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Abstract

We prove two recent conjectures of Bourn and Erickson (2023) regarding a certain
family of polynomials N, (z). The first conjecture says they have only real zeros, and
the second concerns the sum of their coefficients. These polynomials arise as the nu-
merators of generating functions in the context of the discrete one-dimensional earth
mover’s distance (EMD), and also have a connection to the Wiener index of minuscule
lattices. Additionally, we prove that the coefficients of N, (z) are asymptotically nor-
mal, the coefficient matrix of N, (z) is totally positive, and the polynomial sequence
(Np(x))n>1 is z-log-concave.
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1 Introduction

For n € N* define the polynomials N, (x) = S_7—; N, zz*, where
k(n—k) (2n+ 2
N, =% . 1.1
P a4+ 2 (2k+1> (11)

As the coefficients N, are the Wiener indices of a minuscule lattice of type A [7], we
refer to N, (x) as the minuscule polynomial of type A. These polynomials also appeared as
the numerators of generating functions in the context of the discrete one-dimensional earth
mover’s distance (EMD) [2, 3]. Below are the first few values of N,(x):

Ni(z) =0,

Ny (z) = 2z,

N3(7) = 8z + 827,

Ny(z) = 20z + 562 + 202,

Ns(x) = 40z + 2162 + 2162° + 402",

Ng(x) = 70z + 61622 + 11882> + 6162 + 702°.

We note that some coefficient sequences of the polynomials N, (z) are in the OEIS [15].
For example, the sequence 2,8,20,40,70,112,..., the leading terms with the explicit ex-
pression 2(”;1), is entry A007290; the sequence 1,7,27,77,182,378, ..., the coefficients of
82"~ 2 with the explicit expression 2”5—_1 ("Il), is entry A005585; and the coefficient sequence
2,8,8,20,56,20,...is entry A375853. Recently, Bourn and Erickson [3] proved a conjecture
of Bourn and Willenbring [2] regarding the palindromicity and unimodality of N, (z), and

proposed the following conjectures.
Conjecture 1. The polynomial N, (z) has only real zeros for every n € NT.
Conjecture 2. For all positive integers n, we have N,(1) = (n — 1)2%"73.

This paper was originally motivated by the above conjectures. Actually, we prove more
results about the coefficients (1.1). More precisely, in Section 2, we prove Conjecture 1, which
implies that the polynomial N,(z) is log-concave and 7-positive; in Section 3, we establish
a polynomial identity for N, (z?), which reduces directly to Conjecture 2 for x = 1, and by
applying the latter identity we show that the coefficients of N,,(x) are asymptotically normal.
In Section 4, we further prove that the polynomial sequence (N, (z)),>1 is z-log-concave, i.e.,
N2(x) — Npy1(2)N,_1(z) € N[z] for all n > 2. Lastly, we prove that the coefficient matrix
[Npk|nk>o is totally positive in Section 5.

For the reader’s convenience we recall some terminology for later use. Let f(z) =
> h_o fxx® be a polynomial with real coefficients and of degree n. We say that the polynomial

f(x) is

e palindromic (with respect to n) if fr, = f,_x forall 0 < k <mn,
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e unimodal if there exists an index m such that
fo<h<--<fon>2>fo1> fa,

e log-concave if f? > fy_1fps1 forall 1 <k <n—1.

It is known that the log-concavity of f(z) implies its unimodality [4].

Let f(z) (resp., g(x)) be a polynomial of real coefficients with deg(f(z)) = n (resp.,
deg(g(x)) = m) and having only real zeros r,, < --- < ry <1y (resp., Sy, < -+ < 89 < 59).
We say that g(z) interlaces f(x) if m =n — 1 and

o < Spo1 S sy Sy sy <7y (12)
and that g(z) alternates left of f(x) if m = n and
Sp ST < -o- <Sp <rp <51 <1 (1.3)

We write g(x) < f(z) if g(x) interlaces f(x) or g(z) alternates left of f(x).

2 The polynomials N,(x) have only real zeros

A finite sequence A = (\;)7_, of real numbers is called a multiplier n-sequence if a polynomial
ap+ayr+---+a,x" of degree at most n has only real zeros, then so does the new polynomial
apNo+tai x4+ - -+a, A\, x". The following is a classical algebraic characterization of multiplier
n-sequence.

Lemma 3 ([6, Theorem 3.7]). A real sequence (\)}_, is a multiplier n-sequence if and only

if the polynomial

k=0
has only real zeros with same sign.

Example 4. From the binomial formula (14 2)" = >"_ (})z"* we derive successively

2(1 4+ 2)" Zk() (2.1a)
naz(1 +nx)(1 + )" Zlﬁ( ) (2.1b)

and
n

nn—Dz(l+2)" 2= kin—k) (Z) a*. (2.1¢)

k=0

By the above lemma, the sequence (k(n — k))}_, is a multiplier n-sequence.
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The Chebyshev polynomials of the second kind U, (x) can be defined by the generating
function

> 1
U, ()" = ——
;;; @)t = e

They also have the following explicit formulae [16, p. 696]:

[n/2]
Un(w) = 3 (” 1 )x"‘Qk(:vQ )k (2.2a)

— 2k+1

= 2”H<x—cos(nkfl>>. (2.2b)

Theorem 5. The polynomial N, (x) has only real zeros for every positive integer n. More-
over, we have N,(z) = N,1(x) for every n € NT.

Proof. By formula (2.2a), we have

e 2042\ (22— 1\"
Uspii(x) = 2l Z (% N 1> (7) . (2.3a)

k=0
Forn+2<k<2n+1,let k =2n+2— ¢, then ¢ € [n| and formula (2.2b) implies

& km L 2n+2 -0
U2n+1(x):H<a:—cos<2n+2>>'x~2 -H<x—cos(%)>

k=1 /=1

=g . 2% H (x2 — cos® (2::_ 2)) : (2.3b)

k=1

Substituting 22 — 1/(1 — z) in 272" Uy, ,1(x) and combining (2.3a) and (2.3b), we have

ful) = @Zii) o =22 ] (1 — (1 — z) cos? (2751 2)), (2.3¢c)

k=0 k=1

which proves that all zeros of the polynomial f,(x) are real. By the above example, the
polynomial N, (x) has only real zeros.
By (2.3¢), it is not difficult to see that f,(z) < f,4+1(x) since the inequalities

1 1 1
1-— <1 —-— <1 -

cos? <%> - cos? <2§iz> - cos? (2514)
hold for each k € [n]. Given two polynomials f(z) and g(x) with non-negative coefficients
and non-zero constant. Note the fact [13, Theorem 6.3.8] that if f(z) < g(x), then zf'(x) <
xg'(x). Additionally, the relation f(z) < g(x) with deg(f(x)) = deg(g(z)) — 1 = n implies
2" f(1/z) X 2" g(1/x). Dueto f,(x) = fuy1(2), it is routine to verify that N, (z) < N,;1(z)
by the facts which are mentioned before. O




Remark 6. In view of [13, Theorem 6.3.4], one can also prove the property that the polyno-
mial f,(x) has only real zero by the Hurwitz stability of (1 + x)?"*2.

It is known [4, Lemma 7.1.1] that if all zeros of a polynomial with non-negative coefficients
are real, then it is log-concave; and if a positive sequence is log-concave, then it is unimodal.
Thus, Theorem 5 implies the following result, which generalizes the unimodality of N, (x) [3,
Corollary 4.2].

Corollary 7. The polynomial N,(x) is log-concave for each n € NT.

By (1.1) it is obvious that N, (x) is palindromic. Combining this with Theorem 5, we
derive the following ~-positivity from a known result [4, Remark 7.3.1], which provides
another generalization of both the palindromicity and unimodality of IV, (z) as stated in [3,
Corollaries 3.2 and 4.2].

Corollary 8. There are non-negative integers ,  such that

[n/2]
N,(x) = Z Y (1 4 )2 (2.4)

k=0

Below we list the above formula for the first few values of n:

It would be interesting to find a combinatorial interpretation of the coefficients v, ;. The se-
quence of the half-sums of the gamma coefficients ) _, 7, x/2, which starts with 1, 4, 18,68, 251,
is entry A376072 in the OEIS [15].

3 Asymptotic normality of the coefficients of N, ()

In this section, we first establish an identity about N, (x), which can be viewed as a polyno-
mial version of Conjecture 2. As an application, we show that the coefficients of N, (z) are
asymptotically normal.

3.1 An identity related to minuscule polynomial of type A
Proposition 9. We have

— ! (a4 (-2 -

1

N, (2 L
(@) 162

((1 )P (1 x)2"+2). (3.1)
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Proof. Although identity (3.1) can be verified by Maple using a mechanical procedure [11],
we provide an alternative proof by manipulating binomial formulas. From the binomial
identity 702 (%) 2k = (1 + 2)***2, we derive

n+1
2n + 2 2% 1 o2n+2 . 2n+2
Z( , )x —2<(1+x) 4 (1-2) ) (3.2)
k=0
Z(2k+1>x 2((1+ z) (1 - 2)™+2). (3.3)
k=0
Differentiating (3.3) we get
- 2n + 2
S 2k + 1) ( e )ﬂf —(n+1) ((1 +oa)PH 4 (1 — x)Q"H). (3.4)
ar 2k + 1

Subtracting (3.3) divided by = from (3.4) we get

Z 2k @Z j: f) % —(n+ (1 +2)™ 4 (1 - 2)> )

_ b ((1 +x) - (1 - x)2"+2). (3.5)

2

Differentiating (3.4) yields

n

32k + 1)(2k) (22 i 2) 2 = (n+ 1)(2n+ 1) ((1 b (1 x)2”>. (3.6)

k=1
It follows from the last two identities that

Z 12 (Qn + 2) 21 _ (n+1)2n+1) <(1 ) (1 x)2”>

— 2k +1 4

el oo (04— ). @)

Combining (3.5) and (3.7) gives (3.1). O

<(1 + ) 4 (1~ x)2”+1> +

By Proposition 9, the following result is immediate and the proof is left to the reader.

Proposition 10. We have

= N (IQ)Q _22(l )2 — 12 NI 22(1 —z)%2 + 1 + 2? -0
" ! 16 16 '

Setting x = 1 in (3.1) yields the following result, which is Conjecture 2.
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Corollary 11. For all positive integers n, we have
N, (1) = (n —1)22"3, (3.8)

The sequence (n-22"71), 5 is entry A002699 in the OEIS [15]. Let 2" denote the power
set of [n]. Consider the expansion formula

(atbtetrdr= 3 alf W@ @G (3.9)
=]

Encoding a mapping f : [n] — [4] by a pair of subsets (X, Y) € 2" x 2" with f=1(1) = XY,
1 2)=Y\X, f1(3)=XNY,and f~1(4) = X UY, we can rewrite identity (3.9) as

Z aX\IPPXIIXOVIGIXOYT — (4 4 4 ¢+ d)" (3.10a)
(X,Y)e2ln x2n]
Setting a = b= z and ¢ = d = 1 we find that
> =12, (3.10D)
(X,Y)e2lm x2[n]
where XOY := (X UY)\ (X NY) is the symmetric difference. Differentiating (3.10b) and
setting z = 1 yields a known result, i.e., [9, Eq. (26)],
S):== > |XOY[=n-2""" (3.10¢)
(XY)e2lr %2l

Bourn and Erickson [3] asked for a combinatorial proof of (3.8), i.e., N,(1) = S(n — 1)
using (3.10c). In this regard, it would be interesting to find a combinatorial proof of (3.1)
in terms of 2" x 2,

3.2 Asymptotic normality

A random variable X is said to be standard normal distributed when

1 [° e
Prob{X <z} = — [ eV/%dt, (3.11)
o V 2 /—oo

and denoted X ~ N(0,1). Let N(x) be the function on the right of (3.11).

Let a(n, k) be a double-indexed sequence of non-negative numbers. Recall [5] that the
numbers a(n, k) are asymptotically normal with mean p,, and variance o2 provided that for
the normalized probabilities

a(n, k)

p(n, k) ::m (0<k<n)
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we have, for each fixed = € R,

Z p(n, k) = N(z), asn — +oo.

kSMn"l‘wU'n

The following classical result was initially published by Bender [1, Theorem 2], although
Harper [8] already used this technique to show the asymptotic normality of the Stirling
numbers of the second kind. We refer the reader to the survey article [5] and references
therein for background on asymptotic normality in enumeration.

Lemma 12. Let A, (z) = Y. _, a(n, k)z* be a monic polynomial whose zeros are all real and

non-positive. If hlil o, = 400, then the numbers a(n, k) are asymptotically normal with
n—-+0o0

mean (i, and variance o2. Moreover,

n

1 Tk
n — d 2 = PR
g ;1+m e Z(1+7"k)2

k=1

where —r, < 0 for 1 < k < n are the zeros of A,(z).

Theorem 13. The distribution of the coefficients of N, (z) defined in (1.1) is asymptotically
normal as n — 400 with mean w, = n/2 and variance

n?>—n—2

Proof. Let p(n,k) = Nnx/N,(1) for 1 < k < n—1. Then Y77 p(n,k) = 1. By the

palindromicity of N, x, we have p(n, k) = p(n,n — k). By the definition of mean, it is easy
to see that

n—1

1 n
Zk p(n, k) = 5;(/€+n—k)~p(n,k}:§. (3.13)
On the other hand, we have
n—1 n—1
2k KNni N (1)
= k - k =1
i =2 ke pln k) = G =

k=1
Combining the above formula with (3.13) results in that
(Nu(2?))' N,(D)
Ny (2?) No(1)
If rg are the negatives of the (real) zeros of N, (z) with k& € [n — 1], then N,(z) =

2" ITh- (x4 7). By Lemma 12, the variance o2 is given by

r=1

(3.14)

1

3

—_

3
I

Urzz (k — ,Un) p(n, k) =

1

Tk

v (3.15)

B
Il
b
Il
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It is easily verified that

e <Nn<x2>>/+x(<Nn<x2>>'>'

(22 4 13)? N, (z?)

2
(Na(2?))' (Na(2?))" (Na(2?))"
S AP AN e 1
V@ NN ) TTN@ (3.16)
Using the formula of N, (z?) in Proposition 9, for n > 2, we have (by Maple)
(Nn(2?)"|._, = (2n® = 3n® +n — 2)2°" . (3.17)
Combining (3.14)—(3.17) and Corollary 11, we have
2
2\\/ 2\\/ 2\\/
4o% = (Na(2?)) . (Na(2?)) _'_x(Nn(IL’ )
N, (2?) N, (z?) N, (2?) »
s 2274(2p® — 3n% +n — 2)
- 923 (n, — 1)
nP-n—2
- 2(n—-1)"
which implies (3.12) and that lirf 0n, = +00. The proof is complete by Lemma 12. O
n—-+0o0

4 x-log-concavity of polynomials
A polynomial sequence (f(z)),>0 is said to be z-log-concave if the polynomial

fa(@) = far (@) far (@)

has only non-negative coefficients for each n € N*. The definition of x-log-concavity is
introduced by Stanley [14]. The corresponding definition of z-log-convexity of a polynomial
sequence is that all coefficients of the polynomial f, (z)f,_1(x) — f3(x) are non-negative
for each n. The properties z-log-concavity and x-log-convexity have received much attention
in combinatorics.

The first few values of D, (z) := N2(z) — Npy1(2)Np_1(z) (n > 2) are listed as follows:

(7) = 42,

3(7) = 242% + 162° + 242,

Dy(z) = 80z + 1922° +480:U +1922° + 802°,

Ds(z) = 20022 + 10402° 4 4280x* + 53442° + 4280;1: +10402" + 2002°.

>

2

-

X

Then we have the following result.



Theorem 14. The polynomial sequence (N, (x))n>1 is x-log-concave.

Proof. By Proposition 9 it follows that

Ny 1(2%) = Noya(2) Ny (27)
1

= 6_4 ((1 + $)4n+4 + (1 - ;L‘)4n+4 — 2(1 + (8n2 +16n + 6)1‘2 + 174) (1 - IQ)Qn)’

whose verification is left to the reader. Therefore, we have

2n+2

1 dn+4\ . 1 9 9 9

S ——(1 1 ) -z,
D ( ok );1: 32< + (8n° + 16n+6)x 4+ 2* ) (1 — x)

k=0

Dn-&-l(w)

Note that the degree of D, () is 2n and D,,1(0) = 0. Let

2n
1
Dyii(z) = 3 Z D, .
k=1

Then the above formula of D,,(x) gives

Doy = <4"2_kf 4) - (-1)’“(2]?) - (—1)’“(1{;2_”2) + (—=1)%(8n + 16n + 6) (kQ—n1>'

We now proceed to show that D, > 0 by the parity of k. Let (a), = a(a+1)---(a+n—1)
for n > 1 and (a)y = 1.

e For 1 <k <n we have

(2K)!(2n — 2k + 2)! (20 + 1)an 14
Dyoi, = + E(n, k
(2n)! PE T2k + Dan(2n — 2k + 3)an—ak42 (n, k)

> E(n, k), (4.1)

where E(n, k) = 2k(2n—2k+2)(8n*+16n+6) —2k(2k — 1) — (2n— 2k +2)(2n— 2k +1).
We notice that

E(n+k, k) = 32k>n + 64k*n* + 32kn® + 32> + 128k*n
+ 96kn? + 60k? + 88kn + 26k — 4n* — 6n — 2,

which is clearly non-negative for n > 0 and £ > 1.
e For 1 <k <n—1 we have

(2k + 1)!1(2n — 2k + 1)!D B (2n + 1)2544
(271)' m2k+1 (2/{? + 2)2k+1(2n — 2k + 2)2n—2k+1

— F(n,k), (4.2)
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where F(n, k) = 32(n + 1)*(n — k)k + 2(n + 1)(2n + 1)(4n + 3). We now proceed to
prove the non-negativity of the right-hand side of (4.2), i.e

(2k -+ 2)2k+1 . (2n — 2k + 2)2n_2k+1F(7’L, k’) S (2n + 1)2n+4- (43)
Let g(k) = (Qk + 2)2k+1 . (2n — 2k + 2)2n72k+1 and
h(k) := F(n,k) - g(k). (4.4)

We now show that the function h(k) is bounded by the right-hand side of (4.3) for
k € [1,n — 1]. Firstly, for k£ = 1 we have

(2n + 1V)apsq — h(1) = 1024(n — Dn(n + 1)%(n+2)(4n — 3)(2n + Dan_s,  (4.5)

which is non-negative when n > 1. As h(k) = h(n — k) for k € [1,n — 1], it suffices
to prove that h(k) is decreasing on the interval [1,n/2], i.e., h(k) — h(k + 1) > 0 for
1<k<n/2—1.

By the definition of h(k), it is not difficult to get the formula

glk+1)
(4k + 3)(4k + 5)

h(k) — h(k +1) = -32(p1(k) + (n+1)°pa(k)), (4.6)

where

p(k):=n+1)(n—2k-1)(n+1)(2n+ 1)(4n + 3),
pa(k) :=32(n + 2)k* — 48(n + 2)(n — 1)k? + (16n® — 48n + 62)k — 15n + 15,

The function p;(k) is obviously non-negative if 1 < k <n/2 — 1. For ps(k), we have
ph(k) = 96(n + 2)(k* — (n — 1)k) + 16n° — 48n + 62.

Thus the function p4(k) in k goes upwards and the symmetric axis is (n — 1)/2. Note
that the function p,(k) takes the values

ph(1) = 16n* — 96n* — 48n + 446 > 0

when n > 6, and
ph(n/2 —1) = —8n® +48n 4+ 62 < 0

when n > 3. Following the discussion above, the function p,(k) first increases and then
decreases when 1 < k < n/2 — 1. Moreover, we get that

pa(1) = (n—3)(16n° — 79) and ps(n/2 — 1) = 4n® — 16n — 15,

which are non-negative when n > 3. The function ps(k) is therefore non-negative when
1<k<n/2-1.

11



In conclusion, the proof is complete. O

Recall that a polynomial f(x) is weakly Hurwitz stable if f(x) is non-vanishing or identi-
cally zero when $(z) > 0, namely, all zeros of f(z) lie on the closed left half-plane. It is easy
to see that the weak Hurwitz stability of polynomial f(x) € R[z] implies that all coefficients
of f(x) have same sign. That is, the weak Hurwitz stability is stronger than z-log-concavity
in a sense. Using mathematical software Matlab, we have computed that the polynomial
N2, (2) = Nypo(z) N, (2) is weakly Hurwitz stable for n < 50. Based on this, it is reasonable
to propose the following conjecture.

Conjecture 15. The polynomial N2, (x) — Nyio(2) N, (2) is weakly Hurwitz stable for each
positive integer n.

5 Total positivity of the coefficient matrix

Let M be a (finite or infinite) matrix of real numbers. The matrix M is called totally positive
(TP) if all minors of M are non-negative. Let (a,),>0 be an infinite sequence of real numbers,
and define the Toeplitz matrix of (a,),>0 as

Qo
ai Qo

[an—klng=0 = | @2 @1 Qo . (5.1)
az az ap Qo

Recall that (a,),>0 is said to be a Pdlya frequency (PF) sequence if the Toeplitz matrix of
(@n)n>0 is TP. The following result is a classical representation theorem for PF sequences.

Lemma 16 ([10, Schoenberg-Edrei Theorem, p. 154]). A non-negative sequence (a,)n>o
(ap # 0) is a PF sequence if and only if the generating function of (an)n>o0 has the form

+o0o +

Za " = ape’” o1 (1 + i)
n 0 Foo )

n=0 i=1 (1 - 5@)

where «;, B;,v > 0 and Z;Of(ozl + Bi) < +o0.

A (infinite) sequence A = (Ag)r>o of real numbers is called a multiplier sequence (of
the first kind) if whenever a polynomial ag + a;x + -+ - + a,2™ has only real zeros, then so
does the polynomial ag\g + a1 A1z + - - - + a,A\,z". The following result is a transcendental
characterization of multiplier sequence.
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Lemma 17 ([12, p. 93]). A non-negative sequence (An)n>0, (Ao # 0), is a multiplier sequence
if and only if the generating function of (\,)n>0 is a real entire function which has the form

+0o0 +00
A

Z = o€ H(l + a;x),

n=0 i=1
where v > 0,c; > 0, and ijof a; < +00.

In addition, there is a classical algebraic characterization of multiplier sequence as in the
following.

Lemma 18 ([12, p. 100]). A non-negative sequence (A)r>o is a multiplier sequence if and

only if the polynomial
(0

k=0
has only real zeros with same sign for each n > 1.

Theorem 19. The matric N = [N, k|n>k>0 is TP.
Proof. By (1.1), we have

k(n—k) (2n+2\  Ek(@2n+2)! " n—k
dn+2 \2k+1 (An+2)2k+ 1)1 (2n—2k+1)!

Nn,k -

Obviously, the total positivity of the matrix N is equivalent to that of the matrix

n—k

T :=
(2n — 2k + 1)!

n>k>0

Therefore, it suffices to show that the sequence (ﬁ) is PF.
"/ k>0

Ak

Combining Lemmas 16 and 17, a non-negative sequence < o

) is PF if the sequence
k>0

(ax)k>o is a multiplier sequence. Then we need to prove that the sequence ((212X_4f€1!)!>k>0 is a

multiplier sequence. Invoking Lemma 18 it is sufficient to show that the polynomial
"L (n\ kxkl
gn(@) = ; (k) 2k + 11"

has only real zeros for each n € N.
Define the polynomial
1 k

in() 1= L2k + Dl(n— k)1

13



Note that the polynomial h,(z) satisfies the following recurrence relation:
(2n +2)(2n + 3)hpy1(z) = (4n + 6 + 2)h,(x) + 4dah] ().

Applying the above recurrence relation, it is not difficult to verify that

r 2n-+1
eXp(Z+ 2

In(2)) (20 + 2)(2n + Hhia(x) = (exp (5 + 2”; Cn(a)) (4rh (2)))

By induction on n and Rolle’s theorem, it is easy to see that h,(z) has only real zeros for
each positive integer n. As g,(z) = nlzh,(z), the polynomial g,(x) also has only real zeros,
which implies the desired result. [
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