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§1. Introduction.

It is well known that in many cases the solutions of a linear
differential equation can be expressed as definite integrals, different
solutions of the same equation being represented by integrals which
have the same integrand, but different paths of integration. Thus,
the various solutions of the hypergeometric differential equation
d*y
dz*

can be represented by integrals of the type

z(z — 1) +{—c+(a+b+1)z}z—z+aby=0

It“‘c(t — 1)e-v-1(t — 2)-ady,

the path of integration being (for one particular solution) a closed
circuit encircling the point ¢ = 0 in the positive direction, then the
point t=1 in the positive direction, then the point ¢= 0 in the
negative direction, and lastly the point =1 in the negative direction;
cor (for another particular solution) an arc in the ¢-plane joining the
points f=1and t = .

The object of the present paper is to communicate a general
theorem regarding the solution of both ordinary and partial differen-
tial equations by means of families of definite integrals. The
‘theorem gives only the integrand of the integral: but when in any
particular case the integrand is known, there is usually not much
difficulty in determining a double-circuit or other path of integration
which will give any desired solution.

In § 2 the theorem is stated in its general form. The rest of the
paper is devoted to working out particular cases of it, the results
being believed to be in most cases new.

§2. The general theorem.

The general theorem may be stated as follows:—
Consider any contact-transformation from a set of variables (15 @2, « . @a,
D1s Pas - . Pn) to a set of variables (@1, Qo - - @n, Py, Po, .. P). As is
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known,! we can obtain a contact-transformation by taking any
function W(gqi, ¢s, - - @n, @1, @2, .. @,) of the ¢’s and @’s, and writing'
down the equations

ow oW

P = s r = -

0 P da,
and solving them with respect to the @’s and P’s. Suppose that the
variables (@1, @z .. @u, P, Py, .. P,), when expressed in terms of
(Qn q2s .. qm plr Pz, .. pn)’ are denOted' by Qr (qu 92, .. Qn’ pl: Pz .. pn)9
P.(q1, 92, - - @ns P1, D2s « - Pn) (r=1, 2,..n). Then the set of partial
differential equations

0 0 0
2 e Yny T A9 - 5 =1,
Q- (ql, R 3 qn)x X ]

3 5 > B aXJ’(7*=1,2,..n) (2)
"og. /X T T o,

r=1,2,..n) (1)

0
Pr<q1; 92, .. Q‘n» @9 a@'

is a compatible set of differential equations, and possesses a solution
X (21,925 - - @us 81, Loy .. £,). It should be observed here that the equations

. . 2 \? o%x
(2) are symbolic: that is to say, < ) x is to be taken to mean ( , ete.:
0q.- og;
and it should also be observed that certain rules are to be observed

9
in replacing the p’s by the a—q’s in @, and P, in order to settle e.g.

whether a term p,q; is to become g: o_ or a—- . ¢,: but this matter we
9 71

defer for the present.
Now let it be required to solve a set of m compatible linear partial
differential equations in n independent variables, say

0 0 0
Fr(Ql:Q?:--ana: @ aq
where i (q1, gz, . - @) 18 the function to be determined. Suppose that when
the ¢’s and p’s are replaced by their values in terms of the Q’s and P’s
Sfrom (1), the function F, (q\, gz, . - Qn, P1s Doy - - Dr) becomes G (@1, @z, . . Qs
P, P,, ..P,). Then the solution of the partial differential equations (3) is
Sfurnished by a family of definite integrals of the type

b (g1, 92 - -qn) =”j -jx (915 Q25+ +Gns b1y oy 2) D1, b, ) A1 ALy . dE,  (4)

V=0, (=12..m) (3

1 Cf. e.g. Whittaker, Analytical Dynamics, §126.
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when ¢ (4, ta, .. t,) is the solution of the set of n compatible linear partial
differential equations

0 0 0

= .= =0
o, oty Cty ) ¢

My own original way of establishing the theorem was defective
as a proof, and has been superseded by a proof devised by
Dr Kermack and Dr M‘Crea, which is given in the paper following
this. T will therefore not discuss the proof here, but confine myself
to working out particular cases, chiefly with a view to obtaining
new results.

G,(tl, 2R (7'= 1, 2,..77.:).

§3. An extension of Laplace’s transformation.

As a first example, let us suppose that the contact-transformation
is specified by the equations

_w __w
0. T

W=—q0—¢:Q.— .. —Qan

Pr=—"QH Pr== Qr (7‘=1, 2"'"’)
The equations (2) for the function y become

P, (r=1,2,..n)

when

so that

ox
og,
.of which the solution is

0
=trx’ 5‘tx‘=qrx (7'=l, 2...n)

X = e t+gatet+.tontn

(neglecting now, as always, an arbitrary multiplicative constant).
Thus the theorem asserts that iof ¢i(q1, qo, . ¢a) s a solution of »
compatible partial differential equations

0 0 0
coYry T ST 9 e e R =0’ =1, 4..
Fo(an o 00 5o 50 5 )0 r=12..1

then a relation exists of the type

P (g1, @2 - - gn) = H e jeq-"+“2‘z+“"+%'" é (4, by,. . 2) dy dby. . dt, ()

where ¢ (41, ty, .. t,) 15 a solution of the set of compatible partial differ-
ential equations

0 ] 0
P2, -2, ... .- . =
( at, ’ atg 3 at,, ’ tl, tg, .e tn> ¢ 0. (7)
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It will be seen that this is essentially the extension, to partial
differential equations in n variables, of the well-known method,! due
to Laplace, for solving ordinary linear differential equations by
means of integrals of the form

j ett & (2) di.

As a particular case, suppose that the equations (5) are

N

(a—q~1-011Q1"‘al'ZQ2‘“ —alnqn)l/’zo
(a——qQ—aﬂ% — Q2qs — .- .. “‘a'2n9n>¢=
<‘g—q;—an1q1—aﬂ2q;'_----_aszn>l/l= )

where the a’s are constants, and a; = ax.  These partial differential
equations are compatible, the solution being evidently
B (@or Gor -+ ga) = o 0O bty o),

The corresponding equations (7) for ¢ are

? 2 9 ]
<t1+auat+a128t2+""+am37n>¢:0
9 0
<t2+azlét—l+a22at2+ —+ Qun a_tn>¢ 0}

0 0
<t +anl +an2 +----+ann§t;>¢=0

If we denote the determmant |law || by A, and denote (1/A) x the

co-factor of a; in A by 4y, so that the quadratic form X 4, x; 2, is
ik
the reciprocal of the quadratic form X a;x;x, then the last set of
ik

equations may be written

\

<at +.A]1t1+Al"t2+"-‘+A1"t">¢=0
1

<at +A21t1 +A2217+ R +A2ntn>¢:O
2

0

(BT+AW1t1+An2t2+ +A’”‘t">¢=0

' Of., eqg., A. R. Forsyth, Treatise on Differential Equations, Chapter VII.,
““Solution by Definite Integrals.”
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and they are compatible, their solution being
¢ = e‘i(“u‘§+A::t§+--+2‘41:‘»t:+--)

Thus the theorem asserts that a relation exists of the form
exp (% Zk @i 4:q:) = constant X H J exp (@1t + gt + «. + @ata)
exp (—% = Aik t,‘ tL) dtl dt_) .o dtn,
ik

where the paths of integration may consist of loops surrounding the
singularities of the integrand, or paths to infinity. Since the integrand
has no finite singularities, we infer that the paths must terminate at
infinity: and in fact we readily find that the precise equation is

exp(%.fzaikqiqk)=(2w)“5"A‘*J‘ _‘-j xp (it + q2la+ ..

-wY -

+ qn t, — % pX A,‘k t; tL) dtl dt2 .o dt,“
i,k

which represents the result of the theorem in this particular case. We
can represent the expression .ZA”‘ t; ¢ in terms of the a’s in the form

11

_ i ay G .. ay i
Alan ax .. an t
Ap  Upg .. A2n tn

t to .. t, O

§4. A double-integral connected with the hypergeometic function.

As a second example, suppose that the contact-transformation is
specified by the function

= — ¢1log @, — g, log @,

so that

= — @ P, gs = — Q2 Py, p1=1og @), pz=10gQ2,
or @, =en , Qy = eP: , Py=—e g, Py= —eP:q,.
The equations (2) for determining y are now

0
{exp ( 30 }x=t1x, or x(¢1 + 1, ¢2) =tix (91, )
5 -
{exp < %)}x=t2x, or x (¢, g2+ 1) =t x (91, ¢2)
_ OV e _ _ % (41, 2)
18%P ( e Jhix = o " or (i —1)x(g1—1,9) = FrA
0 o ox (q1,
—{eXp <_a@)}92x=_a—:§ » or (q2—1)x(ql,qg—1)=az(q—‘22—)
and the solution of these equations is
X = t?l'ltg:;‘l.
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Thus the theorem asserts that the solution of a pair of compatible
partial differential equations

0 0
Fl (q1: 92 a_q—l ’ aag) -
0 0
F — = =
2 <q1= Qm aql ? aq2 ) '/’
may be expressed by o definite integral
¥ 4 = [[ 6 o ) 117 1 0ty ®)
where ¢ 1s a solution of the equations
0 0
F1<—_tla——tl , —tggt;, logtl,logt2)¢=0,

) (©)

0
F2<—" tl E y — t2ét—2 3 logtl, 10gt2)¢ =0.
As a particular case, take

P (0 42) =T (q1) T(42) F (g1, 9 § 2), (10)

where F (a, b, ¢, z) denotes the hypergeometric function. From the
recurrence-formulae for the hypergeometric function we see that y
satisfies the two difference-equations

Qi ga+1)— (@ + 1, 9) + (91— 22) {1, ¢:) =0
3—20—(:—9) 3P (q, @)+ (L —2) (g1 + 1, ¢2)
-G —a)a—-Dd(@n—1,¢)=0,

which may be written

{ (ea/a€12 — ea/891 +ﬂql — 92) lll =0
B — 20— (@) 2+ (1 —2) 0 — (§ — q)g — 1) e-70} = 0,

.80 the corresponding equations (9) for ¢ are

(t2 b — tlg + £ gz>¢=0 (11)

0 0 1
R R (Y CE S CO T T JEE)
The solution to equation (11)is

¢ =e """ f(s), (13)

‘where s = #;;, and f denotes an arbitrary function.
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Equation (12) may be written

0 0%
é¢+2tla¢+ 4,2 2,2 (- z)t1¢+%"’+t1 74 _o.
oty ot, ot

Substituting in this the value of ¢ given by (13), it becomes

of which the solution is

f =cosh (2\7m2+ €),

where ¢ denotes a constant. The theorem (8) therefore gives
P(q) T'(92) F (g1, 925 %, 2) =

Constant. ” e 4t cosh (2\/t1 trz + €)1 61 dYy dty;

it is not difficult to determine the paths of integration and the
constants, the final result being

I(q:) T'(g2) F(q1, 2 L, 2) = j j e~t-t cosh (2\/151 by 2) 8,1~ b22-1 dty di,.
0J0

§5. A mew property of the hypergeometric function.

It is well-known! from the work of Pincherle and Mellin that the
hypergeometric function can be represented by definite integrals in
which the integrand is a product of Gamma-functions, e.g.

1 I (y)
Fla, By, 1=9)= 5— T(a)T(B) T (y— B)F(Y_“)

Ll"(—t)l"(a—i—t)l‘(ﬁ—{-t)l"(y—a——B—-—t)q‘dt, (14)

where the path of integration C is parallel to the imaginary axis in
the £-plane and passes between the sequences of positive and negative
poles of the integrand. It will now be shown that these Pincherle-
Mellin integrals are particular cases of a much more general formula
which expresses a new property of the hypergeometric function.

10f. e.g. Whittaker and Watson, Modern Analysis, §14.5.

https://doi.org/10.1017/50013091500007768 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091500007768

196 E. T. WHITTARER

For this purpose, we consider the contact-transformation defined
by the function

W= —0Qlog(—9)
so that the equations

ow ow
P == = e—
0Q ’ og ’
give Q= qp, P = —log(—q).
‘The equations (2) for y are now
9x 9
=1 —log(— =X
giving x=(—q\.
Thus the theorem (4) asserts that any linear differential equation
d :
Fg, Z)v=0 (15)
18 satisfied by a family of definite integrals of the type
v =[(—aswa (16)
where ¢ (1) 18 a solution of the differential equation
—d d
F(—e @, —edt.t) =0, (17)

In particular, let
p(g) =F(a, By, 24+ 9),

where F now denotes the hypergeometric function, so that i satisfies
the differential equation (corresponding to (15) above)

{erog+eat{crop+a)—{erog v} gli-o

The equation for ¢ (2), corresponding to (17), is therefore

d d. 4 d
{(—zett+t+ a)(—zestt 4+t +B)+ (—zetit +t + y)ewt} =0
or
2z—1)@F+ 1)+ 2)b(t+ 2) A
T+ Dy +t—QA+B+2t+ Ndt+1) + (a+ ) (B+1)S()=0,
a difference-equation whose solution is found (by comparing it with
the recurrence-formulae for the hypergeometric function) to be

—)T(a+)T B+
$ (1) = Py

Fla+t, B+t y+1,2).
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Thus the equation (16) becomes
F(a, B, v, z + q) = Constant x
II‘(—t)F at+t) (B +1)
(y +1)
It is readily seen that the path of integration must be the same
as for the Pincherle-Mellin integral (14), and in fact the complete
formula is

1 T'(y)
( B'}”Z+Q) 27”11 )F(,B)

I '(=f)T(a+t) I'(B+1)
c Liy+9

This formula expresses the general hypergeometric function of the sum of
two arguments, z and q, in terms of hypergeometric functions of the
argument z. The Pincherle-Mellin formula (14) is evidently the special
case of it which arises when z=1, so that the hypergeometric
function in the integrand reduces to a product of Gamma-functions;
but in this special case the most characteristic property of the more
general formula (18) is lost.

Fa+t B+, y+1,2) (—grdt.

Fa+t, B+t v+t z2)(—q)dt (18)

§6. The linear differential equation with-four regular singularities.

It is well-known! that the linear differential equation of the
second order with three regular singularities, that is, the equation of
the general hypergeometric function or Riemann P-function

a b ¢ }
Pl a B vy 2
a/ BI yl J
can be solved by means of definite integrals of the type
j (t — a)? (¢ — b)Y (8 —c)" (z — ) dt.

It is therefore natural to enquire whether the linear differential
equation of the second order with four regular singularities, that is
the equation of the function

a b ¢ e
Pla B v € z

al ﬁl yi E’
can be solved by means of definite integrals of the type

J. (t —a) (t—b)2(t —c) (¢t — e)* (z — t)" dt.

1 Of. e.g., Whittaker and Watson, Modern Analysis, § 14.6.
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The answer is in the negative: in fact definite integrals of this
last type do occur! in the solution of linear differential equations with
four singularities, but these linear differential equations are of the third
order.

To discuss this question, consider the contact-transformation
specified by the function

W=—(n+1)log(g—@Q),
so that

and therefore

»
The equations (2) for x thus become
a -1
i—e+n(g) Ja=n (19)
ox _ _ %
a_q =5 (20)

Now (19) may be written

g—q{(q—t)x}=(n+l)x

or

This with equation (20) gives
x=(@—-q"
Thus the theorem (4) asserts that a linear differential equation
d
F(g, d—q> y=0
1s satisfied by a family of integrals of the type
v =[e—arswa

where ¢ (1) is a solution of the differential equation

F{t—{—(n—l— 1) %):1 %}¢=o.

1 Such integrals have been used in the solution of third-order equations by L.
Schlesinger, Math. Z8S., 27 (1928), p. 504.

https://doi.org/10.1017/50013091500007768 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091500007768

SoLUuTION OF DIFFERENTIAL EQUATIONS BY DEFINITE INTEGRALS 199

In particular, suppose that
() =t(t — 1)*(t —e),

which obviously satisfies the differential equation

(gt-—%—t%—t_—"—eﬂ:o, (21)

Now since when ¢ is any constant and ¢ is any function of ¢, we have

[Le—a—1}s=e—0F]¢

d
therefore t—c= {— (t—c¢)— l} dt>

and therefore equation (21) may be written
[d a B
— - — —
“CEE Fen-u@
— y ] =
{d_(t_e)_l}((i>-lJ¢ 0

or, since ——— HK ¢ =KH"' ¢, whatever operators H and K may be,
d a B y
~ 11— — — =
d‘[ 1 Tu_1-1 d—(t—e)—lil(ﬁ ’
dt dt dt .

-1

or, operating on this with (%),

a B y )
1— — - $=0. (22)
[ ¢, d_(t—l)—l d'—(t-—-e)—lJ

dt dt dt
Now the above theorem asserts that the integral
1) =[r = 1P —ara (23)
satisfies the equation which is obtained from (22) by replacing

d d . d \"1\ .
b by i and replacing ¢ by {q —(n+1) (a—q) f- Thus the integral

(23) satisfies the equation

[1 - ~ 3 - ¥ =0
Cv—n—2 L —_—1Y—n— LG —e)—n—
Z9-n—2 ga—D-n-2 f@-—o-n-2
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Operating with Z% (¢ —e) — (n + 2), we obtain

—(g—e) —n—2— s —
|:dq /il.q_n—2}{diq(q—e)—n—2}

d - Y ‘1[’=0 (24)
49 —n—2] }

[
—— T

d
Lg—1—n—2
dq(q Y—mn

Now we have

(£ tg=)=n—1} (4= =n—2}= (T G—0)—n—1} {7 (¢=1)=n—2)

and therefore
f——(q e)—n— 1} {dq(q 1)— 1}={diq(q~1)—n—2}{%(q—e)—n—-2}

Thus (24) may be written

;—q(q—e)—n——Q— y ¢ y ]
l CEE NI

a d “l(d
@v(q—e)—n-—2—{d_qq_n_1} {d—q(q—e)—n—‘l}a
-1 d
~{gpa-n=n-1)"{Za—a—m+nfs—y]u=0
Operating withdiq(q—l)—(n-}—l), we have

RE (q—l)—n—l}{diq(q—e)——n—z}

d d 17 d _
_{d—q (q_l)_n_l}{d—qq—n——lf {d_q (q—e)—n——l}a =0,
~[Ea—a-n—1}p-lZ@-n-wm+nly
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or, using a formula similar to (28),

—f‘l(q_l)_n_l}f_(q_e)—n—2}

\d
(dq‘—’—> fd )—n}{d—q(q—e)—n—l}a b =0,

—{%(qw)—n—l}ﬁ—{%@—1)—n—1}y

or, operating with \(qu- q — n) ,

_Jiq——n} {di(q—1)—n-—1}{zl%(q——e)—n—2}
—-jd )—n}{d%(q—e)—n——l}a y=0,

tdq
el Hae

or, performing the operations,

3 1 —a— 1—8— oy 2
dl,[l_’_( a n+_ B n+l ¥ n)u

dg® q g—1 g—e dg?
+B+n aty+n B+y+n \d
4{n—1 {a 7
( ) Q(Q—1)+Q(Q—e) +(q—1)(q—e) dq
n{l—n)a+B+y+n+l)
+ = 0.
qa—g—e ¥
This 1s the differential equation satisfied by the family of definite integrals
(23). It has:—
a singularity at ¢ = 0, with the exponents 0, 1, at+n4+1
3] ” ) q=1, 33 23 ) 07 1, B+n+l
Y} vy »w =€, IR » D) 0, 1, y+n+1
33 ER] E] q=°°.~ 99 3 2 —n, l_n, —a——ﬁ—y—n—],

Thus the integral (23) satisfies a linear differential equation with four
regular singularities, but this differential equation is of the third order.
We might indeed have guessed that it could not in general satisfy
a differential equation of the second order, since the number of
independent functions which can be obtained from the integral (23),
by taking different double-circuit paths of integration round the
various singularities, is greater than the number of independent
solutions of a linear differential equation of the second order.
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§7. Integrals involving hypergeometric functions.

We shall now consider the solution of linear differential equations
by means of definite integrals which involve a hypergeometric
function in the integrand.

By taking the function W (¢, @) which determines the contact-
transformation to be a function of the product ¢Q, we see that the
equations

Q@ =po(gp), P=—qjolgp),
where o (¢p) is any function of the product ¢p, define a contact-
transformation. Hence, in particular, the equations

[Q=1"" gp+yp
(ap + o)(gp + B)
1P= ¢ (gp + a)(gp + B)
ap + vy

define a contact-transformation. The corresponding equations (2)
for x (g, t) are '

{1 —(q—g—q-i-ﬁ)-l(q%q +a>-1<q—g—q+7)g—q}x=tx, (26)
q(q%+y>_l<qgé+a><q%+ﬁ)x=—g—;‘- (27)
Now (26) gives
(q-% + B>_l (q%‘-l + a>_l (9%1'*' y)—g—q x =(1—-1)x
or, operating with q<q % + 'y>_1 (qZ—q + a)<q% 4- ,B) on both sides,
qg—’é =1 -—t)q(q—gé + y>-1<q%q+ a)(qg—q +B>x
=—(1—1 ZTX" by (27).
Thus y satisfies the partial differential equation

ax x
= —_— —_— =0
Y5 + (1=t

whose solution is x = 6(s), where s = ¢ — ¢t and 0 is the arbitrary
function.
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‘Substituting this value of x in (27), we have
d 17 d d do
(H+n) gtz +ao-g

d d aé
or (s &E-{—a)(s%—i-B)B < —I—y) =0,
which gives § = F (a, 8, y, s), where F is the hypergeometric function.
Thus x=F(a, B, v, ¢ —qt),

and the theorem (4) asserts that if ¢ (f) is a solution of a linear
differential equation

¢t Z_t) $=0 (28)

then the linear dijferential equation

oG+ (G +e) G+

d -l d o,
7(q @+y) (g d—q+a)(q TEB =0 9
18 satisfied by a family of definite integrals of the type
V@)= [P B ra—adswa (30)
In particular, take ¢ () = ¢*, so that the equation (28) becomes

{g—t-t—x—l}g{:=0

and therefore the equation (29), satisfied by s, becomes

{q(qfl—q+7)_l<qi—q+a)(q‘—i—+B>—qg——'<—1}¢'=0,
or {(qj—q +a)<qd—+> (dq+)——x+ )(q—+y)(q)}¢
)

or  ¢le=13 ¢+{a+5+1)q (y+x+1)) 5 ”b {aﬂ (KH)Y 1}¢ 0,

which is the dlﬁerentlal equation of the functlon
p=qg*'Fla—k—1,B—k—1, y—x—1, q),
where ¥ denotes the hypergeometric function.
Thus the formula (30) becomes
g 'F(e—«x—1, B—Kx—1, y—«k—1, q) = Constant XJF(a,,B,-y,q——qt)t‘dt
or, writing ¢ for ¢¢, and s for —x — 1,

F(a+s, B+ s, y+s, q)=Constant ij(a, B, v, ¢ — t)t-*-1dLt.
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It is not difficult to determine the path of integration and the
constant, the final result being

_ T@TATG+s  ["p, e
Flata Bra, y+s, @) = poop SO 1,(B+S)LF(,B, Yo g—0) =1 dt.

This somewhat remarkable property of the hypergeometric
function, which is new to me, is in a certain sense the reciprocal of
the other new property expressed by equation (18), being in fact (as
Dr Copson has kindly pointed out to me) connected with it by the
Riemann-Mellin Theorem.!

§ 8. Results involving Bessel functions.
If the contact-transformation is taken to be
j q
Q = - p2 - "2 ’ P == ’
q 2p

the equations to determine x are

and these have the solution x=J,(¢\/t) where J, is the Bessel

function of zero order: from this it is easy to derive such formulae as
2 il
exp <— i) = KQJ- exp (— 4<% 8) J, {g+/1t) dt.
2K2 0

Similarly the contact-transformations
P S )
7 ¢ NPT T

gives the y-function x = J,(¢v/t) and leads to definite integrals
having the Bessel function of order » in the integrand.

! Riemann, Berlin Monatsb., Nov. 1859 : Mellin, Acta Math., 25 (1902), p. 138 :
Math. Ann.,.68 (1909), p. 305.
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