PROOF OF A DETERMINANT EVALUATION CONJECTURED
BY BOMBIERI, HUNT AND VAN DER POORTEN

C. KRATTENTHALER! AND D. ZEILBERGER

Institut fur Mathematik der Universitat Wien,
Strudlhofgasse 4, A-1090 Wien, Austria.
e-mail: KRATT@Pap.Univie.Ac.At
WWW: http://radon.mat.univie.ac.at/People/kratt

Department of Mathematics, Temple University
Philadelphia, PA19122, USA
e-mail: zeilberg@math.temple.edu
WWW: http://www.math.temple.edu/~zeilb

ABSTRACT. A determinant evaluation is proven, a special case of which establishes
a conjecture of Bombieri, Hunt, and van der Poorten (Experimental Math. 4 (1995),
87-96) that arose in the study of Thue’s method of approximating algebraic numbers.

1. Introduction. In their study [2] of Thue’s method of approximating an alge-
braic number, Bombieri, Hunt, and van der Poorten conjectured two determinant
evaluations, one of which can be restated as follows.

Conjecture (Bombieri, Hunt, van der Poorten [2, next-to-last paragraph]).
Let b,c be nonnegative integers, ¢ < b, and let A(b,c) be the determinant of the
(b+ ¢) x (b+ ¢) matriz (given in block form)
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0<j<c c¢c<j<b b<j<b+c

0<i<ec ( (Z)

c<i<b 0 (Z) <~Z) . (1.1)

b<i<b+c 2<,j )
\ i—b
Then

(i) A(b,c) =0 if b is even and c is odd;
(ii) if any of these conditions does not hold, and if b > 2c¢, then
_ 2 -9 9 2 _ 2 6 2 6
Alb,c) = L [o—¢/2]7[b—2c] [(b+ ) /2] [(b — ) /2]" [¢/2] ’
[b—c? [b/2]°[b/2 — c]? [c]?
where [s] := Z;é k! if s is an integer, and [s]? = ( 2;3/2 k!) <HZ;3/2 k!) if
s 1s a half-integer;
(iii) whereas if b < 2c¢ then

A(b,c) = £2%7PA(b,b — c). (1.3)

(1.2)

The purpose of this paper is to prove a determinant evaluation, containing the
parameter x, which for x = 0 reduces to the above Conjecture.

Theorem 1. Let b, c be nonnegative integers, ¢ < b, and let A(x;b,c) be the deter-
minant of the (b+ c¢) x (b+ ¢) matriz

0<j<c c¢c<j<b b<j<b+c

| v+3\  (p47\ (2047} )
osise [ () ()60

c<i<b 0 ($+3> (25”3) . (1.4)

| +] ..... $+] ...... ...................
b<i<b+ec 2 T : :
= \ (%) (G5) o )
Then

(i) A(z;b,c) =0 if b is even and c is odd;
(ii) if any of these conditions does not hold, then

b—c i 1 _[b
A(z;b,c) = (_1)02cH ( + 2(@1)0[2})6

Db_c+ri/z1—r(c+i)/21 (

k3

‘ z + [2=5H]) [(b+i)/2]~[(b—c+i) /2]
[ Db erriga—(eriyyz (3= [3]+ ’—#—D|'(b+i)/2'|—|'(b—c+i)/2'|

c (.’I?
“Ua-m

=1

Y

(1.5)
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where the shifted factorial (a)y is defined by

ala+1)---(a+k—1) k>0
(a)k:: 1

(a—1)(@a—2)-(a+k) k <O0.

(A uniform way to define the shifted factorial is by (a)x := I'(a + k)/T'(a), re-
spectively by an appropriate limit in case a or a + k is a nonpositive integer, see [6,
p211£77?].)

The Conjecture does indeed immediately follow, since a routine calculation shows
in particular that the expression (1.5) satisfies the equation

A(z;b,¢) = (=1)222¢7PA(z: b, b — ¢), (1.6)

which implies (1.3) on setting z = 0.

We are going to prove this Theorem in the next section. For the sake of clarity
of exposition, we defer the proof of some auxiliary facts to Section 3. The method
of proof that we use is also applied successfully in [12, 9, 10, 11] (see in particular
the tutorial description in [11, Sec. 2]). In order to apply this method, it is actually
important to have (at least) one free parameter. So, the main difficulty in proving
the Conjecture was to find the appropriate generalization of (1.1), such that the
determinant still factors nicely. The various hypergeometric calculations were done,
with some patience, using the first author’s Mathematica package HYP [8]. For
curiosity, we mention that, although at present it is quite hopeless to prove any of
the identities in this paper by the recent algorithmic tools [14, 15, 16, 17], these did,
implicitly, have their place in this work. For example, the fact that the three seemingly
very different sums in (3.6) can be combined into one single sum was discovered by
applying the Gosper-Zeilberger algorithm [15, 17] to each of the three sums in (3.6),
being puzzled that one obtains always exactly the same recurrence, until eventually
realizing that, maybe, these sums are in fact just parts of one and the same series.

2. Proof of Theorem 1. We proceed by first reducing the determinant A(z;b, ¢),
which by definition is the determinant of the matrix (1.4), by elementary row opera-
tions to a constant times a smaller determinant, A’(x; b, ¢), given in (2.3). This smaller
determinant is then evaluated in Theorem 2, using a method which is described and
illustrated in [11, Sec. 2.

Now we describe the row reductions. We subtract 1/2 times the (i+b)-th row from
the +-th row, 2 = 0, 1,..., c. The resulting matrix has block form, with all the entries
in the b x ¢ upper-left block being equal 0. Therefore, up to sign, the determinant
decomposes into the product of the determinant of the ¢ x ¢ lower-left block times the
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determinant of the b x b upper-right block:

siwser =0 gt (1))

0<i,j<c )
1(x+j)§ <2x+j> 0<i<e
X det VAN BN Ll : (2.1)
0<i<b, c<j<b+c (l‘ + ]) (2:3 + J) <i<h
X . C 7
1 2

c§j<b.b§j<b+c

The first determinant is easily evaluated (see [4, Theorem 1 with a; =z +j — 1,
b; = i — 1; there is just one family of nonintersecting lattice paths in that case!l] for

an unusual proof),
det (2 (m * j)) = 9°, (2.2)
0<i,5<e ?

So, what we have to do is to evaluate the second determinant, or equivalently,

(D) )| s
1 : 1

........................................

e
0<i<b, c<g<b+c ; :
(az—i-j) : (23:4—]) c<i<bh
i :

c<j<b b<j<b+ec

This determinant can be further reduced. We subtract column b — 2 from column
b—1, column b— 3 from column b—2, ..., column ¢ from column ¢+ 1, in that order.
Then we subtract column b — 2 from column b — 1, column b — 3 from column b — 2,
..., column ¢+ 1 from column ¢+ 2 (but not column ¢ from column ¢+ 1!), etc. We
do the same sort of operations with columns b, b+ 1, ..., b4+ ¢ — 1. The resulting
determinant is

(.mfc )?2(_2“’,”) 0<i<c
e det A A (2.3)
1<0,c<y< c .
s RN H P c<i<h
t—j4+c)i\e—j+0b

c<j<b b<j<b+c

Let us denote this determinant by A’(z;b,c¢). Recall that by (2.1) and (2.2) we

have
A(z;b,¢) = (=1)% A (z;b, ¢). (2.4)

The next theorem gives the evaluation of A’(x;b,c).
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Theorem 2. Let b,c be nonnegative integers, ¢ < b, and let, as before, A'(x;b,c)
denote the determinant in (2.3). Then

(i) A'(z;b,¢) =0 if b is even and c is odd;

(ii) of any of these conditions does not hold, then

AI(ZU;I), C) — (_1)c(b—c)2cI:)|‘:[C (2 + % B "g—l)c

i=1 (0)e

y H (e + [cTﬂ Jo-ctifo-eriz @ [*571) [(b+4)/21~[(0—c+i)/2] _
i=1 (% - [g] + (CTHDb—cHi/z}—r(cﬂ')/z] (% o [g] + (%])|'(b+i)/2'|—f(b—c+i)/2]

(2.5)

Clearly, once we have proved Theorem 2, the relation (2.4) establishes Theorem 1
immediately.

We now proceed with the proof of Theorem 2. It relies on several Lemmas, which
are stated and proved separately as Lemmas 1-4 in Section 3.

Proof of Theorem 2. We treat both (i) and (ii) at once. That is, for now we just
assume that b and c are nonnegative integers with ¢ < b.

The method that we use to prove the Theorem consists of three steps (see [11,
Sec. 2]): In the first step we show that the right-hand side of (2.5) divides A’(z; b, ¢)
as a polynomial in z, regardless what the parity of b or ¢ is. The reader should observe
that, although (2.5) is going to hold only if b is odd or if both b and c¢ are even, the
right-hand side of (2.5) is nevertheless well-defined in all cases, as long as b > c. Then,
in the second step we show that the degree of A’(x;b,c), as a polynomial in z, is at
most ¢(b — ¢). On the other hand, as is easily seen, the degree in x of the right-hand
side of (2.5) is exactly ¢(b — ¢) if b is odd or if both b and ¢ are even, and is exactly
c¢(b—c)+1if b is even and c is odd. Therefore, if b is odd or if both b and ¢ are
even, the determinant A’(z;b, ¢) must equal the right-hand side of (2.5) times some
constant independent of z, and it must be 0 if b is even and c is odd. The constant

in the former case is finally determined to be 1 in the third step. This would prove
both (i) and (ii).

Step 1. The right-hand side of (2.5) divides A’(x;b,c). This is done in Lemmas 1
and 2 in Section 3.

Step 2. A'(z;b,c) is a polynomial in = of degree at most c¢(b — ¢). Each term
in the defining expansion of the determinant A’(z;b,¢) (which by definition is the
determinant in (2.3)) has degree c¢(b — ¢). Therefore, A’(x;b,c), being the sum of
all these terms, has degree at most c¢(b — ¢). Therefore, since the degree in x of the
right-hand side of (2.5) is exactly ¢(b — ¢) if b is odd or if both b and ¢ are even,
A’(z;b,c) and the right-hand side of (2.5) differ only by a multiplicative constant,
whereas, since the degree in z of the right-hand side of (2.5) is exactly ¢(b —c¢) + 1 if
b is even and c is odd, A’(z;b, ¢) can only be 0.
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Step 3. Determining the multiplicative constant in the case that b is odd or that
both b and c are even. If we are able to show that A’(z;b,c) and the right-hand side
of (2.5) do not vanish and equal each other for some particular value of z, then it is
established that the multiplicative constant connecting A’(z;b, ¢) and the right-hand
side of (2.5) must be 1. Thus, equation (2.5) would be proved.

We distinguish between the cases b even or odd.

Let first b be odd. We compare the values of A’(z;b, c) and the right-hand side of
(2.5) at x = —b/2. We have to show that the two values agree. Now, the right-hand
side of (2.5) at z = —b/2 equals

),
(—1)et=age [ L 2le. (2.6)

=1

On the other hand, let us turn to the determinant A’(z;b,c), given by (2.3), eval-
uated at x = —b/2. In that case, the upper-right block becomes 2 times the ¢ x ¢
identity matrix, and the lower-right block becomes the (b— c¢) X ¢ zero matrix. Hence,

A'(=b/2;b,c) equals
(—1)°t=92¢ et ¢=b2\
e<ij<b \ \t —j+c¢

The evaluation of this determinant is given by Lemma 3 with X = ¢ — b/2. Thus we
obtain for A’(—b/2;b, c) exactly the expression in (2.6).

Now let b be even, and, hence, due to our assumption, also ¢ be even. In this case,
it is of no use to set x = —b/2 in (2.5), since both sides vanish for z = —b/2. Instead,
we compare A’(z;b,c¢) and the right-hand side of (2.5) at —b/2 + 1/2. Clearly, the
right-hand side at —b/2 + 1/2 equals

b—c (,; 1
(_1)c(b—c)2c H (Z + (52): g)c . (27)

Next, we turn to the determinant A’(z;b,c) evaluated at z = —b/2 4+ 1/2. For
convenience, we first add

3 (i_l ) - (row s of A'(x3b,¢))

torow i of A’(x;b,¢), i = c—1,c—2,...,0. Thus, making use of the Chu—Vandermonde
summation (see e.g. [6, Sec. 5.1, (5.27)]), the determinant is transformed into

(G esice
pendet STaTel NI (2.8)
1<0,cL )< c .
s rhe N (b c<i<b
1—J+c/: t—J+0b

c<j<b b<j<b+ec
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In this determinant we set z = —b/2 + 1/2. The effect is that the upper-right
block becomes 2 times the ¢ X ¢ identity matrix, while the lower-right block consists
of all zeros, except that the (c,b + ¢ — 1)-entry equals 1. Accordingly, we expand
the determinant along column b, then along column b+ 1, ..., finally, along column
b+ ¢ — 1. All these columns contain just one entry 2 and 0’s else, with the exception
of the last column, which contains two non-zero entries if b > ¢ > 0, i.e., if there
is a non-empty lower-right block. By that way, we obtain for our determinant the
difference

(_1)c(b—c)2c det ( <C _ b/2 + 1/2>)
e<i,j<b i—j+ec

c——b/2——1/2>

B L yelb—c)oge—1 ( i—Jj+c
X(b>e>0)- (=172 det | (C—b/2+1/2) i>c

1—j+c

(2.9)

Here, x(A) =1 if A is true and x(.A) = 0 otherwise.

The first determinant in (2.9) can be evaluated by means of Lemma 3 with X =
¢ —b/2 + 1/2, the second determinant is shown to equal 0 in Lemma 4. Thus we
obtain for A’'(—=b/2 4+ 1/2;b, c) exactly the expression in (2.7).

This completes the proof of Theorem 2. U

3. Auxiliary Lemmas. In this section we prove the auxiliary facts that are needed
in the proof of Theorem 2 in the previous section.

Lemma 1. Let b and c be nonnegative integers such that b > 2c. Then the product

c c+i b—cH+i
[[(=+ 5 Tt | (3.1)
i=1 b—c+[i/2]—[(c+i)/2] [(b+i)/2]— [ (b—c+i) /2]

divides A'(x; b, c), the determinant given by (2.3), as a polynomial in x.

Proof. Let us concentrate on some factor (z + e) which appears in (3.1), say with
multiplicity m(e). We have to prove that (z+e¢)™(€) divides A’(x; b, ¢). We accomplish
this by finding m(e) linear combinations of the rows of A’(z;b, ¢) (or of an equivalent
determinant) that vanish for x = —e, and which are linearly independent. See the
Lemma in Section 2 of [11] for a formal proof of the correctness of this procedure.

We have to distinguish between four cases, depending on the magnitude of e. The
first case is ¢/2 < e < ¢, the second case is ¢ < e < b/2, the third case is b/2 < e < b—ec,
and the fourth case is b—c<e < b—c¢/2.

Case 1: ¢/2 < e < c¢. By inspection of the expression (3.1), we see that we have to
prove that (z + e)™(©) divides A’(z;b, c), where

m(e)—{ (2e — ¢) c/2<e<(b—c)/2 (3.2)

|l (2e—c¢)+(2e+c—b) (b—c)/2<e<c
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Note that the second case in (3.2) could be empty, but not the first, because of b > 2¢.

The term (2e — ¢) in (3.2) is easily explained: We take (z + e) out of rows b+ ¢ —
2e,b+c—2e+1,...,b—1 of the determinant A’(x; b, c). It follows from the definition
(2.3) of A’(z;b,c) that the remaining determinant is

( T+c 9 20 +0b \ 0<i
i—j+e : i—j+b ste

z+c 2z + b cich 0
det i—j+c : i—j+b est<be—ze

0<i<hy e j<bape| 7T s

(z+e+1)e ;2@x+2e+1n46
(i—j+c) (1—7+0b)! b+c—2e<i<b
\ X(@—i+J+Depi—j1:XQ2x =i+ J+ 1)2epi—j1

c<j<b b<j<b+c

(3.3)

which we denote by A;(z;b,c,e). Obviously, we have taken out (z + e)2¢=¢. The
determinant A, (z; b, ¢, e) has still entries which are polynomial in z. For, it is obvious
that the entries in rows ¢ = 0,1,...,b 4+ ¢ — 2e — 1 are polynomials in x, and for
1 > b+c—2e we have: c—e > 0 by assumption, e+i—j—1 > b+c—e—j—1>c—e >0
if j <b,b—2e > b—2c > 0 by our assumptions, and 2e+i—j—1>b+c—3535—1>0
if j < b+ c. This explains the term (2e — ¢) in (3.2).

Now let e > (b —¢)/2. In order to explain the term (2e + ¢ — b) in (3.2), we claim
that for s =0,1,...,2e4+c—b— 1 we have

b§-8(_1)b+c+e+i+s+1(b+c—2e—i— 1)! (b‘—e—i— H!

(2e —25s—2)! (b—i—s—1)!
(e—s—1)! (2e—c—s—1)!

' (b—2e—1i+s)!

1=0

. (row i of Aq(—e;b,c, e))
b+c—2e— )
+ +i 12(—1)b+c+z‘(b+c_2e_i_1)! (e—s—1)
i=b—e (=b+e+1)! (2e —2s —2)!
2e—c—s—1)! (2e—b+i—s—1)! :

b—s—1 .
n zs: (I—-b—c+2e+1)p—i—s—1(l—€+8)p—i—s—1

(b —1—8— 1)' (2 — 2e + 23)b—i—s—1
. (row i of Aqi(—e;b,c, e))

= 0. (3.4)
Note that these are indeed 2e + ¢ — b linear combinations of the rows, which are

linearly independent. The latter fact comes from the observation that for fixed s the
last nonzero coefficient in the linear combination (3.4) is the one for row b — s — 1.

1=b+c—2e
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Because of the condition s < 2e4+c—b—1, we have b—2e+s < ¢—1, and therefore
the rows which are involved in the first sum in (3.4) are from rows 0, 1, ..., c—1, which
form the top block in (3.3). The assumptions e < ¢ and 2¢ < b imply b — 2e + s > 0,
and so the bounds for the sum are proper bounds. Again using the assumptions b > 2¢
and ¢ > e, we infer b — e > ¢, and therefore the rows which are involved in the second
sum in (3.4) are from rows ¢,c+ 1,...,b+ ¢ — 2e — 1, which form the middle block
in (3.3). The bounds for the sum are proper, since e < ¢ (including the possibility
that ¢ = e, in which case the second sum in (3.4) is the empty sum). Finally, because
of the condition s > 0, we have b — s — 1 < b — 1, and therefore the rows which are
involved in the third sum in (3.4) are from rows b+ ¢ —2e,b+c—2e+1,...,b—1,
which form the bottom block in (3.3). Clearly, the bounds for the sum are proper
because of s < 2e+c—b—1<2e—c—1. It is also useful to observe that we need the
restriction (b—c¢)/2 < e in order that there is at least one s with 0 < s < 2e4+c—b—1.

Hence, in order to verify (3.4), we have to check

b—2 ' '

(2e —2s—2)! (b—i—s—1)!
(e—s—1)! (2e—c—s—1)!< c—e )

b—2e—1i+s)! 1—J+c
(

=0

b—s—1 )
+ i (_1)e+i+j+1 (1 —b—c+2e+ Z)b—i—s—l (1 —e+ S)b—i—s—l

(b —7—5— 1)' (2 — 2e+ 28)b—i—s—1

i=b+c—2e
(c—e)l (e+i—j—1)
(t—j+co)

which is (3.4) restricted to the j-th column, j = ¢,c+1,...,b — 1 (note that all the
entries in rows b—e,b—e+1,...,b+ c—2e — 1 of Ay(—e;b,c,e) vanish in such a
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column), and

b_ie:ﬂ (—1)bFeteritetl btec—2e—i-1l(b-e—-i-1)
(2e —2s—2)! (b—i—s—1)!

(e—s—1)!(2e—c—s—1!_( b—2e
' (b—2e—i+s)! 2<i—j+b>

1=0

+f“§%*2Gdfﬂﬁ@+m—ae—i—n!@—s—1y
(=b+e+1i)! (2e — 25 — 2)!
(2e—c—s-1D!'(2e-b+i—s—-1)!( b—2e
b—i—s_1) i—j+b

i=b—e

+ b_zsfl 2 (—1)"HH (I—b—ct2etipis1(l—ets)isn
i=b+c—2e (b —i—5- 1)' (2 —2e+ 28)1)_1:_8_1
(b—2e)! (2e+i—j—1)!
(i—j+0b)
o, (3.6)

which is (3.4) restricted to the j-th column, j =b,b+1,...,b+c— 1.

We start by proving (3.5). We remind the reader that here j is restricted to
¢ < j < b. The two sums in (3.5) can be combined into a single sum. To be precise,
the left-hand side in (3.5) can be written as

lim
§—0

b—s—1
e+itj+1 (c—e)!(1+6)e i—j—1
(E:(_D+++(%d+mﬂ®—iis—D!

1=j—c

(I—-b—c+2e+d+0)p—i—s—1(1—e+0+8)p—i—s—1
. . (3.7)
(2 —2e+0+ 28)1)_1'_3_1

In terms of the usual hypergeometric notation
o
A1y...,0r (al)k"‘((l,,-)k k
F, 12| = z"
r s[bl,...,bS } kz:;)k!(bl)k"'(bs)k

where the shifted factorial (a)g is given by (a)g := ala+1)---(a+k —1), k > 1,
(a)o := 1, as before, this sum can be rewritten in the form

lim

((_1)c+e+1 (De—e (1 =b—2c+2e+0+ j)b—l—c—j—s—l (1-e+d+ 3)b+c—j—s—1
6—0

(1)b+c—j—s—1 (_C +e+ 5)6—6-{—1 (2 —2e+0+ 2('S)b—}-c—j—s—l
1—b—2c+2e+d0+j,1—-b—c+e—0+7 ’

X3Fz[—c+e+5,—b—c+2e—6+y—s’l—b‘””s'l]).
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The 3 F»-series can be evaluated by means of the Pfaff-Saalschiitz summation (cf. [13,
(2.3.1.3); Appendix (IIL.2)]),

A,B,—n ] (C—A),(C—-DB),
C,1+4A+B-C—-n""| (C)(C—-A-DB),’

V) (3.8)

where n is a nonnegative integer. We have to apply the case where n = b+c—j—s—1.
Note that this is indeed a nonnegative integer since j < b —1 and s < ¢ — 1. The
latter inequality comes from the assumption e < ¢ and the inequality chain

s<2+c—b—1<2e—c—1<e-1. (3.9)
Thus we obtain, after some simplification, the expression

lim
0—0

(_1)c+e+1 (l)c—e (1 —b—cte+ j)b—l—c—j—s—l (1 —c+ 26+ 5)b+c—j—s—1
(1)b+c—j—s—1 (_C +e+ (S)c—e—}-l (2 —2e+6+ 25)b+c—j—s—1

for the left-hand side in (3.5). This expression vanishes because of the occurence of
the term

l-—b—c+e+j)ote—js—1=(1—b—c+e+j)2—-b—c+e+j) - (e—s—1)

in the numerator. For, we have 1 —b—c+ e+ j <0,sincee<cand 7 <b—1, and
we have e — s — 1 > 0, thanks to (3.9). This establishes (3.5).

Now we turn to (3.6). We remind the reader that here j is restricted to b < j < b+c.
To begin with, we make the similar observation as before that the three sums on the
left-hand side of (3.6) can be combined into a single sum. Here, the left-hand side in
(3.6) can be written as

lim

6—0

b—s—1
i+j+1 (b—2e)!(1+6)26 i—j—1
( D S S |} FBy sy

i=j—b

(I—-b—c+2e+d+i)p—i—s—1(1—€e+0+8)p—i—s—1
: . (3.10)
(2 —2e+0+ 25)b—i—s—1

In hypergeometric notation, the sum can be rewritten as

lim
6—0

o(=1)+1 (Dp—2e (1 =2b—c+2e+06+j)op—j—s—1(1 —e+ 6+ 8)ap—j_s—1
(D2p—j—s-1(=b+2e+0)p—2e+1 (2 — 2+ + 28)2p—j—s-1

X3F2[—b+2e+(5,—2b+26—5+j—3,1—2b+j+s.1]>.

1-2b+e—6+75,1—-2b—c+2e+6+75

To this 3 F>-series we apply one of Thomae’s 3 Fy-transformation formula (cf. [1, Ex. 7,
p- 98])

2 A,B,C.1 _ T(E)T(-A-B-C+D+E) A,—B+D,—C’+D_1
32| DE 7| TT(—A+E)I(-B-C+D+E)*?|D,~B-C+D+E’

(3.11)
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Thus we obtain

. (2(_1),,+1 (p_9e (1—2b—c+2e+045)ap_js1(1—e+8+8)ap ;o1
50 (Dap—j—s—1(—b+2e+8)p—2e+1(2— 2+ +25)2p—j—s5-1
F1-2b—c+2e+6+j)I(1+b—c—e)
Fl-b—c+j)I'1—c+e+9)

—b+26+6,1—e+s,e—6—3_1
1—-2b+e—60+j,1—c+e+9’

X 3y

for the left-hand side in (3.6). The 3F»-series in this expression terminates because of
the upper parameter 1 — e + s, which is a nonpositive integer thanks to (3.9). Hence
it is well-defined. The complete expression vanishes because of the occurence of the
term I'(1 — b — ¢+ j) in the denominator. For, we have 1 —b — ¢+ j < 0 and so the
gamma function equals co. This establishes (3.6), and thus completes the proof that
(x + e) divides A’(z;b, ¢) with multiplicity m(e) as given in (3.2).

Case 2: ¢ < e < b/2. By inspection of the expression (3.1), we see that we have to
prove that (z + e)™(©) divides A’(z;b, c), where

m(e):{c c<e<(b—c)/2 (3.12)

c+(2e4+c—=b) (b—c)/2<e<b/2

Note that the first case in (3.12) could be empty, but not the second.

We proceed in a similar manner as before. However, there is a slight deviation at
the beginning. Before we are able to extract the appropriate number of factors (z+e)
out of the determinant A’(x;b,c), we have to perform a few row manipulations. We
add row b — 2 torow b — 1, row b — 3 torow b — 2, ..., row ¢ to row ¢ + 1, in that
order. Then we add row b —2torow b— 1, rowb—3torow b— 2, ... ,row c+ 1 to
row ¢ + 2 (but not row ¢ to row ¢ + 1!), etc. Finally we stop by adding b — 2 to row
b—1,rowb—3torow b—2,..., row e — 1 to row e. The resulting determinant is

x+c 9 2z +b 0<i
i—j+e i—j+b ste
_det o (P c<i<e
0<i<b, c<j<b+c 11— + C . 11— + b -
............ (a:—i—e)(Qa:-l—b—c—i—e) i
\ 1—J+c t—J+0b ) -
c<j<b b<j<b+c

(3.13)
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Now we take (z+e) out of rows b—c,b—c+1,...,b—1, and obtain the determinant

det
0<i<b, c<j<b+c

T+ 2c+b—c+1
1—J+c 1—j+b
T+e 2r+b—c+e
1—J+c 1—J+0b
(z+e—c—i+j+1)ctija 2(2a:+ 2e+ 1)p_c_e
(i—7+c)! (i—j+0b)!
\ X(2$+€—C—’l:+j+1)c+e+¢_j_1)
c<j<b b<j<btec

0<i<e
c<i<e

e<i<b-—c

b—c<i<b

(3.14)

which we denote by Ay(z;b, ¢, e). Obviously, we have taken out (z+e)°. The remain-
ing determinant has still entries which are polynomial in z. For, it is obvious that the
entries in rows ¢ = 0,1,...,b — ¢ — 1 are polynomials in x, and for : > b — ¢ we have:
c+1—j—1>2b—35—-1>0if j<b,b—c—e>b—2e >0 by our assumptions, and
c+e+i—j—1>b+e—7—1>b+c—j75—12>0if 5 < b+ c. This explains the
term c in (3.12).

Now let e > (b—c¢)/2. In order to explain the term (2e + ¢ —b) in (3.12), we claim
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that for s =0,1,...,2e4+c—b— 1 we have

b—2e+s . .
Z+ (_1)b+c+e+i+5+1(b+c_26_2_1)! b—e—i—1)!
(2e —25s—2)! (b—i—s—1)!

1=0
e—s—1)!(2e—c—s—1)! ‘
( (b_)2£_i+s)! ) .(rowZOfAz(—e;b,c,e))
e—1 [/i—c ]
2¢e—b+i—s—1\(e—c—k—1)!
bt+e+s
+Z(192(_1) ( i—c—k ) El
i=c =0

(c+k—s—1!(e+k—s—1)!
(2e — 25 — 2)!

) . (row i of Ag(—e;b,c, e))

b—e—1 fe—c—1 .
itst1(2e—=b+i—s—1)! (c+k—-s=-1)! (e+k—s—-1)!
1 btitst1 (
2 ( 2, (D K (2 — 25— 2) (cte—brithk—s)

. (row i of Ay(—e;b,c, e))

+b_f1 e_il b+z+3+1(26—b+2—8—1) (c+k—s—1!(e+k—s—1)!
k! (2e—25s—2)! (c+e—b+i+k—2s)!

(i—b+e)! (2e — 25 —2)!
. (row i of Ay(—e;b,c, e))

+(_1)b+c+z~(b—c—z'—1)! (c—s—1)! (2e—b+i—s—1)!(b—i—s)i_b+e>

Z 1_b+c+2)bzs 1(1_b+e+z)bzsl
b—i—s—1)1(2e—b+1i—8)p—i—s—1

=0. (3.15)

- (row i of Ay(—e;b,c,e))

Again, note that these are indeed 2e 4+ ¢ — b linear combinations of the rows, which
are linearly independent.

Because of the condition s < 2e+c—b—1, we have b—2e+s < ¢— 1, and therefore
the rows which are involved in the first sum in (3.15) are from rows 0,1,...,¢— 1,
which form the top block in (3.14). The assumption e < b/2 guarantees that the
bounds for the sum are proper bounds. Clearly, the rows which are involved in the
second sum in (3.15) are the rows ¢,c+ 1,...,e — 1, which form the second block
from top in (3.14). The assumption ¢ < e guarantees that the bounds for the sum
are proper bounds, (including the possibility that ¢ = e, in which case the sum is the
empty sum). Because of the same assumptions, the rows which are involved in the
third and fourth sum in (3.15) are from rows e,e + 1,...,b — ¢ — 1, which form the
third block from top in (3.14). The assumption e < b/2 guarantees that the third
sum in (3.15) has proper bounds (including the possibility that e = b/2, in which
case the sum is the empty sum). Finally, because of the condition s > 0, we have
b—s—1<b-1, and therefore the rows which are involved in the fifth sum in (3.15)
are from rows b —¢,b—c+1,...,b— 1, which form the bottom block in (3.14). The
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bounds for this fifth sum are proper because s < ¢ — 1. This inequality follows from
the inequality chain

s<2%+c—b—1<b+c—b—1=c—1. (3.16)

Again, it is also useful to observe that we need the restriction (b — ¢)/2 < e in order
that there is at least one s with 0 < s<2e+c—b— 1.

Hence, in order to verify (3.15), we have to check

b_iﬂ (—1)bFeteritstt btec—2e—i-1l(b-e—7-1)
rar (2e—=2s=-2)! (b—i—s5—1)!
(e—s—1)!(2e—c—s—1)!( c—e
‘ 1
(b—2e—1i+s)! i—j+ec (3:172)

e—1 i—cC
; b—c—e\[/e—s—1
b+ct+e+i+k+s
S(Xe I I G

k=0
(le—c—k-—D(c—s-—1! (e+tk—s—1)! ( i—e )
(2e — 25 — 2)! i—j+c (3.17D)

+b_i1 efl(_l)b+i+s+1(2e—b+i—s—1)! (c+k—s—1)!(e+k—s—1)!
—~ k' (2¢ =25 —2)! (c+e—b+i+k—s)!

0
. NI
<z' -7+ c) (3.17¢)
b—c—1

—i—1D)(c—s—1)! (2e—b+i—s—1)(b—i—35s)ip
1b+c+z —C—1 1—b+e
+ Z ) (i—b+e)! (2e — 25— 2)!

i=b—e
0
. <Z o C) (3.17d)
b—s . ;
! (1 — b+c+z)b_i_3_1 (1 — b+€+7f)b—i—s—1 ctitj+1 1
+ b—i—s—1)!(2e—b+1i—8)p_ (=1) (i—j+c)
i=b—c ) b—i—s—1 J (3.176)

—0, (3.17f)
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which is (3.15) restricted to the j-th column, j =¢,c+1,...,b—1, and

b—2e+s . )
i:-l_ (—1)bretetitetl b+c—2e—i—1)!(b—e—i—1)!
P (2e—2s—2)1 (b—i—s—1)!
(e=s=1D!'(2e—c—s=1! [ b—2e
' 2 3.18
(b—2¢—i+s) i—j+b (3.18a)

e—1 i—c
; b—c—e\[fe—s—1
b+c+e+i+k+s
+§:<§:“4) Q—c—k)( k )

(le—c—k-Dl(c=s-1! (e+tk—s-1)! (i—i—b—c—Ze)
(2e — 2s — 2)! i—J+b (3.18b)

k' (2e —2s=2)! (c+e—b+i+k—s)!

i j .
b—c—1

~ evitb—c—i—1)(c—s—1)! (2e—b+1—5s—1)(b—17— 8)i_pte
* Z (_1)b++( 2 (i—b—)i-e()! (26—+2s—2)! M izt

—i—b_fl (G_Zc_l(_l)b+i+s+1(2€—b+i—5—1)! (c+k—s—1)! (e"‘k_s_l)!)

i=b—e
b—c—e
_(r_j+b) (3.184)
n bos1 (1 —b+c+ i)b—i—s—l (1 —b+e+ i)b—i—s—l

L b—i—s—1)!12e—b+1i—8)p—i—s—1

L 9(—1)etetititl b-c—eli-j+tcte-1) (3.18¢)
(1—j+0b) '

~o (3.18f)

which is (3.15) restricted to the j-th column, j =b,b+1,...,b+ ¢ — 1.

We start by proving (3.17). We remind the reader that here j is restricted to
¢ < j < b. Apparently, (3.17) is more complex than (3.5) or (3.6), so it is not
surprising that the arguments here are more complex than the arguments for proving
(3.5) and (3.6). It turns out that the five terms in (3.17) cannot be combined into one
term, as was the case for (3.5) and (3.6). Rather we will combine (3.17a), (3.17d), and
(3.17e) into one term, (3.19), then we will combine (3.17b) and (3.17c) into another
term, (3.24), and then show how to transform one of the two into the negative of the
other.

So, we claim that the sum of (3.17a), (3.17d), and (3.17e) equals

lim b_sil (I-b+tc—0+d)p i s 1(l=b+e+d+i)p s 1 5
50 db—i—s—1)1(2e—b+0+1—8)p—i—s—1 i—ite) ]

(3.19)

1=j—c
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It is straight-forward to check that (3.17e) agrees with the according part i = b —
e,b—c+1,...,b—s—1 of (3.19), and that (3.17d) agrees with the according part
i=b—eb—e+1,...,b—c—1of (3.19), and that the terms for i =b—2e+s+1,b—
2¢e+s+2,...,e—11in (3.19) vanish. It remains to be seen that (3.17a) agrees with
the according part i = j —¢,j —c+1,...,b — 2e + s of (3.19), which is not directly
evident.

In order to verify the last assertion, we replace ( e

. i—j+c
D i—jc (e-? +c) (677)- That the binomial equals the expansion is due to the Chu-
Vandermonde summation. Then we interchange sums over ¢ and £, and write the now

inner sum over ¢ in hypergeometric notation. This gives for (3.17a) the expression

) in (3.17a) by the expansion

b_2ze+s (_1)b+c+e+€+s+1( 0 ) (b+c—26—€—1)!(5—6_5_1)!(6_3_1)!

— 4 — — 2
e {—j+c (2e — 25 — 2)!

(c+2e—5s—1)! 1-b+4+s,—c+e,~b+2e+/l—s
F2 |

b—t—s—1)1(b—2e—L+s)° l-b—c+2e+4,1—-bt+e+L

The 3F>-series can be evaluated by means of the Pfaff-Saalschiitz summation (3.8).
Thus, the expression for (3.17a) simplifies to

b—2e+s
Z (—1)btetettiatl 0
L—j+c

l=j3—c
(et (btc—2e—L-1)I(b—e—L-1)! (e—s—1)
(2e =252 (b—4—s5—1)! (b—2e—L+38) (c— 8)p_2e—trs

Now it is straight-forward to check that this agrees with the part ¢+ = j —¢,7 —c+
1,...,b—2e+ s of (3.19).

Next we consider (3.17b) and (3.17c). We begin by replacing (Zi;ic) in (3.17b)
by the expansion 3 5_ e (e-? o) (:2%), the equality of binomial and expansion being
again due to Chu—Vandermonde summation. Then we interchange the summations
over i, k, £ so that the sum over £ becomes the outer sum and the sum over ¢ becomes

the inner sum, and write the sum over ¢ in hypergeometric notation. This gives

ez_:l (—1)bretethtits 0 e‘fl (e—c—k—1)!(c—s—1) (e+k—s—1)
arll l—j+c) = K (l—c— k)
(Ltb—eth—Orcrle—k—s) [-bte—k+Lll—e+!
' 2F .1
(2e — 25 — 2)! l—c—k+4 :

as an equivalent expression for (3.17b). The 5 Fj-series can be evaluated by the hy-
pergeometric form of the Chu—Vandermonde summation (see [13, (1.7.7); Appendix
(IIL.4))),

A, —n 1] (C—-A),

2F1 [ C ; = W, (320)
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where n is a nonnegative integer. In the resulting inner sum over k we reverse the
order of summation, i.e., we replace k by e —c — 1 — k, and then write the (new) sum
over k in hypergeometric notation. We obtain the expression

§ (_1)b+£+s+1 0 (c—s—1)1'(<2e—c—5—2)!(1+c—8)e_c_1
t=j—c L—j+c (e—c—1)!(2e — 25— 2)!
_3F2[1—b+c+€,1,1+c—e_1].

24+c—2e+s,14+c—s’

To the 3Fs-series we apply another of Thomae’s transformation formulas (see [3,

(3.1.1)]),

A,B,—n;l] _ (-B+E), —n,B,—A+ D 1] ’ (3.21)

3F2[ D,E = (B 3F2[D,1—|—B—E—n;

where n is a nonnegative integer. We have to apply the case where n = e — ¢ — 1.
Because of our assumption ¢ < e this is indeed a nonnegative integer, except if e = c.
So, let us for the moment exclude the case e = c. After little manipulation, application
of (3.21) yields the following expression for (3.17b):

e—1
Z (_1)b+e+s+1 0
L—j+c¢c

l=j—c

_e_fl(e—k—s—2)! 2e—c—k—s—2)!(2e—b+£{—Fk—s)g

(e—c—k—-1)! (2e — 25 —2)! (3.22)

k=0

This expression is equal to (3.17b) for e = ¢ as well since in that case both expressions
are zero due to empty summations over k. So, in all possible cases (3.22) is equal to
(3.17b).

The inner sum over £ in (3.22) is exactly the same as the inner sum over & in (3.17c)
when the order of summation is reversed, i.e., when k is replaced by e —c — 1 — k.
This shows that (3.17b) and (3.17c) can be combined into the single expression

b—fl (e—fl(_l)b+i+s+l(c+k—3—1)! (e+k—s—1)!

— k!

1=j—c

(c+e—b+i+k—s+1)e—c—t-1 0
(2e — 25 — 2)! i—j+c

), (3.23)

which of course equals

e_fl (—1)bHiHets L (ctk—s—D!(etk—s—Dl(e—btj+k—s+1D)ec k1
k! (2¢ — 25 — 2)! ’

(3.24)

k=0
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since the binomial in (3.23) is 1 only for ¢ = j — c and 0 otherwise. In this regard, it is
important that the range of summation over i in (3.23) is in fact not empty (so that
the term for i = j — ¢ does indeed occur in the sum (3.23); otherwise, the previous
conclusion would have been wrong) because for (3.17) we are considering a j with
j<b-1.

Our computations so far allow the conclusion that, in order to establish (3.17), we
have to show that (3.19) and (3.24) add up to zero.

In order to see this, we start with the expression (3.19). In the sum over i, we
reverse the order of summation, i.e., we replace ¢ by b — s — 1 — ¢, and then write the
new sum in hypergeometric notation, to obtain

) ; 1 —6)pte—js—2
1 -1 b+c+j+s ( +c—3j—s
ﬁ%(() btc—yj—s—1)

X3Fg[

1—b—c+j+s,1—c+(5+s,1—e—(5+s_1
2—b—c+d6+j+58,2—2e—0§+2s ’ '

To the 3F>-series we apply yet another of Thomae’s transformation formulas (see [13,
(2.3.3.7)]),
7 A,B,C_1 _ r'D)r'(EYI'(-A-B—-C+D+FE)
2| DE 7| TT(B)T(-A-B+D+EI(-B-C+D+E)
-B+D,-B+E,-A-B—-C+D+E
XJ% "A-B+D+E,-B-C+D+E J] (3.25)

Thus we obtain

lim

(_1)b+c+j+s (e = )pte—j—s—1 (1 = 0)bto—j—s—2
6—0 (1)

bte—j—s—1(c—0—8)p—j_1 (-1 —c+2e+J—5)cs

X3F2[1+c—2e—2(5+s,1+c—e,1—b+j;1]) (3.26)

24+c—2e—0+s8,2—-b—e+j+s

as an equivalent expression for (3.19), after some simplification. The zF»-series in
this expression is terminating because of the upper parameter 1 — b + j, which is a
nonpositive integer due to 7 < b — 1, so the 3F,-series is well-defined. The complete
expression vanishes for e = ¢ because of the occurence of the term (e — ¢)pyc—j—s—1
in the numerator, for, we have b+c—j—s—1 > 0since j < b—1 and s < ¢ (cf.
(3.16)). As we did already once, let us for the moment exclude the case e = c.

Next, to the gFy-series in (3.26), we apply the transformation (3.21) (with n =
b — j — 1, which is indeed a nonnegative integer as we noted just before), obtaining

lim [ (—1)bFTetits (e = C)pte—j—s—1 (1 —0)byc—j—s—2
50 (Dpte—js—1(c—0 —8)p—j—1 (2e —c+d—s— 1)

X

(1-b—c+j+s8)p—j I 1-b+j,1+6,14+c—e q
(2—b—e+j+s)b_j_13 2l24¢c—2—6+s,1+c—s’ ’
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and apply (3.21) once more (here we need that e — ¢ — 1 is nonegative, which is only
the case if e > ¢), obtaining

lim

((_1)b+c+j+s (6 — c)b—l—c—j—s—l (1 - 6)b+c—j—3—2
6—0

(1)b+c—j—s—1 (1 +c— S)e—c—l
(c—=6—8)e—c—1(1—b—c+j+5)p—j-1
(c=6—5)p—j—1(2e—c+0—5—1)cs(2—b—e+j+5)p—j-1

1—i—c—e,1+(5,1—i—b-i-c—2e—(5—j—i—s.1
24+c—2e—0+s,2—e+d+s ’ )

X

X 3k

Now we write the 3 Fs-series explicitly as a sum over k£ and perform the termwise limit
0 — 0. This gives, after some simplification,

e_fl(_l)b+j+c+3(e_k_s_2)! 2e—c—k—s—2)(2e—b—c+j—k— )
(e—c—k—1)!(2e — 25 —2)! ’

k=0

which is exactly the negative of the sum (3.24) in reverse order, i.e., with k replaced

by e —c—1—k. Hence, the expressions (3.19) and (3.24) add up to zero. This is also

true for e = ¢, since, via (3.26), we saw that in that case (3.19) vanishes; and so does

(3.24) because of the empty summation over k. This establishes the equation (3.17).

Now we turn to (3.18). We remind the reader that here j is restricted to b < j <
b+ c. We pursue a similar strategy. We combine (3.18a), (3.18d), and (3.18e) into
one term, and we combine (3.18b) and (3.18c) into another term. Here, it turns out
that each combination itself is already zero.

In the same way as before, it is seen that the sum of (3.18a), (3.18d), and (3.18e)
equals

lim
§—0

b_i12 (L—b+c—06+i)pi—s1(l—bte+6-+i)pis1(d+b—c—e
db—i—s—1)(2e—b4+d+1— 8)p—i—s—1 t—7J+b ’
(3.27)
This follows by using the same arguments as those that showed that the sum of
(3.17a), (3.17d), and (3.17e) equals (3.19), the only deviation is that (i_?+c) has to
be replaced by (IZ:JC:LZ) everywhere. Actually, the term (3.18d) need not be considered
since it vanishes because b — ¢ — e < i — j + b, and therefore the binomial in (3.18d)
vanishes. The inequality is a consequence of i > b—e in the sum (3.18d) and j < b+c.

Now we write the sum in (3.27) in hypergeometric notation,

i=j—b

lim (2 (1—2b+c—0+j)av—j-s—1(1 —2b+e+3d+j)ow—j—s—1
6—0

0 (1)Zb—j—s—1 (_2b +2e+0+7— S)2b—j—s—1

—2b+26+(5+j—s,l—2b+j+s,—b+c+e—(5'1
1—-2b+c—6+7,1—2b+e+0+7 ’ )

X3F2|:
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and then apply the transformation formula (3.11), to get

lim

(2 (I1-2b+c—05+7)wj-s—1(1—2b+e+ 0+ j)av—j—s—1
6—0

0 ()ap—js—1(—2b+2e+ 5+ 7 — 8)ap—j—s—1
F1+b—2)T(1—-2b+e+6+7)
'1—b+6+j—95)I'1—e+s)

_2b+2e+(5+j—s,c—é—s,l—b—e-l—j_l])
b bl

Xaba ol l—b+o+j—s

The 3 Fs-series in this expression terminates because of the upper parameter 1—b—e—+j,
which is a nonpositive integer since j < b+ ¢ < b+ e. Hence it is well-defined. The
complete expression vanishes, because of the occurence of the term I'(1 — e+ s) in the
denominator. For, we have 1 — e + s < 0, thanks to (3.16) and the assumption ¢ < e,
and so the gamma function equals oco.

Hence, the sum of (3.18a), (3.18d), and (3.18e) vanishes.

Second, in the same way as before, it is seen that the sum of (3.18b) and (3.18¢)
equals

b_i_l (e_c_l (—1)pritet (c+k—s—1)!(e+k—s—1)
k!

i=j—b \ k=0

(c+e—b+i+k—s+1)e—cp-1\[b—c—e
(2e — 25 — 2)! 1—J+b

>. (3.28)

Similarly to before, the only change to be made in the arguments that showed that
the sum of (3.17b) and (3.17c) equals (3.23) is to start by replacing the binomial

(itb__ji_bk) in (3.18b) by the expansion Zé: b (Z:?IZ) (:z) (which is the substitute

of replacing the binomial ( e ) in (3.17b) by some expansion), and in the subsequent

i—j+c
. . . 0 b—c—
calculation replace the binomial (e_j +c) by ( e-? +§) everywhere.
Now, of course, we cannot argue that the sum over 7 in (3.28) consists of just a
single term, as opposed to (3.23), where we were could derive the expression (3.24)

accordingly. However, we may rewrite (3.28) in the slightly fancier fashion

b—c—1 fe—c—1
) privse1(c+k—s—=1)! (e+k—s—1)!
(3 (3 e

i=j—b \ k=0
((5—|—c—|—e—b+i+k—s—|—l)e_c_k_l) (b—c—e))

(2e — 2s — 2)! t—J+b

interchange the sums over ¢ and k, write the now inner sum over ¢ in hypergeometric
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notation,

lim

6—0

(e—i—l(_l)j+s+1(c+k—s—1)!k!(e+k—s—1)!

k=0
(0+c+e—2b+j7+k—5+1)e—c—k-1

: F
(2¢ — 25 — 2)! 2t

0—2b+2e+j—s,-b+tc+e,
0—2b+c+e+j+k—s+1" ’

and sum the o Fy-series, using the Chu-Vandermonde summation (3.20) again, to get

lim
§—0

(e_f(—umﬂ (c+h—s—1)! (e +k—s—1)!

Pt k! (2e —2s — 2)!

. (I4+c—e+k)p—c—e(@+c+e—2b+j+k—5+1)e_cg_1 (3.29)
O+cte—20+j+k—5+ pce -

Each summand in the sum over k vanishes due to the occurence of the term
(I+c—e+k)pce=1+c—e+k)2+c—e+k)---(b—2e+k)

in the numerator. For, excluding for the moment the case e = ¢, we have 1+c—e+k <
0, because the summation index k is restricted above by e —c—1, and b—2e+ k > 0,
because in the current case we are assuming e < b/2. The above argument does not
apply when e = ¢, but in that case the sum in (3.29) is empty, and so is zero anyway.
Hence, the sum of (3.18b) and (3.18¢) vanishes, which, together with our previous
finding that the sum of (3.18a), (3.18d), and (3.18e¢) vanishes, establishes the equation
(3.18).
Thus, the proof that (x + e) divides A’(x;b, ¢) with multiplicity m(e) as given in
(3.12) is complete.
Case 3: b/2 < e < b—c. By inspection of the expression (3.1), we see that we have
to prove that (z 4+ )™ divides A’(z;b, c), where
c+b+c—2e) b/2<e<(b+c)/2
m(e) = { ( ) b2s ( )/ (3.30)
c (b+c0)/2<e<b-ec.

Note that the second case in (3.30) could be empty, but not the first.

To extract the appropriate number of factors (z 4+ e) out of the determinant
A'(z;b,c), we start again with the modified determinant (3.13). Again, we take
(. + e) out of rows b — ¢,b—c+1,...,b— 1, and obtain the determinant in (3.14),
which we denoted by As(z;b,c,e). Obviously, we have taken out (z + e)¢. Again,
the remaining determinant has still entries which are polynomial in 2. This has
to be argued here slightly differently than it was for Case 2. Sure enough, the
entries in rows ¢ = 0,1,...,b — c — 1 are polynomials in . For ¢+ > b — c we
have: c+1—j5j—-1>b—-—757—-1>0if 5 < b, b—c—e > 0 by assumption, and
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cte+i—j—1>b+e—j—1>e—c>b/2—c>0if j < b+ c. This explains the
term ¢ in (3.30).

Now let e < (b+ ¢)/2. In order to explain the term (b+ ¢ — 2e) in (3.30), we claim
that for s =0,1,...,b4+ c— 2e — 1 we have

2e—b+s ( 2e—b—1i+s

Z Z (—1)C+e+i+k+s+1 ( c—1—1 ) (2b—c—2e—s-1)!

, b+c—2e+k—s—1 k!
1=0

k=0
b—e—s—1! (c+hk—s—D(b—e+k—5—1)! ' .
(26— 2¢ — 25 — 2)! (20 — 2e + k — 25 — 1) (row i of Az(—e;b,¢,¢))

b+e+s(e—z—1) (b—e—s—1)!
i Z (b—c—2e+1)!

1=2e+c—b
(b—2e+1—5s—1)1(b—1i— S)p-—c—2e+i
(2b — 2e — 2s — 2)!

. (row i of Ag(—e;b,c, e))

b—c—1 . . .
erilb—c—i—Dl(c—s—1(b—2e+i—s—1)1(b—17—5);—e
> Q_DM”F (i—e) (2b—26—25—2)!

i=e

T~ ivst1(b—2e+i—s—D (c+k—s—1D(b—e+k—s—1)!
_qypits
* Z (=1) k' (20 —2e—25s—2)! (c—e+i+k—s)!

. (row i of Ay(—e;b,c, e))

k=0

b—s—1 .
(1—=btc+i)pi—s—1(1—e+i)p_i_s_1

+Z;c b—i—s—1)1(b—2e+i—8)p_i—s_1
= 0. (3.31)

Once more, note that these are indeed b 4+ ¢ — 2e linear combinations of the rows,
which are linearly independent.

Because of s < b+c—2e — 1, the rows which are involved in the first sum in (3.31)
are from rows 0,1,...,¢ — 1, which form the top block in (3.14). The assumption
e > b/2 guarantees that the bounds for the sum are proper bounds. Because of the
same assumption, the rows which are involved in the second sum in (3.31) are from
rows ¢, c+1,...,e—1, which form the second block from top in (3.14). The assumption
e < b — c guarantees that the bounds for the sum are proper bounds, (including the
possibility that e = b — ¢, in which case the sum is the empty sum). The rows which
are involved in the third sum in (3.31) are clearly the rows e,e+1,...,b—c—1, which
form the third block from top in (3.14). The bounds for the third sum are proper
because of the assumption e < b — ¢ (including the possibility that e = b— ¢, in which
case the sum is the empty sum). Finally, because of the condition s > 0, we have
b—s—1<b-—1, and therefore the rows which are involved in the fourth sum in
(3.31) are from rows b—c,b—c+1,...,b— 1, which form the bottom block in (3.14).
The bounds for this fourth sum are proper because s < ¢ — 1. This inequality follows
from the inequality chain

s<b4+c—2e—1<b+c—b—1=c—1. (3.32)

. (row i of Ag(—e;b,c, e))
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Again, it is also useful to observe that we need the restriction e < (b+ ¢)/2 in order
that there is at least one s with 0 < s<b+c¢—2e—1.
Hence, in order to verify (3.31), we have to check

2e—b+ 2e—b—1i+ .
ez ® N ZZ s (_1)c+e—|—i+k+s+1 c—1—1 (2b —c—2e—8— 1)'
P — b+c—2e+k—s—1 k!

b—e—s—D(c+tk—s—1)(b—e+k—s—1)! ( c—e )
(20 —2e — 25 —2)! (2b—2e+k — 25 —1)! i—j+c (3.33a)

+ Z b+e+s( i—l)!(b—e—s—l)!

—c = M
oo (b—c—2e+1)!

(b_2e+i_s_1)!(b_i_3)b—c—2e+i 1—e
(20 — 2e — 25 — 2)! i—j+c (3.33Db)

b—c—1 f/b—c—e—1 .
; b—2e+i—s—1)!(c+k—s—1)!
1 b+z+s+1(
* Z ( ’; (=1) k! (2b — 2e — 25 — 2)!

.(b—e—l—l-.ﬂ—s—l)!)(. 0 ) (3-33¢)

i=e

(c—et+i+k—s)!|J\i—j+c
+b§:1 b+c+z —e—i—1)(c—s—1) (b—2e+i—s—1)(b—1i—8)ie
(i—e)! (2b—2e — 25— 2)!
0
() ww
1—)+c
b—s—1

N Z (I—=b+ec+1)p_i—s—1(1 —c + ) p—i—s—1 (—1)eHi+i+_ 1
b—i—s—11(b—2e+1i—8)p—i—s—1 (i—j+c) (3.33¢)

=0, (3.33f)

1=b—c

which is (3.31) restricted to the j-th column, j =¢,c+1,...,b—1, and

2e—b+ 2e—b—i+ .
ez s © Zl 3 (_1)c+e+i+k+s+1 c—1—1 (2b —c—2e—5— ].)'
—~ — b+c—2e+k—-s—1 k!

(b—e—-s—Dl(c+k-—s-—1I(b—et+k—s—1)! 2( b—2e )
(20 —2e —25s—2)! (2b—2e+k —25s—1)! i—j+b (3.34a)

”25:1(1—b+c+ Dp—is—1 (1 — €+ 1)p_i_s_1
e b—i—s—1)1(b—2e+i—8)p_i-s_1
etetivir1(b—cCc—e z—j-l—c-l-e—l

=0, (3.34¢)
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which is (3.31) restricted to the j-th column, j = b,b+1,...,b+ ¢ — 1. Equation
(3.34) is indeed the restriction of (3.31) to the j-th column, j =b,0+1,...,b+c—1,
because all the entries in rows 2e +c—b,2e+c—b+1,...,b—c—1 of Ay(—e;b,¢,e)
vanish in such a column. For, due to the assumption b/2 < e, we have

i+b—c—2e<i—c<i—j+b,

therefore the entries (itb__j‘fﬁfe) inrows 2¢e +¢c—b,2e+c—b+1,...,e — 1 vanish in
such a column, and for ¢ > e we have
b—c—e<e—c<i—c<i—j+0b,

therefore the entries (?:;;g

We start by proving (3.33). We remind the reader that here j is restricted to
¢ < j < b. Our strategy consists of exhibiting that (3.33) is equivalent to (3.17) with
e replaced by b — e. Once this is done, the validity of (3.33) follows immediately.
(It should be observed that the ranges of parameters in (3.33) and in (3.17) with e
replaced by b — e correspond to each other perfectly: While in (3.33) the parameter
e is restricted to b/2 < e < (b+ ¢)/2, in (3.17) it is restricted to (b —¢)/2 < e < b/2,
which matches nicely under the replacement e — b — e. A similar match occurs for
the range of s.)

It is obvious that (3.33e) equals (3.17e) with e replaced by b — e, and that (3.33d)
equals (3.17d) with e replaced by b — e. On other hand, it is not immediate that the
sum of (3.33b) and (3.33c) matches with the sum of (3.17b) and (3.17c), and that
(3.33a) matches (3.17a), under the same replacement.

First, we show how to convert (3.33a) into (3.17a) with e replaced by b — e. We
replace (zf;f_c) in (3.33a) by the expansion ZZ:J._C (‘é:gii) (bz.__zee), the equality of
binomial and expansion being again due to Chu—Vandermonde summation. Then we
interchange summations over i, k, £ so that the sum over £ becomes the outer sum and
the sum over ¢ becomes the inner sum, and write the sum over ¢ in hypergeometric
notation. This gives for (3.33a) the expression

2ei+s c—bte 2e—b2—€+s(_1)b+e+g(2b—c—26—8—].)! (b—e—s—1)!
l—j+ec k! (2b — 2e — 25 — 2)!

) in rows e,e +1,...,b— ¢ — 1 vanish in such a column.

k=0
‘(c—l—k—s—l)! b—et+k—s—1)!(1—c+prc2etk—s—1
(26 —2e+k—2s—1)! (b+c—2e+k—s—1)!
2e—b,b—2e+k+L—5s
l—c+/? ’

l=j—c

- o Fy 1

The oF;-series can be evaluated by the hypergeometric form (3.20) of the Chu—
Vandermonde summation. In the resulting expression we write the sum over k in
hypergeometric notation, and obtain

2ei+s c—b+e (_1)C+e+g+s+1(2e+c—b—é—1)!(21)—0—26—8—1)!
L—j+c (2b — 2e — 25 — 2)! (2b — 2e — 25 — 1)!

l=j—c

(b—e—s—1) b—e—sb—2e+{L—s

: 1
(2e—b—t+s)° 1 2 — 2e — 2s )
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Again, Chu—Vandermonde summation (3.20) can be applied. After some simplifica-
tion, this gives the expression

2ei+s (C —b+ e) (—1)C+e+e+s+1 (2etc—b-L-1)(2b—c—2e—5s—1)!

e L—j+c (b—L—s—1)(2b—2e—2s—2)!

(b—e—s—1)!(e—£—1)!
(2e —b— L+ s)! ’

which is exactly (3.17a) with e replaced by b — e.

Now we turn to the relation of (3.33b)+(3.33c) and (3.17b)+(3.17c). In order to
simplify matters, we make use of the fact that the sum of (3.17b) and (3.17¢) equals
(3.23), as was shown in the proof of (3.17). It is apparent that (3.33c) matches with
the part i = e,e+1,...,b— c— 1 of (3.23) with e replaced by b — e. So, it remains
to be seen that (3.33b) matches with the remaining part i = j—c¢,j—c+1,...,e—1
of (3.23), under the same replacement.

In order to verify the last assertion, we replace (zi;j-c) in (3.33b) by the expansion
Z;: j—c (2_2 +C) (z:j) That the binomial equals the expansion is once again due to
the Chu—Vandermonde summation. Subsequently, we interchange sums over ¢ and /.
In the now inner sum over #, we reverse the order of summation, i.e., we replace ¢ by
e — 1 — ¢, and then we write the new sum over ¢ in hypergeometric notation. This

gives for (3.33b) the expression

= 0 so1(b—e—s—2) (b—e—s—1)!
e;c <£—j+c)(_1)b+£+ ' b—c—ec—1)

(1+b—€e—8)p—c—e-1 l—e+/£4,1,1—-b+c+e q (3.35)
(26—2e—25s—2)! > ?|2—-b+e+sl+b—e—s | ’

To the 3F5-series we apply, once again, the transformation formula (3.21). We need
to apply the case where n = b — c— e — 1. Due to our assumption e < b — ¢, this is
indeed a nonnegative integer, except if e = b — c. So, let us for the moment exclude
the case e = b— c. After little manipulation, application of (3.21) to (3.35) yields the
following expression for (3.33b):

ez_i (b_ez_f_l (_1)b+i+s+1 (C+ k—s— 1)' (b —e+k—s— 1)‘
k!

i=j—c k=0

. (C—6+i+k—3+1)b_c_e_k_1 0
(2b — 2e — 25 — 2)! i—j+c)

This is exactly the part i = j—¢,j—c+1,...,e—1 of (3.23) with e replaced by b—e.
In the excluded case e = b — ¢, (3.33b) and the part i = j —¢,j —c+1,...,e—1 of
(3.23) with e replaced by b — e are also in agreement, since both expressions vanish
in that case, due to an empty summation over 4 in (3.33b) and an empty summation
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over k in (3.23) with e replaced by b — e. Hence, in all cases, we have established the
equality of (3.33b) and the part i = j—c¢,j —c+1,...,e—1 of (3.23) with e replaced
by b — e. Therefore, in all cases, the sum of (3.33b) and (3.33c) is equal to the sum
of (3.17b) and (3.17c) with e replaced by b — e.

This completes the argument that (3.33) is equivalent to (3.17) with e replaced by
b — e, and so establishes the equation (3.33).

Now we turn to (3.34). We claim that the two sums in (3.34) can be combined
into one term,

lim
0—0

b—s—1
Z g (—1)cHeriHitL (b—c—e)l (14 6)ererij1
b+i—jgN(b—i—-s—1)

i=j—b

(I—=b+c+0+i)p—i—s—1(1—€e+d+1)p—i—s—1
(b —2e+d0+1— S)b—i—s—l ) (336)

It is obvious that (3.34b) agrees with the according part i = b—c,b—c+1,...,b—s—1
of (3.36). It is also straight-forward to check that the terms for i = 2e—b+s+1,2e—
b+s+2,...,b—c—11in (3.36) vanish. It remains to be seen that (3.34a) agrees with

the according part i =j —b,j —b+1,...,2e — b+ s of (3.36).
b—2e
. i—j+b
> b (2:;3) ($~7), again making use of the Chu—Vandermonde summation. Then
we interchange summations over i, k, £ so that the sum over £ becomes the outer sum
and the sum over ¢ becomes the inner sum, and write the sum over 7 in hypergeometric

notation. This gives for (3.34a) the expression

In order to verify the last assertion, we replace ( ) in (3.34a) by the expansion

2e—b+s L 2e—b—~{+s o e V(D o e 1)
Z (b c e) Z 2(_1)b+e+g(2b c—2e—s—1DI(b—e—s—1)!

oty \L—atb k!'(2b — 2e — 25 — 2)!

k=0
(c+k—s—1DIb—e+k—s—1)1—cH+Dprc—2etk—s—1
(26 —2e+k—2s—1)!(b+c—2e+k—s—1)!
e—c,b—2e+k+Ll—s
l1—c+/ ’

<oy 1.

We sum the oFj-series by means of the hypergeometric form (3.20) of the Chu-
Vandermonde summation, and in the resulting expression write the inner sum over k
in hypergeometric notation, to obtain the expression

Qei-i-s (b —c- e>2 (—q)eterttstt (e—£L—=1l(c—s—1)!
2 L—7+b (2b — 2e — 25 — 2)!
(2b—c—2e—s—1)(b—e—s—1)! c—8s,b—2e+Ll—s
(2 —2e—2s— 1)l (2e—b—L+s) T 2-2-2s

1
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Another application of the Chu—Vandermonde summation (3.20) yields the expression

2e—b+s
Z (b—C—6)2(_1)c+e+e+3+1(b—c—€—1)!(6—8—1)!

g —9¢ — 925 _2)!
Paynlt L—5+b (2b — 2e — 25 — 2)!

(c—s—DI(b—e—s—1)!
b—l—s—1)!(2e—b—L+s)!

for (3.34a). It is now straight-forward to check that this sum is equal the according
part i=j—b,j—b+1,...,2e — b+ s of (3.36).

So, in order to prove (3.34), we need to show that (3.36) vanishes. To accomplish
this, we write the sum in (3.36) in hypergeometric notation,

lim
6—0

92 (_1)b+c+e+1 (1)b—c—e (1 + 5)b—|—c+e—1
(1)2p—j—s—1

" (1-2b+c+0+7)w—j—s—1(l—b—e+d+j)ap—j_s—1
(24047 — s)ap—j—s—1
_b+c—|—e+5,—26—|—(5—|—j—s,1—2b—l—j—{—s.1])

x 3k 1—2%4ctd4+jl—-bectdtj ’

and to the 3Fy-series apply the Saalschiitz summation (3.8). We have to apply the
case where n = 2b — j — s — 1, which is indeed a nonnegative integer because of the
inequality chain

2b—j—s—1>b—c—s>c—s>1,

the last inequality being due to (3.32). Thus, we obtain for (3.36) the expression

lim

(2 (_1)b+6+e+1 (1)b—c—e (1 + 5)c+e—b—1 (1 —b—e+ j)2b—j—s—1
6—0

(Da2b—j—s—1(—2e+ 0+ J — 8)2p—j—s-1

. (1-b—e+d+j)a—js—1(1—2b+c+2e+ s)ap_j_s_1
(1—b+6—5+8)2b_j_3_1 )

This expression is indeed zero, because of the occurence of the term
l1-b—e+j)op—js—1=(1-b—e+j)2-b—e+j)---(b—e—s—1)

in the numerator. For, we have 1 —b—e+j < —e+4+¢ <0, and we have b—e—s—1 >
—c+ e > 0. This establishes equation (3.34).

Thus, the proof that (z + e) divides A’(x;b, ¢) with multiplicity m(e) as given in
(3.30) is complete.

Case 4: b—c < e < b—c/2. By inspection of the expression (3.1), we see that we
have to prove that (z + €)™ divides A’(z;b, ¢), where

m(e)_{(2b—2e—c)+(b+c—2e) b—c<e< (b+c¢)/2

L (26— 2e—¢) (b+c)/2<e<b-—c/2. (8:37)
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Note that the first case in (3.37) could be empty, but not the second, because of
b > 2c.

In order to explain the term 2b — 2e — ¢ in (3.37), we start with the determinant
(3.13) with e = b. (This determinant equals A'(z;b,c) as we showed by a few row
manipulations at the beginning of Case 2.) The choice of e = b has the effect that
the bottom block in (3.13) is empty. Now we take (x + e) out of rows 2e + ¢ — b, 2e +
c—b+1,...,b—1, and obtain the determinant

(o) e(E) ) esie

—-J+c —J+b
................. S S P |
N (ire) (D) esicarens
0<i<b, c<j<b+c :
(r+e+1)ic o 2z 4+ 2e+1)itp—c—2e
(i—j+c) (i—7+0b)! 2e+c—b<i<b

\ X(@—c+j+1etc—j1: X2z —c+j+1)2eqc—j1

c<j<b b<j<b+ec

(3.38)

which we denote by Asz(z;b,c,e). Obviously, we have taken out (z + e)2°=2¢=¢. The
remaining determinant has still entries which are polynomial in x. For, it is obvious
that the entries in rows ¢ = 0,1,...,2e + ¢ — b — 1 are polynomials in z, and for
1> 2e+c—b we have: 1—e > e+c—b > 0 by assumption, e+c—j7—1>e+c—b>0
ifj<b,i+b—c—2e>0,and2e+c—7—1>2¢e—b>b—2c>0if j <b+c. This
explains the term (2b — 2e — ¢) in (3.37).

Now let e < (b+¢)/2. In order to explain the term (b+ ¢ — 2e) in (3.37), we claim
that for s =0,1,...,b4+ c— 2e — 1 we have

2e—b+s ( 2e—b—i+s

Z Z (—1)C+e+i+k+s+1 ( c—1—1 ) 2b—c—2e—s—1)!

. b+c—2e+k—s5—1 k!
1=0

k=0

b—e—s—1D! (c+hk—s—D(b—e+k—5—1) _

' . £ Aaf—e:

(2b — 2e — 25— 2)1 (2b— 2e + k — 25 — 1) (row i of Az(—e;b,ce))

+ 2e+§:b_1 2(—1)°** etc—b-i-DI(2b-c=2e—s-D!(1-e+i)pis1
=€

b—i—s—1DI(b—2e+i—8)p—i—s—1

. (row i of Ag(—e;b,c, e))

b—s—1 . .
p—i—s—1(1+b—c—2e+1)p_j_s—1 (1 —e+i)p_i_s_1
+ > (-1

b—i—s—1)(b—2e+i—8)p—i—s—1
. (row i of Ag(—e;b,c, e))
= 0. (3.39)

i=2e+c—b



30 C. KRATTENTHALER AND D. ZEILBERGER

Once again, note that these are indeed b + ¢ — 2e linear combinations of the rows,
which are linearly independent.

Because of s < b+ ¢ — 2e — 1, the rows which are involved in the first sum in
(3.39) are from rows 0,1, ...,c—1, which form the top block in (3.38). The inequality
chain 2e — b+ s > b — 2c + s > 0 guarantees that the bounds for the sum are proper
bounds. Because of e > b — ¢ > ¢, the rows which are involved in the second sum
in (3.39) are from rows ¢,c+ 1,...,2e + ¢ — b — 1, which form the middle block
in (3.38). The assumption b — ¢ < e guarantees that the bounds for the sum are
proper bounds (including the possibility that e = b — ¢, in which case the sum is the
empty sum). Finally, because of the condition s > 0, we have b —s — 1 < b — 1,
and therefore the rows which are involved in the third sum in (3.39) are from rows
2e+c—b,2e+c—b+1,...,b—1, which form the bottom block in (3.38). The bounds
for this third sum are proper because of 2e +c—b < 2e —c < b—s— 1. Again, it is
also useful to observe that we need the restriction e < (b+ ¢)/2 in order that there is
at least one s with 0 < s<b+c¢—2e—1.

Hence, in order to verify (3.39), we have to check

2e—b 2e—b—1 .
ez+s © ZZ+S (_1)c+e+i+k+s+1 c—1—1 (2b —c—2e—s— 1)'
, bt+c—2e+k—-s5—1 k!

b—e—s—1) (c+k—s—1(b—e+k—s5—1)! c—e
 (2b—2e—25—2)! (2b—2e+k— 25— 1)! (i—j-l—c) (3.408)

b—s—1 ' '
4 XS: (—1)bretetitite (14+b—c—2e+i)p—i—s—1 (1l —e+i)p_i_s_1

b—i—s—1)(b—2e+i—8)p—i—s—1

1=2e+c—b
(t—e)l(e+c—j7—1)

' (i—j+c)
=0, (3.40¢)

(3.40D)

which is (3.39) restricted to the j-th column, j = ¢,c+ 1,...,b — 1, (note that
this is indeed the restriction of (3.39) to the j-th column, ¢ < j < b, since, due to

0<i—e<i—b+4c<i—j+ec, the entries (Zi;erc) inrowse,e+1,...,2e+c—b—1
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of Asz(—e;b,c,e) vanish in such a column), and

26§:+S 2 _iiﬂ (—1)cHetithtstl c—i1—1 (2b—c—2e—s—1)!
b+c—2e+k—-—s—1 k!

1=0 k=0

(b—e—s—D! (c+k—s5—1) (b—e+k—5—1)!>2< b—2e )
(3.41a)

(20 —2e —25s—2)! (2b—2e+k —25s—1)! i—j+b
+2e+czb ! 1)ets 2e+c—b—i—1)(2b—c—2e—s—DI(1—e+1)p_j_s—1
b—i—s—1)1(b—2e+i—8)p_is_1
1+b—c—2e
. 3.41b
("55") a1

b—s—1 . ]
—+ i (_1)b+c+i+j+3 (1 +b—c—2e+ Z)b—i—s—l (1 —e+ Z)b—i—s—l

b—i—s—1(b—2e+i—8)p_is_1

i=2e+c—b
(z+b—c—2e) (2e+c—j—1)!

(1—j7+0b)!
~0, (3.41d)

(3.41c¢)

which is (3.39) restricted to the j-th column, j =b,b+1,...,b+c— 1.

We start by proving (3.40). We remind the reader that here j is restricted to
¢ < j < b. We claim that the left-hand side of (3.40) can be written as

lim
6—0

b_il (—1)bHetetitits (b—e—s— DI +0)etej1
(i—j+)! (b—i—s—1)

1=j—c

(1 +b—c— 2e+(5+i)b_7;_3_1
. . (3.42
(b—26+(5+’é—8)b_i_5_1 ( )

It is apparent that (3.40b) equals the according part i = 2e + ¢ — b,2e + ¢ — b +
1,...,b—s—1of (3.42). It is also easy to check that the terms for i = 2e — b+ s +
1,2e—b+s+2,...,2e+c—b—11in (3.42) vanish. It remains to be seen that (3.40a)
equals the remaining part ¢ = j —¢,j —c+1,...,2e — b+ s of (3.42), which is not
directly evident.

In order to verify this last assertion, we replace (zf;jc) in (3.40a) by the expan-
sion Z;: e ( ef;j-c) (c;le), making again use of the Chu-Vandermonde summation.
Then we interchange summations over ¢, k, £ so that the sum over £ becomes the

outer sum and the sum over 7 becomes the inner sum, and write the sum over ¢ in



32 C. KRATTENTHALER AND D. ZEILBERGER

hypergeometric notation. This gives for (3.40a) the expression

2eib:+s ( l—e ) 26_§e+8(_1)c+e+k+g+s+1 (2b —c—2e—s— 1)' (b —€— 85— 1)'

— 9 |

e L—j+c = k!
(c+k—s—Dlb—e+k—s—1)(1-b+2e—k—L+ 8)prc2etk_s_1

(20 —2e—25s—2)1(2b—2e+k—2s— 1)1 (b+c—2e+k—s—1)!

'1Fo{b_2e+k+£_s;1  (3.43)

Clearly, because of the hypergeometric form of the binomial theorem (see [13, Ap-
pendix (IIL.1)]),

F[_] —(1-2)"

the 1 Fy-series in (3.43) is nonzero only if k¥ = 2e — b — £ + s, in which case it is 1.
Hence, we obtain for (3.40a) the expression

2e—b+s
Z (_1)b+c+e+1 L—e
{—j+c

l=j—c
(e—fL—-—1)(2e+c—b—L—-1)!(2b—c—2e—s—1D!(b—e—s—1)!
(20 —2e—2s—2)1(b—L—s—1)!(2e—b— L+ s)! )

It is now readily checked that this agrees with the part ¢ = j—c,j—c+1,...,2e—b+s
of (3.42).

Hence, in order to prove (3.40), we have to show that (3.42) vanishes. We do this
by writing the sum (3.42) in hypergeometric notation,

lim

((_1)b+e+s (b —€—=S5— ]‘)‘ (]‘ + 5)C+€_j_1 (]‘ + b B 2C B 26 + 5 + j)b+c—j_3_1
6—0

b+c—j—s—1!(b—c—2e+d+j—5)pte—j—s—1

X oF7

b—c—2e+6+j—s,1—b—c+j+s_1
1+b—2c—2e+d+7 ’ ’

and summing the 5 F}-series, once again, by means of the hypergeometric form (3.20)
of Chu—Vandermonde summation. We have to apply the case where n = b+c—j—s—1.
This is indeed a nonnegative integer, because of j < b—1 and because of the inequality
chain

s<bt+c—2e—1<b+c—20b—c)—1=3c—b—-1<c—1. (3.44)

Thus, we obtain for (3.42) the expression

lim (_1)b+e+s (b —€e—S8— 1)‘ (1 + 6)c+e—j—1 (]. —c+ S)b—i-c—j—s—l
50 b+tc—j—s—1(b—c—2e+64+7—8)btc—js—1]
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which does indeed vanish due to the occurence of the term

(1= e+ $)rosjoat = (L= ct8)2—c+8)e(b—j—1)
in the numerator. For, by (3.44) we have 1 —c+ s < 0 and we have b—j — 1 > 0.
This establishes the equation (3.40).

Finally, we turn to (3.41). We remind the reader that here j is restricted to
b <j<b+c. Weclaim that the left-hand side of (3.41) can be combined into the
single term

lim

b—s—1 .
( i 2(_1)b+6+i+j+s (c+2e—j—D)!(L+06)p—c—2e4i
6—0

=, G—j+b) (b—i—s—1)

(I+b—c—2e4+d+)p—i—s—1 (1 —e+0+19)p_j_s—1
. . (3.45)
(b—2e+d+1i—8)p—i—s—1

In fact, it is straight-forward to check that (3.41c) agrees with the according part
i=2+c—0b2e+c—b+1,...,b—s—1of (3.45), and that (3.41b) agrees with the
according part i = e,e+1,...,2e+ ¢ —b— 1 of (3.45). It is also easy to see that the
terms for i = 2e—b+s+1,2e—b+s+2,...,e—11n (3.45) vanish. That (3.41a) agrees
with the part ¢ = j—b,j—b+1,...,2e—b+s of (3.45) is proved in the same way as it
was proved before that (3.40a) agrees with the part i = j—c¢,j—c+1,...,2e—b+s
of (3.42). The only change to be made is to start by replacing the binomial (Z.b__j%fb)
in (3.41a) by the expansion Y ,_ b (e"'eb__j‘j;fe) (C;le) (which is the substitute of
) in (3.40a) by an expansion), and in the subsequent

1—j+c
. . . l—e +4+b—c—2e
calculation replace the binomial ( s +c) by ( P

So, in order to prove equation (3.41), we need to show that (3.45) vanishes. In
hypergeometric notation, the expression (3.45) reads

replacing the binomial (,°>°

) everywhere.

c+s (C+ 2e _j - 1)' (1 + 6)—0—26+j (1 —c—2e+0 +j)2b—j—s—1
(2b—j—s—1)!

§—0

lim (2(—1)

o (I—-b—e+6d6+j)aw—j—s—1
(—2e+d+j— 3)2b—j—s—1

ofy

—2e+d0+j—s5,1—2b+7j+s
. ;1] .
l—b—e+d+7

Clearly, we want to apply the hypergeometric form (3.20) of Chu—Vandermonde sum-
mation again, with n = 2b — j — s — 1. This is indeed a nonnegative integer because
of the inequality chain

2b—j—s—1>b—c—s>2e—2c+1>2b—4c+1>1.
Thus, we obtain for (3.45) the expression

hm 2(_1)c—|—s (C —|‘ 2@ — j — 1)' (1 —|— 5)—0—2e+j
50 2b—j—s—1)

X

(I—c—2e+6+j)oww—j—s—1(1—b+e+8)wm_j_s—1
(—26 + 0 +] - S)Qb_j_s_l
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This expression does indeed vanish, because of the occurence of the term
(1—-b+e+8)p—j_s—1=(1—b+e+s)(2—b+e+s)---(b+e—j—1)

in the numerator. For, we have 1 —b+e+s<c—e<2c—b<0andb+e—j7—1>
e — ¢ > 0. This establishes equation (3.41).

Thus, the proof that (z + e) divides A’(x;b, ¢) with multiplicity m(e) as given in
(3.37) is complete.

This finishes the proof of Lemma 1. O

Lemma 2. Let b and ¢ be nonnegative integers such that ¢ < b < 2c. Then the
product

H(H[C“D <x+[7b‘°‘+ﬂ) (3.46)
i1 2 1 beetfi/2—[(eti) /2] 2 [(b+i) /2]~ [(b—c+i) /2]

divides A'(z; b, c), the determinant given by (2.3), as a polynomial in x.

Proof. As in the proof of Lemma 1, let us concentrate on some factor (z + e) which
appears in (3.46), say with multiplicity m(e). We have to prove that (z + e)™(¢)
divides A’(z; b, c). As before, we accomplish this by finding m(e) linear combinations
of the rows of A’(z;b,c) (or of an equivalent determinant) that vanish for x = —e,
and which are linearly independent.

Also here, we have to distinguish between four cases, depending on the magnitude
of e. The first case is (b —¢)/2 < e < b — ¢, the second case is b — ¢ < e < b/2, the
third case is b/2 < e < ¢, and the fourth case is ¢ < e < (b+¢)/2.

Case 1: (b—c)/2 < e < b— c. By inspection of the expression (3.46), we see that
we have to prove that (z + ¢)™(¢) divides A’(z; b, c), where

m(e) = { (2e+c—0b) (b—c)/2<e<c/2 (3.47)
(2e+c—b)+(2e—c) c¢/2<e<b-ec.

Note that the second case in (3.47) could be empty, but not the first, because of

b < 2c.

The term (2e—c) in the (¢/2 < e)-case of (3.47) is easily explained: As in Case 1 of
the proof of Lemma 1, we take (z+e) out of rows b+c—2e,b+c—2e+1,...,b—1 of
the determinant A’(z;b, ¢) (clearly, such rows exist only if ¢/2 < e), and thus obtain
the determinant (3.3), which we denoted by A;(z;b, ¢, e). Also here, this determinant
has still entries which are polynomial in x. For, it is obvious that the entries in rows
1 =0,1,....,b+ c— 2e — 1 are polynomials in z, and for 7 > b + ¢ — 2e we have:
c—e>2c—b>0byour assumptions, e+i—j—1>b+c—e—j—1>c—e>0if
7 <b,b—2e>2c—b>0 by our assumptions, and 2e+i1—j—1>b+c—7—-1>0
if j < b+ c. This explains the term (2e — ¢) in (3.47).
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In order to explain the term (2e+c¢—b) in (3.47), we claim that for s = 0,1,...,2e+
c—b—1 we have

b_zze+s (—1)bretetitetl bte—2e—i-1I(b-e—i-1)
2 (26 =25 —2)! (b—i—s5—1)!
(e—s—1)!'(2e+c—b—s—1)!
(b—2e—i+s)!

- (row i of A1(—e;b,c,e))

min{b+c—2e—1,b—s—1}

(b+c—2e—i—1) (e—s—1)!
2(_1 b+c+1(
+ :Xb; (=1) (i+e—b)! (2e—25—2)
2 —b—s—1)! (2e—b+i—s—1)!
(2e+c (Z—i)—iil)‘+z s ).(rOWiOfAl(—e;b,c,e))
b—s—1 ;
(I-b—c+2e+i)ac—i—s—1(1 — €+ 8)p—i—s—1
> 2e —
+x(s > 2e C)i:b;_% b—i—s—1)1(2—2e+2s)p—i—s—1

. (row i of Ai(—e;b,c, e))
= 0. (3.48)

The notation in this assertion needs some explanation. Whereas the meaning of
Aq(x;b,c,e) is clear if ¢/2 < e, in the alternative case e < ¢/2 the symbol Ay (z;b, ¢, e)
stands for the original determinant A’(x;b,¢), in abuse of notation. (An alternative
way to see this is to say that Ai(x;b,c,e), in that case, is also given by (3.3), but
because of e < ¢/2 the bottom block is empty, and therefore the middle block ranges
over i =c¢,c+1,...,b—1.) As earlier, the truth symbol x(.) is defined by x(A) =1
if A is true and x(A) = 0 otherwise. So, the third sum in (3.48) only appears if
s> 2e—c.

Note that these are indeed 2e + ¢ — b linear combinations of the rows, which are
linearly independent. The latter fact comes from the observation that for fixed s the
last nonzero coefficient in the linear combination (3.48) is the one for row b — s — 1,
regardless whether s > 2e — ¢ or not.

Because of the condition s < 2e+c¢—b—1, we have b—2e+s < ¢—1, and therefore the
rows which are involved in the first sum in (3.48) are from rows 0,1,...,c— 1, which
form the top block in (3.3). The assumptions e < b—c and b < 2¢ imply b—2e+s > 0,
and so the bounds for the sum are proper bounds. Because of b — e > ¢, the rows
which are involved in the second sum in (3.48) are from rows ¢,c+1,...,b+c—2e—1,
which form the middle block in (3.3). The bounds for the sum are proper, since by
our assumptions we have

s<2e+4+c—b—1<e—1<b-—c—1<c¢c—1, (3.49)
and therefore b—e < b—s—1 and b—e < b+c—2e (including the possibility that ¢ = e,

in which case the second sum in (3.48) is the empty sum). Finally, because of the
condition s > 0, we have b — s — 1 < b — 1, and therefore the rows which are involved
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in the third sum in (3.48) (if existent) are from rows b+c—2e,b+c—2e+1,...,b—1,
which form the bottom block in (3.3).

Hence, in order to verify (3.48), we have to check

b_iﬂ (—1)Prereritstl (bte—2e—i-D(b-e—i-1)
(2e—2s—2)! (b—1—s—1)!

(e—s—1)! (2e—|—c—b—s—1)!< c—e )

b—2e—1i+s)! 1—J+c
(

1=0

b—s—1 .
ZS: (—1)et+itit (1-b—c+2e+1)ac—i—s—1(1 —e+ 8)p_i—s—1

(b —4—8— 1)' (2 —2e+ 23)b—i—s—1

+x(s >2e—c)
i=b+c—2e
(e=el(e+i—j-1)
(t—j+c)
=0, (3.50)

which is (3.48) restricted to the j-th column, j =c¢,c+1,...,b— 1 (note that all the
entries in rows b—e,b—e+1,...,b+c—2e — 1 of Aj(—e;b,c,e) vanish in such a
column), and

b_iefs (—1)rreteritstl (btec—2e—i-1!(b-e—-7-1)
(2e —2s—2)! (b—i—s—1)!
(e—s—1)! (2e+c—b—s—1)! [ b—2e
. - 2( . .
(b—2¢—i+s)! i—j+b

1=0

N min{b+c_2i_l’b_s_l} 9 (—1)b+ets (b+c—2e—i—1)! (e—s—1)!
2 (1+e—0)! (2e —2s —2)!

(2e+c—b—s—1)! (26—b+i—s—1)!( b—2e )

(b—i—s—1)! i—j+b
b—s—1 .
o (l=b—c+2e+1)2ei_s1(l—e+8)p_i_s_1
> 2e — 2-4’ﬂ+” e
+ x(s > 2 @hgg%z( ) b—i—s—1)1(2— 2+ 28)p 51
(b—2¢)! Qe +i—j—1)
(i — j + b)!

=0, (3.51)

which is (3.48) restricted to the j-th column, j =b,b+1,...,b+c— 1.

We start by proving (3.50). We remind the reader that here j is restricted to
¢ < j < b. The two sums in (3.50) can be combined into a single sum. To be precise,
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the left-hand side in (3.50) can be written as

lim
6—0

(b_fl (—1)eHi+it : (c—e)! (!1 +0)eri—j1

i—j+e)l (b—i—s—1)!

1=j—c

(I—-b—c+2e+d+1i)oc—i—s—1(l—€e+d+ 8)p—i—s—1
. . (3.52)
(2 —2e+0+ 28)5_7;_5_1

This expression is in fact just a multiple of the expression (3.7). So, in the same way
as it was done for (3.7), it is shown that (3.52) vanishes. All the previous arguments
apply because the crucial inequalities e < ¢, s <c—1, s < e— 1 are also valid here,
thanks to (3.49). This establishes (3.50).

Similarly, for the proof of (3.51) (we remind the reader that here j is restricted to
b < j < b+ c), we observe that the three sums in (3.51) can be combined into the
single expression

lim
0—0

(55512(_UFH+1(b—2eﬂ(1+5heH—T4

=, b—i—s—1)l(i—j+0)

. (1 —b—c+2e+6+ i)2c—i—s—1 (1 —e+0+ S)b—i—s—l
(2 —2e+0+ 28)1,_1'_3_1 ’

and note that this expression is a multiple of the expression (3.10). That it vanishes
is then seen in the same way as it was for (3.10). Again, the inequalities (3.49)
guarantee that all the previous arguments go through. This establishes (3.51), and
thus completes the proof that (z+e) divides A’(z; b, ¢) with multiplicity m(e) as given
in (3.47).

Case 2: b—c¢ < e < b/2. By inspection of the expression (3.46), we see that we
have to prove that (z + €)™ divides A’(z;b, c), where

b—c b—c<e<c/2
{ ( ) Sesc/ (3.53)

(b—c)+(2e—c) c/2<e<b/2.

Note that the first case in (3.53) could be empty, but not the second (except if b = c).

The term (2e — ¢) in the (¢/2 < e)-case of (3.53) is basically explained in the same
way as in Case 1: We take (z + e) out of rows b+c—2e,b+c—2e+1,...,b—1 of
the determinant A’(z;b, ¢) (clearly, such rows exist only if ¢/2 < e), and thus obtain
the determinant (3.3), which we denoted by A;(z;b,c,e). As before, to see that this
determinant has still entries which are polynomial in z, it suffices to check that the
entries in rows 1 = b+c¢c—2e,b+c—2e+1,...,b— 1 are polynomials in z. This
follows in almost the same way as in Case 1: We have ¢ —e > ¢ —b/2 > 0 by our
assumptions, e+t —j—1>b+c—e—j—1>c—e>0if j < b, b—2e >0 by
assumption, and 2e4+i—j5—1>b+c—75—12>0if j < b+ c. This explains the term
(2e — ¢) in (3.53).
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In order to explain the term (b—c¢) in (3.53), we claim that for s =0,1,...,b—c—1
we have

2c§:+s (—pyerilbzezs— DIl +e—2et 8)pims
2 (2b — 2¢ — 25 — 2)!
(1-b+2c—i+8)p_c_s_1

. b—i—s—1) . (rowi of Al(—e;b,c,e))

1=0

b—s—1
erilb—c—s—=1)!(14+c—2e+ 8)p_i_s_1
—1)¢t
* ; (=1) (2b — 2¢ — 25 — 2)!
(I—=b+2c—i+8)p_c_s_1

. b—i—s— 1) . (rowi of Al(—e;b,c,e))

=0 (3.54)

if s > 2e — ¢, and

2ci+s(_1)i+s+1(b—c—s—1)! (b+c—2 —i—1)
(2b — 2¢ — 2s — 2)!
(2e—c—s—1)(1—=b+2c— i+ 8)p—c—s—1

. b—i—s_1) . (rowiofAl(—e;b,c,e))

1=0

b+4c—2e—1 .
; b—c—s—1)!(b+c—2e—i—1)!
2 _J_z+s+1(
* ; (=1) (2b — 2¢ — 25 — 2)!
2e—c—s—1)1(1—b+2c—i+8)p—c—s—1

. b—i—s—1) - (row i of Ay(—e;b,c,¢€))

b—s—1
(b—c—s—1)!(14+c—2e+ 8)p—i—s—1
_J_c+z( 1—S8
* Z (=1) (2b —2¢c — 25 —2)!

i=b+c—2e
1-— 2% — i o
. ( b(‘}l;_Cz _Z(:‘_Sil;‘ c—s—1 (I‘OW 7 of A]_(_e;b, C, 6))

=0 (3.55)

if s <2e —c. In (3.54) and (3.55) we make the same convention as in Case 1 of how
to understand Aq(z;b,c,e) in the case that e < ¢/2.

It should be noted that in both cases these are indeed b — c linear combinations of
the rows, which are linearly independent.

Let us first consider (3.54), i.e., in the following paragraphs we assume s > 2e — c.
Because of the condition s < b — c¢— 1, we have 2c — b+ s < ¢ — 1, and therefore the
rows which are involved in the first sum in (3.54) are from rows 0,1,...,¢c— 1, which
form the top block in (3.3). Because of 2c — b + s > 0 the bounds for the sum are
proper bounds. Since s > 0, we have b — s — 1 < b — 1, and therefore the rows which
are involved in the second sum in (3.54) are from rows ¢,c+1,...,b— 1, which form
the “middle” block in (3.3) if s > 2e — ¢ (recall: the bottom block is empty in this
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case). Finally, the assumption s < b— ¢ — 1 implies ¢ < b — s — 1, and so the bounds
for the sum are proper.
Hence, in order to verify (3.54), we have to check

2c—b+s
Z+ (—1)eH b—c—s—1)!(14+c—2e+5)p—i—s—1
P 2(2b—2c—2s—2)!
(L1—b+2c—i+8)p—c—s—1( Cc—e
. — 0, (3.56
b—i—s—1)! i—Jj+c (8:56)

which is (3.54) restricted to the j-th column, j = ¢,c¢+1,...,b — 1 (note that this
is indeed the restriction of (3.54) to the j-th column, ¢ < j < b, since, due to
0<c—e<2c—b<2c—j<i—j+c, the entries (Zf;jc) inrows c,c+1,...,b—s—1
of A1(—e;b,c,e) vanish in such a column), and
2ci+s (C1)eH (b—c—s—1D!(1+c—2e+5)p_j—s—1
2(2b—2c—2s—2)!

(1—b+20—'é+s)b_c_5_12 b— 2e
b—i—s—1) i—j+b

1=0

b—s—1
1 (b—c—s—1)1(1+c—2e+ 8)p—i—s—1
_J_C+j+1( 1—S§
* Z (=1) (2b — 2¢ — 25 — 2)!

.(1—b+2c—i+8)b_c_s_1 b— 2e
b—i—s—1) i—j+b

i=c

=0, (3.57)

which is (3.54) restricted to the j-th column, j =b,b+1,...,b+c— 1.
In order to verify (3.56) (we remind the reader that here j is restricted to ¢ < j < b),
we rewrite the left-hand side in a fancier way as

lim
§—0

2cib:+s (_l)c-l-i b—c—s—1D!'(1+c—2e+5+s)p—i—s—1
2(2b— 2c — 25 — 2)!

1=j—c

(L=b+ 248~ its)ycos(cec)
(b—i—s—1)! (i_j+bc)!(1+5)j_i_e)’ (3.58)

and convert the series into hypergeometric notation,

lim
6—0

(—1)’ (c—e)'(I1+c—2e+0+8)ptc—j—s—1(1—b+3c+d—7+ 8)p—c—s-1
22b—2c—2s—2)! (b+c—j—s—1)!

b—c—s—1)!
e

—c+e—(5,b—30—(5+j—s,l—b—c-i-j-i—s.l
1-2¢c—6+4,1—-b—2c+2e—6+j ’ ’
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To the 3F»-series we apply, once again, the transformation formula (3.11). Thus we
obtain the expression

lim

( ic—e)l(l+c—2e+0+8)ptc—js—1(1—b+3c+d—7+ 8)p—c—s—1
6—0

(=1)’ 2(20—2c—25s—2)! (b+c—j—s—1)!
b—c—s—1DIT(1—-b—2c+2e—-0+j)I(1—-b+c+e)
(1+6)c—e I(l—-b—c+e+j)T(1—b+2e—0)
—c+e—5,1—b+c+s,b—c—(5—s.1})

X

X 3k 1—2—6+j1—b+2—08

for the left-hand side in (3.56). The 3F5-series in this expression terminates because
of the upper parameter 1 — b + ¢ + s, which is a nonpositive integer because of an
assumption. Hence it is well-defined. The complete expression vanishes because of the
occurence of the term I'(1—b—c+e+5) in the denominator. For, by our assumptions,
we have 1 —b—c+e+j < e—c <0, and so the gamma function equals co. This
establishes (3.56).

For proving (3.57) (we remind the reader that here j is restricted to b < j < b+¢),
we observe that the two sums in (3.57) can be combined into the single expression

lim
§—0

2ci+s (—1)°* (b—c—s—DI(1+c—2e+d+5)p—i—s—1
(20 — 2¢ — 25 — 2)!

i=j—b

(b 2edd it sl ena(l-2e0 it ignn) (50
(b—i—s—1) (i—j+b)! -

Using hypergeometric notation, this expression can be rewritten as

lim

((_1)b+c+j (I+c—2e+d+5)pjs1(1+2c+06—j+5)pcs_1
6—0

(2b — 2¢ — 25 — 2)!

y (b—c—s—1)! —b+2e—6,—2c—(5+j—s,1—2b+j+s.1
(2b—j—s—1)01>? 1-2b—c+2—0+j1-b—c—6+j ' '

The 3F»-series can be summed by means of the Pfaff-Saalschiitz summation (3.8).
We have to apply the case where n = 2b — j — s — 1, which is indeed a nonnegative
integer because of 2b — j —s—1>b—c— s > 1. This gives

lim
6—0

(_1)b+c+j (I—-b—c+j)ow—j—s—1(1—2b+c+2e+s)om—j_s—1
(2b — 2¢ — 25 — 2)!

" b—c—s—1)!1(1+c—2e+0+s)ap—j—s—1(1+2c+0— 5+ 8)p—c—s—1
(2b—j -8 — 1)!(1 —2b—c+ 2e— 5+j)2b_j_3_1 (1 _b+c+6+3)2b_j_3_1
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as an equivalent expression for (3.57). It vanishes because of the occurence of the
term

l1-b—c+j)aww—js—1=1—-b—c+j)2-b—c+j)-(b—c—s—1)

in the numerator. For, by our assumptions, we have 1 —b — c+ j < 0, and we have
b—c—s—12>0. This establishes (3.57).

Now let us consider (3.55), i.e., in the following paragraphs we assume s < 2e — c.
In the same way as for (3.54), it is checked that the the rows which are involved in
the first sum in (3.55) are from rows 0,1,...,¢— 1, and that the bounds for the sum
are proper bounds. Clearly, the rows which are involved in the second sum in (3.55)
are from rows ¢,c+1,...,b+ ¢ — 2e — 1, which form the middle block in (3.3). The
assumption e < b/2 guarantees that the bounds for the sum are proper (including
the possibility that e = b/2, in which case the sum is the empty sum). Finally,
since s > 0, the rows which are involved in the third sum in (3.55) are from rows
b+c—2e,b+c—2e+1,...,b— 1, which form the bottom block in (3.3). That the
bounds for the sum are proper follows from the condition s < 2e — ¢ (including the
possibility that s = 2e — ¢, in which case the sum is the empty sum).

Hence, in order to verify (3.55), we have to check

2ci+s(_1)i+s+1(b—c—s—1)! b+c—2e—1i—1)!

(2b — 2¢ — 25 — 2)!
2e—c—s—1)!(1—-b+2c—i+8)p—c—s—1[ Cc—€
(b—i—s—1)! i—j+c

=0

b—s—1
i1(b—c—s—1)1(1+c—2e+ 8)p—i—s—1
_1C+6+j+1( i—S
* Z (=1) (2b — 2¢ — 25 — 2)!

1=b+c—2e
(1—b+2c—i+8)p—cs_1(c—e)l (e+i—7—1)!
' b—i—s—1) (i—j+0)
=0, (3.60)

which is (3.55) restricted to the j-th column, j = ¢,c+1,...,b— 1 (again note that
all the entries in rows ¢,c+ 1,...,b+ ¢ — 2e — 1 of Ay(—e;b,c,e) vanish in such a
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column), and

2c§:+5(_1)¢+s+1(b_c_3_1)! (b+c—2e—1i—1)!
(2b — 2¢ — 25 — 2)!
(2e—c—s—1)!(1—b+2c—i+s)b_c_s_12 b—2e
(b—i—s—1)! i—Jj+b

1=0

b+c—2e—1 .
Cnitsti(b—e=s=1! (b+c—2e—i—1)!
* ZZ_; 2(=1) (2b — 2¢ — 25 — 2)!
(2e—c—s-—1I(1-b+2c—i+8)p—cs—1( b—2e
b—i—s—1) i—j+b

b—s—1
1 (b—c—s—1)1(1+c—2e+ 8)p—i—s—1
92 _J_C+j+1( 1—S
* Z (=1) (2b — 2¢ — 25 — 2)!

i=b+c—2e
(L= bH2c— it 8)pcs1 (D—2€)! (e+i—j— 1)
b—i—s—1) (i—j+b)
=0, (3.61)

which is (3.55) restricted to the j-th column, j =b,b+1,...,b+c— 1.

Both identities are now easily verified. In fact, the left-hand side of (3.60) can be
written as lims_,o(2F7/60), where E; is the expression in big parentheses in (3.58).
Likewise, the left-hand side of (3.61) can be written as lims_,o(2F2/d), where E5 is
the expression in big parentheses in (3.59). The same arguments as in the proofs of
(3.56) and (3.57) then show that (3.60) and (3.61) vanish.

This completes the proof that (z + e) divides A’(z;b, ¢) with multiplicity m(e) as
given in (3.53).

Case 3: b/2 < e < c¢. By inspection of the expression (3.46), we see that we have
to prove that (z 4 e)™(®) divides A’(z;b, c), where

m(e):{ (b—c)+(20—2e—c) b/2<e<b-—c/2 (3.62)
(b—rc) b—c/2<e<ec.

Note that the second case in (3.62) could be empty, but not the first (except if b = ¢).

As in Case 4 of the proof of Lemma 1, in order to extract the appropriate num-
ber of factors (z + e) out of the determinant A’(z;b,c), we start with the modified
determinant (3.13) with e = b. Recall, that the choice of e = b has the effect that
the bottom block in (3.13) is empty. If e < b — ¢/2, we take (z 4 e) out of rows
2e+c—b,2e+c—b+1,...,b—1 (such rows only exist under the assumption e < b—c/2),
and obtain the determinant in (3.38), which we denoted by As(z;b,c,e). Obviously,
we have taken out (z + e)2°~2¢~¢. The remaining determinant has still entries which
are polynomial in z. For, it is obvious that the entries in rows ¢ =0,1,...,2e4+c—b—1
are polynomials in z, and for i > 2e+c—b we have: i—e>e+c—b>c—0/2>0
by our assumptions, e+c—j—1>e4+c—b>0if j < b, i+ b—c—2e >0, and
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2e+c—j—1>2e—b>0if j < b+ c. This explains the term (2b — 2e — ¢) in the
(e < b—c/2)-case of (3.62).

In order to explain the term (b—c¢) in (3.62), we claim that for s =0,1,...,b—c—1
we have

2cib:+s (—1)°* b—c—s—1)I0+c—2e+5)pi—s—1(1-b+2c—i+5)pcs1
2(2b—2c—25s—2)! (b—i—s—1)!

- (row i of Az(—e;b,c,e))

1=0

b_fl (b—c—s =D —ctpcs-1(l=2b+ct2e+8)pis1

(26—2c—2s—2)! (b—i—s—1)!
- (row i of Az(—e;b,c,¢€))
_o (3.63)

i=c

if s > 2b — 2e — ¢, and

2C_ZbJrs(—l)i+s+1(b—C—5—1)! (btc—2e—-i-1)!@2e—c—s—1)

(2b — 2¢ — 25 — 2)!
(1 —b —+ 2¢c — 1 + S)b—c—s—l

) R - (row i of Az(—e;b,c,e))

1=0

2€+ib‘12(_1)c+s<b_c_s_1)! (2etc—b—i—1)! (2b—c—2—5—1)

(2b — 2¢ — 25 — 2)!
(1 —c+ i)b—c—s—l

C (b—i—s—1) - (vow i of Az(—e;b,¢¢))

i=c

b_zsjl (b —c—s§— ]_)l (]_ —c+ i)b—c—s—l (]_ —2b4+c+2e+ S)b—i—s—l

(2b—2c—2s—2)! (b—i—s—1)!

1=2e+c—b
- (row i of Az(—e;b,c,e))
0 (3.64)

if s <2b—2e —c. In (3.63) and (3.64) we make a similar convention as in Case 1 of
how to understand Ag(x;b,c,e) in the case that e > b — ¢/2.

It should be noted that in both cases these are indeed b — ¢ linear combinations of
the rows, which are linearly independent.

Let us first consider (3.63), i.e., in the following paragraphs we assume s > 2b —
2e — c. In the same way as for (3.54) it is seen that the rows which are involved
in the first sum in (3.63) are from rows 0,1,...,¢ — 1, which form the top block in
(3.38), and that the bounds for the sum are proper bounds. Also in the same way, it
is seen that the rows which are involved in the second sum in (3.63) are from rows
c,c+1,...,b—1, which form the “middle” block in (3.38) if s > 2b — 2e — ¢ (recall:
the bottom block is empty in this case), and that the bounds for the sum are proper.
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Hence, in order to verify (3.63), we have to check

mi?n—nﬁﬂb—c—s—DM1+C—%+$%4ﬂ—M1_h+%_i+@“**4

2(20—2c—2s=2)! (b—i—s—1)!

-(if;ic>:=m (3.65)

which is (3.63) restricted to the j-th column, j = ¢,¢+1,...,b — 1 (note that this
is indeed the restriction of (3.63) to the j-th column, ¢ < j < b, since, due to

0<i—e<i—b/2 <i—b+c < i—j+c, the entries (Zi;ic) inrowsc,c+1,...,b—s—1

1=0

of Asz(—e;b,c,e) vanish in such a column), and

2ci+s (1)t b—c—s—DI(0+c—2e+5)pis1(1-b+2¢—i+5)pcs1
1=0

2(20—2c—2s-2)! (b—i—s—1)!

9 b—2e
i—j+b
b—s—1

z b—c—s—1)1(1—c+i)pcs1(1—2b+c+2e+8)p_i-s_1
(20 —2c—2s—=2)! (b—i—s—1)!

1+b—c—2e
1—J+b

=0, (3.66)

i=c

which is (3.63) restricted to the j-th column, j =b,b+1,...,b+c— 1.

Identity (3.65) is now easily verified. In fact, the left-hand side of (3.65) can be
rewritten as the expression (3.58). It vanishes since the crucial inequalities 1 — b +
c+s<0ande—c<0 are also valid here.

For verifying (3.66) we have to do little more work. We remind the reader that
here j is restricted to b < j < b+ ¢. We consider first the second term in (3.66). We
replace the binomial (itb__jc_;b%) by the expansion ZEZC (gb__j%fb) (:::Z), the equality of
binomial and expansion being again due to Chu—Vandermonde summation. Then we
interchange the summations over 7 and £, and write the sum over 7 in hypergeometric
notation. This gives

b—zsfl (b—c—s—1)(1-2e+j—0rjrp(1—c+pc o1

(b—7+0)!(2b—2¢c—2s—2)!

l=c
(1-2b+c+2e+8)pv_s_1

: F
(b—t—s—1)! 2t

b—2c+L—5,1-b+L+s

1+b—c—2e+/¢ i1

as an equivalent expression for the second term in (3.66). The 9Fj-series can be
evaluated by the hypergeometric form (3.20) of the Chu—Vandermonde summation.



PROOF OF A DETERMINANT EVALUATION 45

Thus we obtain the expression

b_fl (-1)“* (b—c—s—D!(A+c—2e+s)prs-1(1=b+2c—L+5)p-cs-1

(20 —2c—2s—2)! (b—£—5s—1)!
(g”_ y 2+€b> (3.67)

Now it is straight-forward to see that the first term in (3.66) and the above expression
for the second term in (3.66) can be combined into the single expression (3.59). Then
the same arguments as before apply to show that this expression vanishes as well in
the current case. For, the crucial inequalities 2b —j —s—1>0,1—-b—c+ 7 <0,
and b —c— s — 1> 0 are also valid here. This establishes (3.66).

Now let us consider (3.64), i.e., in the following paragraphs we assume s < 2b —
2e — c¢. In the same way as for (3.54), it is checked that the the rows which are
involved in the first sum in (3.64) are from rows 0,1,...,c— 1, and that the bounds
for the sum are proper bounds. Clearly, the rows which are involved in the second
sum in (3.64) are from rows ¢,c+1,...,2e+c—b— 1, which form the middle block in
(3.38). The assumption e > b/2 guarantees that the bounds for the sum are proper
(including the possibility that e = b/2, in which case the sum is the empty sum).
Finally, since s > 0, the rows which are involved in the third sum in (3.64) are from
rows 2e+c—b,2e+c—b+1,...,b—1, which form the bottom block in (3.38). That the
bounds for the sum are proper follows from the condition s < 2b — 2e — ¢ (including
the possibility that s = 2b — 2e — ¢, in which case the sum is the empty sum).

l=c

Hence, in order to verify (3.64), we have to check

Zcfs(—l)usﬂ(b—c—s—l)! btec—2e—i—-1)!(2e—c—s5-1)
(2b — 2¢c — 25 — 2)!

-(1—b+2c—i+8)b_c_s_1 c—e
b—i—s—1)! i—j+c

1=0

b—s— .
Zl (—1)cteti+t b—c—s—1)(1—c+i)pcs1(1-2b+c+2e+5)p 51

i=2etc—b (20 —2c—2s—2)! (b—i—s—1)!
(i—e)l(e+c—j—1)
(i—j+¢)!
=0, (3.68)

which is (3.64) restricted to the j-th column, j = ¢,c+1,...,b—1, (recall that all the
entries in rows ¢,c+ 1,...,2e+c¢— b — 1 of Az(—e;b,c,e) vanish in such a column),
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and
20=bts . irst1(b—c—s=1)1 (b+c—2e—i—1)! (2e—c—s—1)!
; (=1) (2b — 2¢ — 25 — 2)!
(1=b+4+2c—i+8)p—c—s—1 b—2e
' (b—i—s—1)! (i—j+b)
2e+c—b—1

Z 2(_1)c+s(b—c—s—1)! (2e+c—b—i—1)! (2b—c—2e—s—1)!
(2b — 2¢ — 25 — 2)!

(I—c+i)p—c—s—1[i+b—c—2e
b—i—s—1) \ i—j+b

i=c

b—s—1 .
i 2 (—1)c+i+! (b—c—s=1)!(1-c+)p-rcs—1(1=2b+c+2e+5)p_i—s-1

(26 —2c—2s—2)! (b—i—s—1)!

i1=2e+c—b
(i+b—c—2¢)! (2e+c—j-1)!
(i—j+0)!
=0, (3.69)

which is (3.64) restricted to the j-th column, j =b,b+1,...,b+c— 1.

We start with the proof of (3.68). We remind the reader that here j is restricted
to ¢ < j < b. The strategy is analogous to the one used in the proof of (3.66) just
before. We recast the second term in (3.68) by replacing the subterm (i —e)! (e + ¢ —
Jj—D/(i—j+ c)! by the expression

-1 (c—e)! i—c
%1—1% (gez L—F+c)(Q+0)j—t—c (i—*g))’

=cC

the equality of second term and this expression following again from Chu-Vander-
monde summation. Then we interchange sums over ¢ and /¢, and evaluate the now
inner sum by Chu—Vandermonde summation (3.20). The computation is essentially
the same as before in the proof of (3.66). Eventually, we obtain the expression (3.67),
with the binomial (eb__ijb) replaced by (c—e)!/(0 (¢ —j+¢)! (1+6);—¢—c). Therefore,
this expression and the first term in (3.68) can be combined into the single expression
limgs_,o 2E7 /6, where F; is the expression in big parentheses in (3.58). Then we may
follow the arguments which proved that (3.58) vanishes, since the crucial inequalities
1—b+c+s<0ande—c<0 are also valid here. This establishes (3.68).

Now we turn to (3.69). We remind the reader that here j is restricted to b < j <
b+ c. We proceed again in the same way as in the proof of (3.66). Once more using
Vandermonde summation, we replace the binomial ("’Lib__jcj:b%
(3.69) by the expansion ZZZC (eb__ﬁfb) (Z:;), and we replace the subterm (i +b—c —
2e)! (2e+c¢—j—1)!/(i — j+ b)! in the third term in (3.69) by the expression

. 1 : (1+j—£—2e+5)¢_j+b 1—cC
lim | ~ .
ﬁ%(a?j (£—j+0) i— ¢

=C

) in the second term in
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Then we interchange sums over ¢ and ¢, and evaluate the now inner sums over % by
the same instance of the Chu—Vandermonde summation (3.20). Eventually, it is seen
that the three terms on the left-hand side of (3.69) can be combined into the single
expression lims_,o(2E2/60), where E5 is the expression in big parentheses in (3.59).
The same arguments as in the proof of (3.57) can now be used since the crucial
inequalities 2b — 7 —s—12>0,1—-b—c+j <0,and b—c—s—1 > 0 are also valid
here. This establishes (3.69) and completes the proof that (z + e) divides A’(z; b, c)
with multiplicity m(e) as given in (3.62).

Case 4: ¢ < e < (b+ c)/2. By inspection of the expression (3.46), we see that we
have to prove that (z + €)™ divides A’(z;b, c), where

(e):{(b+c—2e)+(2b—2e—c) c<e<b-—c/2 (3.70)

(b+c—2e) b—c/2<e< (b+c)/2.

Note that the first case in (3.70) could be empty, but not the second, because of
b < 2c.

As in Case 3, in order to explain the term 2b — 2e — ¢ in the (e < b — ¢/2)-case of
(3.70), we start with the determinant (3.13) with e = b. We take again (z + e) out of
rows 2e +c¢—b,2e +c—b+1,...,b— 1 (such rows only exist under the assumption
e < b—c/2), and obtain the determinant in (3.38), which we denoted by As(z;b,c, e).
Obviously, we have taken out (z + €)?°=2¢=¢, As before, to see that this determinant
has still entries which are polynomial in z, it suffices to check that the entries in
rows ¢ = 2e+c—b,2e4+c—b+1,...,b—1 are polynomials in z. This follows in
almost the same way as in Case 3: We have t —e > e+c—b > 2c—b > 0 by
our assumptions, e+c—j—1>e4+c—b>0if j <b,t4+b—c—2e¢ >0, and
2e+c—j—1>2e—b>2c—b>0if j < b+ c. This explains the term (2b — 2e — ¢)
in (3.70).

In order to explain the term (b+c—2e) in (3.70), we claim that for s = 0,1,...,b+
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¢ — 2e — 1 we have

2e—b+s c—i—1 .
Z+ Z (L p)eerithe c—i—1 (b+c—2e—s—1)!
b+c—2e+k—s-—1 k!

=0 k=0
b—e—s—1)(c+k—s—1)!(b—e+k—s—1)!
(2b—2e—2s—2)! (2b—2e+k — 25 —1)!

) . (roW i of Ag(—e;b,c, e))

X min{2e+c—zb—1’b—3‘1} oy (yere@ete=boiz Dl bte—2e—s—1)!
b—i—s—1)!

l—e+1)p—i—s— .
- (b (_ %2 +i—)b5)b _ - ) : (row i of Az(—e;b,c, e))

b—s—1 .
, 1+b—c—2e+1)9pj_s_
+x(s>20-2—c) Y (-1)”*”8*1( (b_i_s_)f)c, i
i=2e+c—b )

l—e +Z —i—8— .
' (b (_ 2¢ + 1 _)bs)b_,_l_l : (I'OW i of Az(—e;b,c, e))

= 0. (3.71)

We make a similar convention as in Case 1 of how to understand As(z;b,c,e) in the
case that e > b — ¢/2, as we already did in Case 3.

Note that these are indeed b + ¢ — 2¢ linear combinations of the rows, which are
linearly independent. The latter fact comes from the observation that for fixed s the
last nonzero coefficient in the linear combination (3.71) is the one for row b — s — 1,
regardless whether s > 2b — 2e — ¢ or not.

Because of the condition s < b+c—2e—1, we have 2e—b+s < ¢—1, and therefore the
rows which are involved in the first sum in (3.71) are from rows 0,1,...,c— 1, which
form the top block in (3.38). The assumptions e > ¢ and b < 2¢ imply 2e —b+ s > 0,
and so the bounds for the sum are proper bounds. Because of ¢ > ¢, the rows which
are involved in the second sum in (3.71) are from rows c,c+ 1,...,2e + ¢ — b — 1,
which form the middle block in (3.38). The bounds for the sum are proper, since by
our assumptions we have

s<b+c—2e—1<b—e—1<b—-c—-1<c—-1<e-1, (3.72)

and therefore e < b—s—1 and e < 2e+c—b (including the possibility that b/2 = ¢ = e,
in which case the second sum in (3.71) is the empty sum). Finally, because of the
condition s > 0, we have b — s — 1 < b — 1, and therefore the rows which are involved
in the third sum in (3.71) (if existent) are from rows 2e+c—b,2e+c—b+1,...,b—1,
which form the bottom block in (3.38).
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Hence, in order to verify (3.71), we have to check

2e—b+ —i—1 .
ezs ci (_1)c+e-|-i+k-|-s+1 c—1—1 (b+C—26—8—1)!
s P b+c—2e+k—-s—-1 k!

(b—e—s—D!'(c+k—s—1) (b—e+k‘—s—1)!>< c—e )

(20 —2e — 25 —2)! (2b—2e+ k — 25— 1)! i—j+c
bt irirs(1+b—c—2e+ i)y
+ X(S 2 2h — %2¢ — C) (_1)b+c+e—|—z+3+s . 2c—i—s—1
z'=2ez+:c—b (b—i—s—1)
(A —eFi)pis—1  (—e)l(etc—j—1!
(b—2e4+17—8)p_j—s—1 (i—j+c)!
—0, (3.73)

which is (3.71) restricted to the j-th column, j = ¢,c+ 1,...,b — 1, (note that
this is indeed the restriction of (3.71) to the j-th column, ¢ < j < b, since, due to
0<i—e<i—c<i—b+c<i—j+c, the entries (;;jc) inrowse,e+1,...,2e+c—b—1
of Az(—e;b,c,e) vanish in such a column), and

2e—b+ —i—1 )
eZS czz: (Lp)eretitireb c—i—1 (b+c—2e—s—1)!
— — b+c—2e+k—s5—1 k!

(b—e—=s=Dl (c+k—s=1) (b—e+k—s—1)!>2( b—2e)

(20 —2e —25s—2)! (2b—2e+k —2s—1)! i—j+b
. ‘“i“{2e+c‘zb‘l”"s‘”2 (et eremboim Dl (bte—2e—s—1)
P (b—i—s—1)!

(I—e+14)p—i—s—1 (z +b—c— 26)

(b—2e+i—s)b_i_s_1 1—J+b
b—s—1 .
irivs(1+b—c—2e+ 1) s 1
+ x(s > 2b—2e —c) 2 (—1)btetitits ,
i=2eZ—|—c—b (b—i—s—1)
(A —e+i)pi—s—1  ((+b—c—2¢)!(2e+c—j—1)
(b—26+i—8)b_i_s_1 (Z—j+b)'
=0, (3.74)

which is (3.71) restricted to the j-th column, j =b,b+1,...,b+c— 1.

For the proof of (3.73) and (3.74) we follow the strategy of the proofs of (3.40) and
(3.41). That is, first the first terms in (3.73) and (3.74) are recast, by replacing the
binomials by the expansions that were described in the proofs of (3.40) and (3.41),
then interchanging sums, evaluating the inner sums, etc. Eventually, it turns out that
the two terms on the left-hand side of (3.73) can be combined into a single expression,
namely into (3.42) with (1+b—c—2e+ 3§ +4)p_;_s_1 replaced by (1+b—c—2e+
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d+1i)2c—i—s—1. The same arguments as in Case 4 of the proof of Lemma 1 then prove
that this expression vanishes, since the crucial inequalities b +c—j5 —s—1 > 0,
1—c+s5<0,b—j—12>0 are also valid here, thanks to (3.72). Similarly, it turns
out, eventually, that the three terms on the left-hand side of (3.74) can be combined
into one expression, namely into (3.45), again with (1+b—c—2e+ 0+ 4)p_s_s_1
replaced by (1+b—c—2e+6+14)2._;_s_1. Now the same arguments as in Case 4 of
the proof of Lemma 1 apply to prove that this expression vanishes, since the crucial
inequalities 2b — 7 —s—1>0,1-b+e+s<0,and b+e—j5—1 > 0 are also valid
here, thanks to (3.72) again.

This proves (3.73) and (3.74), and thus completes the proof that (z + e) divides
A’(z; b, c) with multiplicity m(e) as given in (3.70).

This finishes the proof of Lemma 2. U

Lemma 3. For any integer ¢, any nonnegative integer n, and any number X, there
holds .
X X+i—c)
det (. =1] Etizoe (3.75)
1<ij<n \\i —j +¢ o (e

Proof. This is an ubiquitous determinant, and there are numerous proofs of its evalu-
ation, see e.g. [5, Lemma 3.1; 7, computation on p. 189 with A\; = cand a = X —a+b;
18] for some conceptual ones that also include generalizations. ]

Lemma 4. Let b and c be even integers, b > c. Then

c—b/2-1/2\ .
2%-1-5 ) '=°
cg(%?}gb c—b/2+1)/2 =0 (3.76)
1—jJ+c

Proof. Let us denote the determinant in (3.76) by D. We claim that the rows of D
are linearly dependent. To be precise, we claim that

bl 1_b+C)J C(%_g)Jc
(4 —o)! (1_b)y c

+ (column j of D) = 0. (3.77)

j=c

To see this, we have to check

bz_i(—l)j(l ~b+c)j—c (3-35);_. (c—b/2 - 1/2> o

G- (1—b)j_c 2—1—3j

which is (3.77) restricted to row ¢, and

bl (bt o) c(%—%)j_c<c_b/2+1/2>
. . :0,
U=l (1=0)j-c i—j+c

j=c
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which is (3.77) restricted to row i, ¢ < i < b. Equivalently, in terms of hypergeometric
series, this means to check

1_9
o 2;1] =0 (3.78)

and

3_b AP 1_b1q_ —3
(5 —35+c 1)132[2 b 1-b+e, 2_1}20. (3.79)

1-b,3-L2+c—1i’

Equation (3.78) follows from Watson’s 3Fy-summation (cf. [13, (2.3.3.13); Appen-
dix (IIL.23)]),

35{144’%0 '1}2 )2
i 501~ ()

(3.80)

For, the term I'(1/2+ A/2) in the denominator of the right-hand side of (3.80) implies
that the gF5-series on the left-hand side will vanish whenever A is an odd negative
integer. This is exactly the case for the 3Fy-series in (3.78), where A =1 — ¢ with ¢
being even by assumption.

Equation (3.79) follows from the Pfaff-Saalschiitz summation (3.8). For, a straight-
forward application of formula (3.8) gives for the 3F5-series in (3.79) the expression

In the numerator of this expression there appears the term (—c);, which vanishes

because 7 > c. This completes the proof of the Lemma. 0
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