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SOME NEW POSITIVE OBSERVATIONS

ALEXANDER BERKOVICH

Dedicated to the memory of Dora Bitman

ABSTRACT. We revisit Bressoud’s generalized Borwein conjecture. Making use of the new positivity-
preserving transformations for g-binomial coefficients we establish the truth of infinitely many cases of
the Bressoud conjecture. In addition, we prove new bounded versions of Lebesgue’s identity and of
Euler’s Pentagonal Number Theorem. Finally, we discuss new companions to Andrews-Gordon mod 21
and Bressoud mod 20 identities.

1. INTRODUCTION

Bressoud [10] considered the following polynomials

(1.1) G(N,M,a,B,K,q) = jim(—njqu Ljvvf?{ﬂ
where
(1.2) [m+ﬂ = | whes form,n €N,
m |, 0, otherwise,
and

(Q)m:H 1—¢’),for m € N,

where N denotes the set of nonnegative integers. More generally, for m € N we define

(®m=(m®mzlll—aq
7=0
(1.3) (a1,a2, .- ak; QOm = (a1 Om(a2; Qm - - - (A5 Q)m

Here and throughout we assume that |¢| < 1. We note that (a)o = 1.

In 1996, Bressoud [10] conjectured that
Conjecture 1.1. Let K € Z~1, N,M,aK, K € Z>o such that

1<a+pB<2K —1,
(1.4) B-K<N-M<K—a,

(strict inequality when K =2). Then G(N,M,a, 3, K,q) > 0.
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Here, and everywhere, P(q) > 0 means that P(q) is a polynomial in ¢ with nonnegative coefficients.
We remark that

{m + n} > 0.
molq
The famous conjecture of Peter Borwein (Theorem since 2019 [14]) can be stated as
5 4
An(Q) = G(’I’L,TL, o) —737(1) 2 07
33
72
Bn(‘]) = G(TL - 1,TL+ 15 ga ga?’vq) > Oa
81
and
(1.6) [T a0 = ¢*72) = A4n(¢®) — 4Bu(d®) — ¢°Culd?).
k=1

When o, € Z, G(N, M, a, 8, K, q) is a generating function for the so-called partitions with prescribed
hook differences [4]. Bressoud’s conjecture is nontrivial when «, 8 assume fractional values.

Many cases of Bressoud’s conjecture were settled in the literature [9], [12], [15], [16], [7], [14].

In the next section, we will show how to settle new infinite family of cases.

Theorem 1.2. For Le N, v € Z~p,s=0,1,2,...,v—1

1+4+2s 1+ 2s

1.7 G(L,L+1+2 N1+ —— N1 - ——

Also, in Section 2, we discuss new bounded versions of Lebesgue’s identity and of Euler’s Pentagonal

Number Theorem. In Section 3, we establish and prove some additional isolated positivity results and
introduce new companions to Andrews-Gordon mod 21 and Bressoud mod 20 identities.

We conclude this section with a list of seven useful formulas, which can be found in [2]:

),2v+1,q) > 0.

(1.8) lim. Lﬂq— @

(1.9) Lﬁ%i;goo [L J]EML = ﬁv

(1.10) {anLI =q " [n—;m]q

a1 I R e e o i O
(1.12) gqg}zn [ﬂq = (=219)r,

(1.13) __f:oo(—l)jzjqu = (qz, g,zq;tf)oo,

(1.14) ‘ioo(—l)jquzj {L;_]ﬂ L (%;QQ)M (24:4%) . »

with L, M, m,n € N.
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2. POSITIVITY-PRESERVING TRANSFORMATIONS
We start with the following summation formula

Theorem 2.1. For Le N, a € Z

2L +1
(2.1) S Crla { ] _qT<a>[ ] ,
k>0 =5 q L-a q
where
. j+1
T(j) —( 5 )
and
L L
_ T (m)+T (m+k)
(2. Cril@) =Y a il
m=0 o q
with

e o, = L 3"~ B 2o

Observe that Cf, x(¢) > 0. Using transformation (2.1) it is easy to check that identity of the form

(2.4) PLg= Y au,q)[@ J ,

j=—o0 2 Ha
implies that the following identity holds
- k = 2L +1
(2:5) > CLr@F(kg) = 3 alja) Y Crile [ hej } = > aa) T(”[ } :
k>0 j——oo k>0 =7 a L—=7jl,

Hence, if F(L,q) > 0 then

o0

(2.6) > aliq)q"V ﬁfjjl] > 0.

j=—c0

For that reason, we say that (2.1) is positivity-preserving.
Transformation (2.1) is an easy corollary of the theorem proven in [6].

Theorem 2.2 (Berkovich—Uncu).

L k k 2L +1
9. T (k) T : T g ) b= 7@ .
(2.7) kz;‘)q At o i) T,y i T L),

The Andrews-Baxter ¢-trinomial coefficients [3] can be defined as

n(i)- x5,

m>0,
m=k+a(mod2)

It is easy to check that

e (b)) -ge )

Substituting (2.9) into left hand side of (2.7) and changing k — k 4+ m we complete the proof of (2.1).

It is instructive to compare (2.1) with the Corollary (2.6) in [16].
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Theorem 2.3 (Warnaar). For LE N, a € Z

2k 2| 2L
(2.10) WLk { ] = { ] ;
kz>0 —af, L —2a q
where
= o2 L
2.11 4% (m+k)"+k > 0.
(2.11) Lk ( mz: q o2k, >

Observe that unlike (2.10), transformation (2.1) can not be iterated. Interestingly enough, there exists
an odd companion to Theorem 2.3.

Theorem 2.4. For Le N, a € Z

2k + 1 2L
2.12 10) = ¢*T(a)
(2.12) kzm L [ aL © L2201,
where
= L
2'13 O — 2T(m+k)+2T(k) > 0'
(2.13) el = > g ki1, 2

We remark that while Theorem 2.4 is not explicitly stated in [16], it is a special case of an identity on
page 222 there.

Schur’s bounded version of Euler’s Pentagonal Number Theory states

> Bl L
(2.14) L= Z (=1)q ="/ [LL—st] :
j=—00 2
With the aid of (2.5) we can convert (2.14) into
L oo
i [20 1
(2.15) 03 Custa) = Y (P[]
k=0 j=—o0 =37,
Hence,
8 4
G(L,L + 1, g, g,?),(]) > 0.

Making use of (1.12), it is easy to check that

L L
(2.16) > Crilq) ZqT(’“{ } —qQ)k-
k=0 k=0

q
And so identity (2.15) can be rewritten as

oo

(27) Zq H D = Z<—1>ﬂ‘q2ﬂ'<3ﬂ‘+l>ﬁL_+3jL.

Jj=—o0

Letting L — oo and using the Jacobi triple product identity (1.13) yields a special case of the Lebesgue
identity [13]

(6" ")
(2.18) a" — A 14 Joo
,;0 (@)oo

and so, (2.17) is a new bounded version of the Lebesgue identity. Perform ¢ — % in (2.17) and use (1.10)
together with

(219) (_q_l; q_l)n = (_Q)nq_T(n)u neN
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to obtain after simplification a new polynomial version of Euler’s Pentagonal Number Theorem

L oo
L a2 2041
(2.20) Z(—q)L—kq(L“)’“[k] = ) (-1t {L_?).] :
k=0 9  j=—o0 J1q
It proves that
4 2
(2.21) G(L,L+1,3,3,3,9) 20.

We now move on to prove Theorem 1.2. We start with the finite analogue of the Andrews-Gordon
identity due to Foda-Quano [11].

For Le N,ve€Zsy,s=0,1,...,v—1

5 ,
Z qN§+...+N3+Nu+1fs+...+NU H [”l +L-2 22:2 Nj— EY,

ng

na,..., n, >0 =2 q

o0

S @r1)24i(142s) L
(2.22) > (g et |
q

j=—o0 2

Here, Nj = nj +nj41 +...+n,, j =2,...,v and EY, = max(i + s —v,0). Observe that (2.14) is the
case v =1 of (2.22).

With the aid of (2.5) we obtain

2 2 i+ k-2, N, — E”,
05 Y Cuala e T B M)
q

k,na,...,n, >0 i=2 T
= , , , 2L +1
2.23 T(s) —1)7 (V+l)(2V+l)]2+(V+1)(28+1)] )
(2.23) q J;OO( Yq PRSI |
Hence,
14 2s 14 2s
GL,L+1+2 H1+ — (1 — 2 1 >0
( ? + + 87(U+ )( +2V+1)7(1/+ )( 2V+1)7 V+ 7q)— ?

forall Le N, v € Zsg,s=0,1,2,...,v— 1. This completes the proof of Theorem 1.2.

3. FURTHER OBSERVATIONS

We replace ¢2 by ¢ in (1.14) and then set M = L, L + 1, z = q? to find that for L € N

> Cen [ 2L
3.1 1)1 470 —
(3.1) Z (=1)q L 0L,0
j=—o0 q
and
- ey [2L+1
_ 1)@ =
(3.2) > (1 [L_j} 0
Jj=—00 q
where 0, o =1if L =0 and 69 =0 if L > 0. The formulas (3.1) and (3.2) can be combined into
- o[ L
(3:3) Z (—1)J‘JT(J)[ L—2j } =010
j=—o00 =57 q

Applying Theorem 2.3 to (3.1) yields

(3.4) Wro(g) =Y q" [ﬂq = i (—1)7g™ [L2_L2j]q,

n>0 j=—00
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which is Bressoud’s bounded version of the first Rogers-Ramanujan identity [9]. Analogously, applying
(2.5) to (3.3) yields

2 L e . 552435 +3J 2L +1
(3.5) Crolg) =) q" +"{ ] = (=1)yq = [ ] ;

which can be recognized as Warnaar’s bounded version of the second Rogers-Ramanujan identity [15].
Next, we perform the change of summation variables below

> . . 2L
_ 1V 5T() _
> ol ]

j=—00
. 2L
3.6 — J 5T (—1-j) _
(3.6) J_ZOO L+27+1 4
_ Z J 5T (j [ 2L }
P L—-27—-1 p

to conclude that

2L
L+1 j 5T(J) _
(37) Z {L — 92— 1} ,

j=—00
Adding (3.4) and (3.7) and employing recursion relation (1.11) we obtain
2 [ L = 5245 (2041
n _ _1\i 25
(3.5 Salt] = ¥ o )
n>0 q j=—00 q
Observe that (3.4) and (3.8) imply that for K € N
k oo
L) g
(3.9) Zq [ ; ] = Z (-1)q & [Lk4jJ] .
n>0 4  j=—o0 2 q
Apply Theorem 2.1 to (3.9) to obtain
G . 2L+1
1 2| 1)
(3.10) ZCqu{n] _Z( Yo =)
k,n>0 q j=—00 q
which proves that
13
G(LvL + 15 Za 2745q) 2 0.
In the limit as L — oo (3.10) becomes
qT(m)+T(m+k)+n2 [L%J}

nlqg __ (q yd 59754 n
(31 i (@)m (@) - (@)oo '

This is to be contrasted with Andrews-Gordon identity mod 21 [1]

NF+N3+...4+N3+Ns+Ng

q (%070 )
(312) Z (Q)ru (Q)ng tee (q)nsz - (Q)oo 7

with N; =n; + ...+ ng, i = 1,...,9. On the left of (3.11) one has 3-fold sum, while on the left side
of (3.12) one has 9-fold sum. Analogously, applying Theorem 2.3 to (3.4) and Theorem 2.4 to (3.5) and

ni,nz,...,ng>0



SOME NEW POSITIVE OBSERVATIONS

(3.8), we prove that
11 5

G(L,L,—,=,4,q) >0
( ) 74727 7(])_ )
)
G(L_17L+17471747q)207
15 3
G(L_17L+17175747Q)207

and obtain, as L — oo

(3.13) M[k] _ (q217q107q11;q21)00,
m,k,n>0 (Dm(@2r [0 . (@)oo

(3.14) 2T (k) +2T (m4n)+2T(n) [[1 _ (q217q57q16;q21)007
m,k,n>0 (@)m(@)2k+1 n|, (@)oo

and

(3.15) e m _ @4%4% )

m,k,n>0 (@) m(@)2k+1 n, (@)oo
respectively.

In [7, p. 2332] the following identity was derived

- a2 2L
3.16 -1 JqQJZ[ } = (~4:¢*)r-
(3.16) PO P Ty
We now follow a well-trodden path and check that

S 0i2os 2L

3.17 LU (1)l g2 42 = 0.
(3.17) Y] P}
Adding (3.16) and (3.17) we derive, with the aid of (1.11), that

- o220 41
3.18 —1)¢%" { ] = (44"
(318) 3wt ) = e
Equations (3.16) and (3.18) imply that for k € N

> 2 k
(3.19) Z (_1)3(12; Lk—zgﬂ = (—Q;qz)@-

j=—00 2 Ha

Applying Theorem 2.1 to (3.19) and letting L — oo we obtain
T(m)+T(m+k .2
gTm)+T( )(_q7q )ng _ @, 6%, ¢'2;¢%°) s

(@)m (@) (@)oo

Compare it with the Bressoud formula in [8]

(3.20)

m,k>0

Ni+...4+NZ+Nsg+No

(3.21) o _ (g ,q(,qq)oo,q =)

N1y >0 (Q)vu s (q)ns (qQ; q2)n9

where N; =n; +...+ng,t=1,...,9.

Analogously, applying Theorem 2.3 to (3.16) and Theorem 2.4 to (3.18) we get as L — oo

2 2
(3.22) 5 ¢y = (200
R0 (@)m(q)2 ' (@)oo
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and
2T R)+2T (k) (@, ¢%, ¢4 %)
(3.23) W(—q )k @ )
m k>0 q)m\q)2k+1 d)co
respectively.
For our final example, we employ Dyson’s identity [5], [7, p. 2330]
- ren [2L+1] (%)
3.24 -1 JqT(3J)|: } _\4,9)L
20 j;oo( ) L-3j], (@)L
Applying Theorem 2.4 to (3.24) yields
oo 3
2 —1)7¢°T(39) ) >0.
(3.25) Z( )Y4q L—1—6] ZOLk 0
j=—o00 k>0
This proves that
5
(3.26) G(L=1,L+1,5,5,6.q) >0,

Letting L — oo in (3.25) and using (1.13) we arrive at a new elegant result

(327) Z qQT(k)+2T(m+k) (%) _ (0% ¢"%) o
o Dar+r - (Dk (@)oo
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