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Evaluation of Binomial Series with Harmonic Numbers
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Abstract We define a special function related to the digamma function and use it to evaluate
in closed form various series involving binomial coefficients and harmonic numbers.
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1. Introduction and motivation

Let (2:) be the central binomial coefficients and let H,, be the harmonic numbers, n =
0,1,2,.... Studies of series with binomials and harmonic numbers have a long history [1,2]. The
generating function for the central binomial coefficients and related results were discussed by
Lehmer in [3]. In [4] the present author computed in explicit form the generating functions for

the numbers (2:) H,, and C, H, where C,, = %_H(%f) are the Catalan numbers. These studies

were continued further by various authors [5-8]. Motivated by these developments, in the present
paper we compute in explicit form the generating functions for the products (Z) H, and (”:Z) H,,

where z can be any complex number. In particular, when z = —1/2 we have

()-55(2)

so this is a desirable generalization. For our purpose we define a special function of two variables

F(z,z) which can be expressed in terms of the digamma function

¥(z) = - logT(2)

and the Lerch transcendent ®(z, z,1). We prove that

i (Z)an" = (@ +1)°F(z, - fr o),

ni; (n Z Z)ann = (1= 2) " [F(z,2) — log(1 - z)].

This makes it possible to evaluate in closed form various binomial series with harmonic numbers

for different values of z and x.
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In the next section we introduce the function F(z,x) and focus on its properties. We prove
an integral representation for it and compute the Taylor coefficients of F(z,x) with respect to
the variable z. An important property is its functional equation given in Theorem 2.5.

In Section 3, we provide a number of applications given as corollaries from the main Theorems
2.3 and 3.1. The new function F(z,z) has interesting properties and we believe that it will be

useful in other situations too.

2. Definition and properties of the function F(z,z)
We define the function of two variables
> P (71)n711n
F = —_—
co=3 (1)

for z € C and |z| < 1. Clearly, F(z,0) =0 and F(0,z) = 0. As usual
(z) 2(z=1)--(z—=n+1)

n) n!
When z = p is a positive integer, the sum is finite and we have [14, entry (9.26)]
p k—1,.k p k
p\(=D" e (1-=)
F = E — =H, - .
) k=1 (k) K ’ i

When z is not a positive integer we have the asymptotic for large n

(o)~ e

and we conclude that the function F(z,x) is analytic in z for |z| < 1.

Here are some obvious properties of this function. For z = —1 we have
-1
— (—=1)"
()=

X n
F(-1,z) = —Z % = log(1 — x).
n=1

and

Thus F(—1,—-1) = log2. It is also clear that F'(—1,1) is not defined. However, for Rez > —1
the above asymptotic shows that F(z, 1) is well defined.
Let again p be a positive integer. Then

<p1) (1)n<n+p) :(71),1@7(71)n(n+1)(n+2)~~~(n+p)

n n plnl p!

)

so clearly for © = +1, F(—p — 1,—1) and F(—p — 1, 1) are not defined.

Now we consider further properties of F(z,x).

Lemma 2.1 Forreal —1 <z < 1, F(z,x) has the integral representations

T1—(1—t)* Y1 —(1—at)? bl
Fw):/ Mdt:/ M:/ 1-w

—Xx
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() () [
/Ox nz (2) 1) — 1>dt
_ /Oz

=0
1— t)z
t
For the second integral we use the substitution t — xt and for the third we use 1 —t = w.

Proof We have

3

| —

Aw

Note. The digamma function has the important representation by partial fractions

o0

1 1
1 = - —
We+D+7=3 G - )
n=1
through which ¢ (z+1) extends by analytic continuation to all complex numbers z # —1,—2,....0

Proposition 2.2 For Rez > —1 and « = 1 the function F(z,1) is defined and we have

-5 () 0 e

(v being Euler’s constant). Therefore, F(z,1) extends by analytic continuation for all z #

—1,—2,..., by means of the equation
F(Z,].) :l/f(ZJr 1)+7

The proof follows immediately from Lemma 2.1 by setting z — 1 and the well-known integral

representation
1—u

du.

1—wu

w(2+1)+7/01

Note that when z = p (a nonnegative integer)

p n—l
Y(p+1)+ Z() = H,.

In the following theorem we show that F(z, z) can be expressed in terms of the digamma function

and the Lerch transcendent (also called Lerch function, or Hurwitz-Lerch zeta function)
o0 k

t
®(t,s,a) :Zm, It <1, a>0
k=0
(see, for example, [9]). When s is an integer, ®(¢,s,a) is defined for all a # 0,—1,—2,.... For
our purpose we will need only the case s = 1, that is,

oo

O(t,1,0) = "

n+a
n=0 +

Theorem 2.3 For z # —1,—2,... and 0 < z < 1 we have the representation

)ern

F(z,z):w(zﬂ)ﬂﬂongzi

—|—n , or
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Flz,z)=v(+1)+y+he+ (1 —z)" o1 —2,1,2+1).

For —1 < x < 0 and z not a positive integer we have the representation

1—(1—x)* 1

F(z,2)=¢(1—2)+v+In(-z)+ +(1— x)z_lq)(m, 1,1-2).

The proof of the theorem will be given in Section 4. These representations are important for
the evaluation of certain binomial series in closed form.
At this point we recall the analytic definition of the Stirling numbers of the first kind s(n, k)

n

(Z):z(z—l) nEz—n—i—l nlz o B)z

i.e., they are the coefficients of the polynomial z(z —1)--- (2 —n+1) (see [10] and [11, p. 212]).
The next proposition gives the explicit Taylor series of F'(z,z) with respect to the variable z

centered at the origin.

Proposition 2.4 For |z| < 1 we have

F(Z’I):i%{is(n’k)zk}:i L lk{i

n=1 k= n=1

s(n, lc)xn}7

—

=~
Il
_

00 k Jj—1 .
Z k 1 k{ (k+1)+z%l;ik—j+l(1_I)ln](l_x)}'

k=1 j=0

Also, for x = 1 and |z| < 1 we have the well-known Taylor series

oo

F(z,1) =) (DR + 1) =w(z+ 1)+

k=1
Proof The first equation comes directly from the definition of s(n, k) after changing the order

of summation. The second equation results from the first one in view of the identity

j—l

00 n k k k )
Z n )1' k’+ ]_ +Z Lik7j+1(1 71‘) ln](]_ fIL')
n=1 =0

which can be found in Adamchik’s paper [10, (22)] (Adamchik contributes this result to Kolbig
[12]). Note that in his paper Adamchik uses the unsigned Stirling numbers of the first kind

] = o,

With x = 1 in the above identity we come to the popular representation of the zeta function

> (=1)"*s(n

From the formula for the Taylor coefficients and the integral representation of F(z,x) we conclude
that [10, (21)]

_(=DF /l In*(1 ~t) g
0

z=0 k! t
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j—l

k
C(k+1) +Z ~— Lig j(l—z)ln’(1—=2). O
7=0

We will now prove an important property, the functional equation for F(z,z). This is the

second equation in the following theorem.

Theorem 2.5 For all z and all —1 < x < % we have the representations

Fleor) = loglt=2) = (22 ("),

1—x n

n=1
—x
F(z,ac)zlog(l—x)—i—F(—z—l,17‘%)

or, with —% <z <1,
x
1+

F(z,

Proof For the proof we use the special series identity [13, Proposition 3]

)=—log(l+z)+ F(—z—1,—x).

> 1

ap log(1 +x)+i a;—nan = Z(l ix)"a{i <Z>ak},

k=0

where f(t) = ag + a1t + ast? + - -+ is a function analytic in a neighborhood of the origin. We set
an = (), so that f(t) = (1 +t)* and ag = 1. The above identity provides the equation

o0 oo n
z\ " T 1 n\ [z
log(1 ro_ ”—{ }
a0+ 3 (1) 5 = 2t {2 () ()
_ i( T )nl n+z
N —r+l’ n\ n ’
where the last equality uses Vandermonde’s identity

zn: n\(z\ [(n+=z
EJ\k) \ n )
k=0
From here, replacing x by —x we obtain

> (o) - = (1)

which is the first equation in the theorem. The convergence of the series on the right hand side

is assured by the asymptotic for large n
n + z eZ(Hn_’Y)
n ) T(z4+1)

(2)-or()

to obtain the second equation. The third equation follows from the second. The proof is com-

Next we use the fact that

pleted. O
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Corollary 2.6 For -1 <z < %,
oo
n+z\a" -
L (1l —2) - F(z, —%
S ("E)E = m ) - e)
n=1
and for any positive integer z = p and |x| < 1,
o'} P
n+p\z" 1
A I
S () =m0 Y
n=1 k=1

Proof The first equation comes from the first equation of Theorem 2.5 by the substitution

17— — x. For the second equation we write

0 n " —X - 1
Z( ;rp>?1n(1x)F(p,ﬁ)log(1z)Hp+Zm

n=1 k=1
by using the definition of F(z,x) and the identity [14, 9.27]
p k p k
P\y" _ (1+y)
> (1) = R
k=1 k=1
Setting x — —1, we come to the equation
— (n+p\ (=" SR
Z( 0 )T = —H, ~log2+ >, o,
n=1 k=1
where the series on the left hand side exists in terms of Abel summability.

Note. In view of the expansion

1 700 n+p\ ,
mz< " )fﬂ 2l <1,

n=0

we can write
1 1 = (n+p\z"
(R — dt:E -
A t((l—t)p+1 ) < n n
n=1

and the above corollary gives the evaluation of this integral.

3. Evaluation of binomial series with harmonic numbers

We start with the following theorem.

Theorem 3.1 For all z and all real —% < x < 1 the following evaluation is true

o0

3 (Z)an" = (@ + 1) F (2~ i ).

n=1

When 0 <z <1 and z # —1,-2,...

[z " . x = 1
;<n>an =(z+1) <¢(2+1)+’Y+logl+—x +nz=:1(1+x)n+z(n+z))'
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Also, for |z| <1

S (" = (=) ) gl — )

Note that for —% <z we have —1 < 5 < 1, so the right hand side in the first equation is
well defined.

Proof The proof is based on the series transformation formula [13, Proposition 1]

3 () = S (e {2 ()

n=0 k=0

where a,, are the coefficients of some power series with nonzero radius of convergence. We select

an = (—=1)""'H,, ag = 0. This gives the series identity

S ()= e S (7)o

n=1

which proves the first equation in the theorem. For the second equation we use Theorem 2.3.

For the third equation we replace z by —z — 1 so that

(n Z z> _ (1) (zn 1) ,

apply the first equation with —x in the place of x, and then reach for the functional equation

from Theorem 2.5. This completes the proof. O

With z = —% we have
-1/2 B (=)™ (2n
n To4n n

and we obtain a new proof of Theorem 3 in [4].

Corollary 3.2 For -1 <ax <1,

i(m) (-)"H,z" 2 o 1+VI+z
n

4n T iiz B 20/T+z

Proof For the proof we take first 0 < 2 < 1 and compute the right hand side (z+1)"2 F(—3, -2-).

n=0

By using the facts that

1

1/1(§)+’Y:*210g2, log1 =logx —2logV1+=x

and

= > 1 1 1 1
3> N
= 14z 2(2n —1) —Vltw 2n—1 1+z—-1

V1 1
zlog% =2log(v1+x+1)—loguz.

Putting these pieces together we come to the right hand side in the corollary. At the end we

relax the restriction on x to allow —1 <z < 1. O
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Corollary 3.3 For every integer z =p > 0 and |z| < 1,

P

)

n=1 k=1
when p = 0 the sum on the right hand side is missing.
This follows from the third equation of Theorem 3.1 by using the definition of F(p,z) just
like in the proof of Corollary 2.6.

Corollary 3.4 For —1<y<1 5 the function F(z,y) has the representation

Fzy) =1 —y) i (Z) Hy ()" = i (Z)Hny”(l —y)F

n=1 1- Y n=1

This results from the above theorem with the substitution y = —77 in the first equation.

Corollary 3.5 For any Rez > —1, we have

i(i)ﬂn2ZF<Z,§>2Z<w<z+1>+v n2) + 5 8(5, 1,2+ 1)

n=1
For the proof we set z — 1 in Theorem 3.1 and also use Theorem 2.3. The series converges

because
z M
< — A 1,2,...
(o) = e fr= 4002

(otherwise the sum is finite).

With z = —% in Theorem 3.1 we come to the next corollary.

Corollary 3.6 For any z with Rez > —1,

£ () LS () pren

n=0 n=1

and for z #0,1,2,...

> <>(_1)7H = (T —w - -y -2, 11 - ),

n 2n 2% z
n=0

With z = %, we obtain also:

Corollary 3.7 For any z,

(;)Z(w(z +1)+v-In3+ (%)Z“@(%, 1,z +1)).

By choosing z = f% in Theorem 3.1 we obtained Corollary 3.2. Choosing z = :l:%, :I:%, j:%,
etc. we can generate other power series with harmonic numbers which could be of interest. We

will demonstrate one such series in the next corollary.
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Corollary 3.8 For -1 <x <1,

ST - H

n=1

3
= 40(5) Ve + 14 - g —3log2 —

4 r(Vr+1+1) 1
" " + 2arctan — ).
Vae+1 (z+1D)(Ve+1-1) Vo +1

Proof We start the proof with 0 < z < 1 and at the end we drop this restriction. We use

+ log

Theorem 3.1 with z = i in the second equation of Theorem 3.1. We also use the facts

2, pintl 1. 1+t 1
z:: :—t-f—zloglit—i—garctant, [t| < 1.

A reference for the above series is Hansen’s table [15, entry 5.10,20]. In our case t = (x4 1)~ /4.
After computing the expression on the right hand side, we can easily see that it is defined for
—1l<zxz<1as

. x(Vr+1+1)
lim log
=0 T (z+1)(Vx+1-1)

With this the proof is completed. O

= 3log2.

4. Proof of Theorem 2.3

For the proof we use the integral representation from Lemma 2.1.

1
1 —u?
F(z,x) :/ Y du.
1—x

1—wu

When 0 < 2 < 1 we expand (1 —u)~! in geometric series and then integrate between 1 —z and 1

o 4l
e (I-z)" 1-(@1-—a)*"
F(z,x):Z/l (1 —w*)u" tdu = Z{ P }
n=1v+1"7%
1 1 = (1 —z)" (1—xz)=tn
7Z(n72+n)7z n +Z z+n
n=1 n=1 n=1

The first sum is (2 + 1) + v and we obtain the first equation in the theorem. The second
equation follows from the definition of the Lerch transcendent since replacing n by n+ 1 we can

write
)" —

O R R g 41 (1—az)"
= W (1= z RS/ o z
Z z+n ( x)z z+n Zn—i—l—i—z
n=1 n=1
The proof of the first part is completed.
For the second part (when —1 < x < 0) we reason differently, expanding (1 — 1/u)~! in

geometric series, as this time u > 1

1 o,z 1 z—1 _ 0 1
F(z,x) :/ L—u du :/ uil/udu = Z/ (Wt —u " du
11—z 1-u 1—x 1- 1/“’ 1—x
n=0
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1 1 oo 1
/ (w*= " — " du = (w*™' —u h)du + Z/ (w1t —u " Hdu
1—x

n=1

I
i

1 (12 )+10g(17x)+i{1 (i:;j) n 17(17;1)—n}
=1_(1_$)Z+1og<1—x>+2{%‘n1z} 21 %n@zr (171@%
Here
(1—x)? > o1 1 n 1 1
nz::llf:c (n—2) z:: 1—a)» = (-2 nz;)lf:c n+1l—=z +10g(1_ﬁ)

1 —T
=(1-z) 1o(—.1,1— log(——).
(1= @) B(—, 1,1~ 2) + log(——)

The logarithms come together and we obtain the last equation of the theorem. The proof is

completed. O
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