¢-RIOUS UNIMODALITY

S. OLE WARNAAR AND WADIM ZUDILIN

To the memory of Dick Askey, mentor and friend

ABSTRACT. We generalise our still-wide-open g-rious positivity conjecture from 2011 to a
q-rious unimodality conjecture.

Anyone who has ever had a mathematics conversation with the late great Dick Askey, or
anyone who has ever attended one of his talks (or a talk where he was in the audience) would
know that he loved to remind us of simple unsolved problems that he thought we should be
thinking more about. ‘Simple’ of course refers to ‘simple to state’ but almost always hard to
solve. Although we would never dream of comparing ourselves to Dick Askey, it nonetheless
seems appropriate in a tribute paper to follow in his footsteps and remind combinatorialists,
special functions aficionados and number theorists of the following simple open problem, |19}
Conjecture 1].

We say that a nonzero polynomial ¢y + c1q + - - - + cxg® € Z[q] is positive if all ¢; > 0.

Conjecture 1 (g-rious positivity). Let a = (a1,...,a,) and b= (by,...,bs) be tuples of positive
integers satisfying

(1) zT:LaixJ — i{bjxj >0 forallz > 0.
i=1

j=1
Then the polynomial
[al]! ce [ar]!
2 D(a,b;q) = ———r
@ (@59 = o)
18 positive.

In the above, for n a nonnegative integer, [n]! is the g-analogue of n!, defined as

[n]! = [nlg!:= [1][2] - - [n],
where an empty product should be taken as 1 and [n] = [n], := (1 —¢")/(1 — q) is a g-number.
The difference s — 7 is known as the height of the g-factorial ratio and the inequality as
Landau’s criterion [10]. This criterion is a necessary and sufficient condition for the integrality
of Dy, (a,b;1) for all positive integers n, where

[ain]! - [arn]!
[bin]!-- - [bsn]!
The irreducible factors over Q of [n] are given by cyclotomic polynomials, and by a simple

analysis of the latter it follows that D(a,b;q) € Z[g] and, more generally, D, (a,b;q) € Z[q|,
see [19] for details.

Dy (a,b;q) :== D(an,bn;q) =
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Although Conjecture [I] was posed almost 15 years ago, and no counterexamples have yet
been found, there are very few irreducible parametric families for which the conjecture has been
proved. Before discussing these cases and stating a generalisation to Conjecture [I, we make a
few preliminary comments.

A pair of tuples of positive integers @ = (ay,...,a,) and b = (by,...,b,) is said to be balanced
if |a| — |b| = 0, where |a| := a1 + -+ a, and |b] := by + - -+ + bs. Now let us temporarily refer
to as Landau’s criterion I, or Landau I for short, and define Landau II as the condition

(3) ZLain - ZLbij >0 foralzeR.
i=1 j=1

Lemma 2. If (a,b) satisfies Landau II then Landau I holds and (a,b) is balanced.

Proof. 1t is clear that Landau IT implies Landau I. To show balancing, note that

T S T

(@) S laie) =Y lbje) = (al ~ b = Y- {aiw} + Y {bja},

i=1 j=1 i=1

where {z} is the fractional part of z. Since the sum of differences between fractional parts is
bounded and (|a| — |b])z is unbounded from below unless |a| = |b|, balancing follows. O

Lemma 3. If (a,b) is balanced and satisfies Landau I then Landau II holds.
Proof. If balancing holds then simplifies to

ZLaixJ - ZLbij =- Z{aﬂ:} + Z{b]x}

j=1

Since this is 1-periodic in x, Landau I implies Landau II. O

The above two lemmas imply that Landau I and Landau II are equivalent for balanced (a, b).
But if (a,b) satisfies Landau I and is unbalanced, then it follows from that |a| — |b] > 1.
Defining

b = (by,....b0) = (b1,...,bs,1,1,...,1) with s’ = s+ |a| — |b]
——
s’ — s times
yields a new pair (a, ') that is balanced. Moreover, for z € [0, 1),

’
T S T S T S

S lasr) = Y be) = Ylaie] = S lbe) — (5 = )la) = > laiw) = Y lbsa] 0.

i=1 j=1 i=1 j=1 i=1 j=1

By the 1-periodicity for balanced pairs, the above inequality thus holds for all z € R, so that
Landau II holds for (a,b’). The upshot of the above discussion is that it suffices to consider
balanced pairs (a,b) in the remainder, in which case Landau I and Landau II are of course
indistinguishable.

In the remainder we say that a pair (a, b) satisfying Landau’s criterion is coprime if

ged(a, b) := ged(aq, . ..,ar,b1,...,bs) = 1.
Clearly, by replacing x — x/d, if (a, b) satisfies (1]) then so does (a/d, b/d), where d = gcd(a, b).
Theorem 4 ([19]). Conjecture [1] holds for all balanced coprime pairs (a,b) of height one.

The proof is essentially case-by-case. Bober [5] gave a complete classification of all irreducible
coprime pairs (a, b) of height one. His list consists of 52 sporadic cases (including Chebyshev’s
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a = (1,30), b = (6,10, 15)) for which it is easy to do a computer-assisted check of positivity,
and the three two-parameter families:

(5a) (a,b) = ((m+n),(m,n)),
(5b) (a,b) = ((2m,n), (m,m —n,2n)),
(5¢) (a,b) = ((2m,2n), (m,n,m +n)),

where in each case m,n are relatively prime positive integers and m > n in for the second family.
For these three families it was shown in [19] that the polynomials D(a, b;q), given by

[m + n]!
6 v
(62) QI
oy [2m][n]!
(6b) B(m,n;q) :== ma
[2m]![2n]!
6 C iq) = —
(6c) (1m0 = i 4 ) ]l
are positive for all pairs of nonnegative integers m,n and m > n in the case of (6bf). The first
family is classical and corresponds to the well-known g-binomial coefficients [m;'”] Positivity
is trivial and follows from the recursion
m+n| |m+n-—1 s m+n-—1
m N m—1 a m
(and [Tg] =[] = 1), or from the well-known fact that [mn':"] is the generating function for

integer partitions contained in an m X n rectangle [2]. For the other two families of polynomials
no combinatorial interpretation is known, making their positivity somewhat more mysterious,
although in both cases positivity is not hard to establish using recurrences. The case B(m, n;q)
is most akin to the g-binomial coefficients, admitting the three-term recursion

(1) B(m,n;q) =¢*" "Bm—1,n—1;¢) + 1+ ¢" +¢" "+ """ B(m - 1,n;9),

which combined with B(m, 0;¢q) = [2;;”] and B(m,m;q) = 1 implies positivity. The third family
of polynomials corresponds to the g-analogue of the super Catalan numbers. For these no
manifestly positive three-term recursion is presently known, see [19].

It is not hard to find further irreducible balanced pairs (a, b) satisfying Landau’s criterion.
There is the partial classification by Soundararajan of balanced coprime pairs of height two
[15.{16], and also root systems that are not simply laced are a good source of examples. However,
proving positivity of non-sporadic cases appears to be extremely difficult. This difficulty extends
to Dick Askey’s favourite pair [3]

(a,b) = ((2m, 2n,3n,3m + 3n), (m,n,n,m+ n,m+ 2n,2m + Sn)),
which arises in the Macdonald—Morris constant term identity for the root system Go [8l/11}13/20],
and its F4 counterpart [6}/11,(13]
(a,b) = ((2m, 2n,3m, 3n,4n, 2m + 4n, 4m + 2n,2m + 6n,4m + 4n, 6m + 6n),
(m,m,n,n,n,m+n,m+ 2n,2m+ n,m + 3n, 2m + 3n,
3m + 3n,3m + 4n,3m + 5n, 5m + 6n))

In these examples, the height is exactly the rank of the root system. Of course, since the
classification of irreducible balanced coprime pairs satisfying is still completely open (and
for arbitrary height is almost surely intractable), a case-by-case approach will never settle the
conjecture. What is really needed is a proof that the integrality of D,(a,b) for all positive
integers n implies D(a, b; q) is a positive polynomial.
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Following the old adage “if you cannot prove it, generalise it”, we in the following propose a
new and equally ‘simple’ conjecture that implies the ¢-rious positivity.
Assume that (a,b) satisfies Landau’s criterion. Then

k
D(a’a b; Q) = Z Ciqia
=0

where ¢; € Z, co=1,¢;, =cp—;forall0 < i< kand k:=), (a;) —Zj (bg). Here the symmetry
of the coefficients is an immediate consequence of

n

[n)1/q! = 4=l
The problem is thus to show that ¢; is nonnegative for all 0 < ¢ < |k/2].
A finite sequence (cq, c1, ..., cx) is symmetric and unimodal if ¢; = ¢j—; for all ¢ and

oS C1 <K Cpy2)-

Accordingly, the polynomial P(q) = Zf:o c;¢" is symmetric and unimodal if its coefficient
sequence is symmetric and unimodal. Clearly, if P(¢q) and Q(q) are two such polynomials, then
so is their product.

Conjecture 5 (g-rious unimodality). Let (a,b) satisfy Landau’s criterion . Then the poly-
nomial (1 + q)D(a, b; q) is unimodal.

Lemma 6. Conjecture [3] implies Conjecture[1]

Proof. Let P(q) := D(a,b;q) and Q(q) := (1 + q)P(q), and assume that P(q) has even order:
P(q) = Z?io ciq*, where ¢; = cap—; and ¢y = 1. Then
k
Qq) = Z(Ci—l +ei)g' (1+ g2,
i=0
where c_; := 0. Since Q(q) is unimodal
l=cy<ca< - <egppe and 0< e <e3 <o < eorpga)-1-

This establishes the positivity of P(q). The odd-order case proceeds in almost identical fashion
and is left to the reader. O

Remark. A polynomial P(q) = co+c1q+---+crpg” is said to be parity unimodal if the sequences
(co, €25 .-+, C21k/2)) and (c1,¢3, ..., Cory21—1) are both unimodal, see [17] (or [9, Conjecture 7]).
Assuming Conjecture [5| it follows that D(a,b;q) is parity unimodal. Parity unimodality of
a polynomial P(gq), however, is necessary but not sufficient for the unimodality of Q(q) =
(14 q)P(q). For example, if P(q) = Zfigl c;q" such that ¢; = cap—; 41, then Q(g) is unimodal
if and only if
Co S €2 < S Copy2) S Co[pj2]-1 2 2 c3 20 20

this clearly is stronger than the parity unimodality of P(q). If P(q) = Z?ﬁo ¢iq" such that
¢; = Cap—q, then Q(q) is unimodal if and only if

o <2 <...<Cop2) and  Coppyoj—1 == cg = = 0.

For P(q) = D(a,b;q) the condition ¢; > 0 trivially holds. Therefore, if this polynomial has
even degree, then parity unimodality implies the unimodality of Q(q).

As a companion to Theorem [4 we have the following, which requires no more than routine
computer assisted verification.
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Lemma 7. C’onjecture@ holds for all 52 sporadic irreducible coprime pairs (a,b) in Bober’s list
as well as for the two-parameter family .

We remark that for most sporadic pairs unimodality holds without the factor 1 4+ ¢. The
exceptions are the 16 pairs labelled 1, 2, 3, 5, 6, 10, 11, 12, 23, 24, 32, 39, 40, 44, 50, 52 in
Bober’s classification. Of course, unimodality (without the factor 1 + ¢) also holds for the g-
binomial coefficients 7 a result first proved by Sylvester [1§]. None of the many subsequent
proofs of unimodality —including the algebraisation of O’Hara’s combinatorial proof |14] by
Zeilberger, see e.g., |4,/12}|21] — can be considered elementary. This, combined with the lack
of a combinatorial or representation theoretic interpretation of and , perhaps explains
why so far we have been unable to show that the conjecture holds for the pairs and
(bc). In the case of the g-super Catalan polynomials it would seem that Conjecture
holds without the factor 1 + g, whereas for this factor appears to be necessary only for
(m,n) € {(4,1),(5,1),(7,1),(8,1),(8,3)} and (m,n) € {(2k+ 1,2k — 1) : k > 1}, as well as for
their symmetric counterparts. For example,

5'[' =14 q+3¢%+4¢> +7¢* +8¢° +12¢° +12¢" + 15¢® + 14¢°

+15q10+12q11+12L]12+8q13+7q14+4q15+3q16+q17+q18-

Extensive computer checks also strongly suggest that D, (a,b;q) is unimodal for all integers
n = 2.

To conclude this note, we discuss the evidence we have in support of Conjecture[5] For each of
Bober’s sporadic pairs, there is just a single polynomial for which unimodality has to be checked,
making verification a straightforward, finite task. For the corresponding 52 non-coprime families
D, (a,b;q) for n > 2, the sporadic height-two examples found by Soundararajan, as well as for
all of the available two-parametric and three-parametric families of solutions to (1)), we have
typically checked all those polynomials within a family of order up to 10,000. This list of
parametric families extends well beyond Bober’s height-one classification, the height-two family
of [15]

[6m]![n]!

® 2] Bm]lm — srjif6n]!

for m > 5n,

(which includes Chebyshev’s factorial ratio Dy, ((1,30), (6,10,15);1)), and the examples arising
from root systems, such as the Gy and Fy cases. Additional families may be sourced from the
many summation formulas for basic hypergeometric series, see e.g., |7]. For example, according
to the g-analogue of Dixon’s summation [1]

[0+ m + n]! [20)! [2m]! [2n]! B ak_1y/2| 2¢ 2m 2n
) ) [ +m) [m+n]l[n+ ! Z(_l)qu( Y [é—i—k} [m—&—k} {n—kk]

k

Since the right-hand side asserts the polynomiality of the g-factorial ratio on the left (although
not its positivity), this ratio is a good candidate for unimodality, an observation that is supported
by computer checks. Furthermore, by extrapolating some of the findings from [5}15\|16], one is
naturally led to consider the following two infinite collections of two-parameter families:

[|A|m 4+ m)![n]!
Am)![m — | A|n]![|A|n + n]!

By(m,n;q) := for m = |Aln

and
[[Alm + m![|A|n + n]!
[Am]! [m 4 [A|n]![n]!

Cx(m,n;q) =
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Here X is an integer partition A = (A\y > Ay > -+ 2 A\ =2 1) of size [A\| = M+ Ao+ + A,
and [Am]! := [];_,[\sm]!. In order for to be satisfied, additional restrictions on A need to
be imposed and, up to size 11, there are 14 admissible partitions:
(1), (1,1), (2,1), (2,1,1), (3,2), (3,2,1), (4,2,1), (4,3,1),
(5’ 37 1)7 (5? 27 2)’ (4’ 3’ 2)’ (57 37 2)7 (67 4’ 1)7 (45 47 3)'
B1y(m,n;q) and C(qy(m,n;q) are precisely and , while B3 2y(m,n;q) is . For the
other two partitions of length two we get
[3m]![n]!

m)![m]![m — 2n]![3n]!’

[4m]![n]!
2m]![m — 3n]![4n]!’

B(l,l)(ma n; q) = [

B(Q,l)(mﬂ n; q) = [m]'[

generalising

B,1)(2n,159) = Dy ((1,6),(2,2,3);9) = B(3n,n;q)
and

B,1y(3n,n) = Dn((l, 12),(3,4,6); q) = B(6n,n;q).

Conjecture [f is supported by all these additional examples.
Given the difficulty of establishing unimodality (or even positivity), we conclude by posing
an easier problem that hopefully is accessible through asymptotic methods.

Problem. Let (a,b) be any balanced coprime pair satisfying Landau’s criterion .

1. Show that there exists a positive integer N such that Dy (a, b;q) is positive/unimodal for
alln> N.
2. Find an explicit upper bound for N in terms of (a,b).

Acknowledgement. We thank Christian Krattenthaler and Vic Reiner for alerting us to the
papers |9,/17] in which polynomials displaying parity unimodality are considered. We further
thank Matthew Bolan for pointing out the ¢ = 1 instance of the three-term recursion for
B(m,n;q). From this it was easy to find @, which is quite different from the recursion used
in [19] to establish positivity.
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