~*sin (0—B) vanishes for a greater
value of 8 than —B+e¢~2 sin 8 cos B, .., provided that

tan~! (tanh a tan B)—B+e~*sin B cos B8 < 0;

and this inequality is always true.
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[To establigh the inequality, we call the expression on the left f(a, 8) ; then

af (a, B) _ e~**sin B cos 8 (sinh 2a—cos28)
“Toa cosh?a costB+sinhia sind B

Hence, if cos28 < 0, f(a, B) < f(w, 8) =0; and if cos28 >0, f(a, B) decreases as a in-
creases from 0 to Lsinh-!(cos28), and subsequently increases, so that f(a, B) does not
exceed the greater of f(0, B) and f(w, 8). Therefore, always, f(a, 8) < 0.]

Consequently, when —B+¢7**sin 3 cos 8 > 0 > — 3, there are two
positive values of » which coincide only when 6 = — 8 [the maximum of
sinh®a sin®? (04 3)/(sin 6 cos )+ {sin (04 3) cos B sec 6} —0—0].

The larger root tends to 4+ as 0 > — 3w, and when 6 <—3= it
becomes negative ; the other root remains positive and tends to a finite
limit as 6> — 7; when 6 << —, there are two positive roots (the
negative root becoming positive through infinity when 6 = — =) so long as
{sinh? « sin? (0 4B)/(sin O cos 0)} 4 {sin (04 B) cos B sec 6} —O— B is nega-
tive ; since the expression has become positive when 6 has decreased to
—r—f3, the curve must lie as shewn in all three figures.

18. Asymptotic expansions derived from Whittaker’s integral.

‘We now consider 2% S e s ds,
taken along the contour marked in that one of Figs. 5, 6, 7 which is appro-
priate to the particular value of { under consideration.

On each contour, ~ decreases from 4o to 7, and then increases to

+ . We accordingly write the integral in the form

1 (% . (dlog(sifs)  dlog(se/sy))
2 j ¢ T dr a1
where s;, s, are the two values of s corresponding to a specified value of T,
so0 chosen that args, > — B8 > args,.

Now, if we write v = log (s/s,), we have

»
T—T, e E cmvm+2’
m=0
where ' en = (2"H sl —52—1)/(m+2)! .

For sufficiently small values of |T—,| this series can be reverted,
giving an expansion of the form '

v =
i

provided that ¢, 0, i.e., provided that s, # % 1.

i Ms

An(T—T D[ (m 1),
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dv g
Hence we get d_l =X g).a_m(.r__.ro)é(m—l).
T m=0 _

To determine the radius of convergence of this series, we observe that
dvldr = (1—2{s+s%)7

and 80 v is & monogenic function of T except when s = e*¥; hence the
only possible singularities are at the values of = given by the formule
To—2rmi, —71y+2rmi. Of the latter system the only points which are
singularities of the particular branch of v under consideration (defined by
the power series and its continuations for positive values of T—7) are the
three points —r, —7y+ 27i. For, the singularities being given by
T—T7y = 2rmi, —27y+2rmi, we see that if =, be varied so as to make
—27,+2rmi tend to zero, then the radius of convergence will tend to
zero, and so ¢, must tend to zevo ; for, if ¢, did not tend to zero, the series
would have & non-zero radius of convergeuce.
Now consider the zeros of —27,+2rw¢, i.e., of 2y —sinh 2y+2rri.

If 2y—sinh 2y +2r7i = 0,
then 2rm—2iy = sin (2rm—2iy).
This, regarded as an equation in y, has a triple zero* when
25y —2rm = 0,

and it has simple zeros, two in the strip 7 < R (2rv—2iy) < 7, two in
the strip 27 < R(2rm—2iy) < 3, and so on ; none of these latter zeros
are on the boundaries of the strips and none are such that

I2rm—2iy) = 0.
Hence the only zeros which make ¢, vanish are those for which
Qiy—2rm = 0;

and y = 0, + = are the only ones for which —7 < 8 < 7; these cor-
respond to the values 0, ¥ 1 of 7.

Hence the radius of convergence of the series for v is the smallest of
27, | 275|, | 27 £ 27¢ |; and none of these are small except when y is
nearly equal to 0 or + =.

Hence the Lemma of § 11 15 applicable except near the points { = + 1,
whach will require special consideration.

* These results are due to Hardy, Messenger of Mathematics, Vol. 81, p. 163.
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Following the methods of Debye,* we find (by using what is practically
Lagrange's expansion) that a,, is the coefficient* of »™ in the expansion of
p ! (r—1) “2™+D in ageending powers of v.

We shall write Qom Y = An(y),

80 that
doty) =1,
A,(y) = $—11 coth y+ 5% coth?y,
Agly) = F— £ coth y+ #2475 coth? y — 25 coth? y+ #55 coth? y.
In the case of s,, it is easy to see from Fig. 1 that we must take

¢;* = +1/4/(e7 sinh y),
where 4/(sinh y) 1s positive when vy is real and positive; for s, we must
take the other value of ¢;%, and hence we find that

A (7 .. (dlog(sifsy) _ dlog(selsy) )
21’5 € l dT dT ’ d-r

To

e—)lfn

- o Am(‘)’) jx = (T=70) (o e Y3
24/(¢~" sinh ) ;.En cy ‘ rom

o Tu

g~ (sinh y coshy—y) E (—)""Am(y) Tim+3d)
24/ (me~sinhy) =y (e ?sinhy)"

Hence, if y be such that cosh 2a—208 cosec2B > 0, i.e., if { be on the
right of the curve shewn in ¥Fig. 4, then the asymptotic expansion of D,(z)

is given by the formula
P(?l+ l)egne—n (sinh y cosh y—y) g (_)m Am (,Y) I‘(,n_*_%)/r(%)

D" (Z) ~ 2~/(7rnn+le—y sinh .y) 11;0 (ne~'y sinh ,y)m ’
where v = cosh™' (3z/4/n).

{The dominant term in this expansion, namely,
3T (n+1)exp {n—n sinhy coshy +ny}//(n** ' e-7sinh y),

is the second of the two approximations given at the end of §3 in the special case when z is
positive and exceeds 2+/n.]

¢ In Debye’s expression (Math. 4nn., Vol. 67, p. 545) a factor 8 is omitted from the
coefficient of ¢,*c./c)® in a,. The efiect of this correction is to change the expression g3 cot®r,

which occurs in his subsequent work into g% cot? 7,.
t Expressions for the coefficients a.. as determinants, whose elements are multiples of

the coefficients ¢,, are given in the Messenger of Mathematics, Vol. 46, pp. 97-101.
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If, however, { is on the left of the curve given by

cosh 2a— 28 cosec 28 = 0,
then the integral

1 - (dlog (51/39) _ d log (/o) i
%N J.,l,e ( dr dr ) dr

still has the same asymptotic expansion, though it represents a different
function of z.  For the contour in the s-plane (Fig. 7) is no longer one
which is symbolised by (—o; 0+); it is a coniour going from e ™
to + o below the origin, or from + x to me™ above the origin, accord-
ing* as I({) > 0 or I({) <0, provided that { is on the right of the curvet

cosh 2a—2 (8 + =) cosec (28 £ 27) = 0.

Hence, by the result of § 10, the integral is equal to

+ le‘*"(ﬂvrn")b eta=Nmip (£ i2),

- 2%

and so we obtain the asymptotic expansion}

e?imn' eiue-u (sinhy coshy—vy) : (_)m Am, ('Y) r (m‘_*__‘})/r(%)

Dona(Fue) ~ V@ eV sinh y) sy (ne™Y sinh )" ’

where the upper or lower sign is taken according as I({) >0 or I({) <0,
and it is supposed that { lies between the curve

cosh 2a— 23 cosec 28 = 0,
and the curve cosh 2a—2(B + 7) cosec (28 + 27) = 0.

*If I(() =0 and -1 < (<1, we may take B positive or negative at pleasure
(—-m<B<m).

t If ¢ were on the left of this curve we should get a contour starting at + o, encircling the
origin, and returning to + . This curve is the image in the imaginary axis of the curve
cosh 2a = 2B cosec 28 (see Fig. 4). )

1 When ¢ is actually on the curve given by cosh 2« = 28 cosec 28, there is a second
stationary point on the contour in the s-plane at which 7 =—7,; near this point,
dlogs)/dr is O {(r+7,)-%}; this pole of the integrand raises the order of the integral along
the part of the contour near the point by nd, which is o {exp(—2n-ro)}, because 7, is not
smalland R (7,) < O (since (is on the left of the dotted curve in Fig. 4); and so the asymptotic
expansion is unaffected when = is positive. If % is complex we may get an additional series to
‘be inserted ; this series is easily written down, and it seems unnecessary to give it here. In
this case we may go along the contour either to + @ or to —w; and so the two functions
D.(2) and eX"™* 1 (n+1)(2m)" D_,._; (& i2) have the same asymptotic expansion when ¢ is on
the curve and is not close to the point (=1.
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14. The asymptotic expansion of D_,_, (F iz).

In the preceding section we obtained the asymptotic expansion of
D_,_,(+2) when z lay in a certain region of the plane and the upper or
lower sign was taken so as to make R(+i2) < 0. We shall next consider
D_,_,(F ¢2), where R(+ iz) <O.

To do this we make use of the second stationary point of

= 3?4+ 3 +1og s—28s+ 447,

namely, sy = e*@+#); at this point + = —r,, and the contour given by
the method of steepest descents has for its equation in polar coordinates

r*8in 0 cos O—r {e*sin (8+B)+esin (0—B)} +0—LB+¢* sin B cosB = 0,

with a double point where r = ¢4, 6 = .

When B is positive and acute, the curve is as shewn in Figs. 8, 9, 10,
and when 3 is positive and obtuse, it is as shewn in Fig. 11. The effect
of changing the sign of 8 is to reflect the curve in the real axis. When
B8 = 0, the figure degenerates into Fig. 1, and when 8 = + = the figure

- _
~_

N

o

[
Fig. 8. Pic. 9.

~ T

0

Fie. 10. FiG, 11.

also degenerates ; in the special case 8 = 0, the contour may be taken tc
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go either from we™ or from we™" to + ®, the important stationary
point (cf. footnote {, p. 140) being that at —7y; the cases 8=+ 7 ave
derivable from B8 = 0, since —%cosh (a + i7) = 4 ¢ cosh a. The contonr
going from we*™ to 4+ @ gives, in general, the asymptotic expausion of
D—n—l(? 12).

Writing w = log (s/s;), we have

@®

1
TH+Ty= Z Cpit
m=0

m+2
H

where cn = 1@ =1)s72—1; /(m+2)!,
and hence d(log 8)jdr = = 3al (r+T)"
where @ = ¢;°%, ai = —qifcy, ..., (¢, = e’sinhy), and, generally,

a'ém =4 m ( - 7)/(0(’))1114- k

To fix the sign of 4/co, we observe that, for the branch of the contour
going from sy to + @, d (log s)/dr is positive in the limiting case when y
is positive ; and so we get, in general,

Jx e & Au(=nTm+3Y

’

e " s lds ~ - b - -
w exp (i) +4/(ne¥sinh ) , =0  (ne¥ sinh y)*

where arg (sinh y) is zero when v is positive.
From this result* we at once get {(except when 8 =+ =

D (F i2) pta(n+D)mi gl o—n(y—sinhy coshy) i Am(—y) I‘(/)n-{—-_}z)
-— - ~ - > L
=1 /\/(27L'c+1 ey Slnh ‘y) m=0 (n,e'y Slnh .y)'lu

[The asymptotic expansion of D_,,_, (= iz) on the right of the curve cosh 2« = 28 cosec 28
is now at once derivable from the formula

Du(z) = @m)ir(m+ 1) {et"D_,. (iz) +e "' D_.., (~iz)},

by a use of the result of §13.]
Next, write A,() = du 1 (y)+4,,20y), where A, (y), A .(y) are
respectively even and odd functions of . From the formula just quoted,

which connects D,2), D_,_,2), D_._1(—1i2), we see that Detween the
curves whose equations are

cosh 2a = 2B cosec 28 and cosh 2¢ = 2 (B + =) cosec (26 + 27),

* When B = 0, there is a second double point on the contour, but this does not affect the
result (cf. footnote I, p. 140).



1916.] HaRMONIC PUNCTIONS ASSOCIATED WITH THE PARABOLIC CYLINDER. 1438

D, (2) possesses the asymptctic expansion

Duty ~ DOED e [ o ) () 7 T omt DT @)} cos g

v (rn"* ginhy) Lu-o (n sinh y)™
4+ 5 Avs) e ™0 T 43T (3)} sin gbm:l
,,.:1 (n sinh )™
where 1 = 3y F Frt—nTg+my+ Imri,

provided that —m < B <, and the upper or lower sign ts taken through-
out according as B 2 0.

15. The connezion of the asymplotic expansion with Adamoff’s
Sormula.

We shall investigate in detail the form assumed by the asymptotic
expansion just obtained, in the special case when z is real (= x) and
—2¢/n <& <24/n, n being positive. To interpret /(sinh y) we suppose
that ¢ starts by being greater than 41, and then describes a semi-cireuit
about the point 41 in the counter-clockwise direction, so that, at a point
where —1<{< 1, B is positive, a is zero, and arg(sinhy) = + 3,
sinh y reducing to ¢ sin 8; and z = 2n*cos B, so that

sin B8 = 34/ {(dn—2a?)/n},
while B = tr—sin~! (}z/s/n).

The upper sign is to be taken in the final asymptotic expansion of § 14
and so we have

An —)m J 1
Dn(z) ~ { I'(n4-1)e "+l)[ <« ( Am,l("',B) I‘(7n+ )/I‘(%) }COS(Pm

(@*[dn) |2 o/ (700 e (n—Inz?H™
+ mE:I —)"id,, 2(@,2 Tgr:z:;)%)lr 3 }sin ¢m]
where ¢ = 2o/ (@n—2z2) 4 (n—m—13) sin~ 3z [s/n) — 30T,
Ao (B) = 1, ido,2(iB) = 0,
Ay, 16B) = 3 —ofr cot? B, id,, 2(¢8) = — 3L cot B,

The dominant term in the expansion of D,(z) is.

TCn41)et {1—(z%an)} ~F (mn**) 2 cos ¢,
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and, when z is small compared with n*, we have
¢ ~ z4/n—3nw,
with an error O(z’n~%); from this we deduce the approximate formula
D.(z) ~ T'n41) e (wn**") " cos(z4/n —3nw),

which is in agreement with Adamoff’s approximation.

16. The asymptotic expansion of D, (2) in the region hatherto uncon-
sidered.

n §§18 and 14, the asymptotic expansion of D,(2z) was obtained,
(i) when ¢ is on the right of the curve cosh 2a = 28 cosec 28. and (ii) when
¢ is in the region between this curve and its image in the imaginary axis.
We now consider the expaunsion when { is on the left of the curve

cosh 2a = 2(8 £ ) cosec 2(B + ).
We take the formula

( ) = eﬁ"”.Dn(—Z)-'- g((i-’rz) :Fb(n.+1)1riD_”—l (i_ 7/2) :

and we have —2z = %t cosh (a+18 F i7),

the upper or lower sign being taken according as B is positive or negative.
Writing — 2z for 2z in the formulz of §§ 18-14, we have

I‘(n-l— 1) eine;'nm:e—u(sinh y coshy—vy) é (_)m Am (Y) F(’I)L"*"l_;,)/l‘('p
24/(7n**1e~Y ginh y) - (ne~Ysinh y)™

b

Dn(—z\' ~

eii(7"+1)1"3e§7leiﬂﬂie—"(‘l-—8i“h‘/ coshy) =» 4 m (—"Y) r(’l?l:-‘l" %) /F (%)
A/ (20" e¥ 27 o ginh ) n=0 (ne¥ sinh )"

-D—n—l (i @Z) ~

This gives the result

P(ﬂ+1) e;}neqt‘z“n-i -n(sinhy coshy—y) w (_)MA"'J) 1* ,m_}_l)/r(‘})
24/(mn"*1e~" sinh ) m=0 (ne~Ysinh y)™

D.2) =

T'(n-+1) sin (nr) ei" g2 g =7 (y=sinh y coshy) E A, (=) Tm--H)T'(3)
A/(mn**! ¢ ginh y) m=0 (ne? sinh )" '

+
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Putting z = 2n* cosh(a + 47), we get

I'(n+1) ¢ g¥ i g=n (ivha cosha—a)
24/(7n"*' ¢~* sinh a)

« 3 ()" An@Tmn+HITR)

D,(—2nt cosha) =

m=0 (ne~* sinh o)™
__ Tn+1) sin(nr) e g~ "@-sinhacosha) § An(—a) Tm+3IT3) .
A/ (wn™*1e* gsinh a) mat (ne® sinh a)™ ’

This is the form of the result which is useful when the argument of the
fanction is real and negative; and here the positive sign has to be given
to each radical. [The reader will remember that, in the former equation,
arg (¢' sinh ) was + 27).

It will be observed that cosec (nr) D,(—=z) is negative when z is
sufficiently large and positive, and n is not an integer ; this is in agree-
ment with the result given by the ordinary asymptotic expansion.*

17. Asymptotic expansions connected with Dy (2) when z ~ 24/n.

We shall now obtain the asymptotic expansion of D,(2) when
{ (= 3n7%2) is nearly equal to one of the two critical values + 1.

We write T = $+4log s—2s+}s%,
and consider J e= T =D =140

where ¢ is a small number, not restricted to be real, which will be specified
precisely later, and the path of integration is one of the following three
portions of the contours shewn in Fig. 2: (i) from s =1 to s=+ o,
(i) from s =1 to s = we™, (iil) from s =1 to s = we™™.

In each case we may write the integral in the form

B » dv
L 6" exp {e(e’—1)} 7, 4
where v =log s, and so

w
= %+U—26u+%62” — 20 Cm’IJm+3,
m=

and Cn = 2™*2—2)[(m+8)!.

We may revert the series expressing T in terms of », and when we

* Proceedings, Ser. 2, Vol. 8, p. 397.
SER. 2. VOL. 17. xo. 1311. L
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substitute the result in exp {e(¢’—1)}!dv/dr), we find from Lagrange’s
expansion that

exp {e(e®—1)} (dv/dT) =% E =2 o4 tD B (o),
m=0

where ¢ #™*V B, (¢) is the coefficient of »™ in the expansion of

vm+l(%+v_2ev+%e2v)—§(1n+1) exp {e(e"— 1) }

in ascending powers of v.
The following formul give the values of the first few coefficients :

Bye) =1, Byl=—3+e Byl =3F—1e+3e,
Byl = g%+;%e+o.e2+%e3,
B4(€) = *1' §€+0 €2+2:;€ + 2 7:;€

It is easy to see, from an inspection of Fig. 2, that we must define c;* for
the respective contours to mean 3%, 83¢i™, 84¢~¥",

Moreover, the expansion in powers of = defines a function which, with
its continuations, is analytic except where v fails to be a monogenic func-
tion of T; since dv/dT = 1/(1—2¢’+¢*"), the singularities of the function
are the points where ¢’ =1, ¢.e. where T = 2rmt¢; the radius of conver-
gence of the expansion is consequently 2.

Applying the Lemma of § 11, we find that

—Q (n+1) Bm(f) I‘(%"’n"' ’})

YR

* -nr U _CE ~-1—'~ v
joe exp {e(e 1)}d_‘_d-r 3 =

m=0

and a few terms of this series will give a good approximation to the in-
tegral, provided that e = o (n}).

I‘(7L+ 1) et S(M-) - (5 w) g1 dS’

7l§n

Now Dy(w4+24/n) =

—

where ¢(s, w) = (1+§~wn“1’)2+%+log s-—2(1+=}wn‘5)s+%s
= T—N" s—1)+§w2n'],
" provided that 0 =en"t

From this result, we get at once

in—iw® » 1
Datwot 2y ~ TEXDTTT 5 gin-ngin (3nnt- 1} ZaTEmAD)

where » must be o (n™*), and }w/y/n = o(n~9).
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Similarly, from the formula of § 10, we get

D—'n—l (i @wi 27/‘\’”)

~ (@0 —h gFh A i gt é“ gHm-9) 1] _ pEameNmi Bm(”ézl(ﬂ?})’n-ki)’
and hence
Dy (—w—24/n)
- Tin41)etr—=*
it
x 5 gtm-2) 12sin 3(m~+1) 7 cos (3 mr+ 34w —nw) } Bm(%b;‘;)h(gﬁ)m-k%).

m=

We have now obtained all the results analogous to those obtained by
Debye for Bessel funetions.

18. Series of Kapteyn's type.
The analogue of Kapteyn's type of series of Bessel functions is

Za,D,.(2&/n),

where n takes the values v, v+1, v+2, v+38, ..., and v is positive, but not
necessarily an integer.
From the result of § 8, combined with the formula (ef. § 17)

D,.(2¢/n) = Tm41) e/ n™d N+ N n 24 An 1+ 0(n~3) |,

where \, A;, Ap are independent of », it follows, exactly as in the corre-
sponding investigation for Bessel functions (Proceedings, Ser. 2, Vol. 16,
pp- 171-178), that the convergence of the series Za,I'(n+ D/ n=? is
the necessary and sufficient condition both for the convergence and for
the uniform convergence of the series Za, D,(2£4/n) throughout the range
1<EK12.... Ttis also a sufficient condition for the uniform conver-
cence of the same series when £ > 12 ..., by reason of the inequalities
of § 3.

19. The statronary points of D, (x).
Since D? (z)+D'?(x)/(n+3—1}r» has a positive differential coefficient,

namely, 3zD,?@)/(n+3—21s%%, when .« is positive, it follows as in Pro-

ceedings, Ser. 2, Vol. 16, p. 169, that the values of |D,(z)| at its

stationary points form an increasing sequence as z takes in turn the

critical values between O and 24/n going from left to right. This
L 2
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seems a little remarkable when it is considered that D,(x) is the product
of the negative exponential exp (—%z? and a polynomial (when n is an
integer), but it is quite consistent with the extension of Adamoff’s formula
given in § 15.

It would be possible, but it seems unnecessary, to obtain limits for the
greatest value of | D,(z)| by methods which I have previously applied to
Bessel functions ; the results appear to be of no special interest.

20. The completeness of the system of functions formed by Bessel
Sfunctions and parabolic cylinder functions.

The results contained in this paper, together with those given by
Debye, complete the discussion of integrals of the type

j s™""!exp { —nds"—nBs’} ds,

where m and p are integers (other than zero) by means of the method of
steepest descents, when the construction of the appropriate contour in-
volves the solution of only a quadratic equation in s ; the case m = 0 is
reducible to the Eulerian integral for the Gamme function. The memoir
published recently by Brillouin contains the simplest results when an equa-
tion of degree higher than the second has to be solved, but owing to the
logarithmic term present in log s+ 4s™+4 BsP, the analysis necessary to
discuss the integral when m and p have not the values 41, —1; 1, 2;
or —1, —2, seems, in general, to be extremely elaborate, and it is unlikely
that 1t leads to results of much interest.

[Added June 15th, 1918.—1 have found that, since my paper was
communicated to the Society, a paper by Perron has appeared in the
Munchener Sttzungsberichte, 1917, pp. 191-220. This paper, which was
read in May 1917, deals with the general problem of applying the method
of steepest descents to functions represented by contour integrals.]



