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Abstract. We study different g-analogues and generalizations of the ex-conjectures of
Rodriguez-Villegas. For example, for any odd prime p, we show that the known congruence
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where (5) is the Legendre symbol, has the following two nice g-analogues:
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where (a;¢), = (1—a)(1—aq)---(1—aq and ¢ = 1. Several related conjectures are

also proposed.

Keywords: congruences, least nonnegative residue, little g-Legendre polynomials, g-binomial
theorem, ¢-Chu-Vandermonde formula
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1. Introduction

Rodriguez-Villegas [14] discovered numerically some remarkable supercongruences be-
tween a truncated hypergeometric function associated to a Calabi-Yau manifold at a
prime p and the number of its F,-points. In particular, Rodriguez-Villegas recorded four
such supercongruences associated to elliptic curves. Following a strategy developed by
Ahlgren and Ono [1], by using the Gross-Koblitz formula to write the Gaussian hypergeo-
metric series in terms of the p-adic I'-function, Mortenson [11,12] first proved the following
four conjectured supercongruences of Rodriguez-Villegas [14, (36)].
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Theorem 1.1 (Rodriguez-Villegas-Mortenson). Let p > 5 be a prime.

k G (=) tmoas?)
SE0-2)
SR (5) e
0. o

where (=) denotes the Legendre symbol modulo p.

Then

(1.1)

(1.2)

(1.3)

(1.4)

Elementary proof of Theorem 1.1 has been given by Z.-H. Sun [18]. See also [7,17,21,22]
for several simple proofs of (1.1). A generalization of (1.1) to the modulus p?® case was
obtained by Z.-W. Sun [19]. Note that van Hamme [25] and McCarthy and Osburn [10]

have studied some related interesting supercongruences.
Recall that the g-shifted factorials are defined by (a;q)o = 1 and

(a;)n = (1 —a)(1—aq)---(1—ag" ') forn=1,2,..

*

and the g-integer is defined as [p] = 1+ ¢ + -+ + ¢°~!. The starting point of this paper

is the observation of the following striking ¢g-analogue of Theorem 1.1.

Conjecture 1.2. Let p > 5 be a prime and let (=) be the Legendre symbol modulo p.

)

Then

> = ()

Congruences modulo [p] or [p]*> (even [p]*) have been studied by different authors
(see [5,13,15,16,23]). Throughout the paper we will tacitly use the fact that when

Therefore Q[q]/[p]

p is a prime the g-integer [p] is an irreducible polynomial in Q[q].



is a field. Furthermore, rational functions t(q)/s(q) are well defined modulo [p] or [p]”
(r > 1) provided that s(q) is relatively prime to [p]. For any two polynomials A(x,q) =
S ar(q)z® and B(x,q) = Y. _,bk(q)z* in x with coefficients being rational functions
t(q)/s(q) such that s(q) is relatively prime to [p], we use the convention that

A(z,q) = B(z,q) (mod [p|") <= ar(q) = br(q) (mod [p]") for k=0,1,..., n.

There are several generalizations and variations of (1.1)—(1.4) in the literature, but no
g-analogues seem to be investigated hitherto. Indeed, Tauraso [21] proved the following
generalization of (1.1).

Theorem 1.3 (Tauraso [21]). Let p be an odd prime. Then

-1
1 2 pP—2

= 2k xF 2 p_;l 2 k p—l_p 2
(k)1—6k52<k)(—x) (1—xz)> (mod p®). (1.5)

k=0 k=0

Recently, Z.-H. Sun [18] introduced the generalized Legendre polynomials

- SO SO

k=0 k=0

and proved many supercongruences related to P,_1(a,z). In particular, he obtained the
following result.

Theorem 1.4 (Z.-H. Sun [18]). Let p be an odd prime and let a be a p-adic integer. Then

Pyi(a,2) = (—1) P, y(a,—2)  (mod p?), (L.7)

and so

> <Z) <_1k:_ a) (" = (=1 (1 - 2)*) =0 (mod p?), 18

k=0
where (a), denotes the least nonnegative residue of a modulo p.

It is easy to see that the Rodriguez-Villegas-Mortenson congruences (1.1)—(1.4) im-
mediately follows from the congruence (1.8) by taking z = 1 and a = —%, —%, — 1 —%.
The aim of this paper is to give g-analogues of (1.5)—(1.8). It turns out that a complete
g-analogue of (1.5) is easily given. However, for a general p-adic integer a, we can only
give g-analogues of (1.7) and (1.8) in the modulus p case. On the other hand, for a = —1,
we shall give complete g-analogues of them. Thus, the first congruence in Conjecture 1.2
is proved, while the other three congruences are still open. Some further related unsolved
problems will also be presented in this paper.



2. Results, I: supercongruences modulo [p)’
Recall that the ¢-binomial coefficients m are defined by

("% q)k

m:m T oSk,

0, otherwise.

We first give a g-analogue of Tauraso’s congruence (1.5).

Theorem 2.1. Let p be an odd prime. Then

p—1 22

zi[ } Ik e, (mod [BP). (21)

E o 2 2
e 2j—1\  [(2k\", 4
o (% ¢®); H 2j =\ )10
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Since

letting ¢ — 1 in (2.1), we obtain (1.5). Moreover, setting = = 1 in (2.1) yields the
following g-analogue of (1.1).

Corollary 2.2. Let p be an odd prime. Then

pi - k = <_—1) % (mod [p?). (2.2)

k:O p

Remark. Corollary 2.2 confirms the first congruence in Conjecture 1.2.

Our second result is another generalization of (2.2).

Theorem 2.3. Let p be an odd prime. Then

-1
S (GPR ke < ) -
2. 22t =
— (% )i
It is clear that, when = 1, the congruence (2.3) reduces to (2.2). On the other hand,
setting z = 0 in (2.3), we obtam the following dual form of (2.2).

:q*)x  (mod [p]*). (2.3)

MH

Corollary 2.4. Let p be an odd prime. Then

p—1
k 2 = A= 2
— )¢ = (mod [p[").
k:(] % q p
Our third result is a g-analogue of the a = —1 case of (1.7).
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Theorem 2.5. Let p be an odd prime. Then

2 Pl 2 — 2 ) g2
q;q< )’fq ( ) q )k (mod [p?).  (2.4)

b
O =

(% ¢*)i(—a% q%) — —@* @)
Letting 2 = —1 in (2.4), and noticing that ((__qlg;?;))"]'c = 1 le%, we are led to another
g-analogue of (1.1).
Corollary 2.6. Let p be an odd prime. Then
p—1 2 e s )
= () mod b (25

If <‘71> = —1 and & = 0, then we immediately deduce that both sides of (2.4) are

congruent to 0 modulo [p]?, which may be restated as follows.
Corollary 2.7. Let p be a prime of the form 4k + 3. Then

p—1 22k

=0 (mod [p]?). 2.6
ZO — (mod [p]”) (2.6)
Note that, when ¢ = 1, the congruence (2.6) can be written as
p—1 (2k)2
3k2k =0 (modp?) for p=3 (mod 4),
k=0

which was conjecture by Z.-W. Sun [20] and proved by Tauraso [21] and Z.-H. Sun [17,18].

3. Results, II: congruences modulo [p)

In this section, we first give g-analogues of (1.2)—(1.4). Actually we shall prove the
following more general results.

Theorem 3.1. Let p be an odd prime and m, r two positive integers with p+m. Then

-1
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g e
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p 2
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In particular, if p= +1 (mod m), then

I
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e
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mk

Note that, for p > 5, we have

=l v m m
(_1)<_ﬁ>7)qr(m+w Z (q 4 )k(q
k=0 (

qm;qm):

e, (- =1, ifp=1 (mod 3) (=3

(=1) &—9%1:—1 if p=2 (mod 3) <p)’
=D (—l)pzl, ifp=1 (mod4): -2

(=1) {(—1)3p41, ifp=3 (mod 4) (p)’
Caen, _ JED, itp=1 (mod6) e (=1
(=1) {(—1)5p61, if p=>5 (mod 6) (=1) (p)

Lettingz =1,r=1, m=

Corollary 3.2. Letp >

1

EE: g; q q a )
k=0

Eii 4 q ) _
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3,4,6 in (3.2) with p >
5 be a prime. Then

-3

p
—2

p
—1

p

) ¢ (mod [p]),
) &5 (mod [p)),
) ¢ (mod [p)]).

(mod [p]).

5, we obtain the following result.

(3.2)

Remark. The congruences in Corollary 3.2 confirm the remaining three congruences in

Conjecture 1.2 modulo [p].

In the same vein, letting x = 0, 7 = 1, and m = 3,4,6 in (3.1), we obtain

Corollary 3.3. Letp >

>_A

— ()@ P s
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T
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(g% q*)?
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e
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5 be a prime. Then

?3) "5 (mod [p]).
%)q“”i” (mod [p]),
)0 mod )



It seems that we have the following stronger result (see Conjecture 7.2 for a further
generalization).

Conjecture 3.4. The congruences in Corollary 3.3 hold modulo [p]*.
Theorem 3.5. Let p be an odd prime and m, r two positive integers with p+m. Then

p—1 m

")k
2
k=0 " )k
Gy o |
= [ I p} ¢ (=) (@) -,k (mod [p]).
k=0 qm

Next, we give g-analogues of (1.7)—(1.8) in the modulus p case. For this end, we
introduce the following polynomial

mk

~ (q"5 ™)@ (54 rg
Pn,m,r(qa ZE') -
,; (q™s q™)e (=™ q™ )

Note that P, ,,,(1,x) is the generalized Legendre polynomial P,(a,z) in (1.6) with a =

Theorem 3.6. Let p be an odd prime and m, r two positive integers with p+m. Then
Pp—l,m,r(%x) = (_1)(—%);; p—l,m,r(Q7 —LL’) (IIlOd [pD (33>
Letting x = 0 in (3.3), we obtain

Corollary 3.7. Let p be an odd prime and m,r two integers with ptm and (—r/m), =1
(mod 2). Then

bS]
_

(@5 a™)e(@" "5 q™)eg™
A T ST A (mod [p]). (3.4)

B
Il

Taking (m,r) = (3,1),(4,1),(6,1) in (3.4), we get the following congruences.

Corollary 3.8. Let p be an odd prime. Then

,_.

@O d®™ _ o= 9 (e
— (%P (—a% ) 0 (modp]), for p=2 (mod3), (3:5)
S (@Ol a (mod [p]), for p=5,7 (mod8), (3.6)

= (0% 0)i(=a"% 4"

-1

bS]

(0. (50 i
k=0 (4% ¢°)7(—45 a5k 0 (mod [p]), for p=3 (mod4). (3.7)




Letting x = —1 in (3.3), we obtain
Pytm(@: —1) = (=)= (mod [p]).
Taking (m,r) = (3,1),(4,1),(6,1), we get the following result.

Corollary 3.9. Let p > 5 be a prime. Then

1
26 P)(e% e _ <—3
¢ ¢*)i(1 + ¢*)

(
(

> 2Eq; ¢)ela* a g™ _ (ﬁ) (mod [p]),
(
(

q*; ¢ (1 + ¢**)

2(q; °)(q® ¢ g™ _ [ —1
q6;q6)z(1+q6k) = <_) (mod [p]).

4. Proofs of Theorems 2.1 and 2.3

Recall that the little ¢-Legendre polynomials are defined by
"Ml n+k] rwsy
Pn — —5—-—nk/__ k.
(z[q) ;:0 M { " ]q 2 (-a)

They can also be written as (see [24])

i) = [n] [0+ k k(D)
Puelq) = (—1)'q~2% H[ }(—1)% Lk (1g: ).
k=0

k k

We now give a new expansion for the little ¢-Legendre polynomials.
Lemma 4.1. Let n be a nonnegative integer. Then
i n 2 k(k+1)
Pa(zlg) =) M g 2 (=) (2¢; Q)i
k=0
Proof. By the g-binomial theorem (see [4, p. 36, Theorem 3.3]):

=3 [] ot

k=0

(3.8)

(3.9)

(3.10)

(3.11)

(4.1)

(4.2)

(4.4)



one sees that, for 0 < m < n, the coefficient of ™ in the right-hand side of (4.3) is given
by

U k(k+1) ok elm— k e (M=) (m—k-+1)
—1 —1
ZO [ ] (-1 [m_ k]( kg

_ (_]_)m |:n:| |:n + m:| q_mn+m(n;+1) ’
m m

where the last step follows from the ¢g-Chu-Vandermonde formula (see [4, p. 37, Theorem
3.4]). This completes the proof. O

We also need the following result.

Lemma 4.2. Let p be an odd prime and 0 < k < p—1. Then

<(qq5;qq?>%z = (1" [ﬂ ) [_,f k] AT (mod ), (4.5)

Proof. Observing that
Q=g+ (1= A= NP = (1= )77,
we have

(1—¢") = (1= ¢ ") (1= ¢ )g?"7"  (mod [p]).

qp 2]+1)(1 _ qp+2j—1>q2j—l—p
1 (1=

- <—1>’f[;:]q2 ] o

as desired. O

Proof of Theorem 2.1. Letting n = L replacing ¢ and z by ¢* and z¢~2 respectively in
(4.1) and (4.3), and then applying (4 5) we obtain (2.1). O

Proof of Theorem 2.3. The proof is similar to that of Theorem 2.1 by just comparing (4.1)
and (4.2). O



5. Proof of Theorem 2.5

We fist establish two lemmas.

Lemma 5.1. Let n be a positive integer and 0 < j < n. Then

n . k(k+1)
S e
— koL =3] (=¢ak
( n+1. 2)i (n*j)(;l*j‘f’Q)_j(j;l)
2

7 |a) i | fn=i=0 (mod?2)

s GGy

n
2

(n*j)(zﬂ’vﬁ) _ j(jgl) (5 1)
, ifn=j7=1 (mod 2),

— n+2. 2\ .
Tl (CGQa-a(@IT %) i

2

0, otherwise.
\

Proof. Replacing k by k + j, we can write the left-hand side of (5.1) as

n—j

n+k+ j] {n - ]} g )
n

k (=€ Qs

(k+j)(’2€+j+1) —n(k+j)

k=0

]

—J

3

(—1)k+i (¢ Dtk (6 Dn—sq
(@ Ol Dis (6 DG Dnjb (=G D

I
(]

3 x>
[l

0

; et i G+

J(—l)j (@ Dt (@ il g2
(4 0)n(0); (@Y k(@ Or(—a; @) (=@ +5 @)

i1 L
J(J;L)_n]n ](

k=0

_ o dlntila q
- e N P RTIEaN

n+j+1. —n+j. k

Y

where we have used the relation

(Q; Q)n—j L/ — : k(2n—2j—k+1)
= (D) e 2
(Q§Q)n—j—k ( ) ( )k

Taking a = ¢"™* and b = ¢~ in Andrews’ g-analogue of Gauss’ »F;(—1) sum
(see [2,3] or [8, Appendix (I.11)]):

E(k+1)

i(a(?q)k(b;q)kq 2 (0,¢%)oo (045 4o (5.3)
—~ (g;q)

“ (G )k(abg; ®)e (¢36%)oo(abg; ¢*) oo’
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where (2} @)oo = limy, 00 (75 q)rn, We have

n—j (g1, k(kt1) —ntj+l.

Z (q ok (@7¢%)(g 1) o
—~ k(@127 (45 4%)os (472 ¢%)

(q—n—i-j-i-l; q2)%

=9 (@7¢) s

0, otherwise.

n+j+2.

ifn=7 (mod2),

Replacing ¢ by ¢~* in (5.4) and noticing that (¢7™;¢ Ve = (=1)*¢~™ "2 (¢"; @), We
get

g o . (g
(@ e e

— (G e(d¥ ¢

—n+j+1; q2) % q(n—l-j—l-l)(n—j)

(@25 6%) s ’

ifn=7 (mod 2),

0, otherwise.
(5.5)
Substituting (5.5) into (5.2) and making some simplifications, we obtain the desired iden-
tity (5.1). O
Lemma 5.2. Let n be a positive integer and
n k(k+1)
n+kl(z;qrg 2 ™
F(x,q) = 4’6[” ] . 5.6
(#:9) ;( Pl L w (=4 9 (5:6)
Then
F.(x,q) = (-1)"F,(—x,q). (5.7)

Proof. By the g-binomial theorem (4.4), the coefficient of 27 (0 < j < n) in the right-hand
side of (5.6) is given by

qj(j;l) i(—l)k_j |in:| [n + ]f:| |:]{3:| q@—nk
kL k1) (=9

k=i
n o kG
JiG-1) k_n“‘k n—7319q9 2
R e
H ,;( ) koL Lk=3] (=¢ak
which, by Lemma 5.1, is equal to 0 if n — j = 1 (mod 2). This proves (5.7). O

Proof of Theorem 2.5. Note that, for k > 251, there holds (¢;¢*)? = 0 (mod [p]?). By

Lemma 4.2, we have
—1 o — — —
Pz: (q; q2)i(:)s; q2)kq2k _ i:(_l)k [p_zl} rTl —l-k} (x;qz)qu2+2k kp (mod [p]z)'
el U Gl klel ke (a6

The proof then follows from Lemma 5.2. O

Remark. Another application of Andrews’s g-analogue of Gauss’s o F1(—1) sum (5.3) to
g-congruences can be found in [9].
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6. Proofs of Theorems 3.1, 3.5 and 3.6

Proof of Theorems 3.1. Since ¢" = ¢" P (mod [p]), we may assume that 1 < r < p. When
m = 1, we have

= (¢ Q)e(@""; @)ra® —[r=1[r—1+k ke RE=D g1y
k N ’

S

s (;9)3 —

and

pi: 45 )rla " @i(; _ T {r ]{r—1+k}(_kaq)qu(@l)_k(r_l).

QQ)

The proof then follows from (4.1) and (4.2) with P,(x|q) replaced by P._i(xq|q).
When m > 2, let

m{—gp + 7
§=—"1——
p
Then s is a positive integer, m|ps — r, and so
(4" ) (q _ H (1 — g™ )L — g™
(g™ q™ - (1—qm)?

s—mj—r+m\ ,  mj+r—m
_ qil’ J )q J

(1—qm)?

—r ps—r
:| |i —'— ]{j:| q77lk(§71)+kr
qm

L r >p + k} mh(h=1) _p s )
= m q 2 =" (mod [p]).
{ R

(6.1)

k .
1 — ps+my—r)(1
k H ( q
Jj=

k

l—|

It follows that

=S F—k;%)me [<—%?€p+kLm(_x)kq"”“§”—mk<—fn>p (mod [p]),

=5 [ [T e e o )



The proof of (3.1) then follows from the two expressions (4.1) and (4.2) for P r (zg™™"[¢™).

Moreover, if p = +1 (mod m), then %ﬁ_pz) is an integer and

—m{—m (=@ + 1) _ r(m —r)(1 —p?)

5 = - (mod p).
This proves (3.2). O
Proof of Theorems 3.5. Apply (4.3) to Pi_r (zg~™|q™). O
Proof of Theorems 3.6. Similarly as before, we have
Py lmr(% z)
N q —a™) (@ ™)™
. ) (—=q™; 4™
<_§:>” [ >p} [<—%Lp + k} («; qm)ﬁ"ﬁ—mﬂ—mp (mod [5]).
o g q"; q" )k
The proof then follows directly from Lemma 5.2. O

7. Concluding remarks and open problems

We have the following two stronger conjectural results for Theorems 3.1.

Conjecture 7.1. Let p be an odd prime and m, r two positive integers with p f m and
m{r. Then there exists a unique integer fym,, such that

-1

p m m T’;qm>kxk

— (q 1q™)7
p—1 —r. m m mk

_ _r (455 4™)k(g™ "5 ™)i(; 4™ )rg

= (_1)< m>qup,mr (qmqm)2 (Il’lOd [p]2)
k=0 ’ k

Furthermore, the numbers f, m , satisfy the following recurrence relation:

— fpmurs ifr=0 (mod p),
fp,m m+r —

fpmr — 1, otherwise.

Here are some values of f, .,

Jro1=—12, fr203=—13, fra5=—16, fro7=—21, fr20=21, fro11 =12, fr213=1,
froas = =12, fro17 = =27, fro10 = —44, fr221 = —63, fr223 =63, fr225 =40,
J3510==5, fa3s2=-3, fase6=—6, fa357=-5, f358=3, f350=-9,

Jrs1=—29, fr52=-19, fr56=—30, fr57=—21, fr58=—22, fr59=—33,

Jii,71 =86, fii,7,2=—103, fi1,73=—-51, fi1,78 =87, fi1,7,0 = —105, f11,7,10 = —54.
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Conjecture 7.2. Let p be an odd prime and m,r two positive integers with r < m and
p==+1 (mod m). Then

r(m—r)(1 - p?)
2m )

fp7m7T =

Note that Conjecture 7.1 is a g-analogue of (1.8) while Theorem 3.6 is a partial ¢-
analogue of (1.7), of which we speculate the following complete g-analogue.

Conjecture 7.3. Let p be an odd prime and m, r two positive integers with p{ m. Then
Pp—l,m,r(%x) = (_1)(—%);; p—l,m,r(Q7 —LL’) (IIlOd [p]2>‘

There are some similar congruences in the literature. For example, van Hamme [25]
proved the following variant of a conjecture of Beukers [6]:

=0 (modp?), for p=3 (mod 4). (7.1)

Recently, the authors have obtained a nice g-analogue of (7.1), which will appear in a
forthcoming paper.
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