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CHARACTERIZATION OF A FUNCTION BY CERTAIN
INFINITE SERIES IT GENERATES

CHARLES K. CHUI AND PHILIP W. SMITH

Let A be a set of real numbers and F be a class of
complex-valued functions defined on the real line such that
for each f e F the infinite series Sz, f) = 2. f(kx) converges
for every nonzero = in A. If 0€ 4, we set S(0,f)=/,(0). It
seems to be an interesting problem to study the different sets
A and function classes F' such that each f€ F' is uniquely de-
termined by the sums S(z, f) where x€ A. Clearly, the larger
the class F is studied, the larger set A is needed to guarantee
uniqueness. We have positive results for a class of entire
functions of exponential type and for fairly large classes of
continuous functions. Some examples are also given to show
that in general A cannot be too small.

1. Introduction. For a function f holomorphic in the open unit
disc U of the complex plane and continuous on the closure of U, let

8.(f, 5)=—11;k§”_1f(e"”’”"), n=12.---,0<8=1.

Sufficient conditions on the function f were given in [2, 5] to guarantee
that f is uniquely determined by the means s,(f, 1), and in [3] both
positive and negative results were given for the case 0 < 6 < 1. The
annulus case was also studied in [4]. In this paper we study a related
problem for an unbounded interval.

Let A be a set of real numbers and F be a class of complex-
valued functions defined on the real line R such that for each fe F,
the infinite series S(x, f) = 3, f(kx) converges for every nonzero
zeA. If 0e A, we denote S(0, /) = f(0). We study various sets A
and various function classes F such that each feF is uniquely
determined by the sums S(z, f) where x€ A. Some examples will be
given to show that in general 4 cannot be too small.

2. Results for entire functions. We start with a fairly small
function class. For » > 0, let PW(rx, 1) be the class of all entire
functions f(z) of exponential type at most rz such that f(x) e L¥(R)
and that for some p > 1, f(n/r) = 0(n|™?) forn = +1, +2 --.. Let
Z be the set of all integers. We have the following theorem of the
Carlson type.

THEOREM 1. Ewvery function f in PW(x, 1) is uniquely determined
by the sequence S(n, f) where ne Z.
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We remark that the above result is in a sense sharp in that every
S(n, f), n€ Z, is needed to determine f. That is, we have the following

LeMMA 1. For each n € Z, there is a unique function f,€ PW(x,1)
such that S(m, f,) = 0,., for all meZ, where 9, ., is the Kronecker
delta.

Let t¢(n) denote the Mobius function (cf. [8]), that is,

1 ifn=1
tn) = (=" if » = p,--- p, with distinct primes p;
0 if p*|n for some p > 1.

We can determine the functions f, in the above lemma explicitly as
in the following

LEMMA 2.

fo(z):%m, and for m =12 -+,
z

fa(z) = 2#(&)% , and for n= -1 —2 «-+,
tm \Nk/ wz—k)
Jalz) = fou(—2) .
Of course, at the removable singular points these functions are

defined so that they are entire. It is then clear that they are in
the class PW(z, 1). By using the equations

Eln

it is not difficult to show that they satisfy the relations S(m, f,) =
Om.n for all m,neZ. Finally, the uniqueness result in Theorem 1
guarantees that they must be the functions in Lemma 1. By using
this sequence of functions f,, we can actually construct each function
fePW(x, 1) from the corresponding sequence S(n, f), n € Z, as in the
following

THEOREM 2. Let fe PW(x,1). Then
(1) 7@ = 3L S0, )@

where the infinite series converges uniformly on each horizontal
strip |[Imz| £ K < <o of the complex plane.

To prove Theorem 1, we let fe PW(x, 1) such that S(m, f) =0
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for all me Z. That is f£(0) = 0,

(2) glf(km)zo and lgf(~lcm)=0

for all m =1,2,.... Since f(n) = 0(1/|=|") for some p > 1and n =
+1, +2, --., these infinite series converge absolutely. As in [2] we
multiply g(m) to the first series in (2) and sum it from 1 to N to
obtain

oo 1=nsEN 3
(3) == 3 ("5 m)r6) -
J=N+1 g
Let d(m) be the number of divisors of m and it is known (cf. [8])
that d(m) = O(m’) for all positive 6. Pick 6 = (p — 1)/2. Then from
3), we get

=3

D= > S ip@)] ] f)]
j=N+1 nlj
< > )G = oW
J=N+1
Hence, f(1) = 0. For each fixed . = 1, we let a; = f(jk) and note
that >, a;, = 0. This gives f(k) = a, = 0. Hence, f(k) =0 for
k=1,2 ---. Applying the same proof to the second series in (2),
we have f(k) =0 for k= —1, —2, -... Next, by the Paley-Wiener

theorem (cf. [1]) we can write
f) = Sizei"g(t)dt

where ge L*(—m, w). Since f(k) =0 for all ke Z, all the Fourier
coefficients of g vanish, so that g = 0 a.e., or f is the zero function.
This completes the proof of Theorem 1.

To prove Theorem 2, we let K be any positive number, and by
a Phragmen-Lindelof theorem, we note that |sin 7z/72| < ¢"%/rK = Cx
for all z in the strip |Imz| < K. Hence, for |Imz| < K,

| Fu2)] = C. ;‘#(%)[ < Crd(n) .

Let fe PW(x,1). Then f(n) = O(n|") for some p>1 as |n|— co.
Hence, for n = *1, +2, ...

S, I = 1 £0m)] < 0 5 k70| = e ln|7

Pick 0 = (p — 1)/2. Then for all z in the strip |Imz| < K, we have
[S(n, A)fa()] = csln|"d(n]) < Ck,|n|"®*"2 so that the series
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3 S, 1)f 42

converges uniformly on every horizontal strip |Imz| < K < « to an
entire function f*(z). Next, we consider the sequence

9.(t) = %S(n, DY #<%>e-m _

By the same estimate as above and by the Weierstrass M-test, the
series >, 9,(t) converges uniformly to a continuous function g(¢) on
[—m, 7]. Hence,

Sm e g(t)dt = i i e'g,(t)dt

= 38, N5 (%) o=

in 7r(z
w(z — k)

- Esen g e
= 3. S, 1)1 -
Therefore, we have
2@ = e™(at) + o(—tnat + £(0).

By the Paley-Wiener theorem (cf. [1], p. 103) we can conclude that
f* is an entire function of exponential type at most 7 and belongs to
L*R) on the real axis. For positive integers n, it is not difficult to
show that

I

| f*(m)]

5, HE)s, 5

k=1,n|k

= |3 10Stn, £)| = 33180, 9]

k=1

Clik n™? = O(n~") .

k=1

IA

This also holds for negative integers m. That is, we have proved
that f*e PW(r,1). Now, since S(n, f*) = _. Sk, f)S(n, fi) =
S(n, f) for all ne Z, we have f = f* by Theorem 1, and thus, the
proof of Theorem 2 is completed.

3. Examples and counterexamples. In this section we will
present some examples which will be used to indicate the sharpness
of results to follow. The first proposition deals with entire functions
of exponential type.
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PROPOSITION 1. FEwvery function f e PW(rn, 1), r > 0, is uniquely
determined by the sequence S(x, f) where x e r'Z; furthermore r~'Z
cannot be reduced.

The next three propositions deal with more general sets A and
functions defined on the interval [0, ) = R*. If A is bounded below,
we have

ProposITION 2. If 0 < 0 = inf {x: x e A} then every f with

(supp f) < [0, 0)
satisfies S(x, f) = 0 for all xe A.

If A is bounded above we obtain

PROPOSITION 3. If 4 =sup {x:x€ A} < o then there is a non-
trivial function fe PW(2r/4, 1) satisfying Sz, f) = 0 for all x € A.

Finally we show that A may contain an interval about the origin
and also be unbounded or A may be a neighborhood of infinity and
contain a sequence converging to zero. Let S be the space of complex-
valued functions f which are in C~ and for any n >0, | f(z)] |z|" =
0Q) as |x]— =, and let Z* be the set of positive integers. We have

PROPOSITION 4. There is a montrivial function feS whose
cosine transform f. is also in S satisfying S(x, f) =0 forallzec A=
[0,1/2] U Z* and S(x, f.) = 0 for all 2n/x € A.

We turn now to the proof of Proposition 1. Actually Proposition
1 requires little work since it can be seen that this is just a restate-
ment of Theorem 1 and Lemma 1 with a change of variable. The
important point in Proposition 1 is that as A = »7'Z becomes larger,
i.e., r gets larger, the sums characterize a larger function class.

Proposition 2 is clear since all the sums vanish identically. We
will soon show that this proposition is in a sense dual to Proposition
3. The duality is due to the Poisson summation formula. Let fe
L'(R*) and following [10] define f, the cosine transform of f to be

_ /2
fot) = 1/-5 §R+f(x) cos xt dx .
If £, in addition, is continuous and {f(na)};,cl" for a > 0 then
1/2 1 < —_ 1/2] 1 <
g1 210 + £ 1.08) | = @ L1 + 5 fu)]

where g = 2x. This formula is known as the Poisson summation
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formula.
If f has compact support in

0, 27/4), S f=0, and AN, 27/4) =0,

then Proposition 1 tells us that S(z, f) = 0. Suppose f is smooth
enough (say C? so that f,e PW(2xn/4,1). Then, by the Poisson sum-
mation formula we have S(2z/z, f.) =0 for all xe A. Note that
sup {2r/x: x € A} £ 4, and this proves Proposition 3.

Thus, if we wish to recapture a large class of functions from
their sums we must have a set A which is unbounded and contains
a sequence converging to 0. Proposition 4 shows that we even need
much more than that. Let f have a cosine transform f. which is
in C* and has compact support in (0, 47) (hence f.€S). Suppose

+f¢ =0 and f, is odd about 27, then S(xz, f.) = 0 for all 2r/xc A
R
and then by the Poisson summation formula S(z, /) = 0 for all z € A.

Furthermore, f ¢S since the Fourier transform is an L*(R) iso-
morphism of S onto S.

4. Results for larger classes. Let W''(R*) be the Sobolev space
of functions in L'(R*) which are absolutely continuous and whose
derivatives are in L'(R*). In [9]it was shown that for any f € W"!(R),
S(xz, f) is absolutely convergent for any « = 0. Of course, a similar
statement is true for fe W"(R*) and # > 0. We have the following
result.

THEOREM 3. Let A = {L;j/n:mn=1,2,---,0=L, < L, < -} then
the set of functionals {S(x, -): x € A} is total over W"'(R*) if and only
if the sequence {L;} ts unbounded.

If the L, are bounded above, then Proposition 3 tells us that
{S(z, -):xe A} is not total. The converse is a bit more difficult.
Suppose {L,}z, is unbounded, and suppose f is in W' (R") and satisfies
S(z, f) = 0 for allz € A. We must show that f = 0. We first observe

that S +f = 0. Indeed, for any 2 > 0 we have
R

|| r0dt =18, 1) = | (70 = £ @00 )

=307 5@ — rueat
(4) B

= kzzll g(k—l)h Skhf’(r)dfldt

=h\ s

0
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Let {h;} be a sequence in A with h; — 0. Setting & = h; in (4) yields

the result.
Let v(t) be the “saw-toothed” function defined by

1
u(t):{[t]—t+—2_ te Z
0 teZ.

For any € A, x # 0, and f as above, we have as in [5]

0 = S(, f) = 3 £(ko)

(5) = v r@a + 2| rodt - 250
0 xz Jo 2

Il

- S?v(t/x) Bt .
In [6, 7] Davenport established

sin 2znt = lim i &(ﬁ)-ﬂv(nkt)

Now k=1 [
where the convergence is uniform. Now for any z€ A4, x/ke A.
Hence, if x = 0, x€ A, we have by (5)

N—o k=1

0=limy ”—(:)-7: va(lct/x) Fr(t)dt

- g:"[sin @r t/2)]F'(t)dt .

But this means that the Fourier sine transform of f’ vanishes at all
the points 27/x, x € A. Since this set is dense on R* and f'€ LY(R")
we conclude that f' = 0. Hence, f = 0 which was to be shown.

It is interesting to note the algebraic nature of the set A in
Theorem 3. In order to use Davenport’s result, we needed to have
kA c A for every positive integer k. Along these same lines we
have

LEMMA 3. Let f be a bounded function from R* into R satisfying
f@) = O(x™?) for some p>1,asx— co. Let A= (0, ), 0=0, then
the values S(x, f), x € A, uniquely determine f on (0, ).

For suppose that S(x, f) = 0, z€ A, then we obtain the infinite
homogeneous linear system

0 = S(nz, ), n=12 ¢-.
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As seen in the proof of Theorem 1, this system has only the trivial
solution, hence f(x) =0 for all xe€ A = (0, o). This lemma is re-
markable in that very few restrictions were put on the functions f.
In fact, f may be nonmeasurable. Of course, as a corollary we
obtain

COROLLARY 1. If f is as in Lemma 3 and f is continwous,
then S(z, f), x € A, uniquely determines f on (0, ) where A mneed
only be a dense subset of (0, ) satisfying kA C A for all ke Z*.

In all the above results of this section we have needed the density
of the determining set A in R (as in Theorem 3) or the whole
interval (4, o) when we determine the functions on (4, ). Further-
more, Propositions 2, 3, and 4 seem to indicate that A must be large
in order to characterize large function classes. However, we have
the following

LEmMMA 4. If feCYRY), f(®) = O(x™") for some p > 1, as x — oo,
and f'(0) =0, then f is uniquely determined by the sums S(z, f) for
all x im

A =[0,0,) U (9, o)
where 0 < 6§, < 0,.

Suppose S(z, f) =0, ze A. Then by Lemma 3 we know that
(supp f) <0, 6,]. Let, as before, f, be the cosine transform of f.
Due to the regularity of f we see that f, also satisfies the hypotheses
of Lemma 3. Furthermore, the Poisson summation formula yields

0= S, f) = S(%ﬂ— f,,)

for all x€(0, 6,). Lemma 3 then implies that f, vanishes identically
in (27/0, ). But f, is entire so f, = 0. Thus f =0 which was to
be proved.

Comparing Lemma 4 to Proposition 4 it is clear that the hy-
potheses can be relaxed only slightly since the functions in Proposition
4 can be chosen to satisfy the hypotheses of Theorem 4. We do have
the following

THEOREM 4. Let f be as in Lemma 4, and for 6 > 0 let
(6) A= (0, ©o)U{20/k:keZ*}.
Then [ is uniquely determined by the sums S(x, f), x € A.
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As usual we assume that S(z, f) =0, x€ A, and conclude by
Lemma 8 that (supp f) < [0, 6]. It follows that f, is entire of expo-
nential type at most 6. By the Poisson summation formula

(7) S(x, f.) =0

for xe{km/d}, k =1,2, ---. Integration by parts shows that f.(x) =
O(x™?) as x — o, hence f,e PW(3, 1). Since f, is even we have by
(7) S(kr/o, f.) =0 for k= £1, =2, --.. By a change of variable as
in Proposition 1 we conclude by Theorem 2 that f,(z) = a sin dz/0z.
The constant ¢ must be zero since f,(x) = O(z™?) as x — . It follows
that f = 0.

We finally remark that by Proposition 4 the set A in (6) cannot
be replaced by

(0, o) U {20/k: ke 4Z*) .

However, if we assume in addition f € C* we can replace A in (6) by
the set

(0, ) U{20/k:k =N, N+ 1, ---}

for any positive integer N.
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