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Abstract. We show that certain terminating g¢s5 series can be factorized into a product
of two 3¢9 series. As applications we prove a summation formula for a product of two ¢-
Delannoy numbers along with some congruences for sums involving ¢-Delannoy numbers.
This confirms three recent conjectures of the second author.
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1. Introduction

Clausen’s formula

r a,b _ 2_ J2 2a,2b,a +b -
20 a4+ b+ 17277 T3 a4+ b+1/2,2a+2b

plays a central role in Ramanujan’s derivation for various series for 1/m. See [1L13] for
some recent developments of this formula. More general formulas connecting products of
two hypergeometric series as a single series were obtained by Orr in 1899 (see [15] p. 75]).
This paper was motivated by a recent paper of the second author [7], where he proved
some congruences of sums involving even powers of Delannoy numbers and raised some
problems of finding the g-analogues. Recall that the Delannoy numbers count lattice
paths from (0, 0) to (n,m) consisting of horizontal (1,0), vertical (0,1), and diagonal (1,1)
steps, and have the following explicit formulas in terms of binomial coefficients:

ne-EOCT)EOEE o
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The reader is referred to Dziemianczuk [4] and the references therein for how to generalize
Delannoy numbers via counting weighted lattice paths. Recall that the basic hypergeo-
metric series ¢, is defined as

ay, Ay, ..., Ay ZOO (a1; @)x(az; Qr -~ (ar; O k()T Lk
rvs g, 2| = —1 2 z",
o B A } — (@13 -+ (bs; @) <( ) )

where (a;¢), = (1 —a)(1 —aq)---(1 —aq™?t) forn =1,2,..., and (a;q)o = 1. Aiming
to answer the g-problems in [7], we are led to prove the following ¢-Clausen-Orr type
formula.

Theorem 1.1. Let n be a non-negative integer. Then

" a,T q " aclr o q ", cq" a,cla,x, ¢/
3¢2[ e 0 ,q,q]saﬁzl e 0 7q,q}—a 6¢5{07ﬁ’_ﬁ’\/c—7_@,q,q]-
(1.2)

It is interesting to compare (I.2]) with Jackson’s g-analogue of Clausen’s formula [9,10]:

é a,b ) s a,b ) 1l é a,b,a%b%,—a%b% ! | ‘<1
2¢1 abq% 4, 2| 201 abq% 4, 24 — 4%¥3 ab,a%b%q%,—a%b%q 42,21, |% )

=

and the following g-analogue of Clausen’s formula [5, Appendix (II1.22)]:

a,b,abz,ab/z 2 a®,b?, ab, abz, ab/z

where both series are supposed to be terminated. Indeed, letting ¢ = z2, the identity
(L2) reduces to the following formula, which seems to be new.

Corollary 1.2. Let n be a non-negative integer. Then

—-n 2 -n .2,n 2
, a4y, T n q ,°q, 4,7 /4, T
{gcbz { qxz 0 ;q,q}} = a"5¢4 { / ;q,q] . (1.4)

) 1 1
", —T,rqz,—xq>2

In particular, the right-hand side of (I.4]) is non-negative for real a, z, and ¢. Further-
more, if n is even, then by (L3)), the right-hand side of (L4]) may be written as

¢ %,2q%,a,2%/a ?
a”{wﬁs{ 0 ;q,q]} :

,’,qu, —,’L’qi, —T

-

Writing n = 2m in ([[L4) and taking the square root we obtain an identity between two
polynomials in a of degree 2m, where the sign is determined by comparing the coefficients
of a®™. We record the resulting formula as the second corollary.



Corollary 1.3. Let m be a non-negative integer. Then
—2m —-m m 2
q ,a,x.  m q , Lq ,a,x/a'
3¢2 |i 1'2, 0 7q7q:| =a 4(r/)3 |i xq%’_xq%’_x 7q7q:| .
For some other g-Clausen type formulas, the reader is referred to Gasper and Rah-
man [5, Exercise 8.17] and Schlosser [I3]. On the other hand, in their study of some

g-supercongruences for certain truncated basic hypergeometric series related to [16]17],
Guo and Zeng [§] stumbled on the following ¢-Clausen-Orr type formula:

(z": (q‘.z”; q2)k(5.~7;§ q)mﬁ) (Z": (qz%f; qz)k(q(:ﬂ; q)w’“)

(G Dr-s(@ Drrs ) \ = (G Di—s(T D
(=D"(¢* 620" N~ (DA @) (@ @)ila/73 a)eg™
(e )n—s(q F ) nts S (@)@ Dr—s(G Drs (@3 D2

Noticing that (c; q)ax = (Vs @)e(—v/&; @)x(v/CT; Q)i (—/CG; @)k, we can rewrite (L2) as

n

(¢ @)i(a; Q)r(z; q)ug" Z":(Q‘”;q)k(a; Qrc/x;q)nd”
pare (@ Qe @)k (4 @rlcs @)

k=0

(1.5)

n e (@ Qe(ed™; Orlas Qnle/a; (s Orle/x; q)ed”
‘ Z (@ Delcs DL 0)on ' (16)

Clearly (L.0) is an extension of (L5]). In the same vein we shall establish the following
result.

Theorem 1.4. Let n be a non-negative integer. Then

~ (07" k(e e N T I I Teal (2)
(Z (¢; q) (C' 0k ) (Z (¢ )n(c; q)r )

k=0 k=0

Cq s Q)k(@; 677 ¢7)id”
- Z ¢ k(S Or(C; )2k ' (1.7)

In this paper we shall consider two g-analogues of D(m,n). We first recall some
standard g-notation (see [5]). The g-binomial coefficients are given by

(¢ Dn

{Z] = (G DK @)

ifn>k>0,

0 otherwise.

The following two natural g-analogues of Delannoy numbers were introduced in [4, p. 30]

and [I2];
)= iq@ " (1)
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Note that Dj(m,n) := ¢""Dy-1(m,n). We first show that both D,(m,n) and D}(m,n)
have a g-analogue of the second expression in (LI and provide a g-analogue of [7, (3.1)],
which was asked in [7, Problem 5.2].

Theorem 1.5. Let m and n be non-negative integers. Then

Dyfmm) = 3-q e [ 4] -, (110)

k=0

Difmm) = 3" o1 [ 4] g (L1

k=0

Moreover,
. ey (K [m] M+ k
Dy(m,n)D}(m,n) Zq( B)(n—k) [ ol HkH . ](—LQ)k(—q;Q)k- (1.12)

Applying the formula (I.I2]), we shall prove the following two results originally con-
jectured by the second author [7, Conjectures 5.3 and 5.4].

Theorem 1.6. Let p be an odd prime and m a positive integer. Then

p—1 1 2k+1

Z %DQ(mv k)Dg-1(m, k)g*
k=0
(] — q—2m , . B
g ¢ (mod ) ym=0(modp),
— 1_ 2m+2 '
N %ng (mod [p]*) ifm=—1 (mod p), (1.13)
(0 (mod [p]) otherwise,

where [p] =1+ q+---+¢P~L, and the congruences are understood in the polynomial ring
Zlq).

Theorem 1.7. Let m, n, and r be positive integers. Then all of

(1—¢M@@—g™{a - ¢

,_.

n—

D, (m,k)Dy-1(m, k)g ", 1.14
> g D BDes ) (1.14)
n—1 1— q2k+1
anDq(m, ]{?)TD (m ]f)r _k, (115)
k=0
n—1
n—k— - q2k+1 r r (F
(—1) k IanDq(m, ]f) qu(m, ]{3) q(2) (116)
k=0

are Laurent polynomials in q with non-negative integer coefficients.
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Note that Theorem [[7 is a g-analogue of [7, Theorem 1.1] for the first three poly-
nomials. The rest of the paper is organized as follows. We shall give three lemmas in
Section 2l and prove Theorem [[.1]in Section 8l In Sections 4l and [l we prove Theorems [1.4]
and [LHl In Sections [ and [7, by using Theorem we give proofs of Theorems [[.6] and
[L17 respectively.

2. Three lemmas

The following three lemmas are crucial ingredients of our proof of Theorem [Tl

Lemma 2.1. Let n and h be positive integers and let m be a non-negative integer with
h<n—m. Then

N\ (@ " k(3 0)i (5 e o (@ @ (1= ¢ ) g
; = (49);(a; )r(es )i (e @)
(00D Qs (5 @) (/5 )P . 2.1)

(=)™ ¢ @)m (¢ Qm(¢; Q) Dn—m—n

Proof. Note that both sides of (2.I]) are polynomials in x of degree m + n with the same
leading coefficient. Therefore, to prove (2.1), it suffices to prove that both sides have the
same roots as polynomials in x. Denote the left-hand side of (2.1) by Ly, (x). We first
assert that

y " e(x;9);( )k
ZZ Q)(CQ)( Q.

§=0 k=m+1 0);(
X (g7 q)h_ (" g (1= g5 ), (2:2)
In fact, since (1—¢’~*)¢** = —(1—¢"7)¢"**, we have 7" 37" | = 0 for the summands

in Ly, ,(x). We now consider the following two cases.

e Forx =¢ " with 0 <r <m+ h—1, we have

n

(@™ Q)i @™ a0 (a7 @)k

22 (G )kl Dy e
% (qj—m—h—l—l;q)h_ ( k—m— h+17Q)h 1( )q2j+k.

If » < m, then L,,,(¢7") = 0 by the antisymmetry of j and k in L, ,(¢""). If
r>m+1,then h>r—m+1,ie,r—m—h+1<0,and so (¢""™ "1 ¢),_, =0
for m +1 < k < r. Hence, by (2.2), we again get L,, ,(¢"") = 0.

Ms

Lm,n(q_r) =

e For x = ¢q" with 0 < r < n — h — 1, we shall prove that

k—m—h-+1 2%+k

“ () e(eq” q)n @)1 (1 — g~
Z(q Q)" q)ilq Qn-1(1—¢"7)q

P (¢;0)k(c; Q)n = 0. (2.3)



In fact, we can rewrite the left-hand side of (23] as

S et 24

k=0
Where k h+1 k—17\ 27+k
R, = (Caan(@ T ) (L g
(C§ Q>k
Since
(cq"5 )k (cd®;q),

(c:q)k (¢;q)r

we see that Ry is a polynomial in ¢* of degree r +h — 1 4+ 2 < n with no constant
term. By the ¢g-binomial theorem (see, for example, [2, Theorem 3.3])

g(_l)k mq@f’“ = (@0 (2.5)
we have
g(—l)k [Z}q(g)q‘i’“ —0 for0<i<n—1

It follows that the expression (2.4) is equal to 0. Namely, the identity (2.3) holds.

Hence, we see that all the m + n roots of L, ,(z) are the same as those of the right-hand

side of (2.1)). O

Lemma 2.2. Let n and h be positive integers and let m be a non-negative integer with
h<n—m. Then

i 2": (" a)i(a™"; @)(a;@);(a: (1 — g7 )/ 4" {’f —m— 1] {m +h—j- 1}

(4;90)(@ k(e q);(c Qr h—1 h—1

2, 2
n—h, mEEm=hTh

(¢ O)n(@; Qminlc/a;q)nna " g~ 2
(=) MG Q& @6 D@3 D1 (@ Dn-mn (2:6)

§=0 k=m-+h

Proof. 1t is easy to see that [k_h”_"‘l_ 1} =0 for m+1 < k < m+ h. Therefore, the left-hand

side of (2.6)) remains unchanged when we replace ;. by > . Moreover,

k—m—1][m+h—j—11 (@™ " q)ha(d"m " Q)h—1q(m_j)(h_l)+(g)
h—1 h—1 a (=1)" g a)i 4 '

The proof then follows from (2.1]) and (2.2) with = = a. O
The following result has been proved in [8], (3.5)].
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Lemma 2.3 ( [§]). Let n be a positive integer. Then

3
—

(z;0)n + (a/T;O)n = (@5 @)n(a/T; Q)0 + (@;0)n + Y (2;9)k(a/x;q)kBni(a), (2.7)
=1
where )
. nn_k n—k—1][k+h—1]glz)t*hgh
Bni(a) == (1—-q") (—1)}{ b1 }[ b1 }W

3. Proof of Theorem [1.1]

<Z ak) <Z bj> = Zakbk + Z (akbj + ajbk)a
k=0 §=0 k=0

0<j<k<n

the left-hand side of (IL6l) is equal to

~ (7 )3 (s )ig
,;0 (¢ 0)i(e a)f

(@™ @);(a™™ @xla; 0);(a; rd* ((21.0);(c/7; Q)i + (@3 9)r(c/75.9);)

’ 0<]Z<;<n (4:0);(@; Drlc; (e @) ’

(z; 0)r(c/7; )k

(3.1)

For 0 < j < k, from (2.7) we deduce that

(z;9)(c/z; Q) + (25 9)r(c/x;q);
= (2;9);(c/7;9); ((2¢"; Q)—j + (cq’ /73 q)r—j)
h—j—1

= (z;Q)r(c/z; Q) + (z;q);(c/259)(cq”; q)—j + Z (23 9)j+i(c/;q) j+iBr—ji(cg™)
k—j—1

= (z;q)(c/z; q)n + (239);(c/m;q); + Z (25 9)j4i(c/®; q) j1iBr—ji(cg™),

where we have used the g-binomial theorem (2.3)) in the last step:

. k=71 ("o
(C 2]; ) = 14+ (_1)h (2)+2jhch.
;5 ) hz:; [ ) }q

It follows that (BI) can be written as Y _ m(; ¢)m(c/T; q)m, where
o — z": (09050 Dmla; 9);(a; Qmg?™
P VR O R G R G

Yy (¢ a)(a"; ;];kgaf 9);(a; @)

0 k=m+1 (¢ 9)i(e:




By the ¢-Chu-Vandermonde summation formula [5, Appendix (I1.6)]:

a,q " _ (c/a;g)n
201 [ . ,q,q} T (3.3)
we have
~ (77" 0)i (@ Omla; 0); (a5 ) mg”™
A VU X YR
_ (o (¢ Dl @m(c/as @hug 2" """ (3.4)

(@3 D (5 Qm (& D@5 @)n-m
Substituting (3.4]) and (2.6) into (3.2]), we obtain

2
m”tm n—h ,mh h

(=1)™(q; @)nq™ 2 —mn "¢ (a; Q) man(c/a; Q)n_na™ g™ c
(@ @) (€ Q)mlc; @)n ; (@ Dn( @ Dt : (3.5)

Ay =

The last sum can be summed again by the ¢-Chu-Vandermonde formula (3.3) and is equal
to

(@ Om ¢/ P (4™ P-ma”

(4 @)n-m ‘

It follows from (B.5]) and (B.6]) that v, is just the coefficient of (x;q).(c/x;q)m on the
right-hand side of (L.6]).

2s+1

(3.6)

Remark. Letting ¢ = ¢***', a = aq®, x = x¢®, and replacing n by n—s in (L6) (0 < s < n),
we get the following result:

(07 k(0 k(@5 0k" | = (077 Drla; Qila/750)ud"
(Z (Q'Q)k—s(Q'Q)k+s )(Z (@ k-3¢ Dets )

k=s k=s

_ (g7 9)s(as g)sam gt i (47" @)r(@"™; @)r(a; O)r(a/a; (w3 @)(a/7; @)rg"
( s )s(Q/a q)s — (@5 Di—s(& Dirs(a5 @)
(3.7)
It is clear that the a = —¢~™ case of (8.7)) reduces to (3.
4. Proof of Theorem [1.4
We need a special case of Theorem [Tl Letting a = —z in (L)), we are led to
~ (k@ Pd" | (- @ Or(=25Ok(e/z:@)ud"
(,; (@ @)rlc; O ) <; (@ @)rlc; O )
(o) Z": (47" @)uleq™; @)u(a?s ¢*)u(c /2% ¢*)na® (4.1)

— (4 D Ok @)k

We also need the following result.



Lemma 4.1. Let n be a non-negative integer. Then

n n—k, k nk—(5)

~ (O e 06" k@ D Orle/y; Qre™Fybg
,;O (43 )i (c; @) _kzzo( " (@3 )i (c; @) - @2

Proof. 'This follows from combining Jackson’s two transformations of terminating ¢,
series [0, Appendix (II1.7) and (II1.8)]:

q ", b,bzqg"/c | o qg"bqlz 2
3¢2 |i bql—n/c’ 0 ) 4, q:| =b 3¢1 |i bql—n/c 4, c
with b — x, ¢ = z¢"™"/c and z — qy/c. O

Replacing = and y by —z and ¢/x respectively in ([A2]), we are led to

Zni (CJ‘”;q)’z(—x;q)k(c/x;q)qu = (—x)"zn: (7" De(a* Puchg™ ). (4.3)

p @ )k(C; )k — (45 Drlc; @ )pz™
Combining (£1]) and (&3] (also x — /x), we obtain Theorem [L.4l

2s+1

Remark. Letting ¢ = ¢**7', 2 — 2¢**, and replacing n by n — s (0 < s < n) in (L), we

get the following identity

~ (¢ el ¢)rd” " (g (s @) g TR ()
(Z ' ' )(Z (5 @ re—s(¢; @)t 52"

k—s (qv Q)k—s(Qa Q)k—i—s —s

(D@ aa(w ) Z": (@ (@™ Qrlw; ¢*)r(e? /25 ¢*)nd"
(@3 Dn—s(@; Dnts(@® /73 ¢*) 525 £ (@3 Dr—s(@ Dits(¢5 @) 2

which was originally conjectured in a preliminary version (arXiv:1408.0512v1) of [8].

5. Proof of Theorem

If we replace n by n — ¢ in the ¢-Chu-Vandermonde summation formula (3.3]) with a =
¢~ and ¢ = ¢*! then

5= gvien ][ =) |
P —1 n

Hence, by the g-binomial theorem (Z3]) we have

it [ o= oo [ ] e oo
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When x = —1 and x = —¢q, we obtain ([L.I0) and (L.IT]), respectively. Now, letting ¢ = ¢
and a = ¢~™ in (L), we get

(werea [ [ (ases 7] [

ioq "y {n;;k} {7,7:] {m,j k} (3 @)i(g/ 23 Q)

This entails the identity (LI2) by taking z = —1 or —g.

6. Proof of Theorem

The following identity can be easily proved by induction.

n—1 . n
Z 2k+1 k+j q_(j-',-l)k _ (1-¢)(A—¢"7)[n+j q—(j+1)(n—1) (6.1)
— 2j 1— gt 2j ’ ’

By (LI2) and (60), the left-hand side of (LI3) is equal to

D e
: g —mi=GH D =1) ((11__q;))((11__q%i_1j)) [P;;J} ﬂ lm;—j](_l;q)j(_q;q%' (6.2)

By [7, Theorem 2.1}, we know that
(1—g¢™)(1—g™")(d—¢"7) {p +J} {m] {m +j]
1—q)1—g)(1—=¢*") [ 27 J[J]L J
_ A=A =) [p ) [m+ 1] [m+
e 0] e | R
is a polynomial in ¢ with non-negative integer coefficients. Since [p| = (1 — ¢?)/(1 — q) is

an irreducible polynomial in ¢ for any prime p and ged(¢™ — 1,¢" — 1) = (¢&°d(m™) — 1),
we conclude that

L—g" 7 [p+J + :
1_Zj+1{p2jj] rﬂ {mj j} 0 (mod [p]) ifm#0,—-1 (mod p),

and so the right-hand side of (6.2)) is congruent to 0 modulo [p]? in this case.
On the other hand, if m =0, —1 (mod p), then

1= g [m] [m+ 4] _ o
1—qj+1[j}[ j ]:O (mod [p]) ifj=0,1,...,p—2.

10



Therefore, if m =0 (mod p), then the right-hand side of (6.2]) is congruent to

q{zp i 1} {pm ] {mﬂg N 1] (=11 (G @Q)p1 = i (R (—¢7")- =

2p—2| |p—1 p—1 1—q 1—gr? 1+g¢q
_ 29(1—=q")
=
_l—gm 2
21_7(12(1 (mod [p]7),

where we have used the congruence (—¢;q),—1 =1 (mod [p]) (see [0 (1.6)] or [I1]); while
if m = —1 (mod p), then the right-hand side of (6.2)) is congruent to

1_q2p—1 l_qm—i-l 2(] _2q(1—qm+1)
l—q 1—¢r' 14q  1—-¢

B 1 — q2m+2

= quq (mod [P]2)-

7. Proof of Theorem 1.7

Similarly to ([6.2)), the left-hand side of (I14) is equal to

[y

n—

>~ mi= ) (=1) (I—¢™1—q™H(1—q"7) {” + j] {m] {m 4.17'

I—A)A—gT—¢*) | 25 |1jl] J }(—1%61)9'(—61;@1)]--

<.
Il
[en]

It is easy to see that

g | Ml
(1—¢md—g™

e s s 11t
T | R e

is a polynomial in ¢ with non-negative integer coefficients by [7, Theorem 2.1]. We con-
clude that (I.14) is the desired Laurent polynomial in g.

Let
" [n+k|[2K] _,
k=0

To prove that (LIH) and (I.I6) also have the same properties, we first establish the
following result.

] (—4:9);

if j =0,

](—qQ;q)j-l ifj>1

11



Lemma 7.1. Let n and r be positive integers. Then both

n—1 1 — g2k+1 2k+1

n—1
1—
Z LSk(zo, . ,:)sk)rq_k and Z(—l)"_k_lL
k=0

Sk(l'm s >$k)rq(g)
— 1= =g

1

are polynomials in xq,...,T,_1,q and g~ with non-negative integer coefficients.

Proof. Recall the identity

3 0 e D e

s=1

which can be proved using the g-Pfaff-Saalschiitz identity (see [14, Lemma 2.1]). It follows
that

: LTk 445 [205]
s = 0TI [,
J J

0<i1,...,ir <k j=1

i1t
, , kE+s||2s| _is
— Z xil"'xir Z P(Zl,...,ZT,S>|i 25 :||:S:|q 5 (71)

0<i1,...,ir<k S=i1

where P(iy,...,i.,s) is a Laurent polynomial in ¢ independent of k& with non-negative
integer coefficients. Therefore, by (6.I]), we see that

n—1 1 — g2k+1

q —
ﬁSk(:Eo, B L
—q
k=0
741++Z7‘ —
B : 1 =q"In+ s (28] iy
= | Z Tiy * o T, Z P(Zl""’ZT’S>1_7q9H[ 95 :||:S:|q
0<it,...,tr<n—1 s=11
is a polynomial in g, ..., 7,_1,q and ¢~! with non-negative integer coefficients since

I=¢"7"in+s||2s| [n+s n
1—gst| 2s s| | s s+1]
Similarly, since

S et e o

k=s
we deduce from (1)) that
n—1
1— 2k+1
()G (g, ) g )
1—qgm
k=0
i1+t
_ , n—1{{n+s| (»\_s,
= ' Z Liy =+ Ty, Z P(Zla"'727’a8)|: s :||: s :|q(2)
0<i1,..yirp<n—1 s=1i1
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is a polynomial in z,...,7,_1,q and ¢! with non-negative integer coefficients. O

For k=0,...,n—1, let

[m%—k
T =

ok }(—1;q)k(—q; Qg Tk

Then the identity (LI2) may be rewritten as

" [n+ k2K _,
Dy(m,n)D,~1(m,n) = Z{ ok } {k}q L.
k=0

It is clear that xg, ..., x,_1 are Laurent polynomials in ¢ with non-negative integer coef-
ficients. By Lemma [T1] so are the expressions (L.15) and (L.16]).
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