SHIFTED VERSIONS OF THE BAILEY AND WELL-POISED
BAILEY LEMMAS

FREDERIC JOUHET*

ABSTRACT. The Bailey lemma is a famous tool to prove Rogers-Ramanujan
type identities. We use shifted versions of the Bailey lemma to derive m-
versions of multisum Rogers-Ramanujan type identities. We also apply this
method to the Well-Poised Bailey lemma and obtain a new extension of the
Rogers-Ramanujan identities.

1. INTRODUCTION

The Rogers-Ramanujan identities
k2 1

(o) q -
z:% (1—q)---(1—gk) H (1= gont)(1 — gontd)’ (1.1)

k n>0
o0 k*+k 1

q

= — — (1.2)
kzﬂ(l—q)---(l—q‘“) Tgo(l—ff )1 = ¢ t3)
are among the most famous g¢-series identities in partition theory and combinatorics.
Since their discovery they have been proved and generalized in various ways (see
[4, 9, 15] and the references cited there). A classical approach to get this kind
of identities is the Bailey lemma, originally proved by Bailey [8] and later strongly
highlighted by Andrews [3, 4, 5]. The goal of this paper is to use bilateral extensions
of this tool to derive new generalizations of (1.1) and (1.2) as well as other famous
identities of the same kind.
First, recall some standard notations for ¢-series which can be found in [16]. Let ¢
be a fixed complex parameter (the “base”) with 0 < |¢| < 1. The g-shifted factorial
is defined for any complex parameter a by

(@)oo = (a5 )00 := jl;[o(l —aq’) and (a)p = (a;q) := m7

where k is any integer. Since the same base ¢ is used throughout this paper, it may
be readily omitted (in notation, writing (a); instead of (a; q)g, etc) which will not
lead to any confusion. For brevity, write

(al, Ce ;am)k = (al)k T (GJM)lm

where k is an integer or infinity. The g-binomial coefficient is defined as follows:

nlyo ( )n
[kL o (Q)k?Q)n—k’
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and we assume that [Z]q =0if k < 0 or k > n. Further, recall the basic hypergeo-
metric series
a a > (a as)
1y---5Usg 15---5Us)k k
_ iq,z| = s
S¢S 1|:b1,...,b51 q :| kZ:O(qJ)l,...,bsfl)k

and the bilateral basic hypergeometric series

al,...,as. L = (alv"‘aa’s)k k
S%[bl,...,bs’q’z] = k;m (b1, b
The set of nonnegative (resp. positive) integers will be denoted by N (resp. N*).
We will use along this paper the following results on g¢-series, which are the finite
g-binomial [16, Appendix, (I1.4)], ¢-Pfaff-Saalschiitz [16, Appendix, (II.12)] and
Jacobi triple product [16, Appendix, (I1.28)] identities respectively:

160 {q_n;q,z} =(2qg""), for n €N, (1.3)
s il ] = L o e (1.4
S (=1"q(3) = (g, 2,9/2) - (15)
nez

Recall [5] that a Bailey pair (ay,(a, q), Bn(a,q)) related to a and ¢ is defined by

the relation:
n

Bula,q) = (q)o‘(“q) VneN. (1.6)

r=0 n—r(aq)n+r
The Bailey lemma describes how, from a Bailey pair, one can produce infinitely
many of them:

Theorem 1.1 (Bailey lemma). If (an(a,q), On(a,q)) is a Bailey pair related to a

and q, then so is (o), (a,q), Bl (a,q)), where

(p1, p2)nlag/prp2)"
(aq/p1,aq/p2)n

ap(a,q) = an(a,q)

and

) _ N (prop)i(ag/prpa)nilag/prpa)’
fule-) _y; (@)n—j(ag/p1,aq/p2)n pita-0)

In [5], the following unit Bailey pair is considered:
(_l)nqn(nfl)/Q(a)n(l _ ann)
(I —=a)(@)n ’

and two iterations of Theorem 1.1 applied to (1.7) proves Watson’s transformation
[16, Appendix, (II1.18)], which is a six parameters finite extension of (1.1) and (1.2).

ﬂn = 5n,0; (17)

Ay =

Now we want to point out that in the definition of a Bailey pair (1.6), the
condition that the sum on the right-hand side must vanish for » > n is “natural”,
in the sense that 1/(¢)p—r = 0 for n — r < 0. However, the fact that this sum
starts at r = 0 can not be omitted, therefore the definition of a Bailey pair would
be slightly different if the sum could start from —oco up to n. As noticed in [11],
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one can define for all n € Z a bilateral Bailey pair (an(a,q), Bn(a,q)) related to a
and ¢ by the relation:

B ar(a,q) "
bules) =2 5 D g, TMEE (18)

r<n
It is of course possible to find bilateral Bailey pairs with general a, but it seems
difficult to express (,(a,q) in a nice (closed) form. However we will see in the
remainder of this paper that it becomes easier in the special case a = ¢™, m € N,
the reason being that the sum on the right-hand side of (1.8) will run from —m —n
to n, and therefore will be finite. We found in this case more appropriate to call
such a bilateral Bailey pair («,,(¢™,q), Bn(q¢™,q)) a shifted Bailey pair.
In [11], the Bailey lemma is extended in the following way:

Theorem 1.2 (Bilateral Bailey lemma). If (an(a,q), On(a,q)) is a bilateral Bailey

pair related to a and q, then so is (al,(a,q), Bl (a,q)), where

(p1, p2)nlag/p1p2)"
(ag/p1;aq/p2)n

a(a,q) = an(a, q)

and
, _ N~ (o1 p2)i(ag/prpa)n—jaq/prp2)’ 5
Ouled) = 2 0 T Caafonaafe @0

subject to convergence conditions on the sequences ay(a,q) and Bn(a,q), which
make the relevant infinite series absolutely convergent.

Jj<n

Remark 1.3. In Theorem 1.1, no problem occurs with changing summations as the
sum in (1.6) is finite. This is not true any more in the bilateral version, therefore
one needs to add absolute convergence conditions to change summations before
using the g-Pfaff-Saalschiitz identity. Note also that these convergence conditions
are not needed in the particular case a = ¢™, m € N, of shifted Bailey pairs, which
will be often used throughout the paper.

There is an extension of the Bailey lemma, the Well-Poised (or WP-) Bailey
lemma [6], which also has a bilateral version. Indeed, define for all n € Z a WP-
bilateral Bailey pair (o, (a,a), B (a,«)) related to a and « by the relation:

fulase) =3 S e or(a,0) Vn € Z, (1.9)

r<n
The results of [6] can also be extended to the bilateral case. We omit the proof,
as it is exactly the same as in [6]: it requires Jackson’s g¢7 finite summation [16,
Appendix, (IT. 22], and the ¢g-Pfaff-Saalschiitz identity (1.4).

Theorem 1.4 (WP-bilateral Bailey lemma). If (o, (a, @), Bn(a,a)) is a WP-bilateral
Bailey pair related to a and o, then so are (o, (a, @), B (a,®)) and (&, (a, @), Bn(a,a)),
where

’ _ (p1,p2)n ale)a(a. ¢
O[n(a,()é)— (QQ/pl,a(Z/p2)n( /) n( ) )7

4 (a,a) = (api/a,aps/a)n Z ( (p1,p2);

" (aq/p1;aq/p2)n = (ap1/a,apz/a);
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1—cq® (a/c)n—j()n+; in.
1—c¢ (q)nfj (qc)nJrj (Oé/C) 6] (a7 C)a
with ¢ = ap1pa/aq, and

a2 Q)on
Gn(a,a) = ST (0202 (0, qa? ),
(a)2n

2/ 2
~ a®/qa” )n—; 4
B 0) = 3 L1 (42402)75, 4, a2 ),
j<n (q)n—j
subject to convergence conditions on the sequences o, and [3,, which make the
relevant infinite series absolutely convergent.

Note that if a = 0, then the first instance of the previous theorem reduces to
Theorem 1.2. As before, we will often avoid convergence conditions by setting
a = qm, m € N, and such WP-bilateral Bailey pairs will be called WP-shifted
Bailey pairs.

Remark 1.5. One can see that any shifted Bailey pair (resp. WP-shifted Bailey
pair) is equivalent to a classical Bailey pair (resp. WP-Bailey pair) related to a = 1
or a = g, according to the parity of m. Thus, the concept of (WP-) shifted Bailey
pairs is nothing else but an appropriate and useful way of writing some (WP-)
Bailey pairs, yielding surprising (known and new) identities.

We also want to point out that Schlosser proved a very general bilateral well-
poised Bailey lemma [21], based on his bilateral matrix inverse [20], which is differ-
ent from Theorem 1.4.

This paper is organized as follows. In section 2, we give a shifted Bailey pair,
which is used to prove in an elementary way m-versions of multisum Rogers-
Ramanujan type identities. We will also point out some interesting special cases,
including the m-versions of the Rogers-Ramanujan identities from [15]. In Sec-
tion 3 we give some results concerning bilateral versions of the change of base in
Bailey pairs from [9], yielding m-versions of other multisum Rogers-Ramanujan
type identities. In section 4, we first give a “unit” WP-bilateral Bailey pair which,
by applying Theorem 1.4 yields a bilateral transformation generalizing both Ra-
manujan’s 197 and Bailey’s g9g summation formulae. We also find a WP-shifted
Bailey pair, which yields a stricking extension of the Rogers-Ramanujan identities,
generalizing some other results of [15]. Finally, in the last section, we will give a
few concluding remarks.

2. A SHIFTED BAILEY PAIR AND APPLICATIONS

The following result gives a shifted Bailey pair, i.e., a bilateral Bailey pair related
to a = ¢, m € N, which was already mentioned, but in another form, in [7], where
the authors generalize this Bailey pair to the Ay case.

Proposition 2.1. Form € N, (a,,(¢™,q), Bn(q™, q)) is a shifted Bailey pair, where
an(g™ q) = (~1)"q(%)

and

m 4+ 2n

Buld™4) = (@)m(~1)"(3) [ mtn }
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Proof. We have by definition

S e V0
ﬁn(q 7q) - ];L (q)nfk(q1+m)n+k

so, as 1/(¢"T™),4 = 0 if n+k+m < 0, we can see that 3, = 0 unless 2n+m > 0.
In that case, one has

_1yn—k,("3%) _1ynq(3) —9n—m
ﬁn(qm,q)zz(()iz d _ (=D)" Z(q )k (1)

k>0 1+m)2n—k (q1+m)2n k>0 (Q)k

As 2n+m > 0, we can apply (1.3) to the sum over k. We get

m — (_1\" (3) (q)"L —n+1 — (_1\ (g) (Q)m-‘rn
Bn(d™,q) = (=1)"q 7(q)m+2n(q Jmton = (=1)"q (q)mi(q)m“n(q)in,

which is the desired result. O

Remark 2.2. The special cases m = 0 and 1 in Proposition 2.1 correspond to the
unit Bailey pair (1.7) with a = 1 and ¢. These two values of the parameter a are in
all classical uses of the Bailey lemma the only ones for which Jacobi triple product
identity (1.5) can be used to get interesting Rogers-Ramanujan type identities. The
clue in the present shifted case is that (1.5) can be used for all a = ¢, m € N.

We will need two instances of the bilateral Bailey lemma, which are given by
specializing p1, p2 — oo and p; = ,/agq, p2 — oo in Theorem 1.2 respectively:

2 3% gd
oly(a,q) = ¢ a"an(a,q),  Bhla,q) = - F(a,q), (2.1)
= (@n—j
and
2 J /QCLJ/Q aq
) = PP Ghlan) =3 TV g ) (2)

Now we can state a first consequence of Proposmon 2.1.

Theorem 2.3. For all k € N* and m € N we have

e

m + 2ny, q

qnf+---+ni+m(n1+---+nk)

(@ni—ns - (Dnpr -

—|m/2]<ng<ng_1<--<ny

2k+1  k(m+1) k(1—m)+1. 2k+1
_ (@ 4 7 e (2.3)

(@)oo

and

qn%/2+n§+--~+ni+m(n1/2+n2+~~-+nk) (7q(m+1)/2)n1

—|m/2|<np<np_1<--<m (Dn1—ns -+ (D1 —ny,

o) [ 7]

m + 2ny p
(7q(m+1)/2)
(@)oo

)

00 (qQk7 q(k71/2)(m+1)’ qk(lfm)+(m+1)/2. qQk)oo. (24)
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Proof. We apply k times the instance (2.1) of the bilateral Bailey lemma with
a = ¢™ to our shifted Bailey pair (a,(¢™,q), Bn(¢™, q)) of Proposition 2.1, so we

get a shifted Bailey pair (aS{“)(qm, q), ﬁ,(lk) (¢™,q)), where

kn2+kmn m

aﬁzk) (qm7 q) =q an(q aQ)
and

qnf+-~~+ni+m(n1+m+nk)

(Dn—n1 (Dnr—ns - (D1 —na

BE (g™, q) = >

nEg<ng_1<--<ni1<n

B (@™ q)-

Invoking Tannery’s Theorem [12] to interchange limit and summation, (2.3) follows
by letting n — +o0o in the relation

w0 m o (g™, q)
R0 =D o

j<n
and finally using (1.5) to factorize the right-hand side.

For (2.4), we apply k£ — 1 times the instance (2.1) of the bilateral Bailey lemma

with a = ¢ to our shifted Bailey pair (a,(¢™,q),8,(¢™,q)), and then once the

instance (2.2), so we get a bilateral Bailey pair (a%k)(qm, q), ﬁy(lk)(qm7 q)), where

2
Oégzk) (¢, q) = q(kil/z)n +Hh=1/2) "an (g™, q)
and

8™, q) = >

nE<ng—1<---<ni<n

qn%/2+n§+"'+”i+m(n1/2+n2+~-+n1«)
<Q)n7n1 (q)nlan e (q)nk—lf’ﬂk
(=72, m
X gz, (@5 4)

n

The result follows as before by letting n — 400 in the relation

o
ﬁ,gk) — J
j%; (Q)n—j (q1+m)n+j
and finally using (1.5) to factorize the right-hand side. O

Remark 2.4. Identity (2.3) (resp. (2.4)) is an m-version of the Andrews-Gordon
identities (resp. the generalized Gollnitz-Gordon identities), which are obtained by
setting m = 0 and 1 in (2.3) (resp. m =0 and 2 in (2.4)). However, we do not get
here m-versions of the full Andrews-Gordon or Géllnitz-Gordon identities (see for
instance [2, p. 111] and [9]).

In the case k = 1, we derive the following interesting identities.

Corollary 2.5. For all m € N, we have:

[m/2] . .

i (3) [m=3] _ [ (=n)lm/Blgmm=/6 if m £ 2 (mod 3),
;(—1)(1()[ ; L_{O T el 29
m (_]_)3612(%) |:2m _j:| (_q;q2)mfj _ (_1)\_m/2qu(3m—1)/2’ (26)
j=0 J e
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“ c (3 — 9 _1\lm/2] ,m(3m+2)/4
—1)ig(3) ImAl=j1 _ ] =D q if m even,
> (-1t [ ;] come= m eveny
J:

Proof. In (2.3), take k = 1 and replace the single index of summation by —j to get:

Lm/2] ; _
S oy [ ] L@ )
j=0 J q (Q)oo
Write the right-hand side as
(qm+17q2—m; q3)oo _ (_I)Lm/SJ qu(mfl)/ﬁ if m 7‘é ) (mod 3)’
(4,4% ¢%)oo 0 if m =2 (mod 3), ’

1

then replace ¢ by ¢~ " and use [Z]

= ¢Ftk=m) [n} to get (2.5).
q ! klq
Now (2.4) with k& = 1 and q replaced by ¢? can be rewritten:

Lm/2] . m m —m
S (—1yigt)-mi {my] (—a"5d%) -5 _ (@ d™ ) (2.8)
i le (06w (4% ¢) oo

Next the m even and odd cases have to be considered separately to simplify (2.8).
Replace first m by 2m, multiply both sides by (—¢; ¢*)ss and write the right-hand
side as:

Jj=0

(21, 32 g4)
(¢, 0% q*)c

where the equality is obtained by considering the parity of m. Replacing ¢ by ¢~

yields (2.6) after a few simplications.

Finally, if we replace m by 2m + 1 in (2.8), multiply both sides by (—¢?%;¢?)s and

write the right-hand side as:

(qu+27 q2—27n; (14)0O _ (_1) lm/2] q_m2/2 if m ever,
(@ a%d")s L0 if m odd,

then we obtain (2.7) after replacing ¢ by ¢~ /2 and simplifying. O

®© _ (_1)Lm/2Jq—m(m—1)/2’

1

Remark 2.6. Identity (2.5) is a well-known polynomial analogue of Euler’s pentag-
onal number theorem which has been generalized to a multivariable version by Guo
and Zeng in [17], and extensively studied in the framework of ¢-Fibonacci polyno-
mials by Cigler in [13]. In [23, Corollary 4.13], Warnaar generalizes (2.5) to a cubic
summation formula for elliptic hypergeometric series. Identity (2.6) is a hidden
special case of the terminating g-analogue of Whipple’s 3F5 sum [16, Appendix,
(IL.19)]. Finally, (2.7) is a special case of an identity obtained by Gessel and Stan-
ton through ¢-Lagrange inversion, generalized to the elliptic case by Warnaar in
[23, Corollary 4.11].

Now we study further the case k = 2 of (2.3) and (2.4).
Corollary 2.7. For allm € N, we have:

2 Y
qk +(m—25)k

_yis(3)—@m=3)j [T =] ¢
S -1 "I
(PP PP ) o
B @)~ - (29)
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and
. . m+1. .2
Z(_l)qu(;)f(&mfll)j {m'—J] qu2+(m—2j)k(_q )
= I le s (% ¢k
(=¢"" )0 8 amts s-3m. s
— T 9008 3mE3 (5-3m. &) (91
e (¢, q q 7 )oc- (210
Proof. Take k = 2 in (2.3), then the left-hand side, after a few rearrangements, is
equal to:
) _ _ k2 4+(m—25)k
S (apgr-emen [ ) S
= ioles @k
and this yields (2.9). For (2.10), let k¥ = 2 in (2.4), simplify as before and then
replace ¢ by ¢2. O

Identity (2.9) is an m-version of the Rogers-Ramanujan identities, which was
discovered by Garrett, Ismail and Stanton in [15, Theorem 3.1] using the theory
of g-orthogonal polynomials and integral evaluation. The authors derived with the
same method the following identity:

n2 +nm 1

q . i [m} 2k(k—m)(, 5 ,3+4k—2m _2—4k+2m. 5
= —— q (¢°,q .4 $q7 )00 (2.11)
2w s "

Note that (2.11) is a famous m-version of the Rogers-Ramanujan identities, which
is the inverse of (2.9). Other identities related to (2.11) are proved in [22]. To our
knowledge, the m-version (2.10) of the Gollnitz-Gordon identities seems to be new.
In view of (2.9) and (2.11), it is possible to invert (2.3) through the classical Bailey
inversion (see for instance [5]). This is done in the following theorem, which is a
k-generalization of (2.9). Unfortunately, it seems not possible to get in the same
way nice inversions of (2.4) or (2.10).

Theorem 2.8. For all k € N* and m € N we have

> gt ey = i [m] gFiG=m)
0<np 1< <n (Q)mfnz cee (Q)nk_2fnk_1(Q)nk_1 =0 J 1q
y (q2k+1’qk(m—2j+1)’qk(1—m+2j)+l;q2k+1)oo' (2.12)
(@)
Proof. We will only consider the even case where m is replaced by 2m, the process
is the same in the odd case. Shift n; — n; —ng for 1 <i <k —1, set j = —ny and

finally replace j by m — j to get

m
am = L2 S i) Do,
m 1 _ (q) i 70
q =0 m—j
where
et 1 — g2t (2R, gFCm+D) | gh(=2m)+1, 2kt1)
Am ‘= (q s
l—gq (@)

and

km2—m n24dni_ +2m(nitotng_1)

4 q
by o= >

(@)2m 0<ng 1<<ni (Dna—ns -+ (Dng_s—np_1 @Dy,
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m
The classical Bailey inversion [5] gives b, = —_—
" jgo (q)mfj (qz)m+j

a; .
J , which can be
rewritten

km2—m ™

J — g?m=i+l [9m ) .
by, = q Z q q [ ‘ ] qk]2—2kjm
j=0 q

(q)2m 1- q2m7j+1 J

y (g2 +1, ghm=2i+1) gh(1-2m+2j)+1, q2k+1)oo_
(@)oo
Writing T2l = 14 1= ozm—i1’ splitting the sum over j into two parts,
—q -9

and replacing j by 2m+1—j in the second sum, the resulting identity is (2.12). O

In [14], Garrett obtained m-versions of the full Andrews-Gordon identities, thus
generalizing (2.12). Besides, Berkovich and Paule prove with another method in
[10, (3.21)] a negative m-version of the full Andrews-Gordon identities. Warnaar
also obtained other identities of the same kind in [24], by using a different approach
from ours (although related to the Bailey lemma). It could be interesting to derive
all these results of [10, 14, 24] from our approach. A bilateral version of the fa-
mous Bailey lattice [1] would probably be needed, and we will come back to these
questions in a forthcoming paper. Before ending this Section, we note that (2.3) is
in fact closely related to the full Andrews-Gordon identities. Indeed, replace m by
2m, and then shift n; — n; —m for 1 < n; < k in the left-hand side of (2.3). Using

(11— X _ 2 m+1 _
(qk(2m+1)7qk(1 2m)+1;q2k+1>00 = (-1)™g km®+ (" )(qk—i-'rrL—&-l?qk m;q2k+1)oo
yields
ni+-4ni
> : (gl o [ ]

0<ng<np_q<-<ni (Q)m—nz cee (q)"k—l_nk 2ny q

_ (q2k+1, qk—&-m-&-l, qk—m; q2k+1)oo

— - (2.13)

(@)oo

Notice that the right-hand side of (2.13) is the same as in the full Andrews-Gordon
identities, thus identifying the right-hand sides yields for all £ € N* and m €
{1,...,k—1}:

2 2
Z qn1+ +nj (_1)leq(n2k)*mnk |:m+’n,k:|
0<nK<ng_1<-<m (Q)n1—n2 cee (q)nk—l_nk 2ny, q
Z q’n«f“r""‘rni_l+nk—m+"'+nk—1
= (2.14)
0<np_ 1< <ny () YN () P

Proving directly (2.14) (i.e. without appealing to the full Andrews-Gordon identi-
ties) does not seem to be obvious.
The same link can be done between (2.4) and the full Géllnitz-Gordon identities.

3. CHANGE OF BASE

In [9], many multisums of Rogers-Ramanujan type are proved as consequences
of change of base in Bailey pairs. In the same vein as Section 2, many results
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concerning Bailey pairs in [9] have bilateral versions. Here we will only highlight
the following bilateral version of [9, Theorem 2.1].

Theorem 3.1. If (a,(a,q), Bn(a,q)) is a bilateral Bailey pair related to a and q,
then so is (o), (a,q), B (a,q)), where

/ _ (_b)n —-n_ — ;
an(a,Q)—mb q ( )Oén(a2,‘12)

and

/ _ (—aq)2e(b%;¢*) (g% /b,bg" ) gy, ()2 2
e ’;l (b, —aq/b)n(4% %) n— b Brla a7,

provided the relevant series are absolutely convergent.

Proof. As in [9], we only need to use the definition (1.8) of a bilateral Bailey pair,
interchange summations and apply Singh’s quadratic transformation [16, Appendix,
(I11.21)] summed with g-Pfaff-Saalschiitz (1.4). O

The following result gives an m-version of Bressoud’s identities for even moduli:
Theorem 3.2. For all integers m € N and k > 1 we have
qnf—l-"~+ni+m(n1+m+nk,1)+nk,1—an (_

Q)an-‘rm
() F TN (/) S (/Y ) [,

X (=1)" [

B (2", gD+ (k=1)(1-m)+2, )
= T . (3.1)

—|m/2|<nip<ng_1<--<ng

m 4+ ng
m + 2ny 2

Proof. Specialize b — oo in Theorem 3.1:

—aq)a;

oo =onla® ), Bl = Y B it (32
j<n (q yq )nfj

Apply (3.2) to the shifted Bailey pair from Proposition 2.1. This gives a new shifted

Bailey pair (o, (¢™, q), 5,,(¢™, q)), where

ol (q™,q) = an(@®™,¢%) = (~1)"¢*(3)

and
1+m
m —q | n—j m
Buld™a) = ) 53 i, 1Bi(a™, ¢%)
j<n (q ' q )nfj
1+m . -
2. 2 (=¢""™)25 4y i2(3) [m‘FJ]
=q;qm§7q —1)/¢"\> I
&50) = (@%54%)n— 1) m+25]

Next apply k& — 1 times the instance (2.1) of the bilateral Bailey lemma to the new

pair (al,(¢™, q), 5,,(¢"™, q)), this gives a shifted Bailey pair (a%k)(qm, qQ), ,(Lk)(qm, q)),

where
a%k)(qm’q) _ q(kq)n +(k71)mn(_1)nq2(2)

and
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qnf-i-‘~+ni+m(n1+~-+nk71)+nk71—2nk (—¢"™)ap,

(Dn—ni (Dny—ns - (Drg—a—ni_1 (€% @) np_y —na

m —+ ng
m + 2ny qQ'

B (g™, q) = >

nEg<ng_1<--<ni<n
X (% ¢*)m(—1)™ {

Writing (—¢*™)a,, = (_(q)QYS"'JFm, the result then follows by letting n — 400 and
—q)m
invoking Tannery’s theorem [12] in the relation

ol

0 = X o

j<n M/

and finally using (1.5) to factorize the right-hand side. |

Remark 3.3. The case k = 1 of (3.1) is trivial, while the case k = 2, after a few
simplications, appears to yield exactly identities (2.6) and (2.7).

As in Theorem 2.8, if we invert (3.1) by using the classical Bailey inversion, then
we obtain the following result.

Theorem 3.4. For all k € N* and m € N we have

Z q

0<ng_1<---<ny (q>n1*n2 e (q>'ﬂk—2*nk—1 (qQ; q2)nk—1

ni4etng_ tm(nitetne—1)+ne_1

Sl

g k=13 G=m)
=0 '

<_q>m
(q2k’ q(kfl)(m72j+1)7 q(kfl)(17m+2j)+2; q2k)oo.
(9)oo

Note that (3.3) is a special case of the results in [14], where m-versions of the full
Bressoud identities for even moduli (see for instance [9]) are obtained. As at the
end of the previous Section, by replacing m by 2m and simplifying, it is possible to
see that (3.1) is related to the full Bressoud identities.

(3.3)

4. APPLICATIONS OF THE BILATERAL WP-BAILEY LEMMA

As in [25], it is possible to invert the relation (1.9) by using a matrix inversion,
which gives:
2r

1= aq2n (@)ntr (a/Q@)p—r 1 —agq a\n—T
) = l-a Z (q)r:r (@Qn+r 11—« (g) Pr(a,a,q),  (4.1)

r<n

for all n € Z. Set m € N, then the following form a WP-bilateral Bailey pair:

1- ann (a)n—m (a/a>n+m 1- aq—Qm (a)n+m
l-a (Q)n+m (aq)n—m l-a a

6n(aa «, Q) = 5n+m,0-

In the case m = 0, we recover the unit WP-Bailey pair from [6]. Recall that two
iterations of the first instance of the WP-Bailey lemma applied to the unit WP-
Bailey pair gives Bailey’s transformation between two terminating very-well poised
1009 [16, Appendix, (IT1.28)]. We will show that two iterations of the WP-bilateral
Bailey lemma to (4.2) yields an extension of both Ramanujan’s 111 summation [16,
Appendix, (I1.29)], and Bailey’s g1g summation [16, Appendix, (I1.33)] formulae.
This is stated in the following result.

an(a, o, q) = (4.2)
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Proposition 4.1. For m € N, |a/a|] < 1 and |aq/pipz2| < 1, we have:

m

s 4 a, —q\/a, p1, p2, fi1, 2, aq=™, aP > fapr pap e -
,—Va,aq/p1,aq/p2,aq/p1,aq/pe, ¢ apipapipizgT ™ /qa® T a
Va, —va,aq/pi,aq/p2,aq/p, aq/pa, 't ™ /qa®
_ ) 1y 25 1H2 )0 ) 1, 2 102)m
_ (aq,2q/p1, A/ pa, aq/pupz)o  (9/a,aa/Ap1, aa/Ap2, aq/pips2)
(a/a,aq/p1, aq/p2; Aq) o (a/p1,q/p2,q/ s qa? [ Ap1p2)m
qVA, =gV, i, pi, Apr fa, Apa/a, AgT™, ag ™/ p1pa a

X ¢, — |, (4.3
81/}8{ﬁ,—ﬁ,Aq/uhAq/uz,aq/m,aq/pzyq”my/\plpzq"‘/aq A] (4:3)

where X := apifi2/aq.

Proof. Apply twice the first instance of the WP-bilateral Bailey lemma to (4.2), this
gives a WP-bilateral Bailey pair with four new parameters p1, p2, 1 and ps. Re-
placing it in (1.9) yields (4.3) after letting n — 400 under the necessary conditions
la/al < 1 and |ag/uipe| < 1 to use Tannery’s theorem [12], and simplifying. O

Now in (4.3), set a = 0, 1 = b, ua = aq/bz, p1 = aq/c, p2 = bz, and finally
a =band m — +oo. This gives after using on the left-hand side a limit case of the
terminating very-well poised g¢5 summation formula [16, Appendix, (II-20)]:

(g,¢/b,bz,q/bz) 0 b
= N 4.4
(C, Q/b,Z,C/bZ)OO 1¢1 c7qaz ) ( )
which is Ramanujan’s 111 summation formula, valid for |¢| < 1 and |¢/b| < |z] < 1.
Next, setting in (4.3) py = b, p2 = ¢, o = e, and p1 = d = aq/a (which gives A = e)
yields after letting m — 400 and using on the right-hand side the same limit case
of the terminating very-well poised g¢s summation formula [16, Appendix, (II-20)]:

'l/) Q\/av 7Q\/aa b7 c, d7 € . qa2
ore \/>7 _\/aa aq/ba (lq/C, aq/d, a(]/67 % bcde
_ (9,99,9/a,aq/be, aq/bd, aq/be, ag/cd, ag/ce, ag/de)os, -,
(¢/b,q/c,q/d,q/e,aq/b,aq/c,aq/d,aq/e, a?q/bcde)

which is Bailey’s 16 summation, valid for |a%q/bcde| < 1.

Remark 4.2. Note that by shifting the index of summation & — k£ — m on both
sides of (4.3), one recovers the instance n — 400 of Bailey’s 19¢g transformation
formula [16, Appendix, (I11.28)], which corresponds to [16, Appendix, (II1.23)].
Now if m — 400 in (4.3), the left-hand side is independant of «, and we recover a
616 transformation formula from [18], which can be iterated to yield directly (4.5),
without appealing to the g¢5 summation formula.

In what follows, we give a new WP-shifted Bailey pair (recall that this means
setting a = ¢™, m € N to avoid convergence problems), which generalizes the
shifted Bailey pair from Section 2:

Proposition 4.3. For m € N, (a,(¢™, ), Bn(q™, ) is a WP-shifted Bailey pair
related to a = q™ and «, where

and ) )

ﬂn (qm’ a) _ (Q)m(q/a)min(azq_

(q/a, aq_m)m(aql_m)m+n

m—+2n [m—i—n
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Proof. We have by definition

m _ (aqim)nfr(a)nwa m o,
Balg™ ) = D lgtrm), (@™ )

r<n

s0, as 1/(¢'*™) 4 = 0if n+7r+m < 0, we can see that 3, = 0 unless 2n+m > 0.
In that case, one has

m _ (aq™™)k(@)2n—1k(q™ /) r—k ag—m)n—k
R B By e e v s
__(@anl@™/)n g (@ g g )
B (q1+m)zn(aq"")n( ) ,g) (¢, ¢ 72" /a,agt=n=m)y, '

As 2n +m > 0, the last sum can be evaluated by the ¢-Pfaff-Saalschiitz formula
(1.4). We then get:

m (a)Qn (an/a)n n (a2q—2m’ ql_n)m+2’ﬂ
6'”((] ,Oé) 1+m -m 1-n—m —m
(q )2n (g™, (g ;g™ )t 2n

which is the desired result. O

(ag™™)

Remark 4.4. When a — 0 in Proposition 4.3, the WP-shifted Bailey pair becomes
the shifted Bailey pair of Proposition 2.1.

As an application, we prove the following new transformation, which generalizes
a result of Garrett, Ismail and Stanton [15, (6.3)].

Theorem 4.5. For all non negative integer m and real parameters (3, v, p such
that |q/ 3% < 1, we have:

(ﬂ)m (1/77 P 7q1+m/ﬁp)n (ﬁqm)Zn n
(4/B)m % (v, "™/, Bp/V)n (4" /B)2n (a/9)
(¢.0/8%00 "2 5 (@/7.70) B pa s 1 — g™
a2 P Gl B, 17

m—as —S m—s 14,9 ﬁz . 46
(YD) m—25s (VQm—s | a2, Bpg= /7, 0" ™ /p / (46)

Proof. Apply the first instance of Theorem 1.4 to Proposition 4.4 to get the WP-
bilateral Bailey pair:

(Br")m-2s (Dm—s [ﬂ/%ﬂqm2s,p5qswq”ms/p.

! (.m _ (plv pZ)n ale)a m .
an (q ’ a) - (q1+m/p1’ q1+m/p2)n ( / ) n(q ’ )
(P1,p2)n (ag—myn 4/

(g*t™/p1,¢*+™/pa)n (cq™™)n

and

0™ o) — (ap1/q", ap2/q" )n (p1,p2);
Puld”s ) = (ql’“m/phql*m/pz)nj;l(am/q’",apz/qm)j
1—cq® (o/c)n_j(@)nyj
1—-c¢ (Q)n—j (qc)n-‘rj

(a/c)jﬁj (", c),
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with ¢ = apipa/qtt™.

Now use the second instance of Theorem 1.4 to derive

~ (@A), (p1,p2,a/p1p2)n o
Al ) = T @ o @ pms prpagadn L)
and
- 2/, 142m . )
o™ a) =Y W(a?/qmmw;(qm, g2 /).
j<n n=J

Under the convergence condition |a?/¢* 2™ < 1], let n — +o0 in the relation

Fala™a) = 3 I 5 g ),

r<n
This yields

('™ /a)an (p1,p2,/p1p2)n ag—my
(a)Qn (q1+m/P1aq1+m/P2aP1,02/Oé)n

ne”Z

("™, /" ™) S e

(ag™™, @)oc —|m/2]<s<j

I4m 2/ 142m [m/2]
_ (@7 0% /g ST s -, (4.7)

(ag™0)ee

where

N 052 J aq1+m s 1— p1p2qm+2s/a m-s
f(s,5) = 1+2m 2 2 X 1 — m 92
q PiP3 p1p2q™/a m+2s],
(p1a" ™ o, pag' T ) o (p1,p2)s
(@™ /p1, ¢ ™/ pa); (p1g* ™ [, pagtt™ /)
@ p1p2)i—s (@27 /) jrs  (Dm(@d ™™/ P1p2)ms  (P1P5/0")mas
(@)j—s(p1p2q" T /)54 (aq™=™/p1p2, prp2/)m — (ap1p2/)m+ts

X
Setting B = ¢T™/a, v = p1pa/a = Bpip2/qtt™, p1 = p, and finally rearranging
the right-hand side of (4.7), we get (4.6). O

5. CONCLUDING REMARKS

We proved through extensions of the classical Bailey lemma many results from
[15]. It could be a challenging problem to find a proof of the quintic formula [15,
Theorem 7.1] through our approach.

We also want to point out that orthogonality relations and connection coefficient
formulas for the ¢-Hermite and g¢-ultraspherical polynomials are at the heart of
the proofs in [15]. Recall that the g-ultraspherical polynomials have the explicit
representation:

cos 0; = 3 Me—i(n—%)e
Cnlcos 03510 ,;0 (@r(@)n—r - (5.1)
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One can see that (5.1) is equivalent to saying that (ay,(¢™, B¢™), Bn(q™, B¢™)) is
a WP-shifted Bailey pair, where

an(q™, Bg™) = e*"? and B,(¢™,Bq™) = e_"ma((g,?"c’gmm(cos 0; Blq).

Applying the first instance of Theorem 1.4 with po — 400, p1 — 0 and ¢ =
Bp1p2/q < oo yields the connection coefficient formula for C,,:

[n/2]

Cr(cosbiclg) = Y

k=0

(¢/B)r()n—k 1 — Bg" 2
(@)k(aB)n—k 1-p
A natural question is then to ask whether our method applied to the other Bailey

lemmas (classical, Well-Poised or elliptic from [25]) could prove or highlight prop-
erties for more general g-orthogonal polynomials.

Cn—ak(cosb; Blq).

Besides, appart from the one mentioned in Section 3, there are many other
changes of base in [9], which have a bilateral version. Moreover, there should be
bilateral versions of the other WP Bailey lemmas proved by Warnaar [25] or Mc
Laughlin and Zimmer [19]. It could be interesting to derive applications of our
method from all of these.
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