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Abstract

We present several generating functions for sequences involving the central bino-
mial coefficients and the harmonic numbers. In particular, we obtain the generating

functions for the sequences (2:) H,. (2:) %Hn, (27?) %HH,Z , and (2:) n™. The technique

is based on a special Euler-type series transformation formula.

1 Introduction and main results

The central binomial coefficients are defined by

() -

(n=20,1,...,) and are closely related to the Catalan numbers

c - 1 (271)
n+1\n

Many facts about these coefficients and Catalan numbers can be found in the recent book
of Koshy [9]. Henry Gould has collected numerous identities involving central binomial
coefficients in [5] and a large list of references on Catalan numbers in [6]. Riordan’s book

[13] is also a good reference.

Our focus here will be on power series involving these numbers. Several interesting
powers series with central binomial coefficients were obtained and discussed by Lehmer [10]

1


mailto:k-boyadzhiev@onu.edu

(see also some corrections by Mathar [11]). Other examples were given by Weinzierl [14]
and Zucker [15]. Hansen’s Table [8] contains such series too, for instance, entries (5.9.23),
(5.18.9), (5.24.15), (5.24.30), (5.25.7), (5.27.9), (5.27.12), (5.27.17).

The generating functions of the numbers (277) and C,, are well-known, [8, (5.24.15)], [10],

2 () -w »

n=0

e 2
C,rl"= ————. 2
; v 1+ V1 —4x ()

For both series we need |4z| < 1. The series (2) follows easily from (1) by integration. In this
note we present a method of generating power series involving central binomial coefficients by
using appropriate binomial transforms. Our results include several interesting power series
where the coefficients are products of central binomial coefficients and harmonic numbers
H,,, and also products of Catalan numbers and harmonic numbers. As usual,

11 1
Hy=1+-4>+...+—
ML R

forn > 1 and Hy = 0.

Theorem 1. For every |z| < 1,

= [2n . 2 2v/1+ 4z
> H,(—1)" g™ = log (3)
n Vitdr T14+/1+4x

n=0

or,

i 20N 4 2 1+ /1 —4x
nl =
n Vv1—dx & 24/1 —4dx

: _ 1
where the first series, (3), converges also for v = ;.

n=0
With 2 = % in (3) we find

> ()

n=0

(=1t 2v2
H, =v2lo .
4n 112

With 2 = £ in (4) we have

Z (Qn) % = 2\/§log ! +2\/§.

n
n=0

Integrating the power series (4) (using the substitution 1 — 4z = 3? for the RHS) we obtain
the following corollary involving the Catalan numbers.



Corollary 2. For every |z| < I,
> CuHa™ = VI —dzlog(2v1 — dz) — (1+ VI —4z)log(1 + V1 —4z) +log2  (5)
n=0

In particular, with x = }:,

i Cnt, = 4log 2,

n=0

and when x = ’Tl,

Z(—l)”l% =(1+ g\/i) log 2 — (14 v2) log(1 + v/2).
n=0
Some numerical series involving central binomial coefficients and harmonic numbers have
been computed by a different method in the papers [1, 3, 4]. Two connections of our results
with certain series in [1] are specified in Section 3.
Next we turn to series with coefficients of the form (2:) n™. Applying the operator (x%)
to (1) Lehmer [10] computed

N ©

n=0

and repeating the procedure,

=~ /2n\ , ,  2z(2z+1)
Z(n)“ NSV e v )

n=0

Continuing like this is unpleasant, but fortunately a general formula can be obtained by a
different method.

Theorem 3. For every positive integer m and every |x| < 411 we have

(e g e (Do (g) @

n=0

where S(m, k) are the Stirling numbers of the second kind.

Remarkably, the central binomial coefficients appear on both sides of this equation!
Information about S(m,n) can be found in the classical book [7]. When m = 0, S(0,0) =
1 and (8) turns into (1). When m =1, S(1,0) = 0,5(1,1) = 1 and the RHS in (8) becomes

1 (2) ( x ) B 2z
VI—dz\1) \1—4dz) (1 —42)y/1—4z’
which is the RHS in (6).



When m =2, S(2,0) =0, S(2,1) = 5(2,2) = 1 and the RHS in (8) becomes

1 (2)( x )+2(4>< x )2_ 42? + 2z
VI—4z\1) \1 -4z 2)\1—4dx) (1—4dz)2/1—4z
Thus (8) turns into (7). When m = 3, S(3,0) =0, S(3,1) = 5(3,3) =1, 5(3,2) = 3, and
simple computation gives

i 2n\ 5, 2x(42® + 107 + 1)
nr = .
n (1 —4z)3y/1 -4z

From (8) we have the immediate corollary:

n=0

Corollary 4. Let Py(z) = a2+ a, 127 + ...+ ag be a polynomial. Then

2 (Vo= i B s (H)e ()

m=

The proofs of these theorems are given in Section 2. In Section 3 we present some more

corollaries and some new series, including the generating function for the sequence (27,7) %Hn.

2 Proofs of the theorems
Let -
f2) =) a2 9)
k=0

be a function analytical in a neighborhood of the origin. The proof of Theorem 1 is based
on the following Euler-type series transformation formula .

Proposition 5. For any complex number o and |z| small enough to provide convergence we

have
nf; <(:L>(—1)”anz” = (z+ 1)@50: (Z i 1)n (Z) (—1)" {zn: (Z) ak}. (10)

n=0 k=0

(cf. [12, p. 294, (1.20)]). The proof is given in the Appendix. This formula and several
other series transformation formulas of the same type can be found in [2].

Proof. Setting a = = in (10) and using the simple fact that (_1/2)(—1)” = £ (*") we obtain

n 4n \n

= (o= S () RS ()}

n—= n=0




With z = 4z this becomes

S e S () (S

Now we set a, = (—1)¥"1H, and use the well-known binomial formula

orn-2

k=0

(n=1,2,...) to obtain from (11)

S () e () () e

Next we turn to the representation (see, for instance [9, p. 87] or [10, (6)]).

= /2n\ 1 1—V1—4z 2

Z —2"=2log | —— | =2log | ——| .
nj)n 2z 1++v1—4z2

Using this in the RHS of (12) with 2 = -5~ we obtain (6). Thus Theorem 1 is proved. [

(13)

n=1

We can state now the following observation.
Method for obtaining new generating functions from old ones. Suppose we know

the function
9(z) = (2:) by 2" (14)

n=0

in explicit compact form and suppose also that we can compute the sequence ay, k =0,1,...,

explicitly from

n n .

anzz<k>(—1) b =0,1,.. ., (15)
k=0

(binomial transform). Then we have from (11) the new generating function

f<x>:§j(2:)ant”: () (16)

n=0

Note that (15) can be inverted in the following manner (see [2, 13]),

b, = i <Z) . (17)

k=0
Using this method we shall prove also Theorem 3. The theorem follows from the well-known

binomial transform
n

nlS(m,n) = (Z) (—1)kgm (18)

k=0
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for any non-negative integer m. This is, in fact, the classical representation of the Stirling
numbers of the second kind (see [7]). The inverse of (18) is

kzi% (Z) k1S(m, k) = n

We set now ay = k!S(m, k), by = k™, k=0,1,..., and apply the above method. Note that
the sequence ay, is finite, as S(m, k) = 0 when k& > m. From (16),

3 (semme = e () G

n=0

which after the substitution

becomes (8).

3 Several more series

In this section we present some more power series related to those above. We start with the
generating function for the Catalan numbers.

i(Qn) " 2 (20)
<\ n n+1l 14+1—4r

n=

Integrating both sides yields the representation (substitution 1 — 4z = y? for the RHS)

e} n+1
Z (2:) ( x - :1:+%1 (1+ m)Q_; (1+v1—4z)+log (1 4+ v1—4z)+2—log2.

— n+ 1)

or, starting from n = 1,

S () oy = VTR (VTR e (14 VI ) 2 o

— n+ 1)
(21)

Also, we can write (20) in the form (starting the summation from n = 1)

Z(Qn) " 2 . 4z
—\n)n+1 1+1—4z (4 yT—dz)

n=1

and subtracting this from (13) we obtain (cf. [11])

ZQ” LA 2 +21o 2 (22)
—~\n nin+1) 1+ V1 —4dx g1+\/1—4x.
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Next, since

1 Huy  H, 1

Hn :Hn ) - ’
o +n+1 n+1 n+1+(n—|—1)2

we can write

2n n+1 o 2n\ H, n+1 — (2n 1 n+l

and from (5) and (21) we obtain after adding and simplifying

2n nal 2v1 —4x
o1 —z4++v1—4x (1o -1, 23

Z( )n—i—l (g VI Iz ) (23)
or, by adding = to both sides and starting the summation from n = 0,

= /2n\ Hyiq 2¢/1 — 4z )
" =14+vV1—4z(lo —1].
M e Clewve

With 2 = 1 we have from (23),

n=1
which confirms [1, (3.23)]. With z = = in (23),
= 20\ (=1)" 'H, 2v/2 _
M 544v2 (1o — 1| =0.238892684
Z<n) 4n(n +1) *1+2

Some of the above generating functions are quite simple. They are possibly just lucky
exceptions. The next series is somewhat similar to (21) and (22), but the generating function
is more involved.

Proposition 6. We have

n 2

2 1—+v1—-4 1—yv1—-4
Z ( n) > = 2Liy (—JJ) —log? (1 +v1- 4x)—210g210g —x—i—B(log 2)%.
n x
n=1
(24)
where the first function on the RHS is the dilogarithm

o0

n—

n

z
—-
177,



Proof. Starting from (13),

Z (Qn) z" _ 2log <1#> = 2log2 — 2log (1 4+ V1 —4z),

— \n/jon +v1—4x
we divide both sides by x and then integrate to find
(2 n log(1 ++/1—4
Z( n) x_2_210g210gx—2/ og(1 + z) dx.
nj)n x

n=1

With the substitution y = v/ 1 — 42 and by using partial fractions

log(14+v1—4 log(1
—2/ o8 +a: 7) dx:—log2(1+\/1—4x)+2/Mdy.

I—y

Further, setting 1 —y = u (so that now u =1 — /1 — 4xz),

log(1 log(2 — log 2 + log(1 — u/2
2/ ogl( +v) dy:—2/ 0g(2 — u) du:—2/ 0g2+log(l —u/2)
-y U U

— (w/2)F
= —2log2log (1 —v1 —4x) —1—22 12
k=1

1—T—4
— —2log2log (1 — VT —4z) +2Li, (%) .

Bringing all pieces together and computing the constant of integration (for z = 0), we
obtain (24). O

Setting z = 1 in (24) yields

—~(2n\ 1 __ (1 , )
Z(n) oz = 2L <§> — (log2)? = - — 2(log2)*,

Now we shall derive from Theorem 1 the generating function for the numbers (2:) % which
are “close” to C,, H, and to the coefficients in (23). The generating function, however, is not
so simple as the one in (5).

Corollary 7. For every |x| < 1/4 and with y = /1 — 4z we have

= /2n\ H, n 14y
Z —2x" = 2logylog
n)n 1—y

n=1

+ 2log 2log(1 + y) — log*(1 +y) (25)

. . (1= 9 w2
+2 Lis(—y) — 2 Lis(y) — 2 Lis — )~ (log2) —1—5.



Proof. For the proof we first write (4) in the form

i 2n o 210g(1—|—\/1—4x) 2log2 2log /1 —4x
nl = - - )
n v1—4x v1—4x v1—4x
then divide both sides by x and integrate. The integrals are solved with the same techniques

as those in the previous proof. Details are left to the reader. To evaluate the constant of
integration we set x = 0 and use the fact that

n=1

2

2 2 1
2Li2(1> - %7 2L12(_1) = Tﬁ, 2 Liy (5) = % — (10g2)2.

Setting z = 1/4 in (25) yields

S (2 i _
=\ n /4" 3
in accordance with [1, (3.8)].
We finish with a generalization of (20).
Proposition 8. For everym =0,1,2...,
= [2n " 1 " /m\ (=1)F X
> > L [1-(1—4o)VI—4z]. (26

n)n+m+1  22mtlgm+l —

n=0

In particular, for m = 0 this reduces to (20). For m = 1 and after simplification (26)
becomes

i<2n> v 22+ V1 —4x)
n+2 3(1+/I—dz)"
Proof. Let f(x) be the LHS in (26). Then

n
n=0

and therefore,
)I/O—T_thdt:—zzmﬂ/l (1—y")"dy

with the substitution y = /1 —4¢. The next step is to expand the binomial inside the
integral and integrate termwise. Details are left to the reader.

xm+1f<x

]



4 Appendix

Here we prove the formula

i <2‘> (—1)"ap2" = (2 + 1) nf; (Z i 1)n (Z) (—1)" {k; (Z) ak} .

Proof. Let L be a circle centered at origin and inside a disk where the function (9) is holo-
morphic. For the coefficients a; from (9) we have

1L f

Multiplying both sides by (Z) and summing for k£ we find

(- f (S 0] Do f (43) Do e

k=0 k

Let z be a complex number inside the circle L with |z| small enough to assure convergence
in the following expansions
Multiplying in (29) by (=

n . . .
) (O‘) and summing for n we arrive at the representation
z+1 n

S () O E O B G () a o

B (1—1—21)0‘27r2' fi{@ - §>a} @dk

Expanding now the binomial inside the integral, integrating termwise, and using (28)

again we obtain
{0} RS (e

Thus (27) follows from (30) and (31). O
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