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PREFACE

You never know when you will encounter a binomial coefficient sum.
Doron Zeilberger [120].

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 — like Thomas’ original was found on the altar!

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

Our 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 advice 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 form — as does the fundamental theorem of algebra
—a sum of products equals a product of sums. But we have 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 wanted 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 to solve difference equations with
rational coefficients.

In order to classify the formulas we introduce a standard form which deviates
from the recently popular forms. We dislike the hypergeometric form for two rea-
sons, it conceals the important properties: symmetric, balanced 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 we dislike the for-
mulations with extensive use of binomial coefficients because they are not uniquely
defined so it seems difficult to prefer one form to another.

We prefer to use descending factorials and have found it convenient also to
have step lengths different from 1. Hence we introduce the notation, cf. chapter
1, formula 1.6,

[z,d], =x(x—d)--(x — (n—1)d)

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.
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We have added an appendix on the most elementary generalizations to a
g—basic form with their proofs.

I am deeply indepted to my teacher of this field and dear friend, the late
professor, dr. phil. Erik Sparre Andersen.

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

Moot B, e,

Mogens Esrom Larsen
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1. NOTATION 11

CHAPTER 1. NOTATION

N The natural numbers, 1,2,3,---

Z The integers, ---,—2,—1,0,1,2,3,---

R The real numbers.

C The complex numbers, z = x + 1y.

For the nearest integers to a real number, x € R, we use the standard
notation for the ceiling and the floor
(1.1) [z] := min{n € Z|n > x}
(1.2) |z] := max{n € Zn < z}

and the sign, o(x), of a real number, x € R, is defined by

(1.3) o(x) = { 1_1 i i 8

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

(1.4) x Vy:=max{z,y}
x Ay :=min{z,y}

The factorial [z, d],, is defined for any number, = € C, any stepsize, d € C,
and any length, n € Z, except for —z € {d,2d,-- -, —nd}, by

\
—

¢ N

(x — jd) neN

—

j=0
(1.6) [x,d], =< 1 n=20
-
,H:de —neN, —z¢{d2d,---,—nd}
\ ]:]_
As special cases we remark, that
(1.7) [,0], =2" neZ

and furthermore, we want to apply the shorthands

(1.8) [x], = [z, 1], (z(z—1)---(z —n+1) for n > 0)
(1.9) () = [z, —1]p (z(x+1) - (x+n—1) for n > 0)

The binomial coefficients, (fl), are defined for x € C and n € Z by
x

(1.10) (x) _ ﬁ for n € Ny

" 0 for —neN
11



12 MOGENS ESROM LARSEN

The identity operator is defined for f : Z — C as

(1.11) L(f)(k) := [ (k)

and the shift operator is defined as

(1.12) E(f)(k) = f(k +1)

from which two we get the difference operator, A, defined by the expressions
(1.13) A:=E-1

(1.14) Af(k) = F(k+1) = F(k).

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

(1.15) 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
(1.16) > g(k)ok = f(k)

The definite sum of a function, g(k), is defined for any indefinite sum (1.16)

(1.17) > 9(k)ok := f(b) — f(a)

(1.18) > 9Kk =3 g(k)

The harmonic numbers are defined by

n 1 "
(1.19) Hy =) o= ZO [k]_10k
k=1
The generalized harmonic numbers are for n,m € N and ¢ € C defined by
(1.20) H™ = i _

12



2. ELEMENTARY PROPERTIES 13

CHAPTER 2. ELEMENTARY PROPERTIES

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

(2.1) [z,d]y = [~x + (k — 1)d, d]p(—=1)F r,deC, keZ
(2.2) [,d)x = [z,d]p[x — hd, d]x—p z,deC, khelZ
(2.3) [z,d) = 1/[x — kd,d] z,deC, keZ
(2.4) [x,d]y = [z —d,d], + kd[x — d,d]s_1 x,d€C, kcZ
(2.5) [zd, d) = d¥[x]; r,decC, kecZ

(2.6) Alk]n = n[k]n_1 .

For sums this formula gives us by (1.17)

m [m)ni1 _ [Onir 1
(2.7) Zo (k] 0k = { n+1 n+1 or n #

H,, forn= -1
using the harmonic numbers (1.19).

Binomial coefficient formulas. Similarly, the binomial coefficients (1.10) sa-
tisfy a series of rules.

(x_1> (x;l) reC, keN,

o vom teC, meZ, keN,
k k—m

(1) -
(k) -
10 (;;)():()(;g—g) see, bmez
(1)1 -
(1) = -

xT

(2.8) .

(2.9)

(2.11) . ( ) 2,yeC, kel

k
T —z—1
( ) xeC, keZ

k k

(2.13) (k:)_(m k:) meNy, keZ

Antidifferences. Applying the difference operator, (1.13), we may rewrite (2.8)
as

()=

13

(2.12)



14 MOGENS ESROM LARSEN

equivalent to

(2.15) > (z) ok = (ni 1)

If we introduce the alternating sign, (2.8) may be written

(2.16) A(—l)k(i) — (—1yhH (zii)

which is equivalent to

(2.17) Z(—l)’f(;‘;)ak = (—1)k+! (2:1)

We omit the proofs, since the formulas (2.8-2.13) are easily proved using
(1.10) and the elementary properties (2.1-2.5) of the factorials.

The binomial coefficient itself has a less “nice” difference, but we may note
that

(2.18) A(zii) - (‘z) (1—2%)

Proof. We have

() (7))

using (2.4). i

The difference and shift operators in (1.13) and (1.12) commute and satisfy

(2.19) A(fg) = fAg+ EgAf
and

. Ek —kE=E
(2.21) Ak — kA =E

where k is the operator (k — f(k)) — (kK — kf(k)). This just means that
(k+1)f(k+1)—kf(k+1)= f(k+1), etc.
14



2. ELEMENTARY PROPERTIES

The definite sum is by (1.17)

(2.22) S (k) = ZZ“ g(k)6k
k=0
Summation by parts is by (2.19) as
(2.23)
S (B Ag(k)sk = F(B)g(k) — S Bg(k)A (k)oK
(2.24)

S F(k)Ag(k)Sk = F(D)g(b) — f(@)gla) — 3 glk+ DAF(R)SH

and is also called Abelian summation.

As we have the identities

(2.25) A=E-1
E=A+1

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

(2.27) A" — Z (Z) (—1)E"*

(2.28) E" = Zn: (Z) AF

k=0

Inversion means that the following formulas are equivalent:

n

220) gl = L0 ()10 = =0} o

Proof. 1f f is independent of the limit n we get using (2.10)

(2.30)
ké(—l)’“(Z)g(k) - kfj:()(—l)k(’;) ijﬂ(—l)j (4)s6)-
SE (- Sl )-

> 1) (7)o = 100

J

If f depends on k the proof doesn’t work.
15
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CHAPTER 3. POLYNOMIALS

Geometric progression.
We have for g # 1

n
1 — qn+1
3.1 =
(3.1) kZ:O .
or more generally
n
1— qn—m+1
(32) Y =gt ———
k=m 1- q
Of course, for ¢ = 1 we get
n n
(3.3) q]“C = l=n+1
k=0 k=0

Proof. We have Aq¢* = ¢**! — ¢* = (¢ — 1)¢*. So according to (1.18) and (1.17)
we get (3.2)

n n+1 n+1 m n+l _ . m 1— n—m-+1
P A (A " _ gl
q —

1—g¢q

Sums of polynomials.

According to an anecdote, C. F. GauBl (1777-1855) when he went to school in the
age of 7, he annoyed his teacher by counting very fast. To get a rest the teacher
asked him to add the numbers from 1 to 100. Gaufl immediately answered 5050.

He added the numbers one by one backwards to obtain the sum 101 for each
pair of 100 pairs and obtained the double of the sum. It could be written like this

100 100 100 100

Zk:Z(un—k:):%Z(k+101—k):52101:%100x1o1=5050

k=1 k=1 k=1 k=1

We have learned something, the advantage of changing the order of summation
and the formula

(3.4) d k= "("TJFD
k=1

If we have a polynomial, p(k) = ag+a1k+- - -+ a,, k™, and want to determi-
nate > _,p(k), we need to know the sums Y, _, k™ for all m > 0. We found the
16



3. POLYNOMIALS 17

formula for m = 1 above. The formulas for small values of m was determinded in
1631 by J. Faulhaber (1580-1635), [82]:

Polynomials to be evaluated with x = n(n + 1).

(3.5) i K0 =n
k=1

(3.6) > k= 5
k=1
n z(2n+1)
3.7 2=
n 2
3 _ 17
(3.8) d K= 7
k=1
" 4+ zpa(z)(2n+1)
. = =3z —1
(3.9) l;k S5 E pa(x) = 3
(3.10) Zn:k5 _ 'ps(@) ps(x) =22 — 1
2.6
k=1
- 2n + 1)
3.11 po = 2pe(@)( =322 —3z+1
( ) ; 5. 3.7 pe(T) € x4+
n 2
7_ & p7(x) _ 9.2
(3.12) ;;k =g prle) =327 —dw+2
- 2n + 1
(3.13) S k= xps(;”)(g) "9+ ) pa(w) = 52% — 1022 + 92 — 3
k=1
n 2
9 7T po () 0.3 2
(3.14) ];k =510 po(x) = 22° — 5z + 62 — 3
- on+1
(315) S k0= xplo;x;( 71"‘1+ ) pro(@) = 32* —102° + 1722 — 152 + 5
k=1

- 11 _ 2’pui (2) o4 g3 2
(3.16) > k= 1y Pule) =22 —82% +172% — 202+ 10
k=1

- 2n+1)
3.17 gz — TPzl
(3:17) ; 2.3.-5-7-13
p12(z) = 1052° — 5252 4 143523 — 236022 + 2073z — 691

n

3522913(13)
(3.18) ka =53 s 11
k=1

p13(z) = 302° — 1752* + 5742% — 118022 4 1382z — 691
17



18 MOGENS ESROM LARSEN

2n+1)
1 14 _ wp14(z)(
(3.19) Zk 20315
p14(a:) = 325212548421 —22023 435922 — 31524105

n

2
3.20 A L)
(3:20) ;;1 316

p1s(2) = 32°—242° +1122* —3522° 4+ 71822 — 84024420

n

2n+1)
3.21 p1o — 2216
(3:21) kz::l 23517

p16(z) = 1527 —140254+7702° —29302* 4759523 — 1237022 +108512—3617

n

2
3.22 g7 = TP
o Szt

p17(z) = 102" —1052°4+-6602° —29302% +91142> — 1855522 +217022—10851

)(2n+1
(3.23) ka - “Zp 12 5( 7”+19) pis(z) = 10528126027 +91142° —474182°

+1782272% — 46081025+ 75016722 —6580052+219335
(3.24) Zk” % pro(z) = 422556027 +45572°—270962°

11188182* —36864823 475016722 —8773402+438670

In principle, the proofs of all these formulas are trivial. Let’s take (3.7):

ik2 :Znﬂ 125 — x(2n+1) _ nn+1)(2n+1)
0 2-3 2-3

Taking the difference of the right side, we obtain
A(k —1k(2k—-1) k(k+1)2k+1) k(k—-1)(2k—-1)

2.3 N 2-3 2.3
_ k@R A3k +1 -2 43k 1) o
— ; —

Sums of polynomials by Bernoulli polynomials.

The Faulhaber formulas are special cases of the much more powerful discovery
of J. Bernoulli (1654-1705), cf. Ars Conjectandi (1713).

The Bernoulli polynomials are the polynomial solutions to the equations,

(3.25) Af.(k) =nk"t neN
18



3. POLYNOMIALS 19

and are uniquely determined up to the constant term. For any solution to (3.25),
e.g. for the Bernoulli polynomials to be found below, we then from (1.16) get the
formula for the sums:

Bn-l—l(k)

(3.26) > k"ok = ]

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

(3.26) Af! (k) = n(n—1)k"2

proving that < f/ (k) solves (3.25) for n—1, hence that

(3.27) ~ fa )= Faa (B)

is a constant.
The choice of polynomial solutions to (3.25) for which the constant term in
(3.27) is zero, are called the Bernoulli polynomials and are denoted as B,, (k).

Suppose we have written the Bernoulli polynomials on the form

(3.28) Bn(k) = i (”) Bk

for suitable constants By,_ .

The index is chosen to have B[ as coeflicient to the leading term, k™, and
B} as the constant term.

Differentiation of B,, yields
(3.29)

: —1 =
Bi(k)=3" (;‘)B;;jjk:ﬂl - Zn(;‘_l) P =n

Jj=1 Jj=1 Jj=

—

(7)o

From (3.27) this is known to be equal to

n—1
1 .
nB,_1(k) = nz (n _ )BZ:%_jkj
— \ ]
J
The conclusion from comparing the coefficients is, that

3.30 B" =B""! . forj=0,1,---,n—1
n—1—j n—1-—j

The common values in (3.30) are called the Bernoulli numbers, and are
denoted as B, _1_;, omitting the superfluous superscript.
19



20 MOGENS ESROM LARSEN

Hence we may rewrite (3.28) as
n n '
(3.31) B (k) = (,)Bn_jkﬂ

such that the Bernoulli numbers take their appropriate part of the description
of the Bernoulli polynomials. The fact that they satisfy (3.25) may lead to a
computation of their coefficients. We compute

(3.32)
n n n n j—1 j
Jj=0 J 7=0 J =0 v
n—1 ' n n ] n—1 ' n n n—i
-2r 2 (5)()p=Xr 3 (7)) e
1=0 j=i+1 1=0 j=i+1
n—1 n . n—1 n—i .
n i n—1 o n i n—1 o
B (z)k 2 (j—z‘)B“ 2 (n—z)k Z( j )B””
1=0 Jj=i+1 i=0 j=1
n n y4 / n n £—1 /
_ n—~ L n—~¢ .
> () ()= (e 5 ()
=1 J=1 (=1 =0

where we have applied the binomial formula, (7.1), formulas (2.10), (2.13) and
reversed teh direction of summation, e.g., f = n—i and i = /—j.

Now we know from (3.25) that this final polynomial equals nk™~1. This
means that the coefficients are n for £ = 1 and 0 else. This gives the formulas for
the Bernoulli numbers:

By =1
3.33 1
( ) E (lf)Bi:Ofor€>1
1
1=0

Sometimes people like to confuse the reader by adding the number By to the last
sum to get the “implicit” recursion formula

£

(3.34) > (f) B; = By

i=0
maybe it looks nicer.

The formulas (3.33) or (3.34) allows the computing of the Bernoulli numbers,
we get for the first few (the odd indexed are 0 from 3 on)

1 1 1 1
(3 35) 0 9 1 27 2 67 4 307 6 49
1 5 691
By = ——, Bip = B

30’ 66° ~ 79730
20



3. POLYNOMIALS 21

As soon as we have the numbers, we get the polynomials straightaway. The
first four of them look like the following graphs:
1

1+
1 4+
B (k)
By =1
By =k—3
By = k*—k+1

Bz = k(k—1) (k—3)
By = k' -2k +k*— %
(3.36) Bs = k(k—1) (k—3) (K*—k—3%)
Bg = k°—=3k°+5k3 -3k +45
B = k(k—1) (k—3) (k*—2k+2k+3)
By = BT K T 3R
By = k(k—1) (k—%) (kG 3k Rkt — %kz _ %k: - %)

Bio = k™ — 5k% + k8 — kS + 5k* — 2k2 + 2
21
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1
1+
0 T
B e N N B S
02 04 06 08 10 0 +——A+—+t—TFT"—L 1
02 04 06 08 10
1 -
-1 -+

Bs (k)
Actually, all odd Bernoulli polynomials look like +B3 and the even ones look

like £By, e.g., the odd ones for 3 and up have 3 zeros in the interval, the even
ones have 2 zeros. But they grow fast in absolute values, e.g.,

174611 261082718496449122051

330 ' T T 13530 ’
1215233140483755572040304994079820246041491

56786730

By = —

Beo = —

2(2n)!
(2m)2n -

Actually, they grow like
The fact that

(3.37) By, (k) = nBy_1(k)
yields the general formula for the derivatives of the Bernoulli polynomials,
(3.38) By (k) = [n]; Bn—; (k)

This formula allows the Taylor development of the polynomials as

n

(3.39) Balkth) =S [l By (0) 5 =30 (") B (k)

Sl
j=0 J: j=0 J
22



3. POLYNOMIALS 23

With the choice of h = 1 we get from the defining equation, (3.25), that
e n
(3.40) nk™ ' = Bp(k+1)=Bn(k) = ) (j)an(k:)

Consider the function
(3.41) Flk) = (=)™ Boyr (1 — k)
We get immediately
Flk+1) = f(k) = (=1)" " (Bysi (=) = Bupa (1 — k) =
= —(=1)""(n+1)(=k)" = (n + 1)k"

This means that f(k) deviates from B,,1(k) with a constant. Rather than finding
this we just differentiate the two functions and obtain the formula

(3.42) Bu(1— k) = (—1)" By (k)
The equation
(3.43) flk+ 1) = f(k) = (n+ 1)k"

has the solutions By,41(k) + Bnt1(k + 3) and 27" B,,41(2k), both polynomials 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

(3.44) By(2k) = 2! (B (k) + Bu(k + 3))
For k = 0 we get the value

(3.45) By(3)=-(1-2""")B,

1
2
For n even the absolute value in % is just a little smaller than the absolute value
in 0 and 1.

Sums of polynomials by Stirling numbers.

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

k 1 0 0 0 0 0 0 0 [K]1
k2 1 1 0 0 0 0 0 0 (k]2
k® 1 3 1 0 0 0 0 0 (k)3
Bl o [1 7 6 1 0 0 0 0 [K]4
(3.46) K|l |1 15 25 10 1 0 0 0 [k]5
kS 1 3 9 65 15 1 0 0 [k]6
k7 1 63 301 350 140 21 1 0 (k)7
k8 1 127 966 1701 1050 266 28 1 [k]s

23



24 MOGENS ESROM LARSEN

This matrix can be extended infinitely, see. [1], p. 835. It simply says that e.g.,
k> =1 x [k]1 + 15 x [k]o + 25 x [k]3 + 10 x [k]4 + 1 x [K]5

The Stirling numbers of the second kind are denoted as 67(3 ) and appear as
coefficients in the formula:

n

(3.47) Kt =Y 6Dk

Jj=1

From (3.47) we get by multiplying with k,

=3 Wk = > Wk —j + )] = > 69 k] + Y (k)
j=1 j=1 j=1 7=1

n+1 n n+1
=Y SY VK] + Y &Pkl = (67(371) +j6§3)> [k];
Jj=1 j=1 =1

From this we derive the recurrence formula:

(3.48) &), =6l + jel)

This formula proves that the Stirling numbers of the second kind may be inter-
preted as:

(‘S%j) 1s the number of ways a set of n objects can be divided in j nonempty subsets.

It may also be used to prove the explicit formula,
(3.49) o) = L zn:(—nj—’“ AV
" 4! Pt k

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, k7, i.e.

(3.50) Kl =) SO
7j=1

They may conveniently be arranged in a matrix too:

(3.51)
[k]1 1 0 0 0 0 0 0 0 k
L -1 1 0 0 0 0 0 0 k2
k3 2 -3 1 0 0 0 0 0 k3
kKl | | -6 11 —6 1 0 0 0 0 k*
k]s | — 24 —50 35 ~10 1 0 0 0 k>
e -120 274 —225 85 —15 1 0 0 kS
[k]7 720 —1764 1624 —-735 175 -21 1 0 k7
[k]s —5040 13068 —13132 6769 —1960 322 —28 1 K8
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This matrix just states, that e.g.,
(3.52) [k]s = k® — 10k* + 35k — 50k* + 24k

The matrix is simply the inverse of the matrix in (3.46). These numbers may be
found in [1] p. 833.

If we multiply (3.50) with k£ — n, we obtain

(3.53)
kot = ng (k—n)ki = ngkm ngnkg nf (ng'—“ —nsfg')) iJ
71=1

From this we derive the recurrence formula:

(3.54) sV

0, = 540 nsg)

This formula proves that the absolute value of the Stirling numbers of the first
kind may be interpreted as:

(—1)”*jS£Lj) is the number of permutations of a set of n objects having j cycles.

It may also be used to prove the explicit formula, which this time depend on
the Stirling numbers of the second kind,

n—j .

, —1+k 2n —j k)

3.55 SO =3 (- " s® .

( ) n kzo( ) (n — i+ Lk n i — k n—j+k
The solution of (3.25) by Stirling numbers goes

(3.56)

(k) =n> k"~ 16k—n226m |0k =

n—1 j+1

—nZGU) ,”1 = Eeﬁllj%ES;jlk%—
Jj= i=
n—1
:Zki,n 3 ji & Sﬁﬁl—zk’ "Z 1g0- g
i=1 j=i—1

Renate Golombek’s problem. In 1994 Renate Golombek, Marburg, [50], posed
the following problem, to determine the sums for r =1,2,3,...

(3.57) Pln,r) = i (7)]"“

= \J
(3.58) Qn,r) = JZO (;‘) "
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The solution applies the Stirling numbers of the second kind (3.46). We
apply (3.47) to write

(3.59) P(n,r)ziﬁik) y (")

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

(3.60) z”: (?) Uk = [n]ké (?::) = [n]p2" "k

7=0

hence we obtain the formula
(3.61) P(n,r)=>_ &Wn]2"*
k=1

Proceeding the same way with the squares we get

r n 2
n .
(3.62) Q) =3 60" ( ) 4l
k=1 =0 J
This time we shall evaluate the sums
n n 2
(3.63) 3 ( ) il
=0

The terms less than j = k vanish, so by reversing the direction of summation we
get

n—k 2
n .
(3.64) > ( ) [n— 5l
=0 M
Now we apply the formula (2.9) to write the sum as
L n n—k
(365 me3 () G20E)
7=0
which is a Chu—Vandermonde convolution, (8.1), so we get

(3.66) o (2:__ :)
26
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Substitution of (3.66) in (3.62) yields

(3.67) Qnr) = _ &P nly (2:__:)
k=1

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 shall appreciate a
reformulation of the factor using (2.2):

(3.68) ]k (2" - k) _ (2" - 7”) 2n — k]r—k[n — 1]k

n—k n—1 n—klr—g—1

With this substituted in (3.67) we get

(369) Q(’I’L, r (Qn - T’) Z G(k) — r kz[n — 1]k—1

n—1 ’I’L—k/‘],,,,]gfl

Application of (3.69) yields for r =1

(3.70) Q(n,1) = (2" - 1) [2n —1o[n —1]o _ <2n - 1) (n—141) = n(2n _ 1)

n—1 [n—1]_4 n—1 n

For r = 2 we get

(3.71)
Q(n.2) = (2:_—12) ([Zn _[nl]—l [?]0— o , [2n [; 1_]02[7]: 1]1)
- (D) et = ()
And for 7 = 3 we get
(3.72)
Q(n,3) =
(2:_—13) ([2n —[n1]_2[1z]1— o , 4[2n —[nz]_l [;0_ 1y, [2n [; 3_]05]1; 1]2)

_ (2:__13) (20— 1)2+3(2n — 2)(n — 1) + (n — 1)(n — 2)%)

= n“(n+1
()t

But the pattern does not proceed any further. The binomial coefficient in
front is too much to want in general. Already for r = 4 we get a denominator.

(3.73)
Q(n,4) =
2n —4\ ([2n—1]3 [2n — 2]a[n — 1] IS n—1]3
(o) (B o ot i)
(2n—4\ ,nP+n*—3n—1
_(n—l)n n—2

27
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If we should rewrite (3.67), we should prefer to replace the binomial coefficient
with factorials and write it

rAn [27’[, i k]n

n.r) — (k) 121 = Kln_
(3.74) Qnr) = 3 S0 p

28
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CHAPTER 4. LINEAR DIFFERENCE EQUATIONS

General linear difference equations. The general linear difference equations
of order m has the form

NE
S
s
=

(4.1) fn) = —k)+g(n)

k=1

where a; 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 in 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 to the homogeneous equa-

tion, (4.1), f1, -, fm, is called linearly independent, if any equation of the form
m

(4.2) Y ¢ifiln)=0, nez
j=1

must have coefficients equal to zero, ¢y = --- =¢,, = 0.

In analogy to the Wronskian we may consider the determinant

1(n—m+ 2(n —m+ m(n—m-+
(4.3) W(n) = : :
filn —1) fon—=1) - fa(n—1)

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

(4.4)

filn—m+1) foln—m+1) -+ f(n—m+1)
W(n+1) = : ;
am(n)filn—=m) am(n)fo(n—m) - ap(n)fmn—m)
= (=)™ am(n)W(n)

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

(4.5) W(n) = (—1)™=Y"w (0 Ham

29
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This means that if we start with m independent m—dimensional vectors,
(f1(1), -, fi(m)), ..., (fm(1),--+, fin(m)), the solutions defined by (4.2) will re-
main independent provided a,,(n) # 0 for all values of n. Furthermore, any other
solution is uniquely defined by its starting values f(1),---, f(m), which are a li-
near 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,

(4.6) f(n) =a(n)f(n—1)

We assume that a(n) # 0, and write the homogeneous equation (4.6) as
fn) _

(4.7) =1 a(n)

giving the solutions for different choices of initial value f(0),
(4.8) f(n) = £(0) ] ] atk)
k=1
The special case of m = 2,
(4.9) f(n) =ai(n)f(n—1) 4+ az(n)f(n—2)
with two solutions, fi(n) and fy(n), giving the determinant

@10) Wn) = |1 =2 =201 0 oy 1) fa(n—2)fi(n—1)

filn=1)  fa(n—1)
computable by (4.5) as

(4.11) W(n) = (~1)"W(0) ][ a=())
=0

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

fa(n) = ¢(n)fi(n) in (4.10), we get
(4.12) An)o(n+ 1) fr(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)
(413) 6() = 6{n +1) = 6(n) = o0
having the solution by the definition (1. 16)

(n+2)
4.14 on
(4.14) =2 fi(n f1 n+1)
and hence providing us with the second solution to the equation (4.9)
(n+2)

4.15 o
(4.15) f2(n) = ¢(n) fi(n) = fi(n Zﬁ f1n+1)n
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First order inhomogeneous equations. If m = 1, we have the form

(4.16) f(n) =a(n)f(n—1)+g(n)

We assume that a(n) # 0, and let f # 0 be any solution of form (4.8) to the
homogeneous equation. Then we consider a solution to (4.16) of the form f¢ and
get

(4.17) f(n)¢(n) —a(n)f(n —1)¢(n —1) = g(n)

together with (4.6) we obtain
(4.18) o(m) — o(n — 1) = 4

which by telescoping yields

3

(4.19) k

e

k=1

and hence the complete solution to (4.16)

(4.20) F(m)sn) = F(n)S" % T 6(0)f(n)
k=1

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 (4.16), then the solution, f, (4.8), to the homogeneous
equation becomes

(4.21) f(n) = f(0)a"

(4.22) fn)p(n) =a"™ p ==+ f(0)p(0)a” =

31
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Arbitrary order equations with constant coefficients. If m > 1, we may
consider the operator polynomial in E from (4.1),

(4.23) E" - aE"F
k=1
with which the equation (4.1) takes the form
(12 (2= 3t ) s = o0

k=1

Now let the characteristic polynomial of (4.23),

(4.25) p(x) =2™ — Z apx™ "
k=1

according to the fundamental theorem of algebra have the different roots in C,
aq, - - oy of order respectively vy, - -+ ,1,. Then the operator may be split into

m q
(4.26) E" - aE" " =[] (E-oD"
k=1 j=1

Then the equation (4.24) may be solved successively by use of the solution (4.22).
Theorem 4.1. If the homogeneous equation
(4.27) <Em = akEmk> fn)=0

k=1

may be written in the operator form with different a’s

(4.28) (E—a,1)¥ f(n) =0

q
=1

J

then the complete solution is
q
(4.29) f(n) = ij (n)a
j=1

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

Proof. By induction after m. For m =1 (4.29) reduces to (4.21).
32
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Presume the theorem for m, and consider the equation of form

(4.30) (Em — i akEm_k> (E—al)f(n)=0
k=1

Then we get the presumed solution
q
(4.31) (E—ol)f(n) =) pj(n)a}
j=1

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

Case 1. a = a;. We put f(n) = [n|pr1a™ L.

degree of o = aj is now v; + 1. Then we get by (3.4)

This is allowed because the

(4.33) (E—aol)f(n) =[n+ 110" — [n]gr10" = Anlgr1a™ = (k+ 1) [n]pa”

proving that f(n) = % solves (4.32).

Case 2. a # a;. Analogously we try f(n) = [n]xa}. Then we get by (3.4)

(4.34)
(E—al)f(n)=[n+ 1]ka?+1 —an)pal = (([n]x + k[njp—1)a; — aln]p)af
= (aj — a)[n]xaf + k[n]k,layﬂ
showing that f(n) = [Zl%.g solves the problem for £ = 0 and otherwise reduces
the problem from k to k — 1. O

Systems of equations with constant coefficients. If we define a vector of
functions by fj(n) = f(n—j+ 1), j = 1,---,m, then the equation (4.24)

may be written as a first order equation in vectors, f = (f1,---, fm), g(n) =
(g(n)707 e 70)7
(4.35) f(n) = Af(n—1)+g(n)

with matrix of coefficients

ap az as am
r o 0 - 0
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In the form (4.35) the solution in dimension 1 may be copied. The homoge-
neous system has the solution

(4.37) f(n) = A"f(0)

and if a solution to the original system takes the form
(4.38) f(n) = A"¢(n)

with any vector function ¢(n), then we may get

(4.39) A"¢(n) — AA"1g(n — 1) = g(n)
which may be written for a regular matrix, A, as

(4.40) 6(n) — o(n — 1) = A""g(n)

From this follows by summing that
(4.41) o(n) =D _ A~ g(k) + ¢(0)

and hence that the solution (4.38) becomes

(4.42) f(n) = n A" Fg(k) + ¢(0)A™
k=1

The only problem with this solution is that powers of matrices are cumber-
some to compute. But, we may apply the Cayley—Hamilton theorem, cf. (4.51),
to reduce the computation to the first m — 1 powers of the matrix, A. That is, if
the characteristic polynomial of A is

(4.43) pa(z) =det (2U — A) = 2™ + Am12™ Y+ +oag

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

(4.44) A" = —a, A™T— o — U

Furthermore, if we apply this equation to the solution (4.37) then we get

(4.45) A"f(n) = —aym 1 A™ H(n) — - — aof(n)
or better,
(4.46) f(n+m)=—apm_1f(n+m—1) —--- —apf(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.
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Proof of the Cayley—Hamilton theorem.

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

(4.47) det A = Z az-j(—l)”j det A9
j=1

where A (59 is the (i, j)~th complement, i.e., the matrix obtained by omitting 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

(4.48) bjr = (=1)F+7 det A9

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

(4.49) Z aijbjk = 5zk det A
j=1

or, in matrix form,

(4.50) AB = (det A)U

The Cayley—Hamilton theorem. If
(4.51) p(€) =det (U —-A)=€"+a, &+ +ag
is the characteristic polynomial for the matriz A, then the matriz p (A) satisfies

(4.52) p(A)=A"+a, A" '+ +aU=0

Proof. We shall apply (4.50) to the matrix AU — A to get
(4.53) p(AM)U = (AU — A)B()\)

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

(4.54) B(\) =A"'B, 1 +---+AB; + By

as a polynomial in A with coefficients which are matrices independent of \.

For any £ > 1 we may write

(4.55) AF MU = (A - 2U) (AP AAR2 4 4 A1)
35
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Hence we can write

(4.56)

p(A) —p(ANU = A" = X\"U +a,_1 (A" =AU + - 4 ap (A = AU)
=(A-AU)C(\) = (A—-AU) (A" "U+A"?Cp_a+ -+ Cy)

where C()\) is a polynomial in A with coefficients which are matrices independent
of \.

Adding (4.53) and (4.56) we get

(4.57)
p(A) = (A -AU)(C(A) - B(Y))
=(A-2U) (A" (U=-B,_1)+ -+ A(C; —B1) + Co — By)
=\ (B, — Cp) + M-

where k is the degree of the second factor to the right.

But 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. a

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

m—1

(4.58) f(n+m) Zakfn—l—k
k=0

may be solved by defining the series
oo xn

(4.59) Fz)=) —fn)
n=0

called the exponential generating function for (4.58). It satisfies that

0 n—k X n
B) () = r _\ T
Hence we get
m—1 oo 2" m—1 0o 2"
ey ) aFB@ =2 5 ) aufln+h) =3 Spfntm)=F)
k=0 n= k=0 n=

This is a differential equation we may solve.

Take e.g. the difference equation

(4.62) f(24n)=f(1+4+n)+ f(n)
36
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The exponential generating function satisfies the equation
(4.63) FP=F'+F

With the roots &4 = LQ‘/E so that F' becomes a combination of

eeo _ N gn ™"
(4.64) et _Zogi —

Even the Bernoulli polynomials have an exponential generating function:

(4.65) =

Consider the product

Kwang—Wu Chen’s problem. In 1994 Kwang—Wu Chen, Chia—Yi, Taiwan,
Republic of China, [28], posed the following problem, to prove the identity for
Bernoulli polynomials for m > 1,

m

(4.66) Z (7:) Br(a)Bp—(8) = —(m—1)B,(a+8)+m(a+—1)By—1(a+3)
k=0
Proof.

Multiplication of two copies of (4.65), taken for t = x, k = o and k = (3
respectively, yields

t2 (a+pB)t

(4.67) Z . Z( ) By—k(B)

We have also by differentiation of (4.65) with respect to ¢ and then multipli-
cation with ¢ the formula

temt temt t2€(33+1)t 0 an(x)tn
4.68 t — = _
( ) et—1+xet—1 (et_1)2 T;) n!
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Substitution of the series from (4.65) in this formula for the choice of x = a+ 5 —1
yields

(4.69)

=1+> = (—(n—1)By(a+B-1)+n(a+S—1)By_i(a+ 1)

From the very difference equation, the Bernoulli polynomials were invented to
solve, cf. (3.25), we get

(470> Bm(a + ﬁ — 1) = Bm(a -+ ﬁ) _ m(a + ﬁ _ 1)m—1

for m = n and m = n — 1 respectively in (4.69), and the formula (4.66) follows
from comparing the terms in (4.69) and (4.67).

Equations with polynomial coefficients. If in (4.1) the functions ax(n) are
polynomials in n, certain higher order equations may 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:

(4.100) (co+bon)f(n)+ (c1 +bi(n—1))f(n—1)+ (c2 +b2(n —2))f(n—2)=0

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

(4.71) F(z)=>_ f(n)x
n=0

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

(4.72) 2" FO) (g Z 2 f(n
= Z[n]jf (n)a" =7

Zn—k—f—j (n—Fk+j)z"
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To handle (4.100) it is enough to consider j = 0,1, hence the differential equation
gets order 1, and to consider £k = 0,1,2,3 to obtain the shift of order 2. The
differential equation in F' becomes

(4.73) (co + iz + 023:2) F(x)+ (box + byz? + b2x3) F'(z)=0

If we find the zeros of the polynomial by + b1z + boz?, say they are aq, as, then we
may use partial fractions to write the differential equation (4.73) in general as

F/ 2
(4.74) () __ ot QU et boy By B
F(x) box + bix? + box3 r xT—a; T—as

In the cases of double roots and common zeros the expressions are similar. We
remark that the constant 3y = bQCO . This may be solved as

(4.75) F(z) = 2% (x — a1)P" (x — ay)"?
If Gy is an integer, we may develop the other factors as series in x, cf. (7.2),
(4.76) (x —a)’ = i (ﬁ) (—a)P~Fak
k
k=0
and get their product to find

(4.77)

= E £ Q)
_ Zx nfo ( ) (n _gz - )(_al)ﬁlk(_a2)52+kn+ﬂo

k=0

yielding the solution to the equation (4.100) as

(4.78) f(n) = nkzj ([31) (n ) gi . k) (—a1)"1 = (—ag)P2Hh—ntfo

In order to write this solution in the forms treated in this book we may prefer
to rewrite (4.78) as

4T ) = (o e S (")t (2)

k=0 1
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Shalosh B. Ekhad’s squares. In 1994 Shalosh B. Ekhad, Princeton, NJ, [37]
posed the following problem:

Let X,, be defined by Xg=0,X; =1,X2=0,X3=1, and forn > 1

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

n+1

(4.80)  X,43 = Xpgpo+ (PP +n+1) X — X,

Prove that X, is a square of an integer for every n > 0.

We consider the general second order difference equation,

(4.81) Tnto = f(n)xpt1 + g(n)x, f,g:N—7Z\{0}

With any integral initial values, x1, x2, this equation will generate a sequence of
integers. We shall see, that with the suitable choice of functions and initial values
the solution to (4.81) shall be the sequence of square roots asked for in the problem.

We consider the equation (4.81) in the two forms:

(4.82) Tntsz = f(n+ 1D)znio +g(n+ 1)z
(4.83) 9(n)xn = Tpya — f(n)Tny1

By squaring these two equations and then eliminating the mixed products, x,42%n+1,
we get a third order difference equations in the squares:

(4.84)
1 9 _
fln+ Dgln+1) "+~

fin+1) 1 2 g(n+1) ) | 22 _9(”)23:2
(g<n+1>+f<n>)””“+2+(f<n+1>+f< )) T

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:

1 1

1 1
4.85 ——Xp43 = )+—-)X, — Xnt1 — =X,
( ) n4+17mt ((n—|— )+n) +2+(n+1+n) o

With the initial values 1 = 1, o = 0 we obtain x3 = 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, Choate Rosemary Hall, Wal-
lingford, CT, [33], posed the following problem:

Define a sequence < y,, > recursively by yo = 1, y; = 3 and
(4.86) Yus1 = (204 3)y — 201 + 81

for n > 1. Find an asymptotic formula for y,,.
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A solution is
(4.87) 2"t nl/e

while an exact expression for y,, may be

n
(4.88) yn =142n+ ) [n2"
k=2

How to solve it?

We define a new sequence, z,, by the formula
(4.89) Yn = 2"nlz,
Then the new sequence is defined by zg =1, 21 = % and for n > 1 the recursion
Zn — Zn—1 4n
2(n+1) i 27(n +1)!
This is really a difference equation in the difference,
(4.91) Ty = Azp = Zpy1 — 2n

which sequence is defined by xy = % and for n > 1 the recursion

(4.90) Znt1 = Zn +

Tp_1 4n
2(n+1) + 27(n+1)!
with the straightforward solution for n > 1

1 1
2n=1(p —1)! + 27+l (n 4+ 1)!

(4.92) Tn =

(4.93) Ty =

Hence we find

(4.94)
n—1 n—1 1 n—1 1
Zn =Zo+2xk = 1+%+Z—2k71(;€_1)! +Z—2k+1(k+1)[
k=0 k=1 k=1
n—2 k n k n—=2 k n k
(3) (3) (3) (3)
=2 D D Tl B
k=0 k=2 k=0 k=0
It follows that the limit must be
(4.95) lim z, = 2e?

n—oo

and that we may compute y,, as

SRS %3’“)

n
k=0 k=0
_ZQn k n k+i2n k

= 1+2n+ sz“[n]k
k=2

41
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Ira Gessel’s problem. In 1995 Ira Gessel, Brandeis University, Waltham, Mass,
[47], [17], posed the following problem, to evaluate the sum for all n € N,

(4.97) Stn)= 3 2Fy (n2_k:k>

3k<n

Solution. For alln € N, we have

(4.98) Sny=Y 2" ("_ k) = 2" 4 cos (n- T)

n—k\ 2k
3k<n

Proof. The function S(n) defined by (4.97) satisfies the difference equation,
(4.99) S(n)—25(n—-1)4+Sn—-2)—25(n—-3)=0

Hence the solution must take the form

(4.100) S(n) = a2" + Bi" + y(—i)"

Finding S(1) =1, S(2) = 1 and S(3) = 4 yields the solution, o = 8 = = 3.
In order to establish (4.99) it is convenient to split the sum of S(n) in two
parts,

(4.101) S(n) =U(n)+V(n)
(4.102) Un)= > 2 ( o )
3k<n
(4.103) Vin)= > 2 ( ot 1 )
3k<n-—3
These two functions satisfy the simultaneous difference equations,
(4.104) Un+1)—U(n)=2V(n+1)
(4.105) Vin+1)=V(n)=U(n-2)

obviously from splitting the binomial coefficients in the sums.

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

Remark 1: The solution for U(n) is as ugly as
(4.106) U(n) =2 (2" +3cos(n- %) +sin(n-3))
while it for V(n) is similar

(4.107) V(n)= 1 (2""'42cos(n-%) —sin(n-

rol3
SN—
SN—

It is seen that adding the two gives the simpler form (4.98).
42



4. LINEAR DIFFERENCE EQUATIONS 43

Emre Alkan’s problem. In 1995 Emre Alkan, Bosphorus University, Istanbul,
Turkey, [3], posed the problem:

Prove that there are infinitely many positive integers, m, such that

is an odd integer.

This expression is not an integer for all non—negative arguments, m € Ny, so
we shall consider the function of m,

(4.108) = o Z <2m + 1) 3k

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

The sum in (4.108) is the half of a binomial sum, so let us add and subtract
the remaining terms and write

2m—+1

(4.109) f(m) = 2m+1 Z (2 +1) ((‘/5) +<_\/§)k)

then we may apply the binomial theorem twice to (2) and get
2m—+1 2m—+1
((1 +v3) " (1 va) )

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

@iy = <(1 +V5) ) RREa <<1 = V%) )

(4.110) f(m) =

2m+1

(1£v3)®

hence the function f must satisfy a difference equation with the two roots, ~——5——,

i.e. the characteristic polynomial
(4.112) r? —dr +1
giving the difference equation

(4.113) fm+2)=4f(m+1)— f(m)

As we have easily 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 shall prove the following
property, from which it follows that there are infinitely many such values:
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Theorem. For any integer, z € Z, the sums of integers for m € Ny,
~ 2m+ 1

4.114 m(z) =

(4114 su =2 (1)
k=0

satisfies for all m € Ny, that Sy, (z) divides Ssp41(2).

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

(4.115) Sm(z) = %QmZJrl (ka—f— 1) <(\/E)k n (—\/E)k) _
1
2

Using the identity
(4.116) 2?4+ y° = (z+y) (2° — 2y +y°)
we get from (4.115) that

(4.117)

Sam+1(2) = % <(1 + \/E)6m+3 . \/E)6m+3) _
= % <(1 + \/E)Qerl 4 (1 _ \/E)2m+1) .
(V)T (VR (= VR (- ve) ) =

- Sm(z) . ((1 + \/E)4m+2 _ (1 - z>2m+1 + (1 . \/E)4m+2)

where the second factor in (4.116) is an integer since the odd powers of the square
roots must cancel.

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

Comments. For any j € N the sequence (4.114) satisfies the difference
equation

A118)  Spaay(e) =23 () 1972 S - (2~ D 5n()

From this follows with j = 2m+1 that each term of the sequence S,,(z), Ssm+1(2),
Ssm+2(2) ete. is divisible by the first term, Sy, (z).

From this result with z = 3 follows that 5 is divisor in f(7), f(10), etc.

The divisor 5 may be replaced by any divisor in any term of the sequence,
but what about 3 in 3¥? Of course, it may be replaced by any integer, z € Z, and
44
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for odd integers the sum (4.114) 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

(4.119) Smia(z) = 2(z 4+ 1)Sma1(2) — (2 — 1)28,,(2)

easily derived from (4.115), and the start values Sp(z) = 1 and Sa(z) = 1 + 3z,
easily derived from (4.114).

The second that we for 3 + 4z get that the sum

1l = 2m+1 "
(4.120) Un(z) = P ( ok )(3 + 4z2)
satisfies the difference equation
(4.121) Uni2(2) =4(z + DUpng1(2) — (22 + 12U, (2)

and the start values are Up(z) = 1 and U;(2) = 5+ 62. So, in this case we get
only odd integers.

And the third result is that we for 1 + 4z get that the sum

1 <= /2m+1
(4.122) :—mZ( me ) (14 4z2)*
k=0
satisfies the difference equation
(4.123) Tio(2) = (1+22)Thi1(2) — 22T (2)

and the start values are Ty(z) = 1 and T1(z) = 1+ 3z. If 2z is even then the terms
are all odd, but if z is odd, they must alternate with a period of length 3.

2m—+1
2k

2k + 1, e.g., (2k+1) and obtain similar results.

In the binomial coefficients ( ) we may replace 2m + 1 with 2m or 2k by
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CHAPTER 5. CLASSIFICATION OF SUMS

Introduction. This classification is due to the late Erik Sparre Andersen (1919—
2003), (1989) [7]. We consider sums of the form

n

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

k=0
with n € Ny the limit of summation, ¢ € C%, an argument-vector, and k € Ny the
summation variable.

We may assume the lower limit to be equal to zero, because it is otherwise
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 may 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)
5.2 yn, k) = ——m—=
( ) Qt(c n ) t(c,n, k‘)
which characterizes the expressions up to proportionality, because of the formula:
n k—1
(5.3) T(c,n) =t(¢,n,0)>  [] a(e.n.)
k=0 i=0

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

Classification. We shall 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 shall call the sum indefi-
nite, otherwise it is called definite.

We shall apply the main classification as follows:
I) The terms take the form

(5.4) t(e,n, k) =r(c,n, k) - 2"
where r(c, n, k) is a rational function of k. Typical examples are the quotient

series, (3.1),

" Sl (2 #£1)
5.5 2k = z—1
(5:5) kZ:o { n+1 (z=1)
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and the sum of polynomials, e.g., (2.7),

n Ilmts g £ —1
5.6 klmok = m+1
(5.6) ZOH {Hn form = -1

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

(5.7) i (Z) = (142

k=0

with quotient equal to

(5.8) q(z,n, k) = ey (—2)

Not of types I or II, but the terms are products or quotients of terms, which
might be of types I or II, and factors or divisors of the form [x + ky]j, where
0 # y # £1. The typical example is the Hagen-Rothe formula, cf. (16.17),

n

(5.9) Y (Z) [+kz—1]p_1[y+(n—k)z—1]_p_1 =

k=0

T+

y[m—i—y—i—nz—l]n,l

Not of types I or II, but the terms are products or quotients of terms, which
might be of types I or II, and factors or divisors of the form (z + ky)*, where
y # 0. The typical example is the Abel formula, cf. (16.18),

n

n . )1y — zn—k—1:$+y_”zx n—1
310) 3 (p)ee skt Nk = TR )

Not of types I or II, but the terms are products of factors, one as if it was a
term of types I or II, and a harmonic number, Hy or Hérz), cf. (1.19-20). A
typical example is the formula

o XWERE

k=0

Canonical forms of sums of types I-II. 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

(5.12) qi(c,n, k) = (a1 — k)~ (ap — k) z

(Br = k) (Bg = F)
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with z # 0 and o; # ; independent of k, but dependent of ¢ and n.

The type of the sum is said to have the parameters (p, q, z). So, we shall say,
a sum is of type II(p, q, z), if the quotient is as in (5.12), but provided it is not of

type L.
The products of quotients in (5.3) may by use of (5.12) be written as

[T [l W
[T (851

The function r(k) in (5.13) may vanish for certain values of k, if a; € Ny or
—B; € N. Similarly, it may be undefined or infinity, if —a; € N or 3; € Ny.

(5.13) r(k):=

Definition. We shall call a sum (5.3) with quotient of the form (5.12) a sum
of natural limits, if the function, t(c,n,k), is defined for all 0 < k < n and
B; = =1, o; = n for some (1, ).

In this case we shall write
[aile _ [nlk n k
(5.14) = = ~1
Bl " e )Y
Without loss of generality we may assume that ¢ = 57 = 1. If we further have the
situation, that 3; <0 orn < 3; for j = 1,2,---¢, then we may apply

L B —knk _ [n=1=Bilnp(=1)""" _ [bjlnr(=1)"""
5.15 _ _ _
(519) [5j1k [1Bj]n [1Bj]n [1Bj]n
to replace the denominator [3;]x by the numerator [b;],—x(—1)""%, where we have
set bj:n—l—ﬁj.

With the replacements a; = o; and = (—1)?z we may define:

Definition. The canonical form of a sum of natural limits (5.3) with quotient
of the form (5.12) is

n n P q
n
5100 Sten =Y st t) =Y () [Tl TT0ilos o*
k=0 k=0 j=2 j=2
From the knowledge of (5.16) it is easy to find the wanted sum from (5.3) as
t(e,m,0)
11 T = —
(5.17) (e.n) = Lo S )

If the difference between a pair of roots equals one, say [ — as = 1, i.e.,
as + bs = n — 2, we may replace the corresponding product by

(5.18)
las]y (b2, = la2],_y (a2 —k+1)[n—ax—2],_, =
= (ag + 1= k) [ag],_, [ag =k + 1], _, (-1)"* =
= las],_; (=1)" (az + 1 — k) (=1)"

The constant terms may be ignored, so we shall define
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Definition. The special canonical form of a sum with a pair of roots with
difference one, i.e, as +by =n—2 or Bo —as =1 is

n

(5.19) S(c,n) =Y s(c,n, k) Z ( ) H a;]k H[bj]n_k (ay +1—Fk) (—xz)*

k=0 - =3

Remark. In the form (5.17) it is particularly easy to change the direction of
summation, as the sum must be equal to

(5.20) S(c,n)=i( )H lja” k( )k

k=0 j=2

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 may try to reconstruct the sums of form (5.12)
from the quotients (5.12) for all possible limits, n € N. The problem is that we
have difficulties summing past the integral roots of the rational function (5.12).

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

(5.21) 0<a<fB<n

and that we have either of the two cases

[ﬁ - k]ﬁfa

(5.22) t((a?ﬁ)’ n, k) - { [k — o — 1]5_

Then the term factor becomes in both cases

(5.23) H((a. 9).1,0) Bloa

=g(k) =

gives the quotient

[ﬁ—k—l]ﬁ_a _Oé—k

20 LA Ry PR

But, we must admit that

(5.25) g(k)=0 for a<k<}p

The natural question is, are there other non-vanishing term factors giving
the same quotient inside the interval |« ()7
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The answer is yes, we may consider

(="
(k—a—l)
which is defined for o < k < 3 and gives the quotient wanted,
(5.27)

oo B-a—1kaalk—alka k—a

an(k) = - ety B-a—1kalk—a— 1 a1 R

k—a

Similarly, if 8 < «, either of the two term factors

{ oo = B~ klp-a

(5.28) s =3 e

gives the quotient as above, and is defined for £ < 3 and for a < k.

For the interval |3, ] we may choose the term factor

(5.29) h(k) = (—1)’6(2:?:3

which has the quotient

(5.30) an(k) = — -

and is defined for g < k < a.

Hypergeometric form. Sums of types I-1I may be written as hypergeometric
sums as well. To do that it is only necessary to use (5.15) and the ascending
factorial from (1.8) and (2.5), possibly (2.1). As an example consider the GauBian

hypergeometric function,

0 a Zk
(5.31) 2Fi(a,biciz) = ) ( 22§§)k k!

k=0
With this we may write a canonical sum of type I1(2,2, 2) as

n

(5.32) Z (:) [Qk[Blnr2" = [Bln2Fi(—n, —a; 8 —n + 1; 2)
k=0

In general, the transformations are

(5.33)

. N G R e
oy (—n a1, ;b5 2) = A ];) (kr) [—a1]i - [br+n—1]n_p - - -
and
(5.34)
Z (Z) e [Bilnge - 2" = [Biln - pFy(—n, —an, - s fr—nt1,-
k=0
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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,

H((:Z), or the form (where we assume 0 # y # +d)
(5.35) [z + yk,d])

to see, if the types III-V may 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 figure out, if the limits
are natural, or if it is convenient to divide the sum as sums over several 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 under the heading X (p, ¢, z) to see, if the sum is
known. If not, we may, in the case of type I1(p, q, z) try the Zeilberger algorithm,
and in the case of type I, the Gosper algorithm.

Symmetric and balanced sums. The majority of know sums with several fac-
tors are either symmetric or balanced. To recognize these cases the canonical form
(5.16) is most convenient. But remark, that the binomial coefficient corresponds
to a pair of factors by the transformation

(5.36) (”) _ [l _ [n]k[[n]n—k

nln

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

Definition. A sum of type II(p, p, +x) is called symmetric if we may write it in
a canonical form (5.16) with a; =bj, j =2,...,p.

This means that the canonical form of a symmetric sum becomes

(5.37) st =3 () Tfalilosloore®

Remark. Symmetric sums of form II(p,p,(—1)P~1) share the property, that the
sums for n odd are zero, because of the change of sign by reversing the direction
of summation.

Definition. A sum of type I(p, p, L) is called balanced if we may write it in
a canonical form (5.16) with a; —b; =2a, j =1,...,p for some constant a.
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Remark. In the case of balanced sums we have to let a1 = n and by = n, such
that we get by = n — 2a and as = n + 2a, while the rest of the arguments may be
written as aj = c¢j +a and b; = ¢; — a.

This means that the canonical form of a balanced sum becomes

(5.38)  Slen) =Y (Z) [+ 2a]i[n — 2a]—i [ le; + alile; — aloy *

k=0

Definition. A sum is called well-balanced if it is balanced and may be written
in a canonical form (5.38) 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 find out whether the sum is
symmetric or balanced, the symmetric case is easy enough, and in the balanced
case we shall have, that the roots of the quotient, (5.12), must satisfy, that the
pairs have the constant sum, n — 1 + 2a, so a may be found from the sum of all
the roots divided by 2p.

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

Remark. In the case of well-balanced sums we may let ay = § — 1+ a and
by = § — 1 —a. Hence we may write the product

(5.39)

—_

[a2]k [b2]n7k = [

+ } [%_1_“}%13:
—1+a (g o], (1=
= (-)"3[3—1+a]_ _, -(n+2a—2k)(-1)"

Dividing the constants out we may get the special canonical form for well-balanced
sums,
(5.40)
n n p
S(c,n) = (k) [n+2a)k[n —2a),—k H[cj +alglc; — aln_k | (n+ 2a — 2k) z*
k=0 j=3

Sometimes it is interesting and possible to find small deviations from these
two basic demands. If we have the condition fulfilled except for a; = by + p or
a1 — by = 2a+p for some integers p € Z, we shall denote these sums as quasi-, i.e.,
we shall talk about quasisymmetric, quasibalanced and quasiwell-balanced
sums.

Useful transformation. 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. The products of constant length may be transformed to the canonical
form for a sum of limits 0 and n by

(5.41)

o=ty =lo=shln— 1= dr(-0* T 0 1)
(5.42)

Ky = o = = pt a1 T g (12
Proof. Trivial. O

Some formulas seems occasionally very useful

(5.43) [2n], = 2[2n — 1],
(5.44) [2n)n =47 [n = 3], = (=9)" [-3],

(5.45) (2:) = (—4)" (_n%)

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

546 (5) - % (1) =44,

(5.47) (27122; 1) - (Z) nt 3l =3l
(5.48) (ZZ j: D = (Z) =3l [n+3],
(5.49) (ZZ j: i) = — ] 1n+1 (Z) [n+ 3], [n+ 3], s

The formulas (5.46) and (5.47) may be united and the formulas (5.48) and (5.49)
united in two ways as

(5.50)
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(5.52)

(aen) = s () U1 s+ g

2

Another useful transformation is the following

(5.53) (n ; k) _ ﬂ(%g 121 -], [-r21-1] ) (—4)*

]3]
Or, if we divide in the even and the odd case, we get
2n —k (=)™ (n i k
. = — — 5|, [-n—1]—r(—4
o ()G bl
(5.55)

(2n +k1 - k:) _ [251_% (Z) [+ 1], [=n — 2n_s(—4)*

It is furthermore convenient to have computed for m € Z and mVv0 < k < L%J
the binomial of (5.53) with a factorial,

(5.56)

i, (n ; k) _

1 Lsl-m Rl —_m
(—1) (LQJ )H%W —m = 3] 13T =1y (-0

[n—2m]z) 2, \ k—m

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

(5.57)
el (1) = 2 () I 4] = (-0

(5.58)

ot (M) = O () ok Ao 2t

The similar formulas for k added are much simpler, valid for k,n € N, m € Z,
—n<m

(5.59) (n Z k) = (_nk_ 1) (—1)*

(5.60) [k]m<"‘£’“) —[-n— 1]m(_"_ : _m)(—n’f

k—m

Polynomial factors. We may get rid of a polynomial factor in k by writing the
polynomial as a sum of factorials, cf. (3.47), and then change the expression using
(2.9) and (2.2) as follows:

560 () Wfahlthos = el () o= Bl gem

k—m
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CHAPTER 6. GOSPER’S ALGORITHM

Gosper’s algorithm. In 1978 R. William Gosper in [49] gave a beautiful algo-
rithm to establish possible indefinite sums of the types I and II.

Assume we have a sum of the form
(6.1) T(a, k) = t(a, k)ok
with quotient function of the form

(a1 — k) (ap— k)
Bi—k) (B — k) ™

(6.2) qi(a, k) =

If it is possible, we shall choose the indices such that 3; —a; € N, ¢=1,--- 7,
and 3; —ay ¢ N, 4,0 > j. For each of the pairs with integral difference we shall
write with a« = 3 — m the quotient as

a—k B-m—k (B-k-—m)B-k-1uy [B-k-1n

O3 RS Tk T BRIk -Tna - Hn

Using (6.3) we may define the polynomial f(k) of degree m; + ---+ m,; as

(64) f(k) = [51 - k]m1 e [ﬁj - k]mj

If we further define the polynomials of the rest of the factors,

9k) = (@41 — k) -+ (ap — ) - x
Mk) = By +1— k) (B 41— K)

then they satisfy, that for no pair of roots do we have
(67) ﬁz —ay €N
and we may write the quotient (6.2) as

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

(68> Qt(av k) =

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

h(k)s(k)t(a, k)
f(k)

where s(k) is an unknown function, we shall find, if it is possible.
55

(6.9) T(a, k) =
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If the function defined by (6.9) solves the equation (6.1), then we must have
using the equation (6.8)

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

flk+1) f(k)
_ s(k+ Dt(a,k)g(k)  h(k)s(k)t(a, k)
f(k) f(k)
s(k+ 1)g(k) — h(k)s(k

f(k

This means that if s(k) shall solve the problem, it must satisfy the difference
equation

~—

= t(a, k)

(6.11) f(k)=s(k+ 1)g(k) — s(k)h(k)
Now, it is obvious that the function s(k) must be rational, i.e., we have

polynomials, P and @, without common roots, such that

(6.12) s(k) = %

We want to prove that s(k) is a polynomial, so we assume, that @ is not constant.
Then we may consider a non-root, (3, such that g+ 1 is a root of (), and there
exists a greatest integer, N € N, such that §+ N is a root of Q.

If we substitute (6.12) in (6.11) and multiply with @, we get

(6.13) FR)Q(k +1)Q(k) = g(k)P(k + 1)Q(k) — h(k)P(k)Q(K + 1)

Now we apply this equation for £k = § and k = 8+ N to obtain

(6.14) 0=g(B)P(B+1)Q(P)
(6.15) 0="h(B+N)P(B+N)QB+N +1)

Neither P nor () are zeros in the chosen points, hence we have

(6.16) 0=g(B)
(6.17) 0="h(B+N)

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

(6.18) s(k) = gk +og 1 kT o+, ag#0

In order to solve (6.11) in s, we shall estimate the size of d.
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We shall introduce the polynomials

(6.19) G(k) = g(k) — h(k)

(6.20) H(k) = g(k) + h(k)

Then we rewrite (6.11) as

(6.21) 2f(k) =G(k)(s(k+ 1)+ s(k)) + H(k)(s(k+1) — s(k))
and appreciate that

(6.22) s(k+1)+s(k) =2aqk 4+ -+ of degree d

(6.23) 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

(6.24) d=deg(f)— deg(Q)
2) If d =deg(H) > deg(G), then we consider

(6.25) Gk) = Nk¥ 1 4.
(6.26) Hk) =MD 4+ A#0

Hence the right hand side of (6.21) begins

(6.27) (2N org + Adorg) k4 =1

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

(6.28) d=deg(f)—deg(H)+1

3) The last case is the exceptional, that deg(H) > deg(G) and 2\ + Ad = 0.
But then the latter equation yields
)\/
6.29 d=—-2—
(629 -
This tells us that in the case of deg(H) > deg(G) we may try one or two
values for d, according to the integrability of the solution (6.29).

As soon as d is established, one may try to solve (6.11) in the d+1 coefficients.
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An example of Gosper’s algorithm. Let us consider the following indefinite
sum of the type 11(2,2,1) for a, b, ¢ and d any complex numbers,

_ [a][b]k
(6.30) T(a,b,c,d, k)= PRSI 1]k5k
with quotient
(a —k)(b—k)

(6:31) i) = T = 1-h

We shall apply the Gosper’s algorithm to prove the following formula,

Theorem 6.1. 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

el Ll P k- e — 1],
632 3 e T T —1 Z

1520 a_CJ+1 [b—cljs

Proof. As we in general shall have the differences (6.7) not as positive integers, we
have immediately the polynomial, f(k) = 1. The others are

(6.33) g(k) =k*— (a+b)k + ab

(6.34) h(k) =k* — (c+d)k +cd

Hence sum and difference becomes

(6.35) Gk)=(c+d—a—bk+ab—cd
(6.36) H(k)=2k*>—(a+b+c+d)k+ab+cd

So we are in cases 2)-3) with deg(G) < deg(H), and after (6.28) we compute
deg(f) —deg(H)+1 =0—-2+1 = —1, leaving us with the case 3) as the only
possibility. Hence we may have

6.37 deg(s :—2M=a+b—c—d
2

So we get the restriction on the parameters, that
(6.38) p=a+b—c—deNy

If p =0, we have s(k) = « to be found by (6.11), i.e. from

(6.39) 1=a(g(k) — h(k)) = aG(k) = a(ab — cd)
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So we have usingp=a+b—c—d=0

_ 1 _ 1
“ab—cd  (a—c)(b—c)

(6.40) o

According to (6.9) we get the indefinite sum

_(e—k)(d—Fk) lalx[bl
(6.41) T(a,b,c,d, k) = @—0b-0 . PEArE
1 [a][b]k

(a—c)b—0) [e—1xald =15
If p =1, we have s(k) = a1k + ag to be found by (6.11), i.e. from

(6.42) 1 = (ank + a1 + ag)g(k) — (a1k + ag)h(k)
= (a1(ab—cd —a —b) — ag)k + ajab + ap(ab — cd)

yielding us two equations in (aq, ap),

0=ay(ab—cd—a—b)— a
1 =ajab+ ap(ab — cd)

with the solutions

(6.45) B ab—cd—a—0»

' ao_ab—i—(ab—cd)(ab—cd—a—b)
1

(646) (051

T ab+ (ab—cd)(ab —cd —a —b)
To make it look nicer, we shall write the denominator as

(6.47) ab + (ab — cd)(ab —cd —a — b) =
—ab + (ab — cd)? — (ab — cd)(a +b) =
—ab + (ab — cd)? — (ab—cd)(1 +c+d) =
—(ab — cd)?® — (ab — cd)(c + d) + cd =
(ab—cd — c¢)(ab— cd — d) =
(ab—cla+b—c—1)—c)(ab—(c+1)(a+b—c—1) =
(a—c)(b—c)la—b—=1)(b—c—1) =

[a — cla[b— |2

and the numerator similarly as

59

(6.48) ab—cd—a—b=ab—cla+b—c—1)—a—b=(a—c—1)(b—c—1)—c—1
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According to (6.9) we get the indefinite sum

(6.49)
T(a,b,c,d, k) =
:k+(a—c—1)(b—c—1)—c—1‘ [a]k[b]x
[a —c]2[b — ]2 [c = 1k—1[d — 1]x—

B 1 k—c—1 ) [a]k[b]k
- (<a—c><b—c> " [a—c]z[b—c]z) o= 1x1ld — 151

We may in principle continue for each positive integral value of p to end up
with the formula for p=a+b—c—d

¢ — 1ild = 1]k [0_1] _1 C‘_CJJrl ]J+1

but it is easier to proceed with guessing (6.50) and prove it by induction. m|

Corollary 6.1. For any complex numbers, a,b,c,d € C satisfying the condition
that a +b — ¢ — d = 0, we have the indefinite summation formula

(a5 [blx B 1 ‘ [a] i [b]
(6.51) Z [c — 1],[d — 1]k5k C(a—c)b—c) [c—1k_1]d — 11

Proof. Obvious. O
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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,

(7.1) Zn: (Z) 2y h = (2 +y)"

k=0

discovered around year 1000 by Al-Karaji in Baghdad, [36]. This formula is of

type I1(1,1, 2z) with z = % (For proof see theorem 8.1.)
Remark. The binomial formula generalizes to n € C in the form of an infinite
series, the Taylor series, applying the general binomial coefficients, defined by

(1.10)

72) 5 ()t = v forlal <1y

k=0

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

(7.3) Goinom (2, y), 1, k) = —nl_—kk (_g)

An indefinite formula of type [1(1,1,1) is

[l o, 1 [k
(7.4) Zmak_ P S

with quotient

(7.5) q(e, B, k) =

Proof.
alde _efern e _lafila—k—f+k-1)

Blk—1 Bk Ble—1 [B]x

We have a formula of type 1I(1,1,—1) due to Tor B. Staver, cf. [110],

n 1 n+1 2k
(7.6) Y o am=m+1)-27m Yy "
k=0 (k) k=1
with quotient
—-1—-k
7.7 k) = -1
(7.7 a(k) = ——(-1)
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Proof of (7.6), Staver’s formula. Define

kP

( ) ( p) ra (k)

Then we get

(7.9) mmm:%< ”@k+ z@):%amn
k=0 \k k=0 \k

On the other hand we also get
(7.10)

When we apply (7.9) for n — 1, we get

I1n—1

(7.11) S(n,0)=1+ - ntl
n

S(n—1,0)+ ~S(n—1,0) = S Sn-1,0)+1
n

n

The homogeneous equation has the solution "2’:1, so we are looking for a solution

of the form ¢(n)%tL, i.e., we look at the equation
(7.12) o) = g - 4

' W T on 2n—1
or
(7.13) ¢(n) — ¢(n — 1) =

. n)—¢n—1)=

n+1
which solves the problem on the form
n+1 n 2k 771n+12k

.14 — = ]_ . 2 n N

(7.14) S(n,0) = — ;kﬂ (n+1) ;k

O

Gregory Galperin’s and Hillel Gauchman’s problem. In 2004 Gregory Gal-
perin and Hillel Gauchman, Eastern Illinois University, Charleston, posed in Am.
Math. Monthly, 111 as no. 11103, [43], the problem to prove the identity:

(7.15) > k(ln) = in_l zn: %

k=1,k odd
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The left side is

1 14 1 o 2k 1 w2kt
Y D S I TE It TP i

k=1 "\k k=1 \k—1 k=1 k=1
by (7.6).
Now consider the sum on the right side of (7.15). The difference in n is
(n n—1 (n—l) 1 n
1 (I 0 B VS
UL P i S I PN
k odd k odd k odd k odd
As we have
n n n n
(7.18) > (k) + > (k) = (k) =2
k odd k even k
n n n
T D0
k even k odd k
We get the wanted result from (7.16)
() g2

(7.20) P -

k
k odd k=1
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CHAPTER 8. SUMS OF TYPE I1(2,2, 2)

The Chu—Vandermonde convolution. The most important sum at all is the
generalization of one of the oldest formulas at all, the Chu-Vandermonde convo-
lution,

" > (0=

with quotient
(n—k)(x—k)
—1-k)n—-1—y—k)

which appeared in the famous Chinese algebra text by Shih—Chieh Chu, Precious
Mirror of the Four Elements, in 1303, [29,77], while its discovery in Europe was
much later. (This is the usual title, the translation should rather be: Textbook
on four variables.) As variables or unknowns he uses the four directions, north,
east, south, west. It was discovered in 1772 of A. T. Vandermonde, [112]. The
combinatorial interpretation is to consider an urn with x red and y blue balls.
Now we may 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 z + y balls ignoring the
color. The generalization we appreciate here is to allow x,y € C and the general
step size, d, which for d = 0 includes the binomial theorem of type II(1,1, z), (7.1)

(8.2) qov = (

Rather than considering the expression (8.1) with generalized binomial coef-
ficients, it becomes nice if we multiply the equation with the integral denominator,
[1],. Then (8.1) may be written as:

n

(8.3 > () lulilnos = o+ o

k=0

But this expression allows a generalization with arbitrary stepsize, i.e.,

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

(8.4) > () o bl s = -+ el

k=0

Proof. Let
5= 3 () il

k
We replace using (2.8) (2) by (Zj) + (”;1) and split the sum in two sums. In the

”_1) we substitute k + 1 for k. Corresponding terms in the two sums

k—1
now have (" ")[z, d|x[y, d],—k—1 as common factor. Using this we obtain

sum with (

Z (n ; 1) [z, dpy, d)p—k—1(x—k-d+y—(n—k—1)-d) = S(n—1)-(z+y—(n—1)-d)
.
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Recursion now yields
Sn)y=Sn—k)-[z+y—(n—Fk) -d,d
Since S(0) = 1 we obtain (8.4). m
The quotient becomes in the case of d # 0

(n—k)(q — k)

(8.5) qt(a,b,d,n, k) = (—1—k)(n—1-— % — k)

This means that we may always compare with a formula with d = 1, provided
we have d # 0. Hence, if we come across a formula,

n

(8.6) T(a,b,n) = t(a,b,n, k)

k=0
with quotient
t(a,b,n,k+1) (n—k)(a—k)

(8.7) qt(a,b,n, k) = t(a,b,n, k) - (=1—=Fk)(b—F)

Then the formula has the type 11(2,2,1) and is equivalent to the Chu—Vandermonde
above, (8.4), and hence the sum must be

t(a,b,m,0)

(8.8) T(a,b,n) = mo1-0,

[a+n—1-10],

As an example consider the formulas

(5.9 > () (-0 He+ b = el
k=0
(8.10) 3y (Z) (=1)*[c — kd, d]m = [c — nd, dJmn_nd"[m],
k=0

The quotient in (8.9) is

(8.11) _(kil).[c+(k+1)d7d]m: n—k —§-1-k
() lethdd, 1k m-5-1—k
Hence we get from (8.8) that the sum must be
(8.12)
<_1)n[cvd]m c c
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where we have used formulas (2.1), (2.2), (2.3) and (2.5). The formula (8.10)
follows from (8.9) be reversing the direction of summation.

With d =1 the formulas (8.9-8.10) are very frequently used in the forms:

(8.13) Z (:) (_1)nik[c + klm = [c]m—n[m]n
k=0

(5.14) 5 () -1¥e = Ho = fe = sl

k=0
First remark. For 0 < m < n the right side becomes 0.

Second remark. For c =0 the right side becomes 0, except for m = n. Hence

n

(8.15) Z (Z) (=1)" " km = G - [0 = S - [

k=0

Third remark. As we may write
(8.16) BT =) 60K
j=1

where 6%) are the Stirling numbers of the second kind as defined in chapter 3, cf.
formula (3.47), we get the general formula

0 for0<m<n

(8.17) > (Z)<‘1>n_k’“m - { &% - [l

o forn <m

Fourth remark. Form = —1 we may apply (2.3) to get (with ¢ replaced by c—d)

(8.18) Z<Z>(_1)nkc+1kd:[ "1, d(=1)"[nl,

prs c+nd,d,y1 [c+nd,dni1

or

1 1 & (DR}

clc+d)---(c+nd) - d*n]n &= c+kd

(8.19)

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

(8.20) LI i(—l)k(ﬁ)

(n+1 letnfntr [nfn 5—0
i.e., the partial fraction for a polynomial with consecutive integral roots.

66



8. SUMS OF TYPE II(2,2, z) 67

A simple example. Consider the formula
- n—=~k\ (n—2k
21 ~1)k =1 m<
B e
k=0
In order to analyze such a formula we may find the quotients, we find

(8.22)

q(k) _ _[n—k— 1]k+1 ) [lﬂ]k ) [n—2k—2]m_k_1 ) [m—k]m_k
[n — k]k [lﬂ + 1]k+1 [TL — Qk]m_k [m — k- 1]m—k—1
_ [n—2E], I n-m—-k m—k (m—k)(n—m-—k)
n—k k+1 [n—2ks 1  (=1—k)(n—k)

This is a quotient of type II(2,2, 1), i.e. of the Chu—Vandermonde convolution, cf.
(8.3), if the limits are right. Now, it is obvious that terms for £k > m do vanish,
so we may compute the value of (8.21) as

(8.23) i(—l)k (n . k) (Z;Q;f) =
_ ¢§:@ (’}Z) 5 — mlilm — 1 — g =

[m—n— 1],

. [n]m[_l]m .
= Tl —n—1,

After realizing that the sum is just a plain Chu—Vandermonde, one may look

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

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

(8.24) ké ( ) (7;__2:) _
_ mi ké(_w (’Z) [ — Klx[n — 2kl =

according to (8.14).

The Laguerre Polynomials. When we learn some smart formula like the exp-
ressions for the Laguerre polynomials,

d’l’l

(8.25) Ln(x) = €"——(a"e™") = 'Z( )
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none of the equalities are immediately verified. The proof of the second equality
goes like the following

T d n_—x = ! d" n = —x)*
g ZF '?sz(kl))
=0 k=0
> = (=Dkn + k" > b -1 n+ jl.
-(£5) (B0t)- S
(8.26) j=0 k=0 k=0  j=0
0o .'L‘k k 0o .'L‘k
PN (5) -1+ 31, - > Pl
e () ()
_nlkzzo<k) o
The crucial point was of course the step
k
(8.27) > () -1+ i1 = 1) bl

which is just (8.14).

The systematic way of recognizing the relevant form is to consider the quo-
tient of two consecutive terms as a rational function of j,

(k—j)-(=k—1-7)
(=1=7)-(=1-1j)
and then recognize this as the special case with m =0, c =p =k of

(k—j)-(m—c—-1-))
m—1—j4)-(m—1+p—c—j)

(8.28) q(j) =

(8.29) q(j) = (

the quotient of the Chu—Vandermonde, (8.3), translated to
K k—m :
(8.30) jZ:'n:z (j - m) (—1)f[e—m+ Ilp = Plk—mlclp—k+m

Moriarty’s formulas. The so—called Moriarty formulas are as given in H. W.
Gould’s table, [64], formulas 3.177 and 3.178:

n—p
2n+1 p+k 2n —p\ jon_o
8.31 E = 2°nTEp
(531 k:0(2p+2k+1>< k ) ( p )

n

P
(8.32) ( 2n +1 ) (p + k) _n (2n — p) 52n-2p
‘ 2p + 2k k 2n —p P
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These formulas were coined after professor Moriarty of H. T. Davis in 1962, cf.
[31] because of their ugliness with reference to the short story by A. Conan Doyle,
The adventure of the final problem from 1883, where he 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 H. W. Gould, cf. [67, 65, 66], Moriarty was a master
of disguise, and these formulas are nothing but disguises of the formulas for the
coefficients to the Chebysheff polynomials. Furthermore, eventually they prove to
be the Chu-Vandermonde formula, (8.3), in disguise.

The relation to the Chebysheff polynomials comes straightforward from the
binomial theorem (7.1). Let ¢ = cosx and s = sinz, then we compute the real
and imaginary parts of

(8.33)
(c+is)" = é (Z) " H (is) =
Rt gl e

Rectifying the limits of summation yields the left sides of the formulas (8.31) and
(8.32).

Rather than working on the cumbersome expressions, we just compute the
quotients. Of (8.32) it is
(8.34)

o(k) = (2n—2p—2k)2n—2p—2k+1)(p+k+1) (n—p—k)(n—p+35—k)

(2p + 2k +2)(2p + 2k + 1)(k + 1) (- 1-k)(-p-1-k)

Hence it is a Chu—Vandermonde with limit n — p and arguments n — p + % and
n— % So, the sum must be equal to

m+1\ [2n—pl,_ m+1  [2n—p\ .
(8.35) (”+ >.[” Py _ 20 (” p)4np
2p [n — §}n7p 2n+1—2p P

69




70 MOGENS ESROM LARSEN

The quotient of (8.31) is
(8.36)
(2n—2p—2k)2n—2p—2k—-1)(p+k+1) (n—p—k) (n—p—3—k)

= o Tk )@t kT Bk D) (1= (<p— =)

Hence it is a Chu—Vandermonde with limit n — p and arguments n — p — % and
n—+ % So, the sum must be equal to

(8.37) (Qn + 1) 20— placy _ <2n - p> s

2p+1 [n—l—%]n_p p

An example of matrices as arguments. The solution to a difference equa-
tion is essentially the computation of the powers of some matrix, A", for n € N.

(8.38) A= (‘CL Z)

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

(8.39) =" ; d
(8.40) D =ad—bc
(8.41) A=0%-D

With these notations we may write the Cayley—Hamilton formula, cf. (4.52),
for A as

(8.42) A’ -20A +DE=0

or more convenient for us,

(8.43) (A —OE)? = AE
For this reason we shall appreciate to write

(8.44) A =OE + (A — OE)

Because E commutes with any matrix, we may apply the binomial formula,
cf. (7.1), on the sum (8.44).
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(8.45)
A" = (OE + (A - OE))" =

_ "\ on—2k(a _ 2k n n—2k—1( A _ 2k+1 _
_;<2k)@ (A — OF) +;(2k+1)@ (A — OF)

_ n n—2k Ak n n—1-2k Ak A _
_;<2k)@ AE+;(%H)@ A*(A — OF)

In the case of A = 0 we shall only get the terms for k =0, i.e.,

(8.46) A" = O"E + n0" (A — OE) = O" (E + %(A . @E))

If D =0, we have A = ©2 and hence the whole sum reduces to

n __ n n n n—1 o —
(8.47) A _;(%)@ E+Zk:(2k+1)@ (A — OF)
=2""19"E +2"'0" " '(A - OE) =
= (20)"'A

In the case of A > 0 we shall remark, that

(8.48) (@ + x/Z)n =3 (27;) Ak VAY (21;1 1) @n-1-2k Ak
k k

Solving these two equations we get

(8.49) Zk: (27;) S (6:+5) ; (6-5)

n n—1—2k A k ®+\/Zn_ G_ﬂn
(8.50) Z(2k+1)@ A :< )2\/; )

k

So we get the formula:
(8.51)

<@+\/Z>n+<@—\/5)n <@+\/Z>n—<@—\/5>n
5 E+ A

In the case of A < 0 we shall remark, that from (8.41) we have A = ©2 — D,
and hence

E_ (092 _ n\F_— k\ o2r—2; PV
(8.52) A* = (62 - D) ; (j)@ (—=D)
71
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Substituting (8.52) in (8.45) allows us to proceed as follows:

(8.53)
A Z(2k>®n %Z< )@% Y (-D)YE+
> (%H)@” > ( )@% %(~D)/(A - OF) =
e G
+ Z Q" 1= (D)’ Zk: (2/@1 1) (D (A —OE) =

) ) 4 n—23j
:Z@“—%(—D)Jﬁ(" .3)2 E+
j 2\

n—17

+Y e % () (" _]1, N J) on—1-2i(A _ OE)
J

In the case of A < 0 we always have D > 0, hence we may proceed

(8.54)

(B () ()
SO () e

The sums may be recognized as the Chebysheff polynomials, cf. (8.33), so using
the rewriting

0w () - () VTR

we go on to

(8.56)
A" = (@)n (Tn (%) E+ %Unl ( ) A - OF )

- (40" (o () 2o ) )
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Joseph M. Santmyer’s problem. In 1994 Joseph M. Santmyer, [103], Califor-
nia University of Pennsylvania, California PA, posed the following problem:

If M, N are integers satisfying 1 < m <n — 1, prove that
2n —m —1 n—1 E+73\[(2n—m—2k—j5—3
657 (o am-1) = () = ZZ () (o0 5 n’)

We have nonzero terms only for 0 < k <n—m—1and 0 < j < m—1.
Hence the sum is finite.

We write the sum as

(8.58)
nilmzl k+] 2n—m —2k —j — 3|pm_1—;
k=0 j=0 [m—1—=jlm-1-;
n—m—1 m—1
1 2n— —2k—3]m_1[m—1]j
— (k] JZ::o 2n —m — 2k — 3];[m — 1)1
B 1 "‘i‘l 2n —m — 2k — 3|1 o= [k + jlp[m —1];
~[m - K] [2n —m — 2k — 3],
k=0 7=0

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

(m—-1-j)(=k-1-J)

(8.59) q(j) = (=1 =75 2n—m —2k—3—j)

This quotient is the quotient of the Chu—Vandermonde formula with parameters
—k —1 and 2m — 2n + 2k + 1. Hence the sum is easily computed as
(8.60)
[K]k
[2m —2n + 2k + 1],,—1

[k]k[2n —2m — k +m — 2|1
2n—2m —2k—1+m —2],_1

2m —=2n4klpm_1 =

Substitution of this result in the sum gives

(8.61)
n—m-—1
B 2n —m — 2k — 31 [k]x[2n —m — 2 — K]t
S = s [m—1]m_1 kzzo [k]k[2n —m — 2k — 3],—1 B
1 n—m-—1
:m [2n—m_2_k]m71

o
o

This sum is easily calculated, but in order to get the wanted result we shall apply
the reversing of the order of summation,

(8.62) S = ;n_zmj =14 ks
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The quotient of this sum becomes

n+k —-n—k
8.63 k) = =
( ) a(k) n—-m+1+k —-n+m-1-—-k%
so that the sum is equivalent to the sum (7.4) with a = —n and b= —n+m — 1,

with arbitrary limits,

(8.64)
N [_n]k — 1 [_n]nfm . 1
kZ:O [m_n_l]k__m ([m_n_l]n—m—l [m—n—l]_l)
1 (D)™ "n+n—m-—1],_m e
S -m ((—1)’””1[n—m+1+(n—m—2)]nm1 T )

m \[2n —2m — 1], —m—1

1 ([Qn—m—l]m _(n_m>)

m n—1]m_1

Hence we get for the very sum, S,

(8.65)

_ 1 n=Uma 1 ([2n—m— ]m—n—m =
S_[m—l]m—l 1 m( [n = 1]m— ( >>

:ﬁ([Zn—m—l]m—[n—l]m):
2n—m—1],, [n—1]n,

[m]m (M),
[ 2n—m—1 n—1
\2n—-2m -1 m
The number of parenthesis. Let P, denote the number of ways we can place
parentheses legally between n objects. We want to prove the formula

(8.66) p, =2 (2" B 2)

n\n-—1

from the obvious recursion
n
(8.67) Poi1 =Y PiPoiik
k=1
Substitution means that we shall prove the formula

1 /2n " 1/2k—2 1 on — 2k
8.68 — -
( ) n+1(n> ;k(k—l)n—kl—k(n—k)
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Using the quotient we find that the sum is proportional to the sum
" n+1 1 1
(869 S (") B Bl
k=1
Now, Chu—Vandermonde says the sum from 0 to n + 1 is 0, so we must have that
~ (n+1 1 1 1
(8.70) S (") B Bl =2
k=1

Hence we get
(8.71)

il 2k — 2 1 on — 2k [2n —2] 21 = 1 /2n
kE\k—1)n+1—-k\ n—%k | n—i—l'l[%}n 2ln+1 7 41\ n

k=1 2

An indefinite sum of type II(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

(a5 [blx B 1 ‘ [a][b]k
(8.72) Z [c — 1],[d — 1]k5k C(a=c)(b—c) [e—1k_1][d — 11

with the excess generalization: For any complex numbers, a, b, ¢, d € C satisfying
the condition that p = a+b—c—d € Ny, we have the indefinite summation formula

[a][b]% _ [a][b - k—c—1];
(8:73) Z[c—l]k[d—l]kak_[c—l] —1 JZ

G—Cy+1 [b—cljt1

We proved these formulas as corollary 6.1 and theorem 6.1, formulas (6.51) and
(6.32).

Transformations of sums of type II(2,2,z). The standard form of a sum of
type I1(2, 2, z) with natural limits is

n

(8.74) T(a,b,n,z) = Z (Z) [a][D]n_r 2"

k=0
with quotient

(8.75) qt(a,b,n, k) = (-1 En]{;(z)ﬁab_—kl) — k) :

Explicit forms of the sum in (8.74) are in general not known. But for certain
values of z, formulas exist with some restraints on the parameters, (a,b). Fur-
thermore, the possible values of z appear in groups in general of order 6. This is
due to the following transformations:
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Transformation theorem. The sums of the form (8.74) allows the following
identities:

(8.76) T(a,b,n,z)=z"T(b,a,n,1/z)

(8.77) =(-)"T(a,n—a—b—1,n,1— z)
(8.78) =(z-1)"T(n—a—-b—1,a,n,1/(1—2))
(8.79) =(1-2)"Tn—a—-b—1,b,n,z/(z—1))
(8.80) =(—2)"T(byn—a—-b—1,n,1—-1/z)

Proof. The formulas follow from repetition of the two of them, (8.76) and (8.77).
The former is obtained by reversing the direction of summation in (8.74). We only
need to consider the formula (8.77), the right side becomes:

(-D)"T(a,n—a—-b—1,n,1—2) =

k=0
:<—1>”§ ()talitn —a b~ mé) (5) a1 -
:<—1>”j; (?)(—zvé (= )falin—a == 1ls =
~ 3 () -+l g (")l ddn a1y =
~r 3 () =l b= 1 =
03 (M) P labln b L (=)~ U1

<.
I
=

where we have interchanged the order of summation, applied (2.10), (2.2), (2.1)
and eventually the Chu—Vandermonde formula, (8.3). m

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

(8.81) z2,1/2,1—=2,1/(1 —2),z/(z—1),1—-1/z
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The exceptions giving less than six different possibilities are z = 1, giving
at most 1 — 2z = 0, and 2z = 1/z = —1 related to 1 — 2z = 1 —1/z = 2 and
1/(1 —z) = z/(z — 1) = 3, giving a group of 3, and the sixth root of unit,
z=1/1—-2)=¢5 =1-1/2z= %—I—z@ related to 1/2=1—-2=2/(z —1) =
e7iE = % — i@, giving a group of 2 complex conjugates.

The factor —1 or 2; Kummer’s, Gauf3’ and Bailey’s formulas. The for-
mulas of types 11(2,2,—1) and 11(2,2,2) are due to E. E. Kummer, [85], 1836,
C. F. GauB, [45], 1813, and W. N. Bailey, [20], 1935. As may be seen from the
transformations (8.76-79), these formulas are closely related.

Consider a sum of the form
(882) S(a,b,n,d) = Z (Z) [a,d]k[b, d]n,k(—l)k

with the quotient

(n—k)(q — k)

(8.83) Q. = (C1—k)n—1— % — k)

-(=1)

It reduces to the binomial theorem for d = 0, and otherwise we may reduce
the sum to the form of d = 1 due to (4.13). The factor (—1) makes the sum
alternating, therefore, for a = b and n odd we must have S(a,a,2n + 1,d) =
—S(a,a,2n+1,d) = 0.

Theorem 8.3. The general Kummer formula for a,b € C is

L5]
(8.84) S(a,b.n) = (”‘ “)ww[am—w

n—2j

w3

J=0

Proof. Let us define
5= 3 () o0

Then we apply (8.4) to the second factorial as

n—=k
Blo-k = (j B k) la — k]j—k[b—a+ k]n—;
Hence we obtain

$=3% (1) (52 ) (0¥ el = Kyals — a K
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We apply (2.10) and (2.2) and we interchange the order of summation to get

=% () (1) - 0tab o= avt ke =
=5 (0)ials (1) -0t M1

k

Now (8.12) implies that this is zero for 0 <n —j < 4, but for j < & we get

5=3 (j) [al; (~1Y[b — ala—aln — ;

We apply (2.11) and (2.13) to write

(== ("5 Y= (25, o

and then (2.11) again to write

(:—_;j) b= aln—2; = (75__5]) [n— jln—2;

and finally (2.2) to write

The result is then

O

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 8.4. The quasi—-symmetric Kummer formula for a € C and p € Z is

%)
(8.85)  S(a,a+pn)=op)" ) (n ‘f)‘Qj) [ln—jla+ (pAO);(~1)
j=1"52

Proof. Let p > 0. Then the change to the natural limits gives the formula (8.85).
The general formula is obtained by reversing the order of summation. a

The special case of difference zero is the symmetric Kummer identity
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Corollary 8.1. The symmetric Kummer identity for a € C:

" /n k[ [lwlalm(=1)™  forn=2m
(8.86) kzzo (k) [a]k[a]n—k(—1)F = { 0 forn odd

By division with [n], = [n];,[m], we may rewrite the formula (8.85) to look
analogous to (8.1):

Corollary 8.2. The quasi—symmetric Kummer formula

L%

(8.87) Zn: (i) (z fi) - =op)" Y (n ‘ij) (x " %M O)) (~1)7

k=0 j:"n;\P\w

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 8.5. The first quasi—balanced Kummer formula for a € C and 0 < n >
pEZ

(8.88)

NE

(Z) [n—p+ali[n — aln_ip(—1)F =

0

o
Il

gn—(pvo) 7!

(\p\) (= (p))** - [n —alj[n —p + aljp|—jn —Jj —1—a,2],—pvo)

[ = pl-@no) S\ J

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

523 (1)in-prat o0 = 3 ()=l sk

k

The product runs from n — a to p — n — a with the exception of the factors in the
factorial [k — a],—py1. Therefore we may write using (2.2) twice

S = Z()n_“n klk —aln—pt1lp—n—a+k—1J

[k — C‘]n—p+1

= g (k) k—a+ E;%__?j]j”(nptlp)]n_pﬂ

We shall now apply (8.20) to the denominator withc =k —a+p—nandn=n—p
to get

n—p (-1)
S - n— . .
n— s z() pz( i
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We substitute ¢ = k£ 4+ j as summation variable in the second sum and get

soltln s (1) (o) 0

k

Then we interchange the order of summation and receive
S = [TL — a]2n—;0+1 Z (_1>i Z ny(n—p (_1>k
[n=plnp “p—n—a+ti —~\k)\i—k

Now the integral quasi-symmetric Kummer formula (8.87) applies to the second
sum (with the sign of p changed). Hence we get

R Z p— 51_—1); el ; (z ‘_p‘zy) (n s O)> (=Y

[ = Pln—p J

Next we interchange the order of summation and get

o WE (n—(f\/o))(_l)j; (ilf’gj)]%

[n — p]nfp F

Now we substitute k = ¢ — 25 as summation variable in the second sum and get

§ = (1= tlenpir 5~ (n_ <j.’vo))<—1>j2 (‘Z‘)p—n(—o-gj22+2j

[n_p]nfp j k

Again we interchange the order of summation while we divide the denominator by

2 g [n—aonpr g (\Z\) (0(5))k ; (n v 0)) LG—BLL

[n — p]nfp J 5 J

Now we may again apply (8.20) with ¢ = W, n=mn— (pVO0) on the inner
sum. It becomes

S — [n — alan—p+1 Z (\P\) (a(p)” ) [n—(pVO0)]n_(pvo)

[ =phop Gk 2 pmnetk g (pv o)

n—(pVv0)+1
Next step is to double each factor in the factorial of the denominator, which also

doubles the stepsize, and we cancel common factors of the factorials before the
sum, and finally we get

on—(pV0)

o " (o))"
o= [n_p]*(p/\O)[ ]2np+1z(k)[n—a—|—k

k - ‘p‘7 2]nf(pVO)Jrl
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We reverse the direction of summation and get

on—(pv0)

_ | o(p))P—F [n — alen—p+1
s= 25 (M owr,

—(pn0) L n—a-—k, 2]nf(p\/O)Jrl

We use (2.2) to split the numerator as

[n — alap—pt1 =
[n —alg[n — a — klon_opvoy+i[—a —n =k +2(pV 0) — 12pv0)—p—k

and (2.8) to split
[N —a— Klan—opvoy+1 = [0 —a—k, 2]h_pvoy+1[n —a —k — 1, 2],_pvo)
and finally (2.1) to write the last factorial as
[—a—n—k+2(pV0)— apvo)—p—r = (—1)" *la+n —pl_x

Then the result follows. O

Theorem 8.6. The balanced Kummer identity for a € C:

(8.89) Z (Z) n+alg[n —alp_r (- =2"n—1-a,2],
k=0
Proof. We just have to apply (8.88) for p = 0. a

Theorem 8.7. The second quasi—balanced Kummer formula fora € C and p € Z

(8.90)

on—(pV0)

\

p j .

= (| .|)0-(p)p+][_a+n+'] - 172]n—(p/\0)
[ = pl-(pro) i—o \J

Proof. We shall define

S0n.0.0) =3 ()= o+ alifn = o (-1
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We shall apply (2.4) to the second factorial to split the sum in two, and then the
formula (2.8) to the second sum to get

S0n.0.9) =3 ()10 (p+ 1) + (o Dl = 1= a1

k=0

Z( ) [(n—=1) = (p—1)) +alxln —1 = alp-1-4(~-1)" =

k=0
S(n,a+1,p+1)+nS(n—1,a,p—1)

Next we shall apply (2.4) to the first factorial to split the sum in two, and then
the formula (2.8) to the second sum to get

n

S(n.0.0) = 3 () 0= (p+ )+ alufn = s (-1

k=0

n Y (321 D= =1+ (0= i
‘[n—1-(a- 1)]n—1—(k—1)(_1)k =
=S(n,a,p+1)—nS(n—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(71,@,])) = S(TL,CL— ]-7p_ 1) —I—S(n,a,p— 1)
2(n+1)S(n,a,p) = S(n+1,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 (8.89) valid for p = 0 and cancelling common powers of 2 yields the form
(8.90) after reversing the direction of summation. i

Corollary 8.3. For arbitrary c and arbitrary n,p € Ny and 6 = +1 we have

M-

(8.91) (p) ()P [c+ j, 2ntp =

j=0 J

|M~s

( ) §)PH e —1][2n+p—1—dp—jlc— 4,2

Proof. We compare the right sides of (8.88) and (8.90) and cancel the common
factors. O

Related to the factor z = —1 is the factor 2, which appears in known formulas.
E.g., the formulas of Gaufl from 1813, [9], and Bailey from 1935, [6], which are the
following formulas for the choice p = 0.
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Theorem 8.8. The generalized Gauf identity for a € C, p € Z and n € Ny

n

(8.92) 3 (Z) [aliln —p — 1 — 2a],_x2* =

k=0

The quotient of Gauf} is

G = (n—Fk)la—k)
I (-1-k)2a-p—Fk)

(8.93) 9

making it of type I1(2, 2, 2).
Theorem 8.9. The generalized Bailey identity for a € C, p € Z and n € Ny

(8.94)

2(p7”)\/0[n — p]_(p/\o) s (k) [a]k[(p -—n- 1)]nfk2k =

|p|

n n— p y .

(120 @vo)vo 3 ('j')a@)?ﬂ[—a o=t = 1,2 o)
5=0

The quotient of Bailey is

(n—k)(a—k)

(8.95) “= TRy —p - h)

-2

making it of type II(2, 2, 2).

Proof. We apply (8.77) to (8.85) to obtain the generalized Gaufl formula, (8.92).
We replace a by a +p —n in (8.90) to obtain as the left side

n

(5.96) > (3 )ahizn +p - ahu-st-1"

k=0

When we apply (8.77) to (8.96), we obtain the generalized Bailey formula, (8.94).
O
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The factor % + z@ If we choose the three parameters in the transformation
n—1

formulas (8.76-79) equal, i.e., a = b =mn —a —b— 1, or precisely, a = b = 5=,

then the transformation (8.78) yields with p = 1 + z@
(8.97) T3, %5+ n.p) = (p— "I (25, 25, n, p) = p* " T(25H, 255, 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.

Actually we have the formula

T S (4 [E N NS e

k=0 (\/ﬁ)m n=3m

This formula is a special case of no. 15.1.31 in [2], see p. 557, which has as
other special cases with the factor mentioned the following 3 forms.

(8.99) i (Z) Bn+ 1k[—n — n_pp® = [-2] (—Z\/ﬁ)n
(8.100) i: (Z) [—n — Ug[3n + n_pp® = [-2] (—i\/ﬁp)n
(8.101) -

n

> (i) o = thion = thesot = 4], (77)

k=0

n

Sums of types II(2,2, z). From chapter 15, formulas (15.1-5), we know the sum
for the four values of the constants in the factorial, n + %, and any choice of z.

(8.102)

(8.104)

n

$(0) b o = B (2 ()"

The formulas (8.102-8.104) are in Gould’s table, [64], no. 1.38-39, 1.70-71. Some

of the formulas above for the choice of z = 5,9, 25 are repeated in Gould’s table

as no’s 1.74, 1.77 and 1.69, respectively. To recognize them it may be necessary
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to apply some of the transformations (8.23-8.24). For completeness we shall give
the formulas obtained by these transformations in the nine other forms possible.
The first one, (8.105), appears in Gould’s table, [64], as no. 1.64.

(8.105)

()t (5 ()
e

kzzo (Z) [=nli [n =53], 2" = [-nl, ((M)Q” n <\/z+m>2n)
(8.107)
(8.108)

(8109)

S (-
(8.110)

(8&111)

S () - e ot = 2 ((295)7 - (55))
(8.112)

e e (S
(i.113)

n e o 2 2n—+2 p 2n—+2
() =2 noe 3], 2 = T2 (S505) ™ - (554) ™)

Remark. In the formulas the choice of the square roots shall be consistent thro-
ughout the right side.

k=0

It is possible to generalize these formulas introducing a parameter, m € Z, to
add to one of or both of the arguments. For m < 0 we only know some recurrence
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formulas, but for m € Ny we may give exact expressions. We have with the
arbitrary z replace by different convenient expressions in the resulting variable, r,

e.g.

(8.114) ) )
(1) -t (7))
_ [2nlnem = [200 4 2mli [
(=02 & (L)
(@ (e )05
(8.115) ) )
kZ:O(Z) n+4], [n+m+3] (g) -
A Unom =20+ 2m + Ui [=ml g
(D 2 (14 et
(@) () -757)
(8.116) ) k
2 (1) bt (75) -
B Sy
() 0)37)
(8.117)

kZ;(Z) n+3] [-n—m—2],_, (%)k:

C2nA pem (D) 20+ 2m+ L[]
= (r — 1)2n+1 kZ:: (1+ 74)2r:+1_k k.

()= () () =)

36



8. SUMS OF TYPE II(2,2, z) 87

20— (—1)™ = [21 4+ 2m)] k[~ 7] 1y —
_ [2nfaom(=1) Z[ (TJFASLH]R k.

(O ) )

(8.119)
" /n 1 —4r k B
2 (1) e s =2 ()
a1 (D) K20+ 2m+ k[
(r+1)27(r—1) kZ:o (14 r)2mtl=k

()= () (1) = ("0))

We prove these formulas by using the transformations (8.23-8.24) and in the forms
of (8.116-8.117) the transformations (5.57) and (5.58). These formulas are then
joint by the formula (5.56), so all there remains to be proven is the following:

Theorem 8.10. Forr =1 and any m € Ny we have the formula

(8.120) 3 [3]m (n - j) (-1y2n = (_1)mm!( o )

= J 2m+1

For any r € C\ {1} and any m € Ny we have the formula

(8.121)
i

w[3

J

[j]m (n j_ j) (=r) (L4 )" = (—r)" Z ([T]_k[r_)gzr]z;nf—kk '

RGCRORENEYIEES

To prove this formula we shall appreciate a more general lemma, valid for
m € Z, establishing a recursion for the kind of sums we consider.

Lemma. The function defined forn € No, m € Z and r € C as

5]

(8.122) Foomr) =S [flm (n j_ j) (=r)? (L+4r)"=%

87
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satisfies the recursion in n and m,

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

Proof. We split the binomial coefficient with (2.8) in two to write

L5 ]+1 .
Lo (nt+1- - Py
fmww=ZWc.memW%
=0 J
3141

= r)f(n m,r ' m n=j —p)Itl P2
= (engmn) + 3l ( .j )( P+ 1)

Now we apply (2.4) to split the factorial to establish the formula (8.123). a

Proof of theorem 8.10. The difference equation (8.123) has the characteristic roots
r and 1. Hence the homogeneous equation is solved by theorem 4.1 of the functions

ar™ + g forr #£1
an+ @G forr=1
In particular this means that the solutions for m = 0 follows from the equations
f(0,0,7) =1 and f(1,0,7) =14 to be

rn+1 _

1
f(n,(),r): ﬁ fOI'T’?é 1

f(n,0,1)=n+1
The solutions may now be found by splitting the operator and applying (4.20)
successively. This procedure must give the solutions in the form
(8.124) f(n,m,r) = pm(n, r)r™ + gm(n,r) for r # 1
(8.125) F(n,m,1) = $(n)
where p,,, ¢ and s, are polynomials in n of degree respectively m and 2m + 1.
Let us consider the special case r = 1. Then we may write

2m—+1

sm(n) = 3 Al
k=0

for which the lemma tells us that

2m+1 2m—1
> Wkl =-m Y nlk
k=2 k=0
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This gives the recursion in the coefficients

,ym—l
m k—2
=—-m for k> 1
Tk [k‘]g
Hence we get e.g., 74 = —% and v3 = —% so that we find

f(n,1,1) = =g[n]s — 3lnl2 + 71 + 70

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

f(n,1,1) = —(";1)

Induction now proves (8.120), but this case also follows from Chu—Vandermonde,
(8.3).

Substitution of (8.124) in (8.123) yields after division with the appropriate
power of r # 0,

(8.126)

rom(n+2,7) — (L +7m)pm(n+1,7) + pm(n,r) = —mpp—1(n, )
(8.127)

Lgm(n+2,7) = (1+ Dgm(n+1,7) + gm(n, 1) = —mgm_1(n,r)

We may write the two polynomials as

(8.128) Pm(n,r) =Y o (r) ]k
k=0

(8.129) gm(n,m) =D BF(r) [l
k=0

and denote we already know that

T 1
L goln,r) =

po(n,r) =

Now substitution of (8.128) in (8.126) gives

(8.130) ap'(r) = 1 i . <%o/,?:11(7“) +r(k+ 1)az1+1(r))

For m > 0 we have the equations

(8.131) ag'(r) + By’ (r)

(8.132) (" (r) + ag'(r)) r ggﬁi”(r) + 80" (r)

0
0
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If we assume that

B (r) = —a1" (3)

then the solution of the simultaneous equatlon s (8.131) and (8.132) proves that
B (r) = —ag" (3)

The similarity of the equations (8. 126) and ( 27) insures that we have the general

identities

G (r) = —ai (3)
G (n.7) = ~pmn (n,})

The recursion (8.130) proves that

1 _ r
an(r) = 7—ammi(r) = A=yt

Now we define
(1 o T,)Qerlfk

op(r) = ag(r
Substitution in (8.130) gives the recursion for this new function,
(8.133) o (r) = o N (r) + rop(r)

In particular, we have o) (r) = r. Induction proves that ¢}*(r) is a polynomial in
r with only two term, namely

(8.134) o (r) = g™ T g

Substation of (8.134) in (8.133) yields for the coefficients the very same recurrence,
namely

= ¢p + Priia
which has as solution some kind of blnomlal coeflicients. We find the solutions to

be
m_ (2m—k—1
ko m

2m -k -1
¢2”‘=(mm_1 )

Substitution backwards eventually yields

(8.135)
“ m m—1\\ [~m]m_p(—7)"F

i) == 2 ((k:)r+ ( k )) (1 i

(8.136)
R m m—1\\ [-m]m—r(—7)"

= £ e
Substitution of the formulas (8.135) and (8.136) in (8.124) gives the formula in
the theorem, (8.121). m
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Remark. That the theorem in particular gives the formula for m = 0, gives an
easy way to find the formula for m = —1,

(8.137) F(n,—1,7) = ﬁ (14 7)" — " — 1)

The recursion in the lemma, (8.122), allows the computation of formulas for
m < —1 as soon as the formula for m = —1 is known.

Proof of (8.137). Consider the formula for m = 0,

00 =3 (") oy -

J r—1

w3
—

=0

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

L
f(n,0,r)=(1+r"+
J

w3

Jn—j(n—j—l

< J J—1

)(—r)j (1+7)" 2

In the sum, change the variable to j — 1,

O I _1( ) (T )i

g1 j

w3
—

o

<.

which may be written as
f<n707r> = (1 +T)n —rf(n—Q,—l,r) —i—?‘f(?l- 2,0,7’)
This proves the formula (8.137), which remains valid for r = 1. m

The general difference equation. The only general result about sums of the
form (8.109) is, that the function T'(a, b, n, z) must satisfy the second order diffe-
rence equation in the variable n,
(8.138)

(E2+((1+2)(n+1)—za—b)E+z(n—a—>b)(n+1)I)T(a,b,n,z) =0

For fixed a, b, z the equation has coefficients which are polynomials in n of degree
two. So, no general solution is obtainable, but for special choices of a, b and z it
is of course possible to solve the equation, but for all such choices, we have been
able to figure out, we get some of the formulas mentioned above.

This formula is derived by the Zeilberger algorithm, cf. (16,24).
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CHAPTER 9. SUMS OF TYPE II(3,3, z)

The Pfaff-Saalschiitz and Dixon formulas. The most famous of these iden-
tities are the Pfaff-Sallschiitz identity, first discovered of J. F. Pfaff (1797) and
later reformulated by L. Saalschiitz (1890) [97,102] and the two Dixon identities
(1903) due to A. C. Dixon, [32], all of type I1(3,3,1).

Theorem 9.1. If the numbers satisfy a1 + as + b1 + by = n — 1 we have the
Pfaff-Saalschiitz formula

(9.1)
<Z> [a1],, [az]y, [b1],_g (b2),_y, (=1)" = [a1 + b1],, [a1 + b2,

k=0
= [b1 + a1, [b1 + a2l (-1)"

The quotient is

- (n—k) (a1 — k) (a2 — k)
(9.2) s = 1k (n—1-0b,— k) (n—1—by — k)

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

Theorem 9.2. The symmetric Dixon formula is

(9.3)
~ (n k0 for n odd
kZ:O(k) () &[b]k[a]n—&[b]n—k(~1) —{ b — b Ul form— 2m

Theorem 9.3. The balanced Dixon formula is

n

(9.4) Z (Z) [n+2a)k[b+alk[b—aln_r[n—2a]n_k(—=1)* = [n—2a—1, 2], [n+2b, 2],
k=0

Besides these formulas there are formulas due to G. N. Watson (1925), [115],
and F. J. W. Whipple (1925), [116], but both are transformations of the formulas
due to Dixon above.

Transformations of sums of type II(3,3,1). The sums of form

n

(9.5) Sh, (a1, as, by, b2) = Z (Z) [al]k [GQ]k [bl]n—k [bQ]n—k (_1)k
g
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are independent of interchanging of a; and as, of by and by, and by reversing the
direction of summation, only by the factor (—1)™ depending on the interchanging
of the pair of sets, {a1,a2} and {by, bo}.

Let us define the function of two variables,

(9.6) falz,y)=n—-1-—z—y
and the transformation of the set of four variables,
(9.7) Tn (a1, a2,b1,b2) = (fn (a1,01) , b2, a1, fn (a2, b2))

With these notation we have the

Transformation theorem. For S defined by (9.5) and the transformation of
indices T, defined by (9.7), we have

(98> Sn (Tn (a17a27b17b2)) = S’rL (a17a27b17b2>
or, written out

(99) Sn (’I’L —-1- ay — bl,bg,al,n —1- as — bg) = Sn (al,ag,bl,bg)

Proof. By Chu—Vandermonde, (8.3) we have using (2.1)

1], =(D"F[=bi+n—k—1],_, =

n

S ()l H bl

Applied to the definition (9.5) it gives the form
Sy (a1, az,b1,b2) =
) (n—k n
S0 (1) (57 ) lorhelon = Kol I = a1 = by = 1], el ()
k=0 j=k J

Now we apply (2.10) and (2.2), and interchange the order of summation
Sn (CL]_, az, b17 b2) =
n n 7 ]
C0r Y (0 el b= = 1, 3 (1) oah e
3=0 k=0
Then we apply (2.1) to write [ba],, ; = [ba],_;[b2 —n +j];_4, so we get

Sn (ala as, b17 b2) -

<—1>“§ (%) o) 1o =1 = = 11, o,
93

>

J
k=0

(2) lasly b —n+ 3],
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Now we can apply Chu—Vandermonde, (8.3), to the inner sum and get
Sn (ala as, bla b2) -
n .
(—1)” Z ( ) [al]j [n —a; — by — 1]n—j [b2]n—j [CLQ + by — ’I’L—f—j]j

=0 ™

When we apply (2.1) to the last term, we get

laz +b2 —n+j]; = (1)’ [n —az — b2 — 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. For any a,b,c € C and n,p € Ny we have
(9.10)

> (1) el 1, =

k=0

b= D (P) 0t = sl = 1= a = (-1

Proof. We apply the lemma in chapter 4 to, formula (4.35), to write
e — Klp = [e = ple[n — 1 = cup(-1)* -

Then the transformation (9.8) yields

n

0=ty 3 () e = nlycslp = 1= a1

And we only have to remark, that (;‘) [pl; = (?) n];. m

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

(9.11) mh@wh@ye(aﬁ(ma,mﬁxabg, i+4ab+b

Furthermore, by iteration of the transformation, 7,,, one gets another four formu-
las, where we remark that

(9.12) ng}Wﬁ%h(&@):ay+@+by+®—n+1
is independent of interchanges, hence we get the forms for a € {aj,as} and b €
{b1,b2}
(9.13) (a1,a2,b1,b2) — (a,a1 +ags + by +be —n+1, f, (a,b1), frn (a,b2))
or
(9.14) (a1,a2,b1,b2) — (fn (a1,b), fn(az,b),a1 4+ a2+ by + by —n+1,b)
Not only is the Pfaff-Saalschiitz theorem a simple consequence of the trans-

formations (9.13) or (9.14), but they give us a generalization,
94



9. SUMS OF TYPE II(3, 3, z) 95

The generalized Pfaff-Saalschiitz formula. If the number
(915) p:a1+a2+b1+b2—n+1

satisfies p € Ny, then we have

(9.16)
kzzo (Z) [a1], [az2]y, [b1],, g [b2],, 1 ( 1)k =
p p -
5 () el s+ — 8 o+ =,y (1) =
ai +by — p]n_p la1 + by — p]n_p :
p P .
> (7)ol fa o+ b0 = e 02 = ], )

Proof. From (9.13) we get immediately
(9.17)

k=0

bl]n k [bQ]n k( 1)k =

OMB =

( ) o [n—1—axs—b1], _,[n—1—ay—ba, , (~-1)"

Now we apply the condition to write n —1 —as — by = a1 + b1 — p, and the formula
(2.11) to write (})[ple = (?)[n]r. Then we use (2.2) to write [a+b—p|,_, =
la+b—p|, ,la+b—mn], . Thelimit of summation may be changed to p because

of the binomial coefficient. This establishes (9.16). a

A special case of this formula for p = 1 appears in Slater, [105], formula
(IIL.16).

We do not know of any general formulas for p of (9.15) 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 [46], formula 1.9.

( ) [a — b — ab]i[-na — ab — 1i[ab — a — 1]n_g[n +na + b+ ab — 1],,_1(—1)"

Dn+b—1],[-na—a—-1],
95
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The formula (9.18) has excess (9.15), p = —2. This is a transformation by 7,,
(9.7), of the formula mentioned, which looks in our writing

(9.19)
}:(Z [ab—a — 1]x[1 — bl[n + blu_r[—na — ab — 1p_p(~1)*
k=0
=(n+ Dn+b—1],[-na—a—1],
Proof. From (2.2) and (2.1) we have
[+ B s = [0+ bl b+ Kl2[1 — Ble(=1)"

dividing both sides of (9.19) with this factor, we get the equivalent identity

b+ K2 B (n+b)(b—1)

" /n\ [ab — a — 1]i[—na — ab — 1],,_ (n+1)[-na—a-—1],

1 1 1
[b+k]s — b+k—1 btk
change the summation variable in one of them and join them again:

(1) b=kl
(1)

RS (k)[ab—a—l] [l)+c;—ab—1]

Splitting the denominator as

we may split the sum in two,

k=0
BN n)[ab—a—l][ na—ab—1,—p
2\ k b+ k-1
_n+1< n )[ab—a—1]k_1[—na—ab—1]n+1_k
Z\k -1 b+ k1
_n+1 n \lab—a—1]x_1[—na —ab—1],_x (n+1)a(b+k—1)+
=kl b+k—1 k

[—na —ab— 1],
b—1

_I_

n+1

n+1

= b—a-—1 —ab—1|,_ b—a—1 —ab—1],
akgl( " )[a a—1]x_1[-na—a Jn—k +afab—a—1]_1[—na —a ]

~1 (A (n +1

“alb—1)(n+b) kzzo k )[ab_a]k[_na_ab]nﬂk

96
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Now we may apply the Chu—Vandermonde formula, (8.3), to obtain

—1 [ena—d] _ (n+1)[-na—-a—-1],
alb—1(n+b) T T T D (nt b)

as we wanted. |

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

(9.20) Sn(a+p,b+q,a,b) = Z (Z) [a + plk[b + qlk[aln—r[b]n_r(—1)"
k=0

For p = ¢ = 0 we get the sum in the symmetric Dixon formula, (9.3).

We can find expressions for such sums for p = q. We shall claim

Theorem 9.4. The quasi—symmetric Dizon formulas for p € Ny are

| 252 )

(9.21) S, (a+p,b+p,a,b) = Z (ij_ n) n]jln—p—a—>b— 1]j [a]n_j [b]n_j
=151
and
(9.22)
Sn(a—p,b—p,a,b) =
[ 232 ]
SR Sl (S | R S PR N R

J=[%1

Proof. We prove (9.21). The Pfaff-Saalschiitz formula (9.1) yields

k

9.23) o+ plalb+ ple = Z(

J=0

f) (alj Blsa+ p — alislb +p — alys(~1)

provided f = a+k —2p —a—b— 1. When we substitute (9.23) in the sum (9.20)
with ¢ = p, we get

(9.24)
Sn(a+p,b+p,a,b) =

i i (Z) <I;) [o];[8]jla+p — k—j[b+ p — alk—jlalp—p[bln—r(—1)7T"

k=0 j=0

Now we apply (2.10) to write (Z) (?) = (7;) (Z:;) Then we choose @ = n +
p — k, so that we may apply (2.2) to write [a],—x[a +p — &]r—; = [a],—; and
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[b]—k[b+p— alk—; = [b]n—;. Eventually we interchange the order of summations
to obtain if we remember that 5=n—p—a—5b—1,

(9.25)
Sn(a+p,b+p,a,b) =

- é (7;) [a]n—j[bln—j[n —p —a—b—1]; y (Z :j) [n+p— k]j(—1)7+F

k=3
When we apply (8.14) to the inner sum, it may be evaluated as
(9.26) [n+p—J—=n+jljnt;jit = [Plaj-nJ!
We only need to write (7;) Pl2j—nliln—j = (sz_n) [n]; and restrict summation to
nonzero terms to obtain (9.21).

To prove (9.22) we reverse the direction of summation and apply (9.21) to
(a—p,b—p). O

We do not know formulas for the general sums (9.20), but we may give you
a couple of recursion formulas.

The general recursion formula. The sums in (9.20) satisfy
(9.27)
Sn(a+pa b+Q7 a, b) = Sn(a+p_ 17 b+Q7 a, b) _n(b+Q)Sn71(a+p_ 17 b+q_ 17 a, b)

Proof. We apply (2.4) to write [a + ply = [a+p — 1]x + kla +p — 1]x—1. Then the
sum splits in the two mentioned in (9.27). |

The particular interesting case of ¢ = 0 may be treated by a recursion of
such sums,

The special recursion formula. The sums in (9.20) satisfy

(9.28)

Sp(a+p,bya,b) =S, (a+p—1,b,a,b) —nb—a—p+1)S,_1(a+p—1,b,a,b)—
n(a+p—1)S,—1(a+p—2,b,a,b)

Proof. We apply (2.4) to write [a + p|y = [a+p — 1]x + kla +p — 1]x—1. Then the
sum splits in two, the first one is just S, (a +p — 1,b,a,b), but the second is

(9.29)
Sn(a+p,b,a,b) =

=Sp(a+p—1,b,a,b)+ (:) Ela+p— 1p_1[brlalnr[bln_r(—1)" =
k=0

=Sp(a+p—1,b,a,b)+n

)[a+p— i Blefal e Blan(~1) =

E_1 n—k
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where we have put

n

030 Talabp)= X} )t Ahlbloslado o (-1F

k=0

If we write [blx+1 = [b]x(b — k), then we get the new sum, T;,, written as a
sum of two,

(9.31)
Tn(a,b,p) =

= bSn(a+p,b,a,b) +n i (” ; 1) [a+ Pl [blrsrlaln—1—k[bln—1-r(-1)" =
k=0

=bSp(a+p,b,a,b)+n(a+p)T_1(a,b,p—1)
If we multiply (9.29) with a + p and add to (9.31), then we get
(9.32) T,(a,b,p)=(b—a—p)Sp(a+p,b,a,b)+ (a+p)Sp(a+p—1,b,a,b)

When we substitute (9.32) in (9.29), we eventually arrive at the recursion (9.28).
(|

To get started we need two neighboring values, so we need e.g. to compute
Sp(a+1,b,a,b).
From (9.27) we get

(9.33) Sp(a+1,b,a,b) = Sp(a+ 1,0+ 1,a,b) + n(a+1)S,-1(a,b,a,b)
where the two terms follow from (9.21). The result becomes
(934) Sn(a + 1, b, a, b) = [’I’L] L%J [n —a— b — 2] [%1 [a] [%1 [b] L%J (—1)”

The balanced and quasi—balanced Dixon identities. The balanced Dixon
identity, (9.4), is not so easy to generalize. And its proof does not follow from
the Pfaff-Saalschiitz formula or the symmetric Dixon theorem. We shall present
a proof following an idea due to G. N. Watson, [114].

To prove also some quasi—balanced Dixon identities, we shall consider for

small integers p € Z, with the balanced case as p =0
(9.35)

n

Sy (n+2a, b+a,b—a,n—2a—p) = Z (Z) [n+2a]g [b+alk[b—a]n_r[n—2a—p]n_r(—1)"
k=0

Now we apply the Chu—Vandermonde formula (8.4) to write

k

(9.36) [a+b]k:Z(?)[n%—Qa—k]j[b—a—n—Fk]k_j
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Then the sum becomes

(9.37) Sp(n+2a,b+a,b—a,n—2a—p) =
_l;)JZ()( )( ) [0+ 2a]k[n + 2a — K];-

[b—aln_r[b—a—n+kl_jn—2a—pl,_ir(—1)F

Now we shall apply (2.10) to write (Z) (];) = (”) (k ]) Next we apply (2.2) twice
and change the order of summations to get

(9.38)
Sp(n+2a,b+a,b—a,n—2a—p) =

_ ”0 (]) ] 32( )n+2a]k+J[n—2a—p]n—k(_1>k

j:

Now we apply (2.2) to write [n + 2a]x4; = [n + 2a]2;[n + 2a — 2j]x—;. Then the
sum becomes

(9.39)
Sp(n+2a,b+a,b—a,n—2a—p) =

—Z()n+2a23 MZ( )n+2a—2]]k jln = 2a = pln k(1)

Changing variables in the inner sum, one gets

n—j

(9.40) ( ”Z(R_J)[n j—p+Q2a—j+p)lkln—7j—(2a—j+p)ln—j—r(—1)"

This sum is a quasi-balanced Kummer sum, to be evaluated by (8.34) as
(9.41)
on—j—(pvo) Pl (,p,

i )“<p>p+"[—<2a —GEp) =i = L2 o) =

[TL _j - p]*(p/\o) i—0

gn—j—(pV0) I (|p|

o -2atp+ i =125 gm0

[n _j - p]—(p/\O) i—0

If p =0, we apply (2.1) to (9.41) and substitute the result in (9.39), then we
get for the sum

(9.42)
Sp(n+2a,b+a,b—a,n—2a) =
— (?) [n+ 2a2i[b — alpn—;(=1)7(=2)" 7 [n +2a — 25 — 1,2],,_;

j=0
100
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If we split [n + 2a]e; = [n + 2a,2];[n + 2a — 1,2];, and use (2.4) to
n + 2a — 1,2]jin + 2a — 2§ — 1,2],—; = [n + 2a — 1,2],, and (2.5) to
[b—a],—;2"7 = [2b — 2a,2],,—j, we may write the sum as
(9.43)
Sn(n+2a,b+a,b—a,n—2a) = [n+2a—1,2],(—1)" Z (n) [n+2a, 2];[2b—2a, 2],,
- J
7=0

Now the Chu-Vandermonde formula (8.4) applies, so we get
(9.44) Sp(n+2a,b+a,b—a,n—2a) =[n+2a—1,2],[n+ 2b,2],
This proves the balanced Dixon identity (9.4).
If p> 0, we get
(9.45)

p n

S+ 20— an 20— = r2e Y ()30 (7).
. 1 7
1=0

j=0
2b —2a,2],—;[n+2a,2];iln+2a—1,2]jin+2a—2j+p—1—14,2],_;
and for p < 0 we get

(9.46)
(=D" .
[n —p]—p[20 — 2a — 2p, 2],

Zp (_Z,p) (—1)i i (" ;p) 2b — 2a — 2p, 2)n—p—; [ + 2a, 2],

i=0 §=0

Sp(n+2a,b+a,b—a,n—2a—p) =

n+2a—1,2jn+2a—2j—p—1—14,2],_p_

Theorem 9.5. Some quasi—balanced Dixon formulas are
(9.47)
Sp(n+2a,b+a,b—a,n—2a—1) =
=2 ([n—2b—1,2],[n+2a,2], + [n — 2a — 1,2],[n + 2b,2],,)
(9.48)
Sp(n+2a,b+a,b—a,n—2a —2)
=1n—2a—1,2],[n+2b,2],, + 1[n — 2b— 1,2],[n + 2a,2],+
1ln—2a—3,2],[n+2b,2],, + 3n(n +2a)[n — 2b — 2,2],[n+ 2a — 1,2],
(9.49)

—1)"
Sn(n+2a,b+a,b—an—2a+1)= (n+1)§26)—2a+2)'

([TL + 2@, 2]n+1[n +2b + 17 2]n+1 - [TL +2a — 17 2]n+1[n + 2b + 27 2]n+1>

Proof. We substitute p =1 and p = 2in (9.45) and p = —1 in (9.46) and eventually
apply Chu-Vandermonde (8.4) to each term. i

101



102 MOGENS ESROM LARSEN

Remarks. Surprisingly, S,(n+2a,b+a,b—a,n—2a—1) is symmetric in (a,b).

Another symmetry for the balanced Dixon formula is

(9.50)
Sp(n+2a,b+a,b—a,n—2a)=S5,(n—2b—1,-b—a—1,b—a,n+2b+1)

Furthermore, it does not matter, which term is changed with the deviation, p. If
we apply (9.8) to S, (n + 2a,b+ a,b— a,n — 2a — p), we may get the symmetric
EeXPTeSSIon.:

(9.51) (Z) [—a —b—1p[a +bJx[b— alpn_r[~14a— b+ plp_r(—1)"
k=0
Proof of (9.50). Apply the transformation (9.8). m

Watson’s formulas and their contiguous companions. The two finite ver-
sions of Watson’s formulas are

(9.52)
k=0 (:) [=alk[=0lk [3(n +a=1)],_; [n+2b =1 x(=1)"
B { 0 for n odd
= [—%(a—Flﬂm[_b]m [%(a—l)—b]m[n]m for n = 2m
(9.53)

()it [+ ot b= 1), o= a0

(E—a —1,2],[-b—1,2],(-1)"

>
I

Besides we may introduce an excess, p, in one or two of the factorials. We
may write down:

(9.54)
2 Z) [—ale[-blk [3(n+a— 1)]71% [n + 2b],_k(—1)F
= [n] 2 [5(n—a—1)+0] [2 [—b —1][=; [3(n+a—1)] |2 ] (=1)"
(9.55)
Z) (—ali[~blx [2(n+a—1)] _, [n+2b— 2, x(~1)"

= [nlz) [3(n—a—3) +b][g1 [=blra [3(n+a— 1)}@
102



(9.56)

(9.57)

(9.58)

9. SUMS OF TYPE II(3,3, 2)

Y (Z) [—a — pla[=bl [L(n+a—1)] _ [n+2b—1+plop(—1)
B |52
—o0r 3 (5,70, il (30— a -1y +2),
[z(n+a—-1)+(@A0)], _ [-0—(pVO),_;
n (Z) [~ali[~blk [n+ 2(a+b— 1)), [~nlu-k(~1)*
k:_o% ([~a,2]n[—b,2]n + [—a — 1,2],[-b - 1,2],,) (=1)"

Z (Z) [—a]k[—b]k [TL + %(CL +b— 1>:|n7k [—n — Q]n_k(—l)k
k=0
1

- (n+1)2n+a+b+1) ([=a, 2]p41[=b, 2] 1+

[—a =1, 2[npa[=b = 1,20 41) (=1)"

103

Proof. The formulas (9.52) and (9.54-9.56) are transformed by (9.14) to the diffe-
rent quasi-symmetric Dixon formulas, (9.3), (9.34), and (9.21-9.22). The formulas
(9.53) and (9.57-9.58) are similarly transformed by (9.14) to the balanced Dixon
formula, (9.4), and the quasi-balanced Dixon formulas, (9.47) and (9.49).

O

The formulas with p of size one, (9.54), (9.55), (9.57) and (9.58) were consi-
dered by J. L. Lavoie [89] in 1987.

Whipple’s formulas and their contiguous companions. The two finite ver-
sions of Whipple’s formulas are

(9.59)

(9.60)

k
=0b+n—-22,2a—-b+n-1,2],

(") [ — 1k[—alkb+n — Un_x[2a — b+ nlp_p(~1)*

(:) @ — i[=alk[b+n = 1]p-i [0 — n]n_i(=1)"
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These formulas do also allow an excess of the size 1, giving the following 4 formulas

(9.61)

n

Z (Z) [—n — 1g[—a]gb+n — 1]n—k[2a — b+ n + 1]n_k(—1)k

=1(b+n—22n2a—b+n—1,2,+ b+n—1,2,2a —b+n—2,2],)
(9.62)

(Zﬁ—n—ﬂk}ﬂﬁb+n—wapa—b+n—ﬂw%@ﬂﬁ

(e
(n+1)2a
[b +n— 27 2]n+1[2a —b+n— 17 2]n+1>

k=0

([b+ n— 172]n+1[_2a +0+ n, 2]n+1_

(9.63)

k=0 (Z) [a = k[=alulb+ 7 = 1p-r[~b 7+ - (-1)"

=2(la=b—1,2u[-a—b,2], + [a—b,2)[—a—b+1,2],)

n

(9.64) Z (Z) [a — 1r[—alglb+n — 1p_r[-b—n— 1], _x(~1)*
k=0

T (n+ 1);(71 +b) (o= b=t 2l ma =02 2o

[a—b,2]p41[—a—b—1,2],41)

Proof. The formulas (9.59) and (9.61-9.62) are transformed by (9.14) to the diffe-
rent quasi-balanced Dixon formulas, (9.4), (9.47) and (9.49). The formulas (9.60)
and (9.63-9.64) are respectively the balanced Dixon formula, (9.5) transformed by
(9.8) and once more transformed by (9.8) to the quasi-balanced Dixon formulas,
(9.47) and (9.49). O

Ma Xin-Rong and Wang Tian—Ming’s problem. In 1995 Ma Xin-Rong
and Wang Tian—Ming, Dalian University of Technology, Dalian, China, posed the
problem:

Show that

v £RCCD-EECHE

and

(9.66) i": <2n —:_—kl - k) (ml—: k) _ (znn— 1) (m<n—1)

k=0
104
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Proof of (9.65).

We shall 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 may be written as

J J
m\ (n+k\ [(n+1 n\ m+k\/m+1
9.67 g = §
967 (k‘)( k )(J'—k) (k)( k )(j—k)
k=0 k=0
In this form, (9.67), the sums are defined for any complex values of m and n.

We shall prove the generalization of (9.65), that the function,

(OG5

defined for integers j and complex variables m and n, is symmetric in m and n.

(9.68) Sj(m,n) =

M-

el
Il

The function (9.68) may be changed without disturbing a possible symmetry
by multiplication with j!?. Then the function j!2S;(m,n) becomes, using the
rewriting (2.1), [n + k]x = [-n — 1i(=1)k,

k=0

Now we apply the transformation (9.9) to write (9.69) in a form symmetric
in m and n

(9.70) jPSi(m,n) = (‘;) [ [nlkli — 2 —n —mlj_y[5]j—x(~1)""
k=0

If we divide again with j!?, where we use once more,
(9.71) G—2-—n—m]_s(-1)F=[m4+n+1—Fk;_

then we get one symmetric form of the original function, (9.68),

(9.72) Sj(m,n) = ; (7;?) (Z) (m +:jk1 ) k)

If we apply (9.9) to the function (9.69) interchanging the first two factorials

03 3Sytmm) =3 (7 )= ilmiln -+ 251l
B 105
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then we get another symmetric form, namely

J .
. i J . .
©O70) 3285(mm) = (17 Y (7)o = thlom — Ul — Uy li-a(-1F
k=0
From this form we may regain as another symmetric form of the function, (9.68),

o s =E ()

k=0
or, if you prefer

o7 sonn=3 ("I (" (7H)

Proof of (9.66).
We remark, that (9.66) 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 summa-
tion by parts. We remark that we have by (2.8)

(9.77)
2n—m—-1-k\ _(2n—(m-1)—-1-k\ (2n—(m—-1)—-1-k-1
n—~k B n—k n—k—1
With this we may split the sum in (9.66) as
(9.78)

g;) (2n —:L_—; —k) (m;k) _
:Zm:<2n—(m—_1]1—1—k> m;k)_

k=0
2n—(m—1)—-1—-k—1\/m+k\ _
n—k—1 k B

k-1

(

(

(
ST

(

(

2n —2m —1 2m
n—m—1 m
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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. (5.43).

If we have m = n, then the equation (9.78) looks as

2 2n—1 2n—1
079 o) =)+ () e
n n n
where the last two terms do not cancel. O

Comment. If we replace m with n —m — 1 in the formula (9.66), then we get

n

(9.50) él(nZT;k>(n—m;1+k):(Znn—l) (m<n—1)

Now, if we change the summation variable replacing k& with n — k, i.e., changing
the direction of summation, then we get

(9.81) k:é;l (ml—: k:) <2n —ZL_—; — k:) _ (an— 1) (m<n—1)

But this is the natural continuation of (9.66), so if we add (9.66) and (9.81), we
get

(9.82) ki:o (2n _:L_—kl B k) (mZ k) - (2:)

which happens to be valid for all complex values of m.

This is just a simple consequence of the Chu—Vandermonde equation, (8.4).
To see this we only need to change the binomial coefficients by (2.12),

" (2n—m—1—k)(m+k)
Z n—=k k
k=0

:(_1)nz<n—k—2n;ink+1+k—1)(k—mk—k—1) _

k=0

- ()

(9.83)

107
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C. C. Grosjean’s problem. In 1992, C. C. Grosjean, University of Ghent, Bel-
gium, [72], [12], posed the problem:

Determine the sum

(9.84) n (;%)2 (n__im)g.

m=

o

We shall consider the sum

(9.85) s=% (M) wtotalale=dl, -1,
[n —T = y]nfm [—.77 - %]nfm [_y - Z]nfm’

We use the Pfaff-Saalschiitz—identity, (9.1),

n

©056) o+ d btd, =3 (1) - ab-d U, a0, (D

We want to write the sum in (9.85) as a double sum using (9.86) to expand
[ac — ﬂm [y - ﬂm. We therefore replace n by m and let a = x—i—d, b= y—i—d
in (9.86). This gives us

and

|:y - % - d]mfk |:—.I' - i}nfm - [—.77 - i]nfk '
Using also () () = (1) (::_IZ) we obtain after changing the order of summation
(9.88)
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Let T be the inner sum, i.e.

(9.89) T = Z (;:L__ZZ) m+z+yl,n—z—yl,_,[n—m+z+yl,.
m=k

Since [n+x +yl,, [n —m+x+yl, =n+x+yl, [n++y— 2k, , it follows
using the Chu-Vandermonde convolution (8.4) and (5.44) that
(9.90)

T =[n+x+yly [2n — 2k, = [*5]

e e N s I

k 21n—k

Introducing this in (9.88) yields

(9.91)
$=3 (1) I 2l o=t o= 1
g [t k=], 4" =
- 31,50 (3) (g2, 202, o - 8, v = 3, (0

This sum is a Pfaff-Saalschiitz sum, (9.1), and we get using (9.86) an identity
for the sum in (9.85):

(9.92)
S =[2n], [=2* — . [nte=y — 3] =[], [n+z—y—1],. ()",

where we have given two different forms of the result. If we divide by n!® we obtain

SN0
(o CENCED G)
CCE DO =G e

For x = y = 0 we obtain

om0 £ (G () =GO -0 (al)ew

m=0

(9.93)

this solves the problem.
109
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Peter Larcombe’s problem. On June 18, 2005, Peter Larcombe asked the qu-
estions, is the following formula true, and how to prove it?

9.95 L :Z:o n (—k%) (i) (2;2_kk) — (dn+1) (2:)2

Well, using the technique of getting a standard form, one may change the left side
to

(9.96) 24 o an 2n [—2n]1[2]k[2n] [2n — 1] (—1)*
. k|5 kl2n|2n—k (2N n—
(2n)!2 P k FlalkLEen—k ek
Using the formula (9.13) to the sum (without the front factor) we get

2n

(9.97) 5 (%) Ble - Heno 131"

k=0

This expression is a generalized Dixon formula, so I have the tools to compute it.
Let’s define

n

999 Sulatipg) =Y () hlo-+dsladuosltlan(-DF

k=0
Then we are after
(9.99) Son(—1,-11;1,2)
Now the general recursion formula (9.27) alows us to write it as

(9.100) Son(—%,-13:2,2) + nSop_1(—5, —15;1,1)

Both sums are quasi-symmetric Dixon sums to be evaluated be theorem 9.4 with
the formula (9.21) as

(9.101)

S2n(_%7 _1%3 2,2) = [2n]n[2n_1]n[_%]n[_lé]n+[2n]n+l[2n_1]n+1[_%]n—1[_1%]n—1

and

(9.102) Son-1(—%,-15:1,1) = 2n = 1],,[2n — 1] [ 3]n—1[-15]n-1
Now a tedious computation then leads to the result

(9.103) [2n],5(3)*"(4n + 1)

proving the formula (9.95).
110
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CHAPTER 10. SUMS OF TYPE II(4,4, +1)

Introduction. We do not know any indefinite formulas of this type, so we may
as well rectify the limits and consider a sum of terms

n

(10.1) S(e,n) =Y s(e,n, k)

k=0

with quotient

_ (n=k) (1 —k)(a2 — k)(a3 — k)
(10:2) ) = G =R (== k)

We shall prefer to define a; = o; and b; =n—1—0;, (j =1,-,3), and hence
redefine the sum as

(10.3) S (a1, as, by, -, bg) = > (Z) [aly laz]), las]y [b1],,—y (2], [b3],,— 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 symmetric formula, c¢f. H. W. Gould, [64], formula (23.1):

Theorem 10.1. For any a,b,c € C and n € N we have, that if

(10.4) atb+c=n—3

then

(10.5) () el el sl = ()" 2 2]026)
k=0

This formula allows the generalization with excess:
Theorem 10.2. For any a,b,c € C and n,p € Ny we have, that if
(10.6) p=a+b+tc—n+3

then
(10.7)

n

Z (Z) [k [b]k[clk[aln—k[b]n—k[cln—k =

k=0
(=1)P2"[al;g1Blrg1ldrgr [ —p— 3] s

> (0) 18101 o= T3, T - = 3, o 130~ 3], o= L3 - 3],

- 1
1=0

To prove these formulas, we need a lemma,
111
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Lemma 10.1. For any a,b,x,y € C and n € N we have,

(10.8)
;) (k) (@)Yl n—kla]k[a]n—k[b]k[b]n—k =
8] |
(=" ' j!” [];[y];[n — 1 — a —b)j[aln_j[bln_jln — 1 — & — ylp_oj(—1)

Proof. We use the Pfaff-Saalschiitz identity, (9.1), to write

(10.9) [alklblelalu_slbls =3 (f) [ — Kljln — 1 — @ — b [al_s blars (~1)

J=0

Substitution of this in the sum of (10.8) yields after changing the order of sum-
mation

(10.10) > (”) [ — 1= a — Bls{ala—s Blns 2], 4] (~1)7-

—\J
gj (Z:j) [n = Kljle = jls—5ly = 3ln—j—+

After writing (Z:g) n—k|; = (7};2]7 ) [n — j]; we can apply the Chu-Vandermonde

formula (8.4) to the inner sum and get
[n = Jlilz +y = 27ln—2;
Then we shall write

[+ Yy —2jln-—2;=(-1)"[n—1—-2 —yln—2j

(?) [n—jlj = [7;]'2;

Substituting all the changes, the very sum becomes the right side of (10.8). a

and eventually we shall write

Proof. We use lemma1withx:y:candn—l—a—bzc—%—ptowritethe
sum as

e~ &~ plfal Bl sln — 1~ 2021

112
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Then we shall write

7 N
—
N3
| I—

N——

b
I3
—
|
N[
—_
<
o
<.
£,
3
Jd
=)
3
d,
—~
|
—_
SN~—
<
3
|
o
|
N[
_|_
.
=

=0
Now we apply the Chu—Vandermonde convolution, (8.4), to write the last sum as
¢ p
1, 5] 1 :
p—c—35+i],= hZ (h) [p—c= 3], 4l
=0

and use the formula (2.9) to write

(L?J)mh =121, (L?__hh)

Eventually we change the order of summation to get
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This sum satisfies the condition for applying the generalized Pfaff-Saalschiitz iden-
tity, (9.4), with excess

2] —2—h+c—h+a—[2]+b—[2]—|2]+h+1=p—h

so we may write it

g ("7 ") 3= M= 1 31 = 3= b a =31 = pt 8]y
f

0
%—I _%_h+b_ (%—I _p+h]L%J_h_i(_1)i

So the very sum becomes

2"[alraq O] 2 lelra [C_%_p}l_%pr(_l)p la—p— ]L n | p[b p— h n_p’

Z[p_c_l]p h”n—|_%}h'

h=0

g (hiz’) (h}fz) (L) i ledns [o = 15) = 3], = 5] = 3], (ZD

Now we only need to change the summation variable. We write ¢ for ¢ + h and
obtain

2"alp g [0l alelra [C_%_phgkp(_l)p la—p- ]L n | p[b p— h n_p’

p

2 =gl 13- 3l
; (p) (h) (1501 (el fo— 130 = 5], o= 150 = 5], (1)

Now it is time to change the order of summation again to get
2"[a]rg1[blrqlcra [C_%_phgkp(_l)p la—p- ]L n | p[b p— h n|_p’

> (1;) [L5)),ila— 15— 3], - 15— 3], (-1)"-

114
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The inner sum may be subject to summation using the Chu—Vandermonde formula,
(8.4), it becomes

S () e 41, =4l = e, 3 () lime= 4,141
- [p—c— %:|p77; H%J ti—c— 1]1 - [p—c— %:|p77; [C_ L%J]z (=1
This proves the formula in the theorem. O

For p = 0 we get theorem 1.

Theorem 10.3. For any a,b,x,y € C and n,p € Ny we have, where x +y =
n—1 - D,

k=0
L3 ]
n 2
= (=1) i Hali[liln — 1= a = b]jlaln—;[blnj[pln—2; (1)
i=1"5"]
Proof. Follows immediately from lemma (10.1). |

The special case of z = y = § —1 which gives p = 1, is found by L. J. Slater,
[105], formula I11.22.

There is a balanced identity of type 11(4,4,1).

Theorem 10.4. For any a,b,c € C and n € N, satisfying the condition, b+ ¢ =
—%, we have
(10.12)

Z (Z) [n42a]i[n—2al,—k[b+alk[b—aln—r[ct+alk[c—aln—r = (—i)n [2n],,[204-n],
k=0

Proof. This formula follows as a corollary to theorem 11.4 withp = 0 and d = ”7*1

We also have a well-balanced identity of type 1I(4,4, 1), mentioned by L. J.
Slater, [105], formula III.26.

115
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Theorem 10.4. For any a,b € C and n € N we have

(10.13)
" /n
5 () 2aluln = 2]+ alels = s + 20 - 20)(-1)F =
k=0
= 22n+1 [% + a}n—‘,—l [anl + b}n (_]_)”
Proof. Follows as a corollary to theorem 11.3, inserting ¢ = 51 in (11.5). a
Sum formulas for z = —1. We also have a well-balanced identity of type

I1(4, 4, —1), mentioned by L. J. Slater, [105], formula ITT.11.

Theorem 10.5. For any a,b € C and n € N we have

n

(10.14) - (Z) [+ 2a] s [0 — 2]k [b+als[b — aln_k (R +2a — 2k) = [0+ 2a]2ns1
k=0

Proof. This theorem follows as a corollary to a well-balanced formula of type
I1(5,5,1). Consider the equation (11.6) as a polynomial identity in the variable,
¢, and compare the coefficients to the term, ™. O

There are a couple of general formulas, neither symmetric nor balanced. A
family of these are the following.

Theorem 10.6. For any a,b € C and any n,p € Ny we have

(10.15)

Proof. We shall write the product
(10.16)

4], [%5¢], [n—1=a]n—k = 4 [alor(—1)"Fla—K]n— = (-1)"(—4)*[a]n[a— K]k

and the product
(10.17)
(5] [t ] i+ = bl = 45" [blon o (1) [b—p —n — 1 + k), =

= 4fn(_4)k[b]n+p+1[b —p—n—1+kln_p_1-k
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The sum then becomes
(10.18) ()" a n+p+12( ) kb—p—n—1+kln_p_1-s

Now we shall apply Chu-Vandermonde (8.3) to write

(10.19)
k

[a — k] = (=1)F[—a — 1 + 2k], = (—1)‘{2 (f) [2n —a —b—1];[b — 2n + 2k]p_

Substitution in the sum and interchanging the order of summation yields using
(2.10)

(10.20)

(_%)n [a]n[b]n+p+1 Z (7;) 2n—a—b— 1]j(_1)j.

i (Z:j) (=) b—p—n—1+klp_p-1-;

k=j
By the Chu—Vandermonde formula, (8.13), the inner sum is equal to
(10.21) [b—p—n—1+j]-p-1[n—p—5—1u—;(~=1)" = [b=p—n—1+j]_p-1[pn—;

so the very sum becomes
(1022) (~4)"[a n+p+12( ) n-a-b-1lb-p-nL4slpa by (1)

Reversing the direction of summation, splitting the first factor and using
(?) pl; = (7;) [n]; proves the theorem. a

The theorem for p = 0 reduces to the formula known from J. L. Slater, [105],
formula II1.20,

Theorem 10.7. For any a,b € C and any n € N we have

(10.23)
5 (7) (81 T2l = e [8], -y B b= 1 oo =
= (3)" lalalb = a[2n —a—b—1],
Furthermore, a beautiful formula due to H. L. Krall. cf. [84], or equivalent

forms by H. W. Gould, in [64], formulas (11.5) and (11.6), in Krall’s form:
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Theorem 10.8. For all x # y € C we have
(10.24)

5 (" ) hbletn = 2 gt = (e e s

- k x—y

In our standard form, it looks like:

Theorem 10.9. For all x # y € C we have

(10.25)
ol

3]
2(
_ (—py81 (3) [Een = Blens

k
T =Y

no|3

—‘ - %]k [x]k[y]k [_(%—‘ - 1] I [L;_y] [2]—k [%—y—l} [2]—k

I3

Proof. We prove the form (10.24). Let us define

w26) Sy =X (") ehdolibn - a1

k

Then the formula (10.24) is obvious for n = 0, 1, so we consider S,,(x,y). Splitting
the binomial coefficient we obtain

Sute) = 3 ("7 1 lulilo - a1+

k

15 31 G | SRR M
k

=(n—z—-y)S-1(z,y)

-2 (n - 2 - k) [k [yeriln =2 = (z = 1) = (y = D]n—2-2k(~1)" =
k

=Mn—-—z—yY)Sn-1(z,y) —xySp_o(x — 1,y — 1)

Substitution of the right side of (10.24) gives

(n—x—y) (@l = [yln) + 2y (z = 1na — [y = Un) _

(=1 z —y)
w1 - =yyly = Unr _ [z = Yl
(=)t z —y) (=1)"(z —y)
which is the correct right side of (10.24) for n. |

We may split the formula in theorem 10.9 in the even and odd case to get
118
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Theorem 10.10. For all x # y € C we have
(10.27)

n [Tlonge — [Ylonte
(r+y—2n—-1)(z—y)

119
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CHAPTER 11. SUMS OF TYPE II(5,5,1)

Indefinite sums. There is a general summation formula of type II(5, 5, 1), nam-
ely:

Theorem 11.5. For any a,b,c € C we have

[CL+ b—|— C]k[a — 1]k_1[b — 1]k_1[c — 1]k_1(—1>k B
(11.1) A Te—Thalate—Tralarb—Tia
[a + b+ c|i[a)r[bli]c]e(a + b+ c— 2k)(—1)F

T kpte—1iatc— slatb— 1]

Proof. Straightforward computation. a

Symmetric and balanced sums. There are quite a few symmetric and balan-
ced — in particular well-balanced — formulas of type II(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

3 () bl bl an-alcan-sldzn1(-1)* =
—EalufaluBlaldlaldlala+b —n = plupla+ ¢~ n = pluplb+ ¢ =1 = Py
ﬁé(aﬁﬂﬁ%@n—a—b—c+p—ﬂf
la+b—2n],_ja+c—2n),_;[b+c—2n], ;=

L2l laluBalcldl Y- () lldtzn = b et p -1y

[a+b—n—plh_jla+c—n—plh_jlb+c—n—pln_;
Proof. We apply the Pfaff-Saalschiitz identity, (9.1), to write

lthlalzn1Blznr = 3 ()20 = K 20— 0= b= 1Tl Bl (-1
= 120
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Substitution of this in the sum of (11.2) yields after changing the order of sum-
mation

5= (%) 2= a = b= ol (il
2 on —J . ) _ ' b
kZ::j ( k—j ) [2n — kj[c — jlk—ild — lk—jlc — dlan—j—kld — jlon—j—k(—1)

Now, we have [2n—k|; = 0 for j > 2n—k, so we may end summation for k = 2n—j
the inner sum then starts

2n—j .
2n — 27 .
I — Gl
> (o2 )il
k=j

The inner sum may be written as

[2n =415 ) (22 :jj) [e = Jle—jld = Glk—jle = dlon—j—kld — flan—j-r(=1)*"

k=3
On this sum we may apply the Dixon identity, (9.3), and write it as
2n = jlile = ln—sld = Jln—j[2n = 2j —c+ j —d+j — 1n_j[2n = 2j]n—;

Therefore we get the sum using (2]71) 2n — j], = [2n]n(7;)

5 () 2= 0= b= Al Bl el d 20— el 20— ¢~ d = 1,
= [2n]n[a]n[b]n[c]n[d]n-

3 (") 20 —a—b—1);la— nluylb— nlyleldla+b—n— Pl

J

J=0

5=0
Now we may write

[a+b—n—plh—j2n—a—-b—1]; =
[a+b—n—plu_pla+b—2n],_jla+b—2n+j];(-1) =
[a+b—n—pln_plat+b—2n+ j,(~1)

And we may apply the Chu—Vandermonde theorem (9.4) to write

p

l[a+b—2n+j], = Z (i) [a+b—2n],_wlj]n
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Interchanging the order of summation yields

2n],[a]n [blnlclnldnla +b—n —plh—p Z (z) [a+b—2n],_n(—1)"
h=0

2n

[nldln (?) [lnla = nln—j[b = nln—jlc = hl;_nld = hl;_n(=1)7""

=0

As we remark that (?) [7]n = [n]h(?:Z), and we can see that the condition for the

generalized Pfaff-Saalschiitz identity, (9.15), yields c—h+d—h+a—n+b—n—
n+ h+1=p— h, we may write the sum as

20l o ealdfa-t b == g1y 3 (5 a4 2]y~
h=0
p—h
nlanfrln 3 (P )i a0

[c—=h+a—n—{P—R)pnilc—h+b—n—(p—h)]nn_i(=1)

As we may write (1) (p;h) = (hii) (h;:z) and join [n|n[n — hl; = [n]p; and [d]p[d —

hl; = [d]n+; we can change the variable i to i — h and write the sum as

2n]n[aln[blnlclnldlnla+b—n — pla—p Y la+b— 2nlp-n[cn
h=0

i()() [dlilc+a—n—pla_ilc+b—n—pl_i(=1)

Interchanging the order of summation yields

[2n],[a]n[b]n]c]nld]n]a + b —n — pln—

Ms

(12)) [a+b—2n]y—i[n];ld]ilc+ a —n — plolc +b—n—pl—i(~1)"

1=0

IIPﬂN

(2) At b—2n—p+ilinldn

Here the inner sum may be object to the Chu-Vandermonde convolution, (8.4),
so we have

20l ulala o ealdlfa t b= = gy 3 () o+ b= 20l
[c+a—n—plailc+b—n—plp_i(—1)[a+b—2n—p+i+c;
122
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Rewriting (—1)[a+b—2n—p+i+c]; = 2n+p—1—a—b— ¢]; yields the formula
(11.2). O

The special case of p = 0 is due to W. A. Al-Salam from 1957, [6], cf. H. W.
Gould, [64], formula (22.1).

Then we proceed with the following well-balanced formula of type I1(5,5,1),
cf. L. J. Slater, [105], formula I11.13, although it also follows as a corollary to the
formula of J. Dougall, cf. chapter 12, formula (12.9).

We give the formula in the canonical form, (4.34).

Theorem 11.3. For any a,b,c € C and n € N we have

)[n + 2ali[n — 2a)p—k[b + alk[b — aln—k[c + alk[c — a]pn—k(n + 2a — 2k) =

=[b+ c]n[n + 2a]2n+1

Proof. We use the Pfaff-Saalschiitz formula, (9.1), to write

(11.4)
k

[b—i—a]k[c—i—a]k:Z(?)( 1) [b—a—n+k]y_;[c—a—n+k]x_;[2a+n—Fk]j[n—b—c—1];

Then we shall join the factorials,

(11.5) b—alp—kb—a—n+klk—; =[b—al.—;
(11.6) [c—alp—klc—a—n+klp—; =[c—a]n—;
(11.7) [n+ 2a]k[n + 2a — k]; = [n+ 2a]k4;

Substitution of (11.4) in (11.3) yields after interchanging the order of summation
using (2.10)

(11.8) n (”) Yn—b—c—1[b—aln_jlc— aln_;-

=\
n

Z ( _j) [n+ 2a]pyj[n — 2a]n—k(n + 2a — 2k)
=j
Now we may write
[n+ 2a]py; = [0+ 2a)z;[n + 2a — 25]k—;
and split the factor as

n+2a —2k = (n+2a—2j)—2(k—j)
123
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Then we get the inner sum split in two,

(11.9)

gj (: :j) [+ 2a)x45[n — 2a},—k(n + 2a — 2k) =

= [n+ 2aly;(n + 20— 25) Y | (" _j) [0+ 2a — 2j]x_i[n — 2a)n_

k=j k=
L~ (n—j-1 ,
—2[n 4+ 2ala;(n — j) Z (k—j’—1)[n+2a_2‘7]k_j[n_2a]”_k:
k=j+1

= [n + 2a]2j(n + 2a — 27)[2n — 2j],—;
—2[n+ 2al2(n —j)(n+2a —25)[2n — 25 — 1],—j_1

where we have used Chu-Vandermonde (8.3) on the two sums. Now, this vanishes
except for 7 = n, in which case the whole sum becomes

(=1D)"[n—b—c—1],[n+ 2a]2n(2a — n) = [b+ c|n[n + 2a)ant1
which proves the statement. O
There exist a family of balanced formulas too, namely:

Theorem 11.4. For any n € N and a, b, c,d € C satisfying the condition,

(11.10) p=btc+d—5+1€Ny
we have

(11.11)

3 (Z) [+ 2a]k[b + alx[c + al[d + aly

k=0

[n = 2a]yk[b — alp—ile — aln_i[d — alpx(=1)"

> (%) nlste+ e alfo+ d = nlys (b= 3], [0~ 4],
o [+,
p p n n
> (")l alle—allo+d =y [0+ 5 =], [d+ § =],

Proof. This theorem is a corollary to the generalization of Dougall’s theorem in
chapter 12. We choose e = % in (12.11), and remark that

[% + a}k [% - a}n—k (n+2a—2k) = (~1)"*2 [% + a] n+1
124
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Dividing (12.11) with this constant yields (11.11). O

The special case of (11.11) for p = 0 was found by S. Ramanujan 1911-12,
cf. G. H. Hardy, [74], p. 493.
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CHAPTER 12. SUMS OF TYPE II(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
I1(3,3,1).

Theorem 12.1. For any a,b,c,d € C and n € N we have
(12.1)

n

Z(:) [n+ QG]k[b—f-a]k[c—}—a]k[d_}_ a]k-

[n —2alp,—k[b — aln—krl[c — a|n_k|[d — a]n_k(n + 2a — 2k)

n+2a2n+12( )b+a n—c—d—1;lc — aln_j[d — aln_;(—1)’

Proof. We apply the Pfaff-Saalschiitz formula (9.1) to write

(12.2)
/L .
[ctalg[d+alx = Z (]) [c—a—n+k|i_j[d—a—n+k],—;[n+2a—k];[n—c—d—1];(—1)’
j=0

Then we shall join the factorials,
(12.3)

lc—alp—klc—a—n+klp_; =[c—aln—;
(12.4)

[d—aln—kld—a—n+kli—j=[d—aln
(12.5)

[n+ 2a]k[n + 2a — k]; = [n+ 2a]kp+; = [0+ 2a]25[n + 2a — 25]5—
to write the left sum of (12.1) after changing the order of summation as
(12.6)

n

Z(?)[nmam[c—a}nj[d—a]n jln —e—d —1)j[b+ a];(~1)

§=0
n n —
S (379 i 20 2o+
; —J
k=j
[n — 2al,—k[b— alp—r(n + 2a — 2k)
The inner sum has the form of (10.6), if we replace n with n — j, a with a — 5 and
b with b — 2. Then theorem 10.3 gives us
— (n—j
(12.7) ;j(k_J)[n+2a_2j]k jlb+a— jli-

[n— 2al,—k[b — alpn_k(n + 2a — 2k) =

=[n—j+2a— jloan—2j4+1
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which inserted in (12.6) gives

(12.8)  [n+ 24| 2n+12( >b+a [n—c—d—1];[c—a]n_jld —aln_;(—1)

This transformation allows no nice formulas of type 11(6, 6, —1).
The well-balanced formula of type I1(6, 6, 1):

Theorem 12.2. For anyn € N and a, b, c,d € C satisfying the condition, b+ c +

d= ”Tfl, we have

(12.9)

Z(Z)<_1)k[n + 2a]k[b+ a]k[c—|— a]k[d+a]k'

k=0
[n— 2a]p,—k[b — aln—kl[c — a]n_k[d — aln—k(n + 2a — 2k)

:(_1)n22n+1[a + %]n+1[b + nT_l]n[C+ nT_l]n[d+ nT_l]n

Proof. This follows as a corollary to theorem 13.2 choosing e = "T_l

In [48] I. M. Gessel proves three formulas of this type, no. 19.1a, 19.2a and
19.3a.

(12.10)
> () o=t o= fat 2 n - U o+ 3],

n—2a—3b], ,Bn+1-0), ,[2a+3b—n—1] _, (b—1-3k)(-1)*=
=la+b—-1],[b—1—nly, , [a+20—3] (-1)"
(12.11)

Z(Z) l-b—a],[1-a—2b—n] [b-3] b+a—1],[n—35] -

k=0
Bn—1+a+?], ,[n—2+3b+al, ,[1-a—3b—n], ,

(a+b—1+3k)(-1)F =
=(a+b-1)[5—a-— Qb} [—b],, [—a —b—mn],, (—1)"

(12.12)

Z(Z) (0], [1 —2a], [-b—a—n], [L—b—d],-
[-n—1], , 2(b+a)+3n—1], k[ _1+g+a]n—k
n—3+5+a] _ (2(b+a)—1+3k)(-1)" =
=—2[-a], [2n+0],[-2(b+a+n)], [5—b—a],
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CHAPTER 13. SUMS OF TYPE I1(7,7,1)

There are but a few well-balanced formulas of type 11(7,7,1), and a couple
of others. But we have a kind of general transformation available, which e.g. may
be used to prove the famous formula due to J. Dougall from 1907, [34].

Theorem 13.1. For any a,b,c,d,e € C and n € N we have

(13.1)

n

Z(Z) [+ 2alk[b + alkle + alx[d + alkle + ali-
k=0

[n— 2ap,—k[b — aln_klc — aln_k|[d — a]n_k[e — a]n_k(n + 2a — 2k)

n

0+ 20 (D)"Y (") b+ aljle+ alyfn —d — e — 1];-

=0 ™

[d—a]n—jle = aln—j[n —b—c—1]n;

Proof. We apply the Pfaff-Saalschiitz formula (9.1) to write

(13.2)
k

[d+a]k[e+alr = Z (I;) [d—a—n+k]x_jle—a—n+k]x_j[n+2a—Fk]j[n—d—e—1],;(—1)7

J=0

Then we shall join the factorials,

(13.3)
[d—aln—kld—a—n+kli—j=[d—alnj
(13.4)
le—aln—rle—a—n+Elp_; =[e—al,—;
(13.5)

[n+ 2a]g[n + 2a — k]; = [n+ 2a)k+; = [0+ 2a)z;[n + 2a — 2j]k—;
to write the left sum of (13.1) after changing the order of summation as

(13.6)

0 (J) [n + 2a]z;[d — al,—jle — alp—j[n — d — e — 1];[b + a]j[c + a];(—1)’-

<.
3 |

n—7j ) . .
(k B j) n+2a — 2jlk—j[b+a—jle—jlc+a—jli—j

[n — 2al,—k[b — alpn—kr[c — a]lpn—r(n + 2a — 2k)

o

The inner sum has the form of (11.2), if we replace n with n — j, a with a — 2, b
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with b — % and ¢ with ¢ — 5. Then theorem 11.2 gives us

(13.7)
kgj (: :j) n+2a — 2j]p—;[b+a—jlu—jlc+a— jlu_j
[n = 2a]p—k[b — alp—k[c — aln—k(n + 2a — 2k) =
=[n—j+2a—jlan—ojr1[b+c—jln_j

which inserted in (13.6) gives
(13.8)

n

(4 2a]on s (1" 3 (j) ibaly el n—d—c—1];[d—alu_le—al_jfn—b—c—1l_,

§=0
|
This theorem transferring a sum of type 11(7,7,1) to a certain sum of type

I1(4, 4, 1) proves particularly useful to prove the identity of J. Dougall, [34], from
1907, cf. [64], formulas (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
(13.9)

n

Z(D [+ 2alu[b + alile + alxld + alile + ali-

[n — 2a]n—k[b — a]n—k[c — a]n—k[d — a]n—k[e — a]lp—r(n + 2a — 2k)
=[n+ 2alon+1[b + elnfc + €]n[d + €],
=(=1)"[n + 2a]2n11[b+ c|pfc + d]n[d + b,

Proof. The condition implies that we may write
[n—b—c—1]p—; =[d+e€ln;
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

m—b—c—1],_jln—d—e—1]; =[d+e|n_jld+e—n+7j;(=1) = [d+e], (1)

The right sum therefore becomes

n

At e,y (j) b+ aljle+ aljld — alu_sle — al_y (1)

=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. |
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Remark. 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
to d™ becomes (11.2).

This theorem allows a generalization analogous to the generalization of the
Pfaff-Saalschiitz formula given in (9.15).

Theorem 13.3. For any n € N and a, b, c,d, e € C satisfying the condition,
(13.10) p=bt+tct+d+e—n+1€N

we have

(13.11)

k
[n — 2al,—k[b— alp—kr[c — a|ln_k|[d — a]n_k[e — a]n_k(n + 2a — 2k)
=(=1)" - [n+ 2a]2p41[b + € = pln—p[b+ d — pla—p[d + € — pln—p-

”) [n + 2a],[b + allc + aluld + alk[e + aly-
k=0

Z (p) [n]jlc + aljlc —al;j[b+e—nlp—;[b+d—mnlp—;[d+e—nlp;
()" - [0+ 2a]301-

3 (p) inljle + alsle — aljlb+ ¢ — pla—slb+ d — plarsld+ e — plu_s

Proof. The theorem 13.1 yields
(_1)n : [’I”L + 2(1]2n+1 - S

where

S = ( ,)[b—i—a]j[c—f—a]j[n—d—e —1];[d — alp—jle — alp—jiln —b—c—1],—;

=0

Using the condition (13.10) we can write the product
m—d—e—1n—-b—c—1],_; = (=1)[d+ e —pln_plj +d+e—nl,

Next we apply the Chu—Vandermonde formula (8.3) to write

i+ d+e—nl, = g (") ida+ e =
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and then the product as
m—d—e—1n—b—c—1],—; = (-1)[d+ e — p|,_ PZ() ild+e—n]p_;

=Y (P) o+ e sl

Changing the order of summation we get

n

S = Z( ) [d+ e — pln_ iZ(?)[ 1:[b + al;[c + al;[d — aln—s]e — aln_;(—1)7

J=0

Using (?) i = [n]z(?:j) and [z]; = [z];[x —i];—; for x =b+a and z = c+ a we

obtain

e

(Zz)) [d+ e = pln—i[nli[b+ ali[c + a];-

0

0(7;:;)[54—@—@]3 ile+a—ilj_i[d— a]nfj[e_a]nfj(_l)j

(3

I =

J

Now the condition (13.10) assures that we may apply the generalized Pfaff-Saalschiitz
formula, (9.15), with the number (9.14) equal to p—i. Therefore the sum becomes

§= i()dﬂ—] o+ alife+ al.
S

(p 2 Z) [n—idlefc+a—ileb+d—plnie[b+e—plnie(—1)T"
(=0

In this sum we may join two pairs, [c + al;[c + a — i] = [c + a];r¢ and
[n)i[n — i]¢ = [n]ire. Then we substitute £ — i for £ and interchange the order of
summation to get

M-

S

(i) [n)e[b+d — pln_i[b+ e — pln_rlc+ a]g(—l)f.

£=0

0 ({)ia+e= i+l

I ~

After writing the product [d+e —plp—;i =[d+ e —plp—¢[d+e—p—n+Ll)_; we

can apply the Chu—Vandermonde formula (8.3) to get for the inner sum

[d+e—plpyla+b+d+e—p—n+/{)= [d—i—e—p]n,g[c—a]g(—l)e
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and hence the very sum as

S = %() o+ d = pla_elb+ e — pla_i[c + ale[d + e — plu_elc — aly

Applying the factorization [x — pl,—¢ = [z — pln—plz — n]p—¢ We get the form of
(13.11). O

Furthermore we have from J. L. Slater, [105], formula III.19:

Theorem 13.4. For any a,d € C and any n € N we have
(13.12)

n

> (Z) [n+ 2a)k[d + aly [d+ a — 5], [n — 2d]x[n — 1 4 2a — 2d].(n + 2a — 2k)-
[n—2alp—k[d — alp— [d —a — %}n_k [n—2d —2al,—k[n—1—2d],,—k =

= ()" n + 2a)2n+1[4d — n],[2d — 24, [2d + 2a — 1],

Proof. We apply the transformation theorem, theorem 13.1, with the arguments
(a,b,c,d, e) replaced by (a,d,d — %,n —2d—a,n—14a—2d). Then we get

(13.13)
(=" n+2a2n+12( )d+a d+a——]g

[4d — n]j[n — 2d — 2a],,—j[n — 1 — 2d],—j[n — 2d — 1],._;

Now we can apply theorem 10.5 for the arguments (a,b) replaced with
(2n — 1 — 4d, 2d + 2a) and obtain for the sum (reversed)

(13.14) ()" [2n — 1 - 4d],[2d — 2a — 1],,[2d — 2a],,

Now, by changing the signs of the first factor, we obtain the result in the theorem.
|

There are three formulas to be derived from the theorems 10.5 and 10.6.
They follow from the following lemma:

Lemma 13.1. For any a,b € C we have
(13.15)
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DI 41 130+ 3l gy 13+l 2 4l [ =l

ke
(3 —a 12—k [252], [, (550 r2]—k [2=5=] 12—k (n+2a—4k—1) =

2 n+l n n[n
B 2(n+1)(a +b) <b+ﬂhﬂﬂ%_n[5+ﬂwH)

Proof. The formulas are obtained by adding and subtracting the formulas 10.9
and 10.10 and then applying the expansions 2.33-34. O

Theorem 13.5. For any a,b € C and any n € N we have

[n+35—al,_, [b+3_2}k [b+3_1}k [b_g_z}nw [b_aT_l}nfk (n+a—2k)=
_ [n + %}n [n+aly, .y
(n+1)(a+0b)(a—10)

<M+%+@ — [n+ 35 +0]

2n+2 2n+2>

Proof. The formulas follow immediately from lemmas 13.1 and 13.2 by replacing
n by 2n and 2n + 1. O
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CHAPTER 14. SUMS OF TYPE II(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 we have that if the arguments
satisfies

(14.1) p=2a+b+c+1—n)+

N[

then we have the following balanced formula

(Z) [n+ %}k [n— %}n—k» [CH' %}k [b+ %}k [C+ %}k [a]k[b]k[c]x-

klBlnrldnr o= 3], (0= 3],y le— 3] =

(—1)? (&)" [2n],, [2a]n[2b]n (2], [2a + & —p]nip [2b + 5 —p}nip [2¢+ 5 —p]

2,
3

nfp.

Z (p) [n]i[2¢ + 1];[2¢ — n]; [p —2c — %}p_i [2@ + % — n}p_i [Qb—f— % — n}p_i

Proof. We apply theorem (10.1) to 2n + 1, 2a + 1, 2b + 1 and 2¢ + 1, and the
remark, that the corresponding symmetric sum of type 11(4,4, —1) must vanish.
Adding the two sums we may apply formula (2.31) to the binomial coefficient and
split the 6 factorials in two each. O

For p = 0 the formula has a much nicer right side:

Corollary 14.1. For any a,b,c € C and n € Ny we have that if the arguments
satisfies

(14.3) atbt+ct+tl—-n+i=0

then we have the following balanced formula

(14.4)
(1) o 31u = 4, o 41, T 3 o 1, Talublall
(@ln—kBln—rlelnr [0 = 3], 4 (b= 3], e = 2], =
(za5)" [20],, [4a + 12 [4D + 1an [ + Uan
Proof. Obvious. O
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CHAPTER 15. SUMS OF TYPES II(p, p, 2)

Sums of types II(p,p,z). The general formula for the family is the following,
cf. Gould’s table, [64], formula no. 1.53:

Theorem 15.1. Forp,n eN, yeC andq,r € Ny satisfyingr,q <p, r+q<p
we have with p = e % and 2 = yP the equivalent identities

(15.1)
-1
n (pn—f—?“‘f‘q)zk y*”’p (1+ j )pn—i-’f'-i-q —jr
— pk +r P =
n p—q—1 r p—r—1
1 _ 1 I _ 7 E _
()IL[o+4], T [o=4] ID [, T[], = -
k=0 Jj=1 J=1 71=1 Jj=1
(15.2)
) 1 )
[ [n+4], IG5 -], o

ST+ i) I

pn+r+q\, r
)y =

p("

Proof. We consider the sum on the right sides of (15.1-15.2), and apply the bino-
mial formula to the power:

(15.3)
p—1 - ' p—1pn+rtq pn—}-r—}-q o .
S = (1 + pjy)p q - Z Z ( )pzjyzp—m —
Jj=0 i=
pn+r+q
(e
i=0
As we have
pzl p ifi=r(p)
(15.4) pli=i ={ e
jg() 0 ifiZr(p)

we may sum only the nonzero terms by changing the summation variable to k£ with
i =1+ kpin (15.3) to get

" pn—+r+q . Tn pn—+1r+q
(15.5) S = ( )yp’”p:py Z( )Zk

=0 pk + T o pk + r

This yields (15.1).
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To obtain (15.2) it only remains to write the binomial coefficient in the
appropriate way, i.e.,

15.6
(pn)+r+q [n+r+4ql,,.  [pn+r+dl,pn+dl,
(pk+r ): R R PV s R
_(pn+r+q) ﬁ;S[PnﬂLq—j,P]k_
S\ JIBS k-Gl

. o\ [ [n+ 2] T2 [n— 1)
:<p T <>H§=1 %kiiﬂ?fl %‘fi

Substitution of (15.6) in (15.5) yields (15.2). |

The special choice of p = 2 gives for (r,q) = (0,0) the formula (8.29), for
(r,q) = (0,1) the formula (8.30) and for (r,q) = (1,1) the formula (8.31).
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CHAPTER 16. ZEILBERGER’S ALGORITHM

Zeilberger’s algorithm. In 1990 D. Zeilberger, [119], and with H. Wilf, [117],
cf. T. H. Kornwinder, [83], and GKP, [70], and later with Marco Petkovsek [96],
used Gosper’s algorithm to prove formulas of the 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,

(16.1) T(a,n) = Zt(a,n, k)

k=0
It is required that the quotients,
t(a,n,k+1)
16.2 k)= ———-—
( ) qt (Cl, n, ) t(a, n, k‘)

are rational not only as a function of k, but as a function of n as well, and
furthermore, that the quotients

t(a,m+ 1,k)

(16.3) ri(a,n, k) = Ha k)

are rational as function of both k£ and n.

In [117] and [96], cf. also GKP, [70], p. 239 ff., they proved that the method
works in all cases where the terms are proper, by which notation they understand
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
coefficients that are rational in n, i.e., to find an equation

(16.4) Bo(n)T(a,n)+ fr1(n)T(a,n+ 1)+ -+ Be(n)T(a,n+£) =0
To do that we seek to sum the corresponding terms,
(16.5) Bo(n)t(a,n, k) + G1(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 shall have

(16.6) ZASank ZSank—l—l ZSank—O

k=—oc0 k=—oc0 k=—00
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We want of course the order of the difference equation as small as possible, so
we start with ¢ = 1 and try to find the coefficients, such that Gosper’s algorithm
work. If not, we try again with £ = 2, etc. If we succeed with a first order equation,
we can always find the sum. Otherwise we may use the difference equation to prove
a known formula, unless we are able to solve the equation. But, this is more often
than not — not the case, cf. chapter 4.

To make the ideas more transparent, let’s consider the case £ = 1. Then we
shall handle the quotient of

(16.7) s(a,n, k) = Po(n)t(a,n, k) + Br(n)t(a,n+ 1, k)

namely

Bo(n)t(a,n, k+ 1)+ 1 (n)t(a,n+ 1,k + 1)
Bo(n)t(a,n, k) + B1(n)t(a,n+ 1,k)

Now we may apply (16.3) to write this quotient as

_ Bo(n) + Bi(n)re(a,n, k+1) tla,n k+1)
oD el ) = G e n, ) e F)

If the function r; behaves nicely, we may rewrite this quotient as

_ fla,n,k+1) gla,n, k)
(16.10) gs(a,n, k) = fla,n, k) ' h(a,n,k+1)

(16.8) gs(a,n, k) =

with f, g and h polynomials in k£ with coefficients which are rational functions of
n. If this is the case, we proceed with Gosper forming

(16.11) G(a,n,k) = g(a,n, k) — h(a,n, k)
(16.12) H(a,n,k) = g(a,n, k) + h(a,n, k)
to estimate the degree, d, of the polynomial, s, in k solving

(16.13) fla,n, k) = s(a,n,k+1)g(a,n, k) — s(a,n, k)h(a,n, k)

This polynomial identity must be solved in the d + 1 unknown coefficients 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,
0, or even less, namely their ratio,

Bo(n)
Bi(n)

because we then find immediately the wanted sum as

(16.14)

Bo(v)
Bi(

(16.15) T(a,n) =T(a,0) - 1:[ B
v=0
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A simple example of Zeilberger’s algorithm. Let us consider the sum on
standard form

(16.16) T(n)=Y_ (Z) (a1 [Bn_pz”

k

and look at the terms (16.7) with ¢ = 1. It may be written as

(16.17)
st = o) () s + ) (" 1) -
_ (%ﬁo(n) +(b—n+ k)b (n)) : (” . 1) ()i [Bl_p®
The quotient hence becomes
(16.18)
ge(n, ) = (n—=k)Bo(n)+ (b—n+k+1)(n+1)Bi(n) (n+1-Fk)(a—k)z

m+1—-k)Bo(n)+(b—n+k)(n+1)(n) (-1—k)(n—1—-b—k)

and it is obvious to obtain the polynomials as

(16.19)

f(n k) = (n+1=k)Bo(n) + (b —n+k)(n+1)51(n)
(16.20)

g(n, k) = ok* —z(n+ 1+ a)k + za(n + 1)
(16.21)

h(n,k) =k* + (b—n)k
(16.22)

G(n,k) = (x — D)k* — (z(n + 14 a) —n+b)k + za(n+ 1)
(16.23)

H(n, k)= (z+1DEk* — (z(n+1+a) +n —b)k +za(n+1)

Now, if x # 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,
namely — found by computer algebra using MAPLE — (the program supplied by
D. Zeilberger), cf. (8.138):

(16.24) T(n+2)+((1+z)(n+1) —za—b) T(n+1)+xz(n—a—>b)(n+1)T(n) =0
But, for x = 1, we get the reduction

(16.25) G(n,k)=(-1—a—-bk+a(n+1)

Hence the degree from (6.24) becomes 0, so we just have one rational function of

n, a(n).
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The equation (16.13) takes the simple form
(16.26) fn, k) = a(n)G(n, k)
or
(16.27) (n+1—Ek)Bo(n)+(b—n+k)(n+1)81(n) =a(n)((-1—a—b)k+a(n+1))
or, comparing coefficients of the two polynomials, we get the couple of equations

(16.28) —Bo(n) + (n+1)B1(n) = a(n)(—1 —a—10)
(16.29)
(n+1)Bo(n) + (b—n)(n +1)41(n) = a(n)a(n + 1))

having the wanted fraction (16.14) to be

Bo(n) _ _
(16.30) B (a+b—n)
which yields the solution
(16.31) T(n) = [a+ b,

the well-known Chu-Vandermonde formula, cf. (8.3).

A less simple example of Zeilberger’s algorithm. Let us consider the sum
on standard form

(16.32) T(n)= Z (Z) [a]eblk[cln_k[n —1—a—b— c|p_p(—1)"

k

and look at the terms (16.7) with ¢ = 1. It may be written as
(16.33)
n

s(1.8) = a0 () Blelcasln — 1= 0 = = (-1

o) (")l Bl = b= i (-1
— (%Bo(n) +(c—n+k)(n—a—b— c)ﬁl(n)) .

(") Blflasl — 1= 0= b g1

The quotient hence becomes

(16.34)

(n—k)Bo(n)+ (c—mn+k+1)(n—a—b—c)(n+1)51(n

m+1—k)Bo(n)+(c—n+k)(n—a—b—c)(n+1)51(n
m+1—-k)(a—k)(b—k)

(—1—k)(n—1—c—k)(a+b+c—k)
140
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and it is obvious to obtain the polynomials as

(16.35)

fn,k)=(n+1—-k)Bo(n)+(c—n+k)n—a—b—c)(n+1)B1(n)
(16.36)

g(n k) =k> — (n+1+a+b)k*+ ((a+b)(n+1)+ab)k — (n+ 1)ab
(16.37)

h(n,k) =k —(n+1+a+bk*+(n—-c)a+b+c+1)k
(16.38)

G(n, k) =((c+1)(a+b+c—n)+ab)k— (n+1)ab
(16.39)

H(n, k) =2k> —2(n+1+a+b)k*+

+((n+1)(a+b)+ab+ (n—c)la+b+c+1)k—(n+1)ab

We get the degree from (6.24) to be 0, so we just have one rational function

of n, a(n).

The equation (16.13) takes the simple form
(16.40) f(n, k) = a(n)G(n, k)

or

(16.41)
(n+1-k)Bo(n)+(c—n+k)(n—a—b—c)(n+1)51(n) =
=an)(((c+1)(a+b+c—n)+ab)k — (n+ 1)ab)

or, comparing coefficients of the two polynomials, we get the couple of equations

(16.42)
—Bo(n)+(n—a—-b—c)(n+1)B1(n) =a(n)((c+1)(a+b+c—n)+ab)
(16.43)
(n+1)Go(n)+(c—n)(n—a—-b—c)(n+1)B1(n) = —a(n)(n+ 1)ab

having the wanted fraction (16.14) to be

Bo(n)
Bi(n)

(16.44) =(a+c—n)(b+c—n)

which yields the solution
(16.45) T(n) =la+clp[b+c]n(—1)"

the well-known Pfaff-Saalschiitz formula, cf. (9.1).
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Sporadic formulas of types 11(2,2,z). Besides (16.45) there are a lot of for-
mulas 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
shall prefer to choose the biggest of the six factors in the following presentation of
such formulas.

The factor 2. Besides the theorems of Gaufl and Bailey, there are a few other
formulas known with a factor of 2.

(16.46)

(16.47)

n

> () b 31, o= 2,2 = e roy

k=0

The factor 4. The following seven are known

(16.48)
> (1) 2[4, # = (4] o
(16.49)
S (2) 1 4] = o o,
(16.50)
,:0 (Z) 3n+ 1], [-3n—1],_, 4% = [_%H_g[f]”(_m)n
(16.51)
:0 (Z) [3n+ 2], [~3n—3], 4% = [_%[}_%[};%]n(_m)n
(16.52
1:0 (Z) [—1], [3r], _, 4% = [3n] 2CW"t
(16.53)
20 Pt e gy 0

The formulas (16.48) and (16.53) are due to Ira M. Gessel, [46], formula 5.22
and 5.25.
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The formula (16.52) allows for even values of the limit of summation a slight
generalization,

2n
2n [3n+Planip
w65 () Ao sl sl 4 = P 0
k=0

The formula (16.54) for p = 0 is due to Ira M. Gessel, [48], formula no. 28.1a, and
for p =1 is from Gould’s table, [64], no. 7.8.

The factor 5. The following four are known

(16.55)
. o e FERLEL
N A = e
(16.56
. e BBl EL
2 () bt 3,05t = g o
(16.57)
. 0w FNLEELEEL
M(k) sl bl = O
(16.58)
" i o e PHLESLERL
3 (3) Bnt oo 4,08 = e o
The factor 9. The following eighteen are known
(16.59 n > 1)
S (1) o 3l 2nor s, 0t = 2 (1, 4 - ) B3, (o
k=0 3in
(16.60)
S (1) gl oot = B g g )0
(1_6.61)
S (3) lon )2, 0t = B () e 5 (4100
k=0 31n
(16.62)
5 () o+ =20 - 1,9 = [3], (20"
k=0
(16.63)
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0 for n odd
[—3], [—3],, (=108)™ for n=2m

[%}n S(=1)mFI3ntm for o= 2m + 1

k=0
(3], +2[-3],, [3],,47) - (-8 forn=2m
(16.73)
2 (Z) (2 -3, [-2-13], .9 =[-2], (-nlzigntlsl
k=0
(16.74)
Zn: (Z) (5 +38], -5 —3],_,9"= { o1 [ 5]y (GO = 2m

i ([T (713 < 4], (2], (1097 £ = 2m
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The formulas (16.59), (16.60), (16.61), (16.62), (16.63), (16.71), (16.72),
(16.73) and (16.74) only for n even are found i Gessel, [46], formulas 3.10, 3.9,
3.8, 5.23, 3.7, 5.24, 3.13, 3.12 and 3.14 respectively. The formulas (16.67) and
(16.69) are mentioned as conjectures of Gosper in [46], formulas 6.5 and 6.6, re-
spectively.

Two similar formulas are known only for n even, namely

(16.75)
~ (1) rn 0 (=5, (=1)E3m
5 (3) [+ 41 -3 -2, 9 =
k=0
(16.76)
-~ n n n noopt4n
> (k) [543l -5 =314 9" = mrmern - [-3], (FD23EY
k=0

The formulas (16.75) and (16.76) are found in [46] as formulas 3.15 and 3.16.

Sporadic formulas of types 11(4,4, z). A few formulas are known with z # +1,
all of them proven by the Zeilberger method by I. M. Gessel in [48]. They have
respectively z equal to 4, %, 2%, —1% and —8.

The formulas with z = —8 are in [48] as no. 11.1a, 11.2a, 21.1a, 21.3a and
30.3a.

(16.77)

> (Z) [0+ ali [a = 3], [=n = Uni[n — 20k (20+ 20 — 3k)8* =
= [2a]p1[—a — 1] (—4)"

(16.78)
Z (Z) [a— 1 [n—a+ 3], [n+1—2a],—k[2a —n — 2], (2n — 3k)8" = 0
k=0
(16.79)
Z (Z) [TL - b]k [_b - %}k [—TL — 1]71,].6[2(? + n]n,k-
(2(n = b) = 3k)8" = [b — 1], [2b] 11
(16.80)
Z (Z) [n — bk [—b — %}k [—n — 1]k [20 + n]p—k-
(2(n — b) — 3k)8" = [b — 1] [~2b] 11
(16.81)
3 (Z) [—a—1/2], [n+a], [n+2d], ,[-1—2a—mn], ,(2n—3k)8" =0
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The formula with z = —-% is in [48] as no. 28.7a.
(16.82)
- n 1 n
>l ) el et s] -5 -1,
k=0

] (3(4n+1) — 10k) (136)‘“ s 1, (22_52)”

|
|3

|
N[

The formulas with z = % are in [48] as no. 30.4a, 30.5a, 30.6a and 30.7a.

S (3) [ 8helan 2l o 8], ], nvs 108 (<2 =

_ 5[n +1/3], [2n 4+ 5/6]

2n 4"
[2n + 1]

n+1

]k [—2n],, [n— %]nik [—% —|—2n} _, (n+5k) ( 227) =

(]
VRS
™ 3
~__
|
[N I

k=0
n2n —2/3],, [n — 2/3]n4n
[2n],,
(16.85)
~(n 1 1 . 9\ ¥
kZ:O (l{:) [_g]k [—2n — 1]k [n - §}n7k [6 + 277,} B (2n+ 1+ 10k) ( 27) _
_ [ —1/8, 20+ 1/6],,
B 2n],,
(16.86)
2 (Z) el 2 =2l [n+ 5], 2ot 5 (n+ 4+ 56) ( 227) _
I N
2n 4 1], 14

The formulas with z = 32 are in [48] as no. 30.10a.

(1657)
S (1) (4l o= 2o 4,y sl an ) () =

[TL B E]n [Qn B %}271 (_16)n
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S (3) 4l ot 2y b 322w (2)

n— 5, [2n + 3]

2n+1 n
—16
[Bn+1], (=16)

=12

The formulas with z = 4 are in [48] as no. 22.1a, 27.3a, 29.1a, 29.2a, 29.4a
and 29.5a.

n

3 (Z) B+ 2], [+ 752, [ — bluee[— 20l (2 + n — BR)(—4)* =

(16.89)
= _[b - 1]n[_2b]n+1
(16.90)

n

Z (n) [n— 3] . 131+ alifaln—k[—aln—k(3n +a — 3k)(—4)" = (=1)"a[3n + alan

3 (Z’) [b— 1], [n+bl[n — Blai[n — 20) -

(2(n +b) — 3k)(—4)* = ~2[2b — L]u[~Blurs

> () [0 = 410 EUuBla-sl=rlaos(2n = 300" = ~(=1)" 20l 2

2 (") (25 —a], [%72 —al la+ 4 n-kl2a+ Doy

(2(a+1) —n + 3k)(—4)* = —2[2a + 1], [~a — 1]41
5 () = Hela— Ul [4 + 5 - nl, (0 = 300 =

(16.95)

n

5 () b Hlefa— 1l lon =1l [~ § — o], (4n 2 300 =

k=0
=202n+1],,, [¢- 1]n (—4)™
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CHAPTER 17. SUMS OF TYPE III-1V

The Abel, Hagen—Rothe, Cauchy and Jensen formulas. The classical for-
mulas of type III are the Hagen-Rothe formula and the Jensen formula.

The Hagen-Rothe formula generalizes the Chu-Vandermonde identity and
was established 1793 in H. A. Rothe (1773-1841), [100], and mentioned in J. G.
Hagen (1847-1930) [73] in 1891. It may be found in H. W. Gould, [64], as formula
3.142 or 3.146, or in J. Kaucky, [81], formula 6.4, or J. Riordan, [99], p. 169, or of
course in our papers, [7], p. 19, and [14], formula 6.
(17.1)

i T x+ kz Y y+(n—-k)z\ x4y T+y+nz
otk k Jy+(n—k)z n—k Cxty+nz n

The Jensen formula generalizes the binomial formula and was established
1902 in J. L. W. V. Jensen (1859-1925) [80], formula 10, see H. W. Gould [64],
formula 1.125, or J. Kaucky, [81], formula 6.6.5, or of course ours, [7], p. 19, and
[14], formula 4.

n

VR Y anqui’f’*‘y_”zx n—1
172 3 ()R ke = TR )

Both formulas are valid for any complex number, z.

To treat these two formulas as one, we introduce in analogy with J. Riordan’s
treatment of the identities due to N. H. Abel (1802-1829), see [1], [99], p. 18-23:
(17.3)

n

n
S=5(x,y,2,d;p,q,n) =) (k) (v +kz —pd, dx—ply + (n — k)z — qd,d]—x—q
k=0

where x,y,2,d € C, p,q € Z and n € Ny.

Remark that by changing the direction of summation we get the correspon-
ding sum with x exchanged with y and p with ¢:

(17.4) S(y,z,z,d;q,p,n) = S(x,y,2,d;p,q,n)

For p = ¢ = 1 the sum becomes for d = 1 after division by [n],, equal to the
left side of (17.1), and for d = 0 after the substitution of y — nz for y equal to the
left side of (17.2).

For d = 0 the addition of the terms kz was studied by A.-L. Cauchy (1789-
1857) in 1826 see [27] in the case of p = ¢ = 0, and the same year by N. H. Abel,
see [1], for p = 1,q = 0, see also [64] formula 1.124, J. Riordan [99], p. 18, [7], p.
20, while J. L. W. V. Jensen was the first one to study the case of p = ¢ =1 in
1902 [80].

For d = 1 the story took the opposite direction. The case of p = ¢ = 1 was
studied already 1793 by H. A. Rothe in [100] and again by J. G. Hagen in 1891
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in [73], while the cases p = ¢ = 0 and p = 1,q = 0 was postponed until J. L. W.
V. Jensen in 1902, [80], formulas 17 and 18. See also H. W. Gould, [64] formula
3.144 and J. Kaucky, [81], formula 6.4.2, and [7], p. 19.

We shall follow our explanation in the paper, [14] from 1994. We shall allow d
to be arbitrary, and then prove the formulas for (p, q) = (0,0), then (p,q) = (1,0)
(and hereby from (17.4) also for (p,q) = (0,1)) and eventually for (p,q) = (1,1).
For technical reasons we shall replace y with y + nz in (17.3).

Theorem 17.1. The generalized Cauchy—Jensen identity for x,y,z,d € C and

n € Ny
(17.5) i (Z) [ + kz,dkly — kz,d]n—r = Zn:[n]jzj [z +y—jd,d]n—;
k=0 §=0
Proof. Let
(17.6) S=S8(x,y—nz124d;0,0,n) = ; (Z) [ + kz,d|k[y — kz,d)n—k
k=0

We apply (8.4) to rewrite the first factor as

[z + kz, d) :i() d);[kz, d]e—

1=

Hereby we may write S as a double sum

S = Z ( ) Z ( )[a; d)ilkz, dls—ily — kz, d]n_r

1=0

Now we apply (2.1) to the last factor, and then (8.4):
()" *ly—kz,dlpn_ = [~y +kz+(n—k — 1)d, d)p_ =

n—k+1
> (”_k)[ g+ (n—i—1)d,d;_ikz+ (i — k)d, dlp_p—jzi

—1
=i

We the get S written as a triple sum:

S = Z ( ) ; (k) niﬂ (7; : ];) [z, d]s[kz, d]p—_i(=1)" "
: [—y +(n—i- )c;,_d]jlié[ll;z + (i — k)d, d)p—p—jri
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Now we apply (2.10) and (2.13) several times on the product of the three
binomial coefficients and get by that the rewriting

BOG-06IC-0C D0
()0 =062
After this, the sum (17.6) may be rearranged to
(17.7) S = Z( )ZJ:( ) z,d)i[—y + (n— i —1)d, d];_i(=1)"""T}i(z,d; n)

1=

where

n—j+i .
(178) Tyi(zdin)= Y (Z_‘])[kz d)o_ilkz + (i — k)d, s 4i(—1)%
k=1

Now we apply (2.2) on the sum (17.8) and obtain
n—j+i n—j '

(17.9) Tii(z,d;n) = ; (k B 2) [kz,d],_j(—1)F1

By the translation of the variable of summation with the amount of ¢ we get
n—j n——j

(17.10) Tteudin) =3 ()04 Dl (-1F
k=0

Now the factorial in (17.10) is a polynomial in k& of the form:

n—j—1
[(k+i)z,dln—j = ] (kz+iz—td)=2""Tk" 4.
=0

Hence when we apply (8.17) on (17.10) we only get one term, which, as s = 1,
becomes

(17.11) Tji(z.din) = 2" [n — jlo—j(=1)"77

When we imbed (17.11) in (17.7), then we get the sum

5= Z( )Z()x Ay + (n— i = D], (~1P 2 ],

1=0
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Now we may place the terms which are independent of i outside the inner sum,
apply (2.13) and (2.9) outside the inner sum, and (2.1) inside it, to get

5= Z Z(j)[w Ay~ (n— )d.d],_,

1=0

Then we may apply (8 4) to the inner sum to get rid of it
S = Z w2ty = (n—j)d.d);
When we eventually change the direction of summation, then we get
S = Z 1,2 [x +y — jd, d),—

which gives (17.5). O

If we replace y with y + nz in (17.5), then we get the expression

(17.12) Z (Z) [+ kz, d|k[y+(n—Fk)z,dlp—r = Z[n]jzj[a:+y+nz—jd, dln—;

k=0 7=0

Now, let again p and ¢ be arbitrary integers. We want to prove a recursion,
which allows us to find a generalization of the formulas due to N. H. Abel and J.
L. W. V. Jensen for p =1 and ¢ = 0 by the help of (17.5) and (17.12).

Recursion formula in p and n. For all p,q € Z,n € N we have
(17.13)
S(z,y,z,d;p,q,n) =
= (z —pd)S(2,y,2,d;p+1,¢,n) + nzS(x —d+ 2z,y,2,d;p, ¢, n — 1)

Proof. We apply (2.2) with m =1 to the first factor in (17.3) to write it as
[z +kz—pd,dx—p = (v + kz — pd)[x + kz — (p+ 1)d, d],— (p1+1)
We split the factor (z + kz — pd) in the two parts, (x — pd) and kz, by which S is

split into two sums, and apply (2.9) on the second sum:

S(z,y,z,d;p,q,n) =

—Z( ) z—pd)z+kz— (p+1)d,dlg—p_1ly+ (n—k)z —qd,d]n—r—q

+Z( )kzx+kz—(p+1)d dg—p-ily+ (n—k)z —qd,dlp—k—q =

- (,I —pd)S(l‘,y, Z,d,p+ 17Q7 ’I’L)

n

n—1
—l—nz; (l{? . 1) [,I —d+kz _pd7 d]k*lfp[y‘}‘ (TL - k?)Z — qd, d]nfqu =
= (m—pd)S(x,y,z,d,p—i—1,q,n)—|—nzS(m—d—|—z,y,z,d,p,q,n— 1) O
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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 for p = ¢ = 0 and all n in (17.12), we may use the recursion formula from
here.

Choosing p = ¢ = 0 in (17.13) we get applying (17.12):

S(z,y,z,d;1,0,n) =

1
=—(S(z,y,2,d;0,0,n) —nzS(x —d+ z,y,2,d;0,0,n — 1)) =
x
1 [ i .
= Z[n]az [z +y+nz—jd,d,—;—
5=0
n—1 ‘
—nz Z[n — 17 x—d+z+y+(n—1)z—jd,dp_1-; | =
5=0
1 [ i .
= Z[n]jz [z +y+nz—jd,d,—;—
5=0
n—1 .
=Y M ety +nz— G+ Dd dlp_g) | =
§=0
= Z[n]jz [ +y+nz—jdd,—; — Z[n]jz [ +y+nz—jdd,—; | =
Jj=0 j=1

1
= E[a:—#y—#nz,d]n

We have proved the formulas:

Theorem 17.2 (The generalized Abel-Jensen Identity I).
Forn € Ny and x,y, z,d € C we have the formula:

n

(17.14) Z (Z) @+ kz—d,di—1ly+ (n—k)z,dlp— = é[a} +y+nz,d,
k=0

and the formula we get by exchanging y with y — nz, i.e.:

Corollary 17.3 (The generalized Abel-Jensen Identity II).
Forn € Ny and x,y, z,d € C we have the formula:

" 1
(17.15) 3 (Z) o+ e~ d ey — bz dluy = o+ v,
k=0
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For d = 0 the formula (17.15) becomes the formula of N. H. Abel from 1826,
[1], and for d = 1 after division by [n],, it becomes the formula of J. L. W. V.
Jensen no. 17 from 1902, [80].

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 shall apply the symmetry (17.4) to evaluate the sum for
p =0 and ¢ = 1. Then we shall apply the following recursion in p, ¢ and n:
Recursion formula in p, ¢ and n.

For all p,q € Z,n € N we have
(17.16)
5(1573472761;107617”) = S($+Z—d7ya Z7d;p—1aq7n—1>+5($7y+2’—d7 Z7d;p7q_17n_1>

Proof. We split the sum (17.3) by using (2.8) into

“ n
S = kz_o (k‘) [LL‘ + kz _pd7 d]k*p[y + (TL — k)Z — Qd, d]nfqu =

n—1
- Z (k: _ 1) [ +kz —pd, dlg—ply + (n—k)z —qd,d} g+
k

n—1
+Z< i )[x +kz —pd,dlg—ply+ (n —k)z — qd,d]p——q =
k

n—1
:Z( i )[x+z—d+kz—(p—1)d,d]k(p1)~
k

y+(n—1-k)z—qd dln—1-k—qt
—1
+Z(n i )[a; + kz — pd, d|—p-
k

[y+Z—d+ (’I’L— 1 —k‘)Z— (q_ 1)d7 d]n—l—k—(q—l) =
:S(ﬂU‘f’Z—d»y»Zad,P—1,%”—1)+S(ﬂfay+2—daz»d71)»q—1771—1)
d

When we put p = ¢ = 1 in (17.16) and apply (17.14) and its symmetric
companion onto the first and second of the two sums, respectively, then we get

S(x7y7 Z7d;1717n>:
=S(z+z—-d,y,2,d;0,1,n—1)+ S(z,y+2—d,2,d;1,0,n—1) =
1 1
=—lz+z—d+y+(n-1)z,dp1+-ly+z—d+z+(n—-1)z,d,_1 =

Yy T

x 4+
— I Y ety e —d dly s
Ty

Hence we have proven the formulas
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Theorem 17.3 (The generalized Hagen—Rothe—Jensen Identity I).

Forn € Ny and x,y, z,d € C we have the formula
(17.17)

Z (Z) [.77 + kz — d? d]k—l[y + (n - k)Z - d? d]n—k—l = m;—yy[x +y+nz— d? d]n—l
k=0

As above we may write y for y + nz and get the equivalent formula

Corollary (The generalized Hagen—Rothe—Jensen Identity II).
Forn € Ny and x,y, z,d € C we have the formula

n

(17.18) kZ:O (k) [x+kz—d,dg-1|ly—kz—d,d|p—p—1 =

rT+y—nz

a:(y — nz) [a;+y—d, d]n—l

For d = 1 the formula (17.17) is identical to (17.1), when this is multiplied
with [n],, while d = 0 makes (17.18) identical to (17.2).

A Polynomial Identity. In 1995 we, cf. [15], posed the problem:

For x € C and n € N, prove the following identities between the polynomials.

o cr 2 (505 - ()2 (56

J=0

For all m € N with 0 < m < 2n generalize (17.19) to

(17.20) o
ECE) -0 R ()6

Proof. We give the proof of (17.19), because the proof of (17.20) is similar, but
with some technical complications.

The two sides of (17.19) represent polynomials in = of degree 2n, so it is
sufficient to establish the identity for 2n 4 1 different values of .

The points x = 0,1,...,n — 1 shall be proven zeros of the two polynomials.

The left hand side is zero for x = 0,1,...,n — 1, because 0 < n—1—x <
n<2n—7j.

The right hand side is zero for z = 0,1, ...,n—1, because, we have z+ 7 > 0,

so to get a nonzero term, we must have x +j > 25, i.e.  —7 > 0. Hence the other
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factor can only be nonzero, if xt —j > 2n — 24, i.e., x +j > 2n, and hence 2x > 2n
contrary to the assumption.

Now consider z =y — %, y=0,1,...,n. The polynomials shall be proven to
take the same constant value for all of these points.

The left hand side becomes

ey () = S ()

J=0 J=0

As long as y < n, the limit of summation becomes y. So we get

(17.22) (_4yﬂn__§__yb”yj{:(y)ﬂ—n—-%b—jpnb

[2n]2n j=0 J

But this is a Chu—Vandermonde, (8.4) or (20.4), so we get

(17.23)
()" [n =5 =¥l mo1] = (=" [n= 3]s, _ (" [n 3], [=3]. _
[2n]gn 21y [QN]Qn [QN]Qn
_[2n—1,212[2n,2]7 1\2n 2020 qy20 _ (21 1y2n
e e g = e ) = ()

The right hand side of (17.19) may be written for z =y — 3 as

1 2n 1,k 1 _k
a2 o ¥ () bl b
™ k=0(2)
If we in the form of the sum, (17.24), consider an odd k, 0 < k < 2n, then the
terms are zero for y = 0,1,...,n. If £ < y—%—l—g and 2n—k < y—%—g, then we

get 2n <2y —1lie.,, n <y. And if we havey—%—l—% <Oandy—%—|—§ > 2n —k,
then we must have 2n < 0, and ify—%—g < 0 and theny—%—I—g > k, then we
must have y — % —g > 0 too. Eventually, if both y—%—g < 0 and y—%—l—% <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 odd integer, 0 < k < 2n. 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 (17.24) equals

(17.25) ﬁ?iﬁ

" k=0

2n
(V) =4+ 4, -4~

We may now apply J. L. W. V. Jensen’s formula (17.5).
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Withn=2n,z=y=y—5,d=1and z = % substituted in (17.25), we get
it to be written as

(17.26) e Z2n (L) 12— 1~ jlany

Now we shall rewrite

(17.27) 2y =1 = jlan—j = (=1)’[2n = 2y]2n—j = (=1)’[2 — flon—; (222__2;/)

Now, two factors join, [2n];[2n — jlan—; = [2n]2p, so that the sum takes the form
after substitution of (17.27) in (17.26)

(17.28) 2 i
B () -G E e - (ot

Where we have applied the binomial theorem, (7.1).

As this is the same result as in (17.23), the identity, (17.19), is established.
O

The generalization, (17.20), is proved the same way without serious trouble.

Joseph Sinyor and Ted Speevak’s problem.

The problem is to prove a combinatorial identity, conjectured by Joseph
Sinyor and Ted Speevak in Discrete Mathematics [104]. The identity is in their
formulation, that the double sum,

(17.29) o S : /
22 D) S ) e o) ()

form >¢>0<j5<2¢+1is equal to the following expressions:

) - ()

Sinyor and Speevak support the conjecture with proofs of four special cases.
In the case of 7 = 0, cf. remark 1, they reduce the formula to the Pfaff-Saalschiitz
identity, cf. (9.1). In the case of j = 1, cf. remark 3, they give a sophisticated
combinatorial argument applying partition, and the cases of j = 2¢ and j = 2¢+1,
cf. remark 4, are reduced to the cases j = 1 and 7 = 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, remind the formula

(17.31) ZZ ( ) (; L k) = gntm-1
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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, even convinced by experiments, a
proof is needed.

Changing the problem to a polynomial identity.

We shall prefer to change the notations of the names of the variables, x for
m, n for j, k for j' and i for ¢/. Then (17.29) looks like:
(17.32)

Y2l ) ) e o) G5

i<l k<n

And (17.30) looks like:

(17.33) ﬁ (zﬁ 1) (%; 1) - Tiq @j) (%; 1)

Now we want to multiply the expressions (17.32-17.33) with n!(2¢ + 1 — n)!
which is a “constant”, i.e. independent of the summation indices i and k, to get
the formula:

(17.34)

20+1—-n\/n ' ' _ |
; ; (22' —k+ 1) (k) [w+l_k]2i—k+1[Qf—H-k—l]k[.7}—2—1]25_1_21-_’_,6_”[Q;_Z]n_k

At the same time the multiplication of the result, (17.33), gives the simplification,
that only a single factorial is left:

(17.35) 2] ¢

In the forms, (17.34) and (17.35), the number, ¢ only appear with the factor
2. Hence it is tempting to write m = 2/, and ask if the formula is true for all and
not only even values of m > 07 Doing so, we ask for a proof of the equality of the
sum, (17.36),
(17.36)

m+1—n\/ n . . ' '
Z Z (22- Iy 1) (k) [T+i—K]oi_pa1[v—it+k—1)g[r—i—1]m_1_2itk—n|T—|n_k
ik

with the factorial, (17.37):

(17.37) 2]

The sum in (17.36) is a polynomial in = of degree m, so we may as well
establish the identity of (17.36) with (17.37) for all x € C, but we must keep the
condition, 0 <n <m + 1.
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We know the zeros of the polynomial (17.37), the values %,j =0,...,m—1.
Hence we shall prove that these numbers are zeros of the polynomial (17.36).

When this is done we only need to establish that the two polynomials coincide in
one point further.

Fortunately, the factorials in (17.36) join:
(17.38)
[z 40— Kl2i—k+1[z — 1 — Um-1-2i+k—n = [T + 1 — ks

(17.39) £ — i+ k — [t — ing = (x — i)z — i+ k — Ly

where we have applied the formula (2.2).

Hence we may rewrite (17.36) as
(1740) SN M et i— Kz — ik — 1
ralan 2t—-k+1)\k

Rewriting the double sum as two single sums.

Now it is time to change variables in (17.40). We write ¢ = j + k and change
the summation indices to 7 and k and receive

074 Sl =1 3 (50 (1) e -0

J

The inner sum may be written as the difference of two sums,

m+1—n\/n m+1—n)\/(n
17.42 —J)— k
(1742) §(2j+k+1)(k)(x 7 §(2j+k+1)<k)
Both sums are Chu—Vandermonde convolutions, cf. (8.1), i.e.

(17.43)
S () (=02 ("5 ) G) -

k
~@-a(, ")
S0 ) e (G ) () -

m
=N .
m—2j—n—1

158

(17.44)



17. SUMS OF TYPE III-1V 159

This means that the polynomial in (17.41) may be written as the difference
of two,

(17.45)

m+ 1 . . .
m— 2] _n) = j)x+ jlm-nlr —j = Un-1—

) [+ Flmenlr —F = Un_1 =

27+n+1

-
D RPN
-

mtl ) + Flmnle =

M ~t"1 M

(23+ +1)[ +Jlm-nnlz—j —1n

where we have applied (2.2) and (2.13)

Now, we have, cf. (2.4),

(17.46) nle —j—1lpa=lx—jh—lr—7—1
and, cf. (2.8)
(17.47) (2371;—1% 1) - (2j +n; + 1) * (2j7z n)

so we may write the difference (17.45) as a sum, namely

m m
17.48 i Mol — i —11,,
179 3 (o)L timeale =t 3 (3 )bilooale =51

The integral zeros of (17.48).

The polynomial (17.48) is zero for integral values of z, x = 0,..., [mT’l},
because it is two sums of zeros. The numbers x + j and = — j cannot both be
negative, and if z+j7 > m—n and x —j > n, then 2x > m. And ifx+j5 > m —n,
but z — j(—1) < 0, then 25 + n(+1) > m — z + x = m, such that the binomial
coefficient is zero. And if z4j < 0 and z—j(—1) > n, then 2j+n(+1) < z—x = 0,
such that the binomial coefficient is zero.

The evaluation of the polynomial (17.48) for z = —1.

For x = —1 we may compute the value of the polynomial.

First for n < m: In the first sum of (17.48) only the term corresponding to
J = 0 is different from zero, and in the second sum, only the terms corresponding
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to 7 = 0, —1 are different from zero. Hence the sum of the sums is the sum of the
three terms:

(17.49)
() thnal s = (1)l = o = (1)
(17.50)
() a2l = (1) s = e = = ) -1
(17.51)
(nﬂj 1) [—2lm—n[—1]n = (=1)""[m]n—1[m —n + 1—pni1n = n(=1)"[m],

where we have applied (2.1) and (2.2). The sum of the three results, (17.49-17.51),
gives

(17.52) 14+m—n+n)(=1)"[m|m = (=1D)""m+ mi1 = —[~Ums1 = [-2]m

which is the expected value according to (17.37).

If n = m + 1, then the first sum of (17.48) is zero, and the second sum may
have only the term of j = —1 different from zero. So, the value of (17.48) equals
the value of (17.51), i.e., (m + 1)(—1)"[m]m, = [—2]m, as in (17.52).

The non—integral zeros of (17.48).

In order to find the remaining zeros of the polynomial (17.48), we shall change
variables in the sums to kK = 2j +n and k = 25 +n + 1 respectively. Then we may
write the polynomial as

N I
W I e

k£n(2)

(17.53)

Now, let x = ¥ for y an odd integer, —1 <y < m — 1. Then we get

(17.54)
m\ |y—n k y+n k
> ()%l 1502
k=n(2) m—n n
m\ |y—m—1 k y+n—1 k
PN o | P ot
kEn(2) m-—n
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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 may omit the restrictions on the summations and
consider the function:

(17.55) P(y,n,m) = i (ZL) {y 3 -+ g}mn {y ; " g]n

k=0

with which definition the polynomial in (17.54) for 0 < y < m — 1 must coincide
with the sum of consecutive values (for y) of the polynomial (17.55), i.e:

To evaluate (17.55), we shall rewrite the factorials using (2.2) a couple of
times:

(17.57)
(y—n k| y+n k]
2 +2_mnl 2 QL_

— k] — k + k + k
e N G N e
L 2 2-k 2 2 m—n—k 2 2 m—k 2 2 n—m-+k

[y — k| + k
Pl s
2 2_k 2 2 ik

With this rewriting we may write the polynomial P in (17.55) as

(17.58) P(y,n,m) = Em: (7:) {y 3 - g} . ly ; - g} ek

k=0

In the form (17.58) the polynomial is suitable for applying the famous formula
of J. L. W. V. Jensen, (17.5). Doing this we get:

(17.59) Ply,n,m) =3 [ml; (3) [y = s

We apply (2.1) to write

(17.60) [y = dlm—j = (=1)" " [m —y = 1

Then we multiply and divide by [m — j],—; to get

(17.61) m =y —mej = [~ jlm—; (mx; 1)
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Now we apply (2.2) and (2.3) to get for —1 <y <m —1:

(17.62) .
P(y,n,m) = m;: j(m;g;l)G%y:
- " (S (57T 9

= (1) [mlm (=3)"7 (1= D)7 = (1) Il (

N[ —=
~—
3

where we have applied the binomial formula (7.1).

From (17.62) follows immediately, that we have
(17.63) P(y,n,m)+ Py —1,n,m) =0

Hence the polynomial (17.34) has the same values as the polynomial (17.35)

in the m~+1 points, —1,0, 2 5oL, ..., T, 1 'so that the polynomials must be identical.

This ends the proof.

Remark 1.

We have now proven that the polynomial (17.40) is in fact equal to (17.37)
independent of n. As soon as this fact is known, it is possible to prove the formula
by evaluating the polynomial for n = 0, in which case (17.40) with m = 2¢ reduces
to

(17.64)
0
22

¢ l
20+ 1 2+ 1
_ - i ,
(2z+ 1) 7= il ilzde =i =1 ZZ.:O (2i+ 1>[$+Z]%

=

=

20+ 1 o |
(2'& k+1)<x_l)['x+2_k]2£O[x_'l/“f—k—l]1:

where we have used (2.2). Now we shall apply (2.2), (2.3) and (2.5) to write using
(17.34) with d = 2

(17.65)
(%"‘ 1) 204190 [20+1,2],,,[26,2]; [+ %LH [4]; B
2i+1) " Ritlaipn 2+ L2202 [i+3],, 0
(! [+ 3]0 [0+ 3 ]151_ 1 ¢ 1 1
= (Z) i+ 1], - T+ };1 RED) (Z> [0=35]; [+ 3],

and (2.1) and (2.2) to write

(1766) [l‘ + i]gg = [ac + i]i[x]gg,i = [—x - 1]i(—1)i[$]g[$ — g]g,i
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Hence we may write (17.64) by substitution of (17.65) and (17.66) as

V4
(17.67) S (§) fe= 4o = 1k [+, o - st

[5_ %]é i=0 ¢

The sum,(17.67), satisfies the Pfaff-Saalschiitz condition

(17.68) (—5—z—1+l+5+x—L—L+1=0

so we may apply the Pfaff-Saalschiitz identity, cf. (9.1), to obtain
(17.69)
[]e

[5_%]z

o[22 202 — 1,20200000e  [22]20[20)s
[2¢], [JU - 5}5 [ []g[_ 1,2]6[2]5,[2]25[ I = [ []22][26] £ = [2]2¢

as already observed by Joseph Sinyor and Ted Speevak, cf. [104].

Remark 2.

This form of Pfaff-Saalschiitz is also interesting in itself, combining (17.64)
with (17.69) to the formula

¢
(17.70) Z (% * 1) [z + i]or = [22]2¢
i—0

21 +1

This raises two questions about generalizations, one, is the number 2 crucial, or
do we have a formula:

L] m—+1
(17.71) Z (22 N 1) T+ il = [22]
=0

and what about the formula

[#57]

i 1

(17.72) 3 (m;; )[a; Yl = 22+ 1]

1=0

They both prove valid. The formulas (17.71) and (17.72) are reduced to Pfaff-
Saalschiitz similarly to the proof of (17.70).

Remark 3.

In [104] Joseph Sinyor and Ted Speevak give a beautiful combinatorial proof
of the formula for n = 1. With the help of the formulas in remark 2, we may
compute this result algebraically from (17.40) with m = 2¢. We get

(17.73)

4 1
Zz(zz—ml)(%im“_k]%1[5"‘—”%—1]0:

k=0

Ns
HO

20 20
:i:0<2i+1>(x—z)[x+zgg 1+;( )x—z)[w—kz—l]%l
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We may write v —i = (220 — 20+ 1) — (x — 20 + 1 — i) in the first sum, and
x —1 =2z — (xr — 1) in the second to rewrite the sums in (17.73) conveniently as

(17.74)
-1

; (2i2—|li 1) (2 —20+1)— (x—20+1+1)) ][z +i]ae—1+

V4
+ ; @f) (20 — (z + )|z +i— a1 =
—1

-1
20 : 20 . .
=2z — 20+ 1) Z; (22_ N 1) [x 4+ d]20—1 — ; (22, N 1) (x =204+ 144)[z+i]20-1+

1=

- 2x§ @f) [z +1— 121 — Zi; @f) (x4 i) +i— 11 =

-1

=(22 — 20+ 1)[22]90_1 — Z ( 2t

9% n 1) [:L' + Z]2£+

J4
+ 21’[2(1’ — 1) + 1]%_1 — Z (2€) [l’ + i]2£ =

, 21
=0
/2041
=2 — ) 2 = |2
[22] 20 ; (22.+ 1)[a:+z]gg+[ x]oe = [2x]2¢

where we have joined the second and fourth sums by the formulas (2.4), (2.2) and
eventually (17.71) and (17.72) from remark 2.

Remark 4.

Also the cases of n = 2¢ and n = 2¢ + 1 as considered in [104] by Joseph
Sinyor and Ted Speevak are easy to handle from (17.40) with m = 2¢. We obtain
for n = 2¢:

(17.75)

Z%ZH(?Z 2+1)(2]€£)(x—z)[x+z—k] & —i+k— 11 =
—Z( )x—z (2 —i+2i — 1] 1—1—2(2i2_f1)(x—i)[x—i+2i]2£1:

_ @f) (¢ — D)z + i — ey + Z (;ﬁ 1) (= D)+ i1

exactly the same as in (17.73).

And for n = 2¢ + 1 even easier, because, as 2i — k + 1 = 0, the sum (17.40)
with m = 2/ reduces to

(17.76) Z @fi D [z — i1z —i—1]_1[x41i]o = Z @fi D [z + 20 = [22]20
164
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using (17.71).

Remark 5.

We also get an interesting interpolation formula. If we apply (17.57) directly
to the first sum in (17.48) with m = 2¢ > 0, then we may write it as

(17.77) Z ( 2t )[w + Jl2j+nl — jloe—n—2;

27+ n
and we know its value for z = —%,O, %, 1.0 %
If we divide by (2¢)! and multiply with 22/, we may write this result, for
0<n<2(+1,as

+ 3 T —j 0 forx=0,...,¢
17. 92¢ g =
(17.78) Z(Qj—f—n)(%—n—Qj) {1 forx=—-21,...,0—

1
] 27 2

From (17.49) we know that this polynomial takes the value 2% for z = —1.
This sum can not be reduced to the Pfaff-Saalschiitz formula.
Remark 6.

For comparison the Lagrange interpolation formula gives the polynomial in
the form

J4
2z + 1 20 1
17. 20+ 1 —
(17.79) (2£+1)( * );(%)290—1—1—2]'

The sum in (17.79) may be considered as a generalized Pfaff-Saalschiitz sum by
the changes

(17.80)
(25) 20 [20212¢-1,2);  4;[0- 3l (5) [¢—3],[¢-3],
21) 24l 25,2 e =

_ ﬁ(ﬁ) =31, 1~ 1),

2

similar to the changes in (17.65) and
(17.81)
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where we have applied (2.1)-(2.2).

Then the sum (17.79) becomes
(17.82)

L
A e e ML) Lt S NS S BN

The factor in (17.82) may be rewritten as

(17.83)

B 22 + 1]2041 (204 1) o [22 + 1, 2]11[22, 2] 2%¢[],
20+ 2[0— 3], [(—5—a],,,  [ROec[20-1,2,[20—1—22,2],,, [

B [22 + 1, 2] g1 1[x]e 24¢[0], _ (-16)[x]e  16°[¢—1— ],
20]20[20 — 1, 2], [20,2](— 1) [1+22,2],,  [20e2020  [20]4[20)20

The sum in (17.82) with the factor replaced by (17.83), may be rewritten as
a generalized Pfaff-Saalschiitz sum, cf. (9.16):

16400 — 1 — 2]r o= (20 . ;
(1780 EFE (31t o+ 41, st = a0

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 may change the
upper limit of summation to ¢. Next, two of the factors in the sum join, as long
as j </

(17.85) [0 (=1]e—j = [0 — fle—i (1)~ = [(o(~1)" 7

and two other factors join too,

(17.86) 0 —1—al[-1—x|p—; =0 —1—x]2—;
Substitution of (17.85) and (17.86) in (17.84) yields
(17.87)
(—16)¢ < (20 T s (F16) N N
0 25 i) A o = 2 (77 ()

In the case of Lagrange interpolation, the Pfaff-Saalschiitz formula proved useful
to change the formula to some extent. The result is of Chu—Vandermonde type,
but the limits of summation are not natural. We may say, it is a half Chu—
Vandermonde.

The coincidence between the two expressions of this polynomial, (17.78) and
(17.87) is a surprising identity.
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CHAPTER 18. SUMS OF TYPE V, HARMONIC SUMS

Harmonic sums. Harmonic sums are such sums which terms include a genera-
lized harmonic factor, cf. (1.20), i.e., a factor of the form

n

1
18.1 H =Y —
( ) c,m —~ (C—|— k?)m

Remark that we consider the harmonic numbers well defined for n = 0 as the
empty sum, Hc(jg) =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) e+ n+ K 1) 1
(18.2) D et n+klmH,, 0k = o Hepon = g
Proof. Straightforward taking the difference of the right side. a

The omission is covered by the result
Theorem 18.2. For alln € Z, we have
2

83 Slerne kb ok 4 ((10) - H.)
Proof. Straightforward taking the difference of the right side. O
Corollary 18.2. We have for c =0

“\H
(18.4) —5 =3 (H2+ H)

This is the form preferred by GKP, cf. [70], formula 6.71.

Remark. The formulas (18.2-18.3) allow the summation of sums of the form
p(k) )

18.5 E H 6k

( ) q(k) c,k

with a rational factor, provided the denominator has different roots. We just have
to apply (5.4).

Furthermore we shall mention
167
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Theorem 18.3. We have the indefinite summation formula for c € C andn € Z
(18.6)

2
S (D) ok = crnth) (B, — @etnt k) DED, 20t nt k)

Proof. Straightforward. O

Theorem 18.4. For all z € C\ {0} we have

(18.7) }:(—1fhl(i)fﬁﬁk::(_1yc((2::1)I{ _li(xggl))

Proof. Straightforward. a
This is actually a special case of the more general formula:

Theorem 18.5. For all z,y € C, y ¢ N such that x —y — 1 # 0 we have

(18.8) > s EHY) ok = 1 2l (H(l) 1k—1 7T : )

[y]k r—y—1[ylp r—y—1

Proof. Straightforward. a
For x € N we may generalize the harmonic factor,

Theorem 18.6. For alln € N, m € Z and ¢ € C we have the formula

" L[ 1 n—1)! 1
(18.9) S (1)t (k) H)ih = [Cim+)n]n =

k=0 n

Proof. Let m = 0. We apply the formula (2.16) and summation by parts, (2.24),
to write the sum as

_Z (n_l)ﬁ:ki:o(—l)’“(n;l)[cw_l

This sum is a Chu—Vandermonde sum, (8.20), so it equals

The special case of ¢ = 0 is found in [81], formula 6.7.1.

Inversion, cf. (2.29), of the formula (18.9) for m = 0 yields a formula of type
I1(2,2, 1) which we could have known already:
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Corollary 18.6. For alln € N and ¢ € C we have the formula

~ 1 (] 1
18.10 E S — gD
( ) —~ k [—C _ 1]k c,mn

Proof. Let us define
fn) =

x| =

il

Then we enjoy that the upper limit is natural, so the difference

fon) = gn—1 = Y- e

= e 1k
S r“
n octn [[-e—1kp-1],
1 1 1
:ﬁ.c—kn( _n):c+n

where we have used the formula (7.4).

169

O

Theorem 18.7. For any x € C we have the indefinite summation formula, but

i case x € N, we must require k < n,

(18.11) Z(—l)k(i)_lﬂk%: (;i)l;k (kfl)_l (x—1|—2

Proof. Straightforward.

O

The following formulas are found in [81], formulas 6.7.6 and 6.7.7. They
are very special cases of theorem 18.6, for the choice of x = 2n and = = 2n — 1,

respectively, and the limits 1 and 2n — 1.

Theorem 18.8. For any integer, n € N, we have the sums

2n -1
2n n 1
18.12 —1)k1 H, = Ho,
(18.12) 2.1 (k:) ST AL R

k=1

i on — 1\ " 2n
(18.13) Z(—N—l( ) ) Hy = Hjp,

P 2n +1

Theorem (18.7) may be generalized to:
169
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Theorem 18.9. For all z,y € C, such that x —y — 1 # 0, x ¢ N, we have

]k 1) 1 ] ( (1) 1 )
18.14 Wk g ok = H 4+
(1814) 3 etk = o -

Proof. Straightforward. a
The following formula is found in [81], formula 6.7.3.

Theorem 18.10. For alln € N, we have the sum

(18.15) zn:(—l)’“ (”) Hop — — + [2n—=2,2

L k on | [2n—1,2],

Proof. We have from (2.15)

s ()

Summation by parts therefore may yield

. -1 1 1
o _1]€+1 n —
];)( ) ( o) \2kr2 "okt

% :Z::(—l)k (n ; 1) [k]-1 + % :g:(—l)k (n ; 1) (-3 +k
~ O (b # 41 ) = g+ Bt

where we have applied the Chu—Vandermonde convolution, (8.20). The formula
follows by multiplication with the right power of 2. O

The following formula is a generalization of a strange formula due to W.
Ljunggren from 1947, [90], which has only been proved by analytic methods, by
J. E. Fjeldstad, [41] and J. Kvamsdal, [86] in 1948, cf. [81], formula 6.7.5.

Theorem 18.11. For any complex number, x € C, and any integers, n € N and
p € Ny, we have the sum

(18.16)
n n—p
n—p\(r+p n—p\(x+p r+n ) )
Hy, = Hypp = (Hn W _ >)
kZ:p (k —p) ( k ) ’ l;) ( k ) (k‘HO) brp ( n ) ey z,m

From this theorem Ljunggren’s formula follows from the choices x = n and
p=0:
170
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Corollary 18.11. For any integer, n € N, we have the sum

(18.17) i (Z)sz - (27?) (H - B, = (2:) (2H,, — Ha,)

k=1

Proof of theorem 18.10. We consider the function
(18.18) f(n,z,p) = zn: TP (PP
Y Y k:p k _ p k

which we shall compute. Now we remark that

s () ()

Using (18.19) summation by parts, (2.24), yields

f(n,,p) = {”;(_w(” . 1) (—1)k+! (m S 1) (H’f“ B ﬁpﬂ) -

k=p
”Z‘:l (n—p—1)<x+p—|—1)H 1 S(n—p—1)<x+p+1)
AR S
Ml k—p—1 k a:+p+1k:p n—1—k k+1

The first sum is just f(n,x,p+ 1) as defined in (18.18), while the second sum is a
Chu—Vandermonde convolution as of (8.1), so it yields

1 r+n
r+p+1 n

Hence we have derived the formula with the difference taken in the variable p,

1 T +n
Aot = s (70

Summation gives us
T+ n) 2 1
f(n,:l;,p):f(n,a:,n)—( )27:
=p

[T+ n T+n\ (1) _[(r+n 1 1
_( n )Hn_< n )Herp’n_p_( n )<H”+H3(”;_H3(C%>

proving the formula. a

A more general result is the following formula,
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Theorem 18.12. For any complex number, x € C we have the sum

(18.20) > (Z) [—]w[t]n_rHp = (—1)"(n — 1) — l[g; — 1]

n
k=1

Proof. From corollary (6.1) we have the difference formula

as2n)  ()irabdis = A(} T ) lre - herlelsn

Summation by parts, (2.24), now yields

n

—[eln =2 (" N 1) [~ — Urlalu—r i -

k=1

= —[a], + %;::1 (k i 1) [—]it1]z — -1

This sum is a Chu—Vandermonde sum, missing the first two terms, corresponding
to k =0 and £ = —1. Hence we get

—[2ln + % ([=1n = n(=2)[z = p—1 = [z = 1) = (-1)"(n = D! = J[z — 1],

This ends the proof. O

Remark. Ifx € Ny, x < n, the second term vanish, so the right side becomes just
(=1)"(n—1)!
independent of x. The case of x = n is found in [81], formula 6.7.2.

A similar, but more specialized formula is the following:

Theorem 18.13. For all p € N, we have the sum

n

(18.22) 5 () o blciHpsaos = (-1 (- 1

k=0

Proof. We write the sum as
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We have from (18.21) above

(Z) =Plklpln-—r = A(Z _ D [=p = Us-1[pln—r+1

£ k p+k
" /n—1
== 3 (") b=
=1+ 3 (" )l Ui -
= —lp = Toa [T = o~ ooy = (<1)"(n— 1)

where we have moved a factor p and applied the Chu—Vandermonde convolution,
(8.4). a

The special case of p = n is similar to the remark above,

Remark. For all n € N we have the formula

(18.23) Zn: (Z) (_k") Hyp1 = (_;)n

k=0

Proof. Chose p =n in (18.22) and divide by n!. m

A similar formula not containing any of the three above as special cases is
found in [64] as formula 7.15.

Theorem 18.14. For any x,y € C except certain negative integers, we have

n

n
(18.24) g (k) [z]k]y + n]n,kl—l;’lg =z +y+nl, <H1§17)1 - H3(31+)yn)
k=0

Proof. By induction after n. For n = 1 the result is obvious. Let us denote the
left hand side of (18.24) by S,

n

n
() = 3 () lelely-+ e
k=0
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Splitting the binomial coefficient by (2.8) we get the sum as a sum of two,

=5 (" Yl + )
@ =3 ()bl + i)

The first is

(1) = (y+m)Stn—Lz,y) = (y+m)e+y+n— 1, (B B, )

In the second we translate the index by 1 to get
— n—1 1
@ =3 (") el 140 - D)
1 1 .
We remark, that H;7,1+1 = y—_lH + H;Jr)lyk, SO we may write

n—1
n—1
2)=z)_ ( ) o= Uly +1+n— Upor e HY, o+

1

— (n—1
+x ( )[w—l]k[y+1+n—1]n_1_k =
k=0 y+1

T

=zS(n—1l,z—1lLy+1)+
Y

1 1 1
= a;[x +y+n— 1]n—1 (Hgg—i—)l,n—l - Ha(:+)y,n—1 + Y+ 1) -

_ (1) (1) 1
= x[x + Yy +n— 1]n71 (Hy,nl — Hm+y7n71 + Y T T[,)

using (18.24) to the first sum and the Chu—Vandermonde convolution (8.4) to the
second sum.

Adding (1) and (2) we get

(@+y+n)et+y+n—1], (H@S,l,)l,l - Hilﬁy,n,l) oyt e =

1 1
— o (HY) | — Y ) n - —
2 +y+n) < ynot = Hopyon ) e tytnb (o = oo

oty +nly (HY — HY, )

174



18. SUMS OF TYPE V, HARMONIC SUMS 175

Remark. The analog of the harmonic numbers with alternating signs in the sum
do not provide anything new. Actually we have the formula,

~ (=DF
(18.25) > = Hiyy— Hy
k=1

Harmonic sums of power m > 1. Some formulas containing the generalized
harmonic numbers, (1.20), of power m = 2 are known,

Theorem 18.15. For all z € C we have the formula

z\ [—x (2) r—1\/—x—1 2, 1 (fz—1\[—x—-1
18.2 H, = H, —
(18 6>Z(k)(k) 010K (k—l)(k—l) okt 2\ k
Proof. Straightforward. O
Corollary 18.15. For all n € N we have the formula

(18.27) i (Z) <_k”) H = —%

k=0

Proof. Obvious. O

The sums with a factorial with nonnegative index are also possible to find.
The first three are:

Theorem 18.16. We have the following indefinite sums for m € Ny
(18.28)

+ kg1 2y (D™m! )y = (=1 [m] e + k]
E ka(Q)dkzi[c +H()—7H()—§: j j
e Blm H m+1 ¢,k m+1 ok jim+1)

j=1

Proof. Straightforward. O

Seung—Jin Bang’s problem. In 1995 Seung—Jin Bang, Ajou University, Suwon,
Korea, posed the problem, [23]:

Show that
n k n
(=1)* 1 1 k=1 1 1 1
(18.29) > o Z; - )=
k=1 j=1 k=1

for all positive integers n.

This is the special case p = 2 of the following
175
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Theorem 18.17. Forn € N and p € Ny we define the multiple sum

" (—1)k-1 k J1 J2 Jp—1
(18.30) S(n,p)zz%(k)z.iz'iz....l 1

k=1

Then we have

(18.31) S(n,p) = = Hg,,

Proof. We consider the difference D(n,p) = S(n,p) — S(n—1,p),

o oS () (D) SRS

k=1 ji=1 Jjo=1 Jjs=1 Jjp=1

and want to prove that it satisfies

(18.33) D(n,p) =

Since

I (ORI R

the difference may be written (where we for convenience have added the zero term

for k = 0)

jpfl

1 Fo1dh 1 &2 1 1
(18.35) D(n,p) = — Sl L N
DY DI DI S IR OF

=1

Now summation by parts or Abelian summation (2.24) yields — as the constant

terms vanish — that this is

(18.36)
1 n—1\ 1 ™, & 1 el
DY Sl G =D DD DT LD D
" =0 k k+1j2:1]2 P e A
1 n—1 i n k+1 1 J2 1 Jp—1 1
— () X g g
n? &~ kE+1 | J2 Jp=1 = Ip
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Le., the difference satisfies the recursion

1
(18.37) D(n,p) = —D(n,p~1)
and hence we get
1 1 & w1 (M
(18.38) Dinp) = 35D0.0) = g S (7)

where we must change the limit to 1, because the zero term no longer vanishes.
But from (2.15) we have

(18.39) i(—n’“ (Z) = (-1)* (Z B Drﬂ =0—(-1)=1

k=1 1
or, if you please, it follows from the binomial theorem (7.1) as

o n
18.40 —1)k =(1-1)"=
(18.40) S (y) = -1 =0
k=0
This proves the theorem. O

The Larcombe identities. In our papers [87, 88] we prove a family of harmonic
identities.

Let us define the sum for non—negative integers, n and p, and a complex

number z, not a negative integer, —1,—2,---  —n:
241\ — n 1
18.41 S = E —1)k

Theorem 18.18.
(18.42) S(n,0,z) =z-0"

Proof. The binomial formula for (1 —1)™.
Theorem 18.19.

(18.43) S(n,1,2) =1
Proof.
_ ] - n! 1
S(n,1,2) = = kzz()k'<”—’f)'( V' %
=3 iV el 4 k- L

S0 ()

using Chu-Vandermonde (8.1).
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Theorem 18.20. For p > 0 we have the recursion

n

1
(1844> S(n7p7 Z) = Z ,Z—F—ks(k’p - 17 Z)
k=0

Corollary 18.20. For p > 0 we have the recursion

1
18.4 A —1 = — —1
( 8 5) kS(k 7p72) Z—f—ks(k,p 72)

Proof of the theorem.

S(n.p.z) = EE it i (Z)(_l)k 1

n! pars (z+ k)P

S e

)G

Appreciating (2.10) ) |
(DG5)-0)6)

and changing the order of summation we obtain using (2.12), (2.11) and (18.40)

s 5 () E ) e

178
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Theorem 18.21. Forp>1

(18.46) S(n,p, z 1 ZHU)S (n,p—73,2)

Proof. By induction after p.

For p = 2 we have

n

Sn,2,2) =3 - i C5(k,1,2) =
k=0 k=0

+k: =3 1§:Hm8712—$@
Z —

by theorem (18.19), then theorem (18.18), and eventually the definition of harmo-
nic numbers, (1.20).

The induction step goes

z,'k—ls(k - 1,]9 _j7 Z)

! LS00 1
= Z( jS(k’p_j’Z)+Z?12Hz?kz+—ks(k’p_1_‘7’2)
j=1 Jj=1

1 X 1
_ § . 1

11 1 2L

p—1z+k 10—1j:2 z+ k)i
1 1 1 2=
Q—Sk — _S(k,p— 1
1
= S(k.,p—1
Z+k (7p ,Z)

Use the formula (2.19) on each term of the sum and corollary 18.19 for AS. Take
outside the first term 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 expression while second and last sums cancel.
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Corollary 18.21.

(18.47)
S(n,1,z) =1
S(n,2,2) =H)
1 )3 2
S(n,3,2) =5 <Hzn) + H%)
1 ®m\? (1) 17 (2) 3)
S(TL, 47 Z) :6 <Hz,n> + 3Hz,nHz,n + 2Hz,n
1 @\* M\ @ @\? (1) 17 (3) (4)
S(TL, 9, Z) :ﬁ <Hz,n) +6 <Hz,n) Hz,n +3 <Hz,n) + 8Hz,nHz,n + 6Hz,n
1 @\’ M\ 772 W (@)
S(TL, 67 Z) _E <Hz,n> + 10 <Hz,n> Hz,n + 15Hz,n (Hz,n>
+20 (Hg}nf H®) +20H H®) + 30H) HE) + 24H§?QL)
1 6 4 2 2
007, =g ((H2)+ 15 (1) 12+ 45 (10)" (1)
3

+40 (H<1 ) H®) + 1200 HO) HS) 490 (HQ%)Q HY+
3 2
14D HE) +15 (HE) + 0HEHE) + 40 (HE) "+ 120HZ<‘2)
Proof. Let’s do S(n, 5, z). Take
HO)s(n 2/ = g ((#0) " +3 (89) B + 2112

Then take
1 2 2 1 2 2
3.2/ (1) B+ (52)") = 5 (3 (1) B+ 3 (22))

24
So take )
HO)S(n,2,2)/4 = - 6HOHE

And eventually
1
HOS(n,1,2)/4— o
Adding we get the coefficients 1, 34+3=6, 3, 2+6=8, and 6.

Theorem 18.22. The coefficients in the corollary are:
(p—1)! (@ \"™
(18.48) P (H i )
[1; i"n! 1:[ o
with ), in; =p — 1.
Proof. Guessing the coefficients as class orders from symmetric groups, cf. [109].
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CHAPTER 19. APPENDIX ON INDEFINITE SUMS

Rational functions. Rational functions may always be summed indefinitely in
principle. The function may be split into a polynomial part and a sum of principal
fractions. All we need are the formulas cf. (3.5 ff.), (1.20) and (3.47)

[e+k]m+1 m ?é -1
(19.1) [c+ k]mok=<¢
Z Hc(,lk) m = —1
1 (m)
19.2 — -~ Sk=H
(19.2) 2 o aymok = Hok
Bm+1(k)
19.3 kmok = —— 2
( ) Z m+ 1

Rational functions may take the convenient form, cf. (7.4),

[a]k 1 [a]k
19.4 ok =
( ) Z [b]k a—b—l[b]k,1
to be recognized as a sum of type I with quotient
a—Fk
19. k) =
(19.5) q(k) = 3—

A more complicated form with condition on the arguments is, cf. (8.70), if
p=a+b—c—de Ny, we have

el Lk P k- e — 1],
(19:6) Z[c—ufwk—uké’“‘[c—u —1 Z

1520 a_CJ+1 [b—cljs

with quotient

(a—k)(b— k)
c—1-k)d—1_k)

(19.7) a(k) =

A similar, but more special, formula is

(19.8) 3 (i) (z — 2k)ok = k(z)

with quotient
@B (5-1-1
Sy
Furthermore, we have the surprising formula, cf. (11.1),

[a + b+ crlali[blrlc]e(a+ b+ c — 2k)(—1)F
19.10 ok =
( ) Z Elb+ ¢ — 1]gla+ ¢ — 1g[a + b — 1]

_ [a+ b+ C]k[a — 1]k_1[b— 1]k_1[C— 1]k_1(—1)k
Elb+c—1k_1[a+c—1g—1la +b—1]p_1

(19.9) q(k) =

(1)
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Other indefinite sums. We know a few indefinite sums involving harmonic
numbers, cf. (18.2), (18.3), (18.6), (18.7), (18.8), (18.14), (18.11), (18.28), seven
with first order harmonic numbers,

(19.11)
+ klm+1 1 1
K H Dok = C o Kmes (o) 1
Z[C+ ] ¢,k m+ 1 ¢,k m—+1
(19.12)
2
S e+ ko H)ok = L ((H(ﬁ}k)) - Hg?,g)
(19.13)
2 2
3 (Hé}k)) 5k = (c + k) (HC(},Q) — (2(c+ k) + DHD +2(c+ k)
(19.14)
1 1/x—1
-1 k—1 H — (_ k x H. — =
S (3 k= s ()1 (7
(19.15)
2]k (1) 1 ] ( (1) 1 )
Wk gy 5k = H b
2 [yl v P z—y—1[ylp—r U VW p—y—1
(19.16)
]k (1) 1 ] ( (1) 1 )
W g ok = 7Y o —
2 [yl Lk z—y—1[ylk- Lkl —y—1
(19.17)
-1 k —1
YL (DR 2 1
Z< 2 (k) Hyok = r+2 \k—-1 x+2 H
and with second order harmonic numbers
(19.18)
2 2 1
S HE 0k = (c+ k) HE) - HY)
(19.19)
1
> e+ k) HS0k = 3 (le+kLHE) + HE) = (c+ k)
(19.20)
1 + k
Sl Mtk = L (e Mo~ 28]+ 20+ 1) - 54)
The general form for m € Ny is
(19.21)
+ Klmi1 20 (D)™l ) = (=D [mm—jlc+ K;
M H sk — et Bmin o) ) j
Z[C+ ] c,k m 1 c,k m+1 ck ; ,]( 1)
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CHAPTER 20. APPENDIX ON BASIC IDENTITIES

Introduction.

In this chapter we shall present basic generalizations of the simplest ordinary
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 shall assume the existence of two “universal constants” @) and R. We
define the basic transformation {x} of z by:

(2@ Q=R
{””}_{@m—m)/@—m if Q#R.

The following properties of {x} are easily verified:

(20.1)

(20.2) {0}=0 and {1} =1,

(20.3) {2} =—{a} - (Q@-R)",

(20.4) {z+y}=A{a} Q"+ {y} R ={a} RV +{y} - Q",
(20.5) {z—yy=A{a} - RV —{y} - RV Q"

={z}- QY —{y} QY R,

if n is a positive integer then
(20.6) n}=Q"'+Q" 2. R+---+R"!
{-n}=—(Q ' R"+Q 2 R "1 4+...Q " R

Remark. Because of the symmetry in @ and R in the definition (20.1) Q and R
must be interchangeable in all the following formulas.

Remark 2. The expression (20.6) shows our definition as a generalization of the
definition of [k]p 4 due to Wachs and White [113] 1991.

In his original introduction of basic numbers in 1847, [75], Untersuchungen
uber die Reihe ...,

(1-¢*)(1-4q" (1-¢*)A-g*™(A-¢")1-¢°*")
1+ T+ 5 IR
1-9(1—-q) (I=q)(1=¢*)(1—g")(1—q*)
E. Heine replaced «, (3, etc. in a Gauflian hypergeometric series by 111 q;, %,
ete. in order to obtain a continuous generalization from o as =4 — « for ¢ — 1.

1—¢q
He also noticed the similarity between ¢ and r = é.
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We have replaced ¢ by /R to obtain

1_qa_Ra_Qa
l1-¢g R-Q

(20.7) R'"*={a}-R'"®

— hardly a generalization at all. Nevertheless, some of our formulas contains two
of Heine’s by choosing R=qand Q =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 continuity. It is
further customary to replace ¢ with a, and further ¢®*! with ag, etc., but we
shall not do so, because it makes no difference, as mentioned by E. Heine 1878,
[76], p. 98. One just has to apply the usual formulas to ¢® for comparison.

Factorials and binomial coeflicients.

We introduce a generalized basic factorial:

[ g{z—j-d} ifneN
(20.8) {z,d}, =141 ifn=20.

Since descending factorials are the most important in combinatorics we shall use
the notation {z},, for {z,1},,. If @ = R = 1 then we have the ordinary descending
factorial [x],,. The most important properties of the generalized factorial are:

(20.9)

(z,d}, ={z—d,d}n Q"+ {z—d dbp_1 {n-d}-R=
(20.10)

(z,d}n =z —d,d}n Q" —{z —d,d}p_1 {—n-d} R" Q"
(20.11)

(z,d}p={-2+n—1)-ddb, (-1)"(Q-R)"* ()

(20.12)
{2,y =f{z— (n—1)-d,~d},
(20.13)
{z.d}n = {~2, ~d}, - (-1)" - (Q - Ry *~(3)
(20.14)
{z,d}mgn ={z,d}p - {x —m -d,d},
(20.15)

{z,d}_, =1/{x+n-d,d},
184
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(20.16)
o (G
(20.17)
©2n-ddnw={2nd—d2 d,- {(2{:";’5};[}” =

= {=d.2-d}n- ()" (@ R [T(@+ B

The basic binomial coefficients are defined by:

{:1:} _ { {2}/{n}n  ifneN

20.18
( ) n 0 if n ¢ Np.

We note the following properties of the basic binomial coefficient:

(20.19) {g‘

)
SO B =
}.

(20.21) {"7

(20.22) {2} A = {2} - {i:g}

If z € Ng and > n then {7} = { _® 1}, and from (20.20) follows that {7} is a
homogeneous polynomial in @ and R of degree (x —n)-n.

Two basic binomial theorems.

Theorem 20.1.

For arbitrary x and y and integers m and n (> m) and arbitrary o and (3:

(20.23) i {Z:ZZ} gk =k o(FR) L R(M2Y) = nﬁ (- Q' +y-RY).

k=m §=0

(20.24)
n n—m m n— k—m o —-m n—k n—
k=m
n—m—1 ' '
H (z-QIT* +y . RITFY),
7=0

185



186 MOGENS ESROM LARSEN

Proofs.

It is sufficient to prove (20.23) for m = 0, because the general case follows
by substitution of £ + m for £ and n + m for n. Let

S(n,z,y) = g {Z} bk () L p(M2)
-t

we split S into two sums. In the sum with {Z:i} we may substitute k + 1 for k.
When we take advantage of common factors in the two sums, this gives us:

Using

S(n,x,y) = Z {TL ; 1} . xk . ynflfk . Q(g) . R(“Qk) . (.’L‘ . anl +y- Rnfl)
k

=S(n—-1z,y) (- Q" ' +y-R").

Iteration now yields the formulae (20.23).

The more general formula (20.24) follows from (20.23) by substitution of
x-Q® for z and y - R? for y in (20.23). O

Two basic Chu—Vandermonde convolutions.

Theorem 20.2. For arbitrary a and b and arbitrary integers 0 < m < n

n

Z {n : :;L} ’ {a}kfm : {b}nfk . (QR)f(k*m)'(n*k).Qa-(nfk) ) Rb'(kfm)

k=m k
(20.25) ={a+b}tn—m,

“ n—m
Aa, =1 o - {b, =1}, p - Q¥ (n=F) . Rb-(k=m)
D B e I

k=
(20.26) ={a+b,~1}n_m.

Proofs.

It is sufficient to prove (20.25) and (20.26) for m = 0. We shall prove (20.26)
from which (20.25) follows.

Let

S(”u @, b) = Z {Z} ’ {Cl, _1}13 ' {b7 _1}71713 : Qa-(n—k) : Rb’k .
k
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n| [n—1 ek n—1 k
=G 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:
S(n,a,b) =
-1
Z {n k } ' {a’ _1}k ’ {b7 _1}n—1—k ' Qa.(n_l_k) ’ Rb.k

k

Using (20.20),

{a+k}-RTF 4 b+ — 1 -k} Q¥R
Using (20.4) this gives
S(n,a,b)=S(n—1,a,b)-{a+b+n—1})

Iteration now yields the formula (20.26).

If we apply (20.26) to —a and —b using (20.6) to change the sign of d, we get
(20.25). O

Two special cases of the basic Chu—Vandermonde convolutions.

Theorem 20.3.

For arbitrary ¢ and p an arbitrary integer and integers m and n (> m):

Zn: {Z::Z} A(=D)"F{e—m 4k}

k=m

(20.27) _Q(n_m)~(p—c—n+m)+("5k) _R(n—k)~(p+m—n+1)+(n;k) =
{ptn—m - {ctp—ntm -
ST e,
k=m
(20.28) _Q(n—m)~(p—6—n+m)+(k_2m) . glk=m)-(p+m—nt+)+(*3") _
{ptn-m {ctp—nim -
Proofs.

In (20.27) we substitute —1 — ¢ for a and ¢ —m+n — p for b and obtain using
(20.11) on the right hand side:

) e R

kE—m
(20.29) Q1o krm)(n—k) | Rle—m—p k) (emm) _ (1Y
= (Pl - (~1)" - (Q - R)(mpm D (emm)= (757
187
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In the sum we use formula (20.11) on the factor {—1 — ¢},_,, and observe that
(20.30) {c—m+k}i—m -{c—m+n—plo_r ={c—m+k}, {c—m+n—p}o_m—p

since all factors occur with the same multiplicity on both sides. We obtain

k—m

g{n_m} (=DFm e mA kY, {e—mAdn = plamp

(2031) ‘Q(flfckarm)-(nfk) . R(cfmfp+k)-(kfm) . (Q . R)(flfc)(kfm)f(k;m) _

{(Phnm - ()" (Q - R)m=m=p= D (n=m)=("57)

We now multiply the equation (20.31) by {c}p—ntm = 1/{c—m+n—p}p_m—p
and by (—=1)""™ - (Q - R)_(”_m_p_l)'(n_m)+(n_2m). Simplifying the exponents of
Q@ and R yields the equation (20.27).

The equation (20.28) is obtained from (20.27) by substitution of n +m — k
for k i.e. by reversal of the direction of summation. O

The formula (20.27) for p = —1 has a nice interpretation as a generalization
of a useful partition of the quotient into partial fractions.

Corollary 20.1. For arbitrary ¢ and arbitrary nonnegative integer n

1 1 & (n) (-1)F R41)
20.32 — 7Y op)"3) o—n-(c+k)
@2 = o @R e

Proof. Substitution of m =0, p=—1 and ¢ = ¢ — 1 gives the formula. O
The symmetric Kummer identity.

Theorem 20.4. For arbitrary a and arbitrary nonnegative integer n

(20.33)
o~ [ 2n _1\k —k(2n—k) _ B
S {3 b ahtatan s (CFQRIH < (20,2}, 0-1.2},
k=0
= (-1)"{2a,2},,{2n — 1,2},(QR) ™
(20.34)
2n—+1
> {in: 1}{“}k{a}2n+1—k(—1)k(QR)m”“k) =0
k=0
Proofs. Let

S(n,a) = Zk: {Z}{a}k{a}nk(—l)k@mk<nk>
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Then remark, that

S2n+1,0) =3 {271; 1}{a}k{a}2n+1—k(—1)k(QR)_W”H_’“)
K
=-S2n+1,a)=0

by reversing the order of summation.

Now,
2n—1 kA —k(2n—1—k) p—k(2n—Fk)
S(2n,a) = Z k {a}r{a}on—r(—1)"Q """ R~
k
2n —1 k A —k(2n—k) p—(k—1)(2n—k)
+ 1 (latelateni(-1)°Q R

k
by (20.20). By replacing k& with k + 1 the second sum becomes

2n —1 B o C(om 1
- Z{ 1 }{a}k+1{a}2n—1—k(_1)kQ (k+1)(2n—1-k) p—k(2n-1-k)
k
Application of (20.14) with m =1 to {a}r4+1 and {a}a,—y yields
2n —1
5(2”’7 a) = {a} Z { nk }{a}k{a — 1}271,17;3(—1)]?@7]“(2”717]“)}{*]’“(2”*]’“)
k

@ S o - el 11 g
k

We apply the formula (20.9) in the forms
{a}r = {a — 1}, R" + {a — 1},_1 {k}Q**
{a}on—1-k = {a — 1}op1_£@Q** 1 7F
+{a—1}on_o_p{2n —1 — E}ROTInFITH

and get
S(2n,a) =
{a}(z {271]{:— 1}{& _ 1}k{a — 1}2n—171€(—1)k(QR)*]“@”*l*k)
k
+ Z {an_ 1}{@ — 1}k,1{a — 1}27171716{]{;}(_1)/?@(1(QR)fk(gn,k)
k
_ Z 2nk— 1}{@ —1}xf{a— 1}2n—171€(—1)k(QR)*k(2”*1*k)
k

- {2”,; 1}{a ~ifa— Vono-pf{2n—1- k}(—l)’“R%QR)““*”(2”“”)
* 189
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The first and the third sums cancel. On the remaining two sums we apply the
formula (20.22) to get

S(2n,a) =

{a}{2n — 1}(2 {2:__12}{a — 1}g—1{a— 1}2n—17k(—1)kQa(QR)*k(2”*k)

- Z {an_ 2}{a — 1}x{a — 1}2n—2—k(—1)kRa(QR)(Hl)(%lk))
= —{a}{2n -1} (Q“ + R?)-
>3 {2nk_ 2}{@ — 1ifa — 1on—o p(~1)H(QR)HEr—27R+1=2n

k
= —{a}{2n — 1} (Q“ + R*) S(2n — 2,a — 1)(QR)" "

by replacing k with k£ + 1 in the first sum. From the definition (20.1) we have
{a} (Q" + R*) = {2a}

Iteration of the reduction yields because S(0,x) =1

S(2n,a) = (=1)"{2a, 2} {2n — 1,2}, (QR)™" = {2a,2}n{—1,2},,
The last equality due to (20.11). m

The symmetry of the formula (20.33) is emphasized by the following change
of summation variable.

Corollary 20.2. For arbitrary a and arbitrary nonnegative integer n

(20.35)

n

> { o }{a}nm{a}nk(—l)k(QR)kQ ={2a,2}n{2n - 1,2},

P n+k

= (~1)"{2a, 2}, {1, 2}, (QR)"™

The quasi—symmetric Kummer identity.

Theorem 20.5. For arbitrary a, arbitrary integer p and arbitrary nonnegative
tegers m < n
(20.36)

n

> {Z - Z}{a}km{a F i (1) (QR)~(k=m)-(n—k) Rlk=—m)p _

k=m

e Y { o }{n—m}n_m_2j{2<a+<pAo>>,2}j{—1,2}j-

n—m-—2j
jzl'n*W;*IPI’I

Q(a+(p/\0)*2j)~(n*7n*2j)R(Ipl*n+m+2j)-2j+(n*m)-(p/\0)
190
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Proof. 1t is enough to prove the theorem for m = 0. We apply the Chu—Vandermonde
convolution (20.25) on {a + p},—_x in the form

{a+plas =) {T.‘ B Z}{a}j_k{p}n_ QUi HR) (0=3) Rlp=n+3) (k)

— 1
to get
2 {Z}{“}“—”‘“ 2. {? . }{a}jk{P}an(aj+k)'(”j)R(p”H)'(ﬂ'k> _
k j
=> {pha—y ) (-1 {Z} {? B :}{a}k{a}jkQ(ajJrk)'(”j)R(anrj)-(jk)
J k

Next (20.21) allows the transformation

= L L - GHY

Hence we obtain from (20.33)
n j j j j ' —_— . y —
Z{p}n—j{j }Q(“‘”'(”‘”R(P‘””” Z(—l)’“{i}{a}k{a}j_k(QR) kG-k) _
J k
Z{p}n—2j {;,}{2(1, 2},;{—1,2},Q@=2) (n=2)) pp=—n+2j)-2j
. J
J

In the case of p > 0, we can write

Wheni gt =1, 7o b

P . n—p
=0 f —
{n—Qj} orJ < 2

and note, that

In the case of negative p, we apply the above formula for a + p and —p. O
The balanced Kummer identity.

Theorem 20.6.

For arbitrary a and arbitrary integer n > 0

(20.37)
[ noappn —a —1)F ke(k—n—a) — fn _q — {20, 2},
> (o ain o en) (n-a-1,2), 1202

In order to prove this theorem we need a 2-step version of the corollary
(20.27).
191
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Lemma 20.1. For arbitrary c and arbitrary nonnegative integer n

{2n,2}, R {2n, 2} (=D k- (k1) y—2n- (c+k)
(2038) 5 2hen 2 (ehah Pler iy @RTTTR

k=0

Proof. We consider the formula (20.32) for the universal constants Q% and R?, in
which case we shall denote the basic transformation with {{-}}, i.e. e.g.

(20.39) {{z}} = (@* - R*")/(Q* - R*) = {22}/(Q + R)

Then we have

(20.40) Hz}}n ={22,2},/(Q+ R)"
and hence,

|| _ {ztn _ {222},
2040 W = ome = e
Therefore we get

1 _ 1 - n (-1)* - (k1) A —2n- (c-+k)

GO e i~ (ol E{{k}} Herap @0
Substitution of (20.39-41) gives (20.38). O
Proof of theorem 20.6. Consider the sum
(2043) S=2 {Z}{n +ahi{n = abu i (-)H@QR)HET

k
We apply (20.13) and (20.12) to write

k
2

{n+atn(—1)* = {—a—n, —1}k-(QR)k'(”+a)*(§) = {—a—n—l—f—k}k-(QR)’“’(”JF‘I)*( )
the sum then looks

k+1)

5 g {Z}{n b {—a—n—1+4k-(QR)(?

Now we apply (20.14) to write

{n—abonpn ={n—apnr{-a+ktppf{-a—-—n—-1+k}
192
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The sum is then written
SIS S FLL
Now we apply corollary (20.1) on

: = ! " (_1)j . (jgl) . —n(—a—n+k+j)
{—a+k}ni1 {n}n ;{j}{_a—n—i—k—}-j} (QR) Q

Substitution of 7 =4 — k in the sum, and the sum in the sum above, yields

G}2n+12{ }{n} Z{sz}{—(a_—l—):jz}

(QR)(TIH(TE) L grnamnti

Interchanging the order of summation gives

_ a}QnJrl —n(—a—n+i) (H'l)
S {n}n Z{ a—n+z} @ (QR)

zk: {Z}{z . k}(_l)k QR

We use the definition of the binomial coefficients, (20.18), to recognize the second
sum as an example of the symmetric Kummer expression, (20.33-34). Hence the
odd sums vanishes, and the even sums can be written with 25 substituted for ¢
according to (20.33).

Z {Z}{Z 7_1 k}(—1)k : (QR)kQ_i.k _

k

{Zl} Z {;}{n}k{n}l—k(—l)k . (QR)_k'(i—k) _
bk

{29'1}2j 2 {ij}{n}k{n}?j—k(_l)k H(QR)™HBITM =

k

1 : ) T
{2].}2j(—1)J{2n, 2}i{2j - 1,2}; - (QR)™ =
{2n,2}; 1Y . (OR)*
@2y, VO
With this reduction we obtain
_ — afon+1 {2n, 2}, (=1 i2+j . H—n(—a—n+2j)
S = (QR) 1. j
T Xy Ty @0

On this sum we may apply lemma (20.1) with ¢ = =%=". That proves the theorem.
O
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The quasi-balanced Kummer identity.

Theorem 20.7.

For arbitrary a and arbitrary integers n > m >0 and p

(20.44)
> {17 mt = g - m— ada(-
k=m

(QR)(If*ﬂ”b)-(/’ﬂ*n*a)Q(k*?ﬂ)ﬂj —

( {2n—2m —2p, 2}, _pm—p .

forp>0
{n —m — p}nfmfp
p . -
>3 {P}{n = a = 14§, 2} - QP (et () ppi k()
, J
7=0

{2n —2m, 2}, p—p(atn-m)+('77) .
{n —m— p}n—m—p

_Zp {_-p} (=1 fn—m—p—a— 1= 2y Q) L RE)

forp <O

J

\ 7=0

Proof. 1t is enough to prove the theorem for m = 0.
1)p>0:
Let

(20.45) S(n,p,a) = Z {Z}{”+G—P}k{"—a}nk(—l)ka'(k”““’)R’“'(k”‘l)
P

We split this sum in two by (4.2) applied to
(20.46) {n—a}ppr={n—a—1}, R " +{n—k}{n—-—a—1},_r_1Q"
Then we get the following two sums

(20.47)
S(n,p, a) - Z {Z}{n —p+ a}k{n —a- 1}71*16(_1)]6'

k
Qk:-(k—n—i—p—a)Rk~(k—n—a—1)Rn

Y {" v ahdn - a0

Qk~(kfn+pfa+1)faRk-(kfnfa)
194
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And we split the sum of S(n,p,a+ 1) by applying (20.9) to
(20.48) {n—p+a+1}p={n—p+a}Q* +{k}{n—p+a}ly_ R PToti=k
Then we get the following two sums

(20.49)
S(n,p,a+1)= Z {Z}{n —p+al{n—a— 1}n_k(—1)k-

k
Qk-(kfn+pfa)Rk~(kfnfa71)

n—1
+{n} ) {k: — 1}{” —p+alp-1{n —a— 1}k (=1)"
k
Qk~(k—n+p—a—1)R(k—l)-(k—n—a—l)—p

=S(n,p+1l,a+ 1)+
n—1 k
" e p e - a1

Qk~(k—n+p—a+1)—aRk-(k—n—a)Qp—nR—p

The two second sums are proportional by the factor QP R~P, 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
(20.50) (Q"7 + R"")S(n,p+1,a+1) = RS(n,p,a) + Q" "S(n,p,a+1)

Iteration of this formula m times yields the expression

(20.51)

m

H (anpﬂ' + Rnprrj) ,S(mp, a) —

j=1

Z {W}QZ§=1(n+J’p)RZ}nzli(j—P)S(n,p —m,a—m+1)
)

i

For m = 0 we get a trivial identity, and for m = 1 we get (20.50) for p — 1 and
a—1.
We prove (20.51) by induction after m. We apply (20.50) to
S(n,p —m,a —m+ i) and obtain
195
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(20.52)
m—+1

H (anpﬂ' + Rn*PJrj) 'S(n,p, a) —

j=1

3 {n;}QZj-:l(nJrj—P)RZ}”zli(j—p)Rerl—Ps(n,p - Ta—m—144)
£y {”@?}Qz;:l(nﬂ'—p)Rzngu—QOmH—pS(n,p Cm—la—m+i)=

3 {m}QZj-:l(nJrj—P)RZ}”zli(j—p)Rerl—Ps(n,p - Ta—m—144)
7

m i=loo o m—itl ] —
+Z{i_1}szl< +i-p) RIS ) gretmet -,
Sn,p—m-—1l,a—m—1+1i)=

(Z QEimi (=P R TGP G (n p—m — La —m — 1 + Z-)> .

({7 for) =

3 {m + 1}Qz;‘.1<n+jp>Rz;ﬁtl—i<jp)S(n,p Cm—Ta—m—1+4)

- i
7
by substitution of ¢ 4+ 1 for ¢ and using (20.20).
Now we apply (20.52) to m = p, and rewrite the product using (20.16) as

- - N = L {2n,2)
(2053) H (Q”—P-H + Rn—P-f—J) — H (Qn—j + Rn_J) _ sy 4 p
j=1 =0 {n}p

Furthermore we reverse the order of summation and apply (20.37) to
S(n,0,a — ). This yields

(20.54)

S :% ' ZZ: {?}Q(pi)'(”p”(”*éi)Rp-H(i?).

2,2
(n—ati—12), 202

{n}n

Canceling common factors proves (20.44).

2) p<O:
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Let

(20.55) S(n,a,p,x) = Z {Z}{n+a—p}k.{n_a}n_k 2k (QR)F(h—n—a) . kP

k
We split the sum S(n + 1,a,p+ 1,z) in two by (20.9) applied to
(20.56) {n+1—a}p_t+1 ={n—atn_kr1- Q" " +{n—k+1}-{n—a}, - R
Then we get

(20.57)
S(n+1l,a,p+1,z)=

Z{nzl}'{"—p+a}k-{n—a}n_k+1.(g;.R/Q)k.

k
(QR)lo(kfnfan) . Qk~(p+2)+n+1+

{n+1}- Z {Z} An—p+aly-{n—a}p_p -2 - (QR)F*-n=a) . Qkr. Rg=a

=Sn+l,a+1,p+2,2-R/Q)- Q" +S(n,a,p,z) {n+1}-R™°
And we split S(n+ 1,a+ 1,p+ 1,z) by applying (20.9) to
(2058)  {n—p+a+llr={n—p+aly - R*+{k}-{n—p+alp_1 QP
Then we get

(20.59)
Sn+1l,a+1,p+1,2) =

Z {n —l: 1} An—p—a}p-{n—alp_py1-2"- (QR)k'(kfnfa—l) LQkPy

{:Jrl}'zk:{knl}'{”era}kl'{na}nkﬂ -t

(QR>k~(k—n—a—2) . Qk-p—l—n—p—i—a—i—l
=S(n+1l,a+1,p+2,2-R/Q)+

{n+1}-;{2}-{n—p+a}k-{n—a}nk-x’““-

(QR>k~(k—n—a) _Qk-p . R—n—a-l
=S(n+1la+1,p+2,2-R/Q)+ S(n,a,p,x)-x-{n+1} R

By elimination of S(n+ 1,a+ 1,p+ 2,z - R/Q) we obtain the formula
(20.60)
(R {n+1} —2-Q"" - R™*" ' - {n+1}) S(n,a,p,z)

=Sn+1lap+lz)—Q"" - Sn+l,a+1l,p+1,2)
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which can be rewritten as

(20.61)
1 1,a) — Qntt. 1
S(n,a,p,x):S(n+ aptle) 0 Sn + ’a+1’p+1’x)-R“+”“
{n+1}- (Rl —z . Q"1

For x = —1 we have {n + 1} - (Q"*! + R"™) = {2 (n+ 1)} so we obtain

(20.62)
S 1 1,—1)—Qntt. 1 1 1, -1
S(n,a,p,—1) = AL A b {g +§}("+ AARLAR >~R“+”+1
N

Iteration of this formula m times yields the expression

(20.63)
S(TL, a,p, _1> =
Rm~(a+m)+ m;l) {m

{2.(n+m>72}m; Z}(_1)2Q2n+( 2 ) .R(Q) .S(n+m,a+i,p+m,—1)

For m = 0 (20.63) is a trivial identity, and for m = 1 we get (20.62).

We prove (20.63) by induction with respect to m. We apply (20.62) to
S(n+m,a+1i,p+m,—1) and obtain

(20.64)

S(n7a7p7 -

g (atn)+("37) m
1) = {2-(n+m),2}, ;{

Sn+m+1l,a+i,p+m+1,-1)—Q" ™. Sn+m+1l,a+i+1,p+m+1,-1)

. } : (—l)i . Q”H'(“er) .R(;)+a+n+m+i+1.
7

{2-(n+m),2}
R(erl).(aJrn)Jr(m;Q) )
- S5 La+i 1,—1)- (=1)"
B rm 2 S batiptm el o) ()

({7} Qi) R+ {Z Tl} @it () +mat R(%))

R(erl).(aJrn)Jr(m;Q)

- {2-(n+m+1),2} 041 '

Q) . RG) . {m N 1}

]

ZS(n—f—m—i—l,a—f—i,p—I—m—l—l,—l)-(—1)i-
i
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Choosing m = —p in (20.63) and using the formula (20.37) we obtain

(20.65)
S(n,a,p,—1) =

—p-(a+n)+(*37) _ e
{}; e : Z { ‘p} (1) Qz-n+( 5) . RrG) . S(n—p,a+1i,0,—1)

_ pr'(a+n)+(1;p) —p i i.n+(i+1> (1)

_{2-(n—p),2}p.;{z’}'(—1>'Q .RG).
—p—a—1-i {2-(n-p), 2}y

{TL p 1 72}n—p {n —p}n_p

_ Rip’(aJrnH(lgp) A2 n, Q}n.

- {’I’L _p}nfp

3 {‘;’} 1y @) RO fnp— a1 i2h,

%

This completes the proof.
A basic transformation of a II(2,2, 2z) sum.

Theorem 20.8. For arbitrary a, b, x and y and nonnegative integers n and m,
we have

(20.66)
n n—m o e
k=m
= 2 {k‘ B m}{n -—m—-—a—>b— 1}kfm{b}n7k(—m)k
n—k—1
L QUE=m) (a=ntmA )+ (*5") plk—m)-(b=ntk)=("3") a-(n—m) | 1] (-7 o @i
7=0
(20.67)
n n—m o e
k=m
- Z {k _ m}{a}km{n —m—-a—0b— 1}n—k(—y)n k
k=m
k—m—1
. Q(n—k)~(b—n+m+1)+(n;k)R(n_k)~(a_k+m)_(n—2m>+b.(n_m) . H @ By gy
7=0
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or, equivalently,

(20.68)
Z {::m}{a}k m{b}n_pz "y R (QR) T k)L @b () gar(nh)
k=m
= {Z_m}{"— —G—b—l}k—m{b}n—k(_x>k_m
k=m
- (QR)~(k=m)-(n=k=b) ,Qa-(k*M)*( ") . ge(n=m)= ﬁ (y-R —z-Q)

The form (20.66) is symmetric in @ and R, and reversal of the direction of
summation corresponds to the exchange of a with b and z with y.

Proof. 1t is sufficient to prove (20.66) for m = 0. In the left hand expression we
substitute the formula (20.11) in the form

{a}p = (—1)F - {—a+k— 1}, (QR)F*(2)
Next we apply the Chu-Vandermonde (6.1) on the factorial to get
{—atk—1} =) {j}{"—a—b_ 1} {b—n—+k}_;QUn—o—b=1=0) (k=) pb=n+i)j
J

Substitution in the left hand expression yields after exchanging the order of sum-
mation

. n) (k I
Stn-a-b- 127 S H 0wt =0 1 oy
J k
) ka(nfk)+kaf(§)+(nfafbflfj)(kfj)Rfk(nfk)+ka7(§)+(bfn+j)j
Now we apply the formula (20.21) on
Wt -
k) \J J) k=

and the formula (20.14) on

{Otn—r{b—n+klp—j = {b}n—;

to obtain the expression

n—a—0o-— (a— n+1)J+() (b—n+35)j— ( )—i—a-n.
2 "o -a-v-1,000.50 R
’ (_x)j : Z {Z :j} . (—x)kijynfk . Q(k?)*b'(k*j)R(ngk>fa-(n7k)
k
200
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Now we apply the basic binomial theorem (20.24) to obtain (20.66).

The formula (20.67) follows from (20.66) by reversing the order of summation,
exchanging a with b and x with y.

Substitution of z := 2 - Q¥/R® in (20.66) and multiplication with R* (=)
gives (20.68). a

A basic Gauf}’ theorem.

Theorem 20.9. For arbitrary a and integer p, and nonnegative integers m < n
we have

(20.69)
- n—m

Z {k B m}{Qa, 2beem{n—m—p—2a— 1},

k=m

) k2 +(n—2k)-(a+m)+n-p—(3) =k (p+1)+m-at+ (") p—n-k+(5)+n-(atm)—pm _
(QR) Q R

Ead
n—m p
S SR AN U N TR N ST
j:(n—rr;—\p\"
Q(a+(p/\0)*2j)~(n*7n*2j)R(\pl*n+m+2j)-2j+(n*m)-(p/\0)

Proof. We substitute b := a + p in the right side of (20.67). Substitution of
x := —RP and y := 1 gives the left side of (20.36), so we can apply the quasi-
symmetric Kummer formula. Eventually we apply (20.16) to the product.

O

A basic Bailey’s theorem.

Theorem 20.10. For arbitrary a and integer p, and nonnegative integers m < n
we have

(20.70)
) {2({7; —777:1)}7 Q}k_m{ teem{m —n+p—1}n
k=m -m

(QR) (=) (n—a=k)=n- (k) (") +("31) QRp+(3) ghe(hmm)ta(n—)+mep+(5) _

( vnem {2(n—m —p),2}—m—p .
=1) {n—m—pln-mp

p ) g
Z {P}{Q(n —m)—p—a—1+72%_m- Q=) (n=m=p)+(""57) p=pi+("s)
J

forp >0

J=0

—1)n-m 20 —m), 2} —m —p-(a+p)+('57) .
( 1) {TL -—m— p}nfmfp R

.ip: {—p} . (—1)j {2ln—-m—-p)—a—p—1—j, Q}n—m—p ) Qj.(n_m)+(j—51> . R(Q

\ 7=0 J

forp <O
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Proof. We substitute b := 2(n — m) — a — p in the right side of (20.67) and chose
x:=—(QR)" ™ %. R7P and y := 1. Then we apply (20.16) on the product, and
we apply the quasi-balanced Kummer identity (20.44) with a :=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 [29,112]. 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 spe-
cial cases of Kummer’s theorem for Gauflian hypergeometric series [112], theorem
8.3,

o an(b —1)"
Fila,b; 1+ a — b; —1] §
2 1[a,b, +a b, 1+a—b

L(3)I(1+a—b)
T(HT(L+§ - b)
 T(l+a—-bI(1+%)
S T(l+a)l(1+2%-b)

—a

The first of the two evaluations of 9Fi[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 identi-
ties are new, although special cases with numerically small values of the parameter
p may be found e.g. in H. W. Gould’s table of Combinatorial Identities, [64].

Special cases of the transformation formula in section 13 can be found in
Gould [64]. The general form, however, we have not seen before.

Using this transformation formula we have the Gauf} identity and the Bai-
ley identity almost as corollaries of the quasi—-symmetric and the quasi—balanced
Kummer identity.

When the parameter p vanishes the Gaufl identity is a special case of Gauf}’
evaluation of
I'( )

IS )

and Bailey’s identity is a special case of Bailey’s evaluation of

S

D(H5*
(5

>—ll\'>|>—l
c'

2F1[CL b 1+a+b’ %]

IL(H
b

I( )
2F1[a71_a;b; %]: F( ; Ea+b

202
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The basic binomial theorem is due to Cauchy [26] and Heine [75]. Heine also
proved the basic version of Gaufl’ summation formula for hypergeometric series
[75].

The basic version of Kummer’s theorem is due to Bailey [21] and Daum [30].

The basic version of Gaufl’ second theorem and Bailey’s theorem are due to
Andrews [19].

Further references may be found in G. Gasper and M. Rahman, [44].

In 1921 F. H. Jackson, [78], [105], p. 94, proved a basic version of Dougall’s
theorem.
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