SYSTEMS OF LINEAR DIFFERENCE EQUATIONS AND
EXPANSIONS IN SERIES OF EXPONENTIAL
FUNCTIONS*

BY
R. D. CARMICHAEL

Introduction. The principal purpose of the first part of this paper is to
prove (§1.9) that the system (1.1) of linear non-homogeneous generalized
difference equations has solutions gx(x), k=1, 2, - - - | n, which are integral
functions provided that the independent terms ¢,(x) are themselves integral
functions and provided that the system has a certain non-singular character
defined in §1.3. In case the ¢,(x) are further restricted to be of exponential
type (§1.5) then solutions of exponential type exist (§1.6) and indeed solu-
tions of exponential type at most equal to ¢ (called principal solutions) in
case no ¢,(x) is of higher type than ¢ and at least one of them is of precisely
this type. A useful symbolic notation (§1.2) is effective in carrying out the
argument.

In the second part of the paper we apply the results of the first part to the
rather remarkable problem of the simultaneous expansion of # integral func-
tions in composite power series, a problem which we have not seen treated
elsewhere.

The third part of the paper is devoted to the theory of a class of remark-
able expansions in series of exponential functions, generalizing the theory of
Fourier series. Whereas the basic region of convergence of Fourier series is a
segment of a straight line, these new series, apart from certain particular
cases, have certain polygons in the complex plane as their basic regions of
convergence. The vertices of these polygons play the rdle of the end points of
the segments in the case of Fourier series, while the remaining points of the
polygon play the réle of interior points of the segments. Several extensions of
the theory are briefly indicated (§3.4) and an application is made (§3.5) to
the expansion of Bernoulli polynomials of higher order in series of exponential
functions.

I. ON A SYSTEM OF LINEAR DIFFERENCE EQUATIONS WITH
CONSTANT COEFFICIENTS

1.1. Formulation of the problem. We consider the problem of solving the
system

* Presented to the Society, August 31, 1932; received by the editors June 27, 1932.
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(1.1) _Z;cujgf(x + a,)) = ¢,(x) v=12---,m
=

of functional equations (generalized linear difference equations with constant
coefficients), where the functions ¢,(x), v=1, 2, - - - | n, are » given integral
functions and the » functions g;(x), =1, 2, - - -, n, are to be determined
subject to the requirement that they shall be integral functions. In this
system the coefficients ¢,; and the additive terms a,; in the arguments are
given constants; in §1.3 we shall subject these constants to a certain negative
condition in order to avoid exceptional cases in the theory of the system.

We- shall sometimes subject the ¢,(x) to additional restrictions and in
such cases we shall put like further restrictions upon the solutions g;(x),
thus obtaining what may be called principal solutions of the given system.

The theory of system (1.1) contains that of the single equation

u
(1.2) 2 (x + ar) = G(2)

k=1
where ay, a3, - - -, a, are different constants, 1, v, - - - , v. are constants
different from 0, G(x) is an integral function, and F(x) is to be determined
as an integral function. To see this it is sufficient to write gi(x) =F(x+au)
and to form the system

u

gl(x - ay) — gk(x - ak) =0, k=23 ,u kz:'Ykgk(x) = G(x)-

=1
This system is of the form (1.1). From a solution of this system we have a
solution of equation (1.2); and vice versa.

In a similar way one may reduce the problem of solving a system gen-
eralizing (1.1) and (1.2) at the same time to the problem of solving a system
of the same form as (1.1).

Special cases of the problem here set have been treated by various
authors.*

1.2. Introduction of symbolic operators. We define the symbolic operator
E(a) by the relation

(1.3) E(a)-f(x) = f(x + a).
A linear homogeneous combination of such operators will have the meaning
indicated by the relation

* See, for instance, C. Guichard, Annales de ’Ecole Normale Supérieure, (3), vol. 4 (1887),
pp. 361-380; A. Hurwitz, Acta Mathematica, vol. 20 (1897), pp. 285-312; S. Pincherle, Ibid., vol.
48 (1926), pp. 279-304 (first published in 1888); R. D. Carmichael, American Journal of Mathe-
matics, vol. 35 (1913), pp. 163-182; E. Hilb, Mathematische Annalen, vol. 85 (1922), pp. 89-98.
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o I
(1.4 {Enkn} 1) = Enfts+ o0,

kw1 k=1
This will serve, in particular, to define the sum and the difference of two
operators of the form aE(a) and BE(b). The product of these two operators
is defined by the formula

1.5 aE(a)-BE(d) = aBE(a + b).

These definitions serve to give a unique meaning to any polynomial com-
bination of operators of the form E(a.), the coefficients being constants. Such
a polynomial in operators E may be written as a linear function of suitably
defined operators E, as one sees by aid of (1.5). In particular, one may define
such an operator by means of a symbolic determinant of the form

(1 .6) A= C,,'E(d,j) I

whose element in vth row and jth column is ¢,;E(a,;), this being (by definition)
the symbolic operator obtained by expanding the determinant formally as if
its elements were ordinary algebraic quantities. The expanded determinant
may be written as a linear homogeneous function of suitable operators E with
constant coefficients.

Any polynomial combination of such operators E will be said to have the
value zero when and only when the result of operating with it upon an arbi-
trary integral function gives the value zero identically. It is easily shown that
such a polynomial in operators E is zero if and only if the function e** of
is reduced to zero for all ¢ when operated upon by the named operator.

1.3. Symbolic form of (1.1); restriction on the system. Employing the
symbolic operators introduced in §1.2 we write system (1.1) in the form

1.7) Y 0iE@) g(®) = d®) =1,2,-,n).

jm1

The determinant A in (1.6) will be called the symbolic determinant of system
(1.7). This determinant will be called singular when it has the value zero;
otherwise it will be called non-singular.

We shall treat system (1.1) or (1.7) only in the case when its determinant
is non-singular. In that case we shall say that the system is non-singular. For
the treatment of the excluded exceptional case the methods required are
quite different from those here employed.

We shall use (without further definition) the terms customarily employed
in the theory of determinants.
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1.4. Separation of variables. Let A4,; denote the cofactor of the element
in the »th row and jth column of A. Then 4,; is a polynomial in operators E
with constant coefficients. Moreover, we have

(18) ZCij(ari)Arj = 8.k, chiE(avj)Avk = x4,
=1 y=1
where 6,1 is 1 or 0 according as » =k or v k.
Multiplying the vth equation in (1.7) by the operator 4,, summing as to
v from 1 to #, interchanging the order of summations in the first member of
the resulting equation and simplifying by aid of the second equation in (1.8),
we have

(1.9) Agk(x) = EAvkd’r(x) (k = 1) 2) R ”)'
=1
In these # equations the unknown functions gx(x) appear singly. Any solution
of (1.7) must satisfy (1.9).
The operator A may be written in the form

(1.10) A= Y cE(ar)
k=0

where the c¢; are constants different from zero and the a; are different con-
stants (this form being surely possible since A is non-singular). The value of
o depends on » and the constants c,; and a,;; it is never greater than n!—1.

If ¢=0 the required inverse operator A~! is E(—ao)/co. In this case a
complete solution is readily obtained and the problem is trivial.

If 0 >0, as we shall henceforth assume it to be, we may write each equa-
tion (1.9) in the form

(1.11)  cog(x + ao) + cag(x + a1) + - - - + cogx + a)) = ¢(2),

where ¢(x) is a given function and g(x) is to be determined. From the solution
of such an equation as this we shall pass to the solution of system (1.7).

We shall find it convenient to employ the function %(¢) defined by the
equation

(1.12) h(f) = e =t A-est.

Since the given system is non-singular it follows that A(f) is not identically
zero.

We have seen that every solution of (1.7) is a solution of (1.9). But the
converse does not hold, as we shall now show. If gi(x), k=1,2, - - -, m,is
any solution of (1.9) then its general solution is gi(x) + pi(x), £=1,2, - - -, n,
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where the functions p.(x) are arbitrary functions satisfying the equation
Api(x) =0. Now consider the system

g1z + 1) + g2(x) + ga(x +2) =¢1(x), g1(x + 2) + go(2) + gs(x + 1) = (),
g3(x) = ¢s(x).

Here we have A =E(1) — E(2) #0, whereas the function g;(x) is uniquely de-
termined by the last equation in the system.

From this example it follows that it.is necessary to obtain an appropriate
solution of (1.9) in order to have a solution of (1.7). The problem falls
naturally into two cases; the following section prepares the way for this
separation of cases.

1.5. Functions of exponential type. If f(x) is an analytic function which
is regular at x, and x;, then it is easily shown that

lim sup | f®(xo) | 17 = lim sup | 7@ (xy) | 17,
V=0 V=00

where the superscripts denote derivatives with respect to x. If these superior
limits have the finite value ¢ (¢ =0) then f(x) is an integral function; in such
a case we shall say that f(x) is of exponential type ¢, this terminology being
justified by the following theorem,* stated here without proof:

THEOREM 1.1. A necessary and sufficient condition that the function f(x)
shall be of exponential type q is (1) that numbers v shall exist for which it is true
that for every positive number e there exists a quantity M, depending on € and 7
in general but independent of x, such that for all (finite) values of x, we have

| f(2) | < Met+ol2l

and (2) that q shall be the least possible value for such numbers . Moreover, when
f(x) is of exponential type q, we have

[ /9@ | < Mg+ gretmroi=t (3=0,1,2,--+),
where M is independent of x and v.

1.6. Case when the ¢,(x) are of exponential type. We first carry out the
solution of (1.7) for the case when the known functions ¢,(x) are of ex-
ponential type not exceeding ¢. Taking their power series expansions in the
form

(1.13) 6(2) = D_sxt/k! v=12---,n),
k=0

* For a proof of this theorem and for further properties of functions of exponential type g, to-
gether with references to the literature, see a forthcoming paper of mine in Annals of Mathematics.
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we introduce the functions ¢,(f) by means of the expansions

Sy Syve

t2+t3

(1.14) ) = =+ to o G=1,2,,m).
Then the series in (1.14) all converge if |¢| >g. Let  be a positive number
exceeding ¢ such that the circle C, of radius » about 0 as a center passes
through no zero of the function 4(¢) defined in (1.12). (This negative condition
on 7 is first needed in the next paragraph.) Then we have

(1.15) ¢‘r(x) = '—1— 52‘«0(0‘” (V = 1; 2; ) "‘):
T

as one sees by using expansions (1.14) and integrating term by term in (1.15).

We employ the operator 4,; with the meaning given in §1.4. By 4,,e** we
mean the result of operating with 4,; on e** considered as a function of «.
Now write

(116) gi(x) = '_; Z(Akieﬂ)'pk(t) (] = 17 2’ ) ”‘)9

¢, k=t k(e )
this being suggested by the problem of solving (1.9) by the method employed
by Pincherle (loc. cit.) for a similar equation. Now substitute in the first
member of (1.7) the functions g;(x) so defined and simplify by aid of (1.8) and
(1.15); thus we have

1
ECV:E(GM) gl(x) = E—" E[ S“vaE(av:)Akg Czt]ﬂlk(t)

je=1 1Je, k=1L jm1 h(t)
1
=5l E&,k(Ae )¢,,(t) ()

1
o B e“tﬁ,(l)dt é(x).

T

Therefore the functions g;(x) defined by (1.16) afford a solution of (1.7).
Equation (1.16) may be written in the form

1
gi(x) = 9w C'c’ E[A:e ]z—o‘lfk(t)m

Thence it follows that a constant M exists such that
Igi<')(0)| < Mr-r.

Therefore g;(x) is an integral function of exponential type not exceeding r.
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Suppose next that 7 is so chosen that there is no zero of 4(¢) in the interior
of the circular ring bounded by C, and the circle |¢| =¢. Then g;(x) remains
unaltered as r decreases towards ¢ remaining greater than g. Therefore, in
this case, the function g;(x) is of exponential type not greater than ¢. Further-
more, if in this case at least one of the functions ¢,(x),v=1,2, - - - , n, is of
exponential type ¢ (none being of higher type), then at least one of the func-
tions g;(x),7=1,2, - - -, m,is of exponential type ¢ and none is of higher type.

If the functions ¢,(x) are of exponential type ¢ or less and at least one of
them is of type ¢ then a solution of (1.7) will be called a principal solution if
no function in it is of exponential type exceeding ¢. We have just shown the
existence of such principal solutions. To determine all principal solutions we
have to find all solutions, of exponential type not exceeding ¢, of the homo-
geneous system corresponding to (1.7). This problem is left for a later investi-
gation.

The main result in this section may be stated as in the following theorem:

THEOREM 1.2. When the ¢,(x) are functions of exponential type not greater
than q and one at least of them is of type q, then the non-singular system (1.1)
or (1.7) admits as a principal solution the functions g;(x) defined by (1.16) for
r=q+e¢, where € is a small positive quantity such that h(t) has no zero in the
ring bounded by C, and the circle |t| =q.

1.7. Lemmas concerning exponential sums. Equations (1.9) are of the
form (1.11). Replacing z in (1.11) by x —a, we have another equation of the
same form in which ¢,=0. Hence there is no loss of generality in taking
ao=0; and this we do. Then the function %(¢) in (1.12) has the form

(1.17) k() = co + cre®t + coe™t + - - - + coe%t,

In preparation for the treatment of the case when the functions ¢,(x) are
general integral functions we state certain lemmas concerning the function
h(z).

We shall first determine certain infinite regions in which A(f) is free of
zeros and in fact is bounded away from zero. Separating ¢ and the a; into real
and imaginary parts we write

t=u+ 1, ar = ar + 1B (k=1,2,---,0).
Let l, denote the line
bt R(axt) = R(aut), N\ # pu,
where R(z) is the real part of z. Then }, and /,, denote the same line. Moreover

h. and I,, coincide if ax—a,=c(a, —a,) where ¢ is a real number; otherwise
they do not coincide. Let s denote the number of distinct lines in the set k.
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Since each of these s lines passes through zero they divide the plane into 2s
sectors such that no point of any one of these lines is in the interior of any
such sector.

Let S: be any one of these 2s sectors and let #, be any given interior point
of S;. Then no two of the quantities R(ast), k=0, 1, - - - | o, are equal. Let
them be arranged in order of descending magnitude, thus:

R(dkotl) > R(agt) > -+ > R(ak,tl)-

Thenif #, varies continuously over the interior of S; this continued inequality
will be preserved, since each member varies continuously and no two become
equal for an interior point of S;. One and just one term of this continued
inequality is zero for an interior point # of S;. Hence the first term is not
negative.

In the sector S; take a point P which is at a distance & from each of the
bounding rays of the sector, where § is a positive quantity whose value is to be
assigned later. From P draw rays to infinity in .S; and parallel to the bounding
rays of Sy, thus forming a new sector S interior to S;.

Let (%, v) be any point in S. Then the distance from (u, v) to the line
Uk, 1s the positive quantity

(ary = ar)u — (Br, — Br)v
(ks — @00 + (Bro — Bi)?} 12
But this distance is not less than §, whether ;. , is or is not a bounding line
of S:. Therefore if ¢ denotes the point («, v) we have
R(ard) — R(aw) = (ar, — ar)u — (Bry — Br,)v
2 {(ak — ar)? + (Bro — Bi)?} 12
Now let  be a fixed quantity such that
e | (1 4 &) — (‘|60|+|61| +--+]e|)en>0 (r=0,1,---,0).

Let m be the least value attained by the left member as  varies over the set
0,1, ..., 0. Determine § so that

6{ (a)‘ - au)g + (]3)\ - ﬁu)2}1/2 = m, A My
for every pair of different numbers N and u from the set 0, 1, - - - , 0. Then
R(art) —R(axt) < —n for all £ in S. Hence R(axt) —R(art) < —n foralltin S
and for all £ in the set 0, 1, - - - , o except & =k,.

From these inequalities and the fact that R(a:,t) 20 in S it follows readily
that for all ¢ in S we have

(1.18) | h(®)| 2 m > 0.
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This inequality is independent of the particular sector S; hence it holds for
all sectors S formed (in the way indicated) by aid of a 6 satisfying the named
condition. We therefore have the following lemma:

LeMMA 1.1. In the sectors S formed as indicated the function h(t) satisfies
inequality (1.18).

When the sectors .S are cut out of the plane there is left a sort of infinite
star in which lie all the zeros of £(f) and in fact all the points ¢ for which
| A(¢)| <m. Thus we see that k(t) is bounded away from zero in the distant
part of the plane except possibly for certain regions in the star-arms remain-
ing after removing the sectors S. We next consider the problem of bounding
h(t) away from zero in certain parts of these star-arms.

By a rotation of the f-plane, obtained by replacing ¢ by e## where 0 is
real, any particular bounding ray of any sector S; may be transformed to the
positive part of the u-axis. Since this transformation leaves invariant the sort
of result we are to establish we may (and we shall) temporarily suppose that
this transformation has already been carried out; for convenience we retain
the original notation. The star-arm to be considered will then lie along the
positive real axis; we denote it by 4. Then the real axis is a line },, and we
have oy =a, while 8 #8,.

The maximum e is positive or zero, since ap=0. If the maximum value
a of the a; is the value of just one of them, then as ¢ becomes infinite in 4, the
function | k()| becomes infinite or approaches a finite limit different from
zero according as a is positive or zero. In this case £(¢) is bounded away from
zero in the distant part of the star-arm.

In what remains we may therefore suppose that the maximum value o
of the a; is the value of two or more of them. Now in the star-arm 4 we have

|e=th(t)| < | h()|,

the sign of equality holding when and only when a=0. But e#* and its
reciprocal are bounded in absolute value in 4. It follows therefore that it is
sufficient to treat only the special case in which a=0, as may be seen by
replacing %(¢) by a suitable e~(«+#0tj(¢). Therefore we take « =0. We tem-
porarily choose the notation so that the values of £ for which a;,=0 are
k=0,1,-.-,y—1.

Write .

—

(1.19) ha(t) = D cpebrl-rrin)

k=0

Then A(f) — k() approaches zero as ¢ becomes infinite in 4. It is therefore
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sufficient to our purpose to determine suitable parts of 4 in which 4(¢) is
different from zero and 4,(¢) is bounded away from zero.

For this investigation we need the following classical lemma which
we state without proof:

LemMA 1.2. If by, be, - - -, b, is any set of real numbers, all different from
zero, and if 8 is any preassigned positive number, then there is an infinitude of
positive integers m such that, for each such m, integers ki, ks, - - - , k, exist such
that
(1.20) | kibj+m| <8 G=1,2,---,9.
If all such positive integers m are denoted by the symbols mi, mq, - - -, with
m;i<miy,j=1,2, - - -, then among the differences m; . —m; there is a greatest

one.

Applying this lemma to the case when b;=1/8; and »=v—1, we have
| B + mB;| < o8; G=1,2,- -,y —1).

Thence it follows that for every preassigned positive e there exists a § such
that we now have

7—1
| Bt + 2mm) — () | £ D0 | creBrt(ebrmmi — 1) | < e
k=0
for all ¢ in the star-arm A. Let R be a rectangle two sides of which are on the
boundaries of 4 and let it be subject to the condition that 4,(f) does not
vanish in R. Let € be such that |z (f)| >2ein R. Then

| Bi(t 4 2mm)| > €

when #is in R and m is an integer admitted by the foregoing lemma.

We now return to the original form of 4(¢) as given in (1.17). On each arm
of the star associated with %(f) we now take a rectangle R obtained from the
foregoing one by reversing the rotation by which the corresponding arm is
put in the special position employed in the preceding argument; or, we take
any rectangle R on the arm and in which %(f) does not vanish, in case the
situation is-such that the preceding argument reaches the goal before the
introduction of Lemma 1.2 and the rectangle R. Then £(¢) is bounded away
from 0 on R and on all congruent rectangles (except a finite number at most)
similar to those in the preceding paragraph and containing the points ¢+ 2mnr
with ¢ on R and m determined as in the lemma or m sufficiently large when
the lemma is not needed.
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A part of the foregoing results may be stated in the following lemma:*

Lemma 1.3. There exists a positive number € such that | h(t)| > € for all large
t in sectors S and for all large t in rectangles R or rectangles obtained from them
by the translations t' =t+2mm where t is in R and where m is an inleger ad-
mitted by Lemma 1.2 for the star-arm in question or m is any sufficiently large
integer in the cases where Lemma 1.2 is not employed in the argument.

For use in integrations later to be performed let us define a set of contours
Ty, Ty, - - -, passing through no zero of 4(f), such that 0 is interior to T
while I'; is interior to I';;; and such that for r greater than some preassigned
number the distance from 0 to a point of I, is not less than » and not greater
than r+8 where § is a sufficiently large given positive number, each contour
having the property that it consists of circular arcs (with 0 as center) in the
sectors S and segments of the boundaries of the star-arms and straight line
segments crossing these arms in the rectangles R or such rectangles congruent
to them as are admitted by Lemma 1.3 and the preceding discussion. Then
the length of T, bears a bounded ratio to 2xr.

From Lemma 1.3 we then have the following:

LEMMA 1.4. There exists a positive number e such that | h(t)| > € for every ¢
on every contour I'y, Ts, - - - .

From the distribution of the numbers m; as described in Lemma 1.2, it
follows that the contours I'y, T's, - - - may be further restricted so that there
exists a number p such that no more than p of the contours cross a given
rectangle congruent to a given rectangle R in accordance with Lemma 1.3.

1.8. Solution of equation (1.11). In equation (1.11) we take ao=0, as we
may do without loss of generality. We now propose to show that, when
¢(x) is any given integral function, this equation has a solution g(x) which is
itself an integral function.

We denote by G.(x) the polynomial which satisfies the equation

cGa(2) + D2ciGa(x + ax) = z7

k=1

and is (sometimes more precisely) defined by the formula

n! e*t  dt
G,.(x) = f )
2riJe h(2) !

* For such results as those in Lemmas 1.3 and 1.4 see the address of R. E. Langer, Bulletin of
the American Mathematical Society, vol. 37 (1931), pp. 213-239, and the papers there cited, especially
those of J. D. Tamarkin.
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where # is a positive integer or zero, k(#) denotes the function defined in (1.17)
and C is a contour inclosing the point 0 and no singularity of the integrand
other than ¢=0.

Let T, where r is any positive integer, denote the contour represented by
this symbol in the latter part of §1.7. Form the function

n! et dt
G”'r(x) = ..—_f .
2riJr, k() !

This function satisfies the equation
CoGn,r(x) + ZGn ,r(x + ak) = x".
k=1

Let x be now confined to any preassigned finite region T of the x-plane.
Then we have

e[| at]

ltln+l

!
IGn.r(x)l é n_le
27 r,

where M, is a dominant of | 1/A(#)| for all ¢ on all contours T, the existence
of this dominant being assured by Lemma 1.4. From the character of the
contours I, as described in the latter part of §1.7, we now see that a con-
stant M (independent of ¥ and » and r) exists such that for all x in T we have

(1.21) | Gno(2) | < M-nl-pr8.4n,

where p is such that p >e!! for all x in 7',
Write the power series expansion of ¢(x) in the form

(1.22) o(x) = E&)\,x“.

Form the function g(x),

(1.23) g(x) = ,i;)\,Gv,y(x).

Then the (v+41)th term of the series here written is, in the region T and for
sufficiently large values of », less in absolute value than the quantity

M'V!V_'pH"gI )\,l .

Asv becomes infinite the superior limit of the vth root of this quantity is zero
since I)\,I U» has the superior limit zero owing to the fact that ¢(x) is an in-
tegral function. Therefore the series in (1.23) converges absolutely and uni-
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formly in any whatever preassigned finite region 7. Since each term of this
series is analytic throughout the finite plane it follows that g(x) is itself an
integral function.
It is readily verified by a direct substitution and a use of the named prop-
erties of G,,(x) that this function g(x) satisfies equation (1.11) with a,=0.
We are thus led to the following theorem:

THEOREM 1.3. If ¢(x) denotes the integral function defined in (1.22) then
the series

(1.24) D NGy, (%)

v=0

is for suitable values of r absolutely and uniformly convergent in every finite
region of the complex plane (the value r =v being always suitable) and defines a
sum function g(x) which is an integral function of x and satisfies equation (1.11)
with ay=0.

If ¢(x) is further restricted to be of exponential type ¢ then it is easy to
show (compare §1.6) that » may be given a sufficiently large fixed value (inde-
pendent of ») in series (1.24) to insure convergence of the character indicated
in the theorem. In fact, I, may be replaced by the circle C, of §1.6. Then the
resulting solution g(x) of (1.11) is of exponential type not exceeding r where 7
is the radius of the circle C,. By taking r sufficiently small it may be brought
about that the resulting solution g(x) is of exponential type ¢; but there is
no solution g(x) of lower type than ¢g. When #(x) is of exponential type ¢
a solution g(x) of (1.11) of exponential type ¢ may be called a principal solu-
tion of that equation.

1.9. The general case of (1.1) when the ¢,(x) are integral functions. In
treating this case it is convenient to set forth first a particular solution of
system (1.9). Again and without loss of generality we take a;=0.

Form the functions

1 ©® n zt
(1.25)  g(®) = — 22 | si(e ™)

271 j==0 y=1 r h(t) 1

‘(k=112:°"rn)’

where the coefficients s,; are those appearing in (1.13). Now the expression in
parenthesis under the integral sign is a function of ¢. If one utilizes the form
of this function of ¢ then by means of an easy modification of the argument
employed in §1.8 one may show that the series in (1.25) converge absolutely
and uniformly in every preassigned finite region I of the x-plane and that
they define integral functions gi(x).

These integral functions may also be written in the form



14 R. D. CARMICHAEL [January

> r(is,,-A,;,e“) z (k=12 ,m),

1
1.26 x) = —
( ) gk(x) mwi S \5 2V 10)

the series having the same properties of convergence as before indicated.
Now by aid of (1.12) we have

1 i i) dt
Agi(x) = P > Dosvid et
ym]1

1 =0 ri tl+l
n o Sy dt
= ZAvk Z ”' 6"',—-
p=1 =0 271 r; g+t
n ®© n
= 2 Au 2siwi/jl = 2 Aup(x),
=1 =0 y=1

the last member being obtained from (1.13). Hence the functions gi(x) in
(1.26) afford a solution of (1.9) with a,=0.

That these same functions also afford a solution of (1.7) will next be
proved. For this purpose substitute these functions gx(x) in the first member
of (1.7) after replacing » by . Simplifying the result by aid of equation (1.8)
and other preceding formulas we have

n 1 e n n
Zc,.kE(a,,k)gk(x) =— > Zs,j[z c“kE(a,,k)A,k]e“
k1 271

j=0 Pi y=1 k=1 t”lh(t)
1 2 Ae=tdt
=— 2si | —x
2w ju=0 r; t"Hh(t)
1 i e=tdt ou(2)
= — Suj = x).
2wt im0 * r, 1 g

Hence system (1.7) is satisfied by these functions gx(x).
Thus we have the following theorem:

THEOREM 1.4. When the functions ¢,(x) in the non-singular system (1.7) are
given integral functions and when the constant a, in (1.10) has the value O the
system has a solution gx(x), k=1, 2, - - - | n, consisting of integral functions
defined by equations (1.26), and the series in these equations converge absolutely
and uniformly in every preassigned finite region T of the x-plane.

From this theorem it follows that every non-singular system (1.1) has a
solution consisting of integral functions whenever the given functions ¢,(x)
are themselves integral. The more special case in which the ¢,(x) are of ex-
ponential type has already been treated in §1.6.
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II. SIMULTANEOUS EXPANSIONS OF INTEGRAL FUNCTIONS IN
COMPOSITE POWER SERIES

2.1. Formulation of the problem. For »>1 we consider the question of
expanding # integral functions fi(x), fa(x), - - -, fa(x) simultaneously in com-
posite power series, that'is, we consider the problem of representing these
functions in the form

(2°1) f'(x) = Z Zcik(x - a".)k (” = 1) 2; t '. ) n))
ke=0 j=1

where the coefficients ¢;; are to be independent of both x and ». We impose the

further condition on the coefficients c;; that they shall be such that the series

in the equations

(2.2) gi(x) = ’g)cikxk G=12,---,n)
shall converge for all finite values of x; then the sum functions g;(x) defined
by them will be integral functions. These conditions on the ¢;; are equivalent
to the conditions that the quantities |¢;x|V%, j=1, 2, - - -, n, shall all have
the limit zero as k# becomes infinite. Furthermore we subject the given con-
stants @,; to the condition that the determinant A(f) whose element in vth
row and jth column is exp(—a, ;) shall not be identically zero as a function of
t. In the exceptional or singular case in which this condition on A(#) is not
satisfied the general investigation will require methods different from those
here employed; and the results will lack the simplicity and elegance which
belong to the general case here treated.

For n=1 the problem evidently reduces to the classical problem of ex-
pansions in power series. We suppose throughout that 7 >1.

Under the conditions named we shall show that such simultaneous ex-
pansions always exist and indeed that they always exist subject to the further

condition that the functions g;(x), j=1,2,-- -, n, shall be of exponential
type provided in the latter case that the functions f,(x),»=1,2, - - -, », are
of exponential type.

If we employ the notation defined in (2.2) we may write (2.1) in the form

@.3) @) = 2gix — a.) v=12"-,n.
jm=1

Integral solutions of this system evidently lead through (2.2) to the required

expansions (2.1). The condition put on A(¢) is just that which is required to

make the results of the first part of this paper applicable to system (2.3) and

hence to the expansion problem here set.
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2.2. Expansions in the case of general integral functions f,(x). From The-
orem 1.4 and the remark following it one concludes that system (2.3) has in
this case integral solutions g;(x), j=1, 2, - - -, n. Therefore we have the
following theorem:

THEOREM 2.1. If fi(x), fa(x), - - -, f+(x) are any given iniegral functions and
if the constants a,; are such that the determinant A(2) has the property described
in the first paragraph of §2.1, then these functions f,(x) have simulianeous ex-
pansions of the form (2.1) where

lim | cpn| V% =0 G=1,2,---,n).

kmeo

Formulas in §1.9 afford an effective means of obtaining suitable coeffi-
cients c;; to be employed in the expansions (2.1). Only in exceptional cases is
it true that these expansions are unique. The determination of the extent of
arbitrary elements involved in the coefficients of the expansions depends on
the (as.yet undeveloped) theory of system (2.3) for the case when f,(x)=0,
v=1,2,-.- m.

2.3. Expansions when the f,(x) are of exponential type. Applying The-
orem 1.2 to system (2.3) in the case when the functions f,(x) are of exponential
type and interpreting the results in terms of the expansions in (2.1), we have
the following theorem:

THEOREM 2.2. If the functions fi(x), fa(x), - - -, fa(x) are of expomential
type not exceeding q, one at least of them being precisely of type q, and if the
constanis a,; are such that the determinant A(t) has the property described in the
first paragraph of §2.1, then the functions f,(x) have simultaneous expansions of
the form (2.1) such that the associated functions gi(x) of (2.2) are of exponential
type and indeed such that these functions g;(x) are of exponential type not ex-
ceeding q, one at least of them being precisely of type q.

When the associated g;(x) are of exponential type not exceeding ¢ we
shall say that the series in (2.1) afford principal expansions of the functions
().

Even with the strongest conditions imposed on the coefficients ¢;; by the
latter part of the foregoing theorem it is still true that the expansions (2.1)
need not be unique. In all cases belonging to this section possible values of the
coefficients c;; are readily determined from the special case of equation
(1.16) applicable here, as we show in the next paragraph; and these values
may well vary in dependence upon the radius 7 of the circle C, appearing in
(1.16).
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In connection with the expansions

f'(x) = ia"‘xk/k! (” = 1’ 2, ) ")y

k=0

form the functions
Qyk

("=1’2)""")-

O =X

=0 tk+1

Let A,;(t) be the cofactor of the element in the vth row and jth column of
A(?). Then by aid of (1.16) it may readily be shown that suitable coefficients
¢ixin (2.1) are the following:

tkdt

AQ)

1 ”n
%= ik C(ZEA ”'(t)F'(t))

where j=1,2,---,nand k=0,1,2, .- -.

2.4. The case a,;=a,, for v>j. In this case system (2.3) is equivalent to
the system consisting of the first equation in (2.3) and the following #—1
equations:

2.0) fra(®) = () = Slesx = ard) —glr — 0)} G =2,3,---,m).

In case @_1,n =@ it is clear that we must have f.—1(x) =f.(x) as a necessary
condition for satisfying the system. In fact, it is easy to see that the functions
f+(x) must satisfy one or more special restrictive conditions if one or more of
the relations

(2.5) Gr1y — Gy # 0 v=23---,n

fails to be satisfied. But if conditions (2.5) are all satisfied then we have an
instance of the general theory already developed; we shall suppose that these
conditions are satisfied. We assume that the given functions fi(x), - - - , fa(x)
are all integral functions. We require that the functions gi(x), - - -, ga(x)
shall be integral functions.

Taking v=# in (2.4) we see that g.(x) is uniquely determined as an in-
tegral function except for an arbitrary additive periodic integral function of
period @n_1,»—@... Taking g.(x) to be any integral function satisfying (2.4)
for »=n we may then determine g,_,(x) uniquely except for an additive in-
tegral function of period @.—2 n—1—@u—1,n—1. With g,_i(x) determined we pro-
ceed similarly to the determination of g,_s(x), and we continue thus until
ge(x) is determined. Then the first equation in (2.3) uniquely determines
gi(x). It appears, therefore, that in the present case one can determine com-
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pletely the arbitrary elements in the solution of (2.3) subject to the named
conditions. Hence all possible expansions (2.1) are completely determined for
the present case.

If we further restrict the given functions fi(x), - - -, fa(x) to be of ex-
ponential type not greater than ¢ we may likewise determine the functions
g1(x), - - -, ga(x) so that they are of exponential type not greater than ¢ and
we may show precisely what is arbitrary in the determination of such func-
tions subject to these conditions. These results may then be carried over to
the corresponding case of the expansions (2.1).

There is one case of particular interest in which the expansions (2.1),
when subject to the condition named in the preceding paragraph, are unique
except for the trivial restriction that the constants c;, j=1, 2, - - -, n, are
not separately determined but only their sum is determined. This is the case
in which the functions fi(x), - - -, f.(x) are of exponential type not greater
than ¢ while at the same time the relations '

(2'6) ql Gy—1y — Gw

are all satisfied. For in this case each g;(x) is uniquely determined except for
an additive constant. These conditions are obviously satisfied whenever
inequalities (2.5) hold provided that ¢=0 and in particular provided that
the functions f,(x) are polynomials.

2.5. The case #=2. For the case » =2 system (2.3) may be written in the
form

2.7

<2r v=23---,n)

file + an) = gi(x) + go(x + ann — ar),
fz(x + a21) = gi(x) + go(x + @21 — as).

The exceptional case heré is that in which @11 —a12 = @21 — a2;. When this
condition is satisfied, the system can have a solution only when fi(x+ay)
=fy(x+aa), as one sees from (2.7); and in this case it is clear that either of
the integral functions gi(x) and g:(x) may be assigned at will and that the
other is then uniquely determined: the case is therefore trivial.

When a3 — @127 as1 — a2 the case belongs to that treated in §2.4.

As an application of the case when ai1 =a, @19 =0, as; =0 = as, where a #b,
we see that an arbitrary integral function f(x) may be expanded in the form

L]

(2.8) f@) = Tlals — F + vilx — b))

k=0
where the sums ¢, +vi, £=0, 1, 2, - - -, have any preassigned values subject
to the condition that

lim Ick + 7klllk,

k=o



1933] SYSTEMS OF LINEAR DIFFERENCE EQUATIONS 19

shall exist and be equal to zero; and the parts of f(x) represented by the com-
ponent power series in ¥ —a and x — b respectively, when these parts are them-
selves required to be integral functions, are unique except for an arbitrary
integral periodic function of period a—b to be added to one part and sub-
tracted from the other.

Furthermore, if f(x) is of exponential type not greater than ¢ and if the
parts of f(x) represented by the component power series in xt—a and x—b
respectively are required to be of exponential type not greater than ¢, then
there exists an expansion of the form (2.8) subject to the condition that

lim sup | (cx + v&)/R! |V < g
k=w

and the expansion is unique except for an arbitrary periodic function of period
a—>b and of exponential type not greater than ¢, such periodic function to be
added to one component part of f(x) and subtracted from the other. If we add
the further restriction that ¢|a—b| <27 then this periodic function reduces
to a constant, so that the expansion (2.8) is then essentially unique.

2.6. Generalizations. From the fact established in §1.9 that the non-
singular system (1.1) always has integral solutions when the ¢,(x) are given
integral functions it follows that any set ¢:(x), - - -, ¢a(x) of integral func-
tions has simultaneous expansions in the form

(29) ¢v(x) = Z Zakicvi(x + a#‘i)k (” = 1’ 2’ ) "))
k=0 j=1

where the constants ay; are independent of ¥ and » and where the com-

ponent functions g;(x),

gi(x) = l;)akixk G=12,---,m),
are themselves integral functions. If the ¢,(x) are subject to the further
condition that they shall be of exponential type not greater than ¢ then the
expansions (2.9) exist subject (as one sees from §1.6) to the condition that
the component functions g;(x) shall also be of exponential type not greater
than ¢. If furthermore at least one of the functions ¢,(x) is of precisely type
g then one at least of the component functions g;(x) is of precisely type g.
These results are capable of extension by means of the generalizations
indicated near the end of §1.1.
There is a special case arising from expansions (2.9) to which particular
attention may be directed. Let a,;= —a;,7=1,2, - - - , n, where a;, as, - - -,
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a, are different constants, and let the other a,; have the value 0. Let ¢;;=1,

j=1,2, - - - ,m, while the other ¢,; are such that the matrix
C21 C22 ° * * C2n
Cnl Cn2 " * * Can

is of rank # — 1. Then the corresponding system (1.1) is non-singular. Consider
the problem of expanding a given integral function ¢(x) in the form

2.10) o(5) = 3 Sanilx — ap)*.

k=0 j=1

Since ¢(x) thus takes the place of ¢:(x) in (2.9) and since the remaining
integral functions

$2(2), - - -, dal®)

in (2.9) may be assigned at will, it follows that an expansion of the form
(2.10) exists (not necessarily unique) such that
linllakill/k=0 (j=172"":”):

k=

while the quantities
Bi= Dejax; (=2---,mk=0,1,2---)
i=1
may be assigned at will subject to the condition that

lim | Be|V* =0 w=2---,n).
k=

This result affords an interesting generalization of the Cauchy-Taylor ex-
pansion of an integral function. Whether there exists a corresponding gen-
eralization for functions analytic in a finite region I have not sought to deter-
mine.

If ¢(x) is further restricted to be of exponential type not greater than ¢
then there exists an expansion of the form (2.10) (not necessarily unique)

such that
limsup|ak,~/k!|”"§q (j=1,21"'»”):
k=o

while the quantities
ﬁ'k (V=27"'7”;k=0)1;2:"')
may be assigned at will subject to the condition that

lim sup | Be/R!| V* < ¢ v=2---,n).
k=w
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III. EXPANSIONS IN SERIES OF EXPONENTIAL FUNCTIONS

3.1. Properties of exponential sums. Let us denote by £(¢) the function
3.1) k() = cre™* + cee®t + - - - F cpet, n > 1,

where a,, a;, - - -, a, are different constants and ¢y, ¢3, - - -, ¢, are constants
different from zero. And let us consider the problem of bounding away from
zero the function e~#¢(¢) for suitable given values of x and for suitable ranges
of £. The results are needed for our later investigation (§3.2) of certain contour
integrals.

Let P be the smallest convex polygon, in the complex plane, containing
the points @y, as, - - -, @.; this polygon may in special cases reduce to a
straight line segment. Let Q be the polygon* obtained by reflecting P through
the real axis. For the sake of definiteness we suppose that the notation is so
chosen that the vertices of P, taken in counter-clockwise order, are a,, as,

-+, a, (v =) and that no g; has its real part less than that of a,. Moreover
we suppose that the vertices are so taken that no three of these a’s at the
vertices lie on the same straight line. Let I1, l, - - -, /, be the rays normal to
the sides of Q at their centers and drawn outward from this polygon; when Q
reduces to a straight line it is to be understood that these rays are two in
number and that they are drawn so that there is one in each direction from
the middle point of the line. We take the notation so that l;, ly, - - -, /, are in
clockwise order and so that /; is the normal to the side joining the conjugates
of a, and a,.

Let a; and a; be two consecutive vertices of P and let J, be the normal to
that side of Q which joins the corresponding vertices of Q. If R(z) denotes the
real part of z, then the line R(a,t) = R(axt) is parallel to the line /,. Let p be a
positive number whose value is later to be conveniently restricted. On each
side of each line Jy, &, - - - , I, and at a distance p from it draw a ray in such a
way that these rays will make a sort of infinite star similar to that considered
in §1.7 and containing the rays /,, I, - - - , J, in the centers of its arms. These
rays form certain sectors S, similar to those in §1.7 and containing no in-
terior points of the named infinite star.

In order to have sectors exactly like those in §1.7 it is necessary to divide
some of the sectors S into smaller sectors by excluding other strips; but this
further division is to serve only a temporary purpose in the argument. It may
be described as follows. Let m,, ms, - - -, m, be rays from zero to infinity
parallel to Iy, Iy, - - -, I, respectively but such that m, goes to infinity in a
direction opposite to that of /;. Some rays m; may go to infinity in the same

* Such polygons as P and Q have been employed by Pélya, Mathematische Annalen, vol. 89
(1923), pp. 179-191.,
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direction as other rays /; (and they will do so when Q has pairs of parallel
sides) ; remove such rays m;; if any rays m, remain after this removal, denote
them by m.,, mg, - - - . Along the rays mq, ms, - - - remove strips of width 2p
as in the case of the preceding paragraph. Then some sectors .S are separated
into two or more sectors (together with one or more strips). After all such
separations are made;, let S’ be a symbol to denote the totality of sectors ob-
tained, including undivided sectors .S and the parts into which some sectors
S have been separated.

From Lemma 1.1 it follows that p may be taken sufficiently large that
h(t), and hence e—=*k(t), shall have no zero in any sector S’. Moreover, from
the same lemma it follows that p may be taken sufficiently large (and we so
take it) that e—=*A(¢) is bounded away from zero in the sectors .S’ when % is any
one of the points a1, as, - - -, @,. In fact, when x has any such value the func-
tion e~=t(¢) is a function meeting the conditions on 4(¢) in §1.7 so that
Lemmas 1.3 and 1.4 are also applicable to e~=t4(t) for such values of x.

Let @;, ax and a; be any three consecutive vertices of P in counter-
clockwise order and let /; and /; be the rays perpendicular to the sides of Q
with corresponding vertices. Let S be the sector S lying between /; and ;.
Suppose that ¢ varies in S;;. Let « be a fixed point in P. We have

l e~ h(2) | = | elaima) (=3 | . ( ealm=o | . | gmarth(s) i ,

where d; is the conjugate of a:. The last factor in the second member is
bounded away from zero for large ¢ in the named sector, as we have already
seen. The middle factor is a constant different from zero, since x is fixed. The
argument of the exponent of the first factor lies between —iw and 3 in-
clusive, as one may readily show graphically, if (as we do by taking p suffi-
ciently large) we restrict the sector S;; to lie in the sector formed by rays
from g to infinity in the direction of the rays /; and J;: in establishing the
named fact it is convenient temporarily to transform the points of the plane
by adding — d; to each value in it so that the representation of d; becomes the
point zero and then to begin from the plots of £—a; and ¢—a;. Thence it
follows that e—=*4(¢) is bounded away from zero in the named sector. Further-
more it follows from Lemma 1.3 that e—=%(¢) is bounded away from zero for
all large ¢ in rectangles congruent to the rectangles R in the way specified in
that lemma, these rectangles R being chosen with reference to the function
e=h(t).

Let us now further restrict x to lie in the interior of P. Then there exists
a positive number e such that

—drtesarg{(ax— D)t —a)} S dr—e.
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Thence it follows that the function ¢~le~=4(¢) is bounded away from zero as ¢
becomes infinite in the named sector.

The same function is also bounded away from zero if x is on the boundary
of P but not at a; while ¢ becomes infinite in the named sector in such a way
as to remain outside of each of two parabolas with vertex at d; and having the
named rays from g, parallel to /; and I; as their principal diameters.

It may now be observed that every strip along one of the rays m,, ms, - - -
lies (except for a finite part of it) entirely in a sector S and that it has a direc-
tion intermediate to the directions of the bounding rays of this sector S.
Thence it follows also that such a strip (except for a finite part of it) lies
entirely outside of the parabolas along the bounding rays of this sector S.
Hence the strips along the rays m,, ms, - - - may be removed and we thus
return to the set of sectors .S as defined in this section; and for the plane so
divided we have the requisite character of e~=4(t) or ¢~'¢~=*k(¢) as a function
bounded away from zero, in accordance with the paragraph next following.

Summing up these results we may state that e~=*k(f) is bounded away
from zero for any given « in P and for all large ¢ in all sectors .S formed with
sufficiently large p and in all rectangles congruent to rectangles R in accor-
dance with Lemma 1.3; that ¢~le—=*4(¢) is bounded away from zero for each
interior point x of P and for all large ¢ in all such sectors S; and that ¢~le~=*A(t)
is bounded away from zero for each x on the boundary of P and not at a ver-
tex of P and for all large ¢ in all such sectors .S and outside of all parabolas of
the sort described for gy in the previous paragraph, two such parabolas being
formed at each vertex of Q.

3.2. Properties of certain contour integrals. Let C;, Cy, - - -, C,, - - - be
a set of different contours in the complex plane such that any given point on
C;is either interior to C;41 or on Cj4; and such that for every s there exists an
7 such that the contour C, is a contour T, of the sort described in §1.7 and
suitable to apply to e~=*A(¢) for points x in P as the contours T, apply to the
function 4(f) of §1.7 and such that for every  there is an s such that C, is a
contour TI',.

Let ¢(f) be any function of ¢ which is analytic at infinity and vanishes
there and let us write

3.2) VO = vi/t+ /B v/ 4| t] > q.

Let 7 be a fixed 1nteger such that the contour C, lies entirely within the region
of convergence of the series in (3 2). Form the function F,(x),

(3.3) F(x) = ‘7 e {h()} (D)t

C,
Then F,(x) is a function of exponential type; and, in fact, it is such a function
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as arises from the solution of equation (1.11) when ¢(x) is a given function of
exponential type, as one sees from Part I and especially from §1.6.

Let p be any positive integer and form the function F,,,(x) by changing
r to r+p in (3.3). We shall show that
3.4 lim Fryp(x) = 0

p=w

when any one of the following conditions is satisfied:

(1) when « is in the interior of P;
(2) when x is on the boundary of P and is not a vertex of P;
(3) when « is a vertex of P provided in this case that 4, =0.

It is convenient to carry out the proof first for the case when v, =0. Then
a number M exists such that |¢-2y/(f)| <M on all the contours C,,. We let x
be any point of P either in the interior or anywhere on the boundary. Then
from the results at the end of §3.1 it follows that a constant M, exists such
that |e=t{h(t)}~!| <M. Hence there is a constant M, such that in this case
we have

|F,+,.(x)|<Mgf | 2] -2 dt].
r+p
This implies the truth of (3.4) when v, =0 and x is anywhere in P.

With this result in hand we see that (3.4) will be established in the three
cases (1), (2), (3) if we further prove its validity in cases (1) and (2) for the
particular function ¥(f) =1/, since we may then pass to the general case in
an obvious manner.

In case (1) let us write

3.5) Frp() = —( fs ¥ f N )e“ h(t) }-iid,

where S,,, denotes the set of paths consisting of the parts of C,,, which lie
in the sectors S while 4,,, is the set of paths consisting of the remaining parts
of Cy4,. Then on A,,, the integrand has a dominant of the form M/|¢| while
on S,,, it has a dominant of the form M/|#|, as one sees from the results in
the last paragraph of §3.1. Thence we conclude readily to the truth of (3.4)
for the present case, since the total length of the parts 4., is bounded.

In case (2) we may use notationally the same equation (3.5) where we now
understand that A4,;, denotes the set of paths consisting of the parts of C,,,
which lie in the parabolas described near the end of §3.1 while S, , consists of
the remaining parts of C,;,. The conclusion that (3.4) is valid in the present
case is reached in the same way as in the preceding paragraph but by using
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the additional fact that the total length of the parts 4,,, bears to the mini-
mum distance d from zero to points of 4,,, a ratio which is infinitesimal as
r+p becomes infinite.

Thus the relation (3.4) is established for all points « of P except that when
x is at a vertex of P we require that v, shall have the value zero.

3.3. Expansions in series of exponential functions. Let S,,,(x) denote
the negative of the sum of the residues of the function e=t{ 4(¢) } ~1¢(¢) in the
region bounded by the contours C,;,-1 and C,,. If the function has no singu-
larity in this region we shall understand that S,,(x) is identically zero. In
all other cases S,,,(x) is a function of the form ce** or a sum of a finite number
of such functions. We have

P
Fy(x) = Frip(2) = 2 Seia(2).
k=1
If we suppose that « is a point of P and in case ;70 that it is not a vertex
of P then relation (3.4) is applicable to the foregoing equation when p is al-
lowed to become infinite and we have the following theorem:

THEOREM 3.1. The function F,.(x) defined in (3.3) has the expansion

(3.6) Fi(z) = 2°Sr(x)

k=1
in series of exponential functions, valid for all values of x in the polygon P,
except that the vertices are to be excluded when v,7#0.

In the special case when %(#) =e*—1 the series in (3.6) is a Fourier series.
The polygon P in this case reduces to the interval (01) of the real axis, the
end points of the interval serving as the vertices of the polygon. A further
treatment of Fourier series from this point of view will appear in a forth-
coming paper in Annals of Mathematics.

The foregoing theorem serves to expand in series (3.6) any whatever
function that may be put in the form (3.3). If £(0) >0 it is evident that any
given polynomial in # may be put in the form Fy(x) by taking C, to be a small
circle about 0 as a center and by choosing ¥(f) properly as a polynomial in
1/t. The function F,(x)+constant may also in other cases represent any
whatever polynomial in x. Hence, in particular, all polynomials have expan-
sions in the form (3.6), or in this form with an additive constant, valid in
polygons P as indicated.

3.4. A special class of the foregoing expansions. We shall now examine the
special case of the foregoing expansion theory in which the function
e=t{ h(¢) }~* has the form
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ezt
3.7
( ) (ep;t —_ l)(eﬂzt —_ 1) “ .. (eﬂn‘ —_ 1) ’
where py, p2, - - -, ps are # real or complex constants different from 0 and such

that neither the sum nor the difference of two of them is zero.

It is convenient, for the sake of simplicity, to normalize the problem by
means of certain elementary transformations. If p; has a negative real part
we may replace pr by —p: by multiplying both numerator and denominator
in (3.7) by —e* and so obtain (except for an irrelevant change in sign) a
similar expression with x replaced by x —p:; by a translation in the x-plane
we may then replace x —pi by x. We suppose all such translations made so
that we shall assume that the real part of each p; is positive or zero. Then the
further conditions on py, ps, + - -, p, are that they are different from each
other and from zero. Then the point zero is on the boundary of the polygon P,
introduced (§3.1) in the general case, and the greatest real value of a point in
P is the sum of the real parts of p;, p2, - - -, p.. We suppose that the notation
is so chosen that

3.8) —ir<argpi S argp, = - = argp, < i
By means of a straight line join each point (except the last) in the set

0,p1,p1+ p2, pr+p2+ps, -y p1+p2+ - -+ pny

(3.9)
p2t+ -+ puy 0y Pno1t Pny P, O

to the one which follows it, thus forming a convex polygon of an even number
of sides and having its sides parallel in pairs. This is the polygon P, as one
sees by examining points x in the sectors formed by adjacent sides. Then the
points x in P are the points

(3.10)  z=Aprt gt -+ Apn (0= N

IIA

1;k=1)27""n)’

as one sees by aid of the fact that each of these points lies in the strips each
of which is bounded by two parallel sides of P and by showing that every
point in P is a point x of the named form. The boundary of P is traced out in
counter-clockwise order by starting with all N’s equal to zero, then letting
A1 increase from 0 to 1, then \; from 0 to 1, and so on to A, letting it increase
from O to 1, then letting A, decrease from 1 to 0, . from 1 to 0, and so on till
\. decreases from 1 to 0.
For every point x in P the function (3.7) may be written in the form

ext ehat ehapat eMnpnt

(6""—1)"*(8”"—'1)_ep‘t—‘l'cp"—l‘.‘.‘69"1—1’

(3.11)
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where 0N\, =1, k=1, 2, - - -, n. For this special case the inequalities ob-
tained in §3.1 may be derived in a very simple manner, as one may see by
applying the methods of §§1.7 and 3.1 separately to each factor of the
second member of (3.11) and simplifying the procedure in obvious ways for
these special cases.

Moreover, when no two of the p; have a real ratio, the contours Cy, Cs, - - -
may be chosen so that C; incloses just % zeros of A(f) for k=1, 2, - - - . Hence
the terms S,,x(x) in (3.6) may all be taken in the form ce=* so that we have to
do with expansions of the form*

(3.12) F(x) = Qg + E Z(akmezmriz/pk + Bkme_’m'i”l’b) .
M=l ke=l
In what follows in this section we shall suppose that no two of the numbers
pi have a real ratio. Then no two terms in the series (3.12) involve the same
exponential function.
With each of the functions

(3.13) 1’ eﬁmfiz/pk, e—3mwiz/p, (k = 1’ 2’ e, My m o= 1’ 2, 3’ e )

let us associate its reciprocal and let us call this associated function the ad-
joint of the given function. If we multiply any whatever function of the set
(3.13) by the adjoint of any other function in the set, we have a product of the
form

n
Heﬂktiz/p,‘

k=1

where at least one and not more than two of the integers /; are different from
zero. There is a side of the polygon P on which x/p; ranges from 0 to 1; on
that side we denote x/pi by Ai. Then

1 1 1 n
(3.14) f f f < Heﬂuﬂk>d>qu2---d>\,.=o.
0 0 (1] k=1

If a like integral is formed with a function of the set (3.13) and the adjoint
of that function then the integral corresponding to (3.14) has the value 1.
Hence we have conditions of biorthogonality generalizing those pertaining
to the case of Fourier series, here arising when » =1. Consequently we have a
formal method of determining the coefficients in series (3.12) for a much more
extensive class of functions than those for which we have already established
the validity of such expansions. This suggests the generalization of the whole

* Series similar to those in (3.12) have been treated by P. Bohl, Magisterdissertation, Dorpat,
1893, and Journal fiir Mathematik, vol. 131 (1906), pp. 286-321.
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theory of Fourier series to the particular class of series in (3.12) if not indeed
to the more general class of §3.3; but we shall not now pursue these general-
izations.

Other generalizations of the whole theory developed in this part of the
paper will readily occur to the reader, including among others such exten-
sions of the Birkhoff expansion theory as are parallel to the foregoing exten-
sion of the theory of Fourier series and also the extensions of these theories
to the expansions of functions of several variables; but these also we leave
to a future investigation.

3.5. Applications to Bernoulli polynomials. The theory in §3.4 affords
elegant expansions of Bernoulli polynomials of higher order, namely, the
polynomials B defined by the identity

p1p2 - - pabet

o0 tv
3.15 = — B,®™ Sy Pn)
( ) (ent — 1) - - - (et — 1) g )1 (x| p1 s Pn)

From this identity we have

n v! <ot pn rest dt
(3.16) B,( )(xl Pl c* "y Pn) = e : d f
271 c (eﬂl‘ —_ 1) .. (ePn‘ — 1) 1

where C denotes a small circle about the point zero. Our theory is effective
for values of » not less than #. ‘
Thus we have in particular the expansion

@ . y! s 1 { edkrz e~ 2kxz e2kwiz
B, (x|1,17) = — gy
(3 17) ( l ) (Zﬂ.)v—l kgl kv—l ezkar — 1 e—2k1r —_— 1 + ( ) e—zkr — 1
: —2kwiz
+(_ i)y_zeWcr_l} (V=3)4;5;"')-

According to the general theory this series must converge for those
values x, x=u+1v, for which % and v run independently over the closed
interval (01). By considering separately the four cases <0, #>1,v<0,9>1,
it is easily shown that the series diverges in each case through having terms
in the brackets become infinite in an exponential way as % becomes infinite.
Hence the whole region of convergence of the series is the square whose ver-
ticesare 0,1, 141, 4.

From this example it follows that the polygon P of convergence in the
case of the general theory can not be extended to a larger region in which the
series always converges.
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