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1. Introduction

1.1. The main concern of this paper is with the solution of infinite
linear systems
o0
(1.1) T+ D k(m, n)x, =g, m=N, N+1,--- N=>1
n=N
in which the kernel k is a continuous function of real positive variables
m, n which is homogeneous with degree —1, so that

(L.2) k(m, n) = mk(1, 2) z = n/m.

If £ is a rational algebraic function it is supposed further that the con-
tinuity extends up to the axesm = 0, # > 0 and # = 0, m > 0; the possibly
additional restriction when % is not rational is discussed in § 1.2.

If the degree of k(m,n) were —d with d > 1, 3 3% _; |k(m, n)|?
would converge, and Hilbert’s theory based on completely continuous
bilinear forms over Hilbert space [1] would be applicable; the system
would be equivalent to an integral equation of Fredholm type. It will be
shown that, when d = 1, the system behaves like a singular integral equation
with Cauchy-type kernel; in typical cases, where the sequence {g,} is
arbitrary apart from convergence conditions, (1.1) can have several solutions
{x,}, with > k(m, n)z, converging at different rates for the different solutions.

The general theory is given in §§ 2—6, with a statement of its results
in §§ 4.9, 6.1 and 6.4. § 7 discusses asymptotic formulae for the solutions
and procedures for their approximate calculation. With trivial modification
the theory covers the integral equation

x(m)+ J-;o k(m, n)x(n)dn = g(m), N>0

analogous to (1.1); this presents the simpler problem, and explicit formulae
for its solution are obtained in § 4.10.

In § 8 there is a summary consideration of systems that are more
general than but sufficiently ‘close’ to (1.1). With k(m, ) as in (1.1),
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the new systems have kernels of the forms (i) a,,2(m, ») with («,,) a bounded
set of constants, (ii) k(m, #)(14a,)(1+8,), (i) k(», n)(14-4,,) with
4, by, @mn suitably small.

1.2. Hypotheses. Our theory is based on the simple remark that, if
the kernel is expressible in the form

(1.3) k(m, n) = ff(m, s)g(n, s)ds

in which the variables m, # are separated in the integrand, then (1.1)
expresses &,, in terms of the auxiliary variable 3 z,g(#, s), and an integral
equation for this auxiliary is immediately derivable. More than one represen-
tation of the form (1.3) is possible; the fruitful one is

ms

1 c4-100
(1.4) kim,n) = — K(s)m*1n—*ds, 0<e<l
27”’ £—1i00
which by (1.2) is a consequence of the Mellin-type representation of the
kernel

e4+i00

1
(1.5) k(1,2) = — K (s)z"*ds, 0<ce<l.
271

To validate the theory K(s) must be suitably restricted, and the working
hypothesis which supplements (1.2) is

for z real positive k(1, z) is expressible in the form (1.5) where, with
the notation
(1.6) s = o+it
K (s) 4s regular in the band 1 0 < o < 1, and for |t| sufficiently large is regular
mn —1 <o<2 with
.mn K(s) = O(e~)
uniformly in o, for some positive constant A.

Under the assumption of Mellin’s theorem, K (s) in (1.5) is determined
by analytic continuation from

(1.8) K(s) = [T k(1 2)21dz,

whence the satisfaction of the hypothesis just stated may be investigated.
For example, it is sufficient that k(1, z) be an analytic function regular at
z = 0 and in the sector |arg z| < 8, and be single valued and O (z71) for z ~ 0;
for then the continuation of (1.8) is

(1.9) K(s) = (27)7 cosec ms ,[c k(1, z)(—2)dz

1 The term ‘strip’ is reserved for more particular use; see § 2.3.
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where C is a closed contour consisting of segments of the rays argz = +4
and circular arcs near z = 0, o0 on which |arg (—2)] = 2—4d. Hence K(s)
sin zs is an integral function and there is an inequality of the form

|[K(s)| = 4 |cosec ns| exp (Clo—1]|-+ (r—3d)|¢]);

so (1.7} is satisfied not merely for —1 < ¢ << 2 but for |o/t| sufficiently
small. This hypothesis covers all rational k(m, #) which are continuous
for m =0, n > 0 and m > 0, # = 0 and homogeneous with degree —1;
such a function gives the form

A
(c-+a)”’
a finite sum of partial fractions in which each term has a s+ 0 and
larg a| < =, and (1.9) gives

(1.10) E(lz) =3

(1.11) K(s) = mcosecms > A (rrl ls) as.
The satisfaction of (1.5) by these forms may be verified by an elementary
calculation, without appeal to the general Mellin theorem.

In (1.9) it is not required that k{1, z) be globally single-valued; for
example we can have k(l,z) = (1+2az cos 0-+a%z%)~% with ¢ > 0 and
—n << 6 < =, which gives K(s) = na—* cosec #s P,_;(cos ).

Another class of suitable kernels consists of meromorphic ones represen-
table by (1.10) with an infinite series on the right, provided that (i) each
term has @ # 0, (ii) the set {w—|arg ¢|) has a positive lower bound, and
(iii) the series in (1.11) converges absolutely and uniformly for —1 < o =< 2.
Other examples can be seen in a table of Mellin transforms [2].

The theory has a trivial extension to kernels of the form (m/n)?k" (m, 1)
where %’ satisfies our hypotheses, as is seen by applying to (1.1) the trans-
formation z, = #?£,. Thus an infinity of the kernel at # = 0 can be tolerated
provided that it has a compensating zero at m = 0; and vice versa.

L.3. Heuristic considerations. Dirichlet spaces. 1f we substitute from
(1.4) into (1.1) it becomes formally

1 00
(L12) tat 5[ KEminds =g,  0<e<l.
7TL €100
where
(1.13) fn(s) = z,n%;
n=N

and thence, multiplying by m and adding,
1 ctioo )
(119w + | K(s) Imeds = 3 gam™

c—i00 m=N
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These formalities will later be justified, but we may note immediately that
the condition Re # > ¢ is required so that the series in the integrand of
(1.14) may converge.

It is familiar that, to obtain a workable theory of solution of a system
such as (1.1), an a priori restriction on the sequences {x,} to be considered
is necessary: we search for solutions in an assigned sequence-space. The
preceding formulae show that, for our problem, the relevant spaces are what
we call Dirichlet spaces D,, with the definition

{z,} les in D, if the Dirichiet series 3 x,n~* converges whenever
¢ > Rea.

Thus D, = D, if a, # have the same real part, and D, C D, if Re « < Re §.
The Dirichlet spaces present a notable contrast to Hilbert space and
its usual generalizations, in that their definition involves {x,} rather than
{|z,1}. We use them only descriptively, and do not need to norm them.
The values of « that are likely to be relevant may be seen by making
a further formal step from (1.14). Here

] N-1
(1.15) S mt i = {(l+u—s)— 3 m* 1% = [y(14+u—s), say,
N 1

where {(z) is Riemann’s zeta function, which is everywhere continuable
apart from the pole at z = 1 where the residue is 1. Thus (1.14) can be
used to find the analytic continuation of fy(#) to any point to which
> gnm™™ is continuable. Taking ¢ << Re# < 1 we can displace the path
across s = % to a position ¢ = ¢’ < 1, and for Re # << ¢’ (1.14) is equivalent
to

¢’ +ico
(L16) (K@) + oo [ KOwE)en(-+u—s)ds = S gum™

6’~ic0
whence we must expect fy(#) to have poles at all zeros of 1+K{u) which
are to the left of ¢ = ¢. Since at such a pole of fx(u) the series (1.13) which
originally defined it 2 cannot converge, we see that the relevant values of «
are the zeros of 1+K (u) whose real parts are between 0 and 1, or o = 0 if
there are no such zeros. The logical sequence is that we begin by choosing
such an «, and confine the search for solutions {z,} to those that arein D, .
Then (1.13) defines fx(s) for ¢ > Re «, and — as will be proved in § 3.2 —
(1.1) implies (1.12), (1.14) with ¢ chosen between Re « and 1; the restriction
¢ < 1 arises from (1.4). The passage from (1.1) to (1.14) may be reversed
by taking (1.12) as a definition of #,,, and if — as will be proved — (1.14)
has solutions fn(s) these yield solutions {z,} in D,.

? The dummy symbol # is equivalent to s. Similar switches in dummies will often occur
below.
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There is here a slight air of paradox. If Re «’ < Re «, any solution
in D, is in D, and hence is obtainable via (1.14) with ¢ > Re «; but the
corresponding fy(#) is regular at «, in spite of the suggestion from (1.16)
that it is there singular. The answer is that the suggestion must be wrong.
In fact, in the case that is contemplated (1.14) has a solution depending
linearly on at least one arbitrary constant, and a particular choice of this
constant renders fy(#) regular at « and gives a solution {z,} which is in
the more restricted space D,..

1.4. Treatment of the integral equation (1.14). Since the principal part
of 3 m*1~% for u near s is 1/(u—s), we would obtain a singular integral
equation with Cauchy-type kernel by making # move on to the path of
integration; but this equation is not quite of the standard type, on account
of the residual singularity at s = o0. Also the emphasis for us is on analytic
properties of fy(s) rather than its properties on an assigned path of in-
tegration. Hence we give a treatment from first principles, in which # is
always excluded from the paths of integration; we make no appeal to the
results regarding singular integral equations, but we use the leading ideas
of that theory [3].

The first of these ideas is to use a factorization

(1.17) 14+K(s) = K, (s)K_(s)

in which the zeros and singularities of K, (s)[K_(s)] are just those of
14+ K (s) to the left [right] of the line of integration ¢ = ¢ in {1.14), so that
K_(s)[K_(s)] is regular and non-zero for ¢ > ¢[¢ << ¢]. Then (1.14) and
(1.18) show that K (u)fx(#) is an analytic function with no singularities
except those of Y g,m™, and this can be taken as motivation for the
factorization. Of course, the factorization would also be the primary step
in an attack by Wiener-Hopf technique, but the characteristic step in
this technique — the determination of a function by appeal to Liouville’s
theorem — does not seem to be applicable to our problem.

The second idea is to derive from (1.14) an equation which is free from
the potential singularity at # = s, by application to it of a suitably chosen
integral operator. One way to do this is to form the first iterate of the
equation, which has the same type of potential singularity as the original
equation, so that by suitable combination of the iterate with the original
the singularity can be eliminated. However, the critical point is that the
passage from the original to the derived equation should be reversible,
and for the procedure just suggested this is not the case. The fruitful
operator to use (§ 4) is, effectively, derived from (1.14) by taking the
singular part of its adjoint.
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2. The characteristic functions

For a given kernel k(m, n) the characteristic functions are K(s) as
introduced in (1.5) and defined by (1.8), and 14-K(s).

2.1. Special cases. When the kernel is rational the formula (1.9) shows
that K (s) has poles at most at s = 0, +1, - - -, but in special cases some of
these points may not be poles. The most important of these cases are:

(i) If E(m, n) has a j-fold zero at m — 0, K (s) isregular ats = 1,2, - .
(i) If k(m, n) has an I-fold zero at n = 0, K(s) is regular at s = 0,
—1, - —I41.

These results follow from (1.8), where in case (i) k(1, z) = O(z~1) for
z~ o, and in case (ii) k(1, z) has an /-fold zero at z = 0.

In these cases, then, the band of regularity of K(s) is — < o0 < j+1,
and in (1.4) and consequential formulae the restriction —! < ¢ <j+1
is sufficient.

2.2. Symmetry and pseudo-symmetry. We call & pseudo-symmetric if

(2.1) k(m,n) = m'n'k' (m, n) with &' (m,n) =k (n, m)

where 7, [ are non-negative integers; if § =/, & is symmetric. From the
homogeneity with degree —1 of & we have k(l, z271) = zk(z, 1), while
from (2.1)

kz,1) =2k (2,1) = 27k’ (1, 2) = 2R(1, 2).

Hence (1.8) gives, by a change of variable z = »7%,
K{s) = f:o k1, z7Y) 911y

(2.2) o '
= [ k(1 wyw——rdu = K(1-+j—1—s).

This shows that K(s) has a centre of symmetry at s = 4(14-j—I), a point
which bisects the axis of the band of regularity found in § 2.1.

2.3. The zeros and indices. The zeros of the characteristic function
1+ K (s) will play an important part in the theory; they may be investigated
by standard methods, into which we do not here enter. For a general
theory we must allow that some of them may lie in the band of regularity
(0, 1) [or (—I, j+1) in the special case of § 2.1]; on account of (1.7) the
number in any interior part of this band must be finite, and if K(s) is
meromorphic the same will hold for the complete band.

By lines ¢ = const. through these zeros the band of regularity is divided
into a number of strips S.

For any such S, its index u relative to 14+K(s) is defined as the in-
crement in (27)!arg (14K (s)) as s runs from ¢—co along any path in S
to 7c0; on account of (1.7) it is an integer (positive, negative or zero).
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For any two adjacent strips, the one on the right has the greater index,
the difference being equal to the number of zeros of 14K (s) on the common
boundary, counted according to their multiplicity.

When the kernel is symmetric or pseudo-symmetric, and the centre-
line ¢ = 4(14j—1) of the band of regularity of 14K (s) contains no zeros
of this function, (2.2) shows that the strip S which contains this line has
zero index; but if there are zeros on the line — necessarily even in number —
the strips on either side of it have non-zero indices J-u, and there is no

strip with zero index.
For the signs of the set of indices of all the strips there are 7 possible

cases:

(i) all are +; (i) all —; (iii) there is only one strip, with index 0;
(iv) some are + and one 0; (v) some — and one 0; (vi) some 4 and some
— but none 0; (vii) all of 4, 0, — occur.

The example k(m, n) = A/(m-+nla), where by (1.11)

14K (s) = 1+nAda’ cosec ns
gives each of the cases for suitably chosen real 4, a, with a > 0:

For a = 1 we have case (iii) for 0 < zd < 1, (vii) for —1 <zd <0,
and (vi) for 4 =< —1. For a % 1 we take 4 > 0 and note that, on the
imaginary axis s = if,

14K (it) = 1+nA cosech zt exp (it log a—}im).
The two points where sinh #t = +xA4 divide the axis into three parts.
On each of the extreme parts |4 cosech #f| < 1, and
|4 arg (1-+K ()] < $.

while on the middle part the difference between arg (14K (if)) and
arg exp (it log a) is always between -+n. Hence for the whole axis ¢ = 0,
indented in either sense around the pole s = 0, the index differs by at
most 2 from

2.3) 72 log a arc sinh (nd).

For the line ¢ = 1, indented around the pole s = 1, the corresponding
estimate is

(2.4) a2 log a arc sinh (nad).

For fixed positive 4, both (2.3) and (2.4) are large positive when a
is sufficiently large, and the latter is much the larger; so there are a large
number of strips all of positive index. Similarly, for fixed Aa they are both
large negative when a is sufficiently near 0, and there are a large number
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of strips all of negative index. Thus we get cases (i) and (ii). Case (iv) arises
from case (i) by keeping 4 fixed and allowing « to diminish continuously
until the leftmost strip acquires the index 0; and case (v) similarly arises
from case (ii).

2.4. Factorization. A factorization of 1+K(s) such as is indicated
in {1.17) is relative to a zero-free strip as just defined; the factorizations
relative to two such strips are different, but simply related.

(i) If the index of the strip is 0 we choose two paths o=¢, ¢’ in the
strip, with ¢ < ¢’, and define

1 potie 1+K(z))d
(2.5) K, (s) =exp l:—f w:] for o > ¢,
27t J oo s—z
1 [+ log (1+K(z))d
(2.6) K_(s) = exp [— — f M} for o < ¢'.
271 J ¢ _ioo s—z

Here, with an appeal to (1.7), we take the logarithm to be that branch
which ~ K(z) = O(¢™") for ¢ = Im z ~ —o0; and because the index is
0 the logarithm will be O(e*") for £ ~ + o0 also. Hence the integrals
converge, and define regular functions of s in the respective half-planes;
so K (s), K_(s} are there regular and never zero.

For ¢ < o < ¢’ both K, (s), K_(s) are defined, and their product is
the exp of a ‘closed contour’ integral, with the pole z = s of the integrand
inside. Hence

(2.7) K., (s)K_(s) = 14K (s).

By appeal to analytic continuation, this relation now serves to define
each of K., K_ in the half-plane where originally the other was defined,
in so far as K(s) can there be continued. The relation is then universally
valid, and shows that K_(s)[K_(s)] has just those zeros and singularities
of 1--K(s) as lie to the left [right] of the strip.

In (2.5) we can move the path of integration a little to the left, and
the formula shows that

K., (s) and its reciprocal are bounded for o =c¢ and 1+4+0(c7t) uniformly
for 6 ~ + 0.

Similarly

K_(s) and its reciprocal are bounded for ¢ < ¢ and 140 (o) uniformly
for 6 ~ —o0.

If (1.7) holds in sectors centred on arg s = -+ 3=, and not simply in a strip,
these asymptotic estimates may be strengthened to asymptotic expansions
in powers of s71; in the case of (2.5) this is done by rotating the ends of the
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path of integration as as to lie along rays arg z = o+ (3n+46), 6 > 0, and
expanding (s—=z)~! in powers of s~

(ii) If the index pu of the strip is mot zero we choose any points sy, s,
to the right and left of the strip, respectively, and introduce the auxiliary
function

p(s) = (1HK(s)) (s—s)*(s—sa)

Since the index of (s—s,)/(s—s,) for the strip is —1, the index of y(s) is 0,
so there is a factorization w(s) = v, (s)y_(s) with the properties just
demonstrated. Thence we define

K. (s) = pi(s)(s—s2)#, K_(s) = p_(s)(s—s1)7#,

and K (s), K_(s) have the same properties, including (2.7), as in (i), except
that

(s+1—c)~#K, (s) and its reciprocal are bounded for ¢ = ¢ and
14+0(67Y) uniformly for o ~ 40,

(s—1—c"Y*K_(s) and its veciprocal are bounded for o < ¢’ and
1+0(07) uniformly for o ~ —co.

(2.8)

By Liouville’s theorem it can be proved that these factor-functions are
independent of the choice of the auxiliary points s;, s,.

If (2.7) is the factorization relative to one strip, and if 14+K({(s) has
Zeros $,, - - - 5, on its right hand boundary, then the factorization relative
to the next strip to the right must be

14K (s) = Ko () IT (s=,) - K(s) I (s—s,)7 = K. (s)-KE_(s);
for the factors K, , K_ have the correct disposition of zeros and singularities,
and the correct normalization as shown in (2.8).

3. Convergence and commutation theorems

To justify the formal passage in § 1.3 from the linear system (1.1)
to the integral equation (1.14) we have to establish the validity of certain
commutations of summation and integration, involving Dirichlet series.
For this we appeal as necessary to the well known properties [4]:

if 3 x,n* converges for o > oy, then (i) it converges uniformly in any
compact part of the half plane o = oy-+e > o,, and defines a function f(s)
which is regular and uniformly O(t) for |t| ~ oo in this half plane; and (ii)
the series converges absolutely and uniformly in the half plane o = o4+ 1-+¢,
and f(s) is there bounded.
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3.1. LEMMA 1. Let y(s) be regular in a strip o << o < B, and for [t| ~ o
in the strip « < o < 148 let y(s) be regular and O(e™**) where 4 > 0,
and let {x,} be in the Dirichlet space Dg; then for a <<c < f

(3.1) Sz, f:::o p(s)nds = f:j: p(s) X z,nds,
the series om the left being necessarily convergent.

ProoF. Since {z,}isin D,, > #,n~* converges for ¢ = ¢ and converges
absolutely for ¢ = c¢+1. Let the path ¢ = ¢ be deformed into a position L
in which the sufficiently distant parts lie on ¢ = ¢+1; by the hypothesis
on y(s) the deformation will not involve the crossing of any singularities
of this function. Then for integration along the far parts of L we have,
by absolute convergence,

>z, J.w(s)n"ds = sz(s) > x,nds,

and by uniform convergence the same holds for integration along the in-
tervening part. Hence the analogue of (3.1), in which the integrations are
along L, is valid.

But since || = #~° and |3z, < A[t| and p(s) = O(¢™*"), each
of the integrals along L is equal to the corresponding integral along ¢ = c;
so (3.1) is established.

3.2. The integral equation equivalent to (1.1). The passage from (1.1)
via (1.4) to (1.12) involves the commutation (3.1), with (s) = K(s)m*?;
so (1.12) is established provided {z,} is in some D, with « <1, and
o < ¢ << 1.3 To pass thence to (1.14) we multiply (1.12) by m™, sum,
and commute summation with integration. This commutation is justified
by absolute convergence, provided Re# > ¢, so (1.14) is established,
with the series ¥ g, m~* on the right necessarily convergent — which means
that (1.1) cannot be satisfied by an {z,} in D, unless {g,} is in D,.

Conversely, suppose that {g,} is in D, and that (1.14) has a solution
fv(u) which is analytic for Re# > ¢, and continuous up to Reu =,
and O (Im#)4 for some constant A and Rew = a+& > «. Then fn(x)
satisfies also (1.16); and if 1-+K (%) # 0 for « < Re u < ¢', fx(u) is regular
for Reu > a.

Let «,, be defined by (1.12), viz.

1 c+ioo
(3.2) z, + —f K(s)m* 2 fn(s)ds = gm
272 J o—ico

for m = N, N+1, - - -. By the hypotheses on fy(s) we can here move the
line of integration to any position ¢ = ¢; > «, and for such a ¢, the integral

? @ < ¢ <j+1 in the special case of § 2.1.
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is O(m°1™1); also ¥ g,,m~"* converges since {g,,} is in D,. Hence Y z,m™*
converges for ¢ > o;, where ¢,—a may be arbitrarily small; so {z,} is
in D,. By multiplying (3.2) by ™%, summing over m, and subtracting
(1.14) we get

(3.3) gxmm’“ = fw(u)

for Re# > ¢, and by continuation this holds for Re # > «. Finally, by
substituting from (3.3) into (3.2) and commuting the summation and
integration we arrive via (1.4) back at (1.1). To sum up:

THEOREM 1. For some a in the band of regularity, say (0, 1) of K(s)
let {g,} be tn D,, and let 14K (s) % 0 in the strip o < o = ¢ << 1. Then the
formulae (3.2), (3.3) establish a ome-ome correspondence between solutions
{®,} of (1.1) that are in D, and solutions fn(u) of

i o0
(34) )+  K@E)nv(l+u—s)fn(s)ds =2 g.n =gn(u),

271 c—ioo N
Rewu>¢

which are regular for Reu > o and O(Im u)4 for Reu = a+&> a. Here

N-1

(3.5) In{z) = L(z)— ; w2,

3.3. The adjoint system and integral equation. If we compound the
equations (1.1) with a set of multipliers y,, we obtain

(3-6) 2 hn =3 Y&m

where

(3.7) Yark- 3 Yuklm, 1) = b,
provided that

{3.8) > YmZ, converges

and

(3.9) g Y g k(m, n)x, = g z, % Ymb(m, n).

The utility of this procedure is that (3.6) may be a ‘nicer’ equation than
any one of (1.1); e.g. the left member reduces to z, if 4, = 4, in the adjoint
system (3.7). Taking %, = 0, (3.6) leads to the theorem that for (1.1) o
have any solution {z,} it is necessary that {g,,} be orthogonal to every solution
(Y,.) of the homogeneous adjoint system* — provided of course that the

¢ The notation ( ) is used for row-vectors, { } for column-vectors.
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conditions (3.8), (3.9) are satisfied. In fact, the orthogonal condition is
sufficient also for solubility of (1.1), but the proof of this requires much
more effort, and is achieved only in § 6.

To perform on (3.7) operations that are strictly analogous to those
of § 1.3 we should begin by making in (1.4) the change of variable s’ = 1—s,
so that the index of the summation variable m may become —s’. This
shows that the adjoint characteristic function is K {1 —s), and that properties
relative to left half-planes are adjoint to those for right half-planes. However,
when simultaneous consideration of the direct and adjoint systems is in
question it is clearest to apply (1.4) as it stands to both. Hence we are led
to the following adjoint of Theorem 1;

THEOREM 1A. Let a << o << B be a zero-free strip of regularity of 14K (s},
and let (h,) be in Dy 4. Then if a < c' < B the formulae
1 ¢’ too
(3.10) i) =Syum?,  yut | KEOwfhs)ds = b,
¢’—fc0
establish a one-one correspondence between solutions (y,) of (3.7) that are in
D,_; and solutions f3(u) of
1 ¢’ io0
(1) A+ o= | KEmA—uts)fh(s)ds = 3 hont = hy(w),
oo Reu < ¢

which are regular for Reu < g and O(Imu)4 for Reu < f—e < f.

3.4. Further convergence theorems. We now consider propositions of
the form (3.8) and (3.9). The example z,, = y,, = (—1)™ shows that the
presence of {z,}, (y,,) in Dy — and a fortiori in D, with « > 0 — is in-
sufficient to secure the convergence of Y z,y,. However, the z,, ¥,
that will be in question will satisfy (1.1) or (3.7) or some set of equations
such as (3.6) that are found a posteriori, and this is a decisive restriction.

LeEMMA 2. Let «, B be respectively to the left and right of a zero-free strip
of regularity of 1+K(s), let {x,} be in D,, and let (y,) be a solution in D,_,
of (3.7). Then 3 x,y, converges if 3 h,x, converges and if either (i) 3 x,n*
converges absolutely for o > «, or (ii) 3 h,n*t has a regular continuation
wnto the parts of the strip f < o < B+1 for which |¢| is sufficiently large and
1s there at worst O|t|4 for |t| ~ o0, uniformly in o.

Proor. The hypothesis on y, implies (3.10), so from the convergence
of > z,h, will follow that of ¥ z,y, provided

e'+ico
San[ Ko

converges. If Y z,n~* converges absolutely this is immediate, since
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K (s)f¥(s) is exponentially small for # ~ 4 co. If the convergence is only
conditional we appeal to Lemma 1, for which we require the continuability
of f%(s) through ¢’ < ¢ < ¢'+1 with || sufficiently large; and for this
latter we have from (3.11)

(LHK )/ () + %JTWK(S)CN(I —u+s)fy(s)ds = 3 hn*t

for « < ¢ << ¢’ and Reu > ¢. The hypothesis (ii) on 4,, together with
K(u) ~0 for Imu ~ 400, shows thence that fy(#) is continuable as
desired, the integral term being at worst algebraically large for Im # ~ 40
(from known properties of [(z), cf. § 5.1).

CoroLLARY. If (y,) is a solution in D,_, of the homogeneous adjoint
equation, 1t 1s sufficient that {x,} be in D,: Proof: h, = 0.

We now deal with the commutation property (3.9), supposing that
{z,;isin D, and (y,) in D, ,, where «, § are as in Lemma 2. On substitution
for k(m, n) from (1.4) the sum on the left becomes, by use of Lemma 1,

6-{00

S| KOm s, fxls) = Sz

c—io0

and this converges and equals

(3.12) o [KOBOnEE,  36) = Sy

provided 3 y,.m* ! is a finite summation or is absolutely convergent; or
provided the adjoint of the argument of Lemma 1 is applicable, which
involves a displacement of the far parts of the path to the left by one unit,
and so involves the leftward continuation of fy(s). For this latter the
adjoint of the argument of Lemma 2 will serve, provided {z,} satisfies
(1.1) with {g,} suitably restricted.

The commutative property (3.9) will now follow from the symmetry
of the first expression in (3.12), under adjoint hypotheses to those just
indicated. Hence we obtain

LEMMA 3. Let a, f be respectively to the left and right of a zero-free strip
of regularity of 14-K (s), let {,} be in D, and (y,) in D,_, and let « < ¢ < B.
Then (3.9) ¢s valid provided

(1) X ymm® 1 is absolutely convergent, or {,} satisfies (1.1) with 3 g,n*
continuable into the parts of the strip a—1 < o < a for which |t| is sufficiently
large and uniformly O(|t|4) for |¢| ~ oo there; and

(i) 3 @,,m~ is absolutely convergent, or (y,) satisfies (3.7) with 3 h,n*"1
continuable into f < o < B+1 and uniformly O(|t|4) for |t| ~ oo there.
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If the y-summation is finite the hypothesis (ii) is unnecessary and (i) is
satisfied.

NotE. In the case of &, = k(m, n) with m fixed — which will arise
in § 6 — we can by use of (1.4) express > k,n*! as an integral and hence
show that the continuation hypothesis in (ii) is satisfied; while for 4, = 0
this is trivial. Similarly (i) is satisfied if g, = 0 or g,, = k(m, n) with n
fixed.

4. Reduction of the integral equation (3.4)

The heuristic considerations underlying the following investigation
have been shown in § 1.4.
4.1. The kernel of (3.4) contains the singular factor {y(1+#—s), and
to isolate its singular part we put
)

so that 9y (z) is everywhere regular. The dependence of this function on N
will be discussed in § 5; at present all that we need is that it is Ox(Im 2)
on paths of integration where Re z is near 1, so that integrals where it is
multiplied by an exponentially small factor converge absolutely.

In (3.4) we take the path ¢ = ¢ to lie in a zero-free strip of 1+K(s),
of index y, relative to which there is the factorization

4.2) 1+K(s) = K (s)K_(s)

with the properties shown in § 2.4,
To match (4.1) we put

(4.3) K ()n(s) = N—9~f(s),  gn(s) = N—$)~8(s);

the effect of the factors (N—1)~* here and in (4.1) is to absorb the grossest
part of the variation of fy(s). By these transformations (3.4) becomes

fw) 1
) Ko (o K.6)

where L is the path ¢ = ¢, for # to the right of L.
4.2. For logical clarity we define, for s to the right of L,

(4.5)

F(s)= K“(’ o (K_(z)

(1) tnle) = (= (=

) (5 o tru—s)) o) = g

j( ))(”‘ +an(l+s—z )f(z)dz-g(s),

a functional of any two functions f(s), g(s) which are regular in the strip
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containing L and are uniformly there O|t}4 for |{| ~ o0, A being some
constant. Let L’ be a path ¢ = const. in the strip, to the right of L; then
by (4.5) and (2.8) F(s) is defined and regular on L’, and is there O (¢4*#);
so for # not on L’

=[ (- ux ) f(K (0)= (s))gs(f—)f
+f (k- :(z)) ;i‘fz (ro0- ) e
ds

+fL(K_(Z)—Kj(z)) z)dzf( e (s)2m(s W (5—7)

by (1.7), (2.7) and (2.8) all the integrands here are exponentially small at
infinity, so the commutations that have been imposed on the double integrals
are justified by absolute convergence.

We wish now to handle the inner integral in the last term by splitting
it into two integrals, involving K, (s), 1/K_(s) separately, and evaluating
these from residues in the half planes to the right and left of L’ where these
respective functions are regular. From (2.8) this can be done provided
the index u is zero or negative, and when #, like z, is to the left of L’ the
resulting value of the last term in (4.6) is

_f L (K‘ &)~ K+1 (z)) K.{z()z Zz—u) _f L (K‘ )= K: (z)) K_ {:)(iz—-z) '

The first of these terms agrees with the first term on the right of (4.6)
except that the respective paths of integration are L, L’; so taking now «
to be between these paths they combine to give, by the residue at s = #,

1

i (1 ok )

) 16

The second of the terms, when multiplied by (274)~1K_(u), coincides with
a term in the expression (4.5) for F(») and can thence be eliminated. We
state the result with the help of an auxiliary function G(u), as follows:

if £(s), g(s) are regular in the strip containing L, L' and are uniformly
O(t4) for t ~ 4= o0, and if u is between L, L' and the index u of the strip is
not positive, then the statements
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F(w) F(s)ds

1
(+7) G ) = K(u)+2m ( +(8)= K(s) S—w

G(u)zf(“)_lg_(ﬁ)"%f ( +6) Kl(s))g(S)

«9) + g | (Ro— ) s [HEE

1 nv(14-s—z ds}
K. (s)—
+ f[,( +(6) K_(s)) 2nt(s—u)
are equivalent, where F(s) is defined by (4.5).
4.3. When u > 0 we take u4-1 distinct points u,, #,, -« + #, between

L and L', put 4 =%, in (4.6) and multiply it by the reciprocal of
IT (#,—m,), and add the results. Since

1 Il 1
(4.9) y =3y -
H (S—M,.) r=0 (S_Mr) };[r (’M:,.—Mp)

reference to (2.8) shows that we shall obtain in the last term an inner
integrand which is O(s™2), so it can be evaluated as before, and the result
can be expressed in partial fraction form as on the right of (4.9). This
form is maintained in the subsequent eliminations of integrals via the
F(u,), and the result is, with G(x) defined by (4.8),

L Gw,)
rgﬂ H, (Mr_u'p)

#r
(¢10) _3 1 Fu) 1 (K © 1 ) F(s)ds}
TSTT —u){K (,) ' 2w\ K_(s)) s—u,|
PFT
4.4, Returning to the case where u = —u' is negative, we could have

used in (4.6) an arbitrary polynomial factor P,._;(s) of degree x'—1 in
place of the factor (s—u)'. Hence we obtain

fL’ (K+(s)_ ]Tl(s_)) P,y (s)F(s)ds

(4.11) == —fLI(K+(s)_kT1(§) P,_,(s)ds

. {g(s)— 2%_” L(K_(z)—K:(z))mv(l—[—s—z)f(z)dz}-

https://doi.org/10.1017/51446788700026744 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700026744

[17] Infinite linear systems with homogeneous kernel of degree —1 145

4.5. The operator on the right of (4.7) has the same structure relative
to L', K., K_ as that on the right of (4.5) has to L, K_, K,. Hence we
can establish similar transformations, as follows:

if F(s) is regular in the strip containing L, L' and uniformly O(t4)
for t ~ + oo, and G(u) is thence defined by (4.7) for w between L, L', then

for uz=z0
G(u) 1 1\ G(s)ds
4,12 F(u) = e K —_— ,
(4.12) S A L( -O- %% )
and if p= —u' <0 and wuy, uy, -+ u, are in the strip,
£ F(w) & 1

rgo H' (“r“‘up) ~f*—~0 I—.[’ (ur'_uv)

(4.13) pEr e
:I?_f?u)) 2:113 (‘()* 1(s)) (s;(j)js}

4.6. The integral equation (4.4) is by (4.5) equivalent to F(s) = 0.
By (4.7) this implies G(#) = 0 when g = 0, while for x > 0 it implies
by (4.10)
& Glw)
"gﬂ H, (u’r_up)

p#r
which shows that G(u) is a polynomial P, ,(s) of degree u—1. Hence,
referring to (4.8) and (4.11):
for g(u) regular in the strip and O(Im u)4 for u ~ +ic0, any solution
f(u) of (4.4) which is similarly behaved fo g(u) must satisfy, for u between

=0,

L and L',
f(u)+—1—. L(K_(z l(z)) Hz)dz
(s.14) [%z—)"”f (20~ 7) nNz(:,;:__Z;ds}
(t(‘))+2m ( +(s)—K_1(s))_(% {;ﬂ_l(u) ﬁ ng

where u is the index of the strip and P,_, is some polynomial of degree p—1;
also if p= —p' <O, f(u) must satisfy

[ (Ke1- ) Pamaeras

(4.15) 1\ gx(14s—2)f(z)dz
feo=J, (-0-275) bl

21

for an arbitrary polynomial P,._, of degrec u'—1.
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In (4.14) we can allow # to move on to the z-path L since ny(1+u—2z)
is there regular and in the inner integral |s—u| is bounded away from 0;
and on account of the exponential smallness of K_(z) —1/K (2) for z ~ +ic0
this is a regular (Fredholm) equation. In § 5 we shall prove that it is soluble
by iteration when (for a given k(m, n)) N is sufficiently large.

4.7. Conversely, we shall now prove that the solution of (4.14) satisfies
(4.4). We assume that g(u), f(#) are regular in the strip and O(Im u)4
for 4 ~ tico, the former by hypothesis and the latter consequentially,
as will be shown in § 5. Then by (4.5) F(s) is defined and regular to the
right of L; but for s to the left of L’ (4.5) implies

(4.16)
F(s) = (s) s)+——-f( e ))( Faw(1+s—2)) (D)),

and from the two formulae it follows that F(s) is regular in the whole
strip and is there of the form O(¢4) for ¢ ~ 4 c0. Hence we can appeal to
(4.12) or (4.13).

If p=0, (414) is by (4.8) equivalent to G(u) = 0, whence from
(4.12) F(u) = 0; so f(u) satisfies (4.4).

If 4> 0 we can take P, , in (4.14) to have arbitrary coefficients,
and comparison with (4.8) gives G(#) = P,_;(u). Thence by (2.8)

K_(5)G(s) =0(7),  G()/K(s) = O0(7)

in the appropriate half planes. Hence in (4.12) we can split the integral
into two parts, and since # is to the right of L its value is G(u)/K(4);
so F{u) == 0, as desired. It is plain that linear independence of a set of
polynomials P,_, on the right of (4.14) implies linear independence of the
corresponding solutions f(u).

If 4 < 0 we have G(#) = 0, as when x4 = 0, whence (4.13) shows that
F () is some polynomial of degree u’—1. We assume that the consistency
condition (4.15) is satisfied, and this along with (4.11) gives

L, (K+(s)_ 2 —l(s)) sy'/u—/;—l Fishs = 0,

s
where we have put
s lur —1

S—u

P,u’—l (s) =

a polynomial involving # as an arbitrary parameter. Thus (4.7), where
G(u) = 0, becomes
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—27iF () = K_(u) fb( K. (s)- K}(S)) F(s)ds

K_(u) 1\ s#F(s)ds
S NG |

This is valid for Re # ~—oco. But then, on the right, K_(#) = O(u*)
and the integral is O(Re #)™*; so since F(#) is a polynomial it must be 0,
as desired.

4.8. By theorem 1 (§ 3.2) each solution of (4.4) leads to a solution of
(1.1). Before we give a formal statement of the results we shall verify
that when p << 0 the comsistency condition (4.15) is (as we would expect)
equivalent to the orthogonality of {g,} to every solution (y,) of the homogeneous
adjoint system (3.7). On substituting in (3.11) for {x from (4.1) and putting

(4.17) K_(s)fx(s)=(N—3)*f*(s)

this equation, with 4, = 0, becomes

1*(w)
K_(u)
and by arguments like those of §§ 4.2—4.7 this is proved to be equivalent to

e (- ) T

K_(z)] 2n

{T%(—:”T—Z) L(K‘ )= K+1 (s)) Wz(,ln-—(:j:)) ds} = Py (u)

when g = —u’ < 0, P,_, being an arbitrary polynomial of degree u'—1.
By the theory of § 5, (4¢.19) has a unique solution when N is sufficiently
large, and it is plain that the solutions corresponding to different polynomials
P,._, are linearly independent. Hence, via (4.18) and (3.10), we have 4’
solutions (y,) in D,_, of the homogeneous (3.7), linearly independent, for
B to the right of the strip in question.

For any such solution (y,) and any {g,} in D,, where « is to the left
of the strip, the corollary to Lemma 2 along with (3.7) gives

S—u

S—u

(4.18) + o (re- K—l(s—))(—mu wts) P (s = 0;

(4.19)

1
— 3 Va8 = 5 | KOen(@)f(s)ds
7 J g
which by (4.3) and (4.17) becomes

420 —Sy=go| (Ku— o) st an
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Also for f*(s) satisfying (4.18) and any f(s) which is regular in the strip
and O(¢4) for £ ~ 400 we have, by commuting a double integral,

f L(K"(")_ K_l(u)) & (Z)f((Z,)d“ == sz L,(K+(s)— 7 l( )) f*(s)ds

. L(K_(u) ! )(-—+mv(l u+8)) f(u)du.

K, ()

On the left we can replace the path L by L’ and on the right interchange
the dummies », s. Hence, combining this result with (4.20) and referring

to the definition (4.5) of F(s),
Svatn =g [ (But)— ) PP e

whence substitution for f*(#) from (4.19) gives
. 1
2 ntn= | ,(K+(u>— K—(;;)) Pyoa () F (w)du

J ko)

o
._.f (K (S)— )?TN(I——s+z)dst’(K+(u)—K_l(u)) 2:;((?52)

Suppose now that, for the given {g,.}, f(s) is the solution of (4.14);
then by § 4.7 F (») is a polynomial of degree p'—1, s0 K (u) F (), F (u)[K_(u)
are O{u™') in the right and left half-planes, respectively. In (4.21) the inner
integral in the last term equals F(s)/K_(s), and so, Q¢ = 0. Hence

i S vuto = | (K+(u> % 1( ) P F ()i

- f ( )) P,_,(s)ds

: {g(s)—fL (K_(Z)MK1 )) nN(1—8+?)f(z)dz}

(z 2m1

by (4.11). By (4.15) the vanishing of the right hand member is the con-
sistency condition, so its equivalence to ) y,g, = 0 is established.
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4.9. Implications regarding the system (1.1). These follow immediately
by combining the results of §§ 4.6—4.8 with Theorem 1 (§ 3.2). The band
of regularity (in general 0 < o < 1) of 1+4+K(s) is divided into strips S
by lines o = const. through the zeros of this function. If any such S = S(«, §)
has zeros «, # on its left and right boundaries, respectively, and if the index
of the strip is u, we have

THEOREM 2. For the system (1.1), in which N is sufficiently large and
{g.} is in D,, there is in association with any strip S(w, B) of index u

(i) ¢ uw =0, one solution {x,} in D,;

(ii) 2f » > O, a general solution in D, depending linearly on u arbitrary
constants, the coefficients of these constants giving linearly independent solutions
of the homogeneous system (1.1) with g, = 0;

{iii) #f u < 0, ome solution in D,, provided only that {g,} is orthogonal
to each of the (—u) linearly independent solutions in D,_, of the homogeneous
system adjoint to (1.1},

(iv) The totality of solutions thus associated with any one of the strips S
is associated with the S that is furthest to the right.

(iv) is true because a solution in D, is automatically in any D,. for which
Rea’ > Re .

The consistency of the preceding statements may be seen also by
consideration of the conditions that a solution in D,. (where the strip S’
to the right of «’ has positive index u) be actually in D, with Re « < Re «'.
These conditions are (a) that the associated fw(s) be regular at «', or at
the several o’ which may lie on the left boundary of S’, and (b) that {g,}
be in D, . The condition (a) is equivalent to the vanishing of (14K («))fn(u)
at o', and this provides one relation between the arbitrary constants in-
volved in fy(u) for each a’ on the boundary. Thus the number of solutions
in D, decreases stepwise as Re a decreases. For passage from a strip with
£ = 0 to one with u << 0 no arbitrary constants remain in fx(s), and regularity
at the zeros on the common boundary is secured only by the imposition of
restrictions on the g,.

At the heuristic level we may note that, for any solution {z,} of (1.1)
in the ordinary sense, 3 k(m, n)z, must converge for every m; and since,
for fixed m, k(m, n) = O(n-1) for n ~ oo it seems that Y z,#' must
converge. Then, unless 3 2,7~ has ¢ = 1 as its abscissa of convergence,
{.} is in some D, with & < 1. Thus the preceding theory covers all solutions
except possibly ‘marginal’ ones.

4.10. The integral equation

(4.22) 2(m)+ [ k(m, n)z(n)dn = g(m), m =N > 0.

is the continuous analogue of (1.1). From the homogeneity property (1.2)
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of the kernel, it is equivalent to equations in which the range of integration
is (1, o) or (0, 1), by evident changes of variable. A particular example
of the latter form was solved by A. C. Dixon [5], using ingenious adhoccery,
or more compactly by Titchmarsh [6].

The methods of this paper lead directly to its solution. The analogues
of (3.2), (3.3), (3.5) are

c+i00 .
( ) + 2:!@ K(S)ms—I/N(s)ds = g(m), J;v x(m)m—udm — fN(u),
(4.23) ot - N1
Zn(2) =f nwidn=——, Rez>1
N —1

and the analogue of (3.4) is, for Reu > ¢,

1 o K(s)N*“fx(s)ds

(4.24) fy(u)+5—

By
(4.25) K, (s)in(s) =N~*f(s),  Gu(s) = N—G(s)

f g(n)n—dn = Gy (u).

c—ico U—s

this reduces to the form (4.4) with 7y = 0, so by (4.14), (4¢.15) the solution is

G(u) 1 \G(s)ds (O if u<0
4.26 = —
(4.26) f(u) K_(u) +2m ( +) K_(s)) S—u {P,t_1(“) if >0,
with the consistency condition in the case y = —u' << 0
1
(4.27) f ,(K+(s)— m) Pa(s)G(s)ds =

(4.26) gives all the solutions associated with a strip of index p, under
the condition that the integral defining Gw (%) in (4 24) converges for %
in the strip. By taking the solutions thus associated with the furthest
strip to the right in the band of regularity of K(s) we get the totality of
solutions for which [¥ z(m)m—“dm converges for some % in this band.

5. Iterative solution of the integral equation (4.14)

5.1. Estimates for nn(s). We require estimates depending explicitly
on N. Writing N—} = = we have by the definition (4.1)
1
(5.1) Nw(s) = 2 n(s) — p—

where (cf. [7])
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0 1 4100

Ins) =2 n = —— z~* cot mzdz
N 21 e i00
18 1 r*

2100
= — — cot mz—1)27%dz — — cot mz4-1)27%dz,
il e g [T ot

Zioo

with the latter formula holding for all s. The substitutions z = z-4-7v
thence give
® 2 exp (—4s log (1+v?/x?)) sin (s arc tan v/z)dv

(8.2) ann(s) = _fo €241 '

and here

. v ) Is|v Is|v [s|v
sin (s arc tan —)| < sinh < exp ( .
x z x x
5.11. First let |s| < mz. Then for ¢ = 0

©3) o)l <2 I p (ot B ay < 2L [y 2 2L,

ntx
For 0 = —¢’ < 0 we use
log (1 + ) { v2[z? Hfv=e
log (2v3/x?) if v Z .
Thus if v < « the modulus of the integrand in (5.2) is less than
2e‘2""% exp (%; 4 ls:)) = 2I.;—] p (—3aw)

(since |s| =< mx and o'v = [s|v < na?); while for v = « it is less than

o’ o’
gg-tme (\/2'0) Is|v exp Islv < 2|s| (ﬂ) PP
x z

z x x
Hence for 6 = —¢' < 0
2 p
(o) < 220 [ e 1 221 (2) [T emsan
o 0
8|s| 2|s| P(2+c’)
=y T (—‘) T
e x \=x n
Here, by Stirling’s formula,
1/2)«*’ V20'\"
o) Iedo) <3(2) (1408
() T <3 (57) ase)

=3 (‘/) ‘”"’*-jze) (210g Z/vz))%
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so finally if |s] < nx
(5.4) Iy ()| < 3Als|z~2 < A|s|N-2

where A is an absolute constant.

5.12. For |s| > @z we shall restrict attention to estimates uniformly
valid for —H < o < H, where H is an absolute but arbitrary constant.
These are derived from the approximate functional equation for the zeta
function [7], which gives, for |¢| = K > 0 and hence for |¢| = inz,

In(s) = x 2w +0(@ )+ 0y |t)#),
nly
where y is defined by 2nzy = |f| and x = 2*#*~1 sin dasI'(1—s) = O(|¢[}~).
Hence by (5.1)

mﬂﬂ=#hw—§%=0wwfﬂ2W*HmH0MWﬂ

n<y
By using an elementary estimate for > #°~! we obtain
(5.5) @nn(s) = O(HH)+0 @l }), O<a=oc=<H,

©.6) wn(s) = 0 (1t <

")+omwﬁ CHZ0% —ay<0;

for —oy = 0 < gy, a factor log |#/x]| is to be adjoined to the first term on
the right.

In view of (5.4) these estimates need be used only for [f/z| = in,
so we can simplify (and weaken) them by inserting positive powers of
|¢/x] on the right. Hence (5.5) gives «?nn(s) = O(|¢|}), and in combination
with (5.4) we have
(5.7) |7 (s)] = A (1+ 23N, 0<o, 0= H, ally

for some positive constant 4,.
5.2, Iterative solution of (4.14). We abbreviate the equation as

(5.8) Fao) — [ 1w, D@ — [T $ow, 2)(z)dt = h(w)

when ¢{ = Im z and

(5.9) hiiw 1) = — (K_()-

1 ) ny(1+u—z)
K, (2)] 2nK_(u)

e o=~ | (s "

and %(u) is the function on the right of (4.14). We take u to lie on the same
path L as z, and write v = Im #, so taking ¢ =1 in (5.7)
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(5.11) lnn(14+u—2)| < A,(L+2[v]E+2)¢})N-2.

In (5.9) we have, from (2.8), (1.7) and (1.17), for absolute positive constants
Ay, Ay, and V' <A

(5.12) K_(z)—K+(z)’ < AyeXi, 1K_,l@l < A;(14v]#)
SO
(613) b 2) = A;f;,fs (1+[o]#) (1+2lofE+ 2 e,

In (5.10) the integration is along a path L’ to the right of L, so |[s—u|
exceeds the positive constant Re (s—%). For ny(l1+4-s—z) there is an
inequality of the form (5.11), and for [K (s)—1/K_(s)| one of the form
(5.12),. Hence we have the form

(5.14) s, 2)] < A N-2(142)h)e

with 4, an absolute constant.
For h(u) in (5.8) we have

(6.15) h(x)] = B(1+v]%)

where p is some positive constant, and B a constant whose dependence
on N is not relevant.
For the solution of (5.8) we define an iterative sequence by

Fura6) = ha) + [ oot ul)t+ [ ol Mole)l, m=0,1,2, -+
starting with f,(#) = k(u). Then, writing

(5.16) o) = folw) = h(8),  Lnsa(®) = farrl@)—falw),  mZ0
we have
(B17) @) < [ Ig(, 2)xaldt+ [ 1a(, 2)2a(2)1d

From the form in which |v| is involved in (5.13), (5.14) it is seen that
a hypothesis which is suitable for inductive verification is

(5.18) ln(2)l = M, (14 [1#) (1+1212)

with M, some constant. On substitution of this, along with (5.13), (5.14)
in (5.17) the integrals converge because of the exponential factor and we
obtain the form

(5.19) [ns1(#)] = N-2M,{(1+]|v]¥)(d5+Aqv]})+ A}

with A5, A4, A, absolute constants. Hence y,.,(#) satisfies an inequality
of the form (5.18), with
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M, [M, = N"2max (4A5+4;, 4)
and we shall have M, /M, < g <1 if
(5.20) N2 > g'max (4;+4,, A), 0<g< L

To start the induction we have on the right of (5.17) z,(z) = f,(2) = k(2),
and by (5.153) [xp(z)| = B(14-}¢/*). The difference in form between this and
(5.18) does not disturb the form (5.19) for x,(#); only the values of the
constants 4;, 4¢, A, are altered. Hence if N is large enough to satisfy {5.20)
we have

()] S " A BAHAN(AHIEE),  m=1,2,--

By standard arguments it follows that the sequence f, (z) converges uniformly
over any bounded range of Im z, that the limit function f(z) satisfies (4.14),
and that this is the only solution which is continuous and O(|Im z|4) for
any constant 4.

All this holds for # on the path L in (4.14). For % not on L, but near
it, we now use (4.14) to define f(u), and the regularity of the integrands
secures that this gives an analytic function which is the continuation of
f(#) from L. Indeed, the equation shows that f(#) can be continued to all
points to the left of L where g{u) is regular. Finally, for # on L we can
in (4.14) replace the integrals along L’ by integrals along a path to the left
of L, which gives a form in which the terms nny(14+u—2z)/K_(u), g(»)/K_(u)
are replaced by nn{(1+u—2z)K (u), g(u)K, (»); and hence f(u) can be
continued indefinitely to the right of L.

6. The general system (1.1)

6.1. We now suppose that in (1.1} N is not large enough — in relation
to k(m, n) — for solubility of (4.14) by iteration, so that this equation
may present the ‘eigen-alternative’ in which the homogeneous form has
non-trivial solutions. The theory regarding (1.1) may be based on the
Fredholm theorems, but this treatment cannot be quite straightforward
because, if 4 > 0, a non-homogeneous form of (4.14) is associated with
the homogeneous form of (1.1). It is preferable therefore to make a direct
investigation of (1.1} by partitioning this system. We choose an N’ large
enough for Theorem 2 to apply to the solution for zw., Zy.,4, * - - of the
sub-set of equations for which m = N'. The solution involves &y, * - - 2y
as parameters, and its substitution in the earlier equations reduces these
to a finite set in these parameters. The reduced set may present the ‘eigen-
alternative’, but this is then an algebraic phenomenon, quite distinct from
the transcendental phenomena associated with the index. Hence we shall
prove
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THEOREM 3. Let o, B be respectively to the left and right of a zero-free
strip of regularity of 1+K(s}) whose index is u. Then

(i) the number of linearly independent solutions in D, of the homogeneous
system (1.1) is u+p when pu > 0 or p when p < 0, where p is a non-negative
integer;

(ii) the number of such solutions exceeds by u, exactly, the number of
linearly independent solutions in D, , of the homogeneous adjoint system,

(ili) when {g,} is in D,, the nom-homogeneous system is soluble in D,
if and only if {g,} 1s orthogonal to all solutions in D,_, of the homogeneous
adjoint system.

To prove this it is convenient to use matrix notation, taking
x = {&n, Zyyy, '+ +) and g = {gn, gy41, * - *} as column vectors. For the
adjoint system we take y = (yw, ¥yi1, - °) as a row vector. Choosing
a large enough N’ we partition these vectors:

(6.1) x = (i) g= (i) y=0.y"
where x’ = {zy, - - * Ty}, X" = {&N:, Tyryq, - * ) etc. With a corresponding
partition
A B
(6.2) (Bmatkm, ) = (& )
(1.1) splits into
(6.3) Ax'+Bx"' =g
(6.4) Dx" = g'"—Cx’,

and the homogeneous adjoint system splits into
(6.5) YA+y'C=0
(6.6) y'D=—y'B.

In the manipulations that follow, the operations that involve infinite
matrices are validated by § 3.4; by Lemma 2 the series which define elements
of a product matrix converge, and by Lemma 3, applied to each element
of a triple product, such a product obeys the associative law. For example,
in (6.13), we have the case of y-finite summation, and in (6.13), the case
referred to in the Note to Lemma 3 where in the notation of that Lemma,
each column of H satisfies a system with g,, = 0 and y'’ satisfies a system
(6.6) with
N'-1
hy = — 3 ynk(m, n).

m=N
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6.2. The case u = 0. By Theorem 2 the homogeneous system Dx” = 0
has u linearly independent solutions in D, which can be set out as a matrix
H of u columns and infinitely many rows, and the most general solution
of (6.4)% in D, has the form

(6.7) X' == " —Ex'+ HA

where 4 is a column vector of x arbitrary components. The conditions
that (6.7) satisfies (6.4) are

(6.8) D' =g", DE=C, DH=0.
By substitution of (6.7) into (6.3) this becomes
(6.9) (A—BE)x'+BHA = g’ —B§'"'

This is a set of N'—N scalar equations, for whose satisfaction the com-
ponents of 4 as well as those of x' are disposable, so the critical thing is
the rank of the matrix (A—BE, BH) of N'—N rows and N'—N +u columns.
If this rank is N'—N the set is soluble for N'—N of the components of
x’, 4, without restriction on g’, with the remaining components remaining
arbitrary, and the full system has a solution {x’, x”’} in D, depending
linearly on u arbitrary constants. But if the rank is N'—N—¢ the homo-
geneous system (6.9) with g’ = & = 0 has u-+p linearly independent
solutions (leading via (6.7) to a like number of solutions of the full homo-
geneous system), and the non-homogeneous (6.9) is soluble if and only
if g'—BE"’ is orthogonal to every solution y’ of the adjoint system

(6.10) Y (A—BE) =0
(6.11) Y'(BH) =0.
This condition is

(6.12) ¥'(g'—Bg") = o.

Considering now the solution of the homogeneous adjoint system,
post multiplication of (6.6) by H gives, in virtue of (6.8);, y'(BH) =0
as a necessary condition for its solubility for a y’’ in D;_,; and by Theorem 2
this condition is sufficient. Here we have used the associative properties

(6.13) (¥'B)H =y (BH),  (y'D)H = y"(DH).

By use of (6.8), and similar associations the elimination of y*’ from (6.5)
and (6.6) gives y'(A—BE) = 0. Thus y’ must satisfy (6.10) and (6.11);
and conversely any solution of these leads to a solution of (6.5) and (6.6).
By a well known theorem of algebra, (6.10) and (6.11) have just p linearly

® Where g’ (by hypothesis) and each column of Cx’ (direct proof via (1.4)) is in Dg.
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independent solutions y’ when the rank of the matrix (4—BE, BH) is
N'—N—p.

Thus we have established so much of (i), (ii) of Theorem 3 as belongs
to the case u = 0.

As regards (iii) we observe that from (6.6) and (6.8) we have

y'B§"' = —y"D§" = —y"g"
)
y'(g'—B§") =yg'+y'g".
Hence, for any admissible y’, y”’ the condition (6.12) is equivalent to
y'eg'+y'g’ =0, ie. to the orthogonality of {g’,g"} to any solution
(v', y"') of the full homogeneous adjoint system. Since (6.12) is just the
condition for solubility via {6.9) of the direct system (6.3), (6.4), Theorem
3(iii) is established, for the case u = 0.
6.3. The case uy = —pu' < 0is similarly handled, and we omit the proof.
The treatment starts with an appeal to Theorem 2, whereby (i) y'D = 0
has a set of u4’ solutions which can be combined in the form y”’ = 4J,
with 4 a row vector with p’ arbitrary components and J a matrix of u’
rows and oo columns; and (ii) (6.4) is soluble for x” if only J{g’'—Cx’) = 0.
6.4. Concerning inverse matrices. In the case of Theorem 3 where y = 0
and p = 0 the system

(6.14) Mx, = (0p,tk(m, n))x, =g, = {(6n,)}

is soluble in D,, and any solution x, gives the pth column of a matrix X
which is a right inverse in D, of M: MX = I.If u = 0 there is only one such
X, but if 4 > 0 there are an infinity of them. If x = 0 there is also a left
inverse ¥ of M whose rows are in D;_, and are obtained by solving systems
adjoint to (6.14): YM = I; but if u > 0 there can be no such inverse in
D,_, since its multiplication into (6.14) would furnish for this system a
unigue solution. These circumstances resemble those that can arise for
bounded matrices over Hilbert space [8].

In the case 4 =0, Lemma 3 gives Y(MX) = (¥YM)X, since the second
alternatives of hypotheses (i) and (ii) are satisfied by the particular g,
in (6.14) and its adjoint. Hence

(6.15) Y = VI = Y(MX) = (YM)X = IX = X.

Hence in the general case where there are several strips, of which an
interior one S(x«, ) has index 0, we have in the case » = 0 — which always
holds when N is sufficiently large — there is a matric M~ with rows in
D,_; and columns in D,, which is both a right- and left-inverse for M; this is
also one of the right [left] imverses associated with strips to the right [left]

of S(x, B).
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When any possible solution of (1.1) that is relevant to a given context
is known, from that context, to be unique, Theorem 3 shows that the solution
cannot be associated only with a strip where 4 > 0; and if there is a strip
with u = 0 we must have the case p = 0, wherein M has identical right
and left inverses. The solubility of (1.1) will then follow if (g,) lies in a D,
with « to the left of the strip. Thus, with the stated proviso, unigueness im-
plies existence for the solution of (1.1).

7. Asymptotic formulae and procedures for approximation

7.1. Any solution {z,} of (1.1), of the wide class which we have been
considering, is in one-one correspondence with a solution fy(s) of the
integral equation (3.4) in which the path of integration is suitably chosen.
The connexion is given by (3.2), which on substitution for fx(s) from
(4.3) and K(s) from (4.2) becomes

. l) B 1 ¢+i00 K ) 1 m )3/( )d

. =g — ———) ==} f(s)ds

( m=Em T omim )y ( -G K+(s)) (N_

with f(s) satisfying (4.4) and (4.14), and K_(s), K (s) defined relative
to the zero-free strip of regularity of 14+K(s) which contains the path
o = c. We have also to suppose that the path lies in the right half-plane
in which

(7.2) 2 8.7 =gn(s)

converges, which is a restriction on {g,}. When there are strips of positive
index, our concern will often be with that solution for which Y x,n~*
converges most rapidly, and then the path will be chosen in the strip of
least non-negative index in which (7.2) converges.

We confine attention now to the important case in which (i) K{(s) is
meromorphic, with poles at s = 0, 41, +2,--- at most, and (ii) gn(s)
has a meromorphic continuation. Then K, (s), K_(s) are meromorphic,
and by the concluding paragraph of § 5.2 f(s) is meromorphic. Hence in
(7.1) we can displace the path to the left, and from the residues at the
poles of the integrand that are thereby crossed we obtain an approximation
to #,, which is clearly asymptotic for m ~ oo — for given f(s). The general
formulae are shown in § 7.2, and some examples in § 7.3. When z,, has been
determined from these formulae, to adequate accuracy when m is sufficiently
large, the outstanding =z, can be determined from a finite system by
straight arithmetic.

An alternative procedure, which may be more efficient, is to evaluate
an asymptotic formula, Z,, say, for all values of m and calculate the residual

(7'3) Bm = Em—Tp— 2 k(mr n)a-:n'
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Then the exact solution z,, = %,+,, is to be determined from
(7.4) z,+ Y k(m, n)z, = g,

n

which may be more favourable for approximate solution. See § 7.4. Here
it is unnecessary that &, be derived from an asymptotic formula; we can
try with any &, that can plausibly be supposed an approximation.

Finally in § 7.5 we apply the calculation of residuals to the adjoint
system (3.7), taking %, = 4,,. An exact solution of this system, in the
appropriate D;_;, would give the successive rows of a left inverse for (1.1),
for p =N, N+1,---, and its multiplication into (1.1) would yield the
explicit solution for each z,,. The exact solution of the adjoint system is
of course in practice unobtainable, but there is an explicit approximation
to it; the residuals from this approximation give the coefficients in a reduced
system for the x,,, and the reduced system so found is no longer singular,
it is of the simple type related to completely continuous bilinear forms over
Hilbert space. This procedure does not provide an existence theorem,
since (apparently) the passage from the original to the reduced system is
not reversible. Hence it serves merely for convenient calculation of a solution
which is already known to exist.

Some parts of what follows are suggestive only, but most of it (in-
cluding § 7.5) is rigorous.

7.2. Asymptotic formulae. In (7.1) the poles of the integrand are the
zeros of K, (s), all to the left of the path, (which we now denote generically
by a), and the poles of f(s), which by (4.14) are just the poles y of g(s)
or gn(s), with res. f(s) = res. g(s)/K_(y). In general the zeros « and poles
y are simple, and no y coincides with an «; then all the poles for (7.1) are
simple, and each term in the approximation to «,, varies as a power of .
If there are multiple poles they contribute logarithmic terms. In the general
case, displacement of the path to the left gives

1

(7.5) FnEn E ’% g (K+(V)K-(V) B l) res., §(5) (Z_VmT%) 7

which may be interpreted either as a finite sum plus a remainder-integral
(not exhibited) or as an asymptotic series.

Here f{«) is given implicitly by (4.14), where the integral on the left
is O(N~2). For the integral on the right, evaluation from residues at the
poles in the right half-plane is suggested, these poles being the zeros of
K_(s), which we denote generically by 8. For certain characteristic functions
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K(s), at least, the integral is thus expressed as a convergent series, whence
(4.14) gives

(S) £(6) ( 1)
7.6 ofl—
(7.6) =g+ S5m0 m
for the ‘principal case’ in which P,,_l(u) = 0. A different method for
approximating to f(«) is shown in § 7.4 (ii).

7.3. Special cases.

() g = 72
gives
ev(s) = T m73=t = Lu(1-+s—)
whence by (4.3)
g(s) = N—§)*tw(l+s—y).

This has a simple pole at s = y, with residue (N—32)?. The middle term of
(7.5) combines with the term g, to give

m?1 fla) m \*
N =~ K1 * w (VD)
where the first term is dominant if y is to the right of all the zeros a of
K, (s).
(ii) 8m = k(m, v)

arises as the coefficient of a component z, of the vector x’ in (6.4), in which
case ¥ < N’. By (1.4) this gives

1 ctioco
(N—3)g(u) = gn(u) = pn K(s)v—stn(1+u—s)ds
(7.8) ot 0<c<l Reu>c
¢'+ico
= K(u)» —“+ K(s)v—*tw(1+u—s)ds

oo c<c <1, Reu<c’.
The latter form shows that g(u) has as poles those of K(u) to the left of
its band of regularity, in general % = 0, —1, —2, -+ -. At these points
K (#) = oo, and (7.5) becomes

(7.9) mek(m,v)_%yﬂo'}_jl,mres.,zc(s)( ) + = 2K+(l (Nm%)a

For the calculation of f(«) via (7.6) we requireg(s), and for thisan asymptotic
formula is obtained from (7.8) by displacing the path to the left across
the poles of K(s) at s =0, —1,--+

https://doi.org/10.1017/51446788700026744 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700026744

[33] Infinite linear systems with homogeneous kernel of degree —-1 161

(lll) Em = Omys v=N

is a form from which the general system (1.1) may be formally built by
superposition; the corresponding solution {z,} gives the »th column of a
right inverse of the matrix (6,,,+k(m, #)). Here

N_ 8
(7.10) gn(s) =»7%, g(s) = ( " %) )
an integral function. Hence 3, is absent from (7.5), and substitution from
(7.6) gives
(7.11)

~Ynma () (w S omarm () o (W)

Since « runs through a sequence of values whose real parts decrease towards
—oo this form can be valid only when m/v is large, and since then
Em = Op, = 0 this term has been omitted from (7.11).

When » is large and m/» small, a companion approximation is obtained
by substituting from (7.6) into (7.1) and splitting off the resulting term
in g(s), for which the path is displaced to the right across zeros § of K_(s).
For the remaining terms involving Y, the path is displaced to the left
across zeros a of K (s). This gives

(7.12) —a
- §mz<1'_(ﬂ> (%n)ﬂ{zc:(ﬂ) ~2 (ﬂ-@lx;w (Nr; %)ﬂ <0 ()

a form in which the early terms are dominant when m/y and (N—3)/m
are both small.

7.4. Residuals.

(i) In (7.3) let us take

mr—1
7.13 T, = ———,
719 = 1RG)

a form suggested by (7.7) for association with g, = m?~1. Then by (1.4)
En = Em—Em— Z k(m’ n)in

- {mr—lK( )— L Hin(s)m’*C (1+4s— )ds}
T IYEQ) YT i )i v i’
~ — -02_:1 mm“lcN(l—{—s—y) res. K(s)/(1+K(y));

the contribution from the pole of {x at s =y has cancelled the term
m?1K (y). This gives a reduced system (7.4) for which {g,,} is in Dy, whereas
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by (7.13) the component {&,} of the full solution is only in D,,, where Re y
may exceed 0.

(ii) For the case where gy(s) is an integral function let us adopt a form
suggested by (7.5) and put

(1.14) Ep = gnt 3 aum

where on the right we have a sum over a finite set of p+1 zeros « of K (s)
to the left of the line of integration in (1.4). An easy calculation gives

Ent+ X kim, n)E, =g+ > a,m*?
1 c41i00
-}-——7—;z K (s)ym* 1(gN(s)+Za tn(14-s—a))ds
¢—gi00
Since K(s)+1 = K {s)K_(s) we have K(a) = —1, so the residue at s = a
is —a,m*>1, and the sum of these residues cancels the middle term on the
right, irrespective of the values of the coefficients ¢,. We can then determine
the a4, so that

(7.15) en(s)+> atv(l+s—a) =0 for s=0,—1,--:, —p,

whereby the poles of K(s) at these points are cancelled. Displacement of
the path across these points then gives, for m large

Tmt 2 k(m, 1) %, = gutO(m™>").

Thus, with the g, determined from (7.15), the residuals §, in the
equations of high order are small, and the reduced system (7.4) is likely
to be adequately approximated by a finite system for the early z;,.

From (7.5) it is suggested that the solution of (7.15) should give

flo)(N—3)~
K@)
and the following ‘argument’ substantiates this. The f(s) which corresponds
— by (4.14) with P, , = 0 — to an integral function g(s) is everywhere
regular, so reference to (4.3) shows that fy(s) vanishes at the poles
§ =0, —1,---of K (s) and has a pole at each zero « of K(s) with residue
(N—$)~f(«)/K',(«). Now in (3.4) we can displace the path to the left and
so obtain a continuation of fx(#) which is valid for any # to the right of the
displaced path. For such a # this gives, from residues at the poles of

K, (s)fn(s),

(7.16) a, ~

’

)—a
(=)

and the vanishing of fx(#) at u = 0, —1, - - - gives asymptotic equations

fv(u) ~ gn(u) + 2 f)in(14+u—a),
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of the form (7.15), with coefficients as in (7.16). For a fixed « we can
expect (7.16) to be asymptotically true for p ~ oo in (7.15).

7.5. Derivation from (1.1) of a regular system. The suggestion for what
follows arises from scrutiny of the formulae (7.11), (7.12) which relate to
aright inverse of( ,,,,,+k(m n)). By differentiationof 14+K (s) = K, (s)K_(s)
we have K'(«) = K («)K_(«) at a zero « of K, (s) and K'(8) = K, (8)K_(B)
at a zero 8 of K_(s) Also K(a) = K(f) = —1. Thus if we omit the inner
summations from (7.11), (7.12), each of them is a residue equivalent of

(7.17) Tm ™~ 2mmf lfg)(s (T)ads’

where L is a path o = const. which separates the « on its left from the
B on its right. Here it is to be noted (i) that the numerator factor K(s),
equal to —1 at a, 8, has been chosen so that by (1.7) the integral may
converge exponentially, and (ii) that the integrand is regular at the poles
of K(s).

Neither of the formulae which thus lead to (7.17) is ‘valid’ for m
near », but now we can add 4, to the right of (7.17) and thus obtain a
sensible form from which to start ab initio a residual calculation.

We reap the best dividend from these ideas by applying them to the
adjoint system. In (3.7) we put

I Y ORI
(7.18) Ym = Yom = — 27”.;) o 1+K(s) (m) ds—}—épm

(the form adjoint to (7.17)) and calculate
(7.19) Bon = Yput 2 Yomk(m, n), p=N,N+1,---

Then any solution {z,} of (1.1) which satisfies convergence conditions
of the form (3.8), (3.9) must satisfy the equation (cf. (3.6))

(7.20) z hpnxn = Zypm Em-
From (1.4) and (7.18) we have

1 K(s) —1g K(u)n—*3 m*1-*du
2} 14K (s)” SL 2

2 Ypmk(m, m) = — +k(p, n)

provided L is a path to the left of L’ in the zero-free strip of 1+4+K(s)
containing L’ (so that Y m*1~* may converge absolutely). Now let L be
displaced to the right across L’ to a position L' in the strip. The residue
of the inner integral at » = s gives to the outer integral the contribution

1 J‘ K2(s)p*1n*ds
2ni ), 1+K(s)
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and the addition of y,, to this gives in all

1
= o L’K(s)p*"ln“"ds+6“, = —k(p, n)+0,,
by (1.4). Hence (7.19) gives

1 K(s)p*tds  K(u)nI{n(1+s—u)du
" 2w )y 1K (s) Jp 2mi '

(1.21)  h,, =3é

pn

When p, # are both large we can convert (7.21) into an asymptotic
series by displacing L' to the left across zeros « of 1+K(s) and L" to the
right across poles v =¢ = 1,2, -+ of K(u):

I R

where the argument of {» in each term has its real part less than 1. The
leading term has ¢ = 1 and « with a real part «, less than 1, and on this
account the reduced system (7.20) is regular; indeed, the transformation
z, = n’&, gives a system

(7.23) Ep D hpnbn = 07" 3 Ypm&m

in which &, = O(p1*~%n3+%), so 3 3 |h,,/* converges for any 4 in
—31 <8 < 4, a restriction that can be met because a, < 1.

It may be noted that when only one of p, # is large the leading term
in (7.22) gives the order of magnitude of %,

The logic of these calculations is as follows. To attain (7.20) we have
supposed that the {z,} in question satisfies (1.1), so we make the hypothesis
that {g,}isin D, and (if the index of the strip that contains L’ is negative)
satisfies the consistency condition for solubility of (1.1). Then {z,} is in
D, . Also, by Lemma 1 applied to (7.18), D ¥,m&n converges, and equals

1 K(s)p*?
(7‘24) Zypmgm=gp‘_27uJ‘ l—f—K z EmMm m~ds = G

and similarly ¥ y,,, converges. Also by (7.18) 3 y,,m°? converges
absolutely to

1 [ K(s)pt
2mi ) 14K (s)

1 __

tn{l+s—c)ds

provided ¢ < a(L’), so for fixed p, (y,,) is in D;_, for any B to the right
of L’. Finally (7.21) gives for 3 & ,,7*~! a form like (7.21) with #~* replaced
by {n(1-+u—z), so this function is everywhere continuable and at most
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algebraically large for {Im z| ~ co. Hence all the hypotheses of Lemma 3
are satisfied, and (7.20) is established. To sum up,

THEOREM 4. If « is fo the left of a zero-free strip of regularity of 1 -+K (s)
which contains the paths L' and L (to the right of L'), and if {g,} is in D,,
then any solution {x,} of (1.1) which is in D, satisfies the ‘ Fredholm’ equation

x,  K(s)p*tds [ K(u)lw(l-+s—u)n—"du
7.25 - — =
(1.25) 2= 25 ). ke ), i ¢

o p=N
where G, is defined by (7.24).

Here if the index of the strip is positive there is no restriction of {x,}
to any one of the solutions, and the implication is that in this case (7.25)
must present the eigen-alternative. There is the correlative circumstance
that there is no left-inverse for (1.1) which is associated with the strip in
question, so we cannot expect the ‘set of multipliers’ (7.18) to yield a
reduced system that is close to an explicit solution for {z,}.

For the calculation of the z, we would usually use (7.25) only for the
larger values of p, say p = N’, whereby aw., Zy-,,, - * - are determined in
terms of ww, -y, as parameters; it is easily proved that this may
be achieved by the obvious iterative procedure. The higher coefficients on
the left are approximated by (7.22), and for G, there is the asymptotic
equivalent of (7.24) got by displacing the path to the left, if > g, m™* is
continuable. The outstanding coefficients, for which p but not » is large,
may be obtained arithmetically from (7.19). This requires the evaluation
of the y,, from (7.18), for which asymptotic formulae, obtained by dis-
placing the path to the right or left, are valid except for p near m; in this
outstanding case numerical integration may be needed, but only the one
parameter p/m is here involved.

8. Extensions of the theory

We shall consider briefly some systems of the form
(8'1) xm+zk(m: n)cmnxn =E&m
n=N

that are in some sense close to (1.1), k(m, n) being the kernel hitherto
considered.

8.1. ¢, = @,,, @ bounded sequence. For fn(s) = 3 z,n* we find as in
§ 1.3 the integral equation

¢4-1i00 00

8.2) fa(u) + 5:; K(s)fn(s) g @,mtINds = g, mY,

c~ico
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for Re # > ¢. The behaviour of this equation depends on the behaviour
of the Dirichlet series ¢(z) = 3 a,,m~1~* for analytic continuation across
the line Rez = 0. For example

(i) @p=1—(=1) gives $(2) = (2—2-)2(1+2)

(i) @, = (—1)m+ gives ¢(z) = (1—27%)¢(1+2)
(i) ap = (—1)™4Um  gives z) = (1—27)C(1+2)+E(2+2).
For (i) we have a pole at 2 = 0 with residue 1, (ii) is everywhere regular,
and (iii) has a pole at z = —1. In case (i) the equation is singular and the
theory and conclusions are like those of §§ 3—6, but in cases (i), (iii) the

equation is regular and the Fredholm theory applies to it; when it has a

solution,
¢4 {00

x, + —1— K(s)a,m*fn(s)ds = g,
27 c—ico
gives a corresponding solution of (8.1).

8.2, Cpp = (1+4a,)(140,); @y, b,, = O(m™?) for some positive . By
substituting for k(m, #) from (1.4) we get a form in which the variables
m, n are separated in the integrand, and as in § 1.3 we find the equivalent
integral equation

) + 5 | KOM(5) 3wt (1 a,) (45, ) s
= zgm(1+bm)m_“ = gn(%)

for fn(s) = X #,(1+b,)n* Thus in place of {nx(z) we have {n(z)+xn(2),
where

(8.3)

ZN(Z) = g (am+bm+ambm)m—z:

a Dirichlet series converging absolutely for Rez > 1—6, so that
av(z) = O(N**?%) for Rez =2 1—36. In (44) nw(l+u—s) is replaced
by ny(1+u—s)+ (N—4)**xn(1+u—s), and the additional term is O(N—?)
for Re (u—s) > —36. The same adjustment applies to (4.14) and the
conclusions of §§ 3—6 remain valid, the work requiring only trivial modi-
fications.

The continuation of fy(#) to the left of the path L in (8.3), such as
would be required for work like that of § 7, is interesting. It is given by
converting (8.3) to

(8.4)
( 14+K (u))fn(u)+ E:-;ifL’K(s)fN(s) (Cv(l4u—s)+xn(1 -}—u-—s))ds = gn(u)

with L’ just to the right of L. In the first instance # is restricted to the strip
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of breadth é to the left of L’ in which yn is regular, and fx (%) is therein
regular, provided gx(«) is so. Hence we can displace the path in (8.4) to
the left through a distance < 6, and so obtain a further continuation,
provided gn () permits it. This process continuous until fy(#) acquires a
pole at a zero a of 14K (#). But when the path is moved across this pole
an additional residue-term carrying the factor yn(1+#—a) enters, and the
singularities of this function become dominant; for example y»(z) may
have a natural boundary Re z = 1—346, and then fy (%) has a corresponding
boundary on Re # = Re a—34.
8.3.

(85) Cmn = 1+dmn! dmn = O(m—"n—ﬂ).

We confine attention mainly to the case where there is a zero-free
strip of regularity « << ¢ << 8 of 14+K(s) whose index is 0. The complete
system (8.1) can be partitioned as in § 6, so as regards the circumstances

that are peculiar to the case (8.5) we can confine attention to the case
(§ 6.4) where the matrix

M = (3nt-k(m, n))

has a left- and right-inverse M~ with columns in D, and rows in D;_,.
Writing D = (k(m, n)d,,,) the system (8.1) is

(8.6) Mx+4+Dx =g.
If convergence conditions are satisfied this implies
(8.7) x+M1Dx = Mg,

which in turn implies (8.6). Thus (8.7) is equivalent to (8.6), and we are
to find conditions on «x, % under which it is regular.
From (1.4) and (8.5) we have, for the typical element of D,

k(m, n)d,,, = O(me1-*n—-7)

for any ¢ for which (1.4) is applicable: in general 0 << ¢ < 1, or in the
case of § 2.1 —/ < ¢ < j+1. As regards M~! the typical element y,, is
given asymptotically by (7.18), so for all p, m we have

(88) Yom = 6pm+0(Pc,~1 m—c')
for any ¢’ between « and . For M~1D the typical element is then
th = z ypmk(m» n)dm'n = k(P’ n)dpn+ z O(Pc'—lmc—l—x—c'n—c—-ﬂ)

(8.9) = 0(pc—1—x ”—c_")—l—O(p"'_ln'""‘V)
provided
(8.10) ot >0,
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so that the m-summation may converge. Then the last term in (8.9) is
dominant, and if the sum of its indices << —1 the reduced system (8.7) is
regular. Hence we require

(8.11) —x < ¢'—c <,

which is to be satisfiable by a choice of ¢’ between «, § and a choice of ¢
between —! and j41; and this is so if

(8.12) k+n >0, k> —p—I, 7>a—1—1.

Under these conditions the Hilbert theory, including the Fredholm
Alternative theorems, is applicable to (8.7). Its solubility will of course
depend on M~'g belonging to a suitable sequence-space. For example,
if g, = O(m*1), the typical element Y, ¥,,8, of Mg is O(p°"), by
(8.8), where ¢’ > «. By (8.9) and (8.11), then,

3 hpO(ne )

n=N'
converges and is 0(p°~1) for N’ ~ oo; so if we omit from (8.7) a finite set
of the early equations, the remaining infinite system is soluble by a diagonal-
based iteration.

An alternative and more practical procedure for reducing the system
(8.6) is to left-multiply it by the approximation to M~ given by (7.18);
the typical coefficient in the reduced system then contains an extra com-
ponent as shown on the right of (7.21). Indeed, we can use (7.18) as a set
of multipliers irrespective of the index of the strip « < ¢ < # with which
they are associated, and the reduced system is regular under the conditions

(8.12); but the equivalence of the reduced and original systems is not thereby
established.
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