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Preface

You never know when you will encounter a binomial coefficient sum.
Doron Zeilberger [Zeilberger 91]

This textbook aims to provide a “summa’”, i.e., a collection of “all”
known algebraic finite sums and a guide to find the sum you need. Of
course, the hope is to find this summa on your desk — just as Thomas’
original was found on the altar!

The kinds of sums we consider are often presented as sums of prod-
ucts of binomial coefficients, rational functions and occasionally harmonic
numbers. Closed forms of such sums are usually called “combinatorial iden-
tities” though this term ought to include identities between sums, double
sums and other equations, too.

My favorite tool is to recognize the identity as some sum already known.
To do so we need to write the sum in a standard form and to devise a simple
way to change a given sum to this standard form. The standard has to be
unique, hence we cannot use more than one binomial coefficient, but must
replace the others with factorials. And the standard form must apply to
the whole variety of sums considered, so we cannot use the hypergeometric
form which does not apply to the formulas in Chapters 17 and 18.

The ideal formula has the same form — a sum of products equals a
product of sums — as the fundamental theorem of algebra. But we need to
weaken this demand; we want to write a sum of products as a sum with
as few terms as possible of products of sums. The ideal is one term, but
if such expressions simply fail to exist, sums of two or three similar terms
may help.

If the desired sum is unknown, we provide the reader with a variety of
tools to attack the problem. We explain the famous algorithms of Gosper
and Zeilberger, and to assist the latter we include some advice for solving
difference equations with rational coefficients.

In order to classify the formulas I introduce a standard form which de-
viates from recently popular forms. I dislike the hypergeometric form for
two reasons; it conceals the important properties of symmetric, balanced

IThe title refers to Thomas Aquinas’ Summa Theologica.

Xi
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xii Preface

and well balanced, and it is insufficient in relation to the sums due to Abel,
Cauchy, Hagen—Rothe and Jensen as well as sums containing harmonic
numbers. And I dislike formulations with extensive use of binomial coeffi-
cients because they are not uniquely defined, so it seems difficult to prefer
one form to another.

I prefer to use descending factorials and have found it convenient also
to allow step lengths different from 1. Hence I introduce the notation

[z, d]p =x(x—d) - (x — (n—1)d),

cf. Chapter 1, (1.2), which allows powers and ascending factorials to be
written as [z,0],, and [z, —1],, respectively. In several cases it has been
natural to consider d = 2, too. This is a true generalization to be preferred
to the analogy between powers and factorials usually presented.

I have added an appendix including the most elementary generalizations
to a g-basic form with their proofs.

I am deeply indebted to my teacher in this field and dear friend, the
late professor Erik Sparre Andersen, D.Phil.

Furthermore, I want to thank my collegue Professor Jgrn Bgrling Olsson
for improving my language.

Mogens Esrom Larsen
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Chapter 1

Notation

N = the natural numbers, 1,2,3,....

Ny = NU {0}, the numbers, 0,1,2,3,....
7Z = the integers, ...,—2,—1,0,1,2,3,....
R = the real numbers.

C = the complex numbers, z = x + iy.

For the nearest integers to a real number, x € R, we use the standard
notation for the ceiling and the floor,

[2] :=min{n € Z | n > x},
|z] == max{n € Z | n < z},

and the sign o(z) of a real number, x € R, is defined by
1 z>0
o(x) = -7 1.1
() {—1 x < 0. (1.1)

Furthermore, we denote the mazimum and minimum of two numbers,
z,y € R, as

z Vy = max{z,y},
x Ay := min{z, y}.

The factorial [x,d], is defined for any number x € C, any stepsize

d € C, and any length n € Z, except for —z € {d,2d,...,—nd}, by
n—1
Jj=0
[z,d], =<1 n =0, (1.2)
—n
ijjd —neN, —z¢{d,2d,...,—nd}.

j=1
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2 1. Notation
As special cases, we remark that

[,0], = 2" neZ,
and furthermore, we want to apply the shorthands

[Z]n = [z, 1]n (z(@—1)---(x —n+1) for n > 0), (1.3)
(@) =[x, —1], (z(x+1)-- (z+n—1) forn>0). (1.4)

The binomial coefficients (i) are defined for z € C and n € Z by

<x> _ { m: for n € Ny, (1.5)
n 0 for —n € N.
The identity operator is defined for f: Z — C as
L(f) (k) := f(k),
and the shift operator is defined as

E(f)(k) := f(k+1), (1.6)

from which two we get the difference operator A defined by the expressions

A=E—-T Af(k):=f(k+1)— f(k). (1.7)

An indefinite sum or anti-difference of a function g(k) is defined as
any solution f(k) to the equation

g(k) = Af(k).

(The anti-difference f(k) is uniquely determined up to a constant, or a
periodic function with period 1,by the function g(k).)
We denote this indefinite sum by

> g(k)ok == f(k). (1.8)

For any indefinite sum (1.8) of a function g(k), a definite sum is defined
to be

S gk)ak = £(b) — f(a) (L.9)
and we remark that the connection to the usual step-by-step sum is
b b—1
Zag(k')5k' =>g(k). (1.10)

k=a
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The harmonic numbers are defined by

H, = Z% = ZZ[k]_15k. (1.11)
k=1

The generalized harmonic numbers are defined for n,m € N and ¢ € C
by

n
(m)
Hip =Y ——— C+k (1.12)
k=1

Note that HS') = H,,.
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Chapter 2

Elementary Properties

Factorial formulas

The factorial satisfies some obvious, but very useful, rules of computation.
The most important ones are

[z,d)y = [~z + (k — 1)d, d]s(—1)* r,d€C, k€ Z, (2.1)
[,d]g = [z, d]p[z — hd, d]k—p, z,deC, k,helZ, (2.2)
[z,d] =1/[x — kd, d]_ z,deC, ke, (2.3)
[,d)p =[x —d,d|x + kd[z — d,d]k—1 z,deC,keZ, (2.4)
[zd, d] = d*[z] r,d€C, k€ Z. (2.5)

using the harmonic numbers (1.11).
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6 2. Elementary Properties

Binomial coefficient formulas

Similarly, the binomial coefficients (1.5) satisfy a series of rules:

T z—1 rz—1
()= () secnen,

(i)[k]m=[x}m(“z_g> 2 €C,meZ, ke N,
@ (Z) B (Z) @:Z) z€C, kmeL,

(i) Wl = m’“(i) z,y€C, ke,
(i>=(—1)’“(k_z_1> reC ke,

m m
(k>_(mk) m € Ny, k € Z.

Anti-differences

Applying the difference operator (1.7), we can rewrite (2.7) as

2() =)
Z@dk: <ni1>

If we introduce the alternating sign, (2.7) can be written

act(y) = o (7))

which is equivalent to

)

equivalent to

(2.7)
(2.8)
(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

We omit the proofs, since the formulas (2.7)-(2.12) are easily proved
using (1.5) and the elementary properties (2.1)—(2.5) of the factorials.
The binomial coefficient itself has a “less nice” difference, but we note

that

(- (o
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Proof: We have

() e
=—————@—1_k+1—mﬁﬁé@—2m

using (2.4).

O

The difference and shift operators in (1.7) and (1.6) commute and satisfy

A(fg) = fAg+EgAf

and

Ek — kE = E,
Ak — kA = E,

(2.15)

where k is the operator (k — f(k)) — (k — kf(k)). This just means that

(k+1)f(k+1)—kf(k+1)= f(k+1), etc.
The definite sum (1.9) is

S atk) =3 (k) ok
k=0

Summation by parts is given by (2.15) as

> f(k)Ag(k) 6k = f(k)g(k) — > Eg(k)Af (k) ok,

S F (k) Ag(k) 6k = F(B)g(b) — Fa)ga) = 3 alk+ DAF(E) ok,

and is also called Abelian summation.
As we have the identities

A=E-1,
E=A+1,

for n € N, we get the obvious relations between their iterations:

(2.16)

(2.17)
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8 2. Elementary Properties

Inversion means that the following formulas are equivalent:
" n " n
=St () = g =30 () e, @9
k=0 k=0
Proof: If f is independent of the limit n, using (2.9) we get

B0t (o= e () v (5o

7=0

>3 () (oo

J

(5 X0 (i)

=J

[
[+ ZMS

<.
I

[
bj:

<.
Il

NE

1) @ 0" = f(n)

<.
I
o

If f depends on k, the proof does not work. O
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Chapter 3

Polynomials

Geometric progression

For ¢ # 1 we have

n 1— qn+1
Y= (3.1)
k=0 q
or more generally
n . 1— qn7m+1
d dF=q (3.2)
k=m 1- q

Proof: We have A¢F = ¢*t! — ¢* = (¢ — 1)¢*. So according to (1.10) and
(1.9) we get (3.2)

n n+1 B qn+1 qm qn+1 o qm B 1— qnferl

Sums of polynomials

According to an anecdote, C. F. Gauss (1777-1855) went to school at the
age of seven. Omne day the teacher, in order to keep the class occupied,
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10 3. Polynomials

asked the students to add up all the numbers from one to a hundred.
Gauss immediately answered 5050. He wrote the numbers in two lines:

1 + 2 + 3 + - + 100
100 + 99 + 98 + - + 1

Adding the pairs, he obtained the sum 101, for 100 pairs. Thus he obtained
100100, the double of the sum. It could be written like this:

100 100 1 Loo 1 doo 1
S k=) (101-k) = 3 > (k+101-k) = 5 > 101 = 5100101 = 5050.
k=1 k=1 k=1 k=1

We have learned something: the advantage of changing the order of sum-
mation, and the formula

n(n+1)

R= (3.3)

M=

o

=1
If we have a polynomial p(k) = ag + a1k + -+ + a;, k™ and want to
determine >_;'_, p(k), we need to know the sums Y )'_ k™ for all m > 0.
We found the formula for m = 1 above. The formulas for small values of
m were determined in 1631 by J. Faulhaber (1580-1635), [Knuth 93]:
In the following, N is an abbreviation for n(n + 1).

> K =n, (3.4)
k=1

- N
S okt=, (3.5)
k=1 2

- N(2n+1
— 2.3

n ) N2
Sk =—, (3.7)
k=1 4

- Nps(N)(2n +1

ZkA: —p4(2.)3('5 ), pa(x) =3z —1, (3.8)
k=1

- N2ps(N

Yk = ;L(G)’ ps(z) =2z — 1, (3.9)
k=1 '

- Npg(N)(2n +1

S - % po(@) = 322 — 3z + 1, (3.10)
k=1

= N2p7(N
Sk = %(8), pr(z) = 322 — da + 2, (3.11)
k=1
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N )(2 1

Z K = %, ps(x) = 52° — 102% + 9z — 3, (3.12)
N2pg(N

Zkg — 2p+(0)7 po(z) = 22° — 5% + 63 — 3, (3.13)

n

N N)(2 1
Zklo = plO( )( nt ), plo(l‘) = 33)4 — 101‘3 + 17.1'2

2.3-11
k=1 — 15245, (3.14)
~ N2py (N
Skt = 27’1711(2), pii(x) = 22* — 823 + 1722 — 20z + 10,  (3.15)
k=1
- 2n + 1
> k= 3( I 7” TS ), pi2(z) = 1052° — 5252* 4 14352°
— 236022 4 2073z — 691, (3.16)
N?pi3(N)
13 _ _ 5 _ 17524 Ad
Zk 5.3.5 14’ p13(z) = 30z 75x* + b7dx

— 118027 + 1382z — 691, (3.17)

n

Np14(N)(2n+1
> kM= %, p1a(z) = 32°—-212°+842" —2202°
=t +35922—3152+105, (3.18)
- N2py5(N
> k= ;”173%), p15(2) = 32° 2425 +1122* 35223+ 71822
k=1 —8402-+420, (3.19)

pie(x) = 1527 —1402°4-7702° —29302*
+75952° ~1237022+108512—3617,  (3.20)

ka Npis(N)(2n+1)
2.-3-5-17 ’

n

N2p1+(N
Sk = #7(18), pir(x) = 1027 —10525+6602° —29302"
k=t +91142° — 1855502421702z 10851, (3.21)

- Npig(N)(2n+1
Sk = %, p1s(z) = 1052 —126027+9114°

k=1 — 4741825 +1782272* — 4608102
+75016722—6580052+219335, (3.22)

N N
Zklg % pio(z) = 4228 —56027 +455725
—270962°+1188182* 36864823
+7501672%—8773402+438670. (3.23)

In principle, the proofs of all these formulas are trivial. For example, let
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us take (3.6):

n n+1
N(2 1 1)(2 1
k=1 0

2.3 2.3

Taking the difference of the right side, we obtain

A(k—l)k(%—l) Ck(E+DRE+D) k(k-D(2k-1)
2.3 N 2.3 2.3

_ k(2k* 43k +1—2k% + 3k — 1) 2

= ; — k2.

Sums of polynomials by Bernoulli polynomials

The Faulhaber formulas are special cases of a much more powerful discovery
of J. Bernoulli (1654-1705), see Ars Congjectandi [Bernoulli 13].
The Bernoulli polynomials are the polynomial solutions to the equations

Afo (k) =nk™ ', neN, (3.24)

and are uniquely determined up to the constant term. For any solution to
(3.24), e.g., for the Bernoulli polynomials to be found below, from (1.8) we
then get the formulas for the sums

> knok = Bra(h)
n+1

The solution using Bernoulli numbers goes as follows. Differentiation
of (3.24) with respect to k yields

AfL(K) = n(n—1)k""2,

proving that 2 f} (k) solves (3.24) for n—1, hence that

AL 0 (325)

is a constant.

The polynomial solutions to (3.24) for which the constant term is zero
are called the Bernoulli polynomials and are denoted by B, (k).

Suppose we have written the Bernoulli polynomials in the form

Bo(k) = zn: (?) Bl _ K (3.26)

=0
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for suitable constants By;_;. The index is chosen to have Bj as coefficient
to the leading term, k™, and B} as the constant term.

Differentiation of B,, yields

n . n -1 )
Bi(k)=Y" (’;) B ki~ = Zn(’;_l)B:;_jkﬂ—l

j=1 j=1
n—1 n—1

=0y (") e.
j=o N 7

From (3.25), this is known to be equal to

n—1
B —nz( JEEE
The conclusion from comparing the coefficients is

B? =Bn! for j =0,1,...,n—1. (3.27)

n—1—j n—1—3’

The common values in (3.27) are called the Bernoulli numbers, and are
denoted by B;,,_1_;, omitting the superfluous superscript.
Hence, we can rewrite (3.26) as

By (k) = i (?) Bk

j=0
such that the Bernoulli numbers take their appropriate part of the descrip-

tion of the Bernoulli polynomials. The fact that they satisfy (3.24) will
lead to a computation of their coefficients. We compute

n

AB, (k) =Y (2‘) B ((k+1)7—k7) = zn: (?) anjZé (Z) %

-5 3 (0K 5 () ()
-2 (i) 2 (55)ee
S (IR ()5 (e g (e

n n —1 ¢
_ n—~{
()5 )z
=1 =0



“larsen” — 2006/11/20 — 15:02 — page 14 — #24

14 3. Polynomials

where we have applied the binomial formula (7.1) and formulas (2.9), (2.12),
and reversed the direction of summation, e.g., £ = n—i and i = {—j.

Now we know from (3.24) that this final polynomial equals nk™~!. This
means that the coefficients are n for £ = 1 and 0 otherwise. This gives the
formulas for the Bernoulli numbers:

-1
¢
By =1 B; =0 f 1 2
o=1 > <Z> 0 for £ > (3.28)

=0

Some authors add the number By to the last sum to get the “implicit”

recursion formula
£
14
Z <Z> B; = By. (3.29)

i=0

Perhaps it looks nicer, but it can confuse the reader.
Either formula (3.28) or (3.29) allows the computation of the Bernoulli
numbers; for the first few (the odd indexed are 0 from 3 on) we get

1 1 1 1
Byp=1, Bi=—--, By=-, By=——, Bg=—
0 3 1 27 2 67 4 303 6 427
__ 1 _ 5 g6
87 7300 T 7660 TR am30

As soon as we have the numbers, we get the polynomials straightaway.
Figure 3.1 shows graphs of the first four.

Bo(k) =1

By (k) = k— %

By(k) = k*—k+1

Bs(k) = k(k—1) (k_%)

By(k) = K* 2K+ k> — L

Bs(k) = k(k— )( ) ()

Bg(k):kG 5k3 1k2+1

Br (k) = k(k— )( — 1) (k*—2k°+2k+1)
Bg(k) = k®—4k"+ X k0 —TkA4- 22— L

By(k) = k(k— > (k—3) (K = 3k” + k" — 2k% = 2k — 3)

Bio(k) = k'* — 5k + 10k8 — 7kS 4+ 5k* — 3k + &

Actually, all odd Bernoulli polynomials look like & B3, and the even ones
look like +By, i.e., the odd ones for 3 and up have 3 zeros in the interval
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LI S LU T
02 0 06 0.8 1.0 0.2 X 2 0.8 1.0

By (k) | Bu(k)

0 T 0 ==
<
02 04 06 08 1.0 02 04 06 08 1.0

Bu(k) ’ By(k)

Figure 3.1. Bernoulli polynomials By, B2, Bs, By

[0,1] and the even ones have 2 zeros. But they grow fast in absolute value,
e.g.,
174611 B 261082718496449122051

330 @ 07T 13530 ’
1215233140483755572040304994079820246041491

56786730

20 = —

Bgo = —

In fact, they grow like

The fact that
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yields the general formula for the derivatives of the Bernoulli polynomials:
B (k) = [n];Bn—; (k).

This formula provides the Taylor development of the polynomials as

Bu(ht) = Yl By = 5 () B

b\
With the choice of h = 1 we get from the defining equation (3.24) that
nk" ' = By(k+1)~B,(k) = Y (") Bn_j(k). (3.30)
; J
Jj=1
Consider the function
fk) = (=1)" ' Bpya (1 — k).
We get immediately
flk+1) = f(k) = (=1)"" (Bpy1(=k) = Bus1(1 = k))
=—(=1)""(n+1)(=k)" = (n+ 1)k".

This means that f(k) deviates from B,y1(k) by a constant. Rather than
finding this constant, we just differentiate the two functions and obtain the
formula

Bu(1 = k) = (—1)" Ba(k).

The equation

f(k+3) = f(k) = (n+ 1)k"

has the solutions By, 41 (k) + Byt1(k + 3) and 27" B,,41(2k), both polyno-
mials in k. Their difference is again a polynomial which is periodic and
hence constant. By differentiation of the two functions we get the same
function, and hence the formula

By (2k) = 2" (Bn(k) + Bn(k+ 3)) -
For k = 0, we get the value
B,(3)=-(1-2'"")B,.

For n even, the absolute value at % is just a little smaller than the absolute
value at 0 and 1.
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Sums of polynomials by Stirling numbers

The sums of a polynomial can be found by writing the polynomial in k in
terms of [k],,, m = 0,1,.... This can be accomplished by the use of the
Stirling numbers of the second kind, after J. Stirling (1692-1770):

k 10 0 0 0 0 00 k)1
2 11 0 0 0 0 00 (k]2
k3 13 1 0 0 0 00 [k]3
k4 17 6 1 0 0 00 [k]4
B~ ]115 25 10 1 0 00 [k]5 (3.31)
kS 1309 65 15 1 00 k]
k7 1 63 301 350 140 21 1 0 (k]
k8 1 127 966 1701 1050 266 28 1 [k]s

This matrix can be extended infinitely, see [Abel 39, p. 835]. It simply says
that, for instance,

k> =1 x [k]1 + 15 x [k]2 + 25 x [k]3 + 10 x [k]4 + 1 x [k]s.

The Stirling numbers of the second kind are denoted by 653 ) and appear
as coefficients in the formula

K=Y 6 [k);. (3.32)
j=1

From (3.32), multiplying by &k we get

n

prtl — ZGg)k[k]j - Z &) (k —j + 5)[kl;
Jj=1

j=1
n ) n ) n+1 ] n .
=D 6D K1+ STk =Y STV + ) SYjIk;
j=1 j=1 j=1 j=1

n+1
8 (e < je) 8,
j=1

From this we derive the recurrence formula

V)

P =6 +j6Y).

This formula proves that the Stirling numbers of the second kind can be
interpreted as: 655) is the number of ways a set of n objects can be divided
into j nonempty subsets.
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It can also be used to prove the explicit formula,

o=

The Stirling numbers of the first kind are the solutions to the inverse
problem, i.e., the coefficients to the expressions of the factorials [k], in
terms of the monomials, i.e.,

n

Kl = Sk (3.33)

Jj=1

They can also be conveniently arranged in a matrix.

[k]1 1 0 0 0 0 0 0 0 k
(k]2 -1 1 0 0 0 0 0 0 k?
[k]3 2 -3 1 0 0 0 0 0 K?
kla| | -6 11 -6 1 0 0 0 0 E*
ks | | 24 —50 35 -10 1 0 0 of|&
[k]6 -120 274 —225 85 -15 1 0 Oof |&°
[k]7 720  —1764 1624 —735 175 -21 1 0O | kT
[k]s —5040 13068 —13132 6769 —1960 322 —28 1 K®

This just states that for example,
[k]5 = k° — 10k* + 35k — 50k* + 24k.

The matrix is simply the inverse of the matrix in (3.31). These numbers
can be found in [Abel 39, p. 833].
If we multiply (3.33) with k& — n, we obtain

Klng1 = ZS(J) —n)kl = Zs(J)kJH ZS(J)nk]
n+1
= (S,(g‘—U - ns;ﬂ) k.
j=1
From this we derive the recurrence formula
S9)| = 61 g,

This formula proves that the absolute value of the Stirling numbers of the
first kind can be interpreted as: (—1)"~7 S’,(LJ) 1s the number of permutations
of a set of n objects having j cycles.
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It can also be used to prove an explicit formula, which this time depends
on the Stirling numbers of the second kind,

=y n—1+k\( 2n—J \ .0
:Z : ; Gn—'-i-k'
— n—j+k/\n—j—-k J

The solution of (3.24) by Stirling numbers goes
= nZk" L5k = nZZG(”
1
— HZG(J) 7+1 ZG(J) —ZSg(quk’L

i=1

&) 5 S LD g
SJ—H_Zk' Z] n1 9

. (3.34)

n—1 1

SIS ot
i=1 ]

j=i—1

Renate Golombek’s problem

In 1994 Renate Golombek, [Golombek 94|, posed the problem to determine
the following sums for r =1,2,3,...:

n

szicy,wm=zcﬂﬁ

j=0 §=0
The solution uses the Stirling numbers of the second kind (3.31). We
apply (3.32) to write

"= ;eﬁ’“g (")

The inner sum is a binomial sum, cf. (7.1),

5 (- 1) -

Jj=0

Hence we obtain the formula
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Proceeding the same way with the squares, we get
r n 2
n .
Q=Y &3 (") (3.35)
k=1 =0 M
This time we will evaluate the sums
n n 2
> (7) ui
i=o
The terms less than j = k vanish, so by reversing the direction of summa-

tion we get
n—k n 2
) [ =k
> ()

Jj=0

Now we apply formula (2.8) to write the sum as

X /n n—k
SE 00
o\ \n—k—j
which is a Chu-Vandermonde convolution (8.1), so we get
2n—k
. 3.36
o (7)) (3.36)
Substitution of (3.36) in (3.35) yields

Q(n,r) = TG%W@ =k (3.37)
Z; k(n—k)

This formula is the general solution to the problem. In order to make it
easy to see how much it coincides with the solutions suggested, we will find
useful a reformulation of the factor using (2.2):

in] 2n —k\ _ (2n—r\[2n — k], g[n —1]p_1
Mn—k)  \n=1 [n— k|1 '
With this substituted in (3.37), we get

Qn,r) = (2" N T) Z g 2= Klr—sln = U1 (3.38)

n—1 P [n—klr—k—1

Application of (3.38) yields for r =1,

1) — <2:_11>W _ (2:—5) (n—141) = n(%n— 1).
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For r = 2, we get
2n—2\ [([2n—1j1[n—1]p = [2n—1]p[n —1]1
2 =
ama = (5 77) (B
_(2n—2 o _ [(2n—2)\ ,
= (n—l) (2n—1+(n—1) )7 (n_1>n .
And for r = 3, we get
2n —3
o= (77)
« ([Qn — 1]2[71 — 1]0 + 3 [27?, - 2]1[77, - 1]1 [2n - 3]0[71 - 1]2)
[n—1) [n — 2o [n—3]
2n —3 2
=, 1 (2n—=1)2+32n-2)(n—1)+ (n—1)(n —2)?)
2n — 3
= (: 1 )nQ(n—l— 1).
But the pattern does not proceed any further. The binomial coefficient
in front is too much to ask for in general. Already for r = 4 we get a
denominator:
2n —4
4) —
amy = (1))
[271—1]3 [27’1,—2]2[7’1—1]1 [n—l}g >
+62n —3)1jn — 1]s + ———
( [n—1]> [n — 2] [ h l2 [n—4]_4
2n —4 2n3+n2—3n71
= n .
n—1 n—2
Another way to rewrite (3.37) is to replace the binomial coefficient with
factorials:
rANn [2n _ k’]
= (k) 122 Mn
Qnr) = & =
k=1
—®
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Chapter 4

Linear Difference Equations

General linear difference equations

General linear difference equations of order m have the form

m

fn) =Y ar(n)f(n—k) +g(n), (4.1)

k=1

where ap and g are given functions of n, where a,, is not identically zero,
and f is wanted. Iteration of (4.1) gives the consecutive values of f(n),
n=m+1,m+2,... for given initial values, f(1), f(2),...,f(m). The
question is whether it is possible to find a closed form for f(n).

The complete solution is usually divided into a sum of two, the solution
to the homogeneous equation, i.e., the equation with g(n) = 0, and a
particular solution to the equation (4.1) as given.

The homogeneous equation

A set of m solutions f1, ..., fi, to the homogeneous equation (4.1), is called
linearly independent, if any equation of the form

chfj(n) =0, neZ (4.2)
j=1
must have coefficients equal to zero, ¢y = --- = ¢, = 0.

23
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In analogy to the Wronskian we can consider the determinant

f](c1(n*m)1) f{z(n—m)l) ffzn(nfm)l)

1(n—m+ 2(n —m+ o fmn—m+

W(n) = : : : '
filn=1) foln=1) - faln—1)

We can easily compute W (n) by the use of (4.1) with ¢ = 0. Row operations
yield

filn—m+1) foln—m+1) - fn(n—m+1)
Win+1)= z z :
am(n)fi(n =m)  am(n)fo(n—m) - amn(n)fm(n —m)
= (=1)""ta,, (n)W(n).

Hence, if a,,(n) # 0 for all values of n, then the determinant is either
identically zero or never zero. In the latter case, it can be computed as

Wn) = (-5 0) [ am). (4.3)
3=0

This means that if we start with m independent m-dimensional vec-
tors, (f1(1),..., fi(m)),...,(fm(1),..., fin(m)), the solutions defined by
(4.2) will remain independent provided a,,(n) # 0 for all values of n.
Furthermore, any other solution is uniquely defined by its starting val-
ues f(1),..., f(m), which are a linear combination of the m vectors above.
This proves that the space of solutions to (4.2) is an m-dimensional vector
space.

The special case of m = 1,

f(n) =a(n)f(n—1). (4.4)
We assume that a(n) # 0, and write the homogeneous equation (4.4) as
f(n)

m = a(n),

giving the solutions for different choices of initial value f(0),

f(n) = £(0) I T a(k). (4.5)

k=1

The special case of m = 2,

f(n) = ai(n)f(n—1) +as(n)f(n —2) (4.6)
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with two solutions, fi(n) and f2(n), gives the determinant

= fl(n72) f2(n72) _ — n — — n— n —
W= -1) b(n—l)"fl(” 2)fao(n=1) = fo(n = 2) fu( (41;),

computable by (4.3) as

W(n) = (~1)"W(0) [ a2}
j=0

If we know — by guessing perhaps — a solution fi(n) # 0, then we can
use the determinant to find the other solution fo(n). If we try the solution

fa(n) = ¢(n) f1(n) in (4.7), we get
filn)é(n+1) fi(n +1) = ¢(n) fr(n) fr(n+ 1) = W(n +2),
from which it is easy to find ¢(n) from the form

W(n+ 2)

Ad(n) = ¢(n + 1) — =T 4.8
R A T ACES s
which by definition (1.8) has the solution
fi(n f1 n + filn) filn+1)"
and hence provides us with the second solution to (4.6):
Falm) = 6l in) = () 3 5 2 s Wnt2) g,
’ 1 fi(n)fi(n+1)
First order inhomogeneous equations
If m = 1, we have the form
f(n) = a(n)f(n—1)+g(n). (4.9)

We assume that a(n) # 0, and let f # 0 be any solution of form (4.5)
to the homogeneous equation. Then we consider a solution to (4.9) of the
form f¢ and get

f(n)g(n) —a(n)f(n —1)p(n —1) = g(n).
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Together with (4.4) we obtain

6 — o0 — 1) = 2

fn

which by telescoping yields
=y 4
k=1 F(k)

and hence the complete solution to (4.9),

f(n)o(n) = f(n) =y T 00)f(n), (4.10)

i
k‘s
—
=
N

where the term ¢(0) f(n) is “any” solution to the homogeneous equation.

First order equations with constant coefficients

For m = 1 we choose a(n) = a independent of n in (4.9). Then the solution
(4.5) to the homogeneous equation becomes

f(n) = f(0)a", (4.11)
giving the complete solution (4.10) of (4.9)
Fmom) =a* 3" I ¢ f0)a(0)a"
k=1
=) g(k)a" " + f(0)p(0)a". (4.12)
k=1

Arbitrary order equations with constant coefficients

If m > 1, we can consider the operator polynomial in E from (4.1),
=Y a B (4.13)
k=1

with which the equation (4.1) takes the form

<Em — g:lakEmk)f(n) = g(n). (4.14)
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By the fundamental theorem of algebra, let the characteristic polynomial
of (4.13),

m
p(x) =2™ — Z arpz™ ", (4.15)
k=1
have the distinct complex roots ay, ..., aq of order vy, ..., v, respectively.

Then the operator can be split into
m q
E" Y aE" = [ (E—a,1)". (4.16)
k=1 j=1
Then equation (4.14) can be solved successively by use of the solution
(4.12).
Theorem 4.1 If the homogeneous equation

(Em - iakEm_k>f(n) =0 (4.17)

k=1

can be written in the operator form with distinct a’s
q
I[[1E- a1 f(n) =0, (4.18)
j=1
then the complete solution is

f(n)=> pj(n)a}, (4.19)
j=1

where p; is any polynomial of degree at most v; — 1.

Proof: By induction after m. For m = 1, (4.19) reduces to (4.11).
Presume the theorem for m, and consider the equation of form

(Em -y akEm_k) (E —ol)f(n) = 0. (4.20)

k=1

Then we get the presumed solution
q
(E—al)f(n) = > ps(n)al. (4.21)
j=1

By the linearity of the operator it is enough to solve each of the equations

(E—al)f(n) = [nraj, k=0,...,v;—-1;7=0,...,q. (4.22)
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Case 1: a = aj. We put f(n) = [n]g41a"~ 1. This is allowed because the
degree of & = «; is now v; + 1. Then we get by (3.3),

(E —oI)f(n) = [n 4+ 1pt10" = [n]p110" = Anfp10” = (k4 1)[n]pa”,
(4.23)

proving that f(n) = % solves (4.22).

Case 2: o # aj. Analogously we try f(n) = [n]xa}. Then we get by (3.3),
(E —al)f(n) = [n+ 1] ™ — aln]a}

= (([n]x + k[nlg-1)e; — a[n]k)af
= (o — a)[n] + kn]p_1a ™" (4.24)
showing that f(n) = [Z]k_ag solves the problem for k¥ = 0 and otherwise
reduces the problem from k to k — 1. (]

Systems of equations with constant coefficients

If we define a vector of functions by f;(n) = f(n—j+1), 5 =1,...,m,
then the equation (4.14) can be written as a first order equation in vectors

f= (f17"'afm)7 g(n) = (g(n)70a"-a0)7
f(n) = Af(n—1)+g(n) (4.25)

with matrix of coefficients

a; ag as m—1 Aam
1 0 O 0 0
A= 0 1 0 0 0
o o o -- 1 0

In the form (4.25) the solution in dimension 1 can be copied. The
homogeneous system has the solution

f(n) = A™£(0), (4.26)
and if a solution to the original system takes the form

f(n) = A"¢(n) (4.27)
with any vector function ¢(n), then we get

A"¢(n) — AA" " g(n — 1) = g(n),
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which can be written for a regular matrix A as
¢(n) — p(n—1) = A7"g(n).

By summing it follows that

¢(n) => A Fg(k) + ¢(0),
k=1

and hence that the solution (4.27) becomes

n

f(n) = A" Fg(k) + ¢(0)A™.
k=1
The only problem with this solution is that powers of matrices are
cumbersome to compute. But we can apply the Cayley—Hamilton Theorem,
cf. (4.29), to reduce the computation to the first m — 1 powers of the
matrix A. That is, if the characteristic polynomial of A is

pa(z) = det (zU — A) = 2™ + ap12™ " + -+ + ag

where U is the unit matrix, then we have by the Cayley—Hamilton Theorem
that pa(A) = O, and hence that

A™ = —q, AT — o — UL

Furthermore, if we apply this equation to the solution (4.26), then we get
A" (n) = —apm 1A (n) — - — apf(n),
or better,

f(n+m)=—am_1f(n+m-—1)—--+ —aef(n),

which equation simply states that each coordinate function of the vector
solution to the homogeneous system of equations satisfies the higher order
equation with the same characteristic polynomial as the system.

Proof of the Cayley—Hamilton Theorem

Let A be any n X n-matrix, A = (a;;). Then the determinant can be
computed by the development after a column or row, e.g.,

det A =" ay(—1)"*7 det AU,
j=1
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where A7) is the (i,7)-th complement, i.e., the matrix obtained by omit-
ting the i-th row and the j-th column from the matrix A. This means that
if we define a matrix B = (b;1,) as

bk = (—1)"*7 det A9,

then we have traced the inverse of the matrix A, provided it exists. At

least we can write
n

Z aijbjk = ;1 det A,

Jj=1

or in matrix form,

AB = (det A)U. (4.28)
Theorem 4.2 (The Cayley—-Hamilton Theorem) If
p(§) =det (€U — A) = €" +ap 1"+ +ag (4.29)

is the characteristic polynomial for the matriz A, then the matriz p (A)
satisfies
p(A)=A"+a, A" 1 4. 44U =0. (4.30)

Proof: We apply (4.28) to the matrix AU — A to get
p(AMU = (AU — A)B(\), (4.31)

where B(X) = (b;;()\)) is a matrix of polynomials in A, defined as the
(4,4)-th complement of the matrix AU — A. Hence we can write

B(A\)=\""'B,,_1 +---+AB; + By

as a polynomial in A\ with coefficients which are matrices independent of .
For any k > 1 we can write

AP —NFU = (A - \U) (AP 0AR 24 1 NFTT).

Hence we can write

p(A) —p(\)U
=A" —\"U+ap_ (A" = X"71U) + - +a; (A = N'U)
= (A - \U)C()\)
=(A-AU) (A" U+ A" 2Cp_z+ -+ + Co), (4.32)

where C()) is a polynomial in A with coefficients which are matrices inde-
pendent of .
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Adding (4.31) and (4.32) we get
p(A) = (A -AU)(C(A) - B(Y))
=(A-XU) (A" ' (U-B,_1)+ -+ A(C1 —B1) + Co — By)
=\ (B - Cr)+AF -
where k is the degree of the second factor to the right. This polynomial in

A can only be constant, i.e., independent of A, if the second factor is zero.
But in that case it is all zero, or p (A) = O. O

Generating functions
The equation (4.1) with g = 0,

m—1

f(n+m) Zakfn—klc (4.33)
k=0

can be solved by defining the series
o0 :L‘n
n=0
called the exponential generating function for (4.33). It satisfies

> = k

F(k)(x)zz( Z fn+k:

n=k
Hence we get

m—1 " m—1

Zaka) Z Zakfn+k Z%Tf(n+m)=F(m)(x).
n! n=0

ThlS is a differential equation we can solve.
For instance, take the difference equation

f@24+n)=f14+n)+ f(n).

The exponential generating function satisfies the equation

F,/:F,+F,

with the roots £ = 1i‘/57 so that I’ becomes a combination of

2
e 1
_ 2 :gnw_
- +
n=0
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Even the Bernoulli polynomials have an exponential generating func-

tion: i
e >, B, (k)z"
— = EOT. (4.34)

Consider the product

"

Now from (3.30) this is equal to

zz:; (nk" ' + By (k)) = ze +;T

n n

5 (e

n=0  j=0

Kwang—Wu Chen’s problem

In 1994 Kwang-Wu Chen [Chen 94] posed the problem to prove the follow-
ing identity for Bernoulli polynomials with m > 1:

> (1) Bu(@)Bos8) = (=Bt 9+ mlat -1 Bps(a+5)

k=0
(4.35)

Proof: Multiplication of two copies of (4.34), taken for t = z, k = o and
k = [ respectively, yields

2p(atp)t O
t(et +)2 Zm Z( ) B,_i(5). (4.36)

By differentiation of (4.34) with respect to ¢ and then multiplication
with ¢, we also have the formula

text teazt t26(1}+1)t

oo
nB, (z)t"
t - =\ P
et—1+xet—1 (et —1)? Z n!

Substitution of the series from (4.34) in this formula with the choice of
r=a+ [ —1 yields

t26((x+,8)t (X)tn
W:Mrnzla( (n—1)Bn(a+6—1)

(et B —1)Bur(atf— 1)). (4.37)
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From the same difference equation which the Bernoulli polynomials were
invented to solve, i.e., (3.24), we get

Bn(a+pB—1) = By(a+8) —m(a+5-1)"""

for m = n and m = n — 1, respectively in (4.37), and the formula (4.35)
follows from comparing the terms in (4.37) and (4.36). O

Equations with polynomial coefficients

If in (4.1) the functions ag(n) are polynomials in n, certain higher order
equations can be solved. It is always possible to transform the equation to
a differential equation, not necessarily of the same order as the difference
equation.

The simplest case is the difference equation of order 2 with coefficients
of order 1:

(co+bon) f(n)+(c1+b1(n—1)) f(n—1)4+(ca+b2(n—2)) f(n—2) = 0. (4.38)

One approach consists in the introduction of the generating function
for the solution f(n),

This function obeys two simple rules of our concern, written conveniently
at once as

PFO () = 3 fn)n] 2"

INgk

n

J

() f ()27

n=j

=Y [n—k+j]f(n—k+j)a"
n==k

To handle (4.38) it is enough to consider j = 0,1, hence the differential
equation gets order 1, and to consider £ = 0,1,2,3 to obtain the shift of
order 2. The differential equation in F' becomes

(co + 1z + c22®) F(z) + (box + bia® + bya®) F'(z) = 0. (4.39)

If we find the zeros of the polynomial by + bix + b2, say they are a1, as,
then we can use partial fractions to write the differential equation (4.39)



“larsen” — 2006/11/20 — 15:02 — page 34 — #44 GF

34 4. Linear Difference Equations

in general as

F'(x) co+az+eor® B b, _be

F(z) T bpr+ bzt berd oz z—a; T —as

In the cases of double roots and common zeros, the expressions are similar.

We note that the constant gy is equal to biso. This can be solved as

F(z) = 2% (x — a1) (z — ag)™.

If By is an integer, we can develop the other factors as series in x, cf. (7.2),

(z— a)ﬁ - ; (g) (_a)ﬁ—kxk
and get their product to find

0
F(z) =z i 2" Zn: (ﬁkl> (nﬁ—2k> (—ay)P —F(—ag)P k-

n=0 k=0
o0 n—Lfo
51)( Ba ) Bi—k Bathk—n+8

>y (ar)Hcan)erbont,

=0 Do \E/\n—Fo—k

yielding the solution to equation (4.38) as

& B B2 Bi1—k Ba+k 8

_ _ 1—k(_ 2F+k—n+0o 4.4
=3 () (i) e e (1.40)

In order to write this solution in the forms treated in this book, we
prefer to rewrite (4.40) as

f(n) = (=a)™ (=ag) 7" f (” _,f ) (8] [Balnso (—)k

a
k=0 1

Shalosh B. Ekhad'’s squares
In 1994 Shalosh B. Ekhad [Ekhad 94] posed the following problem:

Let X,, be defined by Xo =0,X1; =1, X0 =0,X3=1,
and forn >1,

(n*+n+1)(n+1)

Xn+2+(n2+n+1)Xn+1—n+1

Xn.

Xn+3 -

Prove that X,, is a square of an integer for every n > 0.
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We consider the general second order difference equation,

Tntz = f(n)Tni1 + g(n)zn fr9:N—Z\{0}. (4.41)

With any integral initial values, x1,x2, this equation will generate a se-
quence of integers. We will see that, with the suitable choice of functions
and initial values, the solution to (4.41) will be the sequence of square roots
asked for in the problem.

We consider the equation (4.41) in the two forms

Tpyz = f(n+ D22 + g(n+ 1)zpya,
g(n)xn = Tn+2 — f(n)zn—&-l-

By squaring these two equations and then eliminating the mixed products
Tpt2Tnt1, We get a third order difference equation in the squares:

1 2 _
Fin+ Dgn+ 1) 3~

fnd1) . 1\ ., L (gt . g,
<g<n o) T m) Tz ¥ (f(n R W) Tnt =y

With the choice of the functions f(n) = n, g(n) = 1, we obtain the equation
for X,, = 22, equivalent to the one posed in the problem:

n’

1
n+1

1 1 1

With the initial values 1 = 1, x5 = 0 we obtain z3 = 1 and the initial
values of the problem (the value of Xy is irrelevant, provided it is a square).
Hence the solution to the posed problem consists of integral squares.

David Doster’s problem
In 1994, David Doster [Doster 94| posed the following problem:
Define a sequence (y,) recursively by yo = 1, y1 = 3 and
Yn+1 = (2n + 3)yn — 2nyp—1 + 8n

forn > 1. Find an asymptotic formula for y,.
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Solution
Yn ~ 2"+ \/év

while an exact expression for y,, is

n
Yp=1+2n+ Z[n]ka'H.
k=2

Proof: We define a new sequence, z,, by the formula
Yn = 2"nlz,.
Then this sequence is defined by zg =1, z1 = % and the recursion

Zn — Zn—1 n 4n
2(n+1)  27(n+1)!

for n > 1. This is really a difference equation in the difference

Znt1 = Zn +

Tp = Azn = Zn+1 — Zn,
which sequence is defined by zg = % and for n > 1 the recursion

Tp_1 n 4n
2(n+1)  27(n+1)V

with the straightforward solution for n > 1,

Ty =

1 1
- 2n-1(n —1)! * 2rt(n 4+ 1)1

Tn

Hence we find

n—1 n—1 n—1
1 1
=zt Y wk=143+4 ) k1 (k — 1)! > 2FH1(E + 1)
k=0 k=1 k=1
n—2o k n k n—2 k n k
() OMIR=JO M)
S e A0

It follows that the limit must be

N

lim z, = 2e
n—oo
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and that we can compute y,, as
n—2 k n k
n (2) (2)
Yn = 2 n'(Z 2! +Z 2!
k=0 k=0
n—2 n
=Y 2" s+ > 2" Fnln
k=0 k=0
=1+2n+Y 2" [n)s. O

k=2

Ira Gessel’s problem
In 1995 Ira Gessel [Gessel 95b, Andersen and Larsen 97] posed this prob-

lem:

Evaluate the following sum for all n € N:

Sty =Y 2~ . - (”Q_kk) (4.42)

3k<n

Solution For all n € N, we have

HOED IR <n2_kk> =2 +eos(n-3). (4.43)

3k<n
Proof: The function S(n) defined by (4.42) satisfies the difference equation,
S(n)—28(n—-1)+S5mn—-2)—25(n—-3)=0. (4.44)
Hence the solution must take the form
S(n) = a2™ + Bi" +y(—i)™.
Setting S(1) =1, S(2) =1 and S(3) =4 yields a = 8 =~ = 1.

In order to establish (4.44) it is convenient to split the sum of S(n) into
two parts, S(n) = U(n) + V(n), where

o= Z (1) vo= 2 ()

3k<n 3k<n-—3
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After splitting the binomial coefficients in the sums, these two functions
obviously satisfy the simultaneous difference equations,

Un+1)—U(n)=2V(n+1),
V(n+1) - V(n) = Uln—2),

From these it follows that both U(n) and V(n) satisfy the difference
equation (4.44), and hence so does their sum S(n). O

Remark 4.3 The solution for U(n) is as ugly as

Un) =1 (27+" +3cos (n-T) +sin(n- 1)),
while for V(n) it is similar:

V(n)=1(2"" +2cos (n- %) —sin(n-2)).

It is seen that adding the two gives the simpler form (4.43).

Emre Alkan’s problem

In 1995 Emre Alkan [Alkan 95] posed the problem:

Prove there are infinitely many positive integers m such that

- sz <2m—|—1>

18 an odd integer.

This expression is not an integer for all non-negative arguments, m €
Np, so we will consider the function of m,

= o Z <2m + 1) (4.45)

which function will be proved to be a sequence of odd integers, sometimes
divisible by 5.

The sum in (4.45) is half of a binomial sum, so let us add and subtract
the remaining terms and write

2m—+1

=g 2 () ((49) + (8)).
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Then we can apply the binomial theorem (7.1) twice to this and get

f(m) = QM% ((1 + \/§)Qm+1 + (1 - \/§)Qm+1> .

Now we distribute the 2’s to get a sum of two plain powers,

143 ((1+\/§)2>m+1—\/§<(1—\/§)2>m‘

fim) 2 2 2 2

Hence the function f must satisfy a difference equation with the two roots
(1£3)°
2

, i.e., with the characteristic polynomial

z? — 4z + 1,
giving the difference equation
fm+2)=4f(m+1)— f(m).

As we easily have f(0) =1, f(1) = 5, which are odd integers, all of the
values of f must be odd integers. Hence, if there are some divisible by 5,
the quotient must be odd for each of them.

Rather than finding other values divisible by 5, we will prove the fol-
lowing property, from which it follows that there are infinitely many such
values.

Theorem 4.4 For any integer z € Z the sums of integers for m € Ng,
= 2m+ 1
Spn(z) = kZ:O ( o )z (4.46)

satisfy that for all m € Ng, Sy, (2) divides Szm41(2).

Proof: For any real or complex square root of z we have

600 %szJrl <2mk+ 1) <(\/;)k n (7\/2)k)

k=0

1

= (+va) ™+ 1= vE) ). (4.47)

Using the identity

34y = (x +y) (x2 —xy+ y2) , (4.48)
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we get from (4.47) that

)= 5 (VA (1= V)™
L6

(VD™ (VR (VA (- Ve
=52 (14 V3™ (L= P 4 (1 vE) ™),

Ssm41(2

where the second factor in (4.48) is an integer, since the odd powers of the
square roots must cancel. ([l

From this theorem we get that 5 = f(1) is a divisor of f(4), which
divides f(13), etc.

Observe that for any j € N the sequence (4.46) satisfies the difference
equation

m+2j - QZ ( ) z+1) - 21(43) Serj(Z) - (Z - 1)2j Sm<z)- (4-49)

So with j = 2m+1, we see that each term of the sequence S, (2), Ssm+1(2),
Ssm+2(%) etc., is divisible by the first term S,,(z). Then with z = 3, it
follows that 5 is a divisor of f(7), f(10), etc.

The divisor 5 can be replaced by any divisor in any term of the sequence,
but what about 3 in 3¥? Of course, it can be replaced by any integer, z € Z,
and for odd integers the sum (4.46) becomes divisible by a power of 2. We
actually get three cases, z even, z =3 (4) and z =1 (4).

The first result is that for z even we have that all values are odd integers
and the sequence satisfies the difference equation

Sm+2(2) = 2(2 + 1)Smr1(2) = (2 = 1)*Si(2),
easily derived from (4.47), and the start values Sp(z) = 1 and S3(z) =

1+ 3z, easily derived from (4.46).
The second result is that for 3 + 4z, the sum

2 1
m 2mZ(m+ >3+4z)k

satisfies the difference equation

Un+2(2) = 4(z + DUns1(2) = (22 + 1)U (2)
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and the start values are Up(z) = 1 and U;(z) = 5+ 6z. So in this case we
get only odd integers.
And the third result is that for 1 + 4z, the sum

T(2) = 7 nj ( o )(1+4z)k

satisfies the difference equation
Try2(2) = (14 22) Ty (2) — 22T (2)

and the start values are Ty(z) = 1 and T1(z) = 1+ 3z. If z is even, then
the terms are all odd, but if z is odd, they must alternate with a period of
length 3.

In the binomial coefficients (*3"), we can replace 2m + 1 with 2m or
2k by 2k + 1, e.g., (Qi’zl), and obtain similar results.
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Chapter 5

Classification of Sums

This classification is due to the late Erik Sparre Andersen (1919-2003),
[Andersen 89]. We consider sums of the form

T(c,n) = Zt(c,n,kj), (5.1)
k=0

with n € Ny the limit of summation, ¢ € C* an argument-vector, and
k € Ny the summation variable.

We can assume the lower limit to be equal to zero, because otherwise
it is trivial to translate the formula to obtain this limit.

The question is, do we know a formula, which by a trivial transformation
gives us the value of the sum (5.1)?7 By “trivial” we mean obtained by the
following three operations:

(1) Multiplying with a non-zero constant which can depend on ¢ and n.

(2) Special choice of the arguments and limits.
(3) Reversing the direction of summation.

The way to treat the first triviality is to consider the formal quotient

t(e,n, k+1)

t(c,n, k) (5:2)

qi(e,m, k) ==

which characterizes the expressions up to proportionality, because of the

formula
n k—1

T(c,n) =t(c,n,0) Z H g (e, m, ). (5.3)

k=0 i=0

Hence, it is tempting to classify mainly according to the character of the
quotient (5.2).

43
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Classification

We will classify the sums (5.1) according to the nature of the terms and the
quotient (5.3) in five types numbered I-V. If the quotients are independent
of the limit n, we call the sum indefinite, otherwise definite.

We shall apply the main classification as follows:

I

IT

III

v

The terms take the form
t(e,n, k) = r(c,n, k)2, (5.4)

where r(c,n, k) is a rational function of k. Typical examples are the
quotient series (3.1),

n neb1_
3 k= S (2 #£1),
P n+1 (z2=1),
and the sum of polynomials, e.g., (2.6),

0

H, for m = —1.

Not of type I, but the quotients (5.2) are rational functions of k. A
typical example is the binomial formula (7.1),

i() (14 2)",

k=0
with quotient equal to

q(z,n, k) = _nl—_kk (=2).

Not of type I or II, but the terms are products or quotients of terms
which are of type I or II by factors or divisors of the form [z + ky]y,
where 0 # y # +1. A typical example is the Hagen—Rothe formula
(16.5),

ki( ) [x+kz—1kaly+ (n—k)z — 1]pn_g—1

T+
= y[x+y+nzfl}n_1
Yy

Not of type I or II, but the terms are products or quotients of terms
which are of type I or II, by factors or divisors of the form (x4 ky)*,
where y # 0. A typical example is the Abel formula (16.6),

~ aly—nz)
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V  Not of type I or II, but the terms are products of a term of type I or
IT and a harmonic number Hj, or Hc(nlz), cf. (1.11)—(1.12). A typical
example is the formula

i(—n’f—l(’;)m - %

Canonical forms of sums of types |-l

In order to recognize a sum, it is convenient to write it in a standard form.
By definition the quotients (5.2) are rational functions of k, so they must
take the form
(0 = K)oy~ ) _
Gr—F) (B R)
with z # 0 and a; # ; independent of k, but depending on ¢ and n.
The type of the sum is said to have the parameters (p,q, z). So we say
a sum is of type II(p, ¢, z) if the quotient is as in (5.5), but provided it is
not of type L.
The products of quotients in (5.3) can by use of (5.5) be written as

Qt(cv n, k) = (55)

?:1[05j]k k

;1‘:1 181k

The function 7(k) in (5.6) can vanish for certain values of k if a; € Ny or
—B3; € N. Similarly, it can be undefined or infinity if —a; € N or 8; € No.

r(k) := (5.6)

Definition 5.1 We call a sum (5.3) with quotient of the form (5.5) a sum
of natural limits if the function t(c,n, k) is defined for all 0 < k& < n and
B = —1, a; = n for some (4, j).

s [nls _ (nY,
Bl Ll (k)( D"

Without loss of generality, we can assume that i = j = 1. If we also have
the situation that 3; <0 orn < 3; for j =1,2,...,q, then we can apply

L P e e Y o 1P

[6]]]6 B [ﬁj]n [ﬂ]]n [ﬂj]n
to replace the denominator [3;]) by the numerator [b;],—x(—1)""%, where
we have set b; =n —1—f;.
With the replacements a; = «; and & = (—1)%% we can define the
following.

In this case we write
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Definition 5.2 The canonical form of a sum of natural limits (5.3) with
quotient of the form (5.5) is

From (5.8) it is easy to find the desired sum from (5.3) as

T(c,n) = %S(c, n). (5.9)

If the difference between a pair of roots equals one, say By — as = 1,
i.e., ag + bo = n — 2, we can replace the corresponding product by
[az]y, [bo], i = [a2]y_q (a2 =k + 1) [n — a2 = 2],
= (QQ +1-— k) [ag}k_l [a2 —k+ 1]n—k (—1)"71c
= [aQ]n—l (71)n (a2 + 1- k) (71)]C

The constant terms can be ignored, so we define the following.

Definition 5.3 The special canonical form of a sum having a pair of roots
with difference 1, i.e., ag + by =n—2or By —as =1, is

S(e,n) = Zs(c,n, k)= Z (Z) H[aj}k H[bj]n,k (ag +1—k) (—z)k.
=3

Jj=3 J

Remark 5.4 In the form (5.9), it is particularly easy to change the direction
of summation, as the sum must be equal to

S(e,n) = z”: <Z> :[bj]k li[aﬂn—k (é)k7

k=0 j=
while the roots are interchanged between numerator and denominator, with
the b;’s in the numerator and the n — 1 — a;’s in the denominator.

Sums of arbitrary limits

We can try to reconstruct the sums of form (5.5) from the quotients (5.5)
for all possible limits n € N. The problem is that we have difficulties
summing past the integral roots of the rational function (5.5).
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The obvious idea is to sum the products for the different situations of
no roots in the interval [0, n[. But does it really matter? Suppose we have
two integral roots, say « and 3, satisfying

0<a<pf<n

and that we have either of the two cases

[6_ k]ﬂ—om

t((a, B),n, k) = {[k; —a—1]g_q-

Then in both cases the term factor becomes
t((a7ﬁ)’n’k) _ g(k‘) _ [ﬁ - k]ﬁ—a
t((a,ﬂ),n,O) [6]5—04 ’

which gives the quotient

Bk a—k
q9(k) = B—H,. Bk

But, we must admit that
glk)=0 fora<k<g.
The natural question is, are there other non-vanishing term factors giv-

ing the same quotient inside the interval ]o, 5]? The answer is yes; we may
consider
(=1)*

hk) = 5=
(krfafl)
which is defined for o < k < 3 and gives the desired quotient,
(k) = (mast) . [B-oa—1saalk—alia
ey Boa—lialk—a—1ian
_ k—« _a— k
T 8-k B—Fk

Similarly, if § < «, either of the two term factors
71 — i

g(k) = [a—k]a—pg 16 k]ﬁ*a’
[k — — 1]5_0“

gives the quotient as above, and is defined for £ < g and for a < k.
For the interval |3, o], we can choose the term factor

=0 (3 250 ))
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which has the quotient

and is defined for g < k < a.

Hypergeometric form

Sums of types I-II can be written as hypergeometric sums as well. To do
that, it is only necessary to use (5.7) and the ascending factorial from (1.3)
and (2.5), possibly (2.1). As an example consider the Gaussian hypergeo-
metric function,

NTRS SENC

= (e kU

With this we can write a canonical sum of type I1(2,2, z) as

E”: <n> [Qk[Bln_r2" = [Bln-2F1(—n, —a; 8 —n + 15 2).

k=0 k

In general, the transformations are
pFo(—n,a1,...3b1,...52)

— ﬂ Z <Z) [—al]k s [bl +n — l}n—k' o ((_l)pz)k

(bl =
and
éo (Z) [l Bk 2" =

[Biln -+ pFy(=n, —an, .. ;8 =+ 1. (=1)P2).

The classification recipe

Given the formula (5.1), we first check whether the terms t(c,n,k) are
rational functions in k, in which case the sum is of type I. Next, if this is
not the case, we extract factors of the form of harmonic numbers HC(T]:) or
the form (where we assume 0 # y # +d)

[.’E + yk7d]k
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to see if the types III-V can apply. Then we take the quotients of the rest
of the terms, and if they are rational functions in k, we find the roots of
the numerator and denominator. Now we know the possible type, II-V.

Eventually we compare the roots with the limits to determine if the
limits are natural, or if it is convenient to divide the sum as sums over sev-
eral different intervals. This might be the case if there are several integral
roots of the quotient in the original interval of summation.

Then we look in the table of contents under the heading X(p, g, z) to
see if the sum is known. If not, in the case of type II(p,q,z), we can try
the Zeilberger algorithm, and in the case of type I, the Gosper algorithm.

Symmetric and balanced sums

The majority of known sums with several factors are either symmetric or
balanced. The canonical form (5.8) is most convenient for recognizing these
cases. But note that the binomial coefficient corresponds to a pair of factors

by the transformation
n\ _ [nlk _ [nfk[n)n—k
(k) ke e

So, in the canonical form we can have the arguments a; = n,as,... for k
and by = n,by,... for n — k.

Definition 5.5 A sum of type Il(p,p,+x) is called symmetric if we can
write it in a canonical form (5.8) with a; =b;, j =2,...,p.

This means that the canonical form of a symmetric sum becomes

S(e,n) = 2"2 (Z) ﬁ[%]k[%hww@

k=0 j=2

Remark 5.6 Symmetric sums of type I(p, p, (—1)P~!) share the property
that the sums for n odd are zero, because of the change of sign when
reversing the direction of summation.

Definition 5.7 A sum of type I(p, p, £x) is called balanced if we can write
it in a canonical form (5.8) with a; —b; = 2a, j = 1,...,p for some
constant a.

Remark 5.8 In the case of balanced sums we must let a; = n and by =n
such that we get by = n — 2a and as = n + 2a, while the rest of the
arguments can be written as a; = ¢; +a and b; = ¢; — a.
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This means that the canonical form of a balanced sum becomes

n

S(e,n) = Z (Z) [n+ 2a]k[n — 2a], 1:[3[0]- + alklej — aln_k z*. (5.10)

k=0

Definition 5.9 A sum is called well balanced if it is balanced and can be
written in a canonical form (5.10) for some constant a, and such that for
some j > 2 we further have a; +b; =n — 2.

If we have the canonical form and want to determine whether the sum
is symmetric or balanced, the symmetric case is easy enough, and in the
balanced case we have that the roots of the quotient (5.5) must satisfy that
the pairs have the constant sum n — 1 4 2a, so a can be found from the
sum of all the roots divided by 2p.

The well-balanced case means that for some pair «;, 3; of corresponding
roots their difference is 1: 8; — a; = 1, which gives the strange expressions
a; = aj = 5 — 1+ a, and therefore 8; = 5 +aand b; = 5 — 1 —a.

Remark 5.10 In the case of well-balanced sums, we can let a3 = 53— 1+a
and b3 = § — 1 — a. Hence, we can write the product

[a3]k [bs}nfk = [% -1+ a}k [% —1- a':l'n,fk

=31 4al [3 +o -], (-1
=(-D)"5[2—1+a], _, (n+2a—2k) (-1

Dividing the constants out, we can get the special canonical form for well-

balanced sums,

S(c,n)zi(Z)[n—t—Qa] [n — 2a],— k(ﬁ [c; + alk a]n_k)
k=0 §=3
X (n 4 2a — 2k) (—x)*.

Sometimes it is possible to find small deviations from these two basic
conditions. If we have the condition fulfilled except for a; = by + p or
a1 — by = 2a+ p for some integers p € Z, called the excess, we denote these
sums as quasi-, i.e., we will talk about quasi-symmetric and quasi-balanced
sums, etc.

Useful transformations

In order to write a given sum in the canonical form, it is often convenient
to make one of the following transformations.
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Lemma 5.11 The products of constant length can be transformed to the
canonical form for a sum of limits 0 and n by

(=D"
[a—klp = la—pleln — 1 = anp(~1)* ———
g la = pla—p
aé¢{pp+1,...,n—1},
(_1)n+p
a+klp=[-a—1pn—p+a, p(—1) ———
[a+Hly = [—o — 1| e T
—-a¢{1,2,...,n—p}.
Proof: Trivial. O
Occasionally some formulas seem very useful
[2n], = 2[2n — 1],, (5.11)
2n], =4" [n— 3] = (4" [-3] , (5.12)

(2:> = (4" (_f)- (5.13)

At other times it is convenient to extract consecutive binomial coefficients
from a sequence of every second such,

G-t (Db thb-tlae e

(2712; 1) = ﬁ (Z) [+ 3] =53]k (5.15)
@Zﬁ) = [nl%]n (Z) [n=3], [n+ 5] s (5.16)
@Zﬁ) = ﬁ(g) [+ 3], [n+ 3], (5.17)

The formulas (5.14) and (5.15) can be united and the formulas (5.16) and
(5.17) united in two ways as

(o) - ﬁ(ﬂj) 731 - 21, 113) ~ 3]s

") = n "5 rrasty 1
(2k+1)_2unTlJ+%h"21Hl< p )Uﬂ A
< Lt + 5]

() = st () - s s e
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Another useful transformation is the following

n—k\ (-1LEl /2] w11 rar L
( k )‘ 2] <k>”21 e [F181 =1y (95 (518)

Or, if we divide into even and odd cases, we get

<2nk_ k) = ([;;]): (Z) [n— 3], [=n— Un_k(—4)",
(2n +k1 - k:) _ %(D [n+ 1], [=n — 2_s(—4)".

Furthermore, it is convenient to have computed for m € Z and m v 0 <
k < | %] the binomial of (5.18) with a factorial,

(") = 5 S ()

X H%] -—m- %]k—m [_(%1 B 1] l2]—k (_4)k_m~

Or, if we decide to split into even and odd cases,

e (%; o k) - [2(;]1); @
x [n—3], [-n—m—1],_k(-4)F,

(5.20)
[k + m]m (2n +km++m1 . k) [2n + 1 Jn—m (Z>

< [n+ 3], 1=

—m — 2p_p(—4)F.
(5.21)

The similar formulas with n + k instead of n — k are much simpler and
valid for k,n e Ny meZ, —n<m

<"Zk) - <”k 1)(1)’2 (5.22)

1 (") = ()0 )
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Polynomial factors

We can get rid of a polynomial factor in k& by writing the polynomial as a
sum of factorials (3.32) and then changing the expression using (2.8) and

(2.2), as follows:

() o lallthos = bl (2 = Bl
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Chapter 6

Gosper’s Algorithm

In 1978 R. William Gosper [Gosper 78] gave a beautiful algorithm to
establish possible indefinite sums of types I and II.
Assume we have a sum of the form,

T(a,k) =Y t(a, k)ok (6.1)
with quotient function of the form,
(01 =)oy =)
(Br = k) (Bg — k)

If possible, we will choose the indices such that 3; —«a; € N, i =1,...,7,
and 3; — ay ¢ N, i,£ > j. For each of the pairs with integral difference we
will write the quotient, with @ = 3 — m, as

a—k _B-m—k _(B—k-—m)B—k—1mi _[F—k—1n
p-k G-k BB~k —1m— B~ Fm

Qt(a7k) = (62)

. (6.3)

Using (6.3) we can define the polynomial f(k) of degree mi + ---+ m; as
f(k) = [51 - k]ml T [/6] - k]m]"
If we further define the polynomials of the rest of the factors,

9(k) = (@j41 — k) - (ap — k)X,
h(k) = (Bjs1+1—k)- (B +1—k),

then they satisfy that for no pair of roots do we have

Bi —ae €N, (6.4)

55
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and we can write the quotient (6.2) as

fk+1) g(k)
f(k)  h(k+1)

q(a, k) = (6.5)

With the quotient given in this form, we write the candidate for a
solution to the sum (6.1) as

h(k)s(k)t(a, k)
fky
where s(k) is an unknown function which we attempt to find.

If the function defined by (6.6) solves equation (6.1), then using the
equation (6.5) we must have

T(a, k) = (6.6)

t(a, k) = AT (a, k)
hk+1)s(k+ Dt(a,k+1)  h(k)s(k)t(a, k)

fk+1) f(k)
_ s(k+1Dt(a,k)g(k)  h(k)s(k)t(a, k)
f(k) f(k)
B s(k+1)g(k) — h(k)s(k)
= t(a, k) i .

This means that if s(k) will solve the problem, it must satisfy the difference
equation
fk) =s(k+ 1D)g(k) — s(k)h(k). (6.7)

Now, it is obvious that the function s(k) must be rational, i.e., we have
polynomials P and @ without common roots, such that

s(k) = =2 (6.8)

We want to prove that s(k) is a polynomial, so we assume that @ is not

constant. Then we can consider a non-root 3, such that 341 is a root of Q,

and there exists a greatest integer, N € N, such that 3+ N is a root of Q.
If we substitute (6.8) in (6.7) and multiply by @, we get

fR)Q(E+1)Q(k) = g(k)P(k +1)Q(k) — h(k)P(k)Q(k + 1).
Now we apply this equation for £ = 3 and k = 8+ N to obtain

0=yg(B)P(B+1)Q(B),
0="n(B+N)P(B+N)Q(B+N +1).
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Neither P nor @) is zero at the chosen points, hence we have

contradicting the property of ¢ and h that no pair of roots can have an
integral difference of this sign. Hence s is a polynomial. Assume it looks
like

s(k) = agk + ag 1 kT o+ ag, g #0.

In order to solve (6.7) in s, we will estimate the size of d. We introduce
the polynomials

Then we rewrite (6.7) as
2f(k) = G(k)(s(k+ 1)+ s(k)) + H(k)(s(k+ 1) — s(k)), (6.9)
and observe that

s(k+1) +s(k) = 2agk® + - - of degree d,
s(k+1) — s(k) = dagk® ! +--- of degree d — 1.

With deg meaning “degree” we then have three possibilities.
(1) If deg(G) > deg(H), then we simply conclude that

d = deg(f) — deg(G). (6.10)
(2) If d’ = deg(H) > deg(G), then we consider

Gk) = NkT T4
H(k) =M%+ X#£0.

Hence the right-hand side of (6.9) begins
(2N org + Adag) ke =1,

This means that in general, namely if further 2\ + Ad # 0, we have
the formula

d = deg(f) — deg(H) + 1. (6.11)
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(3) The third case is the exceptional one, where deg(H) > deg(G) and
2) 4+ Ad = 0. But then )
A

d=—-2—. 6.12

. (612)

This tells us that in the case of deg(H) > deg(G) we can try one or

two values for d, according to the integrability of the solution (6.12).
As soon as d is established, one can try to solve (6.7) in the d+1 coefficients.
An example of Gosper’s algorithm

Let us consider the following indefinite sum of the type II(2,2,1) for a, b,
c and d any complex numbers,

_ [a]i[b]k
T(a,b,c,d k) =Y T a1 1]k6k
with quotient
o) = (2= ROk

(c—1-k)(d-—1-k)
We will apply Gosper’s algorithm to prove the following formula,

Theorem 6.1 For any complex numbers, a,b,c,d € C satisfying the con-
dition that p = a+ b — ¢ — d € Ny, we have the indefinite summation
formula
3 lalklbl g _ [a][b]k Zp: [pl;[k —c—1];
[c —1]xld — 1]k e = Up-1ld = i1 = la = jab =y
(6.13)

Proof: As in general the differences (6.4) are not positive integers, we have
immediately the polynomial f(k) = 1. The others are

g(k) = k? — (a +b)k + ab,
h(k) = k? — (c+ d)k + cd.

Hence the sum and difference become
Gk)=(c+d—a—-bk+ab—cd,
H(k) =2k* — (a+b+c+d)k+ab+cd.
So we are in cases (2)—(3) with deg(G) < deg(H), and after (6.11) we

compute deg(f) —deg(H)+1=0—-241= —1, leaving us with case (3)
as the only possibility. Hence we have
c+d—a—-b

deg(s):—Qf:a—i—b—c—d.
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So we get the restriction on the parameters that
p=a+b—c—deN.
If p = 0, we have s(k) = a to be found by (6.7), i.e., from

1=a(g(k) — h(k)) = aG(k) = alab — cd).

So using p=a+b—c—d =0, we have
1 1
ab—cd (a—c)b—c)

According to (6.6), we get the indefinite sum

(c—k)(d—Fk)  [a]x[blx
(@06 R) = k=0 - 1dd—1
_ 1 . [a] i [b]
C(a=)b—¢) [e—1ka[d =1
If p =1, we have s(k) = a1k + ag to be found by (6.7), i.e., from
1= (a1k + a1 + ag)g(k) — (a1k + ap)h(k)
= (a1(ab—cd —a—b) — ag)k + a1ab + ag(ab — cd),

yielding two equations in (a1, ag),
0=ay(ab—cd—a—b)— g
1= ajab+ ap(ab — cd)
with the solutions
ab—cd—a—b
ab + (ab — cd)(ab — cd — a — b)’
1
ab+ (ab— cd)(ab — cd —a —b)’
To make it look nicer, we write the denominator as
ab+(ab — cd)(ab—cd —a —b)
= ab + (ab — cd)? — (ab — cd)(a + b)
=ab + (ab — cd)® — (ab — cd)(1 + ¢ + d)
b—cd)? — (ab— cd)(c+d) + cd
ab —ed — ¢)(ab—cd — d)
b—cla+b—c—1)—c)lab—(c+1)(a+b—c—1)
—c)b—c)la—=b—1)(b—c—1)

=la—dalb—d

g =

o] =

= (a
= (
= (
= (

a
a
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and the numerator similarly as
ab—cd—a—-b=ab—cla+b—c—1)—a—-b=(a—c—1)(b—c—1)—c—1.
According to (6.6) we get the indefinite sum

T(a,b,c,d, k)
k+(@a—c—1)(b—c—1)—c—1 [a]k[]k
la —cJ2[b—c]2 [c = p—1[d = 11

- 1 Foe=1 N [alklbly
‘(w—aw—w*m—dm—dﬂ o= e ald—1n 1

For each positive integral value of p, we can in principle continue this
way, ending up with the formula for p =a+b — ¢ —d,

P

[a]k[b]k _ [a]k[b]k
T T -

pljlk —c— 1]
Jj=0 o =

ik

cjrlb—clji1
(6.14)

But it is easier to proceed with guessing (6.14) and prove it by induction.OJ

Corollary 6.2 For any complex numbers, a,b,c,d € C satisfying the con-
dition that a + b — ¢ — d = 0, we have the indefinite summation formula

alslble g1 [l
Z [c—l]k[d—l]k(%_ (a—c)b—c) [c—1p_1[d—1p_1" (6.15)
Proof: Obvious. 0
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Chapter 7

Sums of Type II(1,1, z)

The binomial theorem

The most important, famous and oldest formula is the binomial theorem,

kio <Z) aFyn Tk = (z 4 )", (7.1)

discovered around the year 1000 by Al-Karaji in Baghdad [Edwards 87].
This formula is of type II(1, 1, ) with z = % (For proof see Theorem 8.1.)

Remark 7.1 The binomial formula generalizes to n € C in the form of an
infinite series, the Taylor series, applying the general binomial coefficients,
defined by (1.5)

> (Z) zhy" T = (x4 y)" for |z < [y|. (7.2)

k=0

The formula (7.1) is of type II(1,1, z) with natural limits and quotient

n—k x
qbinom((x, y), n, ]{i) = <__> .

—-1-k Y
An indefinite formula of type II(1,1,1) is
[alk 1 [ak
—k = ——— 7.3
Dy P (73)
with quotient
a—k
q(aaﬁak> - ﬁ* k

61



“larsen” — 2006/11/20 — 15:02 — page 62 — #72 GF
—a

7. Sums of Type lI(1, 1, z)

62
Proof:
A [k _ [ ky1 _ [a]k _ [algla —k—0+k—1) 0
[Ble—1 [Blk  [Blr— 6] '
We have a formula of type II(1,1, —1) due to Tor B. Staver [Staver 47],
n 1 n+1 2k:
Yo =2ty (7.4)
k=0 (k) k=1 k

with quotient
11—k

a(k) = n—k (=1).

Proof of (7.4), Staver’s formula: Define

k=0 \k
Then we get
1 [ &En—k <=k 2
S(n,0) = — ( — + n) = —5(n,1). (7.5)
& @ TEm)
On the other hand, we also get
"k 132 &k 1 1
S(TL,O)ZI-F o =14+ — pr + — —
T AP S CO R I G
1 1
=1+ ;S(n—1,1)+ ﬁS(nfl,O)

When we apply (7.5) for n — 1, we get

In—-1

1
S(n,0) =1+ - "G —1,0)+1.
n

1
S(n—1,0) + ES(n— 1,0) = o

The homogeneous equation has the solution ";;1, so we are looking for a

solution of the form ¢(n) ";1, i.e., we look at the equation

n+1 n+1l n
= -1 — +1
Bn) "t =gl — )

or on
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which solves the problem in the form
n+ 1 n 2k n+1
S(n,0) = —— 12"t O
(n,0) = =, i (n+1 Z

Gregory Galperin’s and Hillel Gauchman’s problem

In 2004 Gregory Galperin and Hillel Gauchman posed a problem to prove
the following identity [Galperin and Gauchman 04]:

> 3 z; % (7.6)

k=1

Do

By (7.4) the left side is

n

(7.7)

||
Bl
-
i
[\}
ol

3 LI~ 1 a2
SRR iE G =LA

Now consider the sum on the right side of (7.6). The difference in n is

As we have ’ ’ ° °
Sz ()-=()-

2 ()% () =S )=

k even

we get the desired result from (7.7)

n

ZQ:i k

k odd k=1
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Chapter 8

Sums of Type 11(2,2, z)

The Chu-Vandermonde convolution

The most important sum is the generalization of one of the oldest formulas,
the Chu—Vandermonde convolution,

kZ_O (i) (n ! k) - (z Z y) (8.1)

v = (n—k)(xz—k) .
(-1=-k)(n—-1—y—k)

It appeared in the famous Chinese algebra text by Shih-Chieh Chu, Pre-
cious Mirror of the Four Elements, in 1303 [Chu 03, Hoe 77], while its
discovery in Europe was much later. (This is the usual translation; the ti-
tle might better be: Textbook on four variables.) As variables or unknowns
Chu uses the four directions, north, east, south, west. The formula was
rediscovered in 1772 by A. T. Vandermonde [Vandermonde 72]. The com-
binatorial interpretation is to consider an urn with = red and y blue balls.
Now we can take n balls in n + 1 ways, k red and n — k blue. Together
these numbers add up to the number of ways to take n out of x + y balls
while ignoring the color. The generalization we consider here is to allow
z,y € C and a general step size d, which for d = 0 includes the binomial
theorem of type II(1, 1, 2), (7.1)

Rather than consider the expression (8.1) with generalized binomial co-
efficients, it is better to multiply the equation by the integral denominator
[1]r,. Then (8.1) can be written as

with quotient

n

5 ()il = o+ o 82

k=0

65
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But this expression allows a generalization with arbitrary stepsize:

Theorem 8.1 Forn € Ny, 2,y € C and d € C, we have

n

Proof: Let
n
00 = 3 ) el
k

Using (2.7) we replace (}) by (:j) + ("gl) and split the sum into two sums.
In the sum with (Zj) we substitute k + 1 for k. Corresponding terms in
the two sums now have (", 1)[:C dlgly, d]n—r—1 as a common factor. Using
this we obtain

E:(n;1>hﬂhb@h4%ﬂx—kd+y—O%—k—U@

k
=Sn—-1)(z+y—(n—1)d).

Recursion now yields
S(n) = S(n— Kz +y - (n—k)d, .
Since S(0) = 1, we obtain (8.3). O

In the case of d # 0, the quotient becomes
(n—k)(4 — k)
(—1—k)(n—1—§—k)’

which means that we can always compare this to a formula with d = 1,
provided we have d # 0. Hence, if we come across a formula

qt (a/7 b7 d7 n, k) =

n
T(a,b,n) Zt a,b,n, k)
k=0
with quotient

t(a,b,n,k+1) (n—k)(a—k)
b k = =
Gl b k) = R 1=k bk’
then the formula has type I1(2, 2, 1) and is equivalent to Chu—Vandermonde
(8.3). Hence the sum must be

t(a,b,n,0)

T(a,b,n) = m—1-0,

[a+n—1=0b],. (8.4)
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As an example, consider the formulas

i (Z) (—1)" e + kd, ], = [¢, d}y—nd” [m],

3 (Z) (=1)*[c — kd, d]n = [c — nd, d]—nd"[m]n.
k=0

The quotient in (8.5) is

_(kil) e+ (k+Dddm n-k —§-1-k
() letkdd, — —1-k m-§-1-k
Hence we get from (8.4) that the sum must be
(_1)n[c7 d]m

n—1-m+1+4%]

n

67

c mn
[d 1—|—n—1—m+1—|—d = le, dlm—nd"[M]n,

(8.7)

where we have used formulas (2.1), (2.2), (2.3) and (2.5). Formula (8.6)

follows from (8.5) by reversing the direction of summation.

With d = 1 the formulas (8.5)—(8.6) are very frequently used in the

forms

() 1" He + Kl = [l

MS "M:

(1) 104 e = Ko = o= ol

k=0

Remark 8.2 For 0 < m < n the right side becomes 0.

Remark 8.3 For ¢ = 0 the right side becomes 0, except for m = n. Hence

5 (1) 0"t = Sl = S

k=0

Remark 8.4 As we can write

where &) are the Stirling numbers of the second kind as defined in (3.32),

we get the general formula

" /n nekym _ )0 for 0 <m < n,
Z(k>(—1> k —{ (n)

k=0 m [n]n for n <m.

(8.10)
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Remark 8.5 For m = —1 we can apply (2.3) (with ¢ replaced by ¢ — d) to

get
V(A Y S e | PR G
kZ:O (k) (—1) kchkd N [c+ nd, d]nt1 o [c 4+ nd, d] 1

or . . n
3~ CVG)

c(c+d)--~(c+nd):d"[n]n c+kd ’

k=0
i.e., the partial fraction for a polynomial with equidistant roots. For d =1
we even get

P __ 1 _Lii(_ Q) (8.11)

(Dnt1 e+ nlns nln = ¢ k

i.e., the partial fraction for a polynomial with consecutive integral roots.

A simple example

Consider the formula
L (" . k) (Zl__?:) =1 m<n. (8.12)
k=0

In order to analyze such a formula we may find the quotients. We find

n—k—1kr1  [ke  [n—2k—2}p_
[n—k]k Uf—‘rl k+1 [n—2k]m,k
[m — k]m,k

q(k) = —

[m —k— 1]m—k—1
[n — 2k]2 I n-m—-k m—k (m—k)(n—m-—Ek)
n—k k+1 [n—2ky 1  (—1—k)(n—k)

This is a quotient of type I1(2,2,1), i.e., of the Chu—Vandermonde convo-
lution (8.2), if the limits are right. Now it is obvious that terms for &k > m
vanish, so we can compute the value of (8.12) as

6
= bk S ()b il

ol
[m]m[m —n —1]m

=1. (8.13)
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After realizing that the sum is just a plain Chu—Vandermonde, one can

look for a shortcut to this formula. First, we assume m < 7, as otherwise

the terms vanish for £k > n — m. Then we multiply and divide by m! to
write

m

S (" )G - é(—nk ()= il — 24

: = 2 ()t

(8.14)

according to (8.9).

The Laguerre Polynomials

When we learn some clever formula like the expressions for the Laguerre
polynomials

me) = e = () S

none of the equalities are immediately verified. The proof of the second
equality proceeds as follows:

T d" n_—x\ __ - xj ar n - (_x)k
e = (S5 (5
(oY (50 D+ et S g (Gt il
_(Jz_:o ! (kz_o k! >_kz_0 ; gk = 5)!
B LN j _— = 2k &
=32 (5ot = 3 0 bl
N (7 (2)F
n'kz_o(k> -
The crucial point was, of course, the step
k
k .
(=1 [0+l = (D)F[leln]n-r,
jz:(:) (]) J k k
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which is just (8.9).
The systematic way of recognizing the relevant form is to consider the
quotient of two consecutive terms as a rational function of j,

(k—=j)(=k—1-1)
(1= (=1-j)

and then recognize this as the special case with m =0, ¢ =p =k, of

q(j) =

(k—j)(m—c—=1-7j)

q(j) = . =, 8.15
e [ e ) (519
the quotient of the Chu—Vandermonde (8.2), translated to
k—m k—j .
> (G )T mt il = Bl him (816)

Jj=m

Moriarty’s formulas

The so-called Moriarty formulas are as given in H. W. Gould’s table
[Gould 72b, (3.177),(3.178)].

n—p
2n+1 p+k 2n —p\ 9n_o

E = 24nTep 1

<2p+2k+1)< k > ( p > (517

k=0

n—p
2n+1\ /p+k n 2n —p\ jop—o

g = 2°M TP, 1
(2p+2k>( k ) 2np< p (818)

k=0

Because of their ugliness, these formulas were named after Professor
Moriarty by H. T. Davis in 1962, [Davis 62], with reference to the short
story by A. Conan Doyle, The adventure of the final problem. Doyle writes
about the professor: “At the age of twenty-one he wrote a treatise upon
the Binomial Theorem which had a European vogue. On the strength of
it, he won the Mathematical Chair at one of our smaller Universities.”

As pointed out by Gould [Gould 72a, Gould 74, Gould 76], Moriarty
was a master of disguise, and these formulas are nothing but disguises of
the formulas for the coefficients to the Chebysheff polynomials. Further-
more, eventually they prove to be the Chu—Vandermonde formula (8.2) in
disguise.

The relation to the Chebysheff polynomials comes straightforwardly
from the binomial theorem (7.1). Let ¢ = cosx and s = sinz; then we
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compute the real and imaginary parts of
(c+is)" = Z " R (is)k
k
k=0
_ N\ n—2k 2 n—1—2k 2\k
=X () N (g )
k k
_ W\ n—2k (2 . n—1-2k
—;(2]{)0 (c 1 +ZSZ(2I<+1)C ( 1)
_ o\ n—2k (k— g)
“X (o) E )y
k
o 1-2k 2(k— ])
—Hs;(szrl) Z() (—1)7
- : k
— —1)eh2 "
e () ()
J k
, , k
. —1)7 n—1—2j n .
—HSEJ:( Ve ;(Qk%—l p
(8.19)
Rectifying the limits of summation yields the left sides of the formulas
(8.17) and (8.18).
Rather than working on these cumbersome expressions, we just compute
the quotients. For (8.18) it is
(k) = (2n —2p — 2k)(2n — 2p — 2k + 1) (p+ k + 1)
N = (2p+2k+2)(2p+2k+1)(k+1)
k —-p+s5—k
1B (p-1-5)
Hence it is a Chu—Vandermonde sum with limit n—p and arguments n—p—i—%
and n — % So the sum must be equal to
<2n + 1> [2n flp]n_p __2n+1 <2n - p> gn-p
2p [n — §]n—p 2n+1-2p p
The quotient of (8.17) is
(k) = (2n —2p—2k)(2n —2p — 2k —1)(p+ k+ 1)
N = (2p+ 2k +2)(2p + 2k + 3)(k + 1)
_ (n—p—k)(n—p—1—k)
(~1—k)(~p—35 k)
—
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Hence it is a Chu—Vandermonde sum with limit n—p and arguments nfpf%
and n + % So, the sum must be equal to

<2n + 1) 2n — pln—p (2n — p) o
2p+1 [n + %} B p '

n—p

An example of matrices as arguments

The solution to a difference equation is essentially the computation of the
powers of some matrix A™ for n € N.

A:(g g).

We will need the half trace and the determinant of the matrix, and the
discriminant for the characteristic equation too,

o="2 er d (8.21)
D = ad — be, (8.22)
A=0*-D. (8.23)
With these notations we can write the Cayley—Hamilton formula (4.30)

for A as
A% —20A + DE = O,

or more conveniently for us,

(A — OE)? = AE.

For this reason we will find it useful to write
A =0E+ (A - OE). (8.24)

Because E commutes with any matrix, we can apply the binomial for-
mula (7.1) to the sum (8.24).
"=(OE+ (A - OE))"
@n 2k A @E 2k ®n72k71 A — OF 2k+1
() a3 (5 oA em

>
;( )@” 2’“A’“E+Z(rij_ 1)@” 12K AK(A — OE).

(8.25)
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In the case of A =0 we only get the terms for k = 0, i.e.,
n n n—1 n n
A" =O"E+nO" (A —OE)=0 (E+6(A—@E)).
If D =0, we have A = ©2 and hence the whole sum reduces to
A= (")emE+ Y (.." Je"l(A-eE)
- 2k p 2k+1
=2""'19"E +2""'0" (A - OF)
= (20)" AL
In the case of A > 0 we remark that
n n n
+ A — n—QkAk + A n—1—2kAk.
o) - (o mar s B, )e
Solving these two equations, we get
n n—2k Ak __ (@_'_\/Z) +(@_\/Z>
> O 2kAR = ,
2k 2
k
Z ( n )Gn—l—QkAk _ (@+\/Z) _ (@_\/Z) _
. 2k +1 2v/A
So we get the formula
(0+va) +(e-va)
A" = E
2
(0+va)' ~(o-va)'
+ A - OE).
WA (A~ OF)
In the case of A < 0, we remark that from (8.23) we have A = ©2 — D,
and hence
Ab=(©*-D) =" (’;) ©%*-2(—D). (8.26)
J
—®
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Substituting (8.26) in (8.25) allows us to proceed as follows:

R (e o

+Z(Qk+1) CHN 2’“2( )@2" %(-D) (A - OE)
-Seneory(5)(5)e

D> (5 1) (5)a-em
e (" )

+> O '"¥(=D J("_l. >2”12J(A OFE).
J

J

In the case of A < 0 we always have D > 0, hence we can proceed,
n —7\ (=) (20 \"¥
() ()
( ) 2 ; 7 n-—7 \/5
+(vD : 1) [ S= A - OE).
( ) XJ: < j =) vD ( )

The sums can be recognized as the Chebysheff polynomials (8.19), so using
the rewritten

o (35)) - () VT

we proceed to

A" — (@)”(Tn (%) E+ %UH (%) (A — @E))

_ @)"( ( (ﬂ)>E sin (narccos <%>>(A_@E)>
( COSs | n arccos \/5 + \/I .

Joseph M. Santmyer’s problem

In 1994 Joseph M. Santmyer [Santmyer 94] posed the following problem.
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If M, N are integers satisfying 1 < m < n — 1, prove that
2n—m —1 n—1 kE+j\(2n—m—2k—3j—3
<2n2m1> ( ) ZZ( )( 2ln—-m—k—1) )’

We have nonzero terms only for 0 < k<n—-m-—-1land 0<j<m-—1,
hence the sum is finite.
We write the sum as

n—m-—1m-—1

Z ZO k+] 2TL —[2—2147 —'j—g}r‘nflf‘j
j=

=0 —1—jlm-1-j

n—m-—1 m—1
1 2n —m — 2k — 3]_1[m — 1],
e Z kol

P %]k = 2n —m — 2k — 3];[m — 1];m—1
B 1 I 2n—m = 2k — By [k A+ flklm — 1]
o m =1 Z (K] [2n —m — 2k —3];

I
<

J

In this form the inner sum is recognizable. We need to compute the quotient
of two consecutive terms:

(m—1-j)(=k—-1-7)
(-1—j)2n—m—2k—-3—j)

q(j) =

This quotient is the quotient of the Chu—Vandermonde formula with pa-
rameters —k — 1 and 2m — 2n + 2k + 1. Hence the sum is easily computed

[k]k[2m — 2n 4+ k]pm—1 [k]k[2n —2m —k+m — 2],—1

2m—2n+2k+ 1,1 [2n—2m—2k—1+m—2];_1

Substitution of this result in the sum gives

g_ 1 "ilzn— m — 2k — 31 [K]s[2n —m — 2 — K]m_1
[m —1m_1 [k]k[2n — m — 2k — 3];—1
k=0
1 n—m—1
- 20 —m —2 — k1.
[m— 1]m71
k=0

This sum is easily calculated, but in order to get the desired result we
reverse the order of summation,

n 1

S = i [n—1+k]m
[ -1 k=0
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The quotient of this sum becomes

8. Sums of Type 11(2,2, )

(k) = n+k B —n—k
N Tmt1+k —ntm—1—Fk
so that the sum is equivalent to (7.3) witha = —nand b= -n+m—1

with arbitrary limits,

e I [Mom 1
kz:;) m—n—1 —-m ([m—n—l]nml [m—n—1]1>
1 (D" ™n+n—m-—1]h—m
—— <(—1)"—m_1[n —m+1l4+m—m—2)]pm 1 " —|—n>

:l< 20— m— 1o _(n_m)>

m \[2n — 2m — 1] —m—1

:l<[2n—m—1]m_(n_m)).

m [n—1]m-1

Hence we get for the sum S,

_ 1 =1y 1 [2n—m—l]m_n_m
S = [m —1]m—1 1 m( [n— 1)1 ( ))

= ﬁ([?n—m—l]m— [n—1]m)
2n—m—1]m, [n—1nm

[m]m [m]m
- <22:_27:L—11> - <nT:l 1)'

The number of parentheses

Let P, denote the number of ways we can place parentheses legally between
n objects. We want to prove the formula

Pn:l(2n—2>
n\n—1

from the obvious recursion

Poy1 =) PePoyik.
k=1
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Substitution means that we shall prove the formula

1 (2n _2":1 2k —2 1 2n — 2k
n+1\n _kzlk k—=1)n+1—-k\n—k )

Using the quotient we find that the sum is proportional to

S ("% ) Bl Bl

Now, Chu—Vandermonde says the sum from 0 to n + 1 is 0, so we must
have that

S (Y W= 2B 620

k=1
Hence, we get

n

2t (D)= (0md) —aro e

An indefinite sum of type 11(2,2,1)

For any complex numbers a, b, ¢, d € C satisfying the condition that a+b—
¢ —d =0, we have the indefinite summation formula

k = .
c¢—1]g[d — 1] (a—c)b—c) [c—1]g—1]d—1]x—1

with the excess generalization: For any complex numbers a,b,c,d € C

satisfying the condition that p = a+b—c—d € Ny, we have the indefinite

summation formula

[alx[B]x _ [alx[b ~ [k —C—H
Z[C—l]k[d—l]kék_[c—l] —1 Z —C

la —clj+a[b—cljur

E:[ lalklbk 1 [a][b]x

We proved these formulas as Corollary 6.2 and Theorem 6.1, formulas (6.15)
and (6.13).
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Transformations of sums of type 11(2, 2, z)

The standard form of a sum of type II(2,2, z) with natural limits is

T(a,b,n,z) = Z (Z) [a] 1 [B 2 (8.28)
k=0
with quotient
alabon, k) = — (= F)a=k)

C1-km—-b-1-k"

Explicit forms of the sum in (8.28) are in general not known. But for
certain values of z, formulas exist with some restraints on the parameters
(a,b). Furthermore, in general the possible values of z appear in groups of
order 6. This is due to the following transformations.

Theorem 8.6 (Transformation theorem) The sums of the form (8.28) al-
low the following identities:

T(a,b,n,z) =2"T(b,a,n,1/z), (8.29)
T(a,b,n,z) =(-1)"T(a,n—a—b—1,n,1— 2), (8.30)
T(a,b,n,z)=(z—1)"T(n—a—b—1,a,n,1/(1 — 2)), (8.31)
T(a,b,n,z) =(1—2)"T(n—a—b—1,b,n,z/(z — 1)), (8.32)
T(a,b,n,z) =(—2)"T(b,n—a—-b—1,n,1—-1/z). (8.33)

Proof: The formulas follow from repetition of two of them, (8.29) and
(8.30). The former is obtained by reversing the direction of summation
in (8.28). We only need to consider the formula (8.30); the right side
becomes

(-D)"T(a,n—a—-b—1,n,1—2)

—(~1)" an (Z) [ale[n — a — b — 1p_(1— 2)¥
k=0
~0r 3 (il - mka: (5) ey
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4—1)”2 (7)ot ; (")l —a -1y
(1 Z (7)== labtn =3 =61y
-1y g (7) =2V lasfn 3+ 0+ 1+ (0= 5) = (1"
:zn: (;‘) 2[a)[Bln—; = T(a,b,n, 2),

where we have interchanged the order of summation and applied (2.9),
(2.2), (2.1) and eventually the Chu-Vandermonde formula (8.2). O

This theorem tells us that with each possible value of z, there are up
to five other formulas easily obtainable, giving the six values

z, 1/z, 1—2z 1/(1—-2), z/(z—1), 1-1/z.

The exceptions giving fewer than six different possibilities are (a) z = 1,
giving at most 1 —2=0; (b) z=1/z= -1, relatedto 1 —2=1—-1/2 =2
and 1/(1 — z) = z/(z — 1) = %, giving a group of 3; and (c) the sixth
root of unity, z = 1/(1 —z) = ¢'5 = 1 —1/z = L +i¥3 related to

%

1/z=1—-2=2/(z—1) =€~ - i?, giving a group of 2 complex
conjugates.

1
2

The factors —1 and 2. Formulas of Kummer, Gauss
and Bailey

The formulas of types II(2,2, —1) and I1(2,2,2) are due to E. E. Kummer
[Kummer 36] in 1836, C. F. Gauss [Gaussl13] in 1813, and W. N. Bailey
[Bailey 35] in 1935. As can be seen from the transformations (8.29)—(8.32),
these formulas are closely related.
Consider a sum of the form
" /n
S(a,b,n,d) = Z (k) [a, d]i[b, d]pn_x(—1)"

k=0
with the quotient

(n—k)(G—F)

K gy T A




“larsen” — 2006/11/20 — 15:02 — page 80 — #90

80 8. Sums of Type 11(2, 2, z)

For d = 0 it reduces to the binomial theorem, and otherwise we can use
(4.8) to reduce the sum to the form of d = 1. The factor (—1) makes the
sum alternating, so for a = b and n odd we must have

S(a,a,2n+1,d) = —=S(a,a,2n+ 1,d) = 0.
Theorem 8.7 (The general Kummer formula) For a,b € C,
I |
(et =3 (75 )rhuoslali (17

= n—2j
Proof: Let us define

5= ; () o1

Then we apply (8.3) to the second factorial as

[Blai = > (?_ :) la— k];—k[b— a + K]n_;.

Hence, we obtain

s=Y% (1) (52 0) 0¥ el Myl = at By,

We apply (2.9) and (2.2) and we interchange the order of summation to

get
5=2% () () vrato- oty
) (?)[ab;(i)[b—amn_j(—nk.

Now (8.7) implies that this is zero for 0 <n — j < j, but for j < § we get

5= Z (Z) [a];(=1)7[b — a],—25ln — jl;.

We apply (2.10) and (2.12) to write

(?) =gl = (n ; j) [l = (:_2]]) [,
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and then (2.10) again to write

n—j _(b-a . ‘
(A | PR il L et
and finally (2.2) to write
[nlj[n = jln—2; = [nln—j-

The result is then
b—a )
5=3 (25 sty - 0

In general this theorem is the only formula known, but for two special
cases there are improvements. If either b — a or b+ a are integers, we can
shorten the sum.

In the first case we have the quasi-symmetric Kummer formula with
p=b—acZ.

Theorem 8.8 (The quasi-symmetric Kummer formula) Fora € C andp €
Z

J

L5
Swatpn =o6r 3 (1 )ihsler w01y s

j=15

Proof: Let p > 0. Then the change to the natural limits gives the for-
mula (8.34). The general formula is obtained by reversing the order of
summation. g

The special case of difference zero is the symmetric Kummer identity.

Corollary 8.9 (The symmetric Kummer identity) For a € C,

n

n _ [n]mla]m(=1)™  for n = 2m,
kZ:o (k> [a]k[a}n_k(_l)k B {0 for n odd.

By division with [n], = [n]m[m]m, we can rewrite the formula (8.34) to
look analogous to (8.1):
Corollary 8.10 (The quasi-symmetric Kummer formula)
L3]

SO (50T

k=0 j:["—z\ﬂ‘l

(8.35)
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In the second case a + b € Z, we have the different quasi-balanced and
the balanced Kummer formulas. To prove these we need the following:

Theorem 8.11 (The first quasi-balanced Kummer formula) ForacC and
0<n>pez,

i(:) [n—p+alkn — alnx(=1)*

k=0

2n—(pV0) || (|p|
[n=pl-ro) S\ J

) ot

X [n—aljln—p+alp_jn—7—1-a,2,_pvo- (8.36)

Proof: We apply (2.1) to the first factorial to obtain

(0

S n—p+alpn —alp_p(—1)F

Z(Z)[na}n_k[pna+k1}k.

The product runs from n —a to p —n — a with the exception of the factors
in the factorial [k — a],—p+1. Therefore, using (2.2) twice, we can write,

[k — a]n—p-i-l

- n [N — alan—p+1
B Ek: <k> [k—a+p—n+(n—p)]n_p+1'

We now apply (8.11) to the denominator with ¢ = k—a+p—n andn =n—p
to get

R {4 > g [t

J

s-y @ [0 = aluilk = dlupirlp—n —at k- 1,

We substitute ¢ = k + j as summation variable in the second sum and get

s- bty (5 (170), S

[ — pln—p &

Then we interchange the order of summation and receive

T e W =M ([

[n— p]nfp P
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Now the integral quasi-symmetric Kummer formula (8.35) applies to the
second sum (with the sign of p changed). Hence, we get

_ [n — a]an—pt+1 (=1’ —o(p)) |p|
5= zi:p—n—a+i( (p))zj:(i—%)

[n = pln—p
x (” - (;? v O)> (—1).

Next we interchange the order of summation and get
g [P donpn 3 (” - (I?V 0)) (-1 S ( | ) (o(p))’ )
[ — Pplap ; J ; 1—2j)p—m—a+i

Now we substitute k = i — 2j as the summation variable in the second sum
and get

() ()

[n — p]n—p J

Again we interchange the order of summation while dividing the denomi-
nator by 2

g_ [M—alanpi ) (|p|) (o(p)* 3 (n —(pv 0)> _ (_*1)j )
[n—plnp T\ K 2 4 j pmn—atk 4 ;

Now we can again apply (8.11) with ¢ = %’Hk, n=n— (pV0)on the

inner sum. It becomes

g [M—alnpi 3 <|p|> (e()* [n— (Vv O)]n—(pvo)

[n—plap S\k/) 2 [%m-@vo)}

n—(pVv0)+1
The next step is to double each factor in the factorial of the denominator,
which also doubles the stepsize, then cancel common factors of the factorials
before the sum, and finally we get

on—(pVv0)

_ Ip| (a(p))*

[ — pl—(pr0) — ||, 2ln—(pvoy+1°

We reverse the direction of summation and get

2n7(pVO) . o
S=r—F—— (|p>(a(p))”’“ _[n_ Aon—pt1
[TL p]—(p/\()) & k [TL a—k, 2}71—(]0\/0)—}-1

We use (2.2) to split the numerator as

[TL - a]2n—p+1
= [n —alx[n — a — klan—2ppvoy+1l—a —n —k+2(p V 0) = 1]ov0)—p—k
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and (2.7) to split
[n—a—klan_opvoy+1 = [ —a =k, 2], _puoy+1[n —a —k —1,2],,_ o),
and finally (2.1) to write the last factorial as
[~a—n—k+2(pV0) = 1apvo)ypr = (=1)" *la+n—plp
Then the result follows. O

Theorem 8.12 (The balanced Kummer identity) For a € C,

3 (Z) [0+ als[n — aln_i(=1)* = 2"[n — 1 — a, 2,.. (8.37)
k=0
Proof: We just have to apply (8.36) for p = 0. O
Theorem 8.13 (The second quasi-balanced Kummer formula) For a €
CandpeZ,
2 n
> (1) —p+alin (1)
k=0

n— |
gn—(pVv0) P <|p|

o(P)PH[—a+n+7j—1,2 (o). (8.38
= Pl-@no) 15 J) @) Jn—(pn0)-  (8-38)

Proof: We define

n

S(n,a,p) := Z (Z) [n—p+alp[n — al,_r(—1).

k=0
We apply (2.4) to the second factorial to split the sum into two, and then
formula (2.7) to the second sum to get

S(n,a,p) = Z
k=

n

(3)10 = o 1)+ Dl = 1= a1

[}

1
+ (ni 1) [(n—1)— (p— 1)) +alln — 1 — alur-p(~1)*

=0
n,a+1,p+1)+nSn—1,a,p—1).

)

=

=9

—~

Next we apply (2.4) to the first factorial to split the sum in two, and then
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the formula (2.7) to the second sum to get

n

Stn.a,p) =3 ()10 (0 1)+ aldn — a1

k=0
03 (3= = - 1)+ o= Dy
xn—1—=(a=1)]p1-g-1)(=1)"
=S(n,a,p+1)—nSn—-1,a—1,p—1).

By eliminating respectively the second and the first terms of the right sides
of the two formulas, we obtain two useful recursions:

25(n,a,p) = S(n,a—1,p—1)+ S(n,a,p—1),
2(n+1)S(n,a,p) =Sn+1l,a,p+1)—S(n+1,a+1,p+1).

Repeating the first formula p times or the second —p times and then using
the formula (8.37) valid for p = 0 and cancelling common powers of 2,
yields the form (8.38) after reversing the direction of summation. (]

Corollary 8.14 For arbitrary c, arbitrary n,p € Nog and 6 = +1 we have

=N
Proof: We compare the right sides of (8.36) and (8.38) and cancel the
common factors. O
Related to the factor z = —1 is the factor 2, which appears in well-

known formulas, e.g., the formulas of Gauss from 1813 [Gaussl3], and
Bailey from 1935 [Bailey 35], which are the following formulas for the choice
p=0.

Theorem 8.15 (The generalized Gauss identity) For « € C, p € Z and
n € Ny,

Zn: (Z) [alk[n — p — 1 — 2a], 42"

k=0

e R | o
= (—oa(p)) Z ) [n—jla+ (@ A0);(=1)7.  (8.39)
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The Gauss quotient is
B (n—k)(a—k)
9= (-1—-k)(2a—p—k)
making it type I1(2,2,2).

2,

Theorem 8.16 (The generalized Bailey identity) For a € C, p € Z and
n € Ny,

2(7”_”)vo[n — Pl—(pro) Z (:) [alk[(p —n — 1)]n7k2k
k=0

|pl
_ (_1)n2(n—(pv0))vo Z ('Pl)a(p)p"_j[—a +92n — P +j -1, Q}n—(p/\o)-

i=o \J

(8.40)
The Bailey quotient is

B (n—k)(a—k)
= (—-1-K)@2n—p—Fk)~
making it type I1(2,2,2).

Proof: We apply (8.30) to (8.34) to obtain the generalized Gauss formula

(8.39).
We replace a by a + p — n in (8.38) to obtain as the left side
> ) lalk[2n +p = alnx(=1), (8.41)
k=0

When we apply (8.30) to (8.41), we obtain the generalized Bailey formula
(8.40). O

The factor £ + z§

Let the three parameters in the transformation formulas (8.29)-(8.32) be
equal, i.e., a =b=mn—a—b—1, or precisely, a = b = "gl. Then the

transformation (8.31) yields, with p = £ + i@,

T(nT_la nT_l’nvp) =(p— 1)nT(nT_l’ an’n’p) = anT(nT—l’ an’n’p)'

This means that we get 0, except if n = 3m, because p® = 1. Furthermore,
for m even the sum must be real, while it is purely imaginary for m odd.
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In fact, we have the formula
0 3In,

() B30 ) = o [ (a2
(Van" -

This formula is a special case of no. 15.1.31 in [Abramowitz and Stegun 65],
which has the following 3 forms as special cases:

NE

(Z) [3n + Ux[—n — Un_rp" = [-3],, (_“/ﬁy ’

k=0

M=

(Z) [—n — 1k[3n + 1—kp® = [-2], (—i\/ﬁp)n ,

0

ol
Sl

(1) == teln = s = [-2), (v25)"

k=0

Sums of type 11(2, 2, z)

From formulas (15.1)—(15.4), we know the sum for the four values of the
constants in the factorial, n £ %, and any choice of z.

e (5 (5)"), .
(7)o = 1,2

S ()T CE)T) e
(7)o o+ 2,2

B [2n\21]n ((\/251)2"*2_ (ﬁ;l)wz) 549
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The formulas (8.43)—(8.45) are in Gould’s table [Gould 72b, 1.38, 1.39
and 1.70, 1.71]. Some of the formulas above for the choices z = 5,9,25
are repeated in Gould’s table as nos. 1.74, 1.77 and 1.69, respectively. To
recognize them it may be necessary to apply some of the transformations
(8.13)—(8.14). For completeness we will give the formulas obtained by these
transformations in the nine other possible forms. The first one (8.46) ap-
pears as no. 1.64 in Gould’s table.

(7=
7N\
> 3
~
=
\
N[
E
S,

3
|
B
N
B

. = [-n], ((@)2’? (L)) (8.46)
(3) ol = 3],

= ol ()" (2 (5.47)
5= () b elon

-l ()T (ST ay
S () o

B G BRIC o I B
S () b= Bhelon

SR ()T (5)T) e
> (1) et 4

e e I

I
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> () o 4y o2
k=0
e — 2n+2 —_ 2n+2
Z (Z) [-n =2 [n+3],_ 2"
k=0
e = > 2n+2 o 2n+2
-t () ()Y

Remark 8.17 In the formulas the choice of the square roots shall be con-
sistent throughout the right side.

It is possible to generalize these formulas by introducing a parameter,
m € Z, to add to one of or both of the arguments. For m < 0 we only know
some recurrence formulas, but for m € Ny we can give exact expressions.
For example, replacing z by various expressions in 7, we have

kzn:_o (Z) [n_ %]k ["+m+ %]nik (14::)%

m

_ [2n]n—m [27’1 + Qm]k[_m]nL—k
- (r— 1)2n kZ:o (1+ T)2m+17k

(= () () ()
(1) o+ 4, (H2)

_ntlnm ™20 4 2m A+ 1R[]k
(’I"* 1)2n+1 pors (1+T)2m+17k

()= () ()

>

k=0

(1 + T)2m+1—k
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n k
n 1 —4r
5 () et ()
k=0
CR2n+ 1, (-1)" zm: [2n 4 2m + 1k [=m)m_r
(r — 1)2n+1 P (1+ r)2mt1i-k
m _ m—1 2n+2m+1—k m _ m—1
() ) () ()
(8.56)
E”: " [n+m+ 3] [-n—m—1] . '
= \k 23k =k (14 7r)2
(7«+ 1) n P (1 +r)27rl+1—k
() ) () ()
n k
n 1 —4r
+m+3i] [Fn—m—2 S
5 0emethn et (i)
Rt 1y (—1)" i [2n + 2m + 1i[—m)m_s
 (r+ D2 (r—1) pard (1 + r)2m+1-k
() () () ()
We prove these formulas by using the transformations (8.13)—(8.14) and
in the forms of (8.55)—(8.56) the transformations (5.20) and (5.21). These
formulas are then joined by the formula (5.19), so all that remains to be
proved is the following:
Theorem 8.18 For r =1 and any m € Ng we have the formula
L%JH n—j (—1)127-2 = (—1)™m! n+1 (8.57)
For any r € C\ {1} and any m € Ny we have the formula
5] ) m
4] n—7j (—T)j(l + T)n—2j = (=r)™ Z ]k [=m]m—k
Jlm j - (1 —r)2m+i-Fk
3=0 k=0
(™ " m—1\ ((m n m—1 (—1)kpn—h
k)T k k)" k ")
(8.58)
—®
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To prove this formula we will find useful a more general lemma, valid for
m € Z, establishing a recursion for the kind of sums we consider.

Lemma 8.19 The function defined for n € Ng, m € Z and r € C as

o) = JLﬂm(

Jj=0

w3

n—j 3] 4 pyn—2i
i )(—’I") (1+7) (8.59)

satisfies the following recursion in n and m:

fn+2,m,r)— 1 +r)f(n+1,m,r)+rf(n,m,r)=—mrf(n,m—1,7).

(8.60)
Proof: We split the binomial coefficient with (2.7) into two to write
i n+l—j ; ;
st 2mn) = 3 (") sy
i=0 J
[5]+1 .
1 (rti- j) j +2-2j
+ ml| . —r) (1 +r)"T=s
> U ("I )i

=(1+r)f(n+1,m,r)
L3

+ ;)[j 1] (” j_ j) (=r) (1 4 )2,

Now we apply (2.4) to split the factorial to establish formula (8.60). O

Proof of Theorem 8.18: The difference equation (8.60) has the character-
istic roots  and 1. Hence, by Theorem 4.1, the homogeneous equation is
solved by the functions

ar™ + @ forr #1,
an+ g for r = 1.

In particular, it follows from the equations f(0,0,7) = 1 and f(1,0,r) =
1 + r that the solutions for m = 0 are

Tn+1_1
f(mO,r): T—_l forr;él
f(n,0,1) =n+1.

The solutions can now be found by splitting the operator and applying
(4.10) successively. This procedure must give the solutions in the form

fn,m,r) = pr(n,m)r™ + gm(n, r) for r # 1 (8.61)
f(?’l, m, 1) = Sm(n)a (862)
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where pp,, ¢n and s, are polynomials in n of degrees m and 2m + 1
respectively.
Let us consider the special case r = 1. Then we can write

2m—+1

sm(n) = 3 APl
k=0

for which the lemma tells us that

2m—+1 2m—1

> ko = —m > v ol
k=2 k=0

This gives the recursion in the coefficients

,Ym—l
m k—2
=-m for k > 1.
Tk [k]g
Hence, we get 74 = —% and vi = —%, so that we find

f(nalal) = _%[n]?) - %[nb ‘*"Y%n‘*"Yé-

The last two terms must vanish, so the final formula is

f(n,171):—<n;_1).

Induction now proves (8.57), but this case also follows from Chu—Vander-
monde, (8.2).
Substitution of (8.61) into (8.60) yields, after division by the appropri-
ate power of r # 0,
rpm(n+2,7) — (L+7)pm(n+ 1,7) + pm(n,r) = —mpyp—1(n,r), (8.63)
%qm(n +2,r)—(1+ %)qm(n +1,7) + gm(n,r) = —mgm—_1(n,r). (8.64)

We can write the two polynomials as

Pm (TL, 7") = Z a?(r)[n]kv (8'65)
k=0

gm(n,m) = B (r) [l (8.66)
k=0

and note that we already know

r 1
po(n, ) = —
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Now substitution of (8.65) into (8.63) gives
m 1 m m— m
o (r) = 17— (Tapt o) + vk + Daf (). (8.67)
For m > 0 we have the equations
ag'(r)+ 65 (r)=0 8.68)
(af"(r) +ag'(r)) r + B1*(r) + 55" (r) = 0. (8.69)

If we assume that

ﬂin(’r) = _a71n (%) )
then the solution of the simultaneous equations (8.68) and (8.69) gives
B3 (r) = —og" (3) -

The similarity of equations (8.63) and (8.64) insures that we have the gen-
eral identities

B (r) = —ag® ()
gm(n,r) = —pm (n, %) .

The recursion (8.67) proves that

m 1 m—1 T
am(r): 1_ram71(r): m
Now we define -
m (1 - T) ml m
op'(r) = ——4———a'(r).

[m]m—k
Substitution into (8.67) gives the recursion for this new function,

opi(r) = U,T:ll (r) +roq (r). (8.70)

In particular, we have ¢](r) = r. Induction proves that o}*(r) is a poly-
nomial in 7 with only two terms, namely

op(r) = (bznrm_k“ + w,f‘rm_k. (8.71)

Substitution of (8.71) into (8.70) yields the very same recurrence for the
coeflicients, namely

-1
¢ZL = ’]rcnfl +¢ZL+17
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which has as solution some kind of binomial coefficients. We find the solu-

tions to be
m _ 2m —k —1
k m

2m —k —1
wz”:<mm_1 )

Substitution backwards eventually yields

pulnr) =3 <(7:>r + (m N 1)) [(T}_m;;fnffik e, (8.72)

k=0
(™) (MY e
qm(n,r)=kz_0<(k)+r< . ))W[nlk- (8.73)
Substitution of the formulas (8.72) and (8.73) into (8.61) gives the formula
in the theorem, (8.58). O
Remark 8.20 The theorem in particular gives the formula for m = 0, and
gives an easy way to find the formula for m = —1:
-1,r)=—((1 Tt —1). .74
Fn.~11) = o () = = ) (8.74)
The recursion (8.59) in the lemma allows the computation of formulas
for m < —1 as soon as the formula for m = —1 is known.

Proof of (8.74): Consider the formula for m = 0:

f(n,0,r) = % <n B j> (=r)Y (1 +7r)"% =

=0\ 7

i
r—1

Take the first term of the sum, and then remove the two highest factors of
the binomial coefficient to get

nog- 1) (=) (1 +7)"2

13

n n—J
n,0,r)=(1+7r)"+ —_— .
o) = 4300 ("7

In the sum, change the variable to j — 1 to get
Ll n n—2—j
n,0,r) = (14+r)"—r — =1 i —r) (147272,
oo =@er=r 32 (A =1) (U777 )ervaen
which can be written as

f(n,0,r)=14+7r)"—=rf(n—2,—1,7)+rf(n—2,0,r).

This proves the formula (8.74), which remains valid for r = 1. O
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The general difference equation

The only general result about sums of the form (8.50) is that the function
T(a,b,n,z) must satisfy the following second order difference equation in
the variable n:

(E*+ ((1+2)(n+1)—2a—b)E+ 2(n—a—"b)(n+ 1)I)T(a,b,n,z) =0.

(8.75)
For fixed a,b, z the equation has coefficients which are polynomials in n
of degree 2, so no general solution is obtainable. For special choices of
a, b and z it is, of course, possible to solve the equation, but for all such
choices which we have been able to figure out, we get some of the formulas
mentioned above. This formula is derived by the Zeilberger algorithm,
cf. (16.7).
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Chapter 9

Sums of Type 1I(3, 3, z)

The Pfaff-Saalschiitz and Dixon formulas

The most famous identities of type II(3,3,2) are the Pfaff-Saallschiitz
identity, first discovered by J. F. Pfaff (1797) and later reformulated by
L. Saalschiitz (1890) [Pfaff 97, Saalschiitz 90], and the two Dixon identities
(1903) due to A. C. Dixon [Dixon 03]. All these are of type 11(3,3,1).

Theorem 9.1 (The Pfaff-Saalschiitz formula) If a; +as+b; +by =n—1,
then

5 () el Bl el (1 = fon -l Lo+ ),
k=0

= [b1 + a1]n [bl + CLQ]n (—1)"’.
9.1)

The quotient is

_ (n—k) (a1 — k) (a2 — k)
s = 1 "k n-1-b,—k)(n—1—bs—k)

Remark 9.2 The formula is reflexive. If we reverse the order of summation,
the condition repeats itself. But the sign will change for odd n.

Theorem 9.3 (The symmetric Dixon formula)

n n - ) | L
kZ:o (k>[ ]k[b}k[ ]n—k[b]n—k( 1)
{O forn odd,

Al —a—b— Tl forn=2m O

97
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Theorem 9.4 (The balanced Dixon formula)

n

3 (Z) [+ 2a]k[b + ali]b — aln_k[n — 2a]n_(—1)F

k=0
=[n—2a—1,2],[n + 2b,2],. (9.3)

Besides these, there are formulas due to G. N. Watson [Watson 25], and
F. J. W. Whipple [Whipple 25] in 1925, but both are transformations of
the above formulas due to Dixon.

Transformations of sums of type 11(3, 3, 1)

The sums of form

S (a1, a2,b1,b2) = > (Z) [ar]y, laz]y [b1), g (2], (F1)F (94)

k=0

are independent of interchanging a; and as or b; and by, and of reversing
the direction of summation, except for the factor (—1)", which depends on
the interchange of the pair of sets {a1, a2} and {b1,bs}.

Let us define the function of two variables

fulmy)=n—-1-z—y
and the transformation of the set of four variables
Tn (a1, a2,01,b2) = (fn (a1,b1) , b2, a1, fr (a2,b2)). (9.5)

With these notations we have

Theorem 9.5 (Transformation theorem) For S defined by (9.4) and the
transformation of indices T, defined by (9.5), we have

Sp (T (a1, a2,b1,b2)) = S, (a1, a2,b1,b2) (9.6)
or, written out,
Sp(n—1—a; —by,ba,a1,m—1—as —bs) =5, (a1,a2,b1,b2).  (9.7)
Proof: By Chu—Vandermonde (8.2), using (2.1), we have,

bal = (1" bt =k 1],

_ (ot ; (;’j ,’j) far — K],y n—ar — by — 1],
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Applied to the definition (9.4), it gives the form
Sn (alv asg, bla b2)

— g:ojik (Z) (;L : :) [a1]y [a1 — K], [azl,,

x [n A bl - 1]n—j [bQ]n_k (*l)n
Now we apply (2.9) and (2.2), and interchange the order of summation:
S (a17a27b17 2)
- i,
J
n;) ( ) [n—ay — by — ]nfj kzzo <k:) [as]y [b2],,_ 1

Then we apply (2.1) to write [ba], _, = [b2],,_; [b2 — n +j];_4, so we get
Sy (a1, az2,b1,b2)

= 0> (M)l b o= 1
X Z ( > b2 —n+jl

Now we can apply Chu—Vandermonde (8.2) to the inner sum and get
S’n (ah a2, b17 b2)
— (—1) Z <.]) [al]j [TL —a; — bl - ]‘]n—j [bg]n_] [(12 + b2 —n +‘7]J .
j=0
When we apply (2.1) to the last term, we get
laz + b2 —n+j]; = (=1)7 [n —ay — by — 1],

and the proof is finished after changing the direction of summation. O

A simple consequence of the transformation theorem is the following
formula.

Theorem 9.6 For any a,b,c € C and n,p € Ny we have
" /n
> () oo~ 1,
k=0

=la+b—7pln pzpj() lilc—nlp—jlp—1—a—0bl,_;j(—1)P~7.
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Proof: We apply Lemma 5.11 to formula (4.25) to write

(-1)"

c— =|c— =1 dnp(-Df
[c = k]p = [e = plrln =1 = cn_r(-1) [¢ = Pln—p

Then the transformation (9.6) yields

b=y D (M) BT alyp — 10 (-1

and we only have to note that (?) [pl; = (5’) [n];. O

By interchanging the a’s or b’s or both we can get this transformation
in four different forms, all looking like

(a17a27b17b2) - (ba fn(avl;)7aa fn(&vb))7 a 7& G‘?B# b.
Furthermore, by iteration of the transformation 7,, one gets another four
formulas, where we remark that

fn(fn(avb)afn(&ag)) =ar+tax+b+br—n+1
is independent of interchanges. Hence, we get the forms for a € {a1,as}
and b € {b1,b2},
(ar,a2,b1,b2) — (a,a; +az +by + by —n+1, fn(a,b1), fn(a,b2)) (9.8)
or
(a1,a2,b1,02) = (fn (a1,b), fn (a2,b) ;a1 +az + b1 + b2 —n+1,b). (9.9)

Not only is the Pfaff-Saalschiitz theorem a simple consequence of the
transformations (9.8) or (9.9), but they give us a generalization:

Theorem 9.7 (The generalized Pfaff-Saalschiitz formula) If
p=ay+as+b +by—n+1¢€N, (910)
then we have

> (Z) [a1]y, [az]y, [b1],,_ [ba],— (=1)" (9.11)

= Z (Z) [k [az], a1 + b1 = pl,,_y [ar + b2 = pl,,_y, (=1)"

=la1+b1—pl,_,la1 +b2—pl,_,

X Z <Z> [n]k [az]y [ar + b1 =],y a1 +b2 —n], (-1)"
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Proof: From (9.8) we get immediately

n

S (1) ol foa Bl el (-0

k=0

- Z (Z> Pk [as], [n—1—az —b],_p[n—1—ay—ba], , (-1)".

Now we apply the condition (9.11) to write n—1—as —bs = a; +b; —p, and
the formula (2.10) to write (7)[plx = (?)[n]x. Then we use (2.2) to write
atb—pl, , = la+b—pl, ,la+b—n], ;. The limit of summation
can be changed to p because of the binomial coefficient. This establishes
(9.11). 0

A special case of this formula for p = 1 appears in Slater, [Slater 66,
(IT1.16)].

We do not know of any general formulas when p of (9.10) is a negative
integer, but the special case of p = —2 has a two argument family of
formulas found by I. M. Gessel and D. Stanton as a generalization of a one
argument family due to R. W. Gosper; see [Gessel and Stanton 82, (1.9)].

n

Z (Z> [a — b — ab]x[-na — ab —1]i[ab — a — 1],
k=0 X [n+mna+b+ab— 1}n7k(_1)k

=n+1)[n+b—1,[-na—a—1],. (9.12)

Formula (9.12) has excess p = —2 (9.10). This is a transformation by 7,
(9.5) of the formula mentioned, which looks in our notation like

(" [ab— a — 1Jx[1 — blp[n + Blu_i[—na — ab — 1]p_p(~1)*
§<k> k k k k
=n+1)n+b-1,[-na—a-—1],. (9.13)
Proof: From (2.2) and (2.1) we have
[+ Bz = [+ Oln—i[b+ K21 = blu(=1)".

Dividing both sides of (9.13) by this factor, we get the equivalent identity

b+ k]2 T (n+b)(b-1)

" /n\ [ab — a — 1]i[—na — ab — 1],,_ n+ 1)[-na—a—1],
2:(%)[ Jx! Jn—k _ (n+1)] In

k=0
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Splitting the denominator as m = b+li—1 — b%w we can split the sum in

two, change the summation variable in one of them and join them again:

S @ fab—a— 11%—;:]2— ab = Ln-t

k=0
i(n) [ab — a — 1)g[—na — ab — 1],
k=0
k

k b+k—1

<n) [ab— a — 1x[~na — ab — 1n_s

— \k b+k

i n\ [ab —a — 1]g[-na —ab — 1], _¢
k b+k—1
+1

n \[ab—a—1]g_1[-na —ab—1]p41-k
k— b+k—1

3

n \lab—a—1]g_1[-na—ab—1],—r (n+Da(b+k—1)
k-1 b+k—1 k

k=1
+[ na —ab— 1],
b—1
n+1
n+1
:az< i )[ab—a—1]k_1[—na—ab—1]n_k

k=1
alab —a —1]_1[-na —ab—1],

—1 &+l
i 2 (& ) bl o

Now we can apply the Chu—Vandermonde formula (8.2) to obtain

-1 [ena—d] _ (n+1)[-na—a—1],
ab—Dntb) =TT T T o)

as desired. O

Generalizations of Dixon’s formulas

We want to consider a family of sums similar to the symmetric Dixon. So
let us define for n € Ny and p,q € Z

n

Sn(a+p,b+q,a,b) = Z (Z) [a + plk[b + qlrla)n—k [k (—=1)F. (9.14)
k=0
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For p = ¢ = 0 we get the sum in the symmetric Dixon formula (9.2).
We can find expressions for such sums for p = q.
Theorem 9.8 (The quasi-symmetric Dixon formulas) For p € Ny,
Ln;p
p
Spla+p,b+p,a,b) = Z (Qj - n) [n]jln—p—a—-b-1];[a], ;[],_;
J=I%1
(9.15)
and
L ™32 ] »
Sa-pb-pat) =0 Y (, 7 Yl
=%
xn+tp—a—-b-1];la—pl, ;[b—p, ;.
(9.16)
Proof: To prove (9.15), the Pfaff-Saalschiitz formula (9.1) yields
k
k J
ot atpl = 3 (4l la+ - alisslotp = alucy (-1, (017
j=0

provided 8 =a+ k —2p —a—b— 1. When we substitute (9.17) into the
sum (9.14) with ¢ = p, we get

Suarptpan =33 (1) (Lo o+l

k=0 j=0
x [0+ p — af—jlaln—r [bln—r(=1)"F.

Now we apply (2.9) to write (7) (];) = (;’) (Z:j) Then choose o = n+p—k,
so that we can apply (2.2) to write [a],—k[a + p — a]k—; = [a]ln—; and
[Bln—k[b +p — alk—; = [b]n—;. Remembering that 8=n—-p—a—>b—1,
eventually we interchange the order of summations to obtain

Su(a 0+ 90.0) =3 ()l sBhmgln —p - a--1),

j=0
n n— ] .
D (A IR NEIES
When we apply (8.9) to the inner sum, it can be evaluated as

n+p—3J—n+jlj—ntij! = [pl2j-nj!
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n

We only need to write (j)[p]gj,n[j]n,j = (lein) [n]; and restrict summa-

tion to nonzero terms to obtain (9.15).

To prove (9.16) we reverse the direction of summation and apply (9.15)
to (a —p,b—p). O

We do not know formulas for the general sums (9.14), but we can furnish
a couple of recursion formulas.

Theorem 9.9 (The general recursion formula) The sums in (9.14) satisfy

Sn(a+p7b+q7a’ab) :Sn(@+p_ lab+Qaa7b)
—nb+q¢)Sp—1(a+p—1,b+q¢—1,a,b). (9.18)

Proof: We apply (2.4) to write [a + plx = [a +p — 1]k + kla +p — 1]x—1.
Then the sum splits into the two mentioned in (9.18). O

The interesting particular case of ¢ = 0 can be treated by a recursion
of such sums:

Theorem 9.10 (The special recursion formula) The sums in (9.14) sat-
isfy
Sn(a+p,b,a,b) = Sy(a+p—1,b,a,b)
—nb—a—p+1)Sp_1(a+p—1,b,a,b)
—n(a+p—1)Sp_1(a+p—2,b,a,b). (9.19)
Proof: We apply (2.4) to write [a +plr = [a +p — 1] + kla +p — 1]i—1.

Then the sum splits into two. The first one is just S, (a+p—1,b,a,b), but
the second is

Sn(a+p,b,a,b) =Sp(a+p—1,b,a,b)

+2 (Z) kla +p = e-1[blilaln—r[b)n-r(~1)"
k=0

= Su(a+p—1,b,a,0)
+ TLZ (Z: 1) la+p— 1}’“_1[b]k[a]n—k[b}n_k(—l)k
k=1

=Su(a+p—1,b,a,b) —nT,_1(a,b,p—1),
(9.20)
where we have put
Tn(av b,p) = Z
k=

(o + bl sb-a( 1
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If we write [b]x4+1 = [b]x(b— k), then we get the new sum T,,, written as
a sum of two,

Tn(a" b’p) = bSn(a'+p7 b’ a’b)

’ "Z (ni 1) [@+ Pl bl a1 -5 [Bln-1-1(~1)*

bS,(a+p,b,a,b) + n(a+ p)Th_1(a,b,p—1).

(9.21)
If we multiply (9.20) by a + p and add to (9.21), then we get

Tn(a,b,p) = (b—a—p)Sn(a+p,b,a,b)+(a+p)Sn(a+p—1,b,a,b). (9.22)

When we substitute (9.22) into (9.20), we eventually arrive at the recursion
(9.19). O

To get started we need two neighboring values, so we need to compute
Sp(a+1,b,a,b).
From (9.18) we get

Spla+1,b,a,b) = Sp(a+1,b+1,a,b) + n(a+1)S,—_1(a,b,a,b),

where the two terms follow from (9.15). The result becomes

Spla+1,b,a,b) = [n]L%J [n—a—b-— 2](%] [a](%“ [bth (=)™ (9.23)

The balanced and quasi-balanced Dixon identities

The balanced Dixon identity (9.3) is not so easy to generalize. And its
proof does not follow from the Pfaff-Saalschiitz formula or the symmetric
Dixon theorem. We will present a proof following an idea due to G. N.
Watson [Watson 24].

To also prove some quasi-balanced Dixon identities, we will consider
small integers p € Z, with the balanced case as p = 0,

Sn(n+2a,b+a,b—a,n— 2a —p)
-3 (Z) 0+ 2a]ilb + alefb — al—s [ — 20 — plo_s(~D)".
k=0

Now we apply the Chu—Vandermonde formula (8.3) to write

k

[a+ bk = Z (f) [n+2a—k]j[b—a—n+kk,.

Jj=0
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Then the sum becomes

Sp(n+2a,b+a,b—a,n—2a—p)

_ZZ< )( >n+2a] [n+ 2a — k|,

k=0 j=0
X [b—alp_r[b—a—n+klg_j[n—2a—pl_r(-1)F.

Now we apply (2.9) to write (}) (];) = (?) (Z:g) Next apply (2.2) twice

and change the order of summations to get

Sp(n+2a,b+a,b—a,n— 2a—p)
:jz:(?)[b— Mz( >n+2a]k+][n—2a Pla_i(=1)".

Now we apply (2.2) to write [n+2a],4; = [n+ 2a)2j[n+ 2a — 2j],—;. Then
the sum becomes

Sp(n+2a,b+a,b—a,n—2a—p)

Z( >n+2agj[ba] _;
x§<k:j>[n+2a2ﬂk il =2a—pla_k(=1)%.  (9.24)

Changing variables in the inner sum, one gets

(—Ujii(n_j>M—j—p+@a—j+pﬂdn—j—@a—j+pﬂmq—M—D@

k
k=0

This sum is a quasi-balanced Kummer sum, to be evaluated by (8.20) as

n—j—(pVv0) I )
- > ("ot

[n—J = pl-pro) g \ i

[ (2a_]+p)+n_j+l ]n i—(pA0)
=0 Ly
- [N —j —pl_(pro) <i>a(p)p [F2a+ptnti=12 o)
- =0
(9.25)

If p =0, we apply (2.1) to (9.25) and substitute the result into (9.24)
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to get
Sn(n+2a,b+a,b—a,n — 2a)
n

= 2 (]) [n + 2a];[b — a]n—j(—l)j(—Q)”_j [+ 2 —2j — 1,2, ;.

If we split [n + 2ala; = [n + 2a,2];[n + 2a — 1,2]; and use (2.4) to get
n+2a—1,2;[n+2a—2j —1,2],,_; = [n+ 2a — 1,2],, and (2.5) to get
[b—a],—;j2" 77 = [2b — 2a,2],—;, we can write the sum as

Sp(n+2a,b+a,b—a,n—2a)

= [n+2a—1,2,(-1)" ;0 <j> [n + 2a,2];12b — 2a,2],_;.

Now the Chu—Vandermonde formula (8.3) applies, so we get
Sp(n+2a,b+a,b—a,n—2a)=[n+2a—1,2],[n+2b,2],.
This proves the balanced Dixon identity (9.3).

If p > 0, we get

Sp(n+2a,b+a,b—a,n—2a—p)

= (—1)"27" zp: (f) zn: <?) [2b — 2a,2]_j[n + 2a,2];

=0 =0
x[n+2a—1,2;n+2a—2j+p—1—14,2],—;, (9.26)

and for p < 0 we get

(=n"

Sn(n+2a,b+a,b—a,n—2a—p)= [n— p]_p[2b — 2a — 2p, 2]
—p ) —p

n

S () (M) o202+ 202

i=0 3=0
xn+2a—1,2in+2a—2j —p—1—14,2],_p_j.
(9.27)

Some quasi-balanced Dixon formulas are given next.
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Theorem 9.11

Sp(n+2a,b+a,b—a,n—2a—1)
=1(n-20—1,2,[n+2a,2], + [n — 2a — 1,2],[n +2b,2],,), (9.28)
Sp(n+2a,b+a,b—a,n—2a—2)
=1n—2a—1,2],[n+2b,2], + 3[n—2b—1,2],[n+2a,2],
+ 1[n —2a —3,2],[n +2b,2],
+ 3n(n+2a)[n —2b—2,2],[n+2a —1,2],, (9.29)
(="
(n+1)(2b — 2a +2)

Sp(n+2a,b+a,b—a,n—2a+1)=

X ([n 424, 2nga [0+ 20+ 1,20y

[+ 20— 1,2]n+1[n+2b+2,2]n+1).. (9.30)

Proof: We substitute p =1 and p = 2 in (9.26) and p = —1 in (9.27) and
eventually apply Chu—Vandermonde (8.3) to each term. O

Remarks 9.12 Surprisingly, S, (n+2a,b+a,b—a,n—2a—1) is symmetric
in (a,b). Another symmetry for the balanced Dixon formula is

Sn(n +2a,b+ a,b—a,n — 2a)
=S, (n—-20—1,-b—a—-1,b—a,n+2b+1). (9.31)

Furthermore, it does not matter which term is changed by the deviation p.
If we apply (9.6) to S, (n+2a,b+a,b—a,n—2a—p), we get the symmetric
expression

>

" —a — 00— 1|g|a kO — Qlp—k|— a — n—k{— k.
I )

Proof of (9.31): Apply the transformation (9.6). O
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Watson'’s formulas and their contiguous companions

The two finite versions of Watson’s formulas are

n

3 (Z) [—alu[~blx [(n+a—1)] [0+ 2b— 1, i(~1)F

k=0

0 for n odd
= { [—3a+1)], [~blm [3(a—1)=b] [n], forn=2m (9.32)
2 (Z) [=alk(=bli [+ 3 (@ +b=1)],_y [=n = Uns(-1)"
k=0
=[ra—1,2n[-0 - 1,2 (-1)" (9.33)

In addition, we can introduce an excess p in one or two of the factorials.
We have:

> ()

= gy [Bn—a— 1) 8]y b~ Uy [Hn+a— D], ()"

—ali[~bk [3(n+a—1)] _, [n+2b],_x(-1)" (9.34)

3 (Z [—alu[ =l [(n+a—1)] _, [n+2b—2],_x(~1)F (9.35)
[nh%J [%(n —a—3)+ b] B3 [_b]T%] [%(n +ta-— 1)] EY

P[00k [3(n+a =D, [0 +2b =1+ plu_i(-1)"*

=o(p)” P nli[2(h—a—
—eor 3 (5,7, )i (b = =) 48], (9.36)
x[z(nta-1)+@A0)],_ [-b-(pVO),_;
(") [—ali[~bk [n+ 3(a+b—1)] _ [-nlp_r(-1)" (9.37)
k=0 k
= % ([_av 2}n[_bv 2]n + [_a - 1, Z]n[_b - 17 Q]n) (_l)n
(n> [—ale[=blk [n+ 5(a+b— 1)]%1@ [—n — 2] _k(=1)* (9.38)
k=0 k

1
(n—|—l)(2n—|—a+b—|—1)(

[_av 2]n+1 [_bv 2]n+1

+[~a = 1,201 [~b = 1,2 ) (1)
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Proof: Formulas (9.32) and (9.34)—(9.36) are transformed by (9.9) into the
different quasi-symmetric Dixon formulas, (9.2), (9.23), and (9.15)—(9.16).
Formulas (9.33) and (9.37)—(9.38) are similarly transformed by (9.9) into
the balanced Dixon formula (9.3) and the quasi-balanced Dixon formulas
(9.28) and (9.30). O

Formulas (9.34), (9.35), (9.37) and (9.38), with p of size 1, were consid-
ered by J. L. Lavoie in 1987 [Lavoie 87].

Whipple’s formulas and their contiguous compan-
ions

The two finite versions of Whipple’s formulas are

Z(Z) [—n — 1e[~ale[b + 1 — Un_k[2a — b+ n]n_x(=1)*

k=0

—b+n—22u2a—b+n—1,2, (9.39)
> <Z> [a — x[—alk[b+n = 1pg[~b—n]n_r(-1)"
k=0

=la—b—1,2],[-a—0b,2],. (9.40)

These also allow an excess of size 1, giving the following four formulas:

zn: (Z) [=n — g[—alglb + 1 — Up—g[2a —b+n+ 1], (-1)F
k=0

:%([b+n—2,2]n[2afb+nf1,2]n

[b+n—1,2]n[2a—b+n—2,2}n), (9.41)
Z (Z) [—n — 1p[—a]x[b +n — 1] r[2a —b+n — 1], _p(=1)"

_ (=
- arim ([b = 1,201 [~20 + b+ 1, 2nts

—b+n—22n[2a—b+n— 1,2]n+1), (9.42)

> (Z) la = tal=alilb+n = Uoor[-b—n+ Yo (~DF

=2(la—b—1,2],[-a—b,2]p + [a—b,2],[-a—b+1,2],),
(9.43)
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Z (Z) @ = g[=alxlb+n = n_k[~b—n— 1], (-1)"
k=0

= m([a_b_1a2}n+1[_a—b+272]n+1

—Ja—b,2ps1]-a—b—1, 2]n+1). (9.44)

Proof: The formulas (9.39), (9.41), and (9.42) are transformed by (9.9)
to the different quasi-balanced Dixon formulas, (9.3), (9.28) and (9.30).
The formulas (9.40), (9.43), and (9.44) are respectively the balanced Dixon
formula, (9.4) transformed by (9.6) and once more transformed by (9.6) to
the quasi-balanced Dixon formulas, (9.28) and (9.30). O

Ma Xin-Rong and Wang Tian-Ming’s problem

In 1995 Ma Xin-Rong and Wang Tian-Ming posed the following problem:
Show that

S-S0 s

and form <n—1,

i (2n —;n_—k1 - k) (m;— k) _ <2nn— 1>' (0.46)

k=0

Proof of (9.45): We remark that the upper limits of summation may well
be changed to j, because possible terms with k > j or k > m (k > n) are
zeros anyway. Hence, the identity can be written as

S-S0 o

In the form (9.47), the sums are defined for any complex values of m and n.
We will prove the generalization of (9.45), that the function

Sj(m,n) = zj: (7:) <n Z k) (?j;) (9.48)

k=0
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defined for integers j and complex variables m and n, is symmetric in m
and n.

The function (9.48) can be changed by multiplication with j!2, without
disturbing a possible symmetry. Then the function j!%S;(m,n) becomes,
using the rewriting [n + k] = [-n — 1]x(=1)k, cf. (2.1),

3PS (mm) =3 (;) mliln — Usln + 1,_ilil—k (DY (9.49)

k=0

Now we apply the transformation (9.7) to write (9.49) in a form sym-
metric in m and n

J285(m,n) = (}i) [mlk[n]klj — 2 —n —ml;x[5];-s(—=1)77".

k=0
If we divide again by j!?, where we use once more

[ =2=n—mlx(=1)"" =[m+n+1-k;,

then we get one symmetric form of the original function (9.48):

Smm =3 ()

k=0
If we apply (9.7) to the function (9.49), interchanging the first two
factorials,

J2S (mn) =3 (;) [~ — Uelmluln + 1, jl—s (~DF,

k=0
then we get another symmetric form, namely
Ay
328,m,m) = (1 Y- (7)o = telom = Tl = a1

k=0
From this form we can regain as another symmetric form of the function

(9.48),
S W e [ [

or, if you prefer,
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Proof of (9.46): We remark that (9.46) is true for m = 0. Then we prove
that as long as m < n, the sum is the same for m and m — 1. To get
this equality it is convenient to apply Abelian summation or summation
by parts. We remark that we have by (2.7)

n—m—1—k\ _(2n—(m—1)—1—k
( " ><2n(:lnk1)1)k1
AT

Using this we can split the sum in (9.46) as

é(m- —1—k>(m2k)
<2n( m—1) 1k)

23

k=0

")

n—(m-1)—-1—-k—-1\/m+k
n—k—1 k

)
.
e

where the last two terms cancel as long as m < n, because one is obtained

from the other by moving a factor 2 from one binomial coefficient to the
other, cf. (5.11).

If we have m = n, then the equation (9.50) becomes

Co) =) () e

where the last two terms do not cancel. O

2n—2m—1 2m
—m— m )’

(9.50)

Comment If we replace m with n —m — 1 in the formula (9.46), then we
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get

"—zm:—l <n;rfkk)<nmkl+k> _ (2"n1) (m<n-—1).

k=0
Now, if we change the summation variable, replacing k& with n — k, i.e.,
changing the direction of summation, then we get

k;’;l <ml-: k> <2n —;n_—]: - k> _ <2nn— 1) men 1. (951)

But this is the natural continuation of (9.46), so if we add (9.46) and (9.51),

we get
zn: (2n—m—1—k:> (m—l—k) B <2n)
— n—k k nJ)’
which happens to be valid for all complex values of m.
This is just a simple consequence of the Chu—Vandermonde equation

(8.3). To see this we only need to change the binomial coefficients by
(2.11):

i<2n—m—1—k><m+k>
n—=k k
k=0
nzn:(n—k—2n+m+1+k—1)(k—m—k—l)

=(=1) P n—k k
= (o)
— <—nn— 1)
)
C. C. Grosjean’s problem

In 1992, C. C. Grosjean [Grosjean 92, Andersen and Larsen 93] posed the
problem:
Determine the sum
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We will consider the sum

5= (1) mtatolfo- 4, -1,
m=0
ol e B 11 b A | MR C 12

We use the Pfaff-Saalschiitz identity (9.1),

n

ot dl, Wt dly =3 () o= b a1l B (D

k=0
(9.53)
We want to write the sum in (9.52) as a double sum using (9.53) to expand
[m — %]m [y — %]m. We therefore replace n by m and let a = = — % —d,
b=y— 1 —din (9.53). This gives us

5= (MY mrr il ol o4, v 1,

m=0

W=
=9
il
|
o
—~
[y
S~—"
E

Z TZ [m+d*f€*y*%]k[d]k [Ififd]mfk [y***
k=0

If welet d=n—m+x+y, then

[ZE - % - d] m—k [_y - %]n—m = [_y - i]n—k’

—

[y — % 7d]m—k [~2 - Z]n_m =[-2- i]n—k'

Using also () () = (}) (;:i) and changing the order of summation, we
obtain

Z (:1__2) mtz+yl,ln—z—yl,_,[n—m+az+ty],. (954

Let T be the inner sum, i.e.,

T = Zn: <nk)[n+x+y]m[n—x—y]n_m[n—m+z+y]k.
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Since [n+ax+yl, n—m+tax+yl, = n+rxtylyntart+y—2k,,
it follows using the Chu-Vandermonde convolution (8.3) and (5.12) that

T=[n+x+yly, [2n—2k, , = [n+§+y]k [nﬂ;y_l}k [n—k— %}n—k 4m.

Introducing this into (9.54) yields

5=3 (1) -l s o 3,0

k=0

~ n+w+v] [n+w+v 1] [n—k—l

_ 4 n+:1:+y n+a:+y71]
- 2 k

X[ = 4]n k[ y_zlx]n k(= "

This is a Pfaff-Saalschiitz sum (9.1), and using (9.53) we get an identity
for the sum in (9.52):

§=l2n], [P =] P Al = Rl e -y = 5], (52)

where we have given two different forms of the result. If we divide by n!3
we obtain

S0
| G | e WA
GO )0 )=y e

For x = y = 0 we obtain

=G -G -Gy Cab e

This solves the problem.

3

Peter Larcombe’s problem

In 2005, Peter Larcombe asked whether the following formula is true, and
how to prove it:

16" ;04’“( 5) (2> <2n 2_kk> = (dn+1) (2:>2. (9.55)
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Using the technique of getting a standard form, one can change the left
side to

g 2 () 2l sf2n ~ 1D

9.42n 20 (2n
(2n)!2 pars

Using the formula (9.8) on the sum (without the front factor), we get

2n
2n
5 (%) B Hanoal-13lans (-1
k=0
This expression is a generalized Dixon formula, so we have the tools to
compute it. Let us define

n

(0,059 0) = 3 () fa+ o+ el nBlan (-1

k=0
Then we are after
Son(—3%,-1%;1,2).

Now the general recursion formula (9.18) allows us to write this as
Son(—%,-12:2,2) + nSo,_1(—%,-11;1,1).

Both sums are quasi-symmetric Dixon sums to be evaluated by Theorem 9.5
with the formula (9.15) as

52”(_%7 _1%; 2, 2) = [277‘]71[2” - 1]n[_%}n[_1%]n
+ [2n]n+1[2n - l]n—i-l[_%]n—l[_l%]n—l
and
Son-1(—%,—1%:1,1) = 2n — 1], [2n — 1p[—2]n1 [~ 1301
Now a tedious computation leads to the result

[2n]55(3)%" (4n + 1),

proving (9.55).
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Sums of Type 11(4,4, +1)

We do not know any indefinite formulas of this type, so we rectify the limits
and consider a sum of terms

n

S(e,n) = Zs(c,n,k) (10.1)

k=0
with quotient
(n— k)(a1 — k)(az — k)(as — k) |
(=1 =k)(B1 = k)(Ba — k) (B3 — k)

We prefer to define a; = a; and b; =n—1—03;, (j =1, -, 3), and hence
redefine the sum as

ai(k) =

n

S (ars et ntn) = 3 (1) ol foa eal ]y oy 2

k=0

Sum formulas for z =1

In the case of z = 1, we know two important formulas with three arguments
and one excess. The first is the symmetric formula, cf. H. W. Gould,
[Gould 72b, (23.1)]:

Theorem 10.1 For any a,b,c € C and n € N we have that if

a—i—b—l—c:n—%,

then

() (ol lah-slbn-slel—s = ()" 2lnl28h 2]
k=0 k

119
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The second formula is its generalization with excess:

Theorem 10.2 For any a,b,c € C and n,p € Ng we have that if

p:a—&—b—l—c—n—i—%, (10.2)

We need a lemma to prove these formulas.

Lemma 10.3 For any a,b,z,y € C and n € N we have

> () lulohooslelefaaoa s s = (1"

k=0 Jj=0
x [n—=1—a—0bl[aln—jbla—jln —1 -2 —yla-2;(-1).  (10.3)

Proof: We use the Pfaff-Saalschiitz identity (9.1) to write

k
k ,
ol = 3 ()= ko = 1 = a5 -1
3=0
(10.4)
Substitution of this into the left side of (10.3) after changing the order of

summation yields,

n n ‘
(7)in =1~ 0= ledassslal s (-1
=0 \J
"~ (n—j . .
2D Y (4 | CE A PRSIV VU
k=j

After writing (Z:j) n—k]; = (72__37 )[n — j];, we can apply the Chu—Van-
dermonde formula (8.3) to the inner sum and get

[n —jlile +y — 2j]n—2;.



“larsen” — 2006/11/20 — 15:02 — page 121 — #131 GF

121
Then we write

[T +y—2jn-—2j=(-1)"n—-1-2 -yl

Substituting all the changes, the sum becomes the right side of (10.3). O

and eventually we write

Proof of Theorem 10.2: We use Lemma 10.3 with z =y =candn—1—
a—b:c—%—ptowritethesum as

Then we write

[0 =1 = 2¢n9;(=1)" = [2¢ = 2j]n—2;
=2""2[c — jlray_; [e—j — 3] L31-j

Eventually we write
[”]2j _ 2] L%J n 1

Substituting all the changes, the sum becomes

Qn[c](% [C - % *p] l2]—p (—1)°
ETIn
S () 131 - 41, kil shcs (-1 fo - e 4],

Now we apply the Chu—Vandermonde convolution (8.3) to write the last

L
h=0
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and use the formula (2.8) to write

(‘o= (511,

Eventually we change the order of summation to get

h=0
L5]
X I-%J_h L I I P A P J
> (E5) 191 41, st

nl—h
(181 - 8, lelalal31 B (-1 L;J )

x la— 220 — 22— (17"

This sum satisfies the condition for applying the generalized Pfaff-Saal-
schiitz identity (9.3) with excess,

(2] —2—h+c—h+a—[2]+b—[2]—[2]+h+1=p—h,

SO we can write it

p—h i
> (77" (8= le= (1) = = a= T8 =pt hl

[b—p—lh s (-1

Now we want to rewrite
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So the sum becomes

i (71)h+i'

Now we only need to change the summation variable. We write ¢ for i + h
and obtain

The inner sum is subject to summation using the Chu—Vandermonde for-
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mula (8.3); it becomes

S ()b~ 1,131~ 1,

h=0

= [p_c_%]p—i H%J —I—i—c—l]i
=[p—c— %]pﬂ‘ e Lgﬂz (-1)".

This proves the formula in the theorem. O

For p = 0 we get Theorem 10.1.

Theorem 10.4 For any a,b,z,y € C and n,p € Ny, we have
" /n
5 () lelsh- sl i e
k=0

= 0 (Z) [2]e]z + p — kln_rlalk[a)n_k[B]x[b]n_r(—=1)" "

k=
3] 4

e S PR = 1 a = B lala Bl Plaas (<1
=252

where x +y=n—1—p.
Proof: This follows immediately from Lemma 10.3. g

The special case of * = y = § — 1, which gives p = 1, was found by L. J.
Slater [Slater 66, (III.22)].
There is a balanced identity of type 1I(4,4,1).

Theorem 10.5 For any a,b,c € C and n € N, satisfying the condition

b+c= f%, we have

3 (Z) [+ 2a]k[n — 2a]n—p[b + alk[b — aln_i[c + alklc — aln_k
= (—%)n [2n],,[2b + n)s,.

Proof: This formula is a corollary to Theorem 11.4 with p = 0 and d =
n—1 . O
2
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We also have a well-balanced identity of type II(4,4, 1), mentioned by
L. J. Slater [Slater 66, (I111.26)].

Theorem 10.6 For any a,b € C and n € N we have

n

Z<Z> [n + 2a]p[n — 2a]p_k[b + ali[b — a]n_r(n + 2a — 2k)(—1)"

k=0
_ 22n+1 [% 4 a]n+1 [7151 + b]n (_1)n'
Proof: This is a corollary to Theorem 11.3, obtained by inserting ¢ = ”T_l
into (11.5). O

Sum formulas for z = —1

We also have a well-balanced identity of type 11(4,4, —1), mentioned by L.
J. Slater [Slater 66, (IIT.11)].

Theorem 10.7 For any a,b € C and n € N we have

n

3 (Z) (1 + 24k [n — 2a]n_k[b + alk[b — aln_r(n + 2a — 2k) = [0+ 2a]ons1.

Proof: This theorem follows as a corollary to a well-balanced formula of
type II(5,5,1). Consider the equation (11.6) as a polynomial identity in
the variable, ¢, and compare the coefficients to the term c". O

There are a couple of general formulas, neither symmetric nor balanced.
A family of these is the following.

Theorem 10.8 For any a,b € C and any n,p € Ny we have

5 (1) (8], [ b+ p = e (4], [55) o= 1l

k=0
= (i)n [a]n[blntpri[2n—a—b—1],—p

g ;::0 (f) [n—a—b—1=plp—jlnlilb—p—1—jlp1(-1).

Proof: We write the product

[%}k [GT_l]k [n -1- a]n*k = 47k[a]2k(_1)nik[a — k]n,k
(

~1)"(~4)"*[alnla — Kl
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and the product
[g] n—k [b_Tl]n_k[n +p - b]k
= 4" Blop ok (—D)Fb—p—n — 1+ kg
=47 (=4 blnapsrb—p—n— L+ kln_p1_¢.

The sum then becomes

(_i) n n+p+12(> b p_n_1+k]nplk

Now we apply Chu—Vandermonde (8.2) to write

k

[a—k]k:(—l)k[—a—l—k%]k:(—1)kz<§)[2n a—b—1];[b—2n-+2k]j -

j=0
Substituting (2.9) into the sum and interchanging the order of summation
yields

(1) [alnblntpir zn: <7;) 2n —a —b—1];(—1)/
Xi(n]) Vi —p—n—1+ kln_p1_;.

k=j
By the Chu—Vandermonde formula, (8.8), the inner sum is equal to
b—p—n—1-4§]_p-1ln—p—j s (=1)"7 = b=p—n—1+1]_p-1[pln_s.

so the sum becomes

(=) [ n+p+12( )2n a1, [b—p—n—14 ] s [Pl (1)

Reversing the direction of summation, splitting the first factor and using
(?) [pl; = (’;) [n]; proves the theorem. O

The theorem for p = 0 reduces to the formula known from J. L. Slater
[Slater 66, (II1.20)],

Theorem 10.9 For any a,b € C and any n € N we have

S (7 2l 12220 b 8], 5]yl 1

= (1" lalnlb = 1n2n —a —b—1],.
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Furthermore, there is a beautiful formula due to H. L. Krall [Krall 38|,
with equivalent forms by H. W. Gould [Gould 72b], formulas (11.5) and
(11.6). In Krall’s form it is:

Theorem 10.10 For all v # y € C we have
n—=k
3 ( . )[x]k[y]k[n N B

k
n

= (_1)"%¢ = [2lk[n = ylnr(-1)" 7" (10.6)
Yy k=0

In our standard form, it looks like:

Theorem 10.11 For all x # y € C we have

J
L3 (rn §
H( k > [151 = 3], [lelule (=151 = 1] ),

[n—z—y n—zr—y—1

2 ][gw_k[ 2 ]ng—k

w3
DN

X

_(_pyra1 1y Bt = Blaas
(e 3y Bl 2
Proof: We prove the form (10.6). Let us define

Snl@,y) =Y (n ; k) [ [ylkln — 2 = yln—or(~1)".

k

Then formula (10.6) is obvious for n = 0, 1, so we consider S, (z,y). Split-
ting the binomial coefficient we obtain

SM%y)§:<n;k>hthnryM4MDk

k

+§;(”;i]k)unMAn—w—yuza—nk

=n—-z-y)Sn_1(z,y) — Z (n - 2 - k) (] 11 [y]kr1

k
x[n=2-(x—-1) = (y— Dlp-a-ar(-1)"
=n-—z—y)Sn—1(z,y) — 2xySp_ao(x — 1,y — 1).
Substitution of the right side of (10.6) gives
(n—2—y) (z]n — [yln) + 2y ([r = Un-1 — [y — 1n—1)

(=Dt —y)
(n—w)zlr =11 = =yyly =1n1 _ [tlnt1 = Yl

(=) z —y) (D)@ —y)
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which is the correct right side of (10.6) for n. O

We can split the formula in Theorem 10.11 into the even and odd cases:

Theorem 10.12 For all x # y € C we have

5 () (n 4o lelle fon =1 = 252, - =58,

k=0
— (_;)" [T]ont1 — [Y]ont1
4 T—y

)

(7)o A el b 2 o = =2, T =),

_ (71)71 [Z]2n+2 — [Y]2nt2
YVo(r+y-2n-1)(z—y)
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Sums of Type II(5,5,1)

Indefinite sums

There is a general summation formula of type II(5,5,1), namely:
Theorem 11.1 For any a,b,c € C we have

[a + b+ cJkla — p—1[b — Up—ife — Yp—s (=1)*
Elb+c—1g_1fla+c—1g_1[a+b— 1]x—1
_la+b+clgla]k[b][c]p(a +b+c— 2k)(—1)F
 Kbte—1kla+c—1gla+b—1];

(11.1)

Proof: Straightforward computation. O

Symmetric and balanced sums

There are quite a few symmetric and balanced — in particular well balanced
— formulas of type 11(5,5,1). We start with a symmetric formula.

Theorem 11.2 For any n,p € Ny and a,b,c,d € C satisfying the condition

a+b+c+d—3n+1=p,

129
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we have

Z <2]:) [a]k [b]k[c)k [k [a]2n—k [Bl2n—k[cl2n—k[d]2n—k (—1)F

= RalualaBlaldnldlafa b — 1~ plaplatc—n— play

x [b+c—n—p]npz(?)[n]j[d}j[zn—a—b—c+p—1}j

=0 M
X [a+b—2n|,_jla+c—2n],_;[b+c—2n],_
P
= 2alafala[Blaldnldn 3 p) 20 —a—b—ctp—1];
Jj=0 J
Xla+b—n—plp—jla+c—n—plh—;jb+c—n—pln—;.
(11.2)
Proof: We apply the Pfaff-Saalschiitz identity (9.1) to write
L ‘
(Phlelenrtlnos = 3 () 2] 200 1ol s (-1
§=0

Substitution of this into the sum of (11.2) yields, after changing the order
of summation,

> (2]?1) 20— a —b— 1];[alan—;Blan_; (d;[d];)?
X Z < > [2n — k];[c = jl—jld = jle—jlc — Jlon—j—k
[d —]]2n—j—k(_1)k_j~

Now, we have [2n — k]; = 0 for j > 2n — k, so we can end summation for
k = 2n — j. The inner sum then starts

S Yo

k=j

The inner sum can be written as

2n—j .
[2n—3; Y (22_jj>[C—J]kj[d—j]kj[c—jbnjk[d—J’]znjk(—l)k_j-
k=i
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We can apply the Dixon identity (9.2) on this sum and write it as
[271 — j]j[C — j]n,][d — .ﬂnfj [27L — 2] —C +] —d +] - 1]n7j [2’ﬂ — Qj]n,]

Therefore, using ( M[2n — jln = [2n], ( ), we get the sum

2(2”) 21— a — b— 1];{aln—s [blan_s el [dl;2n — lalelnld]

i=o\J
[2n—c—d—1
= [2n],[a],[b]. <>2nab1] (@ —n)n_;
x b n]nyH[][ b—n —pln-

Now we can write
[a+b—n—plh_;2n—a—b—1],
=la+b—n—plapla+b—2n],_jla+b—2n+j];(~1)
=[a+b—n—plnpla+b—2n+j],(-1).
And we can apply the Chu—Vandermonde Theorem 8.1 to write

p

b =204, =3 (3 )t b= 20l

h=0
Interchanging the order of summation yields

2l Bl = 51y S (7 )= 200,01

h=0

2n

n\,. i

x [cnldln Y <]> [ilnla = nlu—jb = nlu—jle — Blj—nld — Rlj—n(=1)"~".
§=0

As we remark that (?) [7]n = [n] h(?:Z) and we can see that the condition

for the generalized Pfaff-Saalschiitz identity (9.10) yields ¢ —h+d —h +

a—n+b—n—n+h+1=p—h, we can write the sum as

2ol Bl elaldla+ 0= 1= 1oy 3 (5 )l b= 200,41

p—h

<Edalals Y- (77" )i alida -

i=0
xle=h+ta—n—(p—0]nnile=h+b=n—(p—h)pni(-1)"
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As we can write (}) (p;h) = (hﬁ_z) (h::i) and join [n]p[n — hl; = [n]pys and

[d]n[d — h]; = [d]n+i, we can change the variable i to ¢ — h and write the
sum as

20 [alaBlnlclnldlnla+b = —pla—p D a+b—2n],-p[cn
h=0

v Z: @ <2) ildlsle + @ — 1 — Plailc + b — 1 — pla_i(=1)".

Interchanging the order of summation yields

[2n]nla]n [b]n[c]n[d]nla + b —n — pln—p

X Z (f) [a+b—2n],_;[n);[di[c+a—n—pl_ilc+b—n— Pla_i(—1)

X };} (2) [a+b—2n—p+il_nldn.

Here the inner sum is subject to the Chu—Vandermonde convolution (8.3),
so we have

P

2alulal B dula 0= = 1y 3 (1) a4 0 - 2l

=0
x[c+a—n—plpifctb—n—plp_i(=1)[a+b—2n—p+i+d.

Rewriting (—=1){[a+b—2n—p+i+c)i=[2n+p—1—a—b— ¢; yields
the formula (11.2). O

The special case of p = 0 is due to W. A. Al-Salam [Al-Salam 57], cf.
H. W. Gould, [Gould 72b, (22.1)].

We proceed with the following well-balanced formula of type I1(5, 5, 1),
cf. L. J. Slater, [Slater 66, (IT1.13)], although it also follows as a corollary
to the formula of J. Dougall, cf. Chapter 12, formula (12.3).

We give the formula in the canonical form (4.24).

Theorem 11.3 For any a,b,c € C and n € N we have

3 (Z) [+ 2a]k[n — 2a]nr[b + als[b — aln_rlc + alk[c — aln_s

x (n+ 2a — 2k)

=[b+ c]n[n + 2a]2n41. (11.3)
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Proof: We use the Pfaff-Saalschiitz formula (9.1) to write

k
b+ alklc+alr = Z (k)(l)j[ban+k]k_j[can+k]k_j
=0

[2a+n—k]j[n—b—c—1];.

(11.4)

Then we join the factorials,
b—alp—glb—a—n+kls_; =[b—al,—; (11.5)
c—alp—klc—a—n+Ek]p_j =[c—al,—; (11.6)
[n+ 2alg[n + 2a — k]; = [n+ 2a]k;. (11.7)

Substitution of (11.4) into (11.3) yields, after interchanging the order of
summation using (2.9),

n

> <n) (1Y [n—b—c—1;[b - aln—jlc — aln—;

=0\
xi n=J [n+ 2a]g+i[n — 2a]n—k(n + 2a — 2k).
k=j k= ’

Now we can write

[N+ 2alp4; = [n+ 2a];[n + 2a — 2j]i—;
and split the factor as

n+2a — 2k = (n+ 2a — 2j5) — 2(k — j).

Then we get the inner sum split in two,

n

}:(Z‘i>m+2@Mdm24m%m+2a2m

=g N
J

:MAQM%@AQa—Zﬂg;<k_j>[+2a—%th—2dnk

LN~ (n—i—1 ,
—2[n+ 2ala;(n — j) Z (k e 1) [N+ 2a — 2j]p—;[n — 2a)n—k
k=j+1
= [n+ 2a];(n + 2a — 27)[2n — 2j],—;
—2[n+ 2a]zi(n — 7)(n+2a —25)[2n — 25 — 1],—j_1,
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where we have used Chu-Vandermonde (8.2) on the two sums. Now, this
vanishes except for j = n, in which case the whole sum becomes

(=D)"*n—b—c—1]u[n+2a]2,(2a — n) = [b+ ] [n + 2a]2n+1,
which proves the statement. O

There exists a family of balanced formulas, too:

Theorem 11.4 For anyn € N and a,b,c,d € C satisfying the condition

p:b+6+d—%+1ENO,

we have

n

Z(Z) [n 4+ 2a]k[b+ alk[c + alk[d + ak

X [n = 2a]n 1 [b — aln—k[c — aln—k[d — a]pn_r(—1)"

=4"[25 +al, b+ 5 —p], b+d—playp[d+§—p]

(7 ilc+aljlc—al; —nlp—j |b—F -5
XJgo(j)[an]g[ Lb+d=nl, s p-2], , [d-2],

=0 (25 o], 3 (7)ot able—abb - =y 4 3 =41,
X[dJr%*pn_j

(11.8)

Proof: This theorem is a corollary to the generalization of Dougall’s theo-
rem in Chapter 12. We choose e = § in (12.5) and remark that

[% —l—a]k [% — a]n_k (n+2a—2k)= (—1)""“2 [% —|—a}n+1 .

Dividing (12.5) by this constant yields (11.8). O

The special case of (11.8) for p = 0 was found by S. Ramanujan, cf.
[Hardy 23, p. 493].
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Chapter 12

Sums of Type 11(6,6,+1)

There is a single well-balanced formula of this type and three others. But
we have a kind of general transformation available from type II(6,6,—1) to
type II(3,3,1).

Theorem 12.1 For any a,b,c,d € C and n € N we have

n

5 Jin-+ 20l + alule + alufa +-al

k=0
X [n—2a)p—k[b— a|pn—k[c — alp—k[d — alp—r(n + 2a — 2k)

o+ 2w 3 () alyfn = e d = e sl - s (1)
! (12.1)
Proof: We apply the Pfaff-Saalschiitz formula (9.1) to write
k
[c + ali[d + a]x = 2(:) <I;)[c—a—n+k]k_j[d— a—n+klg_j
]_>< [n+2a — k]j[n —c—d—1];(—1)".

Then we join the factorials,

e = alntle—a—n+Hy = [c - alug
[d—alp—gld—a—n+klk—j =[d—a]n—;
[n+ 2a]k[n + 2a — k]; = [n+ 2alk+j = [0+ 2a]2;[n + 2a — 2j]k—;,

135
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to write the left sum of (12.1), after changing the order of summation, as
(2)in-+ 2alyle = amsld = dlucsli = e = d = 1o+ aly(-1)
i=0 ™
" n—j . .
x ; <I<: _j>[n+2@ 2j]k—ib+a — jle—;
X [n = 2a]p—k[b — aln—k(n + 2a — 2k). (12.2)

The inner sum has the form of (10.2), if we replace n with n — j, a with
a — % and b with b — 2. Then Theorem 10.4 gives us

n n— . ’ ]
> (k _j) [n+2a = 2j]k—;[b+ a — jli—;
k=3

X [n—2a)n—k[b— a]pn—k(n + 2a — 2k)
= [Tl - .] +2a — .j]2n—2j+17

which, inserted in (12.2), gives
[n + 2a]2n+1 Z (]) b+aljn—c—d—1]jlc—al,—;ld—a]p—;(=1). O
§=0
This transformation allows no nice formulas of type II(6,6,—1).

The well-balanced formula of type I1(6,6, 1) is:

Theorem 12.2 For any n € N and a,b,c,d € C satisfying the condition

btc+d= ”51, we have

Z(Z) (=1)*[n + 2a)x[b + alx[c + alx[d + a]i

k=0
X [n = 2a)n—g[b — a]pn—k[c — aln—k[d — a]n—r(n + 2a — 2k)
=(=1)"2*" a + 2] b+ 252 e+ 252, d + 252, (12.3)

Proof: This follows as a corollary to Theorem 13.2 by choosing e = ”T_l.D

I. M. Gessel proved three formulas of this type, [Gessel 95a, formulas
19.1a, 19.2a, 19.3a]:
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NE

(Z) b1 [~a—b—3], a+2b—n—1], b, [n+1],_,

X[n—2a—3b], [Bn+1-0b],
x[2a+3b—n—1], , (b—1-3k)(-1)"
=la+b—-1],b—1—-n]y, ., [a+20—3] (-1)", (12.4)

(Z) L—b—a,[l—a—2b—n], [b—1] b+a—1],[n—1]

XxBn—1+4+a+?], ,n—2+3b+a], ,1—a—-3b—n], ,
x (a+b—1+3k)(—1)*
=(a+b-1) [% —a— Qb}n -0, [-a—b—n],, (-1)", (12.5)

(Z) [=bl, [1 —2a], [-b—a—n], [} —b—ad],

x[-n—1],_,[20b+a)+3n—1],_, [n—1+ % +4q]
x[n—3%+2 +al, @20b+a)—1 + 3k)(=1)"
= —2[-a], 2n+0], [-2(b+a+n)], [% —b— a]nﬂ. (12.6)

~
Il
=}

NE

ES
Il
=}

NE

B
Il
o

n—k
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Chapter 13

Sums of Type II(7,7,1)

There are only a few well-balanced formulas of type I1(7,7,1), and a couple
of others. But we have a kind of general transformation available, which
can be used to prove the following famous formula due to J. Dougall from
1907 [Dougall 07].

Theorem 13.1 For any a,b,c,d,e € C and n € N we have

n

Z(Z) [+ 2a]k[b + alulc + alk[d + alule + alx

k=0
X [n = 2a)n—g[b — a]pn—k[c — a]n—k[d — a]n—r[e — aln—k(n + 2a — 2k)

n

= [n+ 2alap4+1(—1)" Z (?) b+ aljlc+aljln—d—e—1];
X [d—a]p—jle —alp—jln—b—c—1],_;.
(13.1)

Proof: We apply the Pfaff-Saalschiitz formula (9.1) to write

k
[d+ a]xle + alk Z(k_:)[danJrk]k_j[eanJrk]k_j

j=0

x n+2a—kljn—d—e—1];(-1). (13.2)
Then we join the factorials,

[d—alp—rld—a—n+klp_; =[d—a]n—_j, (13.3)
le —alp—kle —a—n+klk_; = [e — aln—j, (13.4)
[n+ 2a]k[n + 2a — k]; = [n+ 2alk+j = [0+ 2a]2;[n + 2a — 2j]k—;, (13.5)

139
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to write the left sum of (13.1), after changing the order of summation, as

n

Z(’”f) [ + 2a]a;[d — a]n_jle — a)n_j[n — d — e — 1];[b + a],

Jj=0

M:

x [c+a];( ( _])[n+2a—2y]k ib+a—jliy

k=j J

x [c+a—jli—jn —2a)n—k[b — alp—k[c — a]n—k(n + 2a — 2k).
(13.6)

The 1nner sum has the form of (11.2), if we replace n with n — j, a with
a— 1%, bwith b — % and ¢ with ¢ — §. Then Theorem 11.2 gives us

;:(Z:j)[n+2a—2j]k ilb+a—jl—jleta— gl

X [n—2a)p—k[b— a|pn—k[c — a]lp—k(n + 2a — 2k)
=[n—Jj+2a—jlan—2j41[b+c—jlnj, (13.7)

which, inserted into (13.6), gives

[0 + 2241 (— ni( )b+a e+ al;ln—d—e—1];[d — a]n_

7=0
X [e —alp—j[n —b—c—1]n—;. (13.8)
O
The following theorem, transferring a sum of type I1(7,7,1) to a certain

sum of type II(4,4, 1), proves particularly useful in proving the identity of
J. Dougall [Dougall 07] from 1907, see [Gould 72b, (71.1) and (97.1)].

Theorem 13.2 For any n € N and a,b,c,d, e € C satisfying the condition
b+c+d+e=n—1, we have

n

3 <Z) [n -+ 2a]k[b + alife + alk[d + alx[e + ale[n — 2a]nr

k=0
X [b— alp—k[c — alp—k[d — a]n—rle — aln—k(n + 2a — 2k)
= [n+ 2alont1[b + €]nlc + €]n[d + €]n
= (=1)"[n+ 2a)2n+1[b + cJulc + d]n]d + b]n. (13.9)

Proof: The condition implies that we can write

n—b—c—1]h—; =[d+€]n—j,
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and as we have

[n—d—e—1];=[d+e—n+j;(-1),
the product of these two factors from the right sum of (13.1) becomes
[n—b—c—1],_;jn—d—e—1]; = [d+e],_;[d+e—n+j];(—=1) = [d+e],(=1)7.

The right sum therefore becomes

n

w+dn2:@)w+%k+ﬂm#wuﬁk—dmx—nf

§=0
But the condition now implies that the Pfaff-Saalschiitz identity (9.1) tells
us that this sum equals (—1)"[b + €], [c + €],,. This proves the theorem. (]

Remark 13.3 If we express e in (13.9) by the condition and consider the
identity as a polynomial identity in the variable d, then the identity between
the coefficients of d" becomes (11.2).

The following theorem allows a generalization analogous to that of the
Pfaff-Saalschiitz formula given in (9.10).

Theorem 13.4 For anyn € N and a,b,c,d, e € C satisfying the condition
p=b+c+d+e—n+1eN, (13.10)

we have

n

Z(Z) [+ 2a]k[b + alilc + alk[d + alele + a]x

k=0
X [n = 2a)p_g[b — aln—k[c — aln—k[d — a]n—rle — alp—k(n + 2a — 2k)
(=1)"[n + 2a]zn41[b+ € = plaplb +d = pla—pld + € = pln—y

P ilc+alilc—al; e—nl . ol el
X]z;)<]>[nb[ + al;[ 116 + lp—;lb+d lp—jld + lp—i

=(=1)"[n + 2a]2n41

< ()bt ale— alsTo e = sl d sl e sl

’ (13.11)

Proof: The theorem yields

(=1)"[n + 2a]2n 415,
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where
S = Z( )b—!—a [c+a]j[n—d—e—1];[d—a]n—jle—a]n—j[n—b—c—1],—

Using the condition (13.10), we can write the product
m—d—e—1]n—b—c—1,—; = (=1)[d+e—plp_plj +d+e—n]p.

Next we apply the Chu—Vandermonde formula (8.2) to write

+d+e—n],= Z (p) [lild + e —nl,s,

i—o \!
and then the product as

mn—d—e—1]jln—b—c—1],-

= (=1)[d+e—plu_ pZ(> Jild + e —nl,—;
=3 () la+ el

i=0
Changing the order of summation we get

S = Z( ) [d-+e—pln_ Xn: (’;)[ ili[b+al; [c+al;[d—aln—j[e—aln_;(—1)7.

3=0

Using (3)[]]1 = [n]; (? Z’) and [z]; = [z];[x—1];_; for x = b+a and = c+a,
we obtain

g=3 (2= st + alfe+ al

=0
x znj TN a— il i+ a—il;ild — aln_jle — aln_s(—1)7.
= ] — J J J J
Now the condition (13.10) assures that we can apply the generalized Pfaff-

Saalschiitz formula (9.10) with the number p replaced by p — i. Therefore,
the sum becomes

S =§: <Z;) [d+ e — pln—i[n]i[b + ali[c + al;
xZ( )n—z [c4+a—de[b+d—pla_ie

[b +e— p]n_i_g(—l)eri.
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In this sum we can join two pairs, [c + a];[c + a — i]s = [¢ + a];+¢ and
[n]i[n — i]¢ = [n]ize. Then we substitute ¢ — ¢ for ¢ and interchange the
order of summation to get

S ; <I£) [n]é[b+d*p]n—é[b+e*p]n—f[c+a]e(7l)z

£=0

X é (f) [d+ e — pln—i[b+ al;.

After writing the product [d+e—pl,_; = [d+e—pln_s[d+e—p—n+L],_;,
we can apply the Chu—Vandermonde formula (8.2) to get for the inner sum

[d+e—plpelatbtd+e—p—n+L=][d+e—plh_ilc—al(-1),

and hence

p

§= 3 (7)o Pl ot el e ~phole—al

Applying the factorization [z — pln—s = [® — plp—plx — n]p—s, We get the
form of (13.11). O

Furthermore, we have from L. J. Slater [Slater 66, (III.19)]:

Theorem 13.5 For any a,d € C and any n € N we have

n

Z(Z) [0+ 2a]k[d + alx [d+ a — 3], [n — 2d]x[n — 1 + 2a — 2d]
k=0
X (n+2a—2k)[n —2a],k[d—alpr [d—a—3]
X [n—2d —2a)p—g[n —1—2d],—x
= (1)" [n + 2a)2n+1[4d — n],[2d — 2a],[2d + 2a — 1],,. (13.12)

Proof: We apply the transformation theorem Theorem 13.1 with the argu-
ments (a, b, ¢, d, e) replaced by (a,d,d — %7 n—2d—a,n—14+a—2d). Then
we get
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(=" n+2a2n+12()d+a d+a——]j
x [4d — n]j[n — 2d — 2a],—j[n — 1 — 2d},—j[n — 2d — 1],,_;. (13.13)

Now we can apply Theorem 10.7 with the arguments (a,b) replaced with
(2n — 1 — 4d, 2d + 2a) and obtain for the sum (reversed)

()" 2n — 1 — 4d],,[2d — 2a — 1],,[2d — 2d],,. (13.14)

Now, by changing the signs of the first factor, we obtain the result in the
theorem. 0

There are three formulas to be derived from Theorems 10.7 and 10.8
with the aid of the following lemma.

Lemma 13.6 For any a,b € C we have

lz) /10
(inJ) 131 =2l (3] = 2l (3 el 22+l

k=0
x [§ *a][g]—k (25 - a]LgJ—k [5e], (257,
X [b_Ta]rgW—k b ]L%J—k (n + 2a — 4k)
=[18] =3l [B+al, ([P +al, + D" [27 +0],)
(13.15)
4]
(%) -0 a0+ 81 (3 4 ), (252 ),
k=0
x [2 —a] 2]k (5 —d] 2|k el 19 el
X [b—Ta]r%H [2=2= 1]L uy_p (N 20— 4k —1)
[15]+3] 2 %5t +q],
B ey (D MR GO ERDN
(13.16)

Proof: The formulas are obtained by adding and subtracting the formulas
(10.4) and (10.5) and then applying the expansions (5.11)—(5.21). O
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Theorem 13.7 For any a,b € C and any n € N we have

5(3) o= b= Myt - ol -l

[n=3 =], [P 571 [ )s

I:b_;_l]n—k (n ta— 2k)

X
Ll =41, I+ e (I 3l + [ +8],) . (1317
S (1) b= 3l 2y ot ot 3k al -l

b+a—32 bta—41 b—a—1
x[n-a—4], , [Z52] 252 [
- k k n—k

X [b_a_%}n,k (n+a—2k)

N[

}n [n+aly, 11

B a+b+3 ([n+a+ %]2n+1 + [n+b]2n+1> ;o (13.18)

S (3) ot 4l oot 4, ot 4l o dl b=l
X

[n + % — a]nik [bﬂ;*?]k [b+a71]k [bfa—Q
[ a

_1]n_k (n+a—2k)

2

+ 1 1
Tt D+ b)(a—b) ([TH‘ 3T 043 +b]2n+2) :
(13.19)

Proof: The formulas follow immediately from Lemma 13.6 by replacing n
by 2n and 2n + 1. O
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Chapter 14

Sums of Type 11(8,8,1)

There is a single formula known to us of this type.

Theorem 14.1 For any a,b,c € C and n,p € Ny, if
p=2(a+b+c+1—n)+3,

then we have the following balanced formula

n

Z(Z) [+ 3], [n =31, [+ 31, o+ 3], [e+ 8], aleBlelcle

k=0
X [a]n—x[bln—r[cln—k [a - %]n—k [b - i]n_k [C - E]n—k

= (=1 (g5)" [2n],, [2a]n[20],[2¢]
<oyl 2450, et 1)

" iz: <IZ)) [n]i[2¢ + 1];[2¢ — n);

X [p—2c— %]pﬂ‘ [2a+ % —n]pi [2b+ % —n]p

n—p

i —1

Proof: We apply Theorem (10.1) to 2n+ 1, 2a+ 1, 2b+ 1 and 2c+ 1, and
the observation that the corresponding symmetric sum of type II(4, 4, —1)

must vanish. Adding the two sums we can apply (5.15) and (5.16) to the
binomial coefficient and split the 6 factorials into two each. O

For p = 0 the formula has a much nicer right side:

Corollary 14.2 For any a,b,c € C and n € Ny, if

at+b+c+l—-n+1=0,

147
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then we have the balanced formula

S (i) I 4l o= Ao 31, B+ 31, e 31, el

X [a]p—k[bln—r[cln—r [a - %}nfk [b - %]nfk [C - %}n—k

= (305) " [2n],, [4a + 1]2,[4b + 1]z, [4c + 1]2p,.

Proof: Obvious. O
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Chapter 15

Sums of Type ll(p, p, 2)

The general formula for the family is the following, cf. [Gould 72b, (1.53)]:

Theorem 15.1 For p,n €N, y € C and q,7 € Ny satisfying r,q < p and
r+q<p, withp=e % and 2z = yP, we have the equivalent identities

f (pn ire q) #= pi (1 +ply)" (15.1)
P pk+r P =
n n ) p—q—1 ) r
S (T[], 1T s 0], T il
k=0 j=1 j=1 j=1 =
Mo g TS n=d] o
_ p?p,’fwi )1yr TN (L4 ply)" T pI (15.2)
=0

Proof: We consider the sum on the right sides of (15.1)—(15.2), and apply
the binomial formula to the power:

p—1pn+r+q

MV o S (A I
pn+r+q p—1
pn+r+q 2 (A
-3 ( )yzp< g
i=0

(15.3)

As we have



“larsen” — 2006/11/20 — 15:02 — page 150 — #160

150 15. Sums of Type ll(p, p, z)

we can sum only the nonzero terms by changing the summation variable
to k with ¢ = r + kp into (15.3), to get

n n
m+r+q ktr , pn+r+q\ .
S:E P = E z". 154
k_()( pk+r )y P=ry Pt pk+r ( )

This yields (15.1).
To obtain (15.2), it only remains to write the binomial coefficient in the
appropriate way, i.e.,

<pn+7‘+q> o [pn+r+q]pk+r o [pn+r+q]r[pn+q]pk
pk+r [Pk + 7] gy [Pk + 1] [1],

B (pn+r+q) H?ié [pn +q — j,ply
r H [pk+7’ jap]k

ntr n+ | M52 n- 1),
(el
(

j 1
zm+r+q)

= p”[n—ph<>f{[n+%]

H;:l |:7L+ ;]E:| j=1

p—q—1 r -
AL [ ], T[]
Jj=1 Jj=1 =
(15.5)
Substitution of (15.5) into (15.4) yields (15.2). O

The special choice of p = 2 gives (8.15) for (r,q) = (0,0), (8.16) for
(r,q) = (0,1), and (8.17) for (r,q) = (1,1) .
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Chapter 16

Zeilberger’s Algorithm

In 1990 D. Zeilberger, working with H. Wilf and later Marco Petkovsek,
(see [Zeilberger 90], [Wilf and Zeilberger 90], as well as [Kornwinder 90],

[Graham et al. 94], [Petkovsek et al. 96]) used Gosper’s algorithm to prove
formulas of the following form, where a is independent of n and k, and the
limits are natural in the sense that the terms vanish outside the interval of

summation:
n

T(a,n) = Zt(am, k).
k=0
It is required that the quotients

t(a,n,k+1)

a(a,n, k) = t(a,n, k)

be rational not only as a function of k, but as a function of n as well, and
furthermore, that the quotients

t(a,n+ 1,k)

Tt(a,’ll,k) = t(a n k)

(16.1)

be rational as function of both k£ and n.

They proved [Wilf and Zeilberger 90, Petkovsek et al. 96] (see also
[Graham et al. 94, p. 239 ff.]) that the method works in all cases where the
terms are proper, by which they meant that the terms consist of products
of polynomials in n and k, powers to the degrees k and n and factorials of
the form [a + pk + gn],,, where a € C and p,q, m € Z, and, of course, that
the terms vanish outside the interval of summation.

In the simplest cases the method not only provides us with a tool to
prove known — or guessed — formulas, but also allows the finding of one.
The aim is to find a difference equation satisfied by the sums T'(a,n) with

151
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coeflicients that are rational in n, i.e., to find an equation
Bo(n)T(a,n) + B1(n)T(a,n+1) + -+ Be(n)T(a,n + £) = 0.
To do that we seek to sum the corresponding terms
Bo(n)t(a,n, k) + Bi(n)t(a,n+1,k) +-- -+ Be(n)t(a,n+ £, k)

by Gosper’s algorithm on the form AS(a,n, k), because with the terms, the
sums S(a,n, k) must also vanish outside a finite interval. Hence, we have

ZASank ZSank+1 ZSankfo

k=—o00 k=—o0 k=—o0

Of course, we want the order of the difference equation to be as small as
possible, so we start with ¢ = 1 and try to determine the coefficients such
that Gosper’s algorithm works. If not, we try again with ¢ = 2, etc. If we
succeed with a first order equation, we can always find the sum. Otherwise,
we can use the difference equation to prove a known formula, unless we are
able to solve the equation. But this is often enough not the case, cf. Chapter
4.

To make the ideas more transparent, let us consider the case ¢ = 1.
Then we handle the quotient of

s(a,n, k) = Bo(n)t(a,n, k) + B1(n)t(a,n + 1, k), (16.2)
namely,

Bo(n)t(a,m, k+ 1)+ B1(n)t(a,n+ 1,k + 1)
Go(n)t(a,n, k) + f1(n)t(a,n + 1, k)
Now we can apply (16.1) to write this quotient as
Bo(n) + B1(n)ry(a,n, k + 1) . t(a,n, k+1)
Bo(n) + B1(n)ri(a,n, k) t(a,n, k)

If the function r; behaves nicely, we can rewrite this quotient as

qs(a;n, k) =

gs(a,n, k) =

fla,n, k) ' h(a,n,k+1)’

qs(a;n, k) =

with f, g and h polynomials in k with coefficients which are rational func-
tions of n. If this is the case, we proceed with Gosper, forming

G((I, n, k) = g(a7 n, k) - h’(a’a n, k)v
H(a,n, k) = g(a,n, k) + h(a,n, k),
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to estimate the degree d of the polynomial s in k& which solves
fla,n, k) = s(a,n, k+ 1)g(a,n, k) — s(a,n, k)h(a,n, k). (16.3)

This polynomial identity must be solved in the d + 1 unknown coeffi-
cients in s and the £+ 1 = 2 unknown coefficients in f as rational functions
of n. As soon as the existence of a solution is verified, we are satisfied with
the two functions, 3, or even less, namely their ratio,

Bo(n)
) 16.4
B1(n) (16.4)
because we then find immediately the desired sum as
n—1
Bo(v)
T(a,n) =T(a,0 — .
(@m) =700 [T - 205

A simple example of Zeilberger’s algorithm

Let us consider the sum in standard form

7(0) =3 ()l

k
and look at the terms (16.2) with ¢ = 1. It can be written as
s(.6) = o) () oo+ Br () (" bl
_ (%@)(n) +(b—n+ k:)ﬁl(n)> (" . 1) (ali [Dlpa®.
(16.5)
The quotient hence becomes

(n, k) = (n—k)Bo(n)+(b—n+k+1)(n+1)8:1(n)

G = (T =k)Bo(n) + (b—n + k)(n + 1)Br(n)
n+1—-k)(a—k)x (16.6)

“Cl-Rm—1-b—k)’
and it is obvious how to obtain the polynomials as

fln,k)=(n+1-=k)Bo(n)+ (b—n+k)(n+1)5(n),

(n, k)

h(n, k) = k> + (b—n)k,
G(n,k) = (x — 1Dk? — (z(n+14a) —n+b)k + za(n + 1),
H(n, k) = (x + 1)k* — (x(n + 1 +a) +n — bk +za(n + 1).
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Now, if « # 1, the degrees of G and H are both 2, while the degree of f
is 1 leaving us with no solution. Nevertheless, if we allow ¢ = 2, there is a
solution, cf. (8.75). The following solution was found by computer algebra
using a MAPLE program supplied by D. Zeilberger:

Tn+2)+(1+z)(n+1)—xza—b)T(n+1)+xz(n—a—>b)(n+1)T(n) = 0.
(16.7)
But, for x = 1, we get the reduction

G(n,k)=(-1—a—-bk+a(n+1).

Hence, the degree from (6.10) becomes 0, so we just have one rational
function of n, a(n).
The equation (16.3) takes the simple form

f(n, k) = a(n)G(n, k)
(n+1-=k)Bo(n)+(b—n+k)(n+1)31(n) = a(n)((-1—a—>b)k+a(n+1))

or, comparing coeflicients of the two polynomials, we get the pair of equa-
tions

—Bo(n) + (n+ 1) (n) = a(n)(~1 —a —b)
(n+ 1)fo(n) + (b — n)(n + 1) (n) = a(n)a(n + 1),

yielding the desired fraction (16.4) as

Bo(n)
Bi(n)

=—(a+b—n).

This yields the solution
T(n) = [Cl, + b]n’

which is the Chu—Vandermonde formula (8.2).

A less simple example of Zeilberger’s algorithm

Let us consider the sum in standard form

T(n)=Y <Z> [ale[bl[clnrn — 1 — a —b— c|p_p(—1)F

k
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and look at the terms (16.2) with ¢ = 1. It can be written as
n
s(n, k) = Bo(n) </€> [ale[blr[cnr[n =1 —a—b—cp_r(—1)"

(" kBl - a = = da(-1)

= (T 0+ (e - et R - b= (o))

« (" + 1) (il [cn_rln — 1= a — b — dn_r(—1)*.

k

Hence, the quotient becomes
(n, k) _(n—k)Bo(n) +(c—n+k+1)(n—a—b—c)(n+1)Bi(n
G E) =0 T ko) + (c—nt K)(n—a—b—c)(n+ Dbi(n

" (n+1—k)(a—k)b—k)
(—1—-k)(n—-1—c—k)a+b+c—k)’

~—

~

and it is obvious how to obtain the polynomials as

k)Bo(n) + (¢ =n+k)(n—a—-b=c)(n+1)5(n),

fln,k)=(n+1-
g(n,k) =k*> — (n+1+a+bk*>+ ((a+b)(n+1)+ab)k — (n+ 1)ab,
h(n k) =k% — (n+1+a+bk*+ (n—c)la+b+c+1)k,

G(n, k) =((c+1)(a+b+c—n)+ab)k — (n+ 1)ab,

H(n, k) =2k —2(n+ 1 +a+ b)k?,

+(n+D(a+b)+ab+ (n—c)la+b+c+1))k—(n+1)ad.

We get the degree from (6.10) to be 0, so we have just one rational

function of n, a(n).
The equation (16.3) takes the simple form

f(na k) = oz(n)G(n, k)

(n+1-=kK)pBon)+(c—n+k)(n—a—b—c)(n+1)81(n)
=an)(((c+1)(a+b+c—n)+ab)k — (n+ 1)ab)

or, comparing coefficients of the two polynomials, we get a pair of equations

—Bon)+(n—a—-b—c)(n+1)B1(n) =an)((c+1)(a+b+c—n)+ ab),
(n+1)Bo(n)+ (c—n)(n—a—->b—c)(n+1)51(n) = —a(n)(n + 1)abd,
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having the desired fraction (16.4) to be

Bo(n)
Bi(n)

which yields the solution

=(a+c—n)(b+c—n),

T(n) = [a+dalb+cn(=1)", (16.8)

the well-known Pfaff-Saalschiitz formula, cf. (9.1).

Sporadic formulas of types 11(2, 2, z)

Besides (16.8) there are many formulas with the limit of summation as the
only free parameter. In each case, the transformation group gives up to six
equivalent formulas with different factors. We choose the biggest of the six
factors in the following presentation of such formulas.

The factor 2

Besides the theorems of Gauss and Bailey, there are a few other formulas
known with a factor of 2.

> (3) bt 1, o= 4,2 = %Hm

k=0
~ (n 5 3 k [*%] [*%]n n
S (3) bines gl o= 31,2 = S mn e
k=0 n
The factor 4
The following seven formulas are known:
> () o+ 3e (=41, = 4,200 (169
k=0

5 (7) s 85, 4]t = Ll o1,

k
k=0
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30+ 2], an— 1), 4 = 8 lsb g e

S (5 ) Al [, 0k = [, 2o, (16.13)
k=0

(&)

Zn: (n> [Bn+ 3], [-3n—3],_, 4" = m(—w)", (16.12)
(&)
(

)2, (Z)™  if n =2m.

0 if n is odd,
n) [_%]k [3n+1]n—k 4k _ { o IIniso (16.14)
16

The formulas (16.9) and (16.14) are due to Ira M. Gessel, see
[Gessel and Stanton 82, (5.22) and (5.25)].

The formula (16.13) allows a slight generalization for even values of the
limit of summation.

2n
2n [3n + pl,,
Z(k>[_é_p]k[3n+p]2n—k4k:2L+p7 p:O7172
k=0 [plp
(16.15)

The formula (16.15) for p = 0 is due to Ira M. Gessel [Gessel 95a, (28.1a)],
and the formula for p = 1 is from Gould’s table, [Gould 72b, (7.8)].

The factor 5

The following four are known:

INNgE
N\
El
N
ot
3
+
o=
=~
|
ol
3
|
=~
(S
B
|
|
D=
i
3
Pt |
3
Sles
I s
ow
3 |
ISR
3
—
|
(@2}
=~
N
3

\
N[—=
[
|3
(SN LN )
— \
—
<o
sl
NE
[S11[=
3 \
H‘l—‘
Ol
3

[~

)",

|
i~
Pl
s
—

|
oo
3

=1
Y Q A
N N~ N~

"ot
3
+
D=
=
ot
ol
\

|
[\v]
3

|
—_
o
3

|
I
=
3
T
[=2)
=~

\
[Si[e]
P
3

\
Sl el
P
3

ot
3
+
=
._.
o
(@44
Ea
I
|
Njw
=
3
|
Sle
Pt
3
|
==
O|>—I
3
—~
|
D
>~
Nz
3
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The factor 9

The following eighteen are known:

x (8, + (3 =3) [3,) (" n>1 (16.16)
(1) o oot = P2 ) 0
) ' (16.17)
> (3) o= 2l e, ot = B (14, 44 (-4
k=0 31ln
(16.18)
Z(Z) [2n + 3], =20 — 1], 9" = [-3], (-27)" (16.19)
k=0
Z(Z) [2n+ 2], [-2n—2],_, 9" = [_%[]_"3[]_5]”(27)” (16.20)
~(n 4 k_ [-3]..
;(k) [2n+ 4], [-2n—3],_, 9" = TR
([—%hﬂ - [—%],M) 108" (16.21)
k=0
S (3) ont 2 e 3,00 = 2t o (16
S (3) s My b=, 0t = Bl o s
S (3) o f b, 0= Bl Tl o)
k=0 31n
S (3) ot 2= 1,0 = S B con e
k=0 31ln
S (3) s Hy bt 1,0t = e o o)
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" /n
S () (8- 3 -5 -1,
k=0
0 for n odd
= 16.28
{[—%]m [—%]m (—108)™ for n =2m ( )
n n . .
5 () 15 - 1 41,9
k=0
_ [%]n S (=1)mAtgndm forn=2m-+1
(16.29)
A ICRE RERE R WELICETTE
k=0
" /n
S () 5+ -5 - 2,0
k=0
ﬁ [_%]n+1 (_1)m+13n+m+1 fOI‘ n=2m
= n+r1< [_%]nﬂ (—1)m+1gntmtl
-3 [*%}mﬂ [*%]W_H (7108)’”“) forn=2m+1
(16.31)

The formulas (16.16)—(16.20) and (16.28)—(16.31) are found, but only
for n even, in [Gessel and Stanton 82] as 3.10, 3.9, 3.8, 5.23, 3.7, 5.24, 3.13,
3.12 and 3.14, respectively. The formulas (16.24) and (16.26) are mentioned
as conjectures of Gosper in [Gessel and Stanton 82], formulas 6.5 and 6.6,
respectively.

Two similar formulas are known only for n even, namely,

[-3], (—1)E3nriEt

S (1)l + 2 g -, o= T e

- n n n Zaont+2
(5) 13+ 21 128 =519 = oy - (3], (02

(16.33)

The formulas (16.32) and (16.33) are found in [Gessel and Stanton 82,
(3.15) and (3.16)].
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Sporadic formulas of types 11(4, 4, z)
A few formulas are known with z # =41, all of them proved using the
Zeilberger method by I. M. Gessel[Gessel 95a]. They have z equal to 4, 32,
227, E and —8, respectively.
The formulas with z = —8 are in [Gessel 95a] as nos. 11.1a, 11.2a, 21.1a,
21.3a and 30.3a.
Z ( ) n+al [a— 3], [-n —1n_k[n — 2a],_r(2a + 2n — 3k)8k
=0
= [2alna[=a = 1]n(=4)",
" /n
Z (k) [a — 1]k n—a—l— ] [n+1—2al,—k[2a —n — 2],k
k=0
(2n — 3k)8*
n n
(k) é]k[—n—l]n_k[2b+n]n_k
k=0
(2(n —b) — 3k)8* = [b— 1],,[~2b] s 1,
znj "V =0l [b— 1], (=1 — U k[2b+ 1l
k’ 21k n n
k=0
(2(n — b) = 3k)8" = [b — 1n[~2b]ns1,
) (Z) —a—1/2, o+l [+ 2a],_ [-1 —2a—n],_,
k=0
x (2n — 3k)8F =
The formula with z = — % is in [Gessel 95a, (28.7a)].
= n n
> () i+ 4, -3 - 1),
k=0
x[-2 1] (3(4n+1)— 10k) (> sn g s (22"
2 Zin—k 16 256
The formulas with z = 2 are in [Gessel 95a] as nos. 30.4a, 30.5a, 30.6a
and 30.7a.
" /n
5 (3) 3=+ 3, ol
k=0
2\k _[n+1/3], [2n+5/6],
2 10k = o g
x(@n+5+ 0)( 27) T a1, ’
—®
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i(g) (-8l [=2nl, [n—2] _ [-%3+2n] _, (n+5k)<f %)k

_n [2n —2/3],, [n —2/3]
[2n],,

n4n’

i(Z) [~5lp[-2n =1, [n—3],  [§+2n], , @n+1+ 10k)(— %)k

_ [n—1/3],[2n+1/6]

[Zn]n 2n 4n’
> (3) 8l -2 =20l 3], 20+ 3], (ot a4 50~ 22)
k=0
[2n + 1]n+1 .
32

The formulas with z = 5= are in [Gessel 95a] as no. 30.10a.

n n 1 1 L a9+ &

; (k) [_§L€ [n - 5}1@ [n - §]n_k [—3n],_, (4n + 5k:)(2—7) 7
oy, Pn- S,

s [3n — 1] (—16)".

n—1

n n 1 1 1 39 .
2 <k> (4], [n+ 4], [n— 1], [-3n—2],_, (4n+2+ 5k)(2_7)
[n - 5], [2n+ 5]

2n+1 n
—16)".
Bn+1], (-16)

The formulas with z = 4 are in [Gessel 95a] as nos. 22.1a, 27.3a, 29.1a,
29.2a, 29.4a and 29.5a.

n

> (Z) b+ 2], [b+ 252, [0 — blnk[—2b]n—k (20 + 1 — 3k)(—4)"

k=0
= —[b— 1]n[-2b]n+1,
") [n = 1], 3n+ alklaln_k[—aln_k(3n + a — 3k)(—4)F
> (1) = 31,3+ allalu -l

= (=1)"a[3n + alap,
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(Z) [b— 1], [n+bl[n — Bla—i[n — 2b]u—s
k=0
x (2(n 4 b) — 3k)(—4)* = —2[2b — 1],,[~b]py1,
5 () [0 = 4 o fnlae(2n = 30~ = ~(-1" 2O
k=0
(7) 1252~ (282 — alfa b+ Ut + Dy
k=0
X (2(a+1) -0+ 3K)(~4)F = —2020 + Un[-a - 1y,
(1) = $),lo = o 3 =] (= 300
k=0
= [2n],4 [§ - 1], (=4)"
(3) b+ $lilo o =11, [5 = 3 = ], (40 +2 - 300
k=0
=202n+1],,, [§-1], (-4"
—P
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Chapter 17

Sums of Types -1V

The Abel, Hagen—-Rothe, Cauchy and Jensen formu-
las

The classical formulas of type III are the Hagen—Rothe formula and the
Jensen formula. The Hagen—Rothe formula is a generalization of the Chu—
Vandermonde identity:

zn: x x+kz Yy y+(n—k)z

it kz k y+(n—k)z n—k

— x+y<x+y+nz>. (17.1)
r+Yy-+nz n

It was established in 1793 by H. A. Rothe [Rothe 93] and quoted by J. G.

Hagen [Hagen 91] in 1891. It can be found in H. W. Gould, [Gould 72b,

(3.142) or (3.146)], J. Kaucky [Kaucky 75, (6.4)], J. Riordan [Riordan 68,

p. 169] or in [Andersen 89] and [Andersen and Larsen 94].
The Jensen formula generalizes the binomial formula:

n

Z (Z) (x4 k2)F "ty — k2)n k1 = w(m +y)" "t (17.2)

= x(y — nz)

It was established in 1902 by J. L. W. V. Jensen [Jensen 02, (10)]; see
H. W. Gould [Gould 72b, (1.125)], J. Kaucky, [Kaucky 75, (6.6.5)], or
[Andersen 89], [Andersen and Larsen 94].

Both formulas are valid for any complex number z.

To treat these two formulas as one, we introduce

S = S(x;ywzad;pﬂtbn)

= Z (Z) [z 4+ kz — pd, dlp—ply + (n — k)z — qd, d},,—r—q, (17.3)
k=0

163
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where z,y,2,d € C, p,q € Z and n € Ngy. This is in analogy with J. Rior-
dan’s treatment [Riordan 68, pp. 18-23] of N. H. Abel’s identities [Abel 39]

Note that by changing the direction of summation we get the corre-
sponding sum with x exchanged with y and p with ¢:

S(y,z,2,d;q,p,n) = S(x,y,2,d; p,q,n) (17.4)

For p =g =1 and d = 1, after division by [n],, the sum becomes equal
to the left side of (17.1), while for d = 0, after the substitution of y — nz
for y, it is equal to the left side of (17.2).

For d = 0 the addition of the terms kz was studied by A.-L. Cauchy
[Cauchy 87] in 1826 in the case of p = ¢ = 0, and the same year by
Abel [Abel 39] for p = 1,q = 0; see also [Gould 72b, (1.124)], J. Riordan
[Riordan 68, p. 8] and [Andersen 89, p. 20]. Jensen was the first one to
study the case p=¢ =1 in 1902 [Jensen 02].

For d = 1 the story took the opposite direction. The case p = ¢ = 1 was
studied already in 1793 by H. A. Rothe [Rothe 93] and again by J. G. Hagen
in 1891 [Hagen 91], while study of the cases p =¢=0and p=1,¢ =0
was done by Jensen in 1902 [Jensen 02, formulas 17 and 18]. See also H.
W. Gould, [Gould 72b, formula 3.144] and J. Kaucky, [Kaucky 75, (6.4.2)]
and [Andersen 89, p. 19].

We will follow the approach in [Andersen and Larsen 94]. We will allow
d to be arbitrary, and then prove the formulas for (p,q) = (0,0), then
(p,q) = (1,0) (and from (17.4) also for (p,q) = (0,1)) and eventually for
(p,q) = (1,1). For technical reasons we will replace y with y+mnz in (17.3).

Theorem 17.1 The generalized Cauchy—Jensen identity for x,y,z,d € C
and n € Ny

> (Z) [+ kz, dlly — kz,dlnr = Y _[n];z [z +y — jd,dln_j. (17.5)
k=0 §=0

Proof: Let
S =8(x,y —nz,2,d;0,0,n) = Z (Z) [+ kz,d|g[ly — kz,d]n—k. (17.6)
k=0

We apply (8.3) to rewrite the first factor as

k

@+ kz,dl = <’;) [z, d)i[kz, d]_i.

i=0
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Now we can write S as a double sum
S = Z ( )Z ( ) z,d)ikz, dlk—ily — kz, d]n_
=0
We apply (2.1) to the last factor, and then (8.3):
()" *ly —kz,djp_r = [~y +kz+ (n—k —1)d,d],_y
n—k+1i
n—=k .
= Z (] _ Z) [ Y+ (n — 17— )d, d]]_l[kz + (Z — ]f)d, d]n—k—j+i-
j=i
We then get S written as a triple sum:
QRS (0 e
/. j—i ) —1
=0 1=0 Jj=i
X [—y+ (n—i—1)dd]j_lkz+ (i — k)d, d]n—k—j+-
Now we apply (2.9) and (2.12) several times on the product of the three
binomial coefficients and get
n\(k\(n—k\ (n\(n—9i\/n—-k\ (n\(n—-1\/n—-k
EJ\i)\j—i) \i/J\k—i)\j—i) \i)J\n—k)\j—i
_(n\(n—1i n—j _(n\(I\[(n—J
S\i)\j—iJ\n—k—j+i) \j)\i)\k—i)
After this, the sum (17.6) can be rearranged to
n 7 . 4
Z ( ) > ( ) —y+ (n—i—1)d,d);_(=1)"""Ty(z,d; n),
= =0
(17.7)
where
n—j+1 n— ‘
,1—}'1'(2, d, n) = Z ( )[/CZ d}k 1[/€Z + (Z — k)d, d]n,k,jJﬂ(—l)k—Z.
e
(17.8)
Now we apply (2.2) on the sum (17.8) and obtain
n—j+i 4
Tt = S (7)o dans (0
By the translation of the variable of summation with the amount of i we
get
n—j —j
Tii(z dn) = ( . )[(k ti)eda gy (-)F. (179)
k=0
—®
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Now the factorial in (17.9) is a polynomial in k of the form
n—j—1
[(k+ i)z, dln_y = [[ (kz+iz—td)=2z""7k""7 +....
£=0
Hence, when we apply (8.10) on (17.9), we only get one term, which as
G%n) = 1, becomes

Tji(z,d;n) = 2" — flp_j(=1)" 7. (17.10)
When we imbed (17.10) in (17.7), we get the sum

5=y (”) ; (J) . dlil—y + (0 — i = 1)d, d];—i(~1) 2" [ — ;.

=0 M

Now we can place the terms which are independent of i outside the inner
sum, apply (2.12) and (2.8) outside the inner sum and (2.1) inside it to get

n J .
—i J .
S = [n]n,jz” JZ (i)[x7d]i[y— (n—j)d, d}jfi.
i=0 i=0
Then we can apply (8.3) to the inner sum to eliminate it:

n
§ =Y lnlu—yz"fw+y— (n—j)d.d;.
§j=0
When we eventually change the direction of summation, we get

S=> @z +y - jd.dn_;,
j=0
which gives (17.5). O

If we replace y with y + nz in (17.5), we get the expression

n

Z (Z) [+ kz,dlkly+ (n—k)z,d]n_r = Z[n]jzj [z +y+nz—jd,d,—;.
k=0 3=0

n

(17.11)

Now, let p and ¢ be arbitrary integers again. With the help of (17.5) and

(17.11) we want to prove a recursion which allows us to find a generalization
of the formulas of Abel and Jensen for p =1 and ¢ = 0.

Proposition 17.2 (Recursion formula in p and n) Forallp, q € Z,n € N
we have
S(z,y,2,d;p,q,n) = (x — pd)S(z,y,2,d;p + 1,q,n)
+nzS(x —d+ z,y,2z,d;p,q,n — 1). (17.12)
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Proof: We apply (2.2) with m = 1 to the first factor in (17.3) to write it as

[+ kz —pd,dlk—p = (2 + kz — pd)[z + kz — (p+ 1)d, d]y—(p41)-

We split the factor (x + kz — pd) into two parts, (x — pd) and kz, by which
S is split into two sums, and apply (2.8) on the second sum:

S(z,y,2,d;p,q,n)

=> (Z) (¥ —pd)[x +kz — (p+ )d,d|—p-1[y + (n — k)2 — qd, d],——q
k=0

I ] () L R R A R R e
k=1

= (:E —pd)S(x,y,z,d,p—l— qun)
" /n—1
+ nz; (k 3 1) [ —d+kz—pd,dlg—1-ply+ (n—k)z —qd, d]n—k—q

= (x —pd)S(z,y,z,d;p+1,q,n) + nzS(x —d+ z,y,2z,d;p,qg,n—1). O

With this we have a two-dimensional recursion formula in the variables
p and n relating the three pairs (p,n), (p+1,n) and (p,n—1). As we know
the sum in (17.11) for p = ¢ = 0 and all n, we can now use the recursion
formula.

We choose p=¢ =0 1in (17.12) and by applying (17.11) we get:

S(z,y,2d;1,0,n)

1
= ;(S’(m,y,z,d;0,0,n)—nZS(x—d—i—z,y,z,d;0,0,n—1))

1< . ,
= E(Z[nbz][x +y+nz—jd d,—;
j=0

<

n—1
—nz Z[n — 17z —d+z+y+(n—1)z— jd,d]n_l_j)
§=0

I , ,
= x(Z[nb;ﬂ[x +y+nz—jd d,—;
j

I
(=)
—

n

=Y 127z +y+nz— (5 + 1)d, d]n(jJrl))

<.
I
=)



“larsen” — 2006/11/20 — 15:02 — page 168 — #178

168 17. Sums of Types IlI-IV

1/« ,
(ietle v+ ns - . dlcy

M- 1

[n]jzj [z +y+nz—jd, d]nj)
1

<.
I

1
= —[z+y+nzd,.
T

We have proved the formulas:

Theorem 17.3 (The generalized Abel-Jensen Identity I) For n € Ny and
r,y,z,d €C,

n

Z (Z) [x+kz—d,dlg_1[y+ (n—k)z,d]n_r = i[m—i—y—}—nzgd]n (17.13)
k=0

and the formula we get by exchanging y with y — nz.

Corollary 17.4 (The generalized Abel-Jensen Identity Il) For n € N
and z,y,z,d € C,

" 1
3 <Z) &+ k2 = d,dlialy = ke, ok = ~[o +y, . (17.14)
k=0

For d = 0 (17.14) becomes the formula of Abel from 1826, [Abel 39],
and for d = 1 after division by [n],, it becomes the formula of Jensen from
1902, [Jensen 02, (17)].

The surprise is that for p = 1 and ¢ = 0 the sum is reduced to a single
term, while the sum for p = ¢ = 0 only is rewritten as another sum. Even
more surprising is the fact that a single term also is sufficient for p = ¢ = 1.

For this purpose we will apply the symmetry (17.4) to evaluate the sum
for p = 0 and ¢ = 1. Then we will apply the following recursion in p, g
and n:

Proposition 17.5 (Recursion formula in p, g and n) For allp,q € Z,n €
N,

S(m7y7zad;p7qan) :S($+Z_d7y7zad7p_17q7n_l)
+S(z,y+2—d,z,d;p,g—1,n—1). (17.15)

Proof: We split the sum (17.3) by using (2.7) into

- n
S = Z <k> [‘T + kz — pda d}k—p[y + (TL - k)Z - qd7 d]n—k—q
k=0
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n—1
:Z kL—1 [x+kz—pd7d]k*p[y+(n_k>Z—qd,d]n,k7q
k
n—1

-1
-y (n ) )[x+z—d+kz— (p — 1), dljo 1)
k
Xly+(n—1—k)z—qd,dlpn_1-k—q

+y ("; 1>[x+kz—pd,d]kp

k
X [y+2—d+ (’I’L— 1 —k)Z— (q_ 1)da d]n—l—k—(q—l)
=Sz+z—-d,y,z,dip—1,q,n—1)
+S(z,y+2—d,z,d;p,g—1,n—1). O

When we put p = ¢ = 1in (17.15) and apply (17.13) and its symmetric
companion to the first and second of the two sums, respectively, we get

S(z,y,2,d;1,1,n) = S(z+2—-d,y,2,d;0,1,n — 1)
+S(z,y+2—d,2,d;1,0,n — 1)

1
= lEtemdiy+t (=12 dn

1
—l—;[y—&—z—d—l—x—k(n—l)z,d]n_l

= x+y[x+y+nz—d,d}n,1.
zy

Hence, we have proved:

Theorem 17.6 (The generalized Hagen—Rothe-Jensen Identity I) For
n € Ng and z,y, z,d € C we have the formula

3 (:) [t + k2 — d,dler]y + (n — k)2 — d, dlp_s—1

k=0

— x;y[x—l—y—l—nz—d, 1. (17.16)

As above we can write y for y + nz and get the equivalent formula.

Corollary 17.7 (The generalized Hagen-Rothe-Jensen Identity I1I) For
n € Ng and z,y, z,d € C we have the formula

n

n T+Y—nz
3 (k> e+ kz—d,dlj1[y—kz—d,dlp_p_1 = L%

r4+y—d,dl,_1.
prs J;(y—nz)[ In-1

(17.17)
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For d = 1, (17.16) is identical to (17.1) after multiplication by [n],, while
d = 0 makes (17.17) identical to (17.2).

A polynomial identity

In 1995 [Andersen and Larsen 95] we posed the following problem:
For x € C and n € N, prove the following identities between the poly-
nomaals.

B C)E )

For all m € N with 0 < m < 2n generalize (17.18) to

"+ N\ /n-1-2z n n1%] T+
EEE)- 6 ()
x (%fmj_ 2j>. (17.19)

Proof: We give the proof of (17.18) because the proof of (17.19) is similar,
but with some technical complications.

The two sides of (17.18) represent polynomials in z of degree 2n, so it is
sufficient to establish the identity for 2n+1 different values of x. The points
x=0,1,...,n — 1 will be proved zeros of the two polynomials. The left-
hand side is zero for x =0,1,...,n—1because 0 <n—1—x <n < 2n—j.
The right-hand side is zero for x = 0, 1,...,n—1 because we have z+j > 0,
so to get a nonzero term, we must have = + 5 > 275, i.e., x — j > 0. Hence,
the other factor can only be nonzero if x — j > 2n — 2j, i.e., x + j > 2n,
and hence 2x > 2n, contrary to the assumption.

Now consider z = y— %, y=0,1,...,n. The polynomials will be proved
to take the same constant value for all of these points.

The left-hand side becomes

As long as y < n, the limit of summation becomes y. So we get

(—0)"[n = L — ylan—y 1
[2n]2n, : Zo (3) [-n— §]y—j [2n];.
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But this is a Chu-Vandermonde, (8.3) or (B.4), so we get

" [n =% —yly._, 1
[Qn]2n [’fl N §]y
=gy, 4" [ 5], 5]
[Qn]Zn [271]2”
_[2n—1,2)2[2n,2]2 1y2n _ 202 1\2n _ (27 (1y2n
a [2n]2,[n]2 (2)" = [n]2 (2) (n) (3)". (17.20)

ﬁ Z (2:> [y — % + %]k [y - % - §}2n7k' (17.21)

If in the form of the sum (17.21) we consider an odd k, 0 < k < 2n, then the
1k

terms are zero for y =0,1,...,n. Ifkgy—%+§ and 2n —k <y—35— 3,
then we get 2n < 2y — 1, i.e., n < y. And if we have y — % + % < 0 and
—%—1—% > 2n — k, then we must have 2n < 0, andify—%—§<0and
then y — % + % > k, then we must have y — % — % > 0, too. Eventually, if
bothy—%—§<Oandy—%—|—§ < 0, then we get 2y — 1 < 0, so that we
must have y = 0. But then —% + g < 0, so that k£ < 1, which is impossible
for an integer k > 0. So one of the factors must vanish.
This means that we might as well take the sum for all indices k =

0,...,2n. The sum in (17.21) equals

1 2n
W 2

2n
()=t 8 yb- oy (72
" k=0

We can now apply Jensen’s formula (17.5).
Withnz?n,x:yzy—%,dzlandz:
we rewrite it as

substituted in (17.22),

N

1 j .
— > [2n; (3)” 2y = 1 = flan—j- (17.23)
Now we rewrite

2y —1— flan; = (—1)j[2n — 2ylon_j = (—l)j 2n — jlan—; (227;__2]2/>

(17.24)
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Now two factors join, [2n];[2n — jlan—; = [2n]2x, so that after substitution
of (17.24) into (17.23), the sum takes the form

2n

e (o) o= () B ()
()

)2n
where we have applied the binomial theorem, (7.1).
As this is the same result as in (17.20), the identity (17.18) is estab-
lished. ]

N

The generalization (17.19) is proved the same way without serious trou-
ble.

Joseph Sinyor’s and Ted Speevak’s problem

The problem is to prove a combinatorial identity conjectured by Joseph
Sinyor and Ted Speevak in discrete mathematics [Sinyor and Speevak 01].
In their formulation, for m > ¢ > 0 < j < 2¢+ 1, the double sum,

ZZ 1 m—i—ﬂ—j’ m—£'+]'—1
m—ey\2e — jr 41 1

<t§1<) J

(ot —g-m)(G=p) 0

is conjectured to be equal to

i) () e () () o

Sinyor and Speevak support the conjecture with proofs of four special
cases. In the case of j = 0, cf. Remark 17.8, they reduce the formula to
the Pfaff-Saalschiitz identity (9.1). In the case of j = 1, cf. Remark 17.10,
they give a sophisticated combinatorial argument applying partition, and
the cases of j = 2¢ and j = 2¢ + 1, cf. Remark 17.11, are reduced to the
cases j = 1 and j = 0, respectively.

We have, of course, computed both sides of the formula for different
integral values of j and ¢ and complex values of m, and could not find any
counterexample. But, recall the formula

RN
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where the summation is over all integer values of j and k such that the
binomial coefficients do not vanish. This is true for all natural numbers
m and n, which are not both zero, but fails for n = m = 0. So, despite
convincing experimental evidence, a proof is needed.

Changing the problem to a polynomial identity

We prefer to change the notations of the names of the variables, x for m,
n for j, k for j/ and 7 for ¢’. Then (17.25) looks like

DD DE /AU | A [ PRI S ) [

i<l k<n
(17.27)

And (17.26) looks like

omlasd) (0 )= G) () o

Now we multiply (17.27) and (17.28) by n!(2¢ + 1 — n)! which is a
“constant” i.e., independent of the summation indices ¢ and k, to get

;§<2f+11€;?> (Z)[x‘w—k]zik+1[x—i+k—1]k

X [ZE — 17— 1]22—1—2i+k—n[x — i]n—k- (1729)

At the same time the multiplication of the result (17.28) gives the simpli-
fication that only a single factorial is left:

[22]2¢. (17.30)

In the forms (17.29) and (17.30) the number ¢ only appears with the
factor 2. Hence, it is tempting to write m = 2¢, and ask if the formula is
true for all m > 0 and not only even values? Doing so, we ask for a proof
of the equality of the sum

z;zk:(gf,:?) (Z)[l’“‘i—k]zik+1[x—i+k;—1]k

X [SC — 17— 1]m—1—2i+k’—n[gj — Z]n—k (1731)

with the factorial
[22] . (17.32)

The sum in (17.31) is a polynomial in = of degree m, so we may as well
establish the identity of (17.31) with (17.32) for all z € C, but we must
keep the condition, 0 <n < m + 1.
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We know the zeros of the polynomial (17.32), namely %, ji=0,...,m—1.
We will prove that these are also zeros of the polynomial (17.31). When
this is done we only need to establish that the two polynomials coincide in
one additional point.

Fortunately, the factorials in (17.31) join:

[ 40— Eloi—p1[r — i — Um—1—2ith—n = [+ 1 — k];m—n
[x—i+k—1glz—dnr=(@—-9[z—i+k—1]n_1,

where we have applied (2.2).
Hence, we can rewrite (17.31) as

sz: (;’jf,ﬁj}) (Z) (x— i) +i—klmnle —i+k—1],_1. (17.33)

Rewriting the double sum as two single sums

Now it is time to change variables in (17.33). We write ¢ = j + k and
change the summation indices to 7 and k and get

. . m+1—n\/n .
2]:[56 +jlm-nlr =1 = jln—1 Xk: (2] Iy 1) <k’> (x—j—k). (17.34)
The inner sum can be written as the difference of two sums
m—+1—n\/n m+1—n\/n
—9) — k. 17.
;<2j+k+l>(k>(x 7 ;(2j+k+1)<k) (17.35)
Both sums are Chu-Vandermonde convolutions, cf. (8.1), i.e.,
m+1—n\/n . . m+1—n n
zk:<2j+k+1) (k>(x_j)_(x_J)zk:<m—2j—n—k><k>
. m—+1
_(x_])(m—Zj—n)
m+1—n\/n m+1—n n—1
Z(2j+k+1)<k)k_n2k:(m—2j—n—k) (k—l)

k
m
=n .
m—25—n—1

This means that the polynomial in (17.34) can be written as the differ-
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ence of two,
m+1 ) . .
) ("0 )@= Dot ol = = U
m . .
— nzj: (m Y 1) (@ + jlm—nlr — 7 —1]p_1
m+1 . )
-3 AN | T T
m
— o — — 7 — 1] 17.
where we have applied (2.2) and (2.12).
Now we have, cf. (2.4),
nfg—j—1lpa=[z—jla—[r—j—1,
and, cf. (2.7),
m+1 B m n m
2j+n+1) \2j+n+1 2j+n)’
so we can write the difference (17.36) as a sum, namely
m m
.mfn _.n . .mfn _._1n~
) (570l dlmoalo = +3 (374 4 1)l dlnoale—i =1
(17.37)
The integral zeros of (17.37)
The polynomial (17.37) is zero for integral values of z, z = 0,..., [mT_l]
because it is two sums of zeros. The numbers x + j and = — j cannot both
be negative, and if x + 7 > m —n and x — j > n, then 2z > m. And if
x+j>m—n,but z —j(—1) <0, then 2j + n(+1) >m —xz+2x =m, so
that the binomial coefficient is zero. And if x + j < 0 and z — j(—1) > n,
then 2§ +n(+1) < x —x = 0, so that the binomial coefficient is zero.
The evaluation of the polynomial (17.37) for z = —1
For £ = —1 we can compute the value of the polynomial.
First for n < m: in the first sum of (17.37) only the term corresponding
to 7 = 0 is different from zero, and in the second sum, only the terms
—®
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corresponding to j = 0, —1 are different from zero. Hence, the sum of the
sums is the sum of the three terms:

() theaftl = ()"l e = (1)l (1738)

=n(=1)"[m]m (17.40)

where we have applied (2.1) and (2.2). The sum of the three results (17.38)—
(17.40) gives

(L4 m —n+ 1) (=)™l = (~1)" [+ Umss = [Vt = [2m
(17.41)
which is the expected value according to (17.32).

If n = m + 1, then the first sum of (17.37) is zero, and the second sum
can have only the term of j = —1 different from zero. So, the value of
(17.37) equals the value of (17.40), i.e., (m + 1)(—=1)"[m}m = [~2]m as in
(17.41).

The non-integral zeros of (17.37)

In order to find the remaining zeros of the polynomial (17.37), we change
variables in the sums to k = 25 +n and k = 25 +n + 1, respectively. Then
we can write the polynomial as

DL A
N T e e

kEn(2)

Now, let z = § for y an odd integer —1 <y < m — 1. Then we get

> Pl 2,

k=n(2)
m\ [y—n—-1 k y+n—1 k
U1 O e

kEn
(17.42)
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The missing terms for the rest of the k’s are all zeros, provided y is an
integer of the prescribed size. Hence, we can omit the restrictions on the
summations and consider the function

P(y,n,m) = Zm: <ZL> {y 3 Dy SL_” {y ; n_ g} (17.43)

k=0

with which definition the polynomial in (17.42) for 0 < y < m — 1 must co-
incide with the sum of consecutive values (for y) of the polynomial (17.43),
i.e.,

P(y,n,m)+ P(y — 1,n,m).

To evaluate (17.43), we rewrite the factorials using (2.2) two times:

el
2 2 m—n 2 2 n

-n k -n k]
_ ) + 0 y _ K
L 2 2_k 2 dm—n—k
k k
X[y—l—n__} { +n+__m}
2 2 m— 2 n—m-+k
[y — k| k]
e L I P (17.44)
L 2 2-k: 2 2 dm—k

With this rewriting we can write the polynomial P in (17.43) as

P(y,n,m) = i <TZ> [y — + g} k [y ; no g]m_k. (17.45)

k=0

In the form (17.45) the polynomial is suitable for applying the Jensen’s
formula (17.5). Doing this we get

m
P(y,nm) = [ml; (3) [y — flm—j-
7=0
We apply (2.1) to write

[y - j]m—j = (71)m+] [m - Y- 1]m—]

Then we multiply and divide by [m — j],,—; to get

==ty = b= sy ().

m-=7
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Now we apply (2.2) and (2.3) to get for —1 <y <m —1,

Plynm) = (07 Sl =y (" 1) (1)

= (1"l (=) (1= 3)"

= (=" ml, (3)™, (17.46)

where we have applied the binomial formula (7.1).
From (17.46) it follows immediately that we have

P(y,n,m)+ P(y—1,n,m) =0.

Hence the polynomial (17.29) has the same values as the polynomial
(17.30) in the m + 1 points, —1,0, %, 1,..., ’"T_l, so that the polynomials
must be identical.

This completes the proof that the polynomial (17.33) is in fact equal to
(17.32) independent of n.

Remark 17.8 As soon as this fact is known, it is possible to prove the
conjecture by evaluating the polynomial for n = 0, in which case (17.33)
with m = 2¢ reduces to

£ 0
20+ 1
< + )(l‘—i)[.ﬁﬁ‘i—k‘]geo[l‘—i+l€—1]1
=0 k=0

‘ ‘
— Z @fi i) [v —il1[z + i)z —i—1]_1 = Z (351_ i) [z + i,
- (17.47)

where we have used (2.2). Now we apply (2.2), (2.3) and (2.5) to write
using (17.29) with d = 2

(% + 1) 20 + 12441 20 +1, 2]i+1 [2¢,2]; V + %]i+1 [

2 +1 20+ 1201 [20+1,20i41026,20  [i+ 3 )i [l

_ (f) [+ 3], [ﬁii}]m -2 ] b(g) -4 el

t [Z + %]¢+1 [ 041 - % t
(17.48)

and (2.1) and (2.2) to write
[T+ i]op = [x +i]i[x]or—i = [~2 — 1]i(=1)"[z] e[z — £o—i- (17.49)
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Hence, we can write (17.47) by substitution of (17.48) and (17.49) as

4
S () - 4l - b [ 2], o= -1 (750

[E* %]e i=0 v

The sum(17.50) satisfies the Pfaff-Saalschiitz condition

(—F—x—1+l+5+ax—0—L+1=0,

so we can apply the Pfaff-Saalschiitz identity, cf. (9.1), to obtain

[z]e 26 [o— 1], = [22,2)¢[20 — 1,2)¢[20)¢[€) _ [22]20[20)20
[£- 3], 2)e 20— 1,20,20,2], 200

= [217]2[

(17.51)
as observed by Joseph Sinyor and Ted Speevak [Sinyor and Speevak 01].

Remark 17.9 This form of Pfaff-Saalschiitz is also interesting in itself,
combining (17.47) with (17.51) to get

4
> <2€ N 1) [z + d]2e = [22]2e- (17.52)
=0

2141

This raises two questions about generalizations. First, is the number 2
crucial, or do we have a formula:

(%]
; (;1 i) % + 6] = [22]m ? (17.53)

Second, what about the formula

2]
3 (m;i 1) &+ ] = [22 + 1] ? (17.54)
1=0

They both prove valid. The formulas (17.53) and (17.54) are reduced to
Pfaff-Saalschiitz similarly to the proof of (17.52).

Remark 17.10 In [Sinyor and Speevak 01] the authors give a beautiful
combinatorial proof of the formula for n = 1. With the help of the formulas
in Remark 17.9, we can compute this result algebraically from (17.33) with
m = 2{. We get
¢
2

1=

MH

N L

w
Il

0
14

e 1(212f1>(xz)[x+m 1+Z<2€) ol ey
(17.55)

I§
o



“larsen” — 2006/11/20 — 15:02 — page 180 — #190

180 17. Sums of Types IlI-IV

We can write x —i = (22 — 20+ 1) — (x — 2 4+ 1 —4) in the first sum and
x—1i = 2x—(z—1) in the second to rewrite the sums in (17.55) conveniently
as

SMN
=

+ Z @f) (2 — (2 + ) +i — Uaes

=0

/—1
= (2 —20+1) Z( >x+z‘]ge_1
1=0
2 ‘ .
,; <2Z_+1>(x2€+1+z)[x+z]24_1

1

+2xz< >x+z—1]24 1—Z<35>(:c+i)[x+i—1]241

=0

(]

{—1 20
= (2.’E -2/ + 1)[2%]2571 — 2 <2’L n 1) [CL’ + i]Qz

¢
+2z2(x — 1) + 1]20-1 — Z( )x—l—z
¢
= [2z]2 — Z (Zfii) [z + ]2 + [22]20 = [22]20,

where we have joined the second and fourth sums by (2.4), (2.2) and even-
tually (17.53) and (17.54) from Remark 17.9.

Remark 17.11 The cases of n = 2¢ and n = 2¢+1 as considered by Sinyor
and Speevak [Sinyor and Speevak 01] are easy to handle from (17.33) with
m = 2¢. We obtain for n = 2¢:

;ii:(m 1k+1><2€>( )i — Koz — itk — 1y
_Z( )x—z [ — i+ 2i —1]201
N Z (;ﬁ 1)(95 — i)z — i+ 2lnes

;(;€>(xz)[ z+i— 1) 1+Z< > — )|z +il2e-1,
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exactly the same as in (17.55).

And for n = 2¢ 4 1 it is even easier because, as 2i — k + 1 = 0, the sum
(17.33) with m = 2¢ reduces to

Z @fi‘ i) [z — iz —i— 1] 1]z +i]a = Z (;fii) [+ i]2r = [22]9¢

i %

using (17.53).

Remark 17.12 We also get an interesting interpolation formula. If we
apply (17.44) directly to the first sum in (17.37) with m = 2¢ > 0, then we
can write it as

Z 2 [+ jlojanlr — jlae—n—2;
—~\2j+n ’ e
and we know its value for x = —%,07 %7 1,...,¢0— %
If we divide by (2¢)! and multiply by 22, we can write this result for
0<n<20+1 as

+7J T —j 0 forz=0,...,4
2% y = 17.56
%:(Qj—kn)(%—n—Qj) {1 forx:—%,...,é—%. ( )

From (17.38) we know that this polynomial takes the value 2%¢ for z = —1.
This sum cannot be reduced to the Pfaff-Saalschiitz formula.

Remark 17.13 For comparison the Lagrange interpolation formula gives
the polynomial in the form

14
2z +1 20 1
(ze T 1> SR <2j> G r1-2) (7.57)

The sum in (17.57) can be considered as a generalized Pfaff-Saalschiitz
sum by the changes

(%) 20y [26,220—1,2); (i [0—3
2j) (2l 12325020 - 1.2 Ul - 5,

N <j) E: ij 5: gi - [g_lé]é (j) [0—3],[0-3],;
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similar to the changes in (17.48), and

1

wr1-2j [z—3-4] ,=-3[=+3+i-2],

N

—3[me =3+l -2,
(-1 J

== 2) [x"_%_j"‘j_l]j [_x_%]—é—l

3
X x—+€+1]
me-grer]
_1)7+1
_ (1) e+ 2]. [0—o—1

2[—x—%+€+1]€+1 J

Jouso

where we have applied (2.1)—(2.2).
Then the sum (17.57) becomes

“Gr)CED) (0, 0o
T T ) bl ey
x [(—4—a],_ (-1). (17.58)

The factor in (17.58) can be rewritten as
[2$ + 1]2[+1(2€ + 1)
20+ 12012 [0 = 3], [0 -5 — 2],
22 + 1, 2] 41 (2, 2], 22°[(),
[2)2¢ [20 — 1,2],[2¢ — 1 — 22,2],, 4 []s
3 22 + 1, 2o [x]e 244
[20]00 [2¢ — 1,2],[2¢, 2] (—1)*+1 [1 4 22, 2]
~(=16)[x],  16°[¢—1—a],
[20]0[2€)2¢ [20]¢[20)2¢

The sum in (17.58) with the factor replaced by (17.59) can be rewritten
as a generalized Pfaff-Saalschiitz sum, cf. (9.11):

{+1

(17.59)

20

iy 1 z ‘
W > <2f> (4] [z + 3], [~ 1oy =1 = a]ej (=1)7,  (17.60)

but this rewriting may not seem much of an improvement. Nevertheless,
it is possible to simplify it. First denote that [¢]; = 0 for j > ¢, so we can
change the upper limit of summation to £. Next, two of the factors in the
sum join as long as j </

[0 1e—; = [0;[€ — 51— (1) = [le(=1)*, (17.61)
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and two other factors join, too,
[f—l—x]g[—l—x][_j = [ﬁ—l—x]%_j. (17.62)
Substitution of (17.61) and (17.62) in (17.60) yields

(=16)

Ry )
[25]2€(2;) = <]> [1’ + i]j [6 -1~ x]Qf*j

3 [y T

) j=0

In the case of Lagrange interpolation, the Pfaff-Saalschiitz formula proved
useful to change the formula to some extent. The result is of Chu—Vander-
monde type, but the limits of summation are not natural. We could say it
is a half Chu—Vandermonde.

The coincidence between the two expressions of this polynomial, (17.56)
and (17.63) is a surprising identity.
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Chapter 18

Sums of Type V, Harmonic Sums

Harmonic sums are such sums whose terms include a generalized harmonic
factor, cf. (1.12), i.e., a factor of the form

Note that we consider the harmonic numbers well defined for n = 0 as the
empty sum Hc(fg) =0.

Harmonic sums of power m = 1

Only the simplest allow ¢ # 0.
The first indefinite harmonic sum is the sum of harmonic numbers with
factorial factors.

Theorem 18.1 For all m,n € Z, m # —1, we have

(1) o [C + n + I{;]m+1 (1) 1
Z[c+n+k]mH67n+k5k = m—«H_ Hc,n+k — m—H . (181)

Proof: Taking the difference of the right side, the proof is straightforward.O

The omission is covered by the following result.

Theorem 18.2 For all n € Z, we have
2
S et n b K HY, ok = L ((Hg},gk) - Hg?g+k) L (82
Proof: The proof is straightforward, taking the difference of the right side.lJ

185
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Corollary 18.3 We have for ¢ =0

This is the form preferred by D. E. Knuth, R. L. Graham and O. Patash-
nik [Graham et al. 94, (6.71)].

Remark 18.4 The formulas (18.1) and (18.2) allow the summation of sums
of the form )
p (€]
PE) g sk,
2 q(k) "

with a rational factor, provided the denominator has different roots. We
just apply (5.4).

Theorem 18.5 We have the indefinite summation formula for ¢ € C and

nez
2 2
Z (Hc(lr)ﬁk) 0k =(c+n+k) (H&er) —2(c+n+k)+ 1)Hc(172+k
+2(c+n+k).
(18.3)
Proof: Straightforward. O

Theorem 18.6 For all x € C\ {0} we have

3 (k- (i)Hk(Sk‘ = (-1 ((Z B DHk - %(” B 1)) . (184)

Proof: Straightforward. O

This is actually a special case of the more general formula.

Theorem 18.7 For all z,y € C, y ¢ N such that z —y — 1 # 0 we have

[k 01 1 =]k 1 1
S Sk EY k= HY L+ — .

[Ylk r—y—1[ylk y—1
(18.5)

Proof: Straightforward. O
For x € N we can generalize the harmonic factor.
Theorem 18.8 For alln € N, m € Z and ¢ € C we have the formula

n —1)! 1
S (M, = _ . 18,
kzo( ) </€> c,m+k [C +m + n]n n(c+7:z+n) ( 8 6)
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Proof: Let m = 0. We apply the formula (2.14) and summation by parts
(2.17) to write the sum as

" n—1 1 - n—1
S (" =S (" et R
2 ko )etk+l & k
This is a Chu-Vandermonde sum (8.11), so it equals

The special case of ¢ = 0 is found in [Kaucky 75, (6.7.1)].
Inversion, cf. (2.18), of formula (18.6) for m = 0 yields a formula of
type II(2,2,1) which we could have known already:

Corollary 18.9 For alln € N and ¢ € C we have the formula

Proof: Let us define

1)
F=3 ¢ Cem 1y

Then we observe that the upper limit is natural, so the difference is

f(n>—f(n—1)zzm

= e
_1 1 { 1] ]nﬂ
noc+n | [—e—1k-1 ],
1 1
n o c+n c+n
where we have used formula (7.3). O

Theorem 18.10 We have the following indefinite summation formula for
any x € C, but in case x € N, we must require k < n:

S () e S ) (e m) s

Proof: Straightforward. O
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The following formulas are found in [Kaucky 75, (6.7.6) and (6.7.7)].
They are very special cases of Theorem 18.8 for the choice of = 2n and
x = 2n — 1, respectively, and the limits 1 and 2n — 1.

Theorem 18.11 For any integer n € N, we have the sums

2 on\ ! n 1

—1)Ft Hy = Hap,
;( ) (k) FT S 12 Tang 2
2n—1

on—1\ " 2n
—1)F! Hy = Ho,,.
2. (- ( k ) P op 1

k=1

Theorem 18.10 can be generalized to:

Theorem 18.12 For all x,y € C such that x —y —1# 0, x ¢ N, we have

[k 1) 1 (2] < 1) 1 )
g —H k= — ——"—" (H +—]. (188
[y}k —xz—1,k T—y— 1 [/y]kfl —x—1,k r—y— 1 ( )
Proof: Straightforward. O

The following formula is found in [Kaucky 75, (6.7.3)].
Theorem 18.13 For all n € N we have the sum,
- _ 1 2n—2,2],
Y N R A I e e (el
kz:%( ) (k) %= 5t T en 1,20,

Proof: We have from (2.13)

s (i) ()

Summation by parts, therefore, yields

s -1 1 1
— kLT e T
];)( ) ( k) \okr2 Tkt
1

= (bt (4] 1h) = g+

n—3

where we have applied the Chu—Vandermonde convolution, (8.11). The
formula follows by multiplication by the right power of 2. O
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The following is a generalization of a strange formula due to W. Ljung-
gren from 1947 [Ljunggren 47] which was only proved in 1948 with analytic
methods by J. E. Fjeldstad [Fjeldstad 48] and J. Kvamsdal [Kvamsdal 48],
cf. [Kaucky 75, (6.7.5)].

Theorem 18.14 For any complex number x € C and any integers n € N
and p € Ng, we have the sum

> (o () m X () G e

k=p k=0
r+n
_< ' >(H+ ) — H;}QL).

From this theorem Ljunggren’s formula follows with the choices x = n
and p = 0:

Corollary 18.15 For any integer, n € N, we have the sum

; (Z)QH,C = (2:) (#, - 1Y) = (2:) (2H,, — Hay,) .

Proof of Theorem 18.14: We consider the function
f(n,x,p):zn: PP (TEP) (18.9)
P k—p k

which we shall compute. Now we remark that

Ap(—1)k (i) Hy = (—1)%+! <i :[ 1) (H,H1 - ﬁ) . (18.10)

Using (18.10), summation by parts (2.17) yields

n

Fnz,p) = — Z(il)k <n ;f; 1> (—1)k+! <ﬂc ;—i—lk 1)

k=p

1
x | H B —
(’““ ;c+p+1>
_ ”Z:_l n—p—1\/z+p+1 . 1
N E—p—1 k P rgpl

k=p+1

n—p—1\/x+p+1
x%(n—l— )( k1 )
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The first sum is just f(n,z,p + 1) as defined in (18.9), while the second
sum is a Chu-Vandermonde convolution as in (8.1), so it yields

1 r+n
z+p+1 n )

Hence, we have derived the formula with the difference taken in the vari-
able p,
1 zT+n
A = )
pf(n,2,p) x+p+1( n )

Summation gives us

Fn,2,) = Fn,2,m) — (”“" * ”) Z _1

proving the formula. |
A more general result is the following formula,

Theorem 18.16 For any complex number x € C we have the sum

n

1
Z (Z) [—z]k2]n—kHr = (—1)"(n — 1)! — E[m —1],.
k=1
Proof: From Corollary 6.2 we have the difference formula

(Z) [=aleleln—k = A(Z _ i) [z = -a[z]n—r+s1- (18.11)

Summation by parts (2.17) now yields

o= 2" = el

1

= s ; (4 1) Feliente = thacicn.

This is a Chu—Vandermonde sum, missing the first two terms corresponding
to k=0 and kK = —1. Hence, we get
1

_[x]n+ﬁ ((ln —n(=2)[z = Upn-1 — [z = 1]n) = (—l)n(n—l)!—%[x—l}n.

This ends the proof. (|
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Remark 18.17 If x € Ny, z < n, the second term vanishes, so the right
side becomes just

(=D)"(n—1),
independent of x. The case x = n is found in [Kaucky 75, (6.7.2)].

A similar but more specialized formula is the following;:

Theorem 18.18 For all p € N, we have the sum

> (Z) [—plklpPln—kHpsk—1 = (=1)"(n — 1)L (18.12)

k=0

Proof: We write the sum as

oty 43 (1) rhblo-syses

We have from (18.11) above

(1) olelibnes = A (3 7 ) op = sl

Hence, summation by parts yields

[Pl Hyp—1~[plo H, — ,; (” . 1) [0 — Uelpls - ]ﬁ
= —[p— 11— Z (” . 1) [~p — -1 [plos

k=1

=11+ <n ; 1) [=plklp — Un—1-k
k=1

=-l-1aa+[lna—-lp=lna=(=)"(n-1),

where we have moved a factor p and applied the Chu—Vandermonde con-
volution, (8.3). O

The special case of p = n is similar to Remark 18.17 above.

Remark 18.19 For all n € N we have the formula

5 () (D)=

Proof: Chose p =n in (18.12) and divide by n!. O
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A similar formula not containing any of the preceding three as special
cases is found in [Gould 72b, (7.15)].

Theorem 18.20 For any z,y € C (as long as x and x + 1y are not negative
integers), we have

g(:)[:c]k[wn] Hf,;i—[+y+n]n<H75}) Hii’yn). (18.13)

Proof: By induction after n. For n = 1 the result is obvious. Let us denote
the left-hand side of (18.13) by S,

St =3 (1) el + s (2.

k=0
Splitting the binomial coefficient by (2.7) we get the sum as a sum of two,

n—1
z( ) )

n

Z(n_1> kly +nln- kH()

k=1
The first is

(1) = y+m)S(n—1,2,9) = y+n)w+y+n—1lar (Hyo = HY, )

In the second we translate the index by 1 to get

n—1
n—1
(2):Z< k >[x]k+1[y+1+n_1]n 1- kH(I;ZH
k=0

We remark that H'Y HWY

yk+1_y+1+ erlk,sowecanvvmte

Z<n1>[11] ly+1+n— 11 HY,,

k=0
1

n—1
1 14+n—1], 1
—HC;;)( . )[:v lkly+1+n—1],_1 g

=zS(n—1l,z—1,y+1)+

x
+1[9:+y+n—l]n_1

_ 1 (1) 1
= .T[m+y+n_ 1]1’7,71 (Hy+17n_1 —Hw+y7n 1 + y+ 1)

1
= {L‘[LL' + Yy +n— 1]774*1 (Hjlg,l’ﬂl - Ha(:i)y,nfl + ) )
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using (18.13) to the first sum and the Chu-Vandermonde convolution (8.3)
to the second sum.

Adding (1) and (2) we get

(@+y+mety+n— U (B~ HY,0)

+ [x+y+n—1],_1

y+n
=+ y+nln (HY) = B, ) + o+ y+nl

y 1 1
y+n x+y+n

o+ y+nla (B - HY,) - 0

Remark 18.21 The analog of the sum of harmonic numbers with alternat-
ing signs does not provide anything new. Actually we have the formula,

n 71]@
Z( ! =H g - Hn.

Harmonic sums of power m > 1

Some formulas containing the generalized harmonic numbers (1.12) of
power m = 2 are known:

Theorem 18.22 For all x € C we have the formula

T\ [—=x 2) r—1\/—x—1 () 1 fx—1\/—2z—1
H = H, — .
Z(k)(k) 0.60k (k—l)(k—l) ok T2\ k
Proof: Straightforward. O

Corollary 18.23 For all n € N we have the formula

- n —-n (2) 1
2 () ()
k=0

Proof: Obvious. |
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Sums containing a factorial with nonnegative index can also be found.
Theorem 18.24 We have the following indefinite sums for m € Ny
[C + k’}m+1 2) (_1)7nm! (1)
H7 — H
m 4+ 1 c,k m —+ 1 c,k

- (D[] le + K]
; 1) : (18.14)

> le+ Kl HE) ok =

Proof: Straightforward. O

Seung-Jin Bang’s problem

Seung-Jin Bang [Bang 95] posed the following problem in 1995.
Show that

O A LAS AT 1 "1
%7( : (k)Z‘ (G+3++3) -2
for all positive integers n.

This is the special case p = 2 of the following.
Theorem 18.25 Forn € N and p € Ng we define the multiple sum

L e L I LN R 1 g

k=1 J1=177" ja=

Then we have

PR Y n—1\) o= 1 s 1 &
- (- (L) LS £
k=1 J1= ] ip

and want to prove that it satisfies

1
s

f(0)-03) =160 =56)

D(?’L,p) =

Since
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the difference can be written (where for convenience we have added the
zero term for k = 0)

b= A3 ([ S S S LS

k=0 =1 It =) —lj e

Now summation by parts or Abelian summation (2.17) yields, as the con-
stant terms vanish,

n—1\ 1 1d 1 1
- LS () L S S
Z k+1 = J2 jgz=1 Jp—1 = Jp
n—1 k+1 J2 Jp—1
1 o n 1 1 1
SO D IED LD S
n* = k+1 B S S W

i.e., the difference satisfies the recursion

1
D(n,p) = ED(n,p - 1),

and hence we get

D(n,p) = %D(n,o) = # Z(_1>k—1 (Z)
k=1

where we must change the limit to 1, because the zero term no longer
vanishes.
But from (2.13) we have

Zn:(—l)’“‘1 (Z) = (_1)k(2_1>r+1 =0—(-1)=1.

k=1
Alternatively, it follows from the binomial theorem (7.1) as

i(—l)k (Z) =(1-1"=0. (18.15)

k=0

This proves the theorem. O
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The Larcombe identities
In [Larcombe et al. 05, Larcombe and Larsen 07] we prove a family of har-
monic identities.
For non-negative integers n and p and a complex number z, not equal
to —1,—-2,...,—n, let
2+ 1) « k(T 1
= —1 .
S(n,p, z) z( o ) kgo( ) (k) GCihp
Theorem 18.26
S(n,0,z2) = 20™.
Proof: Apply the binomial formula for (1 —1)". O
Theorem 18.27
S(n,1,z) = 1.
Proof:
R n! e 1
S(n,1,z) = S Y
(n,1,2) n! kzzok!(n—k)!( ) z+k
S S S B A A N
kEl(n —k)!
k=0
o Xn: —z n+z\ [(n) 1
N E)J\n-k) \n) 7
k=0
using Chu—Vandermonde (8.1). O
Theorem 18.28 For p > 0 we have the recursion
S(n,p, z) = zn:LS(k p—1,z).
) Y Z—|— k ) )
k=0
—®
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Corollary 18.29 For p > 0 we have the recursion

1
ApS(k —1,p,z) = z—&——ks(k’p_ 1, 2).

Proof of Theorem 18.28:

Sn.p.2) = [Z—’—n# Z <Z><”k<z +1k>p
()G e
() e e

Now we apply Chu—Vandermonde to write
—z—k—-1 -k -1 -k ,
= = —1 n_j_
) -2 (GO0 -2 (G0
Recalling (2.9)
=2\ [(—2—k\ (-2
kJ\Jj—k) \j
2.

changing the order of summation, and using (
obtain

j=0 k%O
> (B0 ey
=§Zijz(z’jj)§<2>(_ )k(zﬁf)
— ZOZ}F]S(J}p— 1,2) O

Theorem 18.30 Forp > 1

S(n,p,z) = —ZH(J)S n,p—j,z2).
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Proof: By induction on p.
For p = 2 we have

1 1
S(n,2,2) =Y S(k,1,2) =) =H{)
= z+k P z+k

2—1
1 ; .
=51 > HY)S(n,2—j,2)
j=1

by Theorem 18.27, then Theorem 18.26, and eventually the definition of
harmonic numbers (1.12). The induction step goes

1 0
ZHz?k—ls(k - ]-7p - ja Z)
=1

1 =
= 3 S(k,p— j
p—1j21<z+k>fs( e

A
S

1251
—~ N "gU S(k,p—1—7
+p_1; z’kZ-i-k (7p .]aZ)
1 22
- __S(kp—1—j
p—1£;@+kV“ (k- 5:7)
11 1 =
- S(k,p—1 S(k,p—j
p—1z+k (k.p ’Z)+p—1;(z+k)a (k:p—3,2)
b e Shp—1,2)

1 2
_pflg (Z+]€)]S(k7p_]72:)

1
= Z+k5’(/€,p— 1,2).

Use the formula (2.15) on each term of the sum and Corollary 18.29 for
AS. Take the first term outside of the first sum. Apply the induction
assumption for p — 1 on the second sum. Change the summation index by
1 in the last sum. Then add the first and third expressions with the second
and last sums cancelling. O
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Corollary 18.31

5 3 2
(#0) +10(HY) HE +15H0) (HE)

)

zZ,n "z,n

2
+20 (H<1 ) HE) +20H2) HS), + 3000 HE) + 24H§,53,> |
1 6 )
S(n,7,2) = 20 ((H;El%) +15 (Hgl)) H?) 445 (H(l)) (H(g))
3
+40 (HY) HE), + 12000 HE HE) + 90 (HL) ) -

s

3 2
+LMHHE) + 15 () + 0HDHE, + 10 (HE))
+ 120H§,§1).
Proof: Let us do S(n, 5, z). Take

HO S(n, 4, 2)/4 = — ((H(U)4 +3 (H<1>)2H(2) + 2H<1>H<3>)
zZ,m ) 24 zZ,mn ERO) zZ,mn znitzmn | -

Then take

H?S(n,3,2)/4 = é <(H§,1n)2 ) 4 (Hz(?n)z)

So take
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and eventually
1
HYS(n,1,2)/4 = ﬂﬁﬂg‘*

zZ,n ,ne

Adding, we get the coefficients 1, 3+3 =6, 3, 24+ 6 = 8, and 6. O

Theorem 18.32 The coefficients in the corollary are

with Y, in; =p — 1.

Proof: Guess the coefficients as class orders from symmetric groups;
cf. [Stanley 97]. O
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Appendix on Indefinite Sums

Rational functions

Rational functions can always be summed indefinitely in principle. The
function can be split into a polynomial part and a sum of principal fractions.
All we need are the formulas (3.4) ff., (1.12) and (3.32):

[etKklm+1 m# —1,

+ k]mdk = mitl
> le+H] {Hm S

1 (m)
——V%k=H
Z (C + k)m c,k

B
m+1

Rational functions may take the convenient form, cf. (7.3),
1
3 g _ L lae
[b]k a—b—l[b]k_l
to be recognized as a sum of type I with quotient

a—k

A more complicated form with condition on the arguments is the fol-
lowing, cf. (8.27). If p=a+b— ¢ —d € Ny, we have

[alx [0 _ [a]k[b]k ~ _[pllk—c—1];
Z [C — ]_]k[d — 1]k6k o [C— 1]k,1[d— 1]]@,1 =0 [(L - C]j+1[b - Cb‘+1’

with quotient
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A similar, but more special, formula is

3 (”Z) (x — 2k)0k = k(i)

(z—k)(£-1-k)
CoBG R

Furthermore, we have the surprising formula, cf. (11.1):

with quotient

q(k) = (=1).

1)k5k

Z[a+b+c}k[a]k[b]k[c]k(a+b+cf2k:)(—
E'b+c—1]kla+c—1gla+b— 1]k

~la+b+crla — 1p—1[b — r—1[c — 1p—1(— 1)’“

O Kbte—1palate—1pafa+b—1p_1

Other indefinite sums

We know a few indefinite sums involving harmonic numbers (cf. (18.1),
(18.2), (18.3)—(18.5), (18.7), (18.8) and (18.14)), seven with first order

harmonic numbers:
1
> e+ Kl HY) bk = % (Hé},ﬁ - —) :
2
Sle+ i Rok = 4 (1) - )
(1) ) 1)
S (D) ok = e+ k) (1)~ et 8) + DY) +2(c + k),
k—1(% k[ (1 1l fx—1
N e A (SHLEE )

=]k (1) B 1 ]k ©) 1
Z o oy w0k = ——— Aoy =7 )

Bl

Y]k y—1[ylk—1
Tk (1) 1 [z]k ( ) 1 )
HY k= —— gY =),
Z[@/]k Lk r—y—1[ylk Lkl —y—1

Ye(p) mo- S50 ()

and three with second order harmonic numbers:

ST HE 6k = (c+ k) HE) — HY,
1
S (e + k) HZok = (c—i—k 2+ 1Y)~ (c +k)>,

N} I
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1 +k
S le+ k2 HE) ok = 3 ([c +k]sHE) —2HY) +2(c+ k) - %) .
The general form for m € Ny is
+ ki1 @ (=1)™m! o
@ = T Mm@ I
Z[C + k]m c,k(sk m 41 c,k m+1 c,k
B i (=1 [m)m—jle+ ;-
= jim+1)
—®
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Appendix B

Appendix on Basic Identities

In this appendix we will present basic generalizations of the simplest ordi-
nary combinatorial identities. We prove the generalizations from which the
ordinary cases are deduced simply by substitution of @ = R = 1 in the

generalizations.

Our definition of a basic number is slightly more general than the usual
definition. The main reason for the generalization is that it makes many

formulas more symmetric in their appearance.

We will assume the existence of two “universal constants”, @) and R.

We define the basic transformation {x} of = by:

(2} = zQ* 1 if Q =R,
(@ —R")/(Q-R) ifQ#R

The following properties of {x} are easily verified:

{0} =0 and {1} =1,
{2z} = —{z}(QR)"",
{z+y} ={2}Q" + {y}R" = {z}RY + {y}Q",
{e—yt={a}R7Y —{y}R7VQ"
={z}Q7" - {y}Q YR"Y.

If n is a positive integer then

{n} — anl +Qn72R+'“+Rn—1’

{_n}: —(Q_lR_n+Q_2R_n+1+"'+Q_nR_1).

(B.1)

(B.6)

Remark B.1 Because of the symmetry in @ and R in the definition (B.1),

@ and R must be interchangeable in all the following formulas.

205
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Remark B.2 The expression (B.6) shows that our definition generalizes the
definition of [k], 4 due to Wachs and White [Wachs and White 91].

In his original introduction to basic numbers in 1847 [Heine 47],
E. Heine replaced a, 3, etc. in a Gaussian hypergeometric series

(1-¢*)(1—-¢%)  (1—¢MH1-¢*THA-¢")1-¢*") ,

1+ T i+
(1-q)(1—q7) (1= —-¢*)(1—-q)(1—g*)
by
1—q* 1—-¢°
, , ete.
l—q 1-g¢q
in order to obtain a continuous generalization from « as
1—q°
-«
I—q

for ¢ — 1. He also noticed the similarity between ¢ and r = %.

We have replaced ¢ by Q/R to obtain
1— qa R™ — Qa
l-¢g R-Q
hardly a generalization at all. Nevertheless, some of our formulas contain
two of Heine’s by choosing R=¢gand @ =1or R=1and Q =q.

It is sometimes customary to omit the denominator 1 — ¢, because it
often cancels out anyway. We have chosen not to do so to keep the conti-
nuity. It is further customary to replace ¢ with a, and further ¢®*! with
aq, etc., but we will not do so, because as E. Heine pointed out in 1878,
it makes no difference [Heine 78, p. 98]. One just has to apply the usual
formulas to ¢ for comparison.

Rl—a _ {a}Rl—a’

Factorials and binomial coefficients
We introduce a generalized basic factorial,

[1)=g{z—jd} ifneN,
{z,d}, =41 if n=0,

H;:”l —{xjjd} if —n € N.

Since descending factorials are the most important in combinatorics, we
will use the notation {x}, for {z,1},. If @ = R = 1, then we have the
ordinary descending factorial [z],. The following are the most important
properties of the generalized factorial:

{z,d}, = {z —d,d},Q"* + {z — d,d},,_1{nd} R*~"¢, (B.7)
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{z,d}, ={z—d,d},Q" — {x — d,d},_1 {—nd} R*Q™, (B.8
(z,d}p = {2+ (n — 1)d, d}pn(~1)"(QR)"*(3)4, (B.9

)
9)
{z,d}p, ={z — (n—1)d, —d},, (B.10)
{@,d}bn = {~z, —d}n(—1)"(QR)"™ () (B.11)
{2, d}rtn = {2, d}m{z — md, d},, (B.12)
{z,d}_, = 1/{z + nd,d},, (B.13)
—{?i fg}" = ]:[(Q“jd + R4y, (B.14)
) n JZO

B {(2nd, 2d},

= {—d, 2d}( ﬁ Q7 4+ RIY). (B.15)
The basic binomial coefficients are defined by:
x| J{ztn/{n}n ifn €N,

{n} N {0 if n ¢ No. (B-16)

We note the following properties of the basic binomial coefficient:
{”} - {"} =1, (B.17)
x—1 z—1
A I G A LS
T—m
B.1
G = Gl ®19

b = {7 (8.20)

m

If £ € Ng and « > n, then {*} = {_® }, and from (B.18) it follows that
{fL} is a homogeneous polynomial in ) and R of degree (z — n)n.

Two basic binomial theorems

Theorem B.3 For arbitrary x and y, integers m and n (n > m) and arbi-
trary « and (3,
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n n—m—1
= ok (V3 p(75) i yR). (B2l
E_m (T VTR = (zQ” +yR’), (B21)
k=m j=0
Z n—m zkrfmynka(k_2m)+o¢(k7m)R("’;k)wLﬁ(nfk)
= k—m
n—m-—1 ) ]
= (xQ7 T 4 yRITF), (B.22)
j=0

Proof: 1t is sufficient to prove (B.21) for m = 0, because the general case
follows by substitution of k& + m for k and n + m for n. Let

S(n,z,y) = ; {Z}xkynkQ(ﬁ)R(”E’“)_

Using

-2

we split S into two sums. In the sum with {Zj} we can substitute k£ + 1
for k. When we take advantage of common factors in the two sums, this
gives us

S(n,z,y) = Z {n ; 1}xky"_1_kQ(§)R(nzk)(xQ"_l +yR" )
2

=S(n—1,2,y)(zQ" " +yR" ).
Iteration now yields the formula (B.21).

The more general formula (B.22) follows from (B.21) by substitution of
Q" for x and yR” for y. O
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Two basic Chu=Vandermonde convolutions

Theorem B.4 For arbitrary a and b and arbitrary integers 0 < m <n

Z {n : :Z}{a}k—m{b}n_k(QR)_(k—m)(n—k)Qa(n—k)Rb(k_m)

k
k=m
— (a4 b, (B.23)
i n—m
1 m b.—1 o a(n—k) pb(k—m)
kzm{k o m}{a7 }k { ) } kQ R
= {a + ba _l}nfwr (B24)

Proof: Tt is sufficient to prove (B.23) and (B.24) for m = 0. We will prove
(B.24), from which (B.23) follows.

Let

S(n,a,b) = Z {Z}{a, —1}1{b, =1}, Q¥R RVE.

k

- e

we split S into two sums. In the sum with {Z:}} we substitute k + 1 for k.
When we take advantage of common factors in the two sums, this gives us

Using (B.18),

S(n,a,b) = Z{n ; 1}{&, —1}{0, _1}n717kQa(n_1_k)Rbk

k
x ({a+E}RPIE 4 {b+n— 1 - k}Q™F).

Using (B.4) this gives
S(n,a,b) =S(n—1,a,b){a +b+n—1}).
Iteration now yields formula (B.24).

If we apply (B.24) to —a and —b using (B.6) to change the sign of d,
we get (B.23). O
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Two special cases of the basic Chu-Vandermonde
convolutions

Theorem B.5 For arbitrary ¢ and p an arbitrary integer and integers m
andn (n>m):

Z {Z : Z}(_l)n_k{c —m—+ k‘}pQ("—m)(p—c—n+m)+(ngk)

k=m

o« R—Rrm—nt1)+("5%) {(Prn—m{ctpnim. (B.25)

D

n
k=m

n—m —m n—m)(p—c—n+m k—m
{k—m}(_l)k {c+n—k},Qn ™ +m)+(5")

k—m

x RE=m@tmont D7) oy ey (B.26)

Proof: In (B.25) we substituted —1 — ¢ for a and ¢ —m + n — p for b and
using (B.9) on the right-hand side we obtain:

k
% Q(—l—c—k+m)(n—k)R(c—m—p-i-k)(k—m) — {n —m—p— ]-}nfm

= {Pluom (~1)" T (QR) P =T,
In the sum we use formula (B.9) on the factor {—1 — ¢}x—_,, and observe
that

{c—m+k}p—m{c—m+n—pl_r={c—m+kt{c—m+n—pl—m—p,

since all factors occur with the same multiplicity on both sides. We obtain

Z{"‘m}<—1>’“-7"{c—m+k}p{c—m+n—p}nmp

- k—m
« Q(—l—c—k+m)(n—k)R(c—m—p+k:)(k—77L)(QR>(—1—C)(k_m)_(k;m)

= (Phnom(~ 1" (QR)mpmDmm= (),
(B.27)

We now multiply (B.27) by {c}p—ntm = 1/{c—m +n — p}p_m—p and

by (—1)”_"”(QR)_("_m_p_l)("_m)+( 2"), Simplifying the exponents of @
and R yields the equation (B.25).
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The equation (B.26) is obtained from (B.25) by substitution of n+m—k
for k, i.e., by reversal of the direction of summation. O

The formula (B.25) for p = —1 has a nice interpretation as a general-
ization of a useful partition of the quotient into partial fractions.

Corollary B.6 For arbitrary ¢ and arbitrary nonnegative integer n

. RS b (QWen bl (“31) g—nleth)
{et+nina {n}nkz_%{k}{ +k}(QR) Q : (B.28)

Proof: Substitution of m =0, p= —1 and ¢ = ¢ — 1 gives the formula. O

The symmetric Kummer identity

Theorem B.7 For arbitrary a and arbitrary nonnegative integer n

2n
S Hahdaha s (DM@ — (20,2, -1.2), (B29)
k=0

= (=1)"{2a,2}.{2n — 1,2}.(QR) ™™

2n+1

2 {2n y 1}{a}k{a}gnﬂ W=D (QR)THEHITN <o, (B.30)
k=0

Proof: Let

0 =3 Hantatwcvr@ry o,
k

Then observe that

S(2n+1,a) Z {2n + 1}{a}k{a}2n+1k(_l)k(QR)—k(Qn-‘rl—k)

k
—S(2n+1,a) =0,

by reversing the order of summation.
Now,

sena) = 3 {7 hadetatanoa(-pQrien b ke

k

{2/;1 }{a}k{a}Qn—k(1)ka(2nk)R(k1)(2nk)a



“larsen” — 2006/11/20 — 15:02 — page 212 — #222 GF

212 B. Appendix on Basic Identities
by (B.18). By replacing k with k + 1 the second sum becomes

B Z {an— 1}{a}k+1{a}2n1k(_1)kQ—(k+1)(2n—1—k)R—k(2n—1—k)_
k

Application of (B.12) with m =1 to {a}r41 and {a}a,—j yields
2n —1 k—k(2n—1—Fk)
S(2n,a) ={a} ) e (ladela =1k (=1)"Q
2
xR0 (o S a1y e (1)
- k
% Q—(k+1)(2n—1—k)R—k(2n—1—k).

We apply formula (B.7) in the forms

{a}e = {o— 1R" + {a— 1} 1 {k}Q
{a}on—1-k = {a —1}op_1 Q> 17

+{a—1}op_o g{2n — 1 — K}y RO2"T1TE

=@ (S e et s sr@my ey

+ Z {2774]{:_ 1 {Cl — 1}k71{a — 1}271*1716{k}(—l)kQa(QR)_k(Qn—k)
k
2n —1
_ zk:{ )

X RG(QR)(k+1)(2n1k)) .

{a —1}{a —1}on_o p{2n — 1 —k}(—1)F

j
-2 {an_ 1}{a —1}hifa — Ton 1 k(—1)F(QR)FCr=1=H
}

The first and third sums cancel. To the remaining two sums we apply the
formula (B.20) to get

S(2n,a)
— {aHon - 1)

X (Z {2]?_12}&1 —1eor{a — Lon_1_w(~1)FQ(QR)~H@n—h
e
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- {an— 2}{(1 — 1hefa — 1}2n2k(—1)kR“(QR)—(k+1)(2n—1_k))
k
—{a}{2n -1} (Q" + RY)

X Z {ZTLk— 2}{(1 — 1}e{a — 1}271727]@(71)’“

k
% (QR)—k(Qn—Q—k)+l—2n

= —{a}{2n -1}(Q" + R") S(2n — 2,a — 1)(QR)' ™",

by replacing k& with k£ + 1 in the first sum. From the definition (B.1) we
have
{a} (Q" + R") = {2a}.

Because S(0,x) = 1, iteration of the reduction yields

S(2n,a) = (=1)"{2a, 2} {2n — 1,2}, (QR)™ = {2a,2},{—1,2},.

The last equality is due to (B.9). O

The symmetry of the formula (B.29) is emphasized by the following
change of summation variable.

Corollary B.8 For arbitrary a and arbitrary nonnegative integer n

n

) {ff: k}{a}n+k{a}nk(—l)k(QR)k2 = {2a,2},{2n — 1,2},

k=—n

= (-1)"{2a,2},{~1,2},(QR)"
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The quasi-symmetric Kummer identity

Theorem B.9 For arbitrary a, arbitrary integer p and arbitrary nonnegative
1mtegers m < n

n

P k{0 + Pl (—1)F T (QR) R (=) i
};n {k‘ _ m} k p k
e S {,_m}
j:[”*”;*"ﬂ n—m—2j

xAn —mpn_m—2i{2(a+ (p A 0)),2};{—-1,2};
% Q(a‘i'(l’/\o)—?j)(”—m—?j)R(|P|—n+m+2j)2j+(n—m)(p/\0).

(B.31)

Proof: Tt is enough to prove the theorem for m = 0. We apply the Chu—
Vandermonde convolution (B.23) on {a + p},,— in the form

n—k . ) N
{a+pln—i = Z {] B k}{a}j_k{p}n_jQ(ajJrlc)(nJ)R(pn+J)(JIc)7

J

to get
;{Z}{a}’“(mk Zj: {? B :}{a}j—k{p}n—j

« Qla=i+k)(n=3) Rp=n-+)(i=F)

_ ;{p}n_j ?m{:}{?_ ,’j}{a}k{a}j_k

J

« Qla=i+k)(n=3) Rp=n-+i)(i=k)

U

Next (B.19) allows the transformation

Wi L L

Hence, we obtain from (B.29)
n o o
Z{p}n—j{ ,}Q(a ) (n—3) plp—n+j)j
i J
J .
X ;(_1)k{é}{a}k{a}jk(QR)_k(J—k)

= Z{p}n—%{gj}{%, 2};{~1,2};QU ("2 Rl 22,
J
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In the case p > 0, we can write

Whea{ g b =, 7o, s

P . on—
=0 f T
{n—Zj} 0forj < 2

In the case of negative p, we apply the above formula for ¢ + p and —p. [J

and note that

The balanced Kummer identity

Theorem B.10 For arbitrary a and arbitrary integer n > 0

n

"t alein—a —1)k k(k—n—a) _ [ _ 0_ {2n,2},
> (ot antn-asvtien) (=125, 222
(B.32)

In order to prove this theorem we need a 2-step version of formula
(B.25).

Lemma B.11 For arbitrary c and arbitrary nonnegative integer n

M {271 2}k _1) k(k+1) 2n(etk)
{2(c+n), 2}t Z < {2k, 2}, {2(c 3 OF) Qe (B.33)

Proof: We consider the formula (B.28) for the universal constants Q2 and
R?, in which case we denote the basic transformation with {{-1}}, e.g.

{{z}} = (Q* - B*)/(Q* - R?) = {22}/(Q + R). (B.34)

Then we have

{{x}}” = {2x72}n/(Q+R)n, (B.35)
z — {{x}}n _ {2$,2}n
{{n}} S Wl T G2l (B.36)
Therefore, we get

1 . 1 n n (_1)k o
{e+nPn {nhha ];) {{k}} M(QR)MHDQ 2n(ctk)
Substitution of (B.34)~(B.36) gives (B.33). O

and hence,
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Proof of Theorem B.10: Consider the sum

Sl {1} ahtn = ahur-1t@RpO),
We apply (B.11) and (B.10) to write

{n+ ah(-1)" = {~a - n, ~1}x(QR) "+~ ()
= {—a —n—-14+ k}k(QR)k(n+a)7(l2€)

The sum then looks like
s=). {Z} —aynoi{—a—n— 1+ k}(QR)(F).
k
Now we apply (B.12) to write
{n—alopnt1 ={n—atn_ik{-a+k}n1{-a—n—-1+k}.
The sum is then written
k+1
(@r)("+)
—altap _—
}2 “Z{ b
Now we apply Corollary B.6 to

1 _ 1 n (—l)j G
Cor o Tl b

% Q—n(—a—n—i—k—i—j) )

Substitution of j = ¢ — k into the sum and the sum into the sum above
yields

— a}ont Z { }{n} Z {z fk}%
x (QR))HTET) Qe

Interchanging the order of summation gives

_ a}2n+1 —n(—a—n+i) (”rl)
o Z {—a—n + z} (QR)

mor
<34 k}{ N IR
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We use the definition of the binomial coefficients (B.16) to recognize the
second sum as an example of the symmetric Kummer expression, (B.29)-
(B.30). Hence, the odd sums vanish, and the even sums can be written
with 25 substituted for ¢ according to (B.29).
n n 2,
_1)* k2 —ik
> {k}{ " et
k
Z{ }{n}k{n}z (=) (QR) M
k
1 j} k(2j—k)
= — nig{nto_ R) k(-
i 2 UL im0t @R
1 .
= ——(=1){2n,2},{2j — 1,2}, (QR)
iy 220,02 - 1.21,(em
{2n, 2}j j -2
= 127 ~1)/(QR)™
.2, O
With this reduction we obtain
— a}ont1 {27%2}3' (_1)j i24+3j A—n(—a—n+25)
9 — : : QR j jQ n(—a—n+2j)
{n}n Z {2j,2}; {7@*714‘2]}( )
To this sum we can apply Lemma B.11 with ¢ = =%-". O
The quasi-balanced Kummer identity
Theorem B.12 For arbitrary a and arbitrary integers p and n > m > 0,
let
S = kz: {k B }{n —m+a—phm{n—m—a},_r(—1)F™
m
« (QR)(kfm)(krfnfa)Q(kfm)p
Then for p > 0,
§ =12 2m o2 2 pZ{ }{n— —a—1+j,2}
{’I’L —m — p}n—'rn—p ’ e
x Q=D n=m=p)+("377) p=pi+('7") (B.37)
—®
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and for p <0,
. {2n —2m, 2}, _m Rplatn—m)+(137)
{n -—m — p}n—m—P
-p
X Z{ ~p}<_1)j{n_m_p_a_ 1 _jaZ}nfmfp
i=o L/
w QI=m+(1) p(3). (B.38)
Proof: Tt is enough to prove the theorem for m = 0. (1) For p > 0, let
n —n—a —n—a
Stnp.0) = {1 M-+ a = phadn - a)oa(-1)4 QU i),
k
We split this sum in two by (4.2) applied to
n—alpp={n—a—-1}, xR "+ {n—k}{n—a— 1}, 1Q"°
to get
S(n,p,a) = zk: {Z}{n —ptap{n—a—1},_1(—-1)F
~ Qk(kfnerfa) Rk(kfnfafl)Rn
n—1
S e e - o0
k
> Qk(k—n+p—a+1)—aRk(k—n—a).
And we split the sum S(n,p,a + 1) by applying (B.7) to
n—p+a+1}p={n—-—p+aQ® + {k}{n—p+a}p_ R Prati-k
to get
n
S 1) = - An—a— 1}, p(=1)"
a1 = e = as()
% Qk(k—n+p—a)Rk(k—n—a—1)
n—1
+ {n} zk: {k: B 1}{n —pta}p1{n—a—1},_p(-1)*
> Qk(k7n+pfa71)R(kfl)(kfnfafl)fp
=Sn,p+1,a+1)
—®
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n—1
{7 e a1
k
% Qk(kfn%»pfaJrl)faRk(kfnfa)prnpr.

The two second sums are proportional by the factor QP~"RP, and the two
first sums are both proportional to S(n,p + 1,a + 1).
By eliminating the two second sums we obtain the formula
(@"7P+R"P)S(n,p+1,a+1) = R7"S(n,p,a)+Q" " S(n, p,a+1). (B.39)

Iteration of this formula m times yields the expression

H (Qn—p-i-j + Rn—p+j) S(n,p,a)

J=1

= Z {T}szﬁ(”ﬂ_p)}% yg(j_p)S(n,p —m,a—m+1i). (B.40)

For m = 0 we get a trivial identity, and for m =1 we get (B.39) for p — 1

and a — 1.
We prove (B.40) by induction on m. We apply (B.39) to S(n,p—m,a—
m + i) and obtain

vﬁl (anerj _|_Rn*p+j) S(n,p,a)
j=1
=> {’;‘}QZ;Aan) RETS (G-p) gmi-p
i x S(n,p—m—1,a—m—1+1)
+ Z {?}QZENHHp)RE}"li(j—p)Qn-s-mﬂ—p
i x S(n,p—m—1,a —m+1)
= Z {WZ}QZ§=1(n+j—p)RE?=1i(j—p)Rm+1—p
i xSn,p—m—1,a—m—1+1)
+> {z Tl}QZjQ(nﬂ—p) RETST G-p) grmalp
i xS(n,p—m—1,a—m—1+1)
- (Z QZ§:1(n+jfp)RE?:+11_i(j—p)S(njp e La—m—1+41)

| (e m )

= Z {m + I}QZj-:l(nH—p)RZ}";ﬁli(j—p)
: i

x S(n,p—m—1,a—m—1+1),
(B.41)
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by substitution of ¢ 4+ 1 for ¢ and using (B.18).

Now we apply (B.41) to m = p, and rewrite the product using (B.14)
as

[] (@ + rrei) = [ (@ + o) = 202
j=1

{n}p

Furthermore, we reverse the order of summation and apply (B.32) to
S(n,0,a —4). This yields

Stn.0) = gy {2

2n,2
X {n—a+i—1,2}nw.

{ntn
Canceling common factors proves (B.37).

(2) For p <0, let

S(n,a,p,x) =Y { }{n +a—phi{n — a}p_pa (QR)MFTTOQH.
k
We split the sum S(n+ 1,a,p + 1,2) in two by (B.7) applied to
m+1—aln i1 ={n—a}n b 1Q" " +{n—k+1}{n—a},_rR" "
Then we get
S(n+1,a,p+1,z)
=> {n ;r 1}{71 —p+ali{n —a}ln k11 (¢R/Q)"
kx (QR)k(k—n—a—2)Qk(p+2)+n+1
+{n+1} Z {Z}{n —p+atp{n — a}n_p2*(QR)FEmIQP R—a
k
=S(n+1,a+1,p+2,2R/Q)Q" + S(n,a,p,x){n +1}R™".

And we split S(n+ 1,a+ 1,p+ 1,2) by applying (B.7) to

(n—p+a+1tp={n—p+a}xR"+{k}{n —p+a}r1Q".
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Then we get

Sn+1l,a+1,p+1,x2)

= Z {n ;: 1}{” —p—ale{n — a}n_rp12"(QR)FE T Qkr
&

n
+ {n + 1} g {k 7 1}{TL —p+ a}kfl{n — a}n,kJrlCEk
% (QR)k(k7n7a72)Qkp+n7p+a+1

=Sn+1l,a+1,p+2,2R/Q)
n
+{n+1} Xk: {k}{n —pta}p{n —a},_ !
% (QR)k(kfnfa)Qkprnfafl
=S(n+1a+1,p+2,2R/Q)+ S(n,a,p,x)r{n +1}R"""*"L
By elimination of S(n + 1,a + 1,p 4+ 2,2R/Q) we obtain the formula
(R™n+1} —2Q " R Hn 4+ 1})S(n,a,p, x)
=S(n+1la,p+lz)—Q"'S(n+1,a+1,p+1,x),
which can be rewritten as

Stn+1l,a,p+1,2) —Q""S(n+1,a+1,p+1,1)
[0+ (R — 2Qrtl)

For # = —1 we have {n + 1}(Q"*! + R"*!) = {2(n + 1)}, so we obtain

S(n,a,p,x) = Rotntl,

S(n,a,p,—1)
Stn+1,a,p+1,-1) = Q" S(n+1,a+1,p+1,-1)

Ra—&-n-{—l.
{2n 4 2}

(B.42)

Iteration of this formula m times yields the expression

R7TL(LL+T)’L)+("L;1)

S0 ) = gy, 2+ 0@
x S(n+m,a+i,p+m,—1). (B.43)

For m = 0 (B.43) is a trivial identity, and for m =1 we get (B.42).
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We prove (B.43) by induction with respect to m. We apply (B.42) to
S(n+m,a+i,p+m,—1) and obtain
Rm(a—i—n)-i—(m;l) m o il i )

S 1) = —1)* zn+< )R( )+a+n+m+z+1

(n,a,p, ) {2(n+m)’2}m zﬁ: { Z }( ) Q 2 2
X (S(n—i—m—i—l,a—l—z}p—i—m—l—l,—l)

QUS4 m A latitlptmt 1,—1)) / (2(n +m), 2}
RmAD (atn)+ (") ,
= S La+i, 1,—1)(=1)
@ tm+1),2mm Z (rrmtLotiptm+l—(-1)
% ({”_”L}Qer(igl)R(;)ﬂ + {-ml}Qm+(;)+mHR(;)>
i i—
RmAD (atn)+("5?) ,

_ 5 1,a+1i, 1,—1)(=1)
{2(n+m+1);2}m+1zi: (n+m+ ,a+1,p+m+ )( )
xQriIRO{™ T,

i
Choosing m = —p in (B.43) and using the formula (B.32), we obtain
S(’I’L, a,p, _1)
R*P(aJrn)Jr(l;p) {_p} L i1 i
R o fp) i () R S et i,0,-1
B, 2 Y ( )
R_P(Uf‘f‘n)"l‘(l;p) {—p} . i+1 i
— _ ; -1 sz-&-( 2 )R(z)
B ma, 2 Y
, {2(n —p), 2}n—p
x{n—-p—a—-1—-142},_,———+
Pofn— Prn—p
Rplatn)+('57) {2n,2},
{n—plp
<3 {—f}<_1me+<izl>R<s>{n Cp—a—1—i2h,.
This completes the proof of (B.38). O
—®
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A basic transformation of a I(2, 2, z) sum

Theorem B.13 For arbitrary a, b, x and y and nonnegative integers n and
m, we have

n

2 {Z _ :}{a} T R T (0) 1) R

k=m

= Zm T m b= b

< Q(kfm)(afn+m+1)+(k_2m)R(kfm)(bfnJrk)f("_2"”)+a(n7m)

—k—
X H yRI™Y — 2Q7Y), (B.44)

Z { }{a}km{b}nkxk_myn_k<QR>—(k—m)(n—k)

.
)

k=m
" n—m
D R A T e e |
k=m -m
> Q n—k)(b— n+m+l)+( )R(n k)(a—k+m)— ( ;m)er(nfm)
k—m—1
< [ @R -y, (B.45)
7=0

or, equivalently,

n n—m
Z {k - m}{a}k_m{b}n_kkaynk(QR)(km)(nk)Qb(km)Ra(nk)
k=m

) ;:m {Z : m}{n —m—a—b— 1} m{blnr(—2)""

—k—
(QR) (k—m)(n—k— b)Qa(k—m) (k m)Ra(n m)— H yR]_xQ]

(B.46)

The form (B.44) is symmetric in @ and R, and reversal of the direction
of summation corresponds to the exchange of a with b and = with y.

Proof: Tt is sufficient to prove (B.44) for m = 0. In the left-hand expression
we substitute the formula (B.9) in the form

{a}e = (-D*{—a+k - 1}x(QR)* (),
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Next we apply the Chu—Vandermonde (6.1) on the factorial to get

k
{—a—|—]€—1}k :Z{j}{n—a—b—l}j{b—n+k}k_j
J
x Q(n—a=b=1-3) (k=) pb—n+j)i,

Substitution in the left-hand expression yields, after exchanging the order
of summation,

EZ“V_G_b_IthVE:{Z}{?}%hfdb—n+khhﬂ—xfﬂy”*

k
% ka(nfk)Jrkaf(’;)Jr(nfafbf17]’)(kfj)Rfk(nfk)+ka7(’;)+(b7n+j)j.

Now we apply the formula (B.19) on

W= U

and the formula (B.12) on

{bbn—rk{b—n+k}p—j={b}n—;

to obtain the expression

Z {?}{n —a—b— 1}j{b}n_jQ(a—n+1)j+(g)R(b—n+j)j—(§)+an

J

—x) n—j _p\k—dyn—k (k;j)fb(kfj) (ngk)ia(nik)'
< SR R

Now we apply the basic binomial theorem (B.22) to obtain (B.44).

The formula (B.45) follows from (B.44) by reversing the order of sum-
mation, exchanging a with b and 2 with y. Substitution of z := 2Q%/R®
in (B.44) and multiplication with R*("~™) gives (B.46). O
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A basic Gauss theorem

Theorem B.14 For arbitrary a, integer p, and nonnegative integers m < n
we have

Z {n Bl m}{2a, 2 pm{n—m—p—2a—1},_¢
= k—m

« (QR)k2+(n—2k)(a+m)+np—(Z)Q—k(p+1)+ma+(”";rl)R—nk+(§)+n(a+m)—pm

o
= (70_(p)) _Z_l l {n Cm— 2]}{71 - m}n_m_Qj
=[]
x{2(a+(pA0)),2}{-1,2};
x Qa+(PA0)=2) (n—m—23) plp|—n-+m-+23)25-+ (n—m) (oA0).

Proof: We substitute b := a + p in the right side of (B.45). Substitution

of x := —RP and y := 1 gives the left side of (B.31), so we can apply
the quasi-symmetric Kummer formula. Eventually we apply (B.14) to the
product. O

A basic Bailey theorem

Theorem B.15 For arbitrary a and integer p, and nonnegative integers
m < n we have

Z {2{k m}Q}]c “Hati—m{m —n+p—1ho s

k—m
« (QR)m=mn—a—h)=n(ptk)+ (5 +("5) g (5) gr(k—m) taln—k) tmp(3)
(_l)n—m {2(17, —m- p)7 2}n—m—p

{n —-—m— p}nfmfp

xzp:{ }{2 (n—m)—p—a—14+352}—m

J=

w QE=N=m=p)+("37) ppi+('}) forp>0,

—1)yn—m {2( ) 2}" m_ p—patp)+('37)

XZ{ P - m=p) = a=p= 1= 52y

x Qin=m+(E) R(3). forp < 0.
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Proof: We substitute b := 2(n —m) — a — p in the right side of (B.45) and
chose z := —(QR)" "™ 2R~P and y := 1. Then we apply (B.14) on the
product, and we apply the quasi-balanced Kummer identity (B.37), (B.38)
witha:=a+p—n+m. O

Notes

In the ordinary (non-basic) case, the Binomial Theorem and the Chu-
Vandermonde convolution are very well known results [Vandermonde 72],
Theorem 8.1. The Chu—Vandermonde convolution with arbitrary step
length is also a generalization of the Binomial theorem. We have neither
seen this nor the generalization to commutative rings before.

The symmetric Kummer identity and the balanced Kummer identity
are special cases of Kummer’s theorem for Gaussian hypergeometric series
[Vandermonde 72], Theorem 8.3,

Fifn oo = 30 B0

e TEIPA+a—b)
B
Fl+a—-bI(1+%)
F(14+a)l(1+%—-0b)

n=0

The first of the two evaluations of 2 F1 [a, b; 1+a—b; —1] yields the symmetric
Kummer identity if we substitute —n for a. The second evaluation yields
the balanced Kummer identity if we substitute —n for b.

We believe that the quasi-symmetric and the quasi-balanced Kummer
identities are new, although special cases with numerically small values of
the parameter p can be found for example in Gould’s table of Combinatorial
Identities, [Gould 72b].

Special cases of the transformation formula in Chapter 13 can be found
in Gould [Gould 72b]. However, we have not seen the general form before.

Using this transformation formula we have the Gauss identity and the
Bailey identity almost as corollaries of the quasi-symmetric and the quasi-
balanced Kummer identity.

When the parameter p vanishes, the Gauss identity is a special case of
Gauss’ evaluation of

o Fyfa, by LEetb 1] =
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and Bailey’s identity is a special case of Bailey’s evaluation of

L35
Fila,1 —a;b; i) = 2 0.
2l 2= T (=)

The basic binomial theorem is due to Cauchy [Cauchy 43] and Heine
[Heine 47]. Heine also proved the basic version of Gauss’ summation for-
mula for hypergeometric series [Heine 47]. The basic version of Kummer’s
theorem is due to Bailey [Bailey 41] and Daum [Daum 42]. The basic ver-
sion of Gauss’ second theorem and Bailey’s theorem are due to G. Andrews
[Andrews 74].

Further references can be found in G. Gasper and M. Rahman,
[Gasper and Rahman 90]. In 1921 F. H. Jackson, [Jackson 21](see also
[Slater 66, p. 94]) proved a basic version of Dougall’s theorem.
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