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ARITHMETIC PROPERTIES OF POLYNOMIAL SOLUTIONS OF
THE DIOPHANTINE EQUATION P(z)z"! + Q(z)(z + 1)"*+! = 1

KARL DILCHER AND MACIEJ ULAS

ABSTRACT. For each integer n > 1 we consider the unique polynomials P, Q €
Q[z] of smallest degree n that are solutions of the equation P(z)z"t1 +
Q(z)(x + 1)"*! = 1. We derive numerous properties of these polynomials
and their derivatives, including explicit expansions, differential equations, re-
currence relations, generating functions, resultants, discriminants, and irre-
ducibility results. We also consider some related polynomials and their prop-
erties.

1. INTRODUCTION

It is a well-known fact that the Chebyshev polynomials of the first and second
kind, T},(x) and U, (x), can be defined as solutions of the polynomial Pell equation

(1.1) To(z)? — (22 = DU, _1(2)* =1

in the ring Z[z]; see [1], or [2] for more general polynomial rings.

In this paper we consider the following variant of equation (II)). Since Q[x] is
a Euclidean domain, we know that for given coprime polynomials f, g € Q[z] there
are polynomials P,Q € Q[z] with P(x)f(x) + Q(z)g(x) = 1. To make this more
specific, we choose f and g to be the simplest pair of coprime polynomials of the
same degree, namely z"*! and (z + 1)"*!, where n > 0 is an integer. In other
words, we consider the equation

(1.2) P(x)z" ™ 4+ Q(x)(x + 1) = 1.

If we make the assumption that deg P < n, deg@ < n, then we have a unique
solution P(z) = P,(x), Q(z) = Qn(z) of (I2), and we have

(1.3) Po(z)z" ™ + Qu(x)(z + )" =1

for integers n > 0.

It is the purpose of this paper to study properties of the polynomial sequences
P, (), Qn(z). We will see that these polynomials have integer coefficients, are
similar to each other, and in spite of some fundamental differences they show some
similarities with the Chebyshev polynomials in equation (LIJ). Moreover, these
polynomials appeared in an interesting context of constructing consecutive integers
divisible by high powers of their largest prime factors [8, Theorem 4].

The first polynomials P, (x), Q,(x), for 0 < n < 4, are shown in Table 1.
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n P, () Qn ()
0 —1 1
1 2x+ 3 —2x+1
2 —622 — 152 — 10 622 —3r+1
3 2023 + 7022 + 84z + 35 —2023 + 1022 — 4+ 1
4 | =70z* — 31523 — 54022 — 420z — 126 | 70x* — 3523 + 1522 — 5z + 1

Table 1: P,(z) and Q,(x) for 0 <n < 4.

This paper is structured as follows. We begin in Section 2l by deriving some ba-
sic properties of the polynomials P, (x) and @, (z), including differential equations,
recurrence relations, and generating functions. In Sections 3 and 4 we consider
variants of the original questions concerning the identities (L2)) and (L3); this will
involve the Chebyshev polynomials already mentioned in connection with (ILJ). In
Sections 5 and 6 we study resultants and discriminants involving the polynomi-
als @, (z) and their derivatives. We then introduce, in Section 7, a sequence of
polynomials related to the sequence @, (x) and study their properties. Section 8
is devoted to some irreducibility results, and we conclude this paper with a few
further remarks and conjectures in Section 9.

2. BASIC PROPERTIES

Throughout the remainder of this paper, P, (z) and @, (z) will denote the solu-
tions of the equation (L3]).

Proposition 2.1. For any integer n > 0 we have deg P,, = deg Q.,, and
(1) Pule) = (-1)"Qu(-1-2),  Qulz) = (1) Pu(~1 - a).

Proof. The definition ([3]) implies that the degrees of P, and @,, must be the same.
Now replace « by —1 — 2 in [I3]); then we get

Po(—=1—2)(=1)" Yz + )" + Qn(—=1 — z)(=1)" 1zt = 1.
Now the uniqueness of the solutions of ([L3)) implies the two identities in 2.1). O

As a consequence of ([3) and 21 we immediately get a few special values.

Corollary 2.2. For any integer n > 0 we have
(22) Pu(-1)= ()", Pu(-3) = (-D""2", Qu(-3)=2", Qu.(0)=1.

Proof. By substituting = —1 in (3] we immediately get the first identity, and
similarly, z = 0 gives the fourth identity. Next, if we set x = —% in (L3), we get

(—1)n+1Pn(_%) + Qn(_%) _ gn+l

Also, either one of the equations in (), with = —1, gives (—=1)" "' P,(-1) =
Qn(—%) By combining these last two identities we immediately get the third

equation in (Z2), and then also the second one. O

Another special value will be obtained later in this section. An important conse-
quence of Proposition 2] is the fact that it suffices to consider only one of P, and
Q. For the remainder of this paper we will therefore concentrate on the polynomial
sequence @, and begin by deriving an explicit expression.
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Proposition 2.3. For any integer n > 0 we have deg Q,, = n, and

n

(2.3 Q) =31 (" Tt

: (3
=0

Before proving this representation, we not that the polynomials Q,,(x) have an
interesting combinatorial interpretation: The ith coefficient of @, (—x) counts the
numbers of lattice paths from (0,0) to (n,4) using only the steps (1,0) and (0, 1);
see [11, A046899].

Given the simple form of the representation (23], it is not surprising that the
polynomials @, (—x) have been considered before. Using (23) as definition, Gould
[7] derived some basic properties, including the third identity in ([222]) and two more
properties relevant to this paper; those will be mentioned later in this section.

Proof of Proposition[2.3 We differentiate both sides of the identity (I3])), and after
some easy manipulation we get

o (2P (z) + (n+ 1) Po(2)) = —(x+ 1)" ((z + 1)Q(z) + (n + 1)@n(x)) -

Since 2™ and (z + 1)™ are coprime, this last identity implies that 2™ divides the
expression (z + 1)Q), (z) + (n + 1)@n (). Consequently, since deg Q,, < n, we have

(2.4) (x4+1)Q.(z) + (n+ 1)Qn(x) = cha”

for some constant ¢,,. Now we write
(2.5) Qu(@) = 3 qina’
i=0
and equate coefficients of z* on both sides of ([24)). First we have by Corollary 2.2
that gon = @n(0) =1, and for i = 0,1,...,n — 1 we have
i@+ (0 + 1 git1n+(n+1)gin =0,

or equivalently

n+1+4+1

in, ©t=0,1,...,n—1.
i+1 %, ! "

Gi+1n = —

By iterating this, we immediately get, for ¢ = 0,1,...,n,

(D) (nti) :(_w(nﬂ)

7! 7

qin = (_1)
This, with (2.5]), completes the proof. O

By combining the identities ([23]) and (21]), we can also obtain an explicit ex-
pression for P, (z).

Corollary 2.4. For any integer n > 0 we have deg P,, = n, and

(2.6) Po(z) = (~1)"'(2n + 1) <2:) Zj; ﬁ <’Z> z.
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Proof. Combining the first identity in (21 with (Z3]), we get

(1) ) = Qu(—1 =) = D(-1) ("“)(—1 i

(7 e -5 ()5 ()

2 7=0

]io (Z (nﬂ) (g>> .

where we have used the fact that (;) =0 for j > 7, and then changed the order of
summation. Finally we note that the inner sum in the last expansion is known to
have the evaluation ffr‘;ﬁrll (27?) (?), for instance, after an easy reformulation of the
sum one could use identity (1.48) in [6]. This proves ([2.6]). O

Remark 2.5. The identity (2.6) immediately gives the special values

1) Pu0) = (L) o (D) oy )

On the other hand, there do not seem to exist explicit formulas for P, (1) and Q,(1).
However, the two sequences of their absolute values, namely (1,5,31,209, 1471,
10625, ...) and (1,1,4,13,46, 166, ...), have some interesting combinatorial inter-
pretations; see the entries A178792 and A026641, respectively, in [I1]. Also, it
follows from (3] that P,(1) +2"*1Q, (1) = 1.

We now return to the identity ([2-4) and note that ¢, = (2n+1)g,,, = (—1)"(2n+
1)(*™), so that

2
(2.8) (z+1)Q,L(x)+ (n+1)Qn(z) = (=1)"(2n + 1) ( :) x".
The following generalization of this identity will be useful later. As usual, Q%k)(x)

will denote the kth derivative of @, (z).

Proposition 2.6. For integers k and n with 1 < k < n+ 1 we have

(2n+ 1)1 gn-k+l

29 @+DQP @)+ + POV @) = ()T ey

Proof. We proceed by induction on k. For k = 1, the identity (29) reduces to ([ZJ]).
Now we suppose that ([2.9) holds for some k > 1, and differentiate both sides with
respect to x. Simplifying the resulting identity, we get

2 1) gk
@10) (24 DQE(@) + (0t b+ QW (@) = (-1 ZED_T
n! (n—k)!
which is the same as (29) with k replaced by k + 1. This completes the proof by
induction. 0

As a first application of Proposition 2.6 we set = —1 in (2.I0)), which gives the
following special values.
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Corollary 2.7. For integers 0 < k < n we have
—1)F (2n + 1)!
2.11 (0 (_1) = : :
(2.11) @ (=D n+k+1 nlin—k)!
We note that for £ = 0 this last identity is consistent with the right-hand side

of (Z1). As another application of Proposition we obtain a homogeneous dif-
ferential equation satisfied by the polynomials @, (z).

Proposition 2.8. Forn > 0 we have

(2.12) z(x+1)QN () + (22 — n)Q),(z) —n(n + 1)Qn(z) = 0.
Proof. We use (2.9]) with k£ = 2 and multiply both sides by z, obtaining
(2.13) I@%FUQZ@)+(H+2ﬂQ;@)—(—Un@éxlﬂgi?nr

Then we use ([Z9) again, this time with & = 1, and multiply both sides by n, which
gives

, B L2n+ 1) 2
e+ D@(a) + o+ 1)Qu(a) = (1) F T
By subtracting this last identity from ([2.I3]), we immediately get [212). O

Next we present a second-order linear recurrence relation satisfied by the se-
quence of polynomials Q) (x).
Proposition 2.9. Let k > 0 be an integer, and set
Upn(z) =nn+k)(z+1)(2(n+k -z +n+2k—1),
Vg () = =2(n+k — 1)(2(n+ k) — 1)2®(2(n + k)z + 3n + 4k)
—(n+2k—1)(n+2k)(2(n+ &k — 1)z —n),
Wi (2) =2(n+ 2k —1)(2(n + k) — 1)z (2(n + k)z + n + 2k).

(k)
k+n

k k k
(214)  upn(@)QL, (@) = ven(2)QL, 1 (2) + win (2)QL), o(x) (0 >2),
with initial conditions

| |
) = 0 et Q)= <‘”k(<2kkT+11)>z'

In the special case k = 0 the expressions ug y, Vo n, Wo,, have the common factor
(22 + 1)n(n — 1), and we obtain the following much simpler recurrence relation.

Then the polynomials @, (x) satisfy the recurrence relation

(1—2(k + 1)z).

Corollary 2.10. The polynomials Q. (x) satisfy

(2.15) n(z+1)Qn(z) = —(2(2n—1)2*+2(2n—1)2—n)Qpn_1(2)+2(2n—1)2Q,, ()

for n > 2, with initial conditions Qo(x) =1 and Q1(x) = -2z + 1.

Proof of Proposition[Z.9. By differentiating the explicit formula ([Z3]), we obtain
(k) ey ik R (n4i 42N

which immediately gives the initial conditions. A straightforward but tedious com-
putation, using ([2.I6l), then shows that the recurrence relation (ZI4)) is satisfied.
We leave the details to the reader. O
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Remark 2.11. While the above proof would be sufficient, a few words about the
discovery of the recurrence relations are perhaps in order. The relation (2.I3]) was
first guessed with the Maple package EKHAD written by D. Zeilberger, which can
be obtained through the online supplement to the book [12]. In particular, the
procedure findrec, applied to the explicit formula ([23)), gives the second degree
difference operator

(14 n)N + 22(1 4 2n))(N(z +1) — 1)
=(1+n)(1+2)N*+ (2@2n+ 1)2® +2(2n+ 1)z —n — 1)N — 2(1 + 2n)z,

where N is the forward unit shift operator, i.e., N(f,) = fnr1. Replacing N* by
Qn+i(x) and then shifting n to n — 2 gives the recurrence relation (ZI5). The
correctness of Zeilberger’s algorithm gives an alternative proof that the recurrence
is satisfied for all n.

Given this nice result, we suspected that similar relations should hold also for the
kth derivative of the polynomials @,,+x(x). We checked that for each fixed small &
we have a formula similar to (2.15), and then guessed the general form [2.14]) from
the particular cases.

At this point it should also be mentioned that Gould [7] derived a first-order
inhomogeneous recurrence relation for @, (—z); in our notation it can be written
as

(@4 D) = Qo)+ (2] ) 2o D=0,

This identity was then used in [7] to obtain the following generating function. For
the sake of completeness we give a different proof, based on Corollary 2.0l

Proposition 2.12. The ordinary generating function for the polynomials Qn(x) is
given by

(oo}

14 4at + (1 + 22)v/1 + 4at ZQ

(2.17) 20 -2 —0)(1 + 4at)

Proof. We denote the expression on the right of (ZIT) by O(x,t), and let Q'(z,t)
be the derivative with respect to t. Then we easily obtain the identities

Z nQn(x)t" = tQ'(z,1),
n=0
3 Qo) = Q1) ~ Q1) + 1),

o0
1
> nQuia(@)t" = (tQ (@, 1) — 2Q(a, 1) + 2(1 - 20)1).
=0
We now use these identities and apply standard methods to transform the recur-
rence relation ([Z.14)), with n replaced by n + 2, into the differential equation

(t—x—1)(4tx +1)(dtx —t — 1)Q'(x,t)
+ (62t — 22 — 22+ 1)((4x — 1)t — 1)Q(x,t) + z((4x — 1)t — 1) = 0.



ARITHMETIC PROPERTIES OF POLYNOMIALS 7

Using standard methods for solving first-degree linear differential equations, we get
the general solution

Qz,t) =

1 C1
+ .
20+ —t) (1+z—1t)/1+4xt

The initial condition Q'(z,0) = 1 leads to ¢; = £(2x + 1), and we get the desired

solution
Oz 1) = 1 (M+2x+1)
’ 2(1+x—t) V14 4dat '
Finally, we obtain (ZIT) by multiplying numerator and denominator of this last
equation by /1 + 4xt. O

3. A PELL-TYPE POLYNOMIAL EQUATION

In this section and the next we will, more generally, consider the equation
(3.1) Py (2)Y (2)" T + Qu(x)Z(x)" T =1

for integers n > 0 and unknown polynomials Y, Z € Q[z]. We began this paper
from the point of view of fixed polynomials Y (z) = x and Z(x) = = + 1; with
the conditions deg P, < n, deg@,, < n this had led us to the unique polynomial
sequences P, @, in Sections 1 and 2.

We now ask the following “inverse question”: Given our polynomials P, @,
what can we say about polynomial solutions Y, Z of (BI)7 Are there solutions
other than Y (z) =2, Z(z) = 2 4+ 17

The case n = 0 is of no interest since Py = —1,Qo = 1 implies that for any
Y € Q[z] (or Z[z]) there is a Z € Q[z] (or Z[x]) satisfying (BI]). Hence we assume
n>1.

It turns out that the case n = 1 is of particular interest, and is very different
from the case n > 2. This section will be devoted to this special case; that is, since
Pi(z) =224 3 and Q1(x) = 1 — 22, we consider the equation

(3.2) (22 +3)Y(2)* + (1 — 22)Z(x)* = 1,
in unknown polynomials Y, Z € Q[z].

Proposition 3.1. The equation B2) has infinitely many solutions which, for n >
0, are given by

(33 { Y (@) = Ya(@) =} (Uusa(o+ )~ Unla+ 1))

2(x) = Zu(2) = § (Unia (@ + 3) + Un(e + 1))

where Uy, (y) are the Chebyshev polynomials of the second kind. Furthermore, for
n > 1 we have the recurrence relations

{ Y1 () = (20 + 1)¥o(x) — Yo_a (),
Znt1(z) = 22+ 1)Zy(2) — Zp-1(2),

Zo(x) = x4+ 1, and

(3.4)

with initial conditions Yo(z) = x, Yi(z) = 222 + z — 3,
Zy(z) =22 + 3w + 4.

Proof. We transform the equation ([B.:2)) to a Pell-type equation by multiplying both
sides by 2x + 3. Noting that

2z —1)(2z+3) =4 ((z+3)* - 1),
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we then get the equation
(3.5) (22 +3)Y(2))” = (& +1)* —1) (22(2))? = 22 + 3.

We now use the following known results from the theory of Pell equations; see, e.g.,

[10, p. 354).

Suppose that (z,y) = (70, s0) is a solution of the Pell-type equation
(3.6) z? —dy* =N,

where d, N € Z, and d > 1 is not a perfect square. Furthermore, suppose that
(x,y) = (Tn,yn), n —1,2,3, ..., are the solutions of the Pell equation

(3.7) 2 —dy? = 1.
Then the pairs (r,,, s,), defined by
(3.8) "o+ sV d = (ro + 80\/8)(.%'” + yn\/a),

are also solutions of (Bf). We note that the equation ([B.6) may or may not have
solutions, while (B7)) always has infinitely many solutions that can all be given, for
instance by way of recurrence relations. By expanding the right-hand side of (3.8)
and equating rational and irrational terms, we immediately get

(3.9) Ty = ToZn + d SoYn, S = 50Tn + T0Yn-

Comparing (B3] with ([B:6]) and noting that Y (z) = 2 and Z(z) = z+1 is a solution
of (32), we have

(3.10) ro=z(2x+3), so=2+2), d=(z+3)*-1, N=2z+3.

Furthermore, comparing (B.H) (having 1 instead of 22 + 3 on the right) with (),
we see that

(3.11) zn =Th(z+ %), Yn =Up—1(z+3), n=12,...

This holds also for n = 0 since Ty(y) = 1 and, by convention, U_1(y) = 0. Finally,
with 7, = (22 + 3)Y (x) and s, = 2Z(x), the identities (3), BI0), BII) yield

' Z(x) = Zn(2) = (@ + DTo(z + 1) + 3220 + 3)Un_1(z + 3).

The initial conditions following ([B4]) can be computed from BI2), using Ty(y) =
Uo(y) =1 and T1(y) = y. Furthermore, the well-known recurrence relation for the
Chebyshev polynomials, namely T, +1(z) = 22T, (z) — T,,—1(z) leads to

Toii(+3) = 22+ 1)To(z + §) — Tuoa(z + 3),

with the same relation also for the sequence U, (z + %) This means that the
polynomial sequences Y, (z) and Z,(x) in (BI2) satisfy this relation as well.
Finally, using the same argument as in the previous paragraph, we see that the
right-hand sides of the expressions in ([B.3)) satisfy (34]) as well. Using the fact that
Uy (y) = 2y and Us(y) = 4y? — 1, we can easily verify that the terms on the right
in (B3) also satisfy the initial conditions following ([B4]). This proves the identities
in (33), and the proof of the the proposition is complete. O
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n Y, (x) Zn(x)
0 T z+1
1 222 +x— 1 222 + 3z + 1
2 4x3+412—x—% 4x3+812+3x—%
3 z(82% + 1222 — 3) (z+1)(823 + 1222 — 1)
4 | 1625 4 322" + 823 — 102® — 22 4 3 | 1625 4 48z + 402° 4 22 + 62 — 5

Table 2: Y, (x) and Z,(z) for 0 <n < 4.

We can now use Proposition 3.1 to show that the polynomials Y,, and Z, are
“almost in Z[x]”, in the following sense.

Corollary 3.2. Let n > 0 be an integer. Then

(a) Y, (x) € Z[z] and Z,(x) € Z[z] when n =0 (mod 3);

(b) Yu(z)+ 3 € Z[z] and Z,(z) + 3 € Z[z] when n # 0 (mod 3).

(¢) More specifically, we have
-1 ifn=1,2 (mod 6), -3 ifn=2,4 (mod 6),
1 ifn=4,5 (mod6), Z,(0)= ifn=1,5 (mod 6),
0 ifn=0 (mod3); (=1)* ifn = 3k.
Proof. We first note that Y,, and Z,, satisfy all three statements for n = 0 and
n = 1. Next, the coefficient 2z + 1 in the recurrence relations (8.4]) guarantees
that by induction on n we have that all coefficients of all Y,,, Z,,, with the possible
exception of the constant coefficients, are integers.

Finally, it is clear from ([B4]) that the constant coefficients of V;, satisfy the
recurrence relation Y;,11(0) = Y, (0) — Y,,—1(0), and similarly for the sequence Z,.

Part (c¢) then follows from a simple induction, and the remaining statements in (a)
and (b) also follow. O

We observe in Table 2 that both Y3(z) and Z3(x) are reducible. Further com-
putations show that this seems to be the case for all Y3, (z) and Zs,(x), a fact
confirmed by the following result.

Ya (0) =

(SIS

Proposition 3.3. For all integers n > 1, the polynomials Ysy,(z) and Zs,(x) are
reducible. Specifically, if we set y:= x + % for simplicity, we have

{ Y3u(2) = & (Un(y) = Un-1(9)) (Uzns1(y) — Uzn—1(y) — 1)

(3.13) )

1
Zan(x) = 5 (Un(y) + Un—1(y)) (Uan41(y) — Uan—1(y) + 1
Proof. In view of [B3), the first identity in (BI3)) is equivalent to

(3.14) Usn+1(y) = Usn(y) = (Un(y) = Un—1(¥)) (Uzn+1(y) — Uzn—1(y) — 1).

We now use the well-known identity

(3.15) 2T5(y)Uk(y) = Ujrr(y) = Uj-r—2(y),  k<j—2

(see, e.g., [19]), and set j = 2n + 1, k = 0 and note that Up(y) = 1. With this, the
right-hand side of (3I4]) becomes

(Un(y) = Un-1(y)) 2T2n41(y) — 1)
= 2T 41 (y)Un(y) = 2T2n+1(y)Un—1(y) = Un(y) + Un—1(y)
= (Usn+1(y) = Un-1(y)) — (Usn(y) — Un(y)) — Un(y) + Un—1(y)
= Usn+1(y) — Usn(y),
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where in the second equation above we have used ([BIH) two more times. This

proves (B.14))

For the second part of (BI3)), we replace y by —y in (BI4) and use the symmetry
property U, (—y) = (—=1)"U,(y). Then we get

(=1 ' Usn41(y) = (=1)"Usn(y)
= ((=1)"Un(y) = (=1)"""Un-1(y)) (~V2n41(y) + Uzp—1(y) — 1).
Multiplying both sides by (—1)"*!, we get
Usnt1(y) + Usn(y) = (Un(y) + Un-1(y)) (Uzn41(y) = Uan-1(y) + 1),
which is equivalent to the desired identity. O

By iterating the factorizations on the right of ([BI3]), we obtain the following
easy consequence.

Corollary 3.4. For all integers n > 1 and k > 1, the polynomials Ysk,,(z) and
Zsky, (x) have at least k + 1 nonconstant factors.

4. THE EQUATION (BI) IN GENERAL

In this section we return to the question posed at the beginning of Section
The following result deals with the general case. As before, P, and @, denote the
polynomials studied in Sections [l and [2 and given by the explicit formulas (23))

and (2.6]).
Proposition 4.1. Let n > 1 be an integer, and consider the Diophantine equation
(4.1) Py(2)Y (z)" T + Qu(z)Z(z)" T =1
in unknown polynomials Y, Z.
(a) If n =1, then the equation (@) has infinitely many solutions Y, Z € Qlx].
(b) If n > 2, then the only solutions Y,Z € Clz] of @I are Y(z) = Cx, Z(z) =
E(x+ 1), where ¢ and & are arbitrary (n 4 1)th roots of unity.
Proof. Differentiating both sides of [{Il), we get
(PL@)Y (2) + (n + 1) Pu(@)Y"(2)) ¥ (2)"
— (@) Z(@) + (0 + 1)Qu(@)Z'(x)) Z(x)".
The polynomials Y and Z must be coprime, so this implies
V()" Qu(@)Z(x) + (n+ 1)Qn(x)Z'(x),  Z(2)"| P ()Y (z) + (n+1)Py(2)Y ().
Since deg P,, = deg (), = n, we clearly have
deg (P, (2)Y (z) + (n+1)Pp(2)Y'(2)) < deg (P, (z)Y (z)) =n — 14 degV,
and similarly with P, and Y replaced by @, and Z, respectively. Hence
(4.2) n—1+degY >ndegZ and n—1+degZ > ndeg?,
and consequently n — 1+ degY > n(degY — n + 1), which is equivalent to
(n? —1) > (n? = 1)degY-

This last inequality holds only in the following cases:
(1) n=1.
(2) n>2and degY = 0; then by ([@2)) also deg Z = 0.
(3) n>2and degY = 1; then by ([@2)) also deg Z = 1.
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The case (1) was covered by Proposition [l and leads to part (a) of this propo-
sition. We therefore continue with degy = degZ =0 andset Y =a and Z =10
with a,b € C. Then ([ZI]) becomes

(4.3) Py(2)a™ + Qu(z)b" Tt =1 (n>2).
We write the expressions (2.6]) and ([Z3]) more explicitly as
{ P,(x) = (-1)"*! (2") (a:" +(n+ %)x"’l + .- ) ,

Qn(z) = (=1)" (") (—a™ + dam 1 — ).
Using this and equating coefficients of 2! and of 2™ in (@3] we get, respectively,
anJrl _ bn+1 =0 and (2n 4 l)an+1 4 bn+1 =0.

(4.4)

This system of equations has the unique solution ¢ = b = 0, which contradicts
([£3). Hence there are no solutions in case (2).

To deal with case (3), we set Y(z) = ax + ¢ and Z(x) = bz + d. Then (LI)
becomes

(4.5) Py(z) (a" 2" + (n+1)a"ca” + - )
+ Qn(z) ("™ 4+ (n+ 1) da”™ + ) =1,

where n > 2. First we equate coefficients of 2?"*1 in (5], using [@4]). This gives
(4.6) a"tt = pntt (a #0).
Similarly, equating coefficients of 2?" in [{@LH), we get

(n+ $)a" ™ + (n+ 1a"c+ 36" — (n+1)b"d = 0.
We now multiply both sides of this last identity by b, use ([&6]), and divide everything
by (n + 1)a™. This gives
(4.7) a(b—d)+bc=0.
Next we show that ¢ = 0. To do so, we set z = 0 in ([@I]) and use the value of P(0)

given in Remark 2.5, along with the fact that @, (0) =1 (see Corollary 22). Then
we have

2n + 1
(4.8) (—1)n+t ( :J_Ll >c”+1 +d"t =1 (n>2).

First, with n = 2 nd n = 5, this gives

—(g>c3 +d®>=1 and (161>06 +df =1.

Substituting d* = 1 4 10c? into the second identity above, we obtain

11
((6) +100) S +20¢% =0,

which means that either ¢ =0, or

(4.9) <<161) + 100> = —20.

Second, with n = 3 and n = 7 in (@8], we find in the same way that

() (D)) =(D=o
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which again means that either ¢ = 0, or r¢* = s for certain integers r, s > 0. But
the arguments of the four possible solutions in ¢ € C are different from those in
(#39). Therefore we have ¢ = 0, and consequently b = d by (@1). This, with (),
finally gives part (b) of the result. O

To conclude this section, we consider a question related to the original problem
concerning the equation ([2]). If instead of the polynomials = and .+ 1 we consider
an arbitrary fixed pair of coprime polynomials Y, Z € Z[z], what can we say about
possible solutions of the equation

(4.10) @)Y (@) 4 gu(@)Z(@)" =1 (n>0),

in unknown polynomials p,,, ¢, € Z[x]? We know that the existence of solutions
is not guaranteed since Z[z] is not a Euclidean domain. However, we have the
following result.

Proposition 4.2. Let Y, Z € Z[x] be coprime polynomials and suppose that there
exist po, qo € Z[x] such that

(4.11) Pol@)Y (2) + qo(2) Z() = 1.

Then for each integer n > 1 there are polynomials py,qn € Zlx] such that ([@I0)
holds.

Proof. We proceed by induction on n. The induction beginning is given by the
hypothesis (£I1]), which corresponds to n = 0. We now assume that for some
n > 0 there are polynomials p,,, ¢, € Z[z] such that (ZI0) holds, and multiply the
equation with (ZII). Then we get

(4.12) PopnY "2 +Y Z (04 Z" + qopnY ™) + qoan 2" =1,

where for greater ease of notation we have suppressed the variable x. Multiplying
the identity (£I0) by Y™ and by Z", we get respectively

Y = p, Y20+ g Yyt 2" = p Y g 4 g 72
and this gives
YZ (pognZ™ + qopnY™)
— Y Z [pogn (pnYnJrlzn + 4u 22 £ qop (pnyznﬂ T qnynznﬂﬂ
= (PoPn@n Z"™ + qoppY ") ZY " + (po@p Z" + qopnqnY ™) Y 272
Substituting this into (£I12]) and showing the variable x again, we get
Pr1(2)Y (2)" 2 + g (2) Z(2)" 2 =1,
where
(4.13)  prs1(@) = pa(@) (Po(2) + po(2)gn () Z (2)" ! + qo(2)pn (@)Y ()" Z(2)) ,
(4.14)  gnr1(2) = gu(@) (90(2) + qo(@)pn (@)Y (2)"F + po(a)gn ()Y () Z (2)") .

Since all polynomials on the right-hand sides of ([@I3]) and ([@I4]) have integer
coefficients, then so do p,4+1 and g,+1. This proves our result by induction. O

Remark 4.3. The two identities ([II3]) and [I4) allow us to construct sequences
of polynomials p,,q, € Zx], given an initial pair pg,qo satisfying (ZII)). How-
ever, this construction is not optimal in the sense that the degrees of p,,q, are
substantially larger than ndeg Z and ndegY’, respectively.
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To compare this situation with the polynomials P,,, @, defined in (3], we set
po(z) = =1, qo(x) =1, Y(z) = z, and Z(x) = = + 1. Then (@II) is satisfied, and
from [@I3), @Id) we get pi(x) =2z +3 = Pi(z) and ¢1(z) = =22+ 1 = Q1(x);
see also Table 1. However, we further obtain

pa(z) = (22 4 3) (42> + 822 + 3z — 2) = 82* + 282 + 3022 + 5 — 6,

() = (=22 4+ 1)(42® +42% —x +1) = -8z — 423 + 627 — 32 + 1,
and the degrees of the next pairs of polynomials are 11, 26, 57, 120, ..., which is
sequence A000295 in [IT]. It can be shown by induction that for n > 0 we have

degp, = degq, = 2"t —n —2.

As is mentioned in [I1], these are specific Eulerian numbers, with numerous other
interesting properties.

Remark 4.4. One can go one step further and look for positive integers n, m and
polynomials Y, Z € C[x]? satisfying the general equation

(4.15) Pp(x)Y ()" 4+ Qn(x)Z(x)™ = 1.

We were unable to solve this equation. However, we can show that (£15) has infin-
itely many solutions. Indeed, if m > 2 and n = rm — 1, then Y (z) = (2", Z(x) =
&(xz + 1)" are solutions of [@IH), where (,{ are arbitrary mth roots of unity. Here
we have that n > m, and this is no coincidence. Indeed, let us assume m > 3 and

differentiate (£.I5)) with respect to x. Then we see that the polynomials Y, Z satisfy
the conditions

Z(@)" 1| Py(2)Y (2) + mP ()Y (2),  Y(2)" 7| Qu(2)Z(x) + mQu(x)V' ().
As a consequence we get the inequalities
(m—1)degZ <n+degY —1 and (m—1)degy <n+degZ — 1,

or equivalently
(m—1)n
m(m —2)’
If n < m — 2 then Y, Z are constant polynomials, and so for n > 2 there are no
solutions. If n = m—1, then the equation (I5) reduces to [B1), which was already
solved. Thus, n > m remains to be considered.

The case m = 2 leads to polynomial Pell equation P, (z)Y (2)2+Q, () Z(x)?* = 1,

and for n > 3 we believe that the only solutions of this equation are of the form
n=2r—1Y(z)=+2",Z(x) = t(x+1)".

degY =degZ <

5. THE DISCRIMINANT OF lek) (x)

One of the most important invariants of a polynomial is its discriminant. Since
we already noted certain similarities between our polynomials P, (z), Q. (x) and the
Chebyshev polynomials, we mention the fairly recent papers [3l 5] [I6] [I7) [I§] which
have dealt with discriminants of Chebyshev-like polynomials.

We begin with recalling the definition of the discriminant. Given a polynomial
f(x) =amaz™+ -+ a1z +ap € Q[z] with a,, # 0, the discriminant of f is usually
defined by

m(m—1)

(5.1) Disc(f) = (=1)" = a, R(f. f),
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where f’ is the derivative of f and R(f, f’) is the resultant of f and f’ which,
among other equivalent definitions, can be given by

(5.2) R(f.f)=an? _H £1(65).

Here 0; € C is the ith root of f(x). It follows from (B and (52) that Disc(f) =0
if and only if f has multiple roots, which is a key property of the discriminant.
An alternative definition of the resultant involves a determinant (the Sylvester
determinant) whose entries consist only of the coefficients of the two polynomials
involved. This implies that R(f, f') € Z if f € Z[x].

The following is the main result of this section. As in Section 2, we let Q%k)(x)
denote the kth derivative of Q,(z), with Q) (z) = Qn ().

Theorem 5.1. For all integers n >k > 0 we have

isc(OF) () = (— nt+k+1 (n+k)![2n . n—k—1
(5.3) Disc(Qy," (x)) = (=1) ) <(n_k)!(n)(2 +1)) 7

where € := (n —k)(n — k —1)/2. In particular, for n > 1,

(5.4) Disc(Qn(x)) = (=) (n+1)(2n + 1>"1(2§ > -

Proof. Let y,1 < i < n —k, be the roots of the polynomial Qgﬂ) (). Then we

obtain from (ZI0),
(65) Q) = (-1)"

2n+1)! Ui
(n—k)nl 1+,

With ([23) we see that the leading coefficient of Q%k)(x) is

- M n (2n)!
(5.6) (1) m(n> = (=1 W’
and thus by (G.2]) we have

n—k—1n—~k
1) R@QE.QE) = (-t (2T T ot )

(n —k)In! i
_ n ae [ (2n) \PTRTLnDE gk
=(-1D)"(2n+1) (m) 1;[1 1T+

where we have used (5H) in the second equation. The leading coefficient (5.0)
means that we can write

(1<i<n-—k).

(k) (on . 0! T
(58) Qn (JJ) - (_1) (n — k)'n' H(.’II - wk,l)
=1

First we set = 0 in (.8 and use the identity QP (0) = (—=1)*(n + k)!/n!, which
follows immediately from (Z3]). This gives

n—Fk
(5.9) H Vi = W

(2n)!
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Next, with = —1 in (58) and using the identity (ZII), we get

n—k
2n+1
5.10 1 )= ——\
(5.10) IT o = 57

Combining (£9) and (I0) with (E71), we obtain
wx k1 (n k) ((n + k)!(m)!)""“‘l

R@QP, Q) = (=1)"(2n +1) 2n+1 n! (n —k)n!?

This, with (&) and the coefficient (5.6]), gives us

et e (G

with € as defined in the statement of the theorem. This last identity immediately
implies (B.2)), and by setting k = 0 we get ([B.A4]). O

Disc(Q{ (2)) = (~1)°

We briefly turn our attention to the companion polynomial of @, (x), namely
P, (z), and prove the following result.

Corollary 5.2. For all integers n > k > 0 we have
(5.11) Disc(P¥) (z)) = Disc(QP (z)).
Proof. For a polynomial f of degree n it was shown in [3, Lemma 4.3] that
Disc(f(azx + b)) = a®™ UDisc(f(z)), Disc(cf(x)) = ™ VDisc(f(z)),
where a, b, ¢ are constants. We apply these identities to
P (@) = (—1)HHQB (—g — 1),
which follows from (2I). Hence we have ¢ = —1 and ¢ = =£1, and since both

exponents are even, we immediately get (.1T)). O

Remark 5.3. Since we have used the Chebyshev polynomials of both kinds earlier
in this paper, it is worth mentioning their discriminants:

Disc(T,(z)) = 2" n" Disc(Un(x)) = 2" (n+ 1)"2;
see, e.g., [18].

Knowledge of the discriminant of a polynomial is often important for determining
the polynomial’s Galois group. In particular, it is known that if the discriminant
is the square of a nonzero integer, then the Galois group is a subgroup of the
alternating group A,; see, e.g., [, p. ??]. It is therefore of interest to find square
discriminants.

Corollary 5.4. Let n > k > 0 be integers, and set Dy, , := Disc( 5{“’).

() If n=k+2 ork+3 (mod 4), then Dy, is not the square of an integer.

(0) If n =k +1 (mod 4), then for a given k, Dy, is a square for at most finitely
many n.

(¢) If n =k (mod 4), then for each k there are infinitely many n such that Dy, ,, is
a square.

(d) In particular, Dy, is a square if and only if n =1 or n = n;, where

1 . _
(5.12) = ((3 +2V2)TH 4 (3 - 2V/2)% ] 6) . j=1,2.3,...
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Proof. (a) If n —k =2 or 3 (mod 4), then clearly e = (n — k)(n — k —1)/2 is odd,
and thus Dy, ,, < 0, which cannot be a square.

(b) If n — k = 1 (mod 4), then with (B.3) we see that Dy, is a square if and
only if

(5.13)

1 2n 2n)2n—1)---(n+k+2)
n+/€+1<n+k> (n—k)!
is a square. However, the prime number theorem implies that for a fixed k and for
n sufficiently large, there is always a prime among the members of the sequence
n+k+2,n+k+3,...,2n— 1; this means that (2.I3]) cannot be a square for these
k and n, which proves part (b).

(¢) f n —k =0 (mod 4), then n — k — 2 is even, and according to ([B.3]) we
consider

n+k+1(n+k)! (2n
2n
(n-Hc) (n - k)'
where the equality is easily seen by writing the binomial coefficients on the left in
terms of factorials. This now implies that Dy, ,, is a square if and only if (n + k +

1)(2n + 1) is s square. If we set n = 4m + k, where m is a positive integer, we can
write

n n!

>(2n+1)— (n+k+1)2n+1) (("Jrk)’)Q,

(4m+2k +1)(8m+ 2k +1) =Y?
for some integer Y > 1. We can write this in the equivalent form

(5.14) X2 —8Y? = (2k +1)%,

where X = 16m + 6k + 3. The equation ([B.I4]) is a Pell-type equation, and using
standard methods for solving such equations (see, e.g., [I0, Sect. 7.8]), we find that
X = Xj, where Xl = 3(2k+ 1), X2 = 17(2]€ + 1), and Xj = 6Xj_1 - Xj_g for
j > 3. From the theory of linear recurrence relations we get the Binet-type formula

(5.15) X, = %TH ((3 +2V2) + (3 — 2\/§)j) .

We require X; = 6k + 3 (mod 16), and an easy calculation shows that this holds if
and only if j is odd. The corresponding n that makes Dy, ,, square is then

1
n=n; =5 (Xajy1 =2k =3),

which proves part (c).

(d) For k = 0, together with (&I%)), this last identity gives (&I2). To complete
the proof, we first note that in the case k£ = 0 the theory of Pell equations tells us
that all solutions of (.14 are given by (G.I0). Returning to part (b) in the case
kE = 0, we see that by (54) we have Dy; = 1. Finally, considering again (5.13),
there is a prime in the sequence n+ 2,n+ 3,...,2n — 1; this follows by Bertrand’s
Postulate (itself a consequence of the Prime Number Theorem) and the fact that
in this case n + 1 and 2n cannot be prime. The proof is now complete. O

Remark 5.5. (a) The first few values of n > 1 making Dy, a square are
n = 24,840, 28560, 970224, 32959080, 1119638520, 38034750624, . . ..

(b) The statement of part (b) of Corollary 54l can be made more explicit by using
the following result of Nagura [9]: For x > 25 there is always a prime p with
T <p< ga:.
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Setting x = n+ k + 1, an easy calculation shows that whenever n > %(k +1), at
least one of the integers n+k+2,...,2n—11is a prime. This implies that Dy, ,, is not
a square when n = k+1 (mod 4) and n > 2(k+1). The small cases corresponding
to z < 25 can be eliminated by direct computation. In fact, using the above limit,
we verified computationally that Dy, is not a square for any 0 < k < 5000 and
n=k+1 (mod 4). The constant 3/2 in the above bound could be lowered by using
later improvements of Nagura’s result, however at the cost of a higher bound than
Nagura’s © > 25.

6. RESULTANTS INVOLVING Qiﬂk(x)

In the previous section we determined the discriminants, that is, resultants of a
polynomial and its derivative, We will now see that the resultant of two consecutive
polynomials in our sequence @, (x) has a particularly easy form.

Theorem 6.1. For any integer n > 1 we have
m n—2
(6.1 R(Qu(o). Quae) =2 (7).

This result is a consequence of the following theorem. For greater ease of nota-
tion, we set

k k
Ak = R(Q (). Q4214 (2)):
Theorem 6.2. Let k > 0 be a fized integer. Then we have

22k +n) [ (2k+20)\""7 [ (2k+n—1)\" )
62) Ain = : n+ )(Ezl(k++n))!) (ﬁ) TES )l

For k = 0, the identity ([62) reduces to
m n—2 m n—2
a0 =2() =2 ()

n

where we have used Corollary for the second equation. We have thus shown
that Theorem follows from Theorem

Before proving Theorem [6.2], we summarize some useful properties of the resul-
tant. See [3, Sect. 4] for these and more, including references. Suppose we have the
two polynomials

(6.3) f@) =age" + - +ap1+a,=a(r—a) - (z—a),
g(x) =box™ + -+ am_1+ am =bo(x — B1) - (x — Bm)-

Assuming the variable z, and that the resultant is taken with respect to x, the
following properties hold:

(6.4) R(f,9) = ag' [ 9(c),
=1

(6.5) R(f,9) = (=1D)"™"R(g, f),

(6.6) R(f,pq) = R(f,p) - R(f,q),

where p and ¢ are arbitrary polynomials in z. Next, if a is a constant and g is a
polynomial then, unless a = g = 0, we have

(6.7) R(a,g) = R(g,a) = a%°®Y.
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Finally, we require the following lemma, which can be found as Lemma 4.1 in [3]

or, with a different normalization, in [14] p. 58].
Lemma 6.3. Let f,g be as in [@3). If we can write

f(x) = q(z)g(x) + r(z)
with polynomials q,r and v := degr, then
(6.8) R(g, ) =b5 "R(g.7).
Proof of Theorem[6.3. We fix k > 0, and to simplify notation we set

Q,(z) = Q;I:)_k(x) and A, = Ap .

Our first goal is to find a recurrence relation between A,, and A,,_1, using the
recurrence relation (ZI4). For greater ease of notation, we set u,(x) := uy n(x),
U (x) := v n(x), and wy, () := wi (), and suppress the variable « when there is
no danger of confusion.

We apply ([@7) and ([G8) with
f@) = un(@)@Qn(x),  g(2) =Qna(2),  r(@) = wn(2)Qn (),
and note that p = n + 2, = n. With the explicit expansion (ZI0) we get

_ — 1+ E)127 20— 14 k)\?

| A i ) = .
(6:9) 0 (n—1)! n—1+4+k :
Then the identity ([G.8]) applies to (ZI4) gives us

(610) R(@n—lv un@n) - TnR(Qn—l’ w"@n—2)'

Now with ([6.6) we get

(6.11)  R(Qp_1,un@p) = R(@Qn_1,un) R(Qp1,Qp) = R(Qp1,un)An,
(6.12) R(Qn_1,wnQ,_2) = R(Qy_1,wn)R(Qp1,Qp2) = R(Qy,—1, wn ) Ap1,
and the identities ([68) and (G4 yield, along with the identities in Proposition [Z9]
R(Qp1,un) = (=1)" " R(un, Q1)
=(-1)""Ynn+k)"'Rlz+1,Q, 1 )R2n+k-z+n+2k—-1,Q,_ ;)
= ()" nln+ k)" Q1 (1) 2(n + k — 1)1, (an),
where

1—n—2k

(6.13) Q= ST h=1)

Using Corollary 27 to evaluate Q,,_(—1), we then get
(614) R(@nflvun) = (_1)n+k71pn ! @nfl(o‘n)v
where

(2n(n+k—1)(n+k)"" (2n+2k —1)!

(6.15) Pn = (n—1)l(n+2k)(n+ & — 1)!
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Similarly, we get

R(anlvwn) = (—1)n_1R(wm@n71)
= (—20@n+2k—1)(n+2k—1)"""
— (2@n+2k—)(n+2k—1))"""

R(z,Q,_1)R((2n + k) +n+2k,Q,,_,),
Quo1(0)2(n+ k)" Q1 (Bn),

where
n + 2k
Using ([2I0) to evaluate Q,,_;(0), we get
(6.17) R(Qy_y,wn) = (_1)n+k71‘h - Q1 (Bn),
where
n—1(n+ 2k —1)!
(6.18) an = (4(n+k)(2n+ 2k — 1)(n+ 2k — 1)) CE YR

Next we multiply both sides of ([GI4]) by A, and combine it with (611]) and (610,
obtaining

(6.19) (=1)" A pn Qi (an) = T R(Q_1, wn @, _s)-
Similarly, multiplying both sides of ([6.17) by A,—1 and using (G.I12), we get
(620) (_1)n+k_1An71qn©n71(ﬂn) = R(@nfh wn@n72)'

Finally, combining ([6.19) and ([G20), we get the desired recurrence relation
AnTn @nfl(ﬂn)

(6.21) A, = = Anr (n>2),
Pn anl(an)
with
= = w(2k+1)!  (2k)!
= R(Q1, Q) = R((-1) W( = 2(k+ D), (1) =),

where we have used (2.I6). By (G.7), this last resultant evaluates to

|
(6.22) A = (—1)’“%.

This completes the first part of the proof.
For the second part of the proof we iterate (62I) and combine it with ([622),
obtaining

475 = @j—l(ﬁj)
(6.23) A, = (-1 : ==
]HQ by ]1;[2 Q;_1(a))
We first deal with the second product in ([623]). Comparing (613) with (GIG), we

see that a,, = 5,1 for all n > 2. Hence

(B5) Qi (Bn) Q
6.24 g=1V — _ @ J-
( ) HQJ 1( J HQ ﬁa 1) Ql ﬁl H Q

Jj=2 =2 Jj=2

Since 1 = —(2k + 1)/2(k + 1), we easily find with (2.I6) that

(6.25) Q1(B1) = (—1)'“%-
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Next, the terms in Proposition can be shown to evaluate as

n’k nk(n + 2k)
Un(Bn) = m7 Uy (Bn) = Ttk wy(Bn) =0,
and so the recurrence relation [214) gives
@nfl(ﬁn) _ n

Qu1(Bu1)  2(n+2k)
This, with (€24) and (625), gives

o Q- k+1 =

[ 220 = o g a0 Tl g

e’ 5 Qi (2k + 2) s 2(5 + 2k)’
and with the straightforward evaluation

n—1 .
J  (n=1DN2k+1)!
jll 2(5 +2k) 2722k +n —1)!

we get

(6.26) H )
Next we deal with the first product in ([G.23). We denote it by II,, and by
combining (6.9), (€I5]) and ([EI8) we get

(25 + 2k —2)1(j +2k)! (2j +2k —1))2(j + 2k —1)7!
JG+E-1)P G A k1)

(n—=1% =
2n=1(2k +n —1)!

@I @I

_1)k —1(@1)'

(6.27) Hn_H2J 1

To evaluate this product, we first consider

n

[[52—0 g gttt

j=2

so that
=2 n—2
(6.28) _HJJ = (n!) H T
Jj=2 Jj=2
Similarly we obtain
n n 1

6.29 k—1) k et ———
(6.29) Hﬁ = (=0 ] gy

Jj=2 Jj=2

n n 1
6.30 j+2k—1 2k +n —1)I"1 , ,
s 0 Y= " ey

and with some more effort,

no ie (k20N Ty (G +k—1)
(6.31) jl;[2(23+2k—1) 2—<7.> 7:1_[2 20-1(2j + 2k — 1)I’
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Substituting ([628)—(631) into (627) and simplifying, we get

2k +2n)!(2k +n —1 A + 2k)( +2k—1
( )( )) H J )(Jj )

It is clear that the product on the right of ([6.32]) can be written as a product and
quotient of factorials, and after working out the details, we get

(6.33) Hn_2"<2k+") (M)"Q (M>n

n nl(k +n)! (k+n-—1)!
Finally, substituting (633) and (6:26) into (623) and simplifying, we obtain (64)).
The proof is now complete. 0

As an immediate consequence of Theorem we obtain the following result.

Corollary 6.4. For any integers k > 0 and n > 1 we have (—1)kAg,, > 0.

Proof. From the explicit expansion ([ZI6]) we see that (_1)16@1(@]27171(33) > 0 when-
ever © < 0. This, together with ([G.2]), implies the statement. (]

Our next result, which is rather surprising, but is easy to prove, is similar in
nature to Theorem

Theorem 6.5. For any n > 0 we have

m n+1
(6:34) RP). Qo) = (1)
Proof. We rewrite the defining equation (L3) as
Py (2)z" ™ = —(z + 1)" ' Q,(z) + 1,
and apply Lemma B3l with f(z) = P,(z)2"™, g(z) = Qu(z), and r(x) = 1. Since
by = (—1)"(27?), w=2n+1and v =0, we get with ([G.8]),

n+1
(6.35) R(Qn, Paz™) = <—1>"(2”) R(Qu. 1),

n

Now, by (1) we have R(Q,,1) =1, and with (68), ([@3) and [@4) we get

R(an PnInJrl) = R(an Pn) : R(Qna :EnJrl)
= R(Qna Pn) : R($n+1aQn) = R(Qna Pn) -1

This, together with (6.14]), gives

R(Qu P = -1 () "

n

and (6.0) finally yields the desired identity (G13]). O



22 KARL DILCHER AND MACIEJ ULAS

7. THE POLYNOMIAL Q,, (=) — Qpn_1(—2)Qpni1(—2)

Returning to the occasional comparisons we made between the polynomials
P,(z), Qn(z) and the Chebyshev polynomials of both kinds, we recall the well-
known 2 x 2 Hankel determinant expressions

T(2)? = Toor (2) T () = 1 — 22, Un(2)? = Up—1(2)Uns1 (2) = 1,

valid for all integers n > 1; see, e.g., [I5, p. 40]. This immediately gives rise to
the question of what can be said about analogous expressions for the polynomials
Qn(x). For reasons of simplicity we consider @, (—x) instead; the first few 2 x 2
Hankel determinant expressions, factored over Q, are listed in Table 3.

Qn(=2)* = Qu-1(=2)Qni1(~2)

(1 —2x)

22(1 —22) (22 + 3)

5a%(1 — 2z) (222 4 3z + 2)

72 (1 — 2x) (1023 + 1522 + 12z + 5)

4225(1 — 2z) (14a* + 212° + 1822 + 10z + 3)

662°(1 — 2x) (8425 4+ 1262 + 1122° + 7022 4 302 + 7)

42927 (1 — 2x) (1322 + 19825 + 1802* + 1202% + 6022 + 21z + 4)

Table 3. Factorization of Q,(—2)? — Qn_1(—2)Qni1(—2),n =1,...,7.

S =S, B IR R

The above table strongly suggest that Q. (—2)? — Qn_1(—2)Qn41(—2) is always
divisible by ¢,z™(1 — 2x), where ¢, € Z is a constant depending on n, and the
co-factor has degree n — 1 and has positive coefficients. Moreover, it also seems
that the sequence of coefficients of the co-factor forms a unimodal sequence. In this
section we will show that these properties are true in general. We start with the
following.

Proposition 7.1. For integers n > 1 we define

T gy (@ Qs ()@ ().

Then the sequence of polynomials Vy,(x) satisfies the following recurrence relation:

Vi(z) =2, Vo(x) = 22+ 3, and for n > 3 we have
(7.2) n(z — 1)V, (z) = (22n - 3)z(z — 1) —n — 1) Vo_1(2) + 2(2n — 1)2V,—2(z).

(7.1) V() :=

Proof. The recurrence relation was guessed with the help of EKHAD (see Remark
2.11), which showed that the recurrence holds for all n < 25. The proof of cor-
rectness for all n is a straightforward but tedious induction using the recurrence
relation satisfied by the polynomials @,,(—z). We omit the details. O

For integers n > 1 we now set

n—1
(7.3) Va(z) = Z akyna:k.
k=0

Then the sequences of the first few coefficients are readily identified as ag,, = n+1,
arp = m—1n, az, = %(n— 2)(n—1)(n+1), agn = %(n -3)(n—=2)(n+1)(n+2),
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which are consistent with the entries in Table 3. These are special cases of the
following closed expression for the polynomials V,, ().

Theorem 7.2. For integers n > 1 we have

n—1
(7.4) Vn(x)zz(n_k)(zb_k—i_l)(n_;—’—k)xk.
k=0

Proof. Following along the lines of the expressions for ag,...,as, above, it is
easy to obtain experimentally a few more cases and then conjecture the form of
the coefficients on the right-hand side of (Z4)). It can now be verified in a tedious
but straightforward way that the right-hand side of (4] satisfies the recurrence
relation ([T2). Since ([TA) also clearly gives Vi(z) = 2 and Va(z) = 2z + 3, this
proves the theorem. 1

Using Theorem 7.2, we can easily obtain some properties of the polynomials
V. (x). The first one is as follows.

Corollary 7.3. All polynomials Vy,,(x), n > 1, have positive integer coefficients.

Proof. Positivity of the coefficients is clear from (74]). Now, using the notation of
[3), we rewrite the coefficients as

(n+k—1n+k-2)---(n+1)

7.5 n=mMn—-k)n-k+1
The fraction on the right of (ZH) is an integer except when k | n. But in this case
we have k | (n — k), so that in either case ay, is an integer. O

Remark 7.4. In the above proof of Corollary [[.3] we actually showed a bit more,
namely that ay,/(n+ 1 — k) is an integer for alln > 1 and 0 < k <n — 1.

As another easy consequence of Theorem and Proposition [Z.I] we get some
special values of V,(x).

Corollary 7.5. For all integers n > 1 we have

N 1 [2n+2
V(0)=n+1, Va(3) =2", V"(l):n+2(n+1>:C"+l’

where C,, is the nth Catalan number.

Proof. The first identity follows immediately from (4]). For the second and third
identities we substitute z = § and = = 1 into ([T2), getting the recurrence relations

nVo(3) = (4n — 1)Vao1(3) — 2(2n — 1)V,—2(3),
0=—(n+1)V,_1(1) +2(2n — 1)V, _2(1),
respectively. The two identities are then obtained by easy inductions. O
Next we prove the second observation we made following Table 3. Recall that a
polynomial > a;x" is called unimodal if and only if the sequence of its coefficients
is unimodal, that is, if there is an integer m (called the mode) with 0 < m < n,
such that
a0 < a1 < oL Gp—1 S Ay 2 Ayl 2 -0 2 A

We now state and prove the following result.
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Theorem 7.6. For every integer n > 1, the polynomial V,,(x) is unimodal. More
precisely, with the notation ([L3]) we have

ag,n < a1,n <...< Ap—3,n < (p—2,n > An—1,n-

Proof. Recall that Vi (z) = 2 and Va(z) = 3+ 22. While for n = 1 there is nothing
to prove, the statement is clearly true for n = 2. In what follows we therefore
assume that n > 3. First, using (Z3) and (T4), we get
6 (2n—3
n—2,n n\n— 3
an—2n 2( 2) 251,

Un-1nm 5(27?:12) 2

where the second equation is easy to verify. Next, for each k with 1 < k < n — 2,
we consider

Ak _ (n—k) (n_,iJrk) _ n—k)n+k-1)
k-1 (n—k+2)("2F) k(n —k+2)

It remains to show that this quotient is greater than 1, which is equivalent to
(n—Fk)(n+k—1)>k(n—k+2). After an easy manipulation we see that this, in
turn, is equivalent to k(n+ 1) < n? —n. But this is true for all 1 < k < n — 2 since
the “worst case” k = n — 2 leads to the inequality (n — 2)(n + 1) < n? — n, which
is clearly true. Thus we have aj_1,, < ap for all 1 <k <n —2 and n > 3, which
completes the proof. O

In analogy to Section 2, we can also obtain a generating function for the sequence
of polynomials V,,(z).

Theorem 7.7. Let
(7.6) V(o t) =Y Val(z)t"
n=1

be the ordinary generating function for the sequence (Vi (2))n. Then

=224 2(2 - 32)t — 14 22 4 (1 — 22)/1 — 4at
(7.7) V(z,t) = ) :

Proof. We use the same approach as in the proof of Proposition Indeed,
differentiating both sides of (3]) with respect to ¢, manipulating the resulting
series as we did in the proof of Proposition and using the recurrence relation
[T2), we get the differential equation

t(t+a — 1) (4t — 1)V (2,t) + 2t (3t — 2> + = — 1)V(2,t) + 2t(32t + 2 — 1) = 0.

Using standard method of solving linear differential equations of degree 1 we easily
get the general solution

22422 - 3x)t — 14 204 2¢/1 — Az

) =
V(1) 20(t+x—1)2
The initial condition V(z,0) = 0 leads to ¢; = $(1 — 2z), which finally gives the
desired solution (4. O

We note that there are certain similarities between the generating functions
@I70) and (7). In fact, they are related through an identity involving partial
derivatives. It can be verified through direct computation.
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Lemma 7.8. Let R(z,t) := Q(—=x,t). Then

oy LR PR PR . IR IR
(7.8) 5 =¢ ax2+2tata + 17y 2w Al 2R,

Remark 7.9. The identity (8], along with the explicit formula 23)) for Q,(x),
can be used to give an alternative proof of the explicit formula (Z4]) for the poly-
nomial V,,(z). We leave the details to the interested reader.

To conclude this section, we return to the original expression of the title, which
we denote by

(79) Wn(x) = Qn(_'r)z - anl( QnJrl Z wz nx

The first few of these polynomials are listed in Table 4.

x — 22

322 — 423 — 422

1023 — 5a* — 202° — 2025

35z + 142 — 6325 — 14027 — 1402°

1262° 4 16825 — 8427 — 6302% — 11762° — 117621°

4622° + 105627 + 6602° — 18482Y — 646820 — 11088z — 11088z 2

Table 4. The polynomials W,,(z), n =1,...,6.

[ NS, BESUN SUR NC R p

The following properties of the polynomials W, (x) are an immediate consequence
of ([TI) and Theorem [[.2

Corollary 7.10. For all integers n > 1 and 0 < j <n —1 we have wj, =0, and

1/2
(710) Wnp, p = 5 ( :>7 W2n—1,n = Won,n = _2Cn—lcn7

where C,, = n+1 (2") 1s the nth Catalan number.

To motivate the last result of this section, we consider the entry for n = 4 in
Table 4 and note that

2 4 8 16

This is actually no surprise since by (TI) we have W, (3) = 0 for all n > 1 and
thus, by (Z9)) we have

= : 1/2
(7.11) N Wit jn27 = —wp = —5( ") (n>1).
=1

n

This identity is a special case of the following result.
Proposition 7.11. For integersn > 1 and 0 <i <n — 1 we have

(7.12) zn: Wnyyn2 i = = _22((:;;>+ : (2:) (n _z'l . Z)

j=it1
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Before proving this identity we note that in the two extreme cases we get ([L.I1])
when ¢ = 0, and the right-most equation in (Z.I0) when i =n — 1.

Proof of Proposition m We first prove the identity
~ Wny jin\ i
(7.13) Zwmmx - gx_1>z< ) 2_)35
i=0 N j=it1

where the left equation comes from ([.9). To do so, we denote the right-most term
of (CI3) by R, (z) and manipulate the double sum as follows:

n—1 n

w ) n—1 n w )

S (3 e S (3 e
2]—1—1 27—

i=0 “j=i+1 =0 Nj=i+1

n

(S5 55 )

i=1 Jj=1 =0 J=i+1
n n n n n
,E: E:wnﬂn xi_E:wnﬂn_}: }: Wntjn | i
o 2i—1 2 2i—1
=0 >~ j=t 7=0 i=0 “j=i+l
n
— E E 1
— n+z nx - wnJrg n § 7
i=0

where we have combined the first and third sum from the second-last line. The
second sum in the last line then vanishes since Wn(%) = 0 for all n > 0, and the

proof of (ZI3) is complete.
Now we rewrite (I]), with (Z9), as

n—1
1 2n W, Wntin \ 4
S Vo(r) = ——2 E E LT ) et
2(n—|—1)<n) (@) :1:"1—21: P (J — 2i—i )x

Finally, using (Z4)) and equating coefficients of 2, 0 <i < n—1, we get (Z12). O

8. SOME IRREDUCIBILITY RESULTS

In this brief section we prove some irreducibility results for the main objects of
study in this paper, namely the polynomials @, (x) and their derivatives, and the
polynomials V,, (z).

Theorem 8.1. Let n > 1 and 0 < k < n — 1 be integers. Then the polynomial
%k)(x) is irreducible over Q when n+k—+1 is a prime, or when 2n+1 is a prime.

Proof. To prove the first statement, we show that Ql(jk_)k_l(x) is p-Eisenstein. To
do so, we rewrite the explicit expression (m) as

Q(k)

so the coefficients of Q;()—k—l(fE) are

(n+k+i)!  (p+i—1)!
nli! C(p—k—1)
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We note that for each positive index 7 in this range the numerator of the last
fraction is divisible by p, but not by p?, while the factorials (p — k — 1)! and i! in
the denominator are not divisible by p. It is also clear that the constant coefficient,
(p—D!/(p—k — 1), is not divisible by p. Hence the polynomial Qiﬁ)kil(m) is
p-Eisenstein.

For the second statement, we assume that p := 2n + 1 is prime, and show that

%k)(—:v — 1) is p-Eisenstein, which would imply irreducibility of Q%k) (x). For this
purpose we combine (ZI)) with (26]), and upon taking the kth derivative we get

Ao —1) = (ian+ 1)<2:) 2 n+1+ 1 (i k)?('n _ 1)|$i_k-
i=k . !

We know that this polynomial has integer coefficients, and we see that for each
index i with £ < i < n — 1 the corresponding coefficient is divisible by the prime
p = 2n + 1, but not by p?. For i = n, however, we have cancellation, and thus the
leading coefficient is not divisible by p. Hence Q%k)(—:zr —1) is p-Eisenstein, and the
proof is complete. O

Theorem 8.2. The polynomial V,,(x) is irreducible over Q if 2n + 1 is prime.

Proof. We set again p := 2n + 1 and show that V,,(z + 1) is p-Eisenstein. To
do so, we use ([Z4]) and a binomial expansion, followed by changing the order of
summation:

:,;) n—k)<v;—k+1) (n—;w);o(f)x]
Z(z o

where the last line results from a straightforward manipulation of the binomial co-
efficients in the previous line. The inner sum in this last line can be evaluated by
various means, including the function sum in Maple which, after some manipula-

tions, gives
n—1 .
2 2 1 ‘
Vo(z+1) = Z_(n+])( n+ )x].
par L + n n+j+2
As in the proof of the previous theorem we observe that the coefficients of V,, (24 1)
are integers, and that for 0 < j < n — 2 they are all divisible by p = 2n + 1, but
not by p?, and that the coefficient of 2"~ ! is not divisible by p. Hence V,,(x + 1) is
p-Eisenstein, as claimed. (I

9. FURTHER REMARKS AND CONJECTURES

In this final section we collect some further remarks and conjectures related to
the objects studied in this paper.
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1. In Section 5 we already mentioned the fact that a polynomial in Z[z] with
a square discriminant has its Galois group contained in the alternating group A,,.
Can anything more be said about the Galois group of @,,? Computations support
the following conjecture, where we set Dy ,, = Disc(Q,,), as in Corollary .4

Conjecture 9.1. For integers n > 2 we have

A, if Do, is a square;

Gal(Q,) = {

Sn if Doy is not a square.

2. In Section 8 we proved some partial irreducibility results. However, compu-
tations indicate that much fore is true.

Conjecture 9.2. For all integersn > 1 and 0 < k < n—1 the polynomials lek)(x)
and Vy,(x) are irreducible over Q.

3. It is clear that Proposition is in fact true in greater generality. More
precisely, if R is a commutative ring with 0 # 1 and pg, qo, Y, Z € R satisfy the
identity poY + qoZ = 1, then there are p,, ¢, € R such that p, Y ! +¢,2Z"+! = 1.
Indeed, the proof of this more general statement is exactly the same as that of
Proposition

This gives rise to the question of whether such a result is also true in a non-
commutative setting. We don’t know the answer and formulate the following open

Question 9.3. Let R be a non-commutative ring and suppose that pg, qo, Y, Z sat-
isfy the equation poY + qoZ = 1, where Y, Z are not nilpotent elements. Given a
fived positive integer n, do there exist p,,q, € R such that p,Y" ! 4+ ¢, 2"t =17

If Y, Z are allowed to be nilpotent elements in R, it is easy to show that in
general we cannot expect a positive answer. Indeed, let R = M5 2 be the ring of
2 x 2 matrices with integer coefficients and consider the identity poY + ¢oZ = I,
where

0 0 0 1 0 1 00
(1) =0 ) e (56)2=(10)

However, we have Y2 = Z2 = 0 and thus, for each n > 1 and any p,q € R we have
pyn-l-l 4 an+1 75 I.
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