A NEW ¢-VARIATION OF THE (C.2) SUPERCONGRUENCE OF VAN
HAMME

VICTOR J. W. GUO

ABSTRACT. Long proved that Van Hamme’s (C.2) supercongruence is also true modulo
p* for any prime p > 3. By making use of the ¢-WZ method, the author and Wang gave a
g-analogue of Long’s supercongruence. In this paper, employing the method of ‘creative
microscoping’, introduced by the author and Zudilin in 2019, we obtain a generalization
of this g-supercongruence. A limiting case of our result implies that, for 0 <t < s < 10
and any odd prime p > 4s + 1 and integer r > 1,

(p"—1)/2+s

S Ak +1 (2K — 25\ [2k + 25\ [2k — 2t\ [2k + 2t (mod %)
Za 956k \ ks k4 s bt )\ ket )5V b

1. INTRODUCTION
In 1997, Van Hamme [12, (C.2)] proved that, for any prime p > 3,
(pi“ dk +1 (2K
256F \ k
k=0

In 2011, Long [13, Theorem 1.1] further showed that (1.1) holds modulo p* for primes
> 5. Applying the ¢-WZ method, the author and Wang [7] gave a g-analogue of Long’s
result as follows: for any positive odd integer n,

p (mod p?). (1.1)

D N (R L WA AR
(1.2)

k

Here and in what follows, we adopt the standard ¢-notation: (a;q), = (1 —a)(1 —
aq) -+ (1 — ag"™') denotes the g-shifted factorial, [n] = (1 — ¢")/(1 — q) denotes the
q-integer, and ®,,(q) stands for the n-th cyclotomic polynomial, which can be written as

Ouq)= [ (a-¢)

1<k<n
ged(k,n)=1
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where ¢ is an n-th primitive root of unity. Moreover, the g-congruence A;(q)/A2(q) =

0 (mod P(q)) for integer coefficient polynomials A(q), A2(q), P(q) is meant that P(q)

divides the numerator of the reduced form of A;(q)/A2(q). For two rational functions

A(q) and B(q), the g-congruence A(q) = B(q) (mod P(q)) means A(q) — B(q) = 0
(mod P(q)).

It follows easily from (1.2) that, for any prime p > 5 and integer r > 1,

WP gk v 1 20\t s
S (3) =5 moars), (1.9

which was originally observed by Long [13]. Recently, Wang and Hu [15] proved the
following generalization of (1.3):

(p"-1)/2 4
s 12K\ T )
E e < k) =p"+gp B, 3 (mod pt),
k=0

where B,_3 is the (p — 3)-th Bernoulli number, confirming a previous conjecture of the
author [4, Conjecture 6.2].

In 2019, the author and Zudilin [8] introduced a new method (called ‘creative micro-
scoping’) to prove g-supercongruences systematically. Shortly afterwards, the author [4]
provided a new proof of (1.2) by employing the method of ‘creative microscoping’ together
with the Chinese remainder theorem for coprime polynomials. Using the same method
but with more complicated calculation, Tang [11] gave a variation of (1.2) as follows: for
any odd integer n > 5,

(n+1)/2

(4:4°)k—1(a: ¢* )1 (43 ¢°)i
EE; [4k;+_1](qQ;q2)k_1(q2;q2)k+1(q2;q2)i
=l (1 PR ) ot o). (1)

It should be pointed out that many other authors have investigated g-supercongruences
in recent years. See, for example, [1,5,6,9,10,14,16-18].
In this paper, we shall establish the following common generalization of (1.2) and (1.4).

Theorem 1.1. Let s and t be non-negative integers with s > t, and let n > 4s + 1 be an
odd integer. Then

(n—1)/2+s

(@5 @)i—s(@ ) rs (G ) e—t(@5 @) e
kz:; [4k+ 1] (q23q2) ( )k:+s(q ’qz k: ¢ q q )k+t
E[mq@%V2(1+(n — I ”2 ) (mod @,,(q)%). (1.5)

Furthermore, if s < 10, then (1.5) also holds modulo [n]®, (g
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Letting t = 0 or ¢t = s in (1.5), we obtain the following results: for any non-negative
integer s and odd integer n > 4s + 1,

(n—1)/2+s
( )k s(q q )k+s(q; q2>%
,; L, (@ el
= (1+ n” = 1( 1_q)2[n]2> (mod ®,(¢)%), (1.6)
(n—1)/2+s
(¢; %)i— S(Q'q )kz+s
; 5 +1] (0% @*)3_s(@% )i
= gt (14 D) nod )

On the other hand, letting n = p” be a prime power, taking ¢ — 1 in (1.5), and noticing

lim (¢; )k 2k
=1 (¢% ¢*)i 4’“ k

we arrive at the following supercongruence: for s > ¢ > 0 and any odd prime p > 4s + 1
and integer r > 1,

@ ihs%ﬂ 2k —2s) (2K 28\ (2h=20) (BRAEBN e odph. (1)

Moreover, if s < 10, then (1.7) is also true modulo p"*

The paper is orgamzed as follows. In the next sectlon, we give five lemmas on ¢-
congruences. Three of them are deduced from Jackson’s g¢5 summation. In Section 3, we
use these lemmas and the Chinese remainder theorem for coprime polynomials to deduce
a parametric generalization of Theorem 1.1. Then we prove the g-supercongruence (1.5)
from this parametric version by L’Hépital’s rule, and prove the modulus [n] case for s < 10
by the asymptotics at roots of unity. Finally, in Section 4 we propose two related open
problems for further study.

2. SOME LEMMAS

In order to prove Theorem 1.1, we require five lemmas on ¢g-congruences. The first one
can be stated as follows.

Lemma 2.1. Let s and t be non-negative integers with s > t, and let n > 4s + 1 be an
odd integer. Then

(n—1)/2+s

(0/0; ) e—s (@3 @) irs (005 )=t (1) 4 ) jrt po
2 (k] (0% ) k—s(06%; ¢*) s (aq?; ) i—e(¢%/ a; g2 )k-i—tb =0 (mod 2.(q)) (2.1)

k=s
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Proof. The author and Schlosser [6, Lemma 3.1] observed the simple g-congruence: for
0<k<(n—-1)/2,

(ag; ¢*) (n-1)/2-k (n—1)/2—2k (ag; ¢*)k (n—1)2/4+k
= (—a)" ——q"" mod ®,(q)). 2.2
(%/a; ¢%) n-1)/2-k (¢*/a; ¢*)x ( @) (22)
It follows that, for s <k < (n—1)/2 — s,
(aq; q2)(n71)/27k73
(q2/a; 92)(n—1)/2—k+5
_ (aq; QQ)(n—l)/2—k—s/(q2/a; q2)(n—1)/2—k—s
(1 _ qn+1—2k—2s/a>(1 _ qn+3—2k—2s/a) . (1 _ qn+23—1—2k/a)
(_a)(n—l)/2—2k—23(aq; q2)k+sq(n—1)2/4+k+s
(), )pss(1 — g 2625 Jq) (1 — 32625 /q) - - (1 — 2512k /q)

_N(n—1)/2—2k (aq; ¢*)r—s (n—1)2/4+4ks+k+s d ® 9.3
( a) (qQ/a'QQ)k_A,_ q (mO n(q>>7 ( ° )

and similarly, modulo ®,,(q),

(ag; @) n-1)/2-kts  _ (—q)(n-D)/2-2k (aq; ¢* )i+ s /A= ks b (2.4)
(%/a; ) n-1)/2-h-s5 (¢%/a; %) 1—s ' ‘
Applying the g-congruences (2.2)-(2.4), we can easily check that, for N = (n —1)/2
and s <k <N —s,
WN — k)41 (/5 )N =05 )N -k45 (94 )N -k-1(9/ G )Nkt v
(4% ¢*) n—1—-s(0% ¢*) N—k+5(aq%; ¢%) N1t (0%/ @5 %) N—ott
(a/5: )5 4o (003 4 )-2(4/ @3 @)ty (mod , (q).
(4% 4*)k—-s(0G%; ¢*)kts(aq%; 4% )o—e(4° /05 4% it
This means that the partial sum of the left-hand side of (2.1) truncated at k = (n—1)/2—s
is congruent to 0 modulo ®,(q). Moreover, for k in the range (n — 1)/2 — s < k <
(n —1)/2 + s, we know that (q;¢*)rs contains the factor 1 — ¢ and therefore each

summand indexed by k on the left-hand side of (2.1) is congruent to 0 modulo ®,(q).
This completes the proof of (2.1). O

= —[4k + 1]

Following Gasper and Rahman [2], the basic hypergeometric series ,.1¢, is defined by
(see [2])

ai, g, ..., Ar41 - (01;Q)k(@2SQ)k”‘(@r+1§Q)k k
r10r { 14, Z} = z.
o bi,ba, ..., b, kz:; (q;Q)k(bl;Q)k"'(br;Q)k

Then a classical terminating g¢s summation of Jackson (see [2, Appendix (I1.21)]) can be
stated as follows:

s a, qaz, —qaz, b, ¢, ¢ aq"™'  (aq;q)alaq/bc; q)n

1 1 ) 4 - .

6% a2, —a2, aq/b, aq/c, ag"* be (aq/b; q)n(aq/c; q)n

(2.5)
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We also need three g-congruences on the left-hand side of (2.1) modulo 1 —aq”, a —¢",
and b — ¢", respectively. Note that all of the parametric g-congruences in [4,8,17] are
symmetric in @ and ¢!, and a g-congruence therein holds modulo 1 — aq™ if and only if
it also holds modulo a — ¢". However, this is not the case here, and we need to consider
the g-congruences modulo 1 — aq™ and a — ¢" individually.

Lemma 2.2. Let s and t be non-negative integers with s > t, and let n > 2s — 2t + 1 be
an odd integer. Then, modulo 1 — aq"”,

(n—1)/2+s

S k] (a/5: )5 4 D5 (003 4 )-1(4/ @3 )ity

— (% ¢*)i—s(00%; 4 )rrs (a0 @ )k-e (%) @5 4% it

_ [n 425 + 28] (ag; ¢)s—1(a/a; 6 st (0" 71 0%)25 (6% /65 @) (ny20—25-1)2b° (2.6)

B (q/b)n+2=25=1/2(ag%; ¢%)_(q? /a5 ¢%) 54 (bG%; G*) (nr2542t-1) /2 . .
Proof. For a = ¢~ ", the left-hand side of (2.6) is equal to

(n—1)/2+s

k4 1] (™ )t (™ )kt (0/0; 4P (45 ) hss "
(™ ¢ k=% ¢%)e4¢(0% @) i—s(bG%; ) ogs

= > [4k+4s+1] (47" s 0@ 0D rsa (0/5 4°)(G5 0D r2s s
P (™ @) kst (@5 G ks 44(0%5 G (0% G2 )by 2s
(@ @) s (@ ) sit(@50%)2s s
(%75 q%)s—1(q%T5 %) s14(bG%; G )as
5 S 5 S n S— —n
|: q4s+1’ q28+i7 _q2 +2’ q/b7 q1+2 +2t+ , q1+2 2t
2s+35

X 605 (2.7)

.2
294)  pglet2 242s-2-n  242e42t+n 1q.b| -
Y )

q —-q » 4 q

Performing the parameter substitutions q — ¢2, a = ¢**!, b — q/b, ¢ = ¢***T2*" and
n— (n+2t—2s—1)/2in (2.5), one sees that the right-hand side of (2.7) can be written
as

(ql_n; q2)H(q1+n; q2)s+t(fJ§ q2)2sb5

(@*75 4%)s—+(a%*™5 62) 5144 (D% 4%)as

(¢**; q2)(n+2t—25—1)/2(bq28+1_2t_n; q2)(n+2t—25—1)/2

(bg** %25 %) (nr2t—25-1)/2(¢%T272775 ¢%) (g2t —25-1) /2

(0" ) s (@ ) st

(@™ 6%) st (@*T5 ¢ st

(q; q2)(n+2s+2t71)/2(bQQSH*Qt*n'

[4s + 1]

= [n+ 2s + 2t]

; q2)(n+2t72371)/2

(0G% @%) (n42s426-1)/2(@* 727277 4% (ny2u—2s-1) /2
[+ 25 + 2t] (" ¢%) st (" %) s (@5 @) (nr2s20-1)/2(0% /0: @) (2t —25—1) 20°
(q/b)n+2=25=0/2(g27: ¢2) 4 (¢4 62) s34 (D625 G2) (nv2s+20-1) 2 (@ G%) (nr2t—25-1) /2

)
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which is the a = ¢~™ case of the right-hand side of (2.6). Namely, the g-congruence (2.6)
holds. 0

Lemma 2.3. Let s and t be non-negative integers with s > t, and let n > 2s + 2t + 1 be
an odd integer. Then, modulo a — q",

n—1)/2+s
( Z [4k + 1] (Q/b; qz)k—s(q; q2)k+s(GQ§ QQ)k_t(q/a; q2)k+t bk
P (4% @) (b0 @*) 5 (a0?; @2)i-e(0% /a3 %)

_ [n+2s = 2t](aq; ¢*)s—1(9/ a5 %) 541 (0" 75 0%)25 (% /0 4%) (n-25-20-1)12b°
(q/b)(n=25=2=1)/2(aq?; ¢2) s_1(q% ) a; ¢%) s34 (Dg?; q2)(n+2572t71)/2 ‘

Proof. For a = ¢", the left-hand side of (2.6) is equal to

(n—1)/2+s n —n
S k] (@™ )h—e(d ™" ) ere(0/0; ) s (0 4 )hts 1
— (@7 @) e—t(7"5 0% (%5 0%)i—s (DG%; G% Dits
(n-1)/2 1+n. 2 1-n. 2 b o) la-
_ Z 4k + 45 + 1] (QQ aq2)k+s—t(q2_ aq2)k+8+t(q2/ ,261 )k(q27q2)k+28 phts
— (@17 st (7 @) st (25 )i (0675 G ) v

14+n. 2 1-n. 2 .2
— [4S—|— 1] (q 4 )s—t(q ;7 q )s+t(q,q )25 b

(@45 ¢)s—1(a*"5 ) s+4(bg%; G%)2s
s q2s+g7 _q2s+37 q/b, TN gli2st2in
X 605

%, b 2.9)
2541 2s+1 4s5+2 24-2s4+2t—n 2425—2t+n d : ( :
q 2, —q 2, bq y d y 4

Making the parameter substitutions ¢ — ¢*, a = ¢*™, b — q/b, ¢ = ¢T*72" and

n— (n—2s—2t—1)/2in (2.5), one sees that the right-hand side of (2.9) can be written
as

(2.8)

[4s + 1] (@0 s—t(a" " ) st (05 G)25b°
(@45 ¢%) s 1(a* 75 62) 514 (04?5 ¢%)2s

(q4s+3; Qz)(n72572t71)/2(quswtﬂfn; q2)(n72572t71)/2

(bg*s+2; %) (n—2s—2t-1) 2 (%22 %) (n—2s—2t—1) /2
[n +2s — Qt](qlm; q2>s—t(qlfn; q2)s+t(q; q2)(n+25—2t—1)/2(q2/b; q2)(n—28—2t—1)/2b8
(q/b)n=2s=2=0/2(g24m: ¢2) (6% ¢2) 514 (0625 G2) (n2s—26-1)/2(€ G%) (n—25—20—1) /2
which is the value of the right-hand side of (2.6) with a = ¢™. That is, the g-congruence
(2.8) holds. O

Lemma 2.4. Let s and t be non-negative integers with s > t, and let n be a positive odd
integer. Then, modulo b — q",

n—l) 2+s
( 2/: [4k—|—1] (Q/b;q2)k‘—s(q;q2)k+s<aq;q2)k—t(q/a;q2)k+t bk

P (0% ¢*)r-s(06%; @®)k1s(aq; ¢ )k—e(4/ @5 4 i1




_ _[nlag ¢)s-(9/ 35 ¢") st )y oV (2.10)
(ag%; q2>(n+2572t71)/2(q2/a; q2)(n+25+2t71)/2

Proof. For b = ¢", the left-hand side of (2.10) is equal to

(n—1)/2+s _n
S [kt 1] S P N R e VL
= (0% @*)k—s (@*; @) rs(aG®; 4 )i-t(0° /05 G )kt
n—1)/2

B 4 ds 4 1 (0" (@5 @) rrs (0G5 6 irs1(0/ 0 ) btstt ppns
- [ +4as ](q2'q2) ( 24n. 2) (& 2. 2) ( Z/a' 2)
k=0 ) k\q ;47 ) k+2s\0G°5 47 ) g+s—t\4 347 ) k+s+t

(q; qQ)zs(aq; q2)s—t(Q/a§ q2)5+t ns

= [4s + 1]
(@*17;6%)25(aq%; ¢%)s—1(4%/ a5 ¢*) 44
é S 5 S— S —MNn
" 6¢5 |: q4s+17 q28+?7 _q2 +f’ aq2 2t+1’ q2 +2t+1/a, ql ' q2 qn . (211)
q2$—|-§7 _(]23—4—57 q25+2t+2/a’ aq2s—2t+2’ q4s+2+n

Letting ¢ — ¢, a = ¢*1, b = ag®>* 2" ¢ = ¢**** /g, and n — (n —1)/2 in (2.5), we
see that the right-hand side of (2.7) can be simplified as
[4s + 1)(q; ¢*)2s(aq; %) s—(a/a; %) 110" ) (n=1))2(€ @) (n—1) 24"
(@*775 4%)25(aq?; ¢*)s—(q2 /a5 )51 (aq® 7725 ¢2) (1) j2(4% T2 /03 ¢%) (1) 12
(n)(ag; 4°)s—e(a/a; 4*)s1e(a5 4°) 701y 2™

(ag?; q2>(n+2s—2t—1)/2 (¢?/a; q2)(n+2s+2t—1)/2 '

This proves the ¢g-congruence (2.10). O

Finally, the following lemma was given in [4, Lemma 2.1] and will play an important
part in our proof of Theorem 1.1.

Lemma 2.5. Let n be a positive odd integer. Then

1 — an>q—(n—1)2/4
(1 —a)aln=1/2
1 — an)q(lfnz)/ll
(1 —a)an—1/2

(aq®, @) n-1)/2(@*/a, ¢*) (n-1)/2 = (—1)(n_1)/2( (mod @,(q)), (2.12)

(aq, @) (n-1)/2(a/a, @) (n-1)/2 = (—1)("*1)/2( (mod ®,(q)).  (2.13)

3. PROOF OF THEOREM 1.1

On the basis of the previous lemmas in Section 2, we are now able to establish the
following parametric version of Theorem 1.1. Note that the right-hand side of (3.1) has
also appeared in [4,11]. However, our derivation of (3.1) here is more complicated.
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Theorem 3.1. Let s and t be non-negative integers with s > t, and let n > 4s + 1 be an
odd integer. Then, modulo ®,(q)*(1 — aq™)(a — q"),

(n—1)/2+s

(4 4°)i—s(q; ¢ )rrs(ag )k 1(9/a; ¢ ) rre
; el (% @) i—s(0%; @ Dits(aq®; @® -t (0% /@3 G ) e
—a nil —a a(nfl)/Z
Eq(l—n)/2[n]+q(1—n)/2[n](1 (161_)((1)2 q") (1_ (1 1 _)an > 3.1)

Proof. 1t is easy to see that ®,(¢), 1 — aq”, a — ¢", and b — ¢" are pairwise coprime
polynomials. By the Chinese reminder theorem for coprime polynomials, we can determine
the remainder of the left-hand side of (2.6) modulo ®,,(¢)(1 — aq")(a — ¢")(b — ¢") from
Lemmas 2.1-2.4. Note that the right-hand sides of (2.6)—(2.10) are all congruent to 0
modulo ®,,(¢). Thus, using the following g-congruences:

(a—q")(b— Qn)az 1
(1 —a?)(1 — ab)
(1—aq")(b—q")

(mod 1 — aq"),

1 (mod a—q"),

= a)b—0)
(1 —aq")(a—q")
=1 —q").
(a—b)(1 — ab) (mod b—q")
we conclude that, modulo ®,(¢)(1 — aq™)(a — ¢")(b — q¢"),
(n—1)/2+s
S k] (/5 4)k-o(@5 4 Jir5(04; 4)n-1(9/ 03 kst
— (0% @*)k—s(b4%; 0*)irs(0g%; ¢%)e—1(%/ @5 4% i

_ [n + 2s + 2t](aq; q )s (q/a;q ) (ant > ) (q /b;q ) n+2t72371)/258
(q/D)n+2=25=D/2(ag?; ¢2) sy (¢*/ a; 2 )s+t<bq L 02) (254 20—1) /2
(a=q")(b—q") »
(1 —a?)(1— ab)
[+ 2s — 2t](aq; ¢*)s—¢(q/a; %) s+ ("7 %) 25 (6% /65 ¢°) (n—25—20—1) 2b°
(q/b)(n=25=2=0/2(aq?; ¢2) s—1(q2/ @5 4?) 44 (DG%; @2) (n425—20—1) /2
(1 —ag")(b—q")
(1 —a?)(b—a)
[n](ag; ¢°)s—e(a/a; ¢*)se(g; QQ)%n neb" (1 —ag")(a—q")
(aq? ¢? )(n+2s 2t—1 /2( 2/a;q )(n+23+2t 1)/2 (a—b)(1 —ab) .
In what follows, we consider the b = 1 case of (3.2). It is clear that b — ¢" = 1 — ¢"
contains the factor ®,(¢), and the factor (bg% ¢*)m-1)/2+2s = (¢%¢*)(n-1)/2+2s In the

denominator of the left-hand side of (3.2) is relatively prime to ®,,(q) (since n > 4s+1).
We can also easily check that

(3.2)



[n+ 25 + 2t](aq; ¢*)s—t(q/a; @) s (@" 27255 %) 25(07; ¢°) (n2t—25-1) 2
qH2=25=072(ag%; %) s (62 ) a5 4%) 544 (025 042) (nr2542t—1) /2
= ¢""2[n] (mod @,(q)(1 — ag™)) (3.3)

(the modulus ®,,(¢) case is obvious and the modulus 1 — ag™ case is equivalent to saying
that both sides are equal for a = ¢~"). Similarly, we have

[n+2s — 2t](aq; ¢*)s—t(q/@; ¢*) 511" 272 ¢%)25 (6% ¢%) (n—25—2t—-1) /2b°
022072 (g2 ) o ( 2/ )t (@2 ) (mr2s2t-1) 2
= q(l’”)/Z[n] (mod ®,,(q)(a — ¢")) (3.4)

Furthermore, since ¢ =1 (mod ®,(q)), from (2.12) and (2.13) we deduce that

(a4;¢*)s—1(a/ ;4 s14(a: )1y 2

(aq?; ¢%) nt2s—26-1)/2(¢%/ @; @) (n25420-1) /2
B (a4; 4)s-1(a/ @ @°)s1(a: )y 2
 (aq" ) s—i (0" 052 s (a0, @) (n-1)2(2 ) @y ) (n-1) 2
~ n(l—a)a™H/2
(I —am)gn=n/2

(mod ®,(q)). (3.5)

Thus, putting b = 1 in (3.2) and applying the g-congruences (3.3)—(3.5), we conclude
that the right-hand side of (3.2) modulo ®,(q)*(1 — aq¢™)(a — ¢") reduces to

(l—n)/Q[n] (a—q")(1— qn)a2 + (1—77,)/2[”] (1—ag")(1—¢")

1 1—a)(1—a) (1—a2)(1—a)
) (1—aq")(a —q")n(1 — a)a" 1/
A-apF  (-a)g e
which is equal to the right-hand side of (3.1). This completes the proof. O

Proof of Theorem 1.1. By L’Hopital’s rule, there holds

o (L= 0000 =) (1= 0 1 =) (=)=,
a1 (1—a)? (1 —am) 24 '

Therefore, taking the limits of the two sides of (3.1) as a — 1, we see that (1.5) is true
modulo ®,,(¢)*.
We shall prove that (1.5) is also true modulo [n] for s < 10. Namely,
(n—1)/2+s 2 2 2 2
S k1] gq,g )k—s(g,q2)k+s(q;q zk—t(%g )I;+t —0 (mod [n]).
— (4% ¢%)—s(0% @) (05 @) i-e (4% 4%t
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or, equivalently,

(n—-1)/2

(Q; q2)k(Q§ qg)k+2S(Q; q2)k+sft(q; q2)k+s+t
E 4k +4s + 1 0 (mod [nl). 3.6
=0 [ ] (QQS q2)k(q2§ qz)k+2s(q2; q2)k+s—t(q2§ qz)k+s+t ( [ ]) ( )

The proof is similar to that of [6, Theorem 12.9] (or [8, Theorem 4.2]). For the reader’s
convenience, we include a detailed proof here.
Let ¢ # 1 stand for an n-th root of unity, possibly not primitive. That is to say, ( is

a primitive root of unity of degree d subject to d | n. Let ¢,(k) be the k-th summand on
the left-hand side of (3.6), i.e

(45 0°)k (3 @) v2s (@5 @)=t (2 @) s
(0% )k (0% @) ir2s (0% G irs—t (0 G st
Via the mathematical software Maple, we can check that (3.6) holds modulo ®,,(q) for all
non-negative integers ¢ < s < 10 and positive odd integers n < 4s — 1. This, together
with (1.5), implies that the ¢g-congruence (3.6) holds modulo ®,,(q) for all t < s < 10 and
odd n > 1. This g-congruence is also true when the left-hand side is summing over k

from 0 to n — 1, because each summand is congruent to 0 modulo ®,(q) for k in the range
(n—1)/2 < k <n—1. Taking n = d yields that

cq(k) = [4k + 45 + 1]

(d-1)/2 d-1
> k) =) cclk) =
k=0 k=0
Observing that
cc(ld+ k) ~ lim cg(ld + k) _ ce(k)
c¢ (fd) 9—¢  Cq (gd) Cc(O) ’
we obtain
(n—1)/2 (n/d=3)/2 d—1 (d=1)/2
> ek Z Zc¢£d+k+ > cl(n—d)/2+k)
k=0 k= k=0
1 (n/d—3)/2 d—1 (d—1)/2
= cc(bd) Y k) + Y cc((n—d)/2+k)
«(0) = k=0 k=0

This means that the sum Z,(c":_ol)/ 2 cq(k) is congruent to 0 modulo ®4(g). Since each
cyclotomic polynomial ®4(q) is irreducible in Z[q], we conclude that the left-hand side of
(3.6) is congruent to 0 modulo

[T ®a(0) =

dln,d>1

Namely, the g-congruence (1.5) holds modulo [n] for s < 10. Since the least common
multiple of ®,,(¢)* and [n] is [n]®,(¢)?, we finish the proof. O
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4. TWO OPEN PROBLEMS

It is natural to conjecture that the condition s < 10 in Theorem 1.1 is not necessary.
Namely, we believe that the following stronger version of Theorem 1.1 is true.

Conjecture 4.1. The q-supercongruence (1.5) holds modulo [n]®,(q)%. In particular, the
supercongruence (1.7) holds modulo p™*3.

By the proof the second part of Theorem 1.1, in order to prove Conjecture 4.1, it suffices
to establish the following result: for all non-negative integers s > t and odd integers n > 1,

(n—1)/2+s

(@3 @)= (@ @) ires (6 )it (@ ) it
4k + 1 0 (mod ®,(q)),
; | ](QQ; @) i-s(0%; ks (0% 0% (%5 4%kt ( @)
which is left to an interested reader.
We also find that the following refinement of (1.7) for s = (p” — 1)/6 and t = 0 seems
to be true.

Conjecture 4.2. Let p be an odd prime and r > 1 with p" = 1 (mod 6), and let s =
(p" —1)/6. Then

(pT%M Ak + 1 (2k — 25\ (2k + 25\ (2K\® _ (mod p’**)
k=s 256k k—s k + s & - ' |

It should be mentioned that the previous g-supercongruence (1.6) does not hold modulo
[n]®,(q)* for s = (n — 1)/6. For this reason, we think that Conjecture 4.2 is challenging
even in the r =1 case.
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