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INTEGRAL POLYNOMIAL SEQUENCES RELATED
WITH KRAWTCHOUK MATRICES AND ASSOCIATED
RIORDAN ARRAYS

HyeEOoNG-KWwAN JU, HYUNJEONG LEE AND SOOJEONG SEO

Abstract. The relationship between the integral polynomials ob-
tained from the iterations of the matrix given by the expression (1)
and the entries of the Krawtchouk matrices is derived by using the
associated Riordan arrays.

1. Introduction

Lim [7] and Cheon et al. [3] gave questions about the integral poly-
nomial sequences arising in the iterated powers of matrix given by the
expression (1) below. In particular, Cheon and Lim [3] showed that cer-
tain explicit expressions and combinatorial identities can be presented in
terms of Vandermonde matrix, mirrored I'-matrix, weighted Delannoy
number, Riordan array, hypergeometric function, and Jacobi polyno-
mial, related with the matrix (1). (In fact, one of referees informed
authors that there was a manuscript(the reference [3]) regarding the re-
lated topics after submitting this paper.) In this article we show that
coefficients of the polynomial sequences are nothing but the diagonal el-
ements of the Krawtchouk matrices (which will be introduced in Section
4) and they can be expressed as one of the Riordan arrays. The matrix
we consider mostly is

(1) (2 L)

We also clarify the polynomials that appeared in the iteration of the
matrix (1). In other words, we concentrate on the integral polynomials

Received March 15, 2012. Accepted August 8, 2012.

2000 Mathematics Subject Classification. Primary 05A05, 05A10, 05A15; Sec-
ondary 11B65.

Key words and phrases. Krawtchouk Matrices, Riordan Arrays, Generating
Functions.



298 Hyeong-Kwan Ju, HyunJeong Lee and SooJeong Seo

Un(x), v, (x) generated by the following :

(2) <u"(x) on(2) ):(1 1 >n+1f0rn:0,1,2,~-.

Zn(z)  wy(z) r —z

In Section 2 we introduce several basic properties about the polynomials
un(x) and v, (z), some of which will be used later. In Section 3, a
Riordan group is defined and we adjust our problem for the Riordan
group. A Krawtchouk matrix is introduced and our main results are
discussed in Section 4. More detailed results are discussed in Section 5.
In the last section further problems are proposed.

2. Preliminaries

Polynomials wu,(z) and v,(x) given by the formula (2) satisfy the
following three-term recursion formulas:

3) Unt2(z) = (1 = 2)onta(2) + 2z0n(2)

and

(1) nsa(#) = (1= 2uns1(2) + Zoun(z)

for n = 0,1,2,--- . From the recursion formula (3) we can obtain the

following formula:

n+2 _ n+2
a g

(o) =) ()L

a— B
where
1—xz++V1+6x+ 2 1—2z—+V1+6z+ 22
o = s 5 prd
2 2
.. . l—2 2z
are two characteristic roots of the matrix 1 0

It is interesting that from the recurrence formula (3) the ratio of two
consecutive polynomials can be expressed as a continued fraction in the
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following:

Unt1(z) 1

(5) Un—i—?(x) B 1—z4+

2x
2x
2z

1—x+

1—x+

2x

o
x+17x

Note here that 2x appears n + 1 times on the righthand side of the

equation (5). Likewise,
(©) Un+1() _ 1
Un+2 (x) 1—x+

2z
2z
2z

1—ax+

1—x+

2z
1+=x

Note also that 2z appears n+ 1 times on the righthand side of the equa-
tion (6).

Ll—x+

Using induction we can show that v,(z) and w,(x) are expressed in
terms of determinants as in the following associated tridiagonal matri-
ces of the size (n+ 1) x (n+1) (the same formulas appeared in Lim([7])
and the Corollary 3.9 of Cheon and Lim([3])):

1—=x 2x 0 0 0
-1 1—-2 2 0 0
0 -1 1—-z 2z 0
Unt1(x) = det
0 0 -1 1—=z 2
0 0 0 -1 1-—=x
and
11—z 22 0 0 0
-1 11—z 2z 0 0
0 -1 1—z 2x 0
Unt1(z) = det
0 0 -1 1—2 2z

0 0 0 -1 1



300 Hyeong-Kwan Ju, HyunJeong Lee and SooJeong Seo
3. Riordan Arrays

A Riordan group is a set of lower triangular integer matrices (d; ;)
of infinite size (called a Riordan array) so that each matrix satisfies the
following (i)-(iii):

(i) p(t) = po + pit + pat? + -+,
(ii) q(t) = @it + qot® + g3t + -~ = th(t) (@ = h(0) # 0), and
(i) p(t)g(t)* = 32520 digt"

Thus, an alternative form of the Riordan group is the set of all pairs
(p(t),q(t)) of such functions p(t) and ¢(t) under the operation e which
is described as in the following:

For any two pairs (p,q) and (r, s) in the set,

(P, q) o (r, s) = (p(roq), soq).
where (f o g)(t) = f(g(t))-
The identity pair is (1,t) and (p,q) "' = g 1). (See [2] for de-
tails.) To each Riordan array (p,q) = (p,th) there is an integer sequence
A = {a;} with ag # 0 satisfying

(57T

dpt1 k+1 = Qody k + a1dp k41 + a2dy o + -+ (n,k > 0).

where d;; is the (4, j)th entry of the Riordan array (p, ¢). Such a sequence
A = {a;} is called the A — sequence of the Riordan array (p, ¢q). We
can find the generating function A(t) = Y .2 ant™ from the equation
A(th(t)) = h(t). A Riordan array of the form (p(t),t)(where p(t) =
>oo2 , bnt™) is called the Appell array of the sequence {b,}. Its (n, k)th

entry of the Riordan array (p(t),t) is b,_x. We realize immediately that

S ()
Zdekt 2k = 1—71‘(]@)

n=o k=o

Now, back to the recursive formula (3), we can find that its generating
function is as follows:

o0 . = p(t)
M G = e = Ty =

T3

We denote the Riordan array (p(t), q(t)) = (%5, t(?:tl)) by {tnr}. In

fact, a similar Riordan array appeared in the Proposition 7 of Barry([2]).
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k=0 1 2 3 4 5 6 7 &8 9 10
n=0 |1
1 1 -1
2 1 0 1
3 1 1 -1 -1
4 1 2 -2 2 1
5 1 3 -2 2 -3 -
6 1 4 -1 0 -1 4 1
7 1 5 1 -3 3 -1 -5 -1
8 1 6 4 6 6 -6 4 6 1
9 1 7 8 -8 8 -6 8 -8 -7 -1
10 1 8 13 8 2 0 2 -8 13 8 1

FIGURE 1. Table for {¢,;}

(See Figure 1 for the table regarding the sequence (¢, ).) Thus,

vp(x) =

00
E tn,kl'k
k=o

and the generating function associated with A-sequence is

r—1—+vV1+6z+ 22

Az) = 5

(=1) + (=1)z + 22% + (—6)2® 4 222" + (—90)z° + 39425

+(—1806)z" + 85582% + (—41586)2” + - - - .
This is a sequence which appeared in OEIS([8]) (id: A103137, a first
column of inverse Delannoy triangle). Its signless sequence is A006318,
large Schroeder numbers, in OEIS([8]).
From the definition of the A-sequence we get a recursive formula for the

sequence {t,i} as follows:

301

tnt1 g1 = (—Dtn g + (—1)tn k1 + 2tn k2 + (—6)tp s + 22t jya + - - -

Similarly, the generating function for the polynomial sequence {u,(x)}

is given by:

®)  H(z,t)=) up(a)t" =

1 1
11—t 1—t
o 2:1:t1 121 "
R R =
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Let {spx} be the infinite lower-triangular matrix associated with the
polynomial sequence {u,(x)}. Then,

Un () = Sp0 + Sn1x + -+ sppx”(n > 0).

From the formula (8), the relation between {s,;} and {t,} satisfies
the following:

9) Sptlhtl = tnti k1 +2th i (n,k >0),
which implies that

Un+1(2) = vpi1(x) + 220, ().

Likewise, for the polynomial sequence {z,(z)},
22t — x ﬁ ﬁ

T 1=t +at — 2at? :2xt1_xt(2ltf—t1) —xl_x@.

o0

J(x,t) := Z zn (z)t"

n=0

Let {p,} be the infinite lower-triangular matrix associated with the
polynomial sequence {z,(z)}. Then, z,(z) = pro+pniz+- - -+pppz™+
P12 and puiiger = —tarik + 2tk (nyk > 0). As above,
Znt1(x) = —zvp41(x) + 220, ().

Now, for the polynomial {wy,(z)},

o0 €T — €T
. . T—2 o 1—x
(z,t) := wn (@)t 1—t+ at — 2xt? 7x1—xt(2t L 1 xt(?ttil)
K(x E T —t

n=0

Let {gnx} be the infinite lower-triangular matrix associated with the

polynomial sequence {wy,(x)}.Then, wy,(z) = ¢no+gni1z+- - +gnnz"+

Gnnt12" T and g g1 =t (n,k > 0). This says that w,(x) = zv,(2).
In summary, we have

Un+1(z) = Unt1(2)+  2z0n(2)
Znt1(x) = —zvpg1(z)+ 22v0,(2)

Wpt1(x) = x2vp41(T).



Integral Polynomial Sequences Related with Krawtchouk Matrices 303
4. Krawtchouk Matrices

For details about Krawtchouk matrices, see [4] or the references

therein. The n-th order Krawtchouk matrix K = (Kl(]n)) is a ma-
trix of size (n + 1) x (n + 1) whose entries satisfy the following :

n

(10) (1+a)" (1 —a) =3 oK}

)
1=0

From the formula (10), we can express each entry explicitly as follows:

(11) K =3 (-1 < i ) < 7;—_’%7 )

k>0

Hence K", the i — th element of the diagonal in the n — th order

)
Krawtchouk matrix K, is

(12) K™ =3 (-1)k < ; > < ?—_12 ) (0<i<n)

k>0

As a reference we list first several (0 < n < 4) Krawtchouk matrices
below.

r 1 1 1 1

R 11 1 é}jljs 4 2 0 -2 -4
o A s s ey
L 1 -1 1 11

THEOREM 1 For every nonnegative integer n,

vp(x) = ZKZ(:L)xZ
=0

In order to prove Theorem 1 we need the following Lemma which is
described in [5].(See the formula (5.25) on page 169 of the reference [5].)

LEMMA 2

S (e
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Ju, Hyu

Hyeong-Kwan
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Proof of the THEOREM 1:

7~/ N 7 N 7 N

~
<
m —
5 g
— _
-
SN— -__-
_m =
= <
_ —
N— _
) S~—
T N
g Yo
s |
— =
-~ —
~_ z(\
< o
=N -

)

that

From the formula (12) we also see

(from Theorem 1) we have

and, therefore
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(13) () = (=) ().

Equation (13) says that v,(x) is a reciprocal (resp. anti-reciprocal)
polynomial if n is even (resp. odd). Hence x is a zero of v, if and only
if % is a zero of v,.

COROLLARY 3

(1) Trace of the (2n)th order Krawtchouk matriz K®™ is 2", and
2n m
(M) (2n—m n
— =2"
2 () (k)
m=0 k=0
(2) Trace of the (2n + 1)st order Krawtchouk matriz K"+ s 0.

2§1i<—1>’“(7§) (r) -

m=0 k=0

Proof : 1t is obvious from vy, (1), ve,+1(1) and formula (3). O
In the next Theorem we describe coefficients of w, ().

THEOREM 4

Up () = Kég) + ZKIgnk?flxk
k=1

Note that this result says that the constant term of u,(x) is u,(0) =
1= K(gg) and the rest of its coefficients consist of subdiagonal entries of
the nth order Krawtchouk matrix K = (Kz(jn))

Proof : Tt is obvious that u,(0) = 1 = Kég). Since the coefficients
of

n

un(x) = Z Snkxk

k=o

satisfies the formula (9) and ¢,; = Kl(ln ) (Theorem 1), it is enough to
show that for n =0,1,2,--- and k =0,1,2,--- ,n.
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/ k|0 1 2 3 4 5 6 7 8
1
1 -1
10 1
3 1 a1 A

-11 4 4 2 1

45 -7 -16 -8 -3 -1

-197 76 69 34 13 4 1

903  -353 -313 -153 -39 -19 -5 -1
-4279 1688 1472 716 273 92 26 6 1

0O O Ul W+~ OB

FIGURE 2. Table for {s,x}

_ pr(n+1) (n)
= K1 o + 2Ky, O
Note that
z(2x — -1 T x + x2 —x — T + x2
Gl AL P R )
Bz) 3+ + 1+ 6z + 22

1—ty(z) 4—t(1—2)+tVI+6x+a2

—

From A(y(z)) = % Az) = 2.
Table for the sequence {s,, ;} is given for reference in Figure 2. The Oth

column of Figure 2 has an id A080243(and its signless version A001003)
B(=z)

1—(z)
in the Oth column (called Super- Catalan numbers or Little Schroder

numbers) are decomposed of numbers in the rest of the columns.
Anti-diagonal entries of the nth-order Krawtchouk matrix K™ = (K Z(]" ))

in [8]. Each row sum is zero since = 1. Thus the signless numbers
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can give us other integral polynomials, such as

snl@) =Y K (n>0).
k=0

sn(x) is a reciprocal polynomial since K lgnquk = Kr(ﬁ)k x- Its Rior-
dan array given by the lower triangular matrix {ri;} of infinite size
is (p(z), —q(z)) = (£, %) which is described in [2].(See also id
A098593 in [8].)

Note that
z(l —2x)\ -1 —x — 6+ T — — 6x + 2
(o, 2oyt (Aot VDGRt 1a e s ISR R | p(a-1,29(-0)
28(-=) -1 1—z++V1—6z+ a2
L—t(2y(-2)) 2—t(1+a)+t/1—6z+a2
T —2
A(z):lix.

5. Further Detalils

In the proof of Theorem 4 we have shown that a subdiagonal element
K 1(:;113 of the (n + 1)st Krawtchouk matrix can be expressed in terms
of the diagonal elements of the nth and (n + 1)st Krawtchouk matrices.

That is,

n+1 n+1 n
KD = KM 2K (0 < k<),

Likewise, we can get the similar formula for K ,ngQk) as following:

+2 +1 +1
(14) Klgﬁer? = Kl(:&-Q,k)—l—Q +3Kl§:—1,k)+1 +2KIET—:-)1,I<:+1 +HAK) (0 <k < ).

Note here that the value of K 27[1 with a > b is zero. For example,

(9 B[54 55
bt 1 -1 1 (-1
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1) 1 11 1
(4) 2 0 -2 —4
KY=| 16 0 -2 0 6
4 (=2) 0 2 —4
1 -1 <1> -1 1

)+ 3K 42K ) £ 4K = (=1) +3(1) +2(0) + 4(1) = [6].
K = K 43K 4 2K +4K5%) = (0)+3(—1)+2(0) +4(1) =< 1 > .
In general, identity (14) holds because:

k\ /(n+2)—k

z)((k+2)—z)

(n+2) _
KL =2
i>0

-y NG )+Z< (DG
:2(71) (kjl) (Ijl)](Zi;:I;)+K;(f$113+1+21<(f2
i>0

kK
(
[
-2 (TG T) - Do () (et i e
(
(

L (Y (A DY () (1) g, 2n
1>0

= (k+1)+1 k41
sk+1\ m41—(k+1) n+1—(k+1) (nt1) (n)
= -1 2(K 2K
S T N = )+ ey 0 )+ 200 260
— (n+1) (n (n+1) (n+1) (n)
(Kk«:»Z k42 + 2Kk+1 k+1) + Kk:j»l k41 + 2(Kk11,k+1 + 2Kk7,1k)

(n+1) (n) (n+1) n+1) (n)
=Ky o k42t 2Kk+1 k1t Kk+1 k1t Q(Kk+1 k1t 2Kk,k)

= Kl(cj:gllerQ + 3KIE1+1—113+1 + 2Kk+1 k41 T 4Kl(c lk) o
For n=0,1,2,---, we consider the polynomial p,12(z) of degree n + 2,
L (n+2) n+2 (n+2) k+2
(15) pr2(z) == Kqq z + Z Kk+2 kT

Let po(z) = 1, p1(x) = 14=z. By the previous definition (15), for instance,
pa(x) = 142z + 22, p3(x) = 1+ 3z + 322 — 23, py(z) = 1 + 42 + 62% —
223 + 2%, Actually, this comes from the fact that

(16) pnt2(z) = (1 4+ 32)vpp1 () + 22(1 + 22)v, (2) — 22,

which can be obtained using (14) and (15). By the formula (16) and the
recurrence relation (3) on v, (x) we get the following recurrence relation

on pa(x):
(17> pn+2($) = (1 - x)Pn+1<1') + 21‘pn(.%') + 227,
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If we let M (x,t) := Y " pn(x)t" then from the recursion (17) we obtain
the following:

1+ 2at + 2222 1 - N
_ 1—t 11—t 1—t 2,2 —t
Mz, 1) = 1— t—2(2 —t) 12D + 2”1 — 2D + 207 — RCTERY
— - —t
6. Proposed Problems
1. For a function
~ (2z-1)"
fo(z) = A=yt
k
is it true that ddx];” (0) is nonzero for k = 0,1,2,--- ,n — 1?7 In
particular, we can see that
A" for d* for

2k
e (0) = 0and —-57(0)/(2k)! = (—1)’€< k>

for £k > 0 by the similar way as in the proof of Theorem 1. It
seems that the problem posed here has certain significance in the
reconstruction problem related with the (7,4,3)-Hamming code([6]
and [1]).

2. Characterize the roots of the reciprocal functions or anti-reciprocal
functions v, (x). In particular, can we describe the relative posi-
tions of the roots of reciprocal functions or anti-reciprocal func-
tions vy, () ?

3. Can we show those identity formulas given in the Corollary 3 com-
binatorially?

4. Generalize the problem that we pose. That is, consider iterations

of the matrix
1 1
sx tx )

More generally, is it possible to translate this problem into any
g-analog version of that and obtain the associated results?

5. Generalize the formula (14). In other words, find the general for-
mula for K ]EJT-:::,?C) (i > 1,0 < k <n) in terms of diagonal elements

of Krawtchouk matrices of the smaller size.
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