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ABSTRACT. We evaluate Hankel determinants of matrices in which the entries are generating
functions for paths consisting of up-steps, down-steps and level steps with a fixed starting
point but variable end point. By specialisation, these determinant evaluations have numerous
corollaries. In particular, one consequence is that the Hankel determinant of Motzkin prefix
numbers equals 1, regardless of the size of the Hankel matrix.

1. Introduction. Determinants (and Hankel determinants in particular) of path
counting numbers (respectively, more generally, of path generating functions) are ubiq-
uitous in the literature. Their “popularity” stems in part from the fact that, frequently,
such determinants can be evaluated into attractive, compact closed formulae. This article
contributes further to this body of results.

The determinants that we consider here involve matrices formed from numbers and
generating functions of three-step paths. More precisely, our paths consist of up-steps
(1,1), level steps (1,0), and down-steps (1, —1). The number of such paths from (0,0)
to (n,0) that never run below the z-axis is known as the Motzkin number M,, (cf. [13,
Exercise 6.38]; Figure 1.a shows an example of a path contributing to Mj;). On the
other hand, the number of paths from (0,0) to (2n,0) that consist only of up-steps (1, 1)
and down-steps (1, —1) and do not run below the z-axis is known as the Catalan number
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a. A Motzkin path b. A Catalan path
Figure 1
C, = n%rl (27?) (cf. [13, Exercise 6.19]; Figure 1.b shows an example of a path contributing
to Cg). It is well-known that
e (Cip)=1 (1)
Ogig%tn—l(Ci—i—j—i—l) =1, (1.2)
e (M) =1, (13
(—1)”/3 if n =0 (mod 3),
det (Mi—l—j—l—l) = (_1)(n—1)/3 ifn=1 (mod 3), (14)
0<i,j<n—1
0 if n =2 (mod 3),
see e.g. [14, 1]).

In [2], these Hankel determinant evaluations were generalised to Hankel determinant
evaluations of path generating functions as follows (among others). We define P, (k,!) as
the generating function ), w(P), where P runs over all three-step paths from (0, k) to
(n,1), and where w(P) is the product of all weights of the steps of P, where the weights of
the steps are defined by w((1,0)) = z+y, w((1,1)) = 1, and w((1, —1)) = zy. Furthermore,
let P;} (k,1) be the analogous generating function Y , w(P), where P runs over the subset
of the set of the above three-step paths which never run below the z-axis. Clearly, if we
specialise z = —y = /=1, then P, (0,0) reduces to C,, (and P, (0,0) = 0 for all n),
while, if we specialise z = 2(1++/=3), y = 1(1—+/=3), then P, (0, 0) reduces to M,. The
somewhat unusual parametrisation that we have chosen here turns out to be useful in the
context of the Hankel determinant evaluations of [2] and of the present article, in that the
evaluations can be much more elegantly presented than it would be possible under more
straightforward parametrisations.

The theorems from [2] that generalise (1.1)—(1.4) to the weighted setting are the follow-
ing two.

Theorem 1 ([2, Theorem 1]). For all positive integers n and non-negative integers k,
we have
(=0 (ay) D) = (k4 1),

(1.5)
0 n#0 (mod k +1).

det  (P},;(0,0)) = {

0<i,j<n—1



Theorem 2 ([2, Theorem 2]). For all positive integers n and non-negative integers k,
we have

det (Pitrjﬂ(O’ k))

0<i,j<n—1
2(n (k4+1)(n1+1) _ . (k+1)(n1+1)
( (_1)n1( (ny)(k+1) ( 21) Y n;k+1_ik+1 ny N — nl(k‘ n ]_)’

(=1) )+ () (g (A D3 )bl
- o yFHD (1 +1) (R +1)(n1+1) (1.6)

LS n = nl(k’ + 1) + k,
L O n # 0,k (mod k + 1).

kz—z&-l)

REMARK. If k = 0, the formulae in Theorems 1 and 2 have to be read according to the
convention that only the first line on the right-hand sides of (1.5) and (1.6) applies; that
is,

det (P,;(0,0)) = (xy)()

0<i,j<n—1

and
n n+1l _ xn—l—l

det  (Pf,41(0,0)) = (ay)(2) 2

0<i,j<n—1 " * y—x

The work on the present article began with computer experiments of the second author
on Hankel determinants of Motzkin prefix numbers. By definition, the n-th Motzkin prefix
number is the number of three-step paths consisting of n steps, starting at the origin, and
not running below the z-axis (with any end point). We denote this number by MP,,. The
aforementioned computer experiments seemed to indicate that

Ogi,(}egtn—l(MPi—i_j) =1 (17)
for all n. Subsequent consultation of the On-Line Encyclopedia of Integer Sequences [11,
sequence A005773] revealed that this same observation had already been made earlier by
Philippe Deléham in 2007. On the other hand, in view of the earlier work [2], the first
author was obviously led to look at the weighted generalisation of the Hankel determinant
in (1.7), namely

det > P00 ],

0<i,j<n—1
1>0

or even more generally at

det > Pk D)

0<i,j<n—1
1>0

The entries here are generating functions for three-step paths of a given length that start
at height k£ and never run below the x-axis.

From here, it did not take very long to discover the closed form evaluations of the Hankel
determinants of path generating functions in (1.8) and (1.9) below, Of course, these were
at this point only conjectures.



Theorem 3. For all positive integers n and non-negative integers k, we have
(1) D @y SR i = (k4 D,

det Z P@'—:-j(kv )] = (—1)”1(1“51) (ij)(k+1)2(nl2+1>, ifn=(k+1)ny + 1,

0<ij<n—1 | £
= 0, ifn#0,1 (mod k+1).
(1.8)

Theorem 4. For all positive integers n and non-negative integers k, we have

det [ Ph (k1)

0<i,j<n—1
1>0

( (=) (50 () S D77 =

<y<k+1><n1+1> _ (kD) (n1+1) gy tDn1 (et ng

yk+1_xk+1 + (—1) yk+1—xk+1 > ) lf’fL = (k + 1)711,
(=) (5 ) (+07 ()

_ (1+42)(1+4y) (yFFD 14D g (kD) (n1+1) .
X ( ST ) ifn=(k+1)n; +1,

(—1) D)k (g (TR )

(1+4z)(1+4y) (yFTD 14D gkt (n1+1) .
X ( JETT R ) itn=(k+ 1)ny + k,

L 0, ifn#0,1,k (mod k+1).

(1.9)

REMARKS. (1) Also here, if k£ = 0, the formulae in Theorems 3 and 4 have to be read
according to the convention that only the first line on the right-hand sides of (1.8) and
(1.9) applies; that is,

det | S°PH,0,0) | = (ay)?)

0<i,j<n—1
1>0

and

" n+1l xn—l—l no__ pn
det | S°PH,00,0) ] = (ay)) (y + Y ) .

0<i,j<n—1 — —
<i,5< 10 Yy Yy

Similarly, if £ = 1 only the first two lines in Theorem 4 apply; that is,

+
e (P

>0
(_1)711 (xy)4(7L12+1)_n <y2(n1+y1;:§z(n1+l) _ y27yL;:§zn1) , lf N — 2n1,
- n 2(n1+1) _ .2(n1+1)
(_1>n1 (fL'y)4( 12""1) (1+m)(1+y)(722_;2 = ) ifn = o2nq + 1.




(2) Clearly, the specialisation z = 3 (1++/=3), y = 3(1—+/=3), and k = 0 of Theorem 3
establishes (1.7). Many more interesting specialisations are possible, see Section 6.

In the present article, we provide proofs for these determinant evaluations. As it turns
out, there is a “connection matrix” (see Section 3) which, upon multiplication on the left,
transforms the Hankel matrices on the left-hand sides of (1.8) and (1.9) into the matrices
on the left-hand sides of (1.5) and (1.6), respectively, up to some “correction” in the last
row, see Lemmas 11 and 12 in Sections 4 and 5. This fact then allows us to complete
the evaluation of the determinants in Theorems 3 and 4 by adapting arguments from the
proofs of Theorems 1 and 2 in [2] to the new situation here, see the proofs of Theorems 3
and 4 in Sections 4 and 5. Auxiliary results for these proofs are collected in Section 3,
which themselves depend on elementary properties of our path generating functions that
are recalled in Section 2. We conclude our article with a list of interesting specialisations
of our two main theorems in Section 6.

2. Elementary facts about three-step paths. In the proofs of our theorems, we
need three elementary properties that our path generating functions satisfy. We list them
here as (2.1)—(2.3). In the remainder of this section, we discuss four types of specialisations
of the path generating functions, which will then be considered in Section 6 in the context
of Theorems 3 and 4.

By retracing paths from the back to the beginning, one sees that

P:(I% l) = (wy)k_lpﬁr(l, k)v (2'1)

and the same symmetry relation holds for P, (k, 1), but we shall not have any need for the
latter.

The reflection principle (see e.g. [3, p. 22]) allows us to express the generating functions
Pt (k,1) for restricted paths in terms of the generating functions P, (k,[) for unrestricted
paths, in terms of the relation

Pk, 1) = Pp(k, 1) — ()" P, (=k — 2,1). (2.2)

In fact, elementary combinatorial reasoning shows that there is an explicit formula for
the path generating function P, (k,[), namely

n!

pn(kJ):ng(s+l—k)!(n—l+k—23)

s>0

(2 )" () (2.3)

In combination with (2.2), this also yields an explicit formula for P, (k,1). To be precise,
we have

Prk )= <z - k”+ 23) <<l N k; 23) - (ls__kthf)) (o) F2 (a)* (2.4)

s>0

In Section 6, we shall discuss specialisations of Theorems 3 and 4. The relevant spe-
cialisations of our path generating functions from [2, Egs. (2.5)—(2.10)] are the following:
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with w denoting a primitive sixth root of unity, we have

PalkD)| __=x(nt kot L even) (% n +”l - k)), (2.5)
pr] o msessimn (4 ) Gosen))s
Patit] =3 (o) (27
P, = § <<€ fri k) - <M+l1 k+2)) ’ (28)
I (W_) 29

where y(A) =1 if A is true and x(,A)=0 otherwise, and

n B n!
]{71,]{72 N kllkgl(n—kl—kg)!

is a trinomial coefficient. We add one more such specialisation,

Pu(k.) =) (2.11)

r=y=-—1 n -+ l — k?

oyt (—1)rHhH <<n +2ln_ k) _ (n . sz ) 2)) , (2.12)

This is easy to derive from [2, Eq. (2.4)]. (The specialisations (2.11) and (2.12) were not
given in [2] since they do not lead to anything new in the context of [2]. In our context
they do.) By summation over [ on both sides of (2.6), (2.8), (2.10), and (2.12), we obtain

P (k1)

k
PH(k, 1 - " ) 2.13
; S MV §<L%<n+1—k>J+l (2.13)
k+1 n
o= , (2.14)
1>0 YYo=k <£’€+l)
! 2n
> Pk 1) =) ( ) (2.15)
10 r=y=1 P—t n+1
U, 2n
P (k1) _ <_1)n+l< )
; r=y=—1 Z:Z—k n+l




The last identity can in fact be simplified, in view of the elementary summation formula

SV = o (V 1)

Namely, we have

> Pk, 1)

1>0

k+1 2n
= (=)t = . 2.1
r=y=—1 (=1) n (n—l—k-l—l) (2.16)

Care must be applied of how to interpret the expression on the right-hand side for n = 0:
in (2.16), the value for n = 0 must be taken as 1, regardless of the choice of k.

3. The connection matrix A(n). In this section, we define the connection matriz
A(n) announced in the introduction, see (3.1). Multiplication of our matrices of Motzkin
prefix generating functions on the left by A(n) allows us to connect them — via Lemmas 11
and 12 — to the matrices of Motzkin generating functions in [2], presented here in Theo-
rems 1 and 2 in the previous section. The connection is not completely direct, it is only up
to correction matrices (the matrices Cy(n, k) and Ci(n, k) in the lemmas). Nevertheless,
since A(n) has determinant 1 (see Lemma 6), multiplication on the left by A(n) does not
change the determinant, and some further work makes it possible to deduce Theorems 3
and 4 on the basis of results from Theorems 1 and 2.

We define the matrix A(’I’L) = (An,i,j>0§i,j§n—1 by

( (t+z)(A+y)

= , ifi=7<n-1,

_1
Ty’

Anpy =4 S () ety

-|—(;) ("Jrj_l)xl_jy”_l) , ifi=n—1andj<n-—1,

ifi=j—-1<n-—1,

zy—(n—1)(z+y)
\ xy 9

ifi=7=n-1.
(3.1)
Here, binomial coefficients have to be interpreted as 0 as soon as a lower parameter becomes

negative or an upper parameter is less than the lower parameter. For example, the matrix
A(4) has the form

(1“2;1”) _ % 0 0
0 (+z)(1+y) _ 1 0
Ty Ty
0 0 (14=)(1+y) _ 1 ’
zy zy
As30 Assa As3 %W

where the entries A4 30, A4,3,1, A4,3,2 are the polynomials in z and y divided by zy given
by the next-to-last line in (3.1).

In the proof of Lemma 9, we shall need alternative formulae for the matrix entries in
the last row of A(n), which are presented in the lemma below.
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Lemma 5. For all non-negative integers n and j with 0 < j < n — 2, we have

Annay =TT > (-7 ((n T 1) <n me 1) (zy)"( +y)" I

Ty >0 r ]

(7)),

PROOF. Since the two terms in the summand on the right-hand side of (3.2) arise from
each other by a shift of n by 1, it suffices to concentrate on one of them:

S (") (1) e
Sy (n - r) (n - 27«) - (n -3~ 27«) R

r>0 >0

B I m—i_l n—r\(n—-2r\(n—j—2r
-2 e () ()0
1>0 r>0

g ()

l -n
1>0
Here, we used the standard hypergeometric notation
A1,y...,0yp = (al)l"'<ar)l l
rFs ; = )
{blw--’bs Z} ;“(bl)zm(bs)zz

where the Pochhammer symbol (a),, is defined by (a),, = a(a+ 1)(a+2) - (a+m —1)
for m > 0, and (a)g = 1. The above o Fj-series can be evaluated by means of the Chu—
Vandermonde summation formula (see [12, (1.7.7); Appendix (II1.4)]),

QFl[“’;Nﬂ] = % (3.3)

where N is a nonnegative integer. Thus, we obtain

S ()" ) = e () ()
=3 () ()

This matches exactly with the original definition of A, ;1 ;. O

Next we show that the determinant of the connection matrix A(n) is equal to 1. The
proof requires an identity that is established separately in Lemma 7.

8



Lemma 6. For all positive integers n, we have det A(n) = 1.

PROOF. We replace the last column of A(n) by

]
L

1
G+ay I+ g

- (column j).

<.
I
o

Clearly, this does not change the value of the determinant of A(n). Moreover, in the
resulting matrix, all entries in the last column will become 0, except for the entry in the
last row, which equals

1
[\v]

1 zy —(n—1)(z+y)
1— 1— An,n—l,j + .
(1+x)r1=3(1 4 y)n—1-J Y

<.
I
o

By Lemma 7, this expression equals

(ots)

Thus, our matrix has become a lower triangular matrix. Obviously, its determinant is the
product of the diagonal entries, which equals 1 as is straightforward to see. This establishes
the lemma. O

Lemma 7. For all non-negative integers m, we have

]
[\

1 wy—(n—l)(ery):(( Ty ))"‘1'

A o
A e [ ) e bt Ty 1+z)(1+y

0]

<.

(3.4)
PROOF. We start with the precise form of the left-hand side of (3.4),

_Z )n—l—] zn: [ n+j—1—l l Jyn 1—1
(e e (¢ j

S R

It is straightforward to see that, by extending the sum over j to the range 0 < j < n, the
last term in the above expression gets “swallowed”. In other terms, the expression can be

9



rewritten as

—1)n - IN(n4+g—=1—=10\ 1 no1
_Z L+ a)- = S 2\ i)

l=j
()
_ (-1

zy(L+z)" (1 +y) !

y f(—nj ; (Z) ("” “i- l)xl-jy”—l—lu (14 )

J

fé( )i j ()<n+]_l)xl_jy”_l(l—l—x)j(l-l-y)j

l=j (35)

Here, to lower the upper bounds on the summation indices of the sums over j and [ in the
first double sum is allowed due to the vanishing properties of the binomial coefficients (é)

and (”+j ;1_l). The purpose of this “exercise” is to make it visible that the first double
sum arises from the second by replacing n by n — 1.

Hence it suffices to concentrate on the second double sum. The coefficient of z4y?,
0 < A, B < n, in this sum is given by

22 ()T ) )
S (0G0 6 )
2 2 () ) i)

We write the inner sum over j in hypergeometric notation. Thereby we obtain

Zn:(_l)A_l (1?) (Z:ZJ <Aj— l) <A + é - n)2F1 lAA:Bl —An +1 1} '

=0

b

The oFi-series can again be evaluated by means of the Chu-Vandermonde summation
formula (3.3). We substitute the result and now write the remaining sum over [ in hyper-
geometric notation. Thus, we arrive at

S AL

10



By applying (3.3) once again and some simplification, we finally get

(_1>A+B+n (_B)A (_A)B :{ (_1)11, if A= B, (36)

Al B! 0, otherwise,

for the second double sum in (3.5). As we discussed earlier, the first double arises from the
second by replacing n by n — 1. Thus, these two double sums either both vanish or cancel
each other, except for A = B = n; in that latter case we are asking for the coefficient of
x4yB = 2"y", which is necessarily zero in the first double sum (because only monomials
of lower degree can appear) while it is the (—1)" from (3.6) for the second double sum
that survives. If this is substituted in (3.5), the assertion (3.4) follows immediately, which
completes the proof of the lemma. O

The next two lemmas provide the identities that are crucial for establishing the link
between the matrices in Theorems 3 and 4 and the matrices in [2], made explicit in Lem-
mas 11 and 12. The first is a relatively simple combinatorial identity.

Lemma 8. For all non-negative integers m, we have

m m+1
A+2)A+y) > Phlk,) =Y Py (k,1) = ayPy(k,0). (3.7)
=0 =0

PROOF. We have
1+2)(1+y)=1+(x+y) +xy.

This is exactly the sum of the weights of an up-step, of a horizontal step, and of a down-
step. Thus, the first term in (3.7) is the generating function for paths consisting of m + 1
(horizontal, up- and down-)steps that start at (0, k) and do not run below the z-axis for
the first m steps. On the other hand, the second term is the negative of the generating
function for the same paths, except that one requires the stronger condition that they do
not run below the x-axis for all of their m+1 steps. Hence, the difference on the left-hand
side of (3.7) equals the generating function for all those paths which reach (m,0) without
having passed below the z-axis, but then continue with a down-step. Since a down-step
has weight xy, this is exactly the expression on the right-hand side of (3.7). ([

The second identity is not combinatorial (at least, the authors do not have a combina-
torial interpretation for it). Instead, its proof requires a certain summation formula for
hypergeometric series which is stated separately in Lemma 10.

Lemma 9. For non-negative integers m and positive integers n with 0 < m < n, we
have

m-j

n—1
> A1y > P kD) =Pl 1 (50)+ (2y)" D Prm(0n—k+1).  (3.8)
§=0 1=0

1>0
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where the coefficients A,, ,—1 ; are given in (3.6).

Proor. Using the expression for A, ,_1; for 0 < j < n — 2 from Lemma 5 and the
expression for P:{Lﬂ.(k, [) in (2.4), we have

m+j+k
ZAM g Z g
n—2 m+]+k

Z ”+J+T< m+ j )((l—k—i—2s)_<l—k+23))
=55 = l—k—+2s S s—k—1
) <<n 77: 1) ( 2;“ 1) (xy)r+5(x +y>n—1+m—l—|—k—2r—25
N (n — r) (n - Qr) (o) + y)n+m—l—|—k—2r—2s)

r J
m+n+k—1

+a:y—(n;y1)(5’3+y> S P (kD).

We would like to extend the sum over j to range over 0 < j < n. Because of the binomial
coefficients ("_QjT_l) and ("7 2r) this extension is indeed without any harm except if r = 0.
Taking the corresponding corrections into account, we see that the above expression is equal

to
Z n+J+T( m+j )((l—k+2s)_<l—k+2s))
=0r,s>0 =0 l_k+28 s skl
((n o 1) < ) i-r - 1) (wy)™ 5 (@ 4 y) - PR R
n (n — T) (n — 2T) (xy)r-l-s(x + y>n—|—m—l+k—2r—25)
r J
+Zm+nz+:k 1i m+n—1 l—k+2s B l—k+2s
= zy \l —k + 2s s s—k—1
()P (e g
_ngfk ( m+n ) ((l—k+28> B (l—k+28)>
s>0 [=0 k+28 d s—k-1
(zy)* (gt

m+n+k—1

> Pl (kD).
=0

<.

L= (- 1 +y)
Ty

12



-~ - m+j n—2r m m+1,2r—n
-1/ — F ’ -1

Z( )<l—k+2s)< ¥ ) (l—k+2s)2 l[m—l—i—k—Qs—i—l’}

B m (=l +k—28)p_2r

S \U—k+2s)(m—1+k—25+1), o

m
= (=1)" .
(=1) <l—n—k+23+2r)

again by the Chu—Vandermonde summation formula (3.3). If this is substituted (twice —
once with n replaced by n — 1) in the quadruple sum of our earlier obtained expression,
then we get

an (( k+2s)_<l—k+2s))
S s—k—1

r,s>0 [=0
N n—r—1 m r+s n—14+m—Il+k—2r—2s
( ( r )(l—n—k—f—Qs—i—Qr—f—l)(xy) (z+9)

n-—r m r+s n+m—Il+k—2r—2s
+< r )(l—n—k+28+2r)(xy) (z+9) )

m+n+k—1 1 m~+n—+k
= =0

| (Lt n(@+y)
Ty

m+n+k—1

n ry — (n ;y1>($ + ?J) Z 7;747;+n_1(k, l). (3.9)

We observe that

(1 +n(z+ y)) + (asy —(n—1)(z+ y)) =1+2x)(1+vy).
Hence, by Lemma 8, the last two lines of (3.9) simplify to 73++n 1(k,0), which is the first
term on the right-hand side of (3.8).

The remaining task is therefore to simplify the triple sum in (3.9). In order to do so,
we split it into two parts,

¥ ’”Z*’“ ( k+ 28)
r,s>0 =0
n—r—1 m
N r+s n—1+m—Il+k—2r—2s
< ( r )(l—n—k+2s+2r+1)($y) (@+y)

n—r m r+s n+m—Il+k—2r—2s
+( r )(l—n—k+25+2r)(xy) (z+9) )

m—+k (_1)T m
— ( )(xy)r—i—s(x + y>n—|—m—l+k—2r—25

l—n—k+2s+2r

L N (G
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and

M+

<l —k+ 23)
s—k—1
1=0
n—r—1 m
T+s n—14+m—I+k—2r—2s
( ( )Q—n—k+2&+%+&)@w (z+y)

n-—r m r+s n+m—Il+k—2r—2s
+< r )(l—n—k+28+2r>(xy> (z+y) )

m-+k r m
— Z (_1) <l )(my)r—i—s(x+y)n+m—l+k—2r—25

S0 Ty —n—k+2s+2r
l—k+2s\ (n—r _ l—k+2s—1\/n—r—1
s—k—1 r s—k—1 r ’

We start with the computation of S;. We let t = r + s and write the sum over r in
hypergeometric notation. This leads to

(]

s-35 L (1 g )G g

t>0 =0
l—k+2t—1 1+lkn,—g,%—
' t—1 st 1-n,t-1
l—k—n’ ’ 2 2

Next, we apply the contiguous relation

2 a,byc,A1, Ay | blc—a—1) 7 a,b+1,c—1,A;, Ay
5°41 By, By, B3, By °| ~ b—a)(c—1)""" By,By,Bs,By
alc—b—1) a+1,b,c—1,A41, Az
+(a—b)(c—1)5 ! By, By, B3, By ‘

witha = —t,b=—l+k—t,c=1+ "2 A =-2 A =1-2 B =1 B, =1-n,
Bs = %—é—l—%—t, and By = 1—%—1—%—7&. Since, with our choice, we have c—1 = By, the

effect is that, on the right-hand side, the 5Fj-series reduce to 4F3-series. Thus, we obtain

m-+k
l—k+2t-1 ¢ ntm—l+k—2t
=22 W (—n—k+2J< t—1 )uw<x+w

t>0 1=0

l—k+t ol _on 41—l +k—t
( + 4F3|i1 21’2 lz,k 7t1 +l . t’1:|
n My gty hleg o -
l—k+t— L - B A R
- + n4F3|:1 2£2 l2,k t,l +l k ’1:|>
n My Tty hlmg s -



Both 4F3-series can be evaluated by means of Lemma 10. After some simplification, the
result is

m-+k
_ l—k+2t—n t ntm—I4+k—2t
S22 (o ) (TR ewe

t>0 =0
m-+k m‘
— (xy)t+n—l(x+y)m—n—l+k—2t
Z%?%ﬂl—k+t+M( —n—1+k—2t)!
= (2y)" 'Y Pum(0,n— k+1).
>0

Here, we replaced t by t + n to go from the first to the second line, and subsequently we
used (2.3) to arrive at the last line. Clearly, this is the second term on the right-hand side
of (3.8).

A similar computation yields

m-+k
l—k+2t—n t n+m—Il+k—2t
xy)'(x .
22 (1mn M) (T e
Y >0 =0
Due to the binomial coefficient (lt:]jltzlj:?), the summation index £ must be at least n+k+1
in order to generate non-vanishing summands. However, in that case we have

l—nm—k+2t>1l+n+k+2>l+m+k+2>m,
which makes the binomial coefficient (l_nfbk 4o 1t) vanish. In other words, we have Sy = 0.
This completes the proof of the lemma.
The following is Lemma A3 from [6].
Lemma 10. Let n be a positive integer. Then

Y T

4. Proof of Theorem 3. We first use the results from the previous section to connect
the matrix of Motzkin prefix generating functions on the left-hand side of (1.8) to a matrix
of Motzkin generating functions that appeared in [2].

Lemma 11. Define matrices My(n, k) and MPy(n, k) by
My (n, k) = (P (k. 0) oy oy

and

MPo(n, k) := | Y P (k1)

t20 0<i,j<n—1
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Then
A(n) - MPo(n, k) = Mo(n, k) + Co(n, k),

where A(n) is given by (3.1) and the “correction matrix” Cy(n, k) := (C’flo,)c i.5)0<i,j<n—1 I8
defined via

(0) O, if 1 S n — 2,
ProoOF. This is a direct consequence of Lemmas 8 and 9. 0

We are now in the position to prove Theorem 3.

PRrROOF OF THEOREM 3. We start with

MPo(n, k) = | Y P, (k1)
>0

We multiply on the left by A(n). According to Lemma 11, we get

My(n, k) + Co(n, k)

Pi—:—j(k70>7 fOI‘iS’I’L—Q
P:Lr+j—1(ka 0) + (zy)* ! >0 Pi(0n—k+1), fori=n-—1 '

Since det A(n) = 1 by Lemma 6, the determinant of My(n, k) + Cy(n, k) is the same as the
determinant of MPy(n, k). If we apply relation (2.1) with [ = 0, then we see that we have
transformed our problem into the problem of evaluation of the determinant of

(zy)* M (n, k) + Co(n, k),
where
Mg(n, k) = (P;TH(O, k))ogi,jgn—l :

The determinant of M{(n, k) is evaluated in Theorem 1. As it turns out, for a while we
may now follow the arguments of the proof of this evaluation in [2]. For the convenience
of the reader, we summarise the main steps here.

The first step in [2] makes use of the combinatorics of non-intersecting lattice paths,
see Section 4 there. One may however do equally well without combinatorics, as we now
explain. By cutting paths after ¢ steps, it is easy to see that the equation

P (0, k) Zw (0,0)PF (2, k) (4.1)

holds. Thus, we see that (zy)*M},(n, k) + Co(n, k) is equal to the product of the matrices

(P (0,0)) (4.2)

0<i,f<n—1
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and
(zy)* (P;r(é, k))OSE,an—l + Co(n, k). (4.3)

Indeed, since P; (0, ¢) = 0 for i < £ and P;(0,4) = 1, the matrix in (4.2) is lower triangular
with 1’s on the main diagonal, and thus we have

(PF(0,0)) Coln, k) = Co(n, k).

0<if<n—1 "

Moreover, for the same reason the determinant of the matrix in (4.2) is 1. Hence, the
determinant of (4.3) still equals det MPq(n, k).

The second step in [2] (see the first paragraph of Section 5 there) consists in the use of
(2.2) in order to rewrite 77;' (¢, k). In our case, we are led to the problem of evaluating the
determinant of

(zy)” (Pj (i, k) — (:L'y)Hle(—i -2, k))ogi,jgn—l + Co(n, k). (4.4)

In the third step in [2] (see Egs. (5.6) and (5.7) there with ¢ = 1), certain row operations
are applied. To be precise, row (h(2k + 2) + b) of the matrix obtained so far gets replaced
by

(wy)P=OEFD - (row (£(2k +2) + b))

E

T
]

h
- Z(:::’y)(h_@(l“'lH'b*'1 - (row (£(2k+2) —b—2)) (4.5)

if0<b< k-1, and by

h
> (wy)OED - (row (¢(2k + 2) + b))
=0 -
=) (ay)PTOEEDIL (row (£(2k+2) —b—2))  (4.6)
/=1

if K+ 1 <b < 2k. We apply these same operations to the matrix in (4.4). The important
feature of these operations is that, to obtain a row of the new matrix, only this row
and earlier rows are involved. Therefore, by the computations performed in [2, proof of
Theorem 8 with ¢t = 1] that finally lead to (5.8) there and the subsequent two displays,
these operations transform the matrix in (4.4) into the matrix

(l’y)kNo(’fL, k) + CO(nv k)? (47)

17



where Ny(n, k) = (N,(L?,z’i’j)ogi,jgn—l with

(—(zy)@PHDEFDF=ED (0 (b + 1)(2k + 2) +b — k)
+(zy)2hE+DP (0, h(2k +2) — b+ k), if0<b<k,
N harayiny = § —(@y)CHDEFDTORD (0 (B4 1)(2k +2) + b — k)
+(zy) GRADEEDP(0, (b +1)(2k +2) — b+ k),
\ ifk+1<b<2k+1.

Close inspection of the new matrix in (4.7) reveals that its determinant can now rather
straightforwardly be deduced.

CASE 1: n#0,1 (mod k+1). Let
n=HQ2k+2)+B (4.8)

with 0 < B < 2k+1but B # 0,1,k + 1,k + 2. Then it is not difficult to see (see the
paragraphs after (5.8) in [2]) that, if 1 < B < k, row H(2k+2) of Ny(n, k) consists entirely
of zeroes, while, if k +2 < B < 2k + 1, row H(2k + 2) + k + 1 consists entirely of zeroes.
In particular, this implies that in our case there is a row of zeroes in the matrix in (4.7),

and hence its determinant vanishes. This establishes the third case on the right-hand side
of (1.8).

CASE 2: n =1 (mod k+1). With the notation of (4.8), we have B =1 or B = k+2. By
reusing the arguments in Case 1, we see that, here, it is the last row of Ny(n, k) (namely
row n—1 = H(2k+2)+ B —1) which consists entirely of zeroes. Since, in (4.7), the matrix
Co(n, k) — which is a matrix with potentially non-zero entries in the last row — is added
to (zy)*No(n, k), we cannot conclude that the determinant of (4.7) vanishes, but rather
further analysis is required.

From now on, let n = (k+ 1)n; + 1. In order to get a clearer picture, it is convenient
to reverse the order of rows s(k+1),s(k+1)+1,...,s(k+1)+k,fors=0,1,...,n7 — 1.
It should be noticed that this leaves the last row, namely row n — 1 = (k + 1)nq, in place.
In this manner, we arrive at the matrix

(zy)*No(n, k) + Co(n, k), (4.9)
where the matrix Ny(n, k) = <N1S?11,i,j)0§i,jﬁn—1 is given by

—(ay) PHDEFD=0P; (0, (h+ 2)(k + 1) - b)
N© _ ] @) TUP(0, Ak + 1) +b),
.k, h(k+1)+b,j if0<b<kand h(k+1)+b<n-—1,
0, if h(k+1)=n—1.

Since P,(0,b) = 0 for a < b, we see that the new matrix (4.9) is upper triangular except
for the last row.

18



The reader should observe that, because of the permutation of the rows, the determinant
of the matrix in (4.9) is not necessarily equal to the determinant of MPq(n, k), but that

they rather differ by a sign of (—1)"1(k;rl)
Let us concentrate on the last k+2 rows. There, all entries in columns 0,1,...,n—k—3
are zero. In other words, the matrix Ny(n, k) + Cy(n, k) has a block form

(é ;), (4.10)

where the (k + 2) x (k + 2) submatrix B looks as follows:

(zy)"2P;(0,1), forn—k—-2<i<n-—2
B = .
<{ (zy)" 350 Pi(0,n =k +1), fori=n—1 )

Here, the index j ranges over j =n—k—2,n—k—1,...,n— 1. By subtracting xy times
row i fori =n—k,n—k+1,...,n— 2 from the last row, we may transform the matrix

in (4.10) into
A
(0 EJ, (4.11)

where B’ is defined by

(zy)"~2P;(0,i), formn—k—-2<i<n-—2

0, fori=n—1land j<n-2 |,
(zy)" 1, fori=j=n-1
with j again ranging over j =n—k—2,n—k—1,...,n— 1. These row operations do not

change the value of the determinant, and consequently the determinant of the matrix in
(4.9) equals the one in (4.11).

The determinant of (4.11) is easy to compute since it is in fact an upper triangular
matrix (including the last row!). Reading along the diagonal of this matrix, we find

(zy)*, (xy)*, ..., (zy)",
(zy)*F T, (ay)?

)3k:—|—2 (.’Ey)BIH_Q

yeoy (TY

where, when arranged as above, there are exactly k + 1 entries in each line (except for the
last line, of course). The product of these entries is

() R+ D+EHD? (B )4n=1 () (D (")

Y
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which, together with the earlier found sign (—1)”1(]“51), establishes the second case in (1.8).

CASE 3: n =0 (mod k4 1). Let n = (k+ 1)ny. Here, we also depart from (4.7).
Inspection of the definition of the correction matrix Cy(n, k) in Lemma 11 shows that the
entries in columns 0,1,...,n—k — 1 in its last row all vanish. Therefore, if we reverse the
order of rows s(k+1),s(k+1)+1,...,s(k+1)+k, for s=0,1,...,n; — 1, then we obtain
an upper triangular matrix whose entries along the diagonal are

(zy)*, (xy)*, ..., (zy)",
2k+1 e (

()2 ()P,

The product of these entries is

RGO (E) (g () o

(zy = (zy

Y

which, together with the sign (—1)"1(%1) that results from the row permutation that we
performed, establishes the first case in (1.8).

This completes the proof of the theorem. O

5. Proof of Theorem 4. We first use the results from Section 3 to connect the matrix
of Motzkin prefix generating functions on the left-hand side of (1.9) to another matrix of
Motzkin generating functions that appeared in [2].

Lemma 12. Define matrices Mi(n, k) and MP1(n, k) by

Ml(”? k) (Pz—‘,—j—i—l(k’(]))ogi,jgn—l
and

MPy(n,k) == | Y Pl (k,

{20 0<i,j<n—1

Then
A(n) - MP1(n, k) = M;y(n, k) + C1(n, k),

where A(n) is given by (3.1) and the “correction matrix” Cy(n, k) := (Cflll)€ i.j)0<i,j<n—1 18
defined via

(1) {07 ifi <n-—2,
Cn ki,j — cpo
o (zy)" Zz>0 Pis1(0,n—k+1), ifi=n—1.
ProoOF. This is a direct consequence of Lemmas 8 and 9. O
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We are now in the position to prove Theorem 4.

PROOF OF THEOREM 4. We start with

MPl(TL, k‘) = ZP;_j+1(k7l)
>0

We multiply on the left by A(n). According to Lemma 12, we get

My (n, k) + Ci(n, k)

_ P;THH(]{:,O), for i <n—2
P:_H(k, 0) + (zy)" 1 leo Piy1(0,n —k+1), fori=n—1

Since det A(n) = 1 by Lemma 6, the determinant of M;(n, k) + C1(n, k) is the same as the
determinant of MPq(n, k). If we apply relation (2.1) with [ = 0, then we see that we have
transformed our problem into the problem of evaluation of the determinant of

(xy)kM{ (nv k) + C’1 <n7 k:),

where
M{(n, k) = (7727:_]'4_1(0, k))ogi,jgn—l'

The determinant of Mj(n, k) is evaluated in Theorem 2. We now follow the arguments
of the proof of this evaluation in [2] for a while.

Similarly to the proof of Theorem 3 in the previous section, the first step consists in
the use of the decomposition (4.1) in order to convert our problem into the problem of the
evaluation of the determinant of the matrix

(zy)* (ij_l(i, k))ogi,jgn—1 + Ci(n, k).

In the second step, we rewrite 73]7:1(2', k) by using (2.2). In this manner, we arrive at
the problem of evaluating the determinant of

(zy)” (Pj+1(i, k) — (zy) P (=i — 2, k))ogi,jgn—l + C1(n, k). (5.1)

For the third step, we apply again the row operations given by (4.5) and (4.6). By
the computations performed in [2, proof of Theorem 9 with ¢t = 1] that finally lead to
(5.14)—(5.16) there, these operations transform the matrix in (5.1) into the matrix

(l’y)kNl(’fL, k) + Cl(nv k)? (52)
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where N (n, k) = (N,(:,z’i’j)ogi,jgn—l with

(—(wy) CPEDEEDFORD, (0, (B + 1) (2k +2) + b — k)
+(zy)2hE+DP, (0, h(2k +2) — b+ k) if0<b<k,
Ny noksnyrny = § —(@y)EHDETDRED, (0, (h+1)(2k +2) +b— k)
+(zy) GRADEEDD. (0, (h+1)(2k +2) — b+ k)
\ ifk+1<b<2k+1.

Closer inspection of the new matrix in (5.2) will lead to the claimed result in (1.9). This
is less straightforward than in the proof of Theorem 3 though.

CASE 1: n# 0,1,k (mod k + 1). Let
n=H(2k+2)+B (5.3)

with0 < B<2k+1but B#0,1,k,k+1,k+2,2k+ 1. Then it is not difficult to see (see
the paragraphs after (5.16) in [2]) that, if 1 < B < k—1, row H(2k+2) of Ny(n, k) consists
entirely of zeroes, while, if k+2 < B < 2k, row H(2k+2)+k+ 1 consists entirely of zeroes.
In particular, this implies that in our case there is a row of zeroes in the matrix in (5.2),

and hence its determinant vanishes. This establishes the fourth case on the right-hand side
of (1.9).

CASE 2: n =0 (mod k + 1). With the notation of (5.3), we have B=0or B =k + 1.
Similarly to Case 2 in the proof of Theorem 3 in the previous section, we subtract xy times
row i fori=n—k—1,n—k,...,n—2 from the last row of the matrix in (5.2). Thus, we
obtain the matrix

(l’y)kNl(’fL, k) + C_’1(n7 k)? (54)

where C(n, k) is equal to the zero matrix except for the (n — 1,n — 1)-entry (the bottom-
right entry), which equals (zy)"~!. Obviously, the determinant did not change. By using
linearity in the last column, we may write the determinant of te matrix in (5.4) as

n—1

n—1’

(zy)™* det Ny (n, k) + (zy) "~ DFFn=1 det (N1(n, k)) (5.5)

where (N1(n, k))Zj denotes the matrix arising from Nj(n,k) by omitting the last row
and the last column.

Since the matrix Ni(n, k) arose from M;(n, k) by row operations that did not change
the determinant, the determinant of Ny(n, k) equals the expression for det M (n, k) given
in Theorem 2, namely

(k1) (na+1) _ g (k+1) (1 +1)
YRl — gkl ’

(_1>n1 (’“31) (l’y>(k+1)2(n2l) Y

with n = ny(k + 1). Similarly, the determinant of (Ni(n, k))Zj equals the expression for
det My(n — 1, k) given in Theorem 2, namely
Y (B _ (b

yk:—l—l — pk+l

(= 1) (24 () (R D* (M) + (= DR CGAD)
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If these two expressions are substituted in (5.5), then the expression given in the first case
on the right-hand side of (1.9) is obtained after minor modification.

CASE 3: n =1 (mod k + 1). With the notation of (5.3), we have B=1or B =k + 2.
Without loss of generality, we may assume k& > 1 (cf. Remark (1) after Theorem 4).

By reusing the arguments in Case 1, we see that, here, it is the last row of Ni(n,k)
(namely row n — 1 = H(2k + 2) + B — 1) which consists entirely of zeroes. Since, in (5.2),
the matrix Ci(n, k) — which is a matrix with potentially non-zero entries in the last row
— is added to (zy)*Ni(n, k), we cannot conclude that the determinant of (5.2) vanishes,
but rather further work is required.

From now on, let n = (k+ 1)ny + 1. As in Case 2 of the proof of Theorem 3 in the
previous section, we reverse the order of rows s(k+1),s(k+1)+1,...,s(k+ 1) + k, for
s =0,1,...,n1 — 1, leaving the last row, row n — 1 = (k + 1)ny, in place. Furthermore,
we factor (zy)"**1) from all the entries in rows h(k + 1),h(k+1) +1,...,h(k +1) + k,
h=0,1,...,n7y — 1. This yields an overall factor of

(my)(k+1)2<n21) (5.6)

by which we have to multiply the determinant of the remaining matrix in the end. We
must as well multiply by the sign

(~1m () (5.7)
in order to take into account the permutation of the rows that we performed.
In this manner, we arrive at the matrix
Nl(nv k) +Cl(nv k)? (58)

where the matrix Ny(n, k) = (Néllz i.j)0<ij<n—1 is given by

Pjis1(0, h(k + 1) +b) — (zy)*=>1P; 1 (0, (h + 2)(k + 1) — b)
if0<b<kand h(k+1)+b<n-—1,
0, if h(k+1)=n—1.

(1) _
Nn,k,h(k—i—l)—i—b,j =
(5.9)
We should observe that, for 1 < i < n — 2, the first non-zero entry in row ¢ (which is to be
found in column i — 1) equals 1.
In the matrix in (5.8), we replace the 0-th row by

n1—1 k h
SO (=D)MEFIREN " e(h, b, 5) 2 FFDy (D EED L (vow (B(k 4+ 1) +b)),  (5.10)
h=0 b=0 s=0

where the coefficients c(h, b, s) are given by

xb 4yt if b #£0,

dM&@:{l ifb=0
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Since the coefficient of the 0-th row in the linear combination (5.10) is 1, this does not
change the value of the determinant. It should be noted that the last row, row n — 1 =
ni(k 4+ 1), is not involved in the linear combination (5.10).

Now we have to redo the computation in [2] with ¢t = 1, starting with (5.21) and leading
to the result in the display in the centre of p. 161 there, however with the relaxed condition
that j+1 <n=mny(k+1)+1. (In[2] we have j + 1 < ny(k + 1) at that point.) Taking
also into account our assumption that k£ > 1, the final result is that the (0, j)-entry in the
new matrix is given by

— (=) DN " s (b )y (=) D (P (0, na (K+1)) = (2+y) Py (0, na (k+1)+1)).
s=0

It is important to observe that, again because P,(0,b) = 0 for a < b, this expression
vanishes for j < nji(k 4+ 1) — 1, so that only the right-most two entries in row 0 are
Nnon-zero.

In addition to the above modifications of the O-th row, in analogy to similar operations
in Case 2 in the proof of Theorem 3 and in Case 2 of the current proof, we also replace
the last row, row n — 1 =nj(k + 1), by

n—2

(row n — 1) — (zy)"! Z (row 1). (5.11)

i=n—=k

When doing this operation it is important to observe that all entries in column j with

7 <n—k—1 are actually zero, that the entries ]\77(11,1” given by (5.9) for i < n — 2 and

j > n — k are given by P;1(0,17), except for the (n — 2,n — 1)-entry, which is equal to
Pn(0,n —2) — (xy)Pn(0,n). Again, this operation does not change the determinant.
Altogether, the new matrix obtained is Mj(n, k) = (MSIZ:,i,j)OSi,jén—lv where

; (_1)n1 (k+1)+1 Z:;O xs(k—l—l)y(nl—s)(k—l—l)
X (Pir1(0,n1(k + 1)) = (& + y)Pj1(0, 1 (k + 1) + 1)),
ifh=b=0,
~1 _
M) g =3 Piea(0,h(k+1) +0) — ()P0 (0, (h+2)(k +1) — b),
if0<b<kandO<h(k+1)+b<n-—1,
(:)sy)”_l (Pj+1(0,n1(k + 1)) + (1 + IEy)Pj+1(O,TL1(]€ + 1) + 1)),
\ if h(k+1)=n— 1.

The determinant of this matrix is the same as that of the matrix in (5.8).
It is helpful to display the schematic form of this matrix:

0O ... 0 a b
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where
. 2+ (n1+1) _ y(k+1)(n1+1)

xrk+1 _ yk—l—l ’
pEFD(+1) _ (k1) (na+1)

a = (_1)n1 (k+1)+

b= (—1)mk+D+1 T (mk+1)+1)(z+y) — (z+y)),
c=(zy)" ",
d=(zy)" ' (ni(k+ 1)+ 1)(z +y) + (1 + zy), (5.13)

and M = (M j)1<i<n, (k+1)—1,0<j<n: (k+1)—2 With
My k1165 = Pj+1(0, h(k + 1) +b) — (2y) TP 41 (0, (h +2)(k + 1) — b)

for 0 <b<k. -
In order to evaluate the determinant of M;j(n, k), we do a Laplace expansion simulta-
neously with respect to the top and the bottom row. Thereby, we obtain

det Ml(n, k)= (—=1)"det (CCL Z) - det M. (5.14)
Straightforward calculation shows that
a b . g aEED D) (kD) (na+1)
der (0 h) = e T e )

while M is an upper triangular matrix so that its determinant is equal to the product of its
diagonal entries, all of which are 1. If everything is put together with the earlier obtained
factors (5.6) and (5.7), then we arrive at the expression given in the second case on the
right-hand side of (1.9).

CASE 4: n =k (mod k+1). With the notation of (5.3), we have B = k or B = 2k + 1.
Again, without loss of generality, we may assume k > 1 (cf. Remark (1) after Theorem 4).

Let n =ny(k+ 1) + k. We do the same row operations as in Case 3, except the one in
(5.11). This produces a matrix of the form

0 ... 0 a b

, (5.15)

0 ... 0 ¢ d

where a, b, c,d, M are as in (5.12) and (5.13) (with the meaning of n in the definitions of
¢ and d being the current one), and D is a (k — 1) x (k — 1) “reflected upper triangular”
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matrix. (By “reflected upper triangular” we mean a matrix where all entries above the
anti-diagonal of the matrix are equal to 0.) The entries a and ¢ are located in column
ni(k + 1) — 1, so that the submatrix M is located strictly to the left of this column while
the submatrix D is located strictly to the right of column n;(k + 1) (the indexing of rows
and columns starting at 0 as usual). To the left of D — in the rows covered by D — there
are only zeroes.

By performing a Laplace expansion simultaneously with respect to the top and the
bottom row, one sees that the determinant of the above matrix equals

(—=1)"™ det (Z Z) -det M - det D. (5.16)

Comparison with (5.14) shows that the determinant of the matrix in (5.15) differs from
det M (n, k) (with M (n, k) given in (5.12)) by a factor of

(=) (zy)* 1 det D.

Here, the factor of (—1)*~! comes from the factor (—1)" in (5.16), taking into account
that our current n is by k — 1 larger than the n in Case 3, and the factor (zy)¥~! comes
from the factor (xy)"~! in the definitions of ¢ and d, again taking into account that the n
here differs from the one in Case 3.

Since the entries of D were not affected by the row operations from Case 3, they still
equal the corresponding entries in (zy)*Ni(n, k) (cf. (5.2)). Consequently — as we already
stated earlier — D is “reflected upper triangular”, with entries (zy)™ along the main

antidiagonal. It follows that det D equals (—1)( 2 )(asy)”(k_l). Hence, the determinant of
the matrix in (5.15) differs from det M (n, k) by a factor of

(—1)k_1+(k51)(xy)(n+1)(k_1) _ (_1)(’5) (xy)(nlﬁ—l)(]ﬁ_l)'

This is indeed exactly the factor by which the third expression on the right-hand side of
(1.9) differs from the second expression.

This completes the proof of the theorem. ([l

6. Specialisations. In this section we list specialisations of Theorems 3 and 4. The
special values of x and y that we choose are those that we discussed at the end of Section 2.
In all the results that we list in this section, the convention of Remark (1) after the
statements of Theorems 3 and 4 applies (in a slightly modified form): for £ = 0,1, it is
the first applicable case in the case distinctions on the right-hand sides that produces the
correct result.

We begin by setting x = —y = +/—1 in Theorem 3. Using (2.13), we obtain the following
result.
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Corollary 13. For all positive integers n and non-negative integers k, we have

k41

k (—1)n1( 2 ), ifn = (k+ 1)ny,
1+ 7 na (K57) o
=q (=17 fn=(k+1 1
ogz‘,djegtn—1<z<lz+y+1—k)J+l)> (=1) , ifn=(k+1)n+1,

= AL 0, ifn#0,1 (mod k +1).

(6.1)

A noteworthy special case is the one for k = 0,

0<igEn 1 <<L%(i e 1>J)) = 0iS% <<L<++‘7]) J)) =L (62

In other words, this gives the “Hankel transform” of the sequence <(Ln7;2 J)) N of cen-
n>0

tral and “almost central” binomial coefficient. According to [11, Sequence A001_405], this
Hankel determinant evaluation had been observed by Philippe Deléham in 2007.
On the other hand, for k = 1 we get

oet ((pe o)) =oeti, (s ) o0 o

thus obtaining the “Hankel transform” of the shifted sequence ((Ln72 J)> . of central and

“almost central” binomial coefficients. We add that the choices of k = 2 and k = 3 provide
Hankel determinant evaluations for the sequences A026010 and A026023 in [11].

Next we set x = —y = y/—1 in Theorem 4, upon using (2.13) again. This leads to the
following determinant identity.

Corollary 14. For all positive integers n and non-negative integers k, we have

k . .
i+J+1
det
0<ijn—1 (; (L%(Hj +2—k)| +z))

0

(( 2n9 + 1, ifn=(k+1)n; and k =1 (mod 4),
1, ifn=(k+ 1)n; and k = 3 (mod 4),
(=1)m1/2, ifn=(k+ 1)ny, and k and ny are even,
(—1)(ktna=1)/2 if n=(k+ 1)ny, k is even, and ny is odd,

=< 2n;+2, ifn=(k+ 1)ny +1, and k is odd,

2(—1)™/2, ifn=(k+1)n; +1, and k and n; are even,
(=1)*=D/2(2n1 4-2), ifn = (k+ 1)ny + k, and k is odd,
2(—1)(k+n1)/2, ifn=(k+ 1)ny + k, and k and ny are even,

L 0, otherwise.
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For k = 0, we obtain (6.3) again, while for £ =1 we get

ogi%%tn—l ((L%zitr];123ﬂ>) B Osﬁ(%tn—l <<L§zi:];:22)j)) =n+l (6.5)

which is the “Hankel transform” of the doubly shifted sequence ((er}z J)) oy of central and

“almost central” binomial coefficients. Clearly, for k¥ = 2 and k& = 3, Corollary 14 provides
Hankel determinant evaluations for the sequences A026010 and A026023, respectively, with
the first element of each sequence omitted.

We continue setting £ = y~! = w in Theorem 3. We recall that this specialisation in

Pt (k,l) corresponds to weighting each path by 1 — which amounts to ordinary counting
of paths — so that P, (k, [)p=y-1=, is simply equal to the number of all three-step paths
from (0, k) to (n,l) that never run below the z-axis. Consequently,

> Pk, 1)

1>0

(6.6)

z=y l=w

equals the number of three-step paths starting at (0, k), proceeding for n steps, and never
running below the z-axis. For k = 0, these are the Motzkin prefix numbers MP,, mentioned
in the introduction. For generic k, these numbers can be considered as generalised Motzkin

prefix numbers, for which (2.14) provides an explicit formula. We denote the number in
(6.6) by MP, (k).

Corollary 15. For all positive integers n and non-negative integers k, we have

k1, . .
B 1+
ogigegtn—1 (MPiy (k) = Ogigeétn_l Z Z (g,g + Z)

>0 1=—Fk
(1)), ifn = (k+ Dn,
=9 (~0)mC) ifn= (k4 Dy + 1, (6.7)
0, ifn# 0,1 (mod k + 1).

Clearly, the case k = 0 provides the proof of (1.7). Further noteworthy special cases are
the one for k =1,
det (MP;i;(1)) = (—1)"/3, (6.8)

0<i,j<n—1

providing the “Hankel transform” of Sequence A025566 in [11], and the one for k = 2,

(—)Ldn/3) " if p = 0,1 (mod 3),

6.9
0, if n =2 (mod 3), (6.9)

det (MPZ_H(Q)) = {

0<i,j<n—1

providing the “Hankel transform” of Sequence A005774 in [11].
Specialisation of x = y~! = w in Theorem 4 yields further Hankel determinant evalua-
tions for (generalised) Motzkin prefix numbers.
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Corollary 16. For all positive integers n and non-negative integers k, we have

i+
Ogi,(}%tn—l (MPHjJrl(k)) - Ogi,(}%tn—l Z Z ( 00+ 1 )

>0 1=
( (—1)”1(k;2) ifn= (k4 1)ny and k =2 (mod 3),
(—1)”1<k;2), ifn = (3k+3)ny and k # 2 (mod 3),
9(—1)m+D(*27)+1, ifn=(3k+3)n +k+1and k # 2 (mod 3),
(—1)m("27), ifn = (3k +3)ny + 2k + 2 and k # 2 (mod 3),
3(—1)”1(k;2)(n1 +1), iftn=(k+1)n;+1 and k =2 (mod 3),
=9 3(-1)m (%), ifn=(3k+3)n1 + 1 and k # 2 (mod 3),
3(—1)m D7)+, ifn=(3k+3)n +k+2 and k # 2 (mod 3),
3(—1)(”1“)(’6;2)“(711 +1), ifn=(k+1)n; +k and k =2 (mod 3),
3(—1)(”1+1)(k;2)+1, ifn=(3k+3)n1 +k and k # 2 (mod 3),
3(—1)m+D(*2%), ifn=(3k+3)n; + 2k +1 and k # 2 (mod 3),
L 0, otherwise.
(6.10)
The special cases k = 0, 1, 2 are explicitly
—D/3 i n=0,2 (mod 3),
00,y (MPisisn) = { ;(—)1)L”/3J, ifn =1 (m(od 3), | (6.11)
( (—1)"/6) if n=0,4 (mod 3),
3(-1)/8) if n=1,3 (mod 3
Oéi’(}%tn_l (MPHjJrl(l)) - E ;L"/m ifn= 2,(m(od 3), ' (6.12)
L 0, if n =5 (mod 3),
(1, if n =0 (mod 3),
ogif}%tn_l (MP;i1j41(2)) =4 3[n/3], ifn=1 (mod 3), (6.13)
[ —3[n/3], if n =2 (mod 3),

providing further Hankel determinant evaluations for the sequences A005773, A025566,
and A005774 in [11].

Next we turn our attention to the specialisation © = y = 1. Use of (2.15) in Theorem 3
yields the following result.

Corollary 17. For all positive integers n and non-negative integers k, we have
s SR (~)™m ) it = (k+ Dy,
det Z 21429 B G (6.14)
Ogi,j%n—l = i+ +1 - (—1) =) ifn=(k+1)n; +1, .
o 0, ifn#0,1 (mod k + 1),
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For ¥ = 0, Equation (6.14) says that the “Hankel transform” of the sequence

((?:f)) (which is [11, Sequence A001700]) is the all-1 sequence. This is a well-known
n>0

result, and it is also covered by [2, Theorem 21].

For k = 1, Equation (6.14) provides the “Hankel transform” of the sequence ((2”+2))

n>0
(which is [11, Sequence A001791] up to a shift). Again, this is a known result, see e.g. [2,
Cor. 20 with k& = 1].

On the other hand, specialising * = y = 1 in Theorem 4, we arrive at the following

Hankel determinant evaluation.

Corollary 18. For all positive integers n and non-negative integers k, we have

k+1 . .
21+ 2 2
det E ( HT I+ )
0<i,j<n—1 \ = \i +54+1+1

;

12 (20, + 1), ifn =
1)

)ny and k is even,

1

1)ny and k is odd,
Dng + 1,
1
k

ifn

k

(~1)™ (

(~nm (2, (
=9 (=12 (4, +9), ifn = (

(~1)mtnls

0

k+
k+
k+
DA 4y 1 4) = (k+
: ifn#0,1,

)nl + k?
(mod k + 1).

\

(6.15)
Similarly to before, for & = 1 this recovers [2, Cor. 23 with k£ = 1], while for k¥ = 0 it
proves Conjecture 24 in [2] for Kk =0 and k = 1.

Finally, we set + = y = —1 in Theorem 3. Using (2.16), we obtain a determinant
evaluation which can be considered to be in a row with [2, Cors. 12, 15, 13, 18, 16].

Theorem 19. For all positive integers n and non-negative integers k, we have

det 2k + 2 2i+2j—1
e S —
0<ij<n—1\i+j+k+1\ i+j+Ek

(—)m 2y — 1), ifn=(k+ Dm
=0 () C)TRy = (ko Dy + 1 (6.16)
0, ifn#0,1 (mod k + 1).
Here, the (0,0)-entry of the matrix on the left-hand side is zero by definition.

PROOF. Since

2k + 2 <%+aj—1)__k+1< 20+ 2j )
i+ji+k+1\i+j+k ) i+j\i+i+k+1

the matrix on the left-hand side of (6.16), of which the determinant is taken, is the n x n
Hankel matrix corresponding to the sequence in (2.16), up to the sign in (2.16), and up to
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the convention of how to interpret the term for n = 0 in (2.16). Applying the specialisation

x =y = —1 in Theorem 3 and using (2.16), we are led to the determinant evaluation
<—1)n1(k;1), if n= (k + 1)n1,
o k+1 21 + 2] k1 .
—1)rItE S _— = m)) ifn= (k4 Dny +1
edet (o (2 )Y = = e,
0, if n 0,1 (mod k + 1),
(6.17)

where the (0,0)-entry in the matrix on the left-hand side has to be taken as 1. Let
M = (M j)o<i,j<n—1 be that matrix. We write the 0-th row of the matrix as

(O,Mo,l,MO,Q, .. -7M0,n—1) + (1,0, .. ,O)

Subsequently, we use the linearity of the determinant in this row to decompose the deter-
minant into the sum

qet [y 22
0<i,j<n—1 i+ \ie+i+k+1

o 1 2i + 25
bode (L 20200 g
1<i,j<n—1 i+j\i+j+k+1

where the (0,0)-entry in the first matrix is zero by definition. The first determinant in
(6.18) is thus the determinant in (6.16), up to a sign of (—1)"*. Because of (6.17), we
know the total value of (6.18), while the second determinant in (6.18) has been evaluated
in [2, Corollary 18].! Thus, this sets up an equation for the determinant in (6.16), which
we just have to solve. U

Specialising x = y = 1 in Theorem 4 and using (2.15) again, we recover Corollary 15
in [2].
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