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Abel’s limit theorem, its converse, and multiplication formulae for T'(x)

FINBARR HOLLAND

ABSTRACT. Abel’s well-known limit theorem for power series, and its corrected con-
verse due to J. E. Littlewood, form the basis for a general identity that is prre-
sented here, which is shown to be equivalent to Gauss’s multiplication theorem for
the Gamma function.

1. INTRODUCTION

An incomplete solution of a problem of mine, numbered Problem 86.3 in [4], (that
was presented in [5]) prompted this note about Abel’s limit theorem on power series,
and two of its partial converses due, respectively, to Tauber and Littlewood. These
are landmark results in the development of Real and Complex Analysis. For instance,
Abel’s theorem initiated the study of the boundary behaviour of analytic functions on
the unit disc, and, in conjunction with Cesaro’s consistency theorem on the convergence
of arithmetic means of a convergent sequence, paved the way for summing series by
different methods dealt with in [2], while the theorems of Tauber and Littlewood gave
rise to the beautiful sub-topic of Wiener’s Tauberian Analysis, also exposed in [2].

Students of Analysis who are desirous of learning “the tricks of the trade” would do
well to study proofs of Abel’s theorem and Tauber’s, and at least acquaint themselves
with the more profound result of Littlewood. All three theorems are simply expounded
in [6].

In this note, we’ll state and provide standard proofs of the theorems of Abel and
Tauber, and state, but not prove, Littlewood’s deeper result; instead, we’ll illustrate its
utility by means of a simple example. These theorems will be discussed in Sections 2,
3 and 4, respectively. As an illustration of the underlying ideas we’ll derive a general
theorem in Section 5, which is motivated by the aforementioned journal problem, and
show that a special case of it is equivalent to Gauss’s multiplication formula for the
Gamma function (see the example in Section 9.56 of [1]).

2. ABEL’S LIMIT THEOREM

Throughout the note, f stands for a generic power series »_° ; anx™ whose radius of
convergence is 1, though the coefficients will differ from time to time.
According to Abel: if the series > a,, is convergent, then

r—1—

lim f(x) = Zan.
n=0
We sketch the standard proof of this.

2010 Mathematics Subject Classification. 30B30, 40E05, 33B15.

Key words and phrases. power series, sequence, coefficients, convergent series, entire function, roots
of unity.

Received on 5-4-2022; revised 6-5-2022.

DOI:10.33232/BIMS.0089.57.64.

(©2022 Irish Mathematical Society
57



58 HOLLAND

Proof. Let

n
sn:Zak, n=0,1,2...,
k=0

and x € [0,1). As a first step we express f(z) as a convex combination of the sequence
S0, 81, 82,.... This is easy to do since by pointwise multiplication of two absolutely
convergent power series

(I+z+a2”+--)(ag+arz+ax®+---) = ao+ (ag+ar)x+ (ap + a1 + ag)z® + -
= 80+81x+82x2+"'
so that
oo [e.@] [e.e]
f@) =0 -2) (L") (P ana) = (1-2) 3 sua”
n=0 n=0 n=0

Accordingly, if s = lim,, o0 Sp, and 0 < x < 1,

flx)—s=(1-ux) anzx” —s(1—x) Z:E” =(1-2x) Z(sn —s)z",
n=0 n=0

n=0

from which it follows that

[o.¢]
lf(z)—s] < (1 —a:)Z|sn — sla™ <sup{|sp —s|:n=0,1,2,...}.
n=0
Hence
sup{|f(z) —s|: 0 <z <1} <sup{ls, —s|:n=0,1,2,...},
a step in the right direction, but not the final one! To obtain the desired result, we refine
the argument just given by splitting the sum (1—x) >~ 7 ; |s,—s|2™ in two appropriately.
To achieve this, let € > 0, and choose an integer ng so that |s, —s| < €, Vn > ng, whence
for any x € (0,1),

oo oo
(1—2x) Z |sp, — slz™ < €(1 —x) Z " <e.
n=ngp+1 n=nop+1

Consequently,
no
[f(z) —s| < (1—2)> |sn—sla" +¢,

n=0

and so, on letting x tend to 1 from the left,

limsup |f(x) — 5| <e.
T—1—

Since € is an arbitrary positive number, this means that lim, ;- f(z) =s =" an,
as claimed. g

3. TAUBER’S CONVERSE

As the example

1 oo
n,. n
= > el < 1,
n=0
shows, the direct converse of Abel’s theorem is false.
Tauber proved a conditional converse according to which, if lim,_,;- f(x) = s, and
lim,, s na, = 0, then ZZOZO an is convergent and its sum is s.
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Proof. To see this, note that
) — Sp = g apx’ — ay = ak(mk -1)+ E apx”,
k=0 =1 k=n+1

for any = € (0,1), and any positive integer n. Now

o o 1
‘ Z akxk‘ = ’ Z (kak)%xk‘
k=n+1 k=n+1
< n+1 Z k|ag|zk
k=n+1
1
-_— k k> 1
(n+1)(1_x)max{ lag| : k> n+ 1},

and

Combining these estimates we have that

[f(@) = sl < (1 —2) ) Kla| +

1
k=1 mmax{k’ak‘ k> n}

Bearing in mind that z and n are at our disposal, to be chosen as we see fit, it’s now
convenient toset x = x, = 1 — n%rl With this choice we have

1 n
[F@n) = snl < - ; klag| + max{k|ax| : k > n},

an expression that tends to zero as n — oo, its first term by Cesédro’s theorem, and its
second by hypothesis. Therefore

n—o0 rz—1—

Zan = ILm sp = lim f(z,)= lim f(z)=s,

as we wanted to show. O

4. LITTLEWOOD’S CONVERSE

Tauber’s result was considerably strengthened by Littlewood [3] who proved that if
lim, ,;- f(z) = s, and the sequence na, is merely bounded, then the series > 7 ;ay
is convergent and its sum is s. We won’t give the proof of this, but instead provide a
simple example to illustrate its utility.

Example 4.1. Suppose 0 < § < 2w. Then

i coinﬁ =—In (2 sin g)

n=1
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Proof. Fix 6 € (0,2r), and consider the power series expansion about the origin of
f(x) =1In(1 — 2cosfz + 22), namely, if |z| < 1, then

fl@) = In[(1- e?x)(1 — e_i%)]

o o
eznG " e inf .
= - g x" — E x
n n
n=1 n=1
00
cosnd
= =2 E x".
n
n=1

Clearly, f(x) — In(2 —2cos#) as * — 17, and the coefficients of the last displayed
power series satisfy Littlewood’s condition. Hence, when & = 1 the displayed series is
convergent and its sum is In (4 sin? %) =2In (2 sin %), which yields the result. O

5. GAUSS’S MULTIPLICATION FORMULA FOR I'(z)

As a precursor to this, we first establish the next result which relies on the theorems
just described of both Abel and Littlewood.

Theorem 5.1. Let f(z) = Y o7 anx™. Suppose the sequence a, satisfies Littlewood’s
condition, and m is a positive integer. Then f(x)— f(z™) converges to s as x — 17 iff

the series
00 m—1
Z [( Z anm+r> - an]
n=0 r=0

is convergent and its sum is S.

Proof. For |z| < 1,

flx) = f(=z™) = Z anz’ — Z anz"™™
n=0 n=0

oo m—1 00
_ nm-+r nm
= g g Apm+rT - g an®
n=0 r= n=0
[e) m—1
mn r
= E €T ( Umn+rZT — an)
n=0 r=
e ) m—1
mn r
= § x ((amn *an) + § Amn+rx )
n=0 r=1
oo
= E ",
n=0
where, for n =0,1,...,
. | amn —an, if r =0,
nmAr Unmar, ifr=1,...,m—1.

Suppose now that f(z) — f(z™) converges to s as  — 1~. Then the series Y »~ ¢ 2™
satisfies the hypotheses of Littlewood’s theorem, and so s = Y 7 ¢,. In other words,
if C,, denotes the nth partial sum of this series, C,, — s, whence, in particular, s =
limy, o Crn, 1.€.

[y

n m-— 00 m—1

s = lim Z Ckm+r = Z ( Z Anm+r — an)a
n—oo

k=0 r= n=0 r=0
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as desired. Conversely, suppose the last displayed series is convergent. Let

m—1
bn: E anm+7‘_anan:0717"'v
r=0

and
F(x) = Z bpz"
n=0
Then from above,
0o m—1
fl@) = f@@™) = Z xmn( Z Umntr® — an)
n=0 r=0
[e¢) 00 m—1
— Z b,z + Z " Z Amntr (2" — 1)
n=0 n=0 r=1
m—1 0o
= F(z™)+ (" =1) Z mn4r®
r=1 n=0
m—1
= F@@™)+ ) (@ —1h(2),
r=1
where, for r=1,..,m — 1,
he(z) = z_%amwx =0()log ——, (= 17)
As a result,
m—1 1
(z" — Dhy(z) =O(1)(1 — x)log T2~ o(1), (x - 17).
r=1
Thus

fl) = f(@™) = F(z™) +o(1) (z = 17).

By Abel, lim,_,;- F(z™) = s, and so f(zx) — f(z™) converges to s as © — 1~. This
completes the proof. O

The folowing example is a direct consequence of this theorem.

Example 5.2. Let m be any positive integer. Then, for all a > 0,

—

— 1

Z()[( Onm—i-r#—a)_nia}_lnm' (1)

n= r=

Proof. Let ap, =1/(n+a), n=0,1,2,..., and f(z) = > 2 anz". Since the series in
(1) is plainly convergent, by the theorem its sum is equal to the limit of f(z) — f(z™)
as x — 17. To calculate this, notice first that if |z| < 1, then

o0

§ : n § : n
f — - - _ = In g
(.’L’) " 1n$ a 1(n+a n)x 11—z (l’),

n—=

say, and then that f(z) — f(z™) = In(1+x+---+2™ 1) +g(z) — g(z™) which converges
to Inm as x — 17, since, by Abel, lim,_,;- g(x) exists. O
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The special case of this example, with m = 3 and a = 1, leads to the conclusion that

o0

9 5
E 3 n2+ =31n 3,
o In° + 18n* 4+ 11n + 2

a proof of which was sought in [4].

What’s noteworthy about (1), and surprising perhaps, is that, for each fixed integer
m > 1, the series is convergent and its sum function is independent of a! What’s the
explanation for that? The reason is because—as we shall proceed to demonstrate—it’s
equivalent to Gauss’s multiplication theorem for the Gamma function, I'(x), according
to which if m is a positive integer, then

m—1
-1

m™ =3 T T + %) = (27) "% T(max), Yz > 0. 2)
r=0

This is an extension of the more familiar duplication formula due to Legendre:
1
227D ()T (2 + 3) = Val(2z).

To explain the connection between (1) and (2), recall that the reciprocal of T'(z) is an
entire function of the complex variable z, with simple zeros at the integers 0, —1, -2, .. .,
that admits of the canonical factorization

1 a z
_ vz 1 “N_—z/n
71“(,2) ze nlzll( + n)e ,

where v is Euler’s constant lim,,_, (Zzzl % —In n) Hence, denoting by 1 the deriv-
ative of InT,

[e.e]

I"(x) 1 1 1
Therefore, if m is a positive integer, and = > 0, then
L(mz) | = T+ )
I'(mz) = T(z+3)
fe’e) —1 o]
1 1 1 1 1
N 7+m7+mz<n+mx_ﬁ> a Z [x—i—i +7+Z(n+x+ - _E)}
n=1 r=0 m n=1 m
m—1 fe’e) m—1 oo
1 1 1 1 1
- m+i+mz<n+mx_ﬁ>_ Z(n—i—m—i—i_ﬁ)
r=1 m n=1 r=0 n=1 m
B m—1 1 i[m—l 1 m :|
- T o
T:1x+m _ Tzon—i—x—i—m n 4+ max
m—1 fe’e) m—1
1 1 1
= +2[( )= )
mx +r mn—+1r—+ mx n —+ mx
r=1 n=1 r=0
00 m—1
1 1
= -m3[( )= )
mn—+1r—+mx n +mx
n=0 r=0
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by (1), with @ = mz. In other words, for > 0, assuming (1) holds,

m—1
d
%( TZ% InT(z + %) - 1nF(m3:)> = —mlnm.
Thus, for some constant C'(m),

[ T+ L)

=m~"*C(m), Yz > 0.

I'(mx)
But, from the product formula for 1/T'(x), it’s clear that
T
lim =1, whence lim (z) =
a—0+ zl'(x) a—0t I'(mx)
Hence
m—1 r
C(m)=m H I‘(%)
r=1

It remains to compute the product p(m) = HZ;l I‘(%) To do this, we adapt Gauss’s
ploy (which legend says he used in kindergarten one day to add the first 100 natural
numbers) and determine the geometric mean of p(m) and the product of its factors in

m—1 m—k .
reverse order, namely, [ [, I'(™-%), also p(m), of course. So, we consider

p(m)* = I(—)r(1 -

by the reflection property of the Gamma function:

s
I'z)I'1l-2)= .
()T ) sin Tz
To compute the product of the numbers sin 7, k = 1,2, . — 1, note that
m—1 m—1
ka2 k
gm—1 ( sin i) = (4 sin? W)
m m
k=1 k=1
m—1
2ikmT 9
= ‘ — e m ‘
k=1

But the m numbers e k =0,1,.
SO

..,m — 1, are precisely the mth roots of unity, and

m—1
m_1=(z-1) z—e%r’r?r
k=1
Hence,
m-1 21k7r 2ikm
— - e, 1o

k=1 k=1

S
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Consequently,
m—1 k 9
22(m_1)( sin i) =m?,
k=1
from which it follows that
m—1
. km om
sin = oo
k=1
since sin%7r >0 for k=1,2,...,m — 1. Hence
—lom—1 m—1
o T2 _(2m) 2
p(m) - m ) p(m) - \/m ’

and so C(m) = \/5(27r)m771, whence we obtain Gauss’s formula:

m—1
H Iz + L) = (ZW)mTilm%*mmF(m:c).
m

r=0
Thus, with a = mz, the identity (1) implies (2). Since we can easily reverse the steps
just made from (1) to (2), it should be clear that (1) is a consequence of (2).

To sum up: if m is any positive integer, Gauss’s multiplication statement for the
Gamma function that
m—1

m—1 m—1
m™m* H I'(z+ %) = H F(%)F(mx) =/m(27) 2 I'(mz), Vo > 0,
r=0 r=1

is equivalent to the statement that

(o] m—1

1 1
Z(Z — )zlnm,Vx>O.
mn—+r+x n-+x

n=0 r=0
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