The Real-rootedness of Generalized Narayana Polynomials
related to the Boros-Moll Polynomials

Herman Z.Q. Chen!, Arthur L.B. Yang?, Philip B. Zhang?®

L2Center for Combinatorics, LPMC
Nankai University, Tianjin 300071, P. R. China

3College of Mathematical Science
Tianjin Normal University, Tianjin 300387, P. R. China

Email: 'zqchern@163.com, 2yang@nankai.edu.cn, 3zhangbiaonk@163.com

Abstract. In this paper, we prove the real-rootedness of a family of generalized Narayana
polynomials, which arose in the study of the infinite log-concavity of the Boros-Moll
polynomials. We establish certain recurrence relations for these Narayana polynomials,
from which we derive the real-rootedness. To prove the real-rootedness, we use a sufficient
condition, due to Liu and Wang, to determine whether two polynomials have interlaced
zeros. The recurrence relations are verified with the help of the Mathematica package
HolonomicFunctions.
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1 Introduction

For any nonnegative integers n and m, let
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The polynomial N, (z) is the classical Narayana polynomial. It is well known that N, (x)
has only real zeros. Moreover, it is easy to verify that both N, ,(z) and N,y ,(z) are just
the polynomial N,,(x). While, it seems that the polynomials N,, ,,,(z) were not well studied
for general n and m. In this paper, we shall prove that the polynomials N, ,,(x) have

only real zeros for any n and m. Let us first review some backgrounds of the polynomials
Ny ().

The polynomials N, ,,,(z) arose in the study of the infinite log-concavity of the Boros-
Moll polynomials. The Boros-Moll polynomials were introduced by Boros and Moll [1]




in their study of a quartic integral, and they obtained the following expression for the
Boros-Moll polynomials:
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Recall that a finite nonnegative sequence {ag}7_, is said to be log-concave if
ai — agp1a5_1 > 0, for 0 < k <mn,

where, for convenience, we set a_; = 0 and a,,; = 0. We say that it is infinitely log-
concave if for any ¢ > 1 the i-th iterative sequence {L£'(ax)}}_, is nonnegative, where £
is the operator acting on {ay}7_, as follows

L(ay) = ai — Qf41Qk—1, for 0 <k <n.

We say that a polynomial
f(z) = Z apr”
k=0

is infinitely log-concave if its coefficient sequence {ay}7_, is infinitely log-concave. Boros
and Moll proposed the following conjecture.

Conjecture 1.1 ([1]). The polynomial P,(x) is infinitely log-concave.

The log-concavity of P, (z) was first conjectured by Moll [11], and then was proved by
Kauers and Paule [7]. The 2-fold log-concavity of P, (z) was proved by Chen and Xia [5].
Briandén [2] proposed an innovative approach to the higher-fold log-concavity of P,(x).
He conjectured the real-rootedness of some variations of P,(z), from which its 3-fold log-
concavity can be deduced. Bréandén’s conjectures were later confirmed by Chen, Dou and
Yang [!]. While Conjecture 1.1 is open, Brandén [2] has proved the infinite log-concavity
of real-rooted polynomials, which was independently conjectured by Stanley, McNamara
and Sagan [10], and Fisk [0].

Theorem 1.2 ([2]). If

n

f(z) = Z agx”

k=0

is a real-rooted polynomial with nonnegative coefficients, then so is the polynomial

n

Z(ai — Q1 )"

k=0



The well known Newton’s inequality states that if a polynomial f(x) has only real
zeros, then it must be log-concave. Therefore, Theorem 1.2 implies the infinite log-
concavity of the real-rooted polynomials. Motivated by Brandén’s theorem, we are led to
study the real-rootedness of the following polynomial:

n

Qu(x) = (di(n)* = dj_1(n)dps1(n))2",

k=0

de(n) = 27" X_; z <QZ _ jj) (n ; j) (2)

is the coefficient of 2% in the Boros-Moll polynomial P,(z). We have the following con-
jecture.

where

Conjecture 1.3. For any n > 1, the polynomial Q,(x) has only real zeros.

Since the log-concavity of P, (z) is known, by Theorem 1.2, Conjecture 1.3 would imply
Conjecture 1.1. Note that the polynomial @, (x) may be rewritten as

> v 8 P

where N; ;(x) is the Narayana polynomial defined by (2). The numerical evidence suggests
that the polynomial N, ,,(z) has only real zeros for any n and m. Our main result is as
follows.

Theorem 1.4. For any m,n > 0, the polynomial N, (x) has only real zeros.

The remainder of this paper is organized as follows. In the next section, we shall give
an overview of some tools which will be used to prove Theorem 1.4. In Section 3, we shall
establish some interlacing property concerning the polynomials N, (), from which we
derive Theorem 1.4.

2 Preliminaries

The results contained in this section serve as a reference point used in Section 3.

Let us first introduce the definition of interlacing. Given two real-rooted polynomials
f(z) and g(x) with positive leading coefficients, We say that g(z) interlaces f(x), denoted

g(x) = f(x), if

e < 8g <p <57 <1y,



where {r;} and {s;} are the sets of zeros of f(x) and g(z), respectively. We say that g(z)
strictly interlaces f(x), denoted g(x) < f(z), if, in addition, all the inequalities concerned
are strict.

Liu and Wang [9] obtained the following sufficient condition to determine whether two
polynomials have interlaced zeros.

Theorem 2.1 ([9, Theorem 2.3]). Let F(x), f(x),g1(x),...,gx(x) be polynomials with
real coefficients satisfying the following conditions.

(a) There exist some polynomials ¢(x), p1(x), ..., pr(x) with real coefficients such that

F(z) = ¢(x) f(2) + pr(2)g1(x) + - - + pr(2) gr () (3)
and deg F'(z) = deg f(z) or deg F(z) = deg f(z) + 1;

(b) The polynomials f(x),q1(x),...,gx(x) are real-rooted polynomials, and moreover
gj(x) = f(z) for each 1 < j < k;

(¢) The leading coefficients of F'(x) and g;(x) have the same sign for each 1 < j < k.

Suppose that p;(r) <0 for each j and each zero r of f(x). Then F(x) has only real zeros
and f(z) 2 F(x).

We shall use the above result to prove the real-rootedness of N, ,,,(x). The key point is
to prove certain recurrence relations related to these polynomials. As will be shown later,
the coefficients of these recurrence relations look complicated. Thanks to Zeilberger’s
holonomic systems approach to special function identities, Koutschan (private commu-
nication) pointed out that these recurrence relations can be easily verified by using the
Mathematica package HolonomicFunctions, see [3, 13]. The Ore algebras introduced in
[12] serve as a unifying framework to represent such recurrence relations. These algebras
were obtained by applying Ore extensions to some base rings, also called Ore polyno-
mial rings. Let S, denote the shift operator with respect to n. Let R(n,x) denote the
field of rational functions in n and x over the field R of real numbers. The Ore algebra
used throughout this paper could be considered as R(n, x)(S,), which consists of all lin-
car operators of the form . p;S., where r > 0 and p; € R(n,z). Suppose that the
polynomial sequence {f,,(z)},>0 satisfies certain recurrence relation Zf:o a; fizn(z) = 0,
where a; € R(n,z), and then the Ore polynomial of such a recurrence relation is given
by Zf:o a;S!. For each f € R(n,z), the annihilator of f with respect to R(n,z)(S,) is
defined by

Az (s, (f) = {P € R(n,2)(S,) | P(f) = 0},

which is a left ideal in R(n,z)(S,). For more information on the Ore algebras and the
Ore polynomials, see Koutschan [3] and Ore [12].



To be self-contained, we give an example to illustrate the use of this package. It is well
known that the classical Narayana polynomials N, (z) given in (1) satisfy the following
recurrence relation:

(n 4+ 3)Npy1(x) = (2n 4+ 3)(z + 1)N,(2) — n(z — 1)2N,,_1 ().
This can be proved in the following way by using the package:

1. Convert the above recurrence to an Ore polynomial in the Ore algebra:

miz— rec = ToOrePolynomial[(2%n +3) % (z 4+ 1) *fn] —n* (x —1)2 *fn — 1] —
(n + 3) * fln + 1], f[n]]

oul= {(4 +n)S% + (=5 — 2n — bz — 2nx)S, + (1 +n — 2z — 2nzx + 22 + na?)}

2. Generate a (Groebner) basis of the annihilator A of the input (i.e., the set of all
recurrence/differential relations that the input satisfies) using the command Anni-
hilator:

- ann = Annihilator[Sum[Binomial[n+ 1, k] *x Binomial[n+1, k+1]*2* /(n+
1), {k,0,n}], S[n]]

oupl= {(4 +n)S% + (=5 — 2n — bz — 2nx)S,, + (1 +n — 2z — 2nzx + 22 + na?)}

3. Reduce the Ore polynomial rec modulo A using the command OreReduce. If it
returns 0, then rec is an element of the set A and hence the recurrence relation is
valid.

ni= OreReduce[rec, ann)]

outal= 0

3 Proof

The objective of this section is to give a proof of Theorem 1.4, namely the real-rootedness
of the polynomial N, ,,(x). We first derive certain recurrence relations for these polyno-
mials. For nonnegative integers t and n, let

NO(@) = Npa(2), N9 (@) = Noyyn(). (4)

n

The polynomials N® () satisfy the following recurrence relation.



Theorem 3.1. For nonnegative integers t and n > 1, we have

ag + a1z + asz? ) (z) n(n +t)(z — 1)%(by + by) A

(t) —
Noal®) = C T 3t Dlw T o )~ e 4 3)m + Dieo + eyt
(5)
where

ag = —(2n* + (2t + 5)n* + (2t + 3)n),

ap = (2t(t + 2)n® + 3t(t + 2)°n* + (t(t + 2)(t* + 5t + 5))n
+ (tt+ 1)t +2)(t+3)/2),

ag = (t+1)((2t +2)n® + (3t> + 9t + 5)n? + (2t + 3)(t* + 3t + 1)n
+tt+1)(t+2)(t+3)/2),

bg = —(n + 1),
by = (t+1)*n+ (t+ 1)(t* + 4t +2)/2,
Co = —n,

a=0t+1)>*n+t{t+1)(t+2)/2

Proof. We shall prove an equivalent form of this recurrence relation, which is obtained
by multiplying (n +t + 3)(n + 1)(co + c1x) on both sides of (5). This could be converted
into an Ore polynomial as follows:

- rec = ToOrePolynomial[(a0 + al * = + a2 * z2) * fln] — (n * (n + t) * (x —
D2 b0 +blxx))*xfln—1] —(mn+t+3)*(n+1)*(c0+ cl *x) * fln +
1] /. MapThread[Rule, {{a0, al, a2, b0,bl,c0,cl1}, {—(2%xn3 4+ (2xt+5) *n? +
(2xt+3)%n), 2%t (t+2)*n3+3xtx(t+2)?*n’+ (t+(t+2)* (t>+5%t+5)) *
ndtx(t+1)x(t+2) % ((t+3)/2), (t+1)*((2%t+2)*n3+ (3%t2+9xt+5)xn+
(2xt+3)x (2 +3xt+1D)xn+tx(t+1)*(t+2)*((t+3)/2)),—(n+1),(t+1)*%
n4(t+1)x((t2+4%t+2)/2),—n, (t+1)%2xn+tx(t+1)*((t+2)/2)}}, f[n]];

Then compute a (Groebner) basis ann of the set of all recurrence/differential relations
that N (x) satisfies, and reduce the Ore polynomial rec modulo ann:

msl= ann = Annihilator[Sum[(Binomial[n, k] * Binomial[n + ¢, k] — Binomial[n, k +

1] * Binomial[n + t, k — 1]) * =*, {k, 0, n}], S[n]];
misl= OreReduce(rec, ann]

outfs]= 0

We have the desired output. This completes the proof. O

Next we come to proving the real-rootedness of N (z).



Theorem 3.2. For anyt > 0 and n > 0, the polynomial MS) (x) has only real zeros, and
moreover, we have NV (z) < Mf)ﬂ(:c)

Proof. We use induction on n. It is straightforward to verify that

NP (@) =1, N(2) =1+ (t+ Dz, NY(2) 2 N (@),
= We see that the recurrence relation (5) is of the form

Assume that N (z) < NO(z).
(3) in Theorem 2.1 with k= 1, where

Fla) = N (@),
flz) = NV (),
g(x) = N,y (),
ap + a1z + apx?
(x) = (n+t+3)(n+1)(co Y o)
p1(x) = — n(n +t)(x — 1)%(bo + bix)

(n+t+3)(n+1)(co+ 1)

Here, ag, ay, as, by, by, co, ¢1 are given by (5). Note that for any n,t > 0 the coefficients of

N(t)

~+1() are nonnegative, since, for any 0 < k < n, the coefficient of z* in Mffil(:c) is

et = () (") - () ()
B (1_ kil'nf;lliu) (Z) <n’:t) -0

It is clear that for any z < 0, we have ¢1(x) < 0. By Theorem 2.1, the polynomial

ﬂifll( ) is real-rooted, and moreover N (z) < Nfli ( ). 0

We have the following recurrence relation for fo : ().
Theorem 3.3. For nonnegative integers t and n > 1, we have

ag + a1 + ayr?

n(n +1t)(z — 1)*(bo + brx) ~®
(n+t+1)(n+3)(co+ 1)

N(t)
(n+t+1)(n+3)(co+ciz) ™!

n+1 (ZE) =

N (@) - (),

(6)



where

ap=—2n+3)(n+t)(n+t+1),

ay = 3t(t —2)(t + 1)?/2 + t(t — 2)(t* + Tt + 5)n
+3t(t — 2)(t + 2)n* 4+ 2t(t — 2)n®

ag =t —1)(t+1)%/2+ (- 1)2t +3t> +t — 3)n
+ (t — 1)(3t* + 3t — 5)n® + 2(t — 1)*n?,

bp=—n—1-—t,

by=(t—1)>%n+(t—1)t2/2+ (t— 1)

cop = —n —t,

c1 = (t—1)*n+(t — 1)t*/2.

Proof. The proof is similar to that of Lemma 3.1. We need to prove an equivalent form
of (6) obtained by multiplying (n + ¢+ 1)(n + 3)(co + c12) on both sides. This could be
converted into an Ore polynomial as follows:

= rec = ToOrePolynomial[(a0 + al * = + a2 * z2) = fln] — (n % (n + t) * (x —
D2 b0 +blxx))*xfln—1] —(m+3)*(n+t+1)*(c0+cl*x)*fln+
1] /. MapThread[Rule, {{a0, al,a2,b0,b1,c0,cl1},{—(2*xn+3)*x(n+1t)*(n+
t4+1),3%tx(t—2)%x(t+1)2/24+tx(t—2)« (> +Tt+5)xn+3xtx*(t —2)x
(t+2)xn?+2xtx(t—2)*n>, t2x(t—1)x(t+1)2/2+(t—1)x (2xt3 +3xt% +
t—3)sn+(t—1)*B*t2+3xt—5)*xn’+2x(t—1)2xn3 —n—1—1t,(t—
D2xn4+(t—1)xt?/24+ (t—1)% —n—t,(t—1)>xn+ (t — 1) *t?/2}}], f[n]];

Then compute a (Groebner) basis ann of the set of all recurrence/differential relations

that NS : (x) satisfies, and reduce the Ore polynomial rec modulo ann:

me= ann = Annihilator[Sum[(Binomial[n+t, k] * Binomial[n, k] — Binomial[n+t, k+
1] * Binomial[n, k — 1]) * z*, {k, 0, n + t}], S[n]];
me1= OreReduce(rec, ann]

outfgl= 0

The output is 0, as desired. This completes the proof. O]

We now prove the real-rootedness of NS ) ().

Theorem 3.4. For any n,t > 0, the polynomial Nﬁ?(m) has only real zeros. If t > 2,

then Ns)(x) has one and only one positive zero.

Proof. Note that both the polynomials N:))(x) and NS)(SE) are the classical Narayana
polynomial, which is known to be real-rooted.

8
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n

We proceed to consider the case of ¢t > 2. We first prove that N
(®)

n

degree n + 1, and for any 0 < k < n + 1, the coefficient of z* in N,(f) (x) is

n+t\(ny [(n+t n _ on+1—-Fkt (n+t\/n+1
k k k+1)\k—1) +D)E+1)\ k k)
Therefore, the number of changes in sign of the coefficients is 1. By Descartes’ rule, the

()

n

() has one and

only one positive zero. Note that for any n > 0 and ¢t > 2, N,’(x) is polynomial in = of

polynomial N, () has at most one positive zero. Moreover, we see that

— — +t
0 N(t) — 1 > 0 n+1 N(t) - n < O
N @) =150, b N @ ="

Thus, the polynomial Ns )(m) has one and only one positive zero.

Next we claim that N, )

. (z) has n negative zeros, and moreover, for any n > 1,

() (n) ()

) <) <t ) < W (n+1)

< Ty (n)

<n (n+1)

<n <0,

where {r,(cn)}zzo and {r,gn+1)}Zié are the negative zeros of fo ) (x) and N,(fjrl (x) respectively.

Before proving the above claim, let us note the following property: for any x < 0,n > 1
and t > 2, clearly we have

n(n +t)(z — 1)*(by + by )
Tttt )+ ) tan) ~

To prove the claim, we use induction on n. Let us first prove the base case of n = 1. We

already showed that N?) (x) has one and only one positive zero. Since N?) (x) is of degree

2 and [xO]N?) (x) = 1, it also has one negative zero r?). By the recurrence (6), we see that

Nét) (7’51)) < 0 since Né“(ﬁ”) > (. Moreover, we have N;t)(()) =1>0and N(Zt)(—oo) > 0.

Thus, Nét)(x) has two negative zeros 7’&2),7452) and moreover 1”52) < r%l) < 7’%2) < 0, as

claimed.

Assume that the claim is true for n. We proceed to show that it is also true for n + 1.
From (6) we deduce that

(—1)’“W§f)+1(r,ﬁ”)) >0, foranyl<k<n.

Moreover, we have fo}rl(O) =1>0and (—1)"+1N53rl(—oo) > 0. Thus, the polynomial

foil(x) has n 4 1 negative zeros {T](;H_l) Zié, and moreover, for each 1 < k < n, we have
rgfgl) <" < 7" as claimed. This completes the proof. O

Combining Theorems 3.2 and 3.4, we complete the proof of Theorem 1.4.

9
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