A NEW FAMILY OF ¢-SUPERCONGRUENCES MODULO THE
FOURTH POWER OF A CYCLOTOMIC POLYNOMIAL

VICTOR J. W. GUO AND MICHAEL J. SCHLOSSER

ABSTRACT. We establish a new family of g-supercongruences modulo the fourth power
of a cyclotomic polynomial, and give several related results. Our main ingredients are
g-microscoping and the Chinese remainder theorem for polynomials.

1. INTRODUCTION

More than one hundred years ago, Ramanujan mysteriously recorded a list of rapidly
convergent series of 1/7 (see [1, p. 352]), including

0 (2n)2 2\/§
nZ ) ta) (s 1) = 2Y2) (1)
which he later published in [19, Equation (40)]. In 1997, Van Hamme [23] observed that
13 Ramanujan’s and Ramanujan-type formulas possess interesting p-adic analogues, such

as

(p—1)/2 )

Z 4k +1)-22 =p (mod p?), (1.2)

wli—'

where p > 3 is a prime and (a), = a(a+1)---(a +n — 1) is the Pochhammer symbol.
Van Hamme [23, (C.2)] himself proved (1.2) and two of the other supercongruences of his
list. The supercongruence (1.2) was later proved to be true modulo p* by Long [17]. For
more Ramanujan-type supercongruences, we refer the reader to Zudilin’s paper [26].
During the past few years, g-analogues of congruences and supercongruences have been
investigated by many authors (see [3-16,18,21,22,24,25,27]). For instance, using a method
similar to that used in [26], the first author and Wang [12, Theorem 1.2] gave a g-analogue
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of (1.2): for odd n,

(n—1)/2 . o\d n2 — N2
S ks 11 = g =m0 mod [l o))

(1.3)

Moreover, the first author and Zudilin [13] devised a method of ‘creative microscoping’
to prove that, for any positive integer n with ged(n,6) = 1,

(n-1)/2 ) B
S ke R e o) (22 (od e, (1)

P @ ¢%)2r(q5% ¢°);, n

where (=2) is the Jacobi symbol, see [13, Theorem 1.1, Equation (6)]. Here it is appropri-
ate to recall the standard g-hypergeometric notation: (a, Q)n = (1—a)(1—aq) - (1—aqg™™)
is the g-shifted factorial, with the condensed notation (ay, ..., am;q)n = (a1;¢)n -+ (Am; @n
for products of ¢-shifted factorials; [n] = [n], = (1—¢")/(1—q) is the g-integer; and ©,(q)
stands for the n-th cyclotomic polynomial in q:

()= [ (@—¢b,

1<k<n
ged(k,n)=1

where (,, denotes an n-th primitive root of unity.
Clearly, the g-supercongruence (1.4) is a g-analogue of the following result (see [20,
Conjecture 5.6]):

(p—1)/2 (4k) (2k) _3
Z (8k + 1) “oshgok = p<?) (mod p*) for p > 3 prime, (1.5)
=0

which is a p-adic analogue of (1.1). This means that by letting ¢ — 1 in (1.4) one obtains
(1.5). We point out that no other proofs of (1.5) are known up to now.

The first author and Zudilin [13, Theorem 4.2] also gave a two-parameter generalization
of (1.3) as follows: for odd n, modulo [n|(1 — aq™)(a — ¢"),

m .2 b/a)m=D/2(42 /b: g2 -
Z4k+1 aq,qQ/a 4/0: 447y _ (0/0) : (3 /b5 0%) (n-1)2 .l
P (ag?, ¢*/a,bq?, ¢%; ¢*)x (b6%5 %) (n-1) 2

where m = (n—1)/2 or (n — 1). Recently, based on the above g-congruence, by applying
the Chinese remainder theorem for coprime polynomials, the first author [6, Theorem 1.1]
succeeded in giving a full parametric generalization of (1.3): modulo [n]®,,(q)(1—aq™)(a—
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"),
mn (aq,q/a; ¢*)i(q; ¢*)3
;[41@ + 1] (0, ) P)n(d%: )2
- n(l — a1/
= 2] 4+ g1 (fjiy q)(l_ (113a" )’ o

where m = (n—1)/2 or (n—1). Moreover, the present authors [8, Theorem 1.1, Equation
(2a)] showed that, for odd n > 1,

(nt1)/2 (q—l. q2)4
> [k - 1]Wg4k = —(1+3¢+¢)n* (mod [n]'®,(q)). (1.7)
k=0 1k
The main purpose of this paper is to establish a new family of g-supercongruences

modulo the fourth power of a cyclotomic polynomial, which may somewhat be deemed a
generalization of (1.3) and (1.7) modulo [n]®,(q)3.

Theorem 1.1. Let d,n,r be integers satisfying d > 2, r < d — 2 (in particular, r may be

negative), and n > d — r, such that d and r are coprime, and n = —r (mod d). Then
M
@0k (-2
[2dk + 7] ql=2n)
kZ:O (4% D)
0 (mod [n]®,(q)?) ifd =2,

r(n+r—dn)/d (qQT; qd)(dn_”_r)/d 3 .
q (qd qd)(d \/d [d’I’L - ’I’L] (HlOd [n]q)n(q) ) Zfd = 3,

where M = (dn —n —r)/d orn — 1.

The proof is given in Section 3.

It is easy to see that the g-factorial (¢*"; ¢%)(an—n—r)/a in (1.8) contains the factor 1 —
g*=2" for d > 3. Since 1 — ¢ 2" = [dn —n] = 0 (mod ®,(q)) and (¢% ¢%)(an—n—r)/a is
coprime with ®,,(¢q), we conclude from Theorem 1.1 that

n—1
(@34 (@200 _
0 11k

for d > 3. Our proof of Theorem 1.1 implies that the above g-congruence is further true
modulo [n]®,(qg). Or the reader may check that the denominator of the reduced form of
the fraction (¢*'; qd)(dn_n_r)/d/(qd; qd)(dn_n_r)/d is coprime with [n].

We should point out that the present authors [10] have given a different generalization of
(1.3) and (1.7) modulo ®,,(q)* as follows: for d > 3 and n, r satisfying the same condition

k=
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as in Theorem 1.1, we have

—_

3

” (q"; qd)2d d(d—1—r)k _ mo 4
0[2dk+ ]—(q el =0 (mod ®,(q)%). (1.9)

For d > 3 and r = £1, Theorem 1.1 can be stated as follows:

=
Il

Corollary 1.2. Let d and n be positive integers with d > 3 and n = —1 (mod d). Then

M
(4973 nednit)/a (@5 4%) (dn-n—1)d
Z[Qdk + HW(J(CI 2k = gn—d +1)/d(q v )Ed 1)jd [dn —n] (mod [n]®,(q)?),
k=0 ) k n—n—

where M = (dn —n —1)/d orn — 1.

Corollary 1.3. Let d and n be positive integers with d > 3 and n =1 (mod d). Then

M

(a5 qh)t a1y (@725 Y (dn—n+1)/d
S [2dk ~ 1]—( . 401 g Ik = ldn—nt1)/d (qd'qd)(; :1))/; [dn —n] (mod [n]®,(q)%),
k=0 ) n—mn

qa-q

where M = (dn —n+1)/d orn — 1.

We shall also prove the following ¢-congruence, which was originally conjectured by the
first author and Zudilin [13, Conjecture 5.2].

Theorem 1.4. Let d and n be positive integers with d > 3 and n = —1 (mod d). Then

n—1

(aq,q/a;q")(a: 4k (a-opn
[2dk + 1 q( k=0 (mod [n]®, q)). 1.10
k=0 aq q?/a; g4k (g% ¢?)3 ( [n]®n(q)) (1.10)

Note that the a = 1 case of (1.10) modulo ®,(¢q)* has already been proved by the
present authors [11, Theorem 2.4].

2. SOME LEMMAS

We first give the following result which is a generalization of [11, Lemma 3.1], [10,
Lemma 3] and [24, (2.1)].

Lemma 2.1. Let d, m and n be positive integers with m < n — 1. Let r be an integer
satisfying dm = —r (mod n). Then, for 0 < k < m, we have

(aqT;qd)mfk —2k (aqréqd)k (dm—d+2r) /2+(d—1)k
= (—a)" ™" " "% (mod ®@,(q)).
(q%/a; q")m—n (q%/a; q%)x
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dm—+r n

¢* =1 (mod ®,(q)), we have
(CL(]T; qd)m _ (1 _ aqr)(l _ aqd+7‘) L. (1 _ aqdmfd+r)
(¢*/a;qD)m  (L—=q%/a)(1 —¢*/a)---(1—q""/a)
(1—ag")(1 —ag™™")--- (1 — ag™ )
(1 —gt=m=r/fa)(1 — g**=*m="/a) - (1 — g7 /a)
(—a)™g™ =22 (mod @,(q)). (2.1)
Furthermore, modulo ®,(q), we get
((qu; qd>m7k _ (aqr; qd)m (1 _ qdm—dk’-l-d/a)(l _ qdm—dk—i—Zd/a) . (1 _ qdm/a)
(@@ qNmr (g% a; qP)m (1 — agim=—ak+r) (1 — qgidm—di+dtry .. (1 — ggdm—d+r)
(aq’!’; qd)m (1 _ qd—dk—’l‘/a)(l _ q2d—dk—7’/a) I (1 _ q—’r’/a>
(¢"/a;q)m (L —=agq~®)(1 —ag™%*)--- (1 —ag™?)
_ (aq; ¢“)m (aq"; ¢k a2k gld-mk
(q%/a; q")m (q7/a; q7)i ’

which together with (2.1) establishes the assertion. O

Proof. In view of ¢

Lemma 2.2. Let d,n be positive integers with ged(d,n) = 1. Let r be an integer and let
a,b be indeterminates. Then

S (aqr7qr/a’7 q’r/b, qrqu)k k (d—2r)k
2dk +1r brgld=2% =0 (mod [n]), 2.2
,;[ | (aq®, ¢/a, g% g% ¢ ( In]) (2:2)
n—1
Z 2dk}+ aq qd/a , g /b q";q )kbkq(d 2k — (mod [n])’ (2‘3)
pr (aq?,q%/a,bq?, q%; q)y,
where 0 <m <n—1 and dn = —r (mod n).

Proof. 1t is clear that Lemma 2.2 is true for n = 1 or r = 0. We now assume that n > 1
and r # 0. By Lemma 2.1 (which is clearly also true for m = 0) one sees that, for
0 < k < m, the k-th and (m — k)-th terms on the left-hand side of (2.2) cancel each other
modulo ®,(q), i.e.,

((lq q/aq/bq q)m kbmk (d—2r)(m—k)
(ag?, q%/a,bq?, q% %) m—k

[2d(m — k) + 7]

(aq",q"/a, " /b, 4k i (a2
=—[2dk+r beql =2k (mod ®,,(q)).
| ](aq q%/a,bq?, q%; q%)s, ( @)
This proves that the g-congruence (2.2) holds modulo ®,(q).
Moreover, since dm = —r (mod n), the expression (¢";q?), contains a factor of the
form 1 — ¢*" for m < k < n — 1, and is therefore congruent to 0 modulo ®,(q). At
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the same time the expression (¢%; q?); is relatively prime to ®,(q) for m < k < n — 1.
Therefore, each summand in (2.3) with % in the range m < k < n — 1 is congruent to 0
modulo ®,,(¢). This together with (2.2) modulo ®,(¢q) establishes the g-congruence (2.3)
modulo ®,(q).

We are now able to prove (2.2) and (2.3) modulo [n]. Let ¢ # 1 be an n-th root of
unity, not necessarily primitive. Namely, ( is a primitive root of unity of degree s with
s|nand s > 1. Let ¢,(k) denote the k-th term on the left-hand side of (2.3), i.e.,

(aq",q"/a,q" /b, q"; q%)k 4 (d=20)k
(aq?, q%/a,bq?, q%; q?)k

cq(k) = [2dk + 7]

The g-congruences (2.2) and (2.3) modulo ®,,(¢) with n — s imply that

—

Ss—

N

cc(k) =) cc(k) =0,
k=0 k=0
where dm; = —r (mod s) and 0 < m; < s — 1. We have
i cq(ls + k) _ cc(ls + k) _ CC(k‘)' (2.4)
a—¢  cq(ls) cc(¢s) [r]
It follows that
n—1 n/s—=1 s—1 1 n/s—1 s—1
D cek) =) eclls+k) = i cc(ls) Y ec(k) =0, (2.5)
k=0 =0 k=0 =0 =0
and
m 1 (m—my)/s—1 s—1 Cg(m . ml) mi
S =g Do elts) Y eck) + SIS eolh) =0
k=0 (=0 k=0 k=0

This means that the sums 37—, ¢,(k) and 37" ¢, (k) are both divisible by the cyclotomic
polynomial ®,(q). Since this is true for any divisor s > 1 of n, we deduce that they are
divisible by

I 20 =],

s|n, s>1
thus establishing the g-congruences (2.2) and (2.3). O
We now give the following result, which is a generalization of [13, Theorem 4.2].

Lemma 2.3. Let d,n,r be integers satisfying d > 2 and n > d — r, such that d and r
are coprime, and n = —r (mod d). Let a,b be indeterminates. Then, modulo [n](1 —
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aqdn—n) (& _ qdn—n>

Y

M
szk+ aq qd/a .q"/b,q";q )kbk (d—2r)k
— (aq?,q%/a,bq?, q% q%)

— (q2r/b§ qd)(dn_n_r)/d b (dn—n—r)/d
- d. 4d [dn — n] —_ ’
(bq 4 )(dn*n*T‘)/d q
where M = (dn —n —r)/d orn— 1.

(2.6)

Proof. By the condition in the lemma, we have r # 0. Recall that Jackson’s g¢5 summa-
tion formula can be written as

~_ (1—ag®)(a,b.e.aViq) <an+1)k_ (aq, aq/bc; @) n
(1 —a)(q,aq/b,aq/c,aq"*';q)x \ be (aq/b,aq/c; q)n

(see [2, Appendix (I1.21)]). Letting ¢ — ¢%, a = ¢", b — ¢"/b, ¢ = ¢" ™" and N =
(dn —n —r)/d in (2.7), we obtain

(2.7)

M r n+n r4+dn—nm .r T.
Z Qdk + 7" dn+ ,q +d , q /b7 q; qd)k bkq(d*QT)k
—~ d dn+n qd-l—dn—n7 qu7 qd’ qd)k

( d+r d—dn+n—r

bq 14 )(dn—n—r)/d
(bq 7qd dn—l—n’ qd>(dn—n—r)/d

_ (¢ /b; qd)(dn—n—r)/d[dn — ] (ﬁ) (dn—n—r)/d |
(qu> qd)(dnfnfr)/d [T] q"

Namely, when a = ¢ or a = ¢" % the two sides of (2.6) are equal. Thus, the
g-congruence (2.6) holds modulo (1 — ag®")(a — ¢ ™).

On the other hand, by Lemma 2.2, we see that the left-hand side of (2.6) is congruent
to 0 modulo [n]. Since [dn — n] is also congruent to 0 modulo [n] and (bg®; ¢%)(an—n—r)/d
is coprime with [n], we conclude that (2.6) also holds modulo [n]. The proof then follows
from the fact that (1 — ag™ ")(a — ¢ ™) and [n] are coprime polynomials.

Note that the condition n > d — r means that (dn —n — r)/d < n — 1, which is used

(2.8)

in the identity (2.8) for M =n — 1. O
Lemma 2.4. Let d,n,r be integers satisfying d > 2 and n > d —r, such that d and r are
coprime, and n = —r (mod d). Let a,b be indeterminates. Then
M
ror " Ib. g d
Z[2dk + ’f’] (aq dv q d/aa q /d ) qd ) qd )k bkq(d—Qr)k
— (ag?, q%/a,bq?, q% q% )i

(qr ) qdir; qd) (dn—n—r)/d
(aq?, q%/a; q%) (@n—n—r)/d

[dn —n] (mod b — ¢™™™), (2.9)
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where M = (dn —n —r)/d orn — 1.

Proof. Letting q — ¢% and taking a = ¢", b = aq", ¢ = ¢"/a and N = (dn —n —r)/d in
(2.7), we obtain

(dn—n—r)/d ror r—dn+n 1 r —r.
> 2dk +r(aq”, 4" /a, 4" 0 4Dk (anenra—omn _ (@704 @n—n—r)/a

[7](aq?, ¢?/a, g+, qd; q4) ~ (aq%, ¢/ a; 4% an-n—r)/a

k=0

Namely, when b = ¢%™ both sides of (2.9) are equal. This proves the desired ¢-

congruence. n
3. PROOF OF THEOREMS 1.1 AND 1.4

With the help of Lemmas 2.3 and 2.4, we can prove the main theorems in this paper
now. We need to establish the following parametric generalization of Theorem 1.1.

Theorem 3.1. Let d,n,r be integers satisfyingd > 2, r < d—2, andn > d—r, such that

d and r are coprime, and n = —r (mod d). Let a be an indeterminate. Then, modulo
[n]®n(a)(1 — ag™ ") (a — ¢™ "),
M 2r. d
(aqT7 qr/&’ qra qr; qd)k d—2r)k (q 1 d )(dn—n—r)/d —d d
[2dk + 7] (d=2)k — [dn — n]g"(=dnt/d - (3.1)
kz:% (aqda qd/a'7 qda qda qd)k (qd7 qd)(dnfnfr)/d

where M = (dn —n —r)/d orn — 1.

Proof. Tt is clear that the polynomials [n](1 — aq® ")(a — ¢ ") and b — ¢*~™ are co-
prime. By the Chinese remainder theorem for coprime polynomials, we can determine
the remainder of the left-hand side of (2.6) modulo [n](1 — ag®™")(a — ¢~ ™) (b — ¢'*™™)
from (2.6) and (2.9). To this end, we require the following g-congruences:

bh— qdn—” ab—1—a%+ aqd”_” n—n n—n
( )( ) =1 (mod (1 —ag¢™ ™) (a—q¢™ ™)),

(@ —b)(1 — ab)
(I —ag™™")(a—qg™™") _ pn
(o= b)(1—ab) =1 (modb— ¢™™).

Thus, from (2.6) and (2.9) we deduce that, modulo [n](1 — ag®™ ")(a — ¢~ ") (b — ¢®"™),

M T T T T
S f2dk + 1] (aq"q"/a, 4" /5,43 4" Ve y a2y

(aq?, q?/a,bg?, q%; ¢,
(q2r/b; qd)(dn—n—r)/d (b B qdn—n>(ab 11—+ aqdn—n) ; b (dn—n—r)/d
by ¢° “0)(1—ab dn=nl{ =
( q-;q )(dn—n—r)/d (CL )( a )

(@, 4" 4 an—n—ryya (1 —aq™ ™) (a —q™™")
(aq?, q*/a; %) (an—n—r)d (a—b)(1 —ab)

k=0
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Note that 1—¢?"~™ has the factor ®,,(¢) and so do (¢*"; qd)(dn_n_m/d and (¢%7"; qd)(dn_n_T)/d
since they contain the factors 1 — ¢(4=2™ and 1 — ¢, respectively (we need to check that
2r 4+ 2n < dn, which is guaranteed by the condition » < d — 2 and n > d — r in the
theorem). Moreover, the factor (bg?; ¢%)y; in the denominator of the left-hand side of
(3.2) is coprime with ®,,(¢) when b = 1. Thus, letting b =1 in (3.2) and observing that

1—¢" ™M1 +ad*—a—ag™ ™) = (1—a)’+(1—ag” ") (a— g™ ™),
we see that the right-hand of (3.2) reduces to

(q2r;qd)(dnfn44ﬁ/d
(qda qd)(dn—n—r)/d
thus establishing (3.1) modulo ®,(q)?(1 — ag® ™)(a — ¢® ™). On the other hand, the
g-congruences (2.2) (m = (dn —n — r)/d in this case) and (2.3) are also true for b =
1. That is, the g-congruence (3.1) holds modulo [n]. The proof then follows from the

fact that the least common multiple of ®,(q)%(1 — ag?")(a — ¢¥* ™) and [n] is just
[7]®n(g)(1 = ag™ ") (a — g™ ™). 0

Proof of Theorem 1.1. Since (1 — ¢%~")? contains the factor ®,(¢)? and (¢% ¢%)as is co-
prime with ®,(q), letting a = 1 in (3.1), we are led to

[dn . n]qr(nfdnJrr)/d (IIlOd (I)n(Q)2<1 . aqdn7n>(a o qdnfn))’

- (q"59% (a-omn d d(qzr'qd)(dn—n—r)/d 4
E [2dk + r]mq( —2)k — gr(ntr—dn)/ ey ” [dn —n] (mod ®,(q)").
k=0 ) k ’ n—n—r

By Lemma 2.2, the above g-congruence is true modulo [n| and is therefore also true
modulo [n]®,,(¢)®. Further, if d = 2 then by the condition in the theorem, one sees that
r<0and —r < (n—r)/2 and so (¢*"; ¢*)(n—r)/2 vanishes. This completes the proof. O

Proof of Theorem 1.4. Let d > 3 and take r = 1 and M = n — 1 in (3.1). Noticing
that (¢% ¢%)(an-n-1)/a is congruent to 0 modulo ®,(g) (we have mentioned this before)
and (¢% ¢%)(an—n—1)/a is coprime with ®,,(q), we see that (1.10) holds modulo ®,(¢)*. By
Lemma 2.2, it also holds modulo [n]. This proves the theorem. 0

4. CONCLUDING REMARKS
Using Lemma 2.1, we may also prove the following result similar to Lemma 2.2.

Lemma 4.1. Let d,n be positive integers with ged(d,n) = 1. Let r be an integer. Then

r. d\2d
0k + ] DO d-1-0k — 0 (mod [n]),

NE

d. jdy2d
k=0 (q 7q )k
n—l r. od\2d
[2dk + r]%qd(dl”)k =0 (mod [n]),
k=0 q 7(] k

where 0 <m <n—1 and dn = —r (mod n).
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Thus, the g-congruence (1.9) (i.e., [10, Theorem 1]) can be further strengthened as
follows.

Theorem 4.2. Let d,n,r be integers satisfying d > 3, r < d—2, andn > d —r, such

that d and r are coprime, and n = —r (mod d). Then
S (@5 4D a1k 3
E [2dk + r]( - d)qu @=1=0k = (mod [n]®,(q)%), (4.1)
k=0 q 7q k

where M = (dn —n —r)/d orn — 1.

Similarly to the proof of Lemma 2.3, we can also prove the following generalization
of [13, Theorem 4.2].

Theorem 4.3. Let d and n be positive integers with n = 1 (mod d). Then, modulo
[n](1 = ag™)(a —q"),

(ag, /2, /5,44y @y _ 0/ "¢ /54 n1/a

2dk + 1 q
kzzo[ | (aq?, q%/a,bq?, q% q?)x (6% q%) (n—-1)/d

[n], (4.2)

where m = (n —1)/d orn — 1.

Moreover, using the Chinese remainder theorem for coprime polynomials, we may prove
that, for such n and d, modulo [n|(1 — aq™)(a — ¢")(b — ¢"),

m

Z[2dk 1] (g, q/a,q/b, ;4" bk (d—2)k
(aq?,q%/a,bq?, q%; q?)y,

k=0

(b/q) ™ D/4(q?/b; ¢ (n-1ya (b — ¢")(ab — 1 — a® + aq") ]
(bg%; ¢%) (n—1,d (a—b)(1 — ab)

(2,47 ¢ m-1ya (1 —ag™)(a — q") ]
(ag?, q?/a; %) n-1ya (a —b)(1 — ab)

For d = 1, the g-congruence (4.2) is just an identity (with a telescoping truncated sum).
For d = 2, letting b = 1 in (4.3), we get (1.6), which further reduces to (1.3) when
m = (n —1)/2 and a tends to 1. This is what the first author obtained in [6]. For
d > 3, we are unable to deduce, by first letting b = 1 and then taking a — 1, a concrete
interesting g-congruence modulo ®,,(¢)* from (4.3) (because there appears to be no simple
formula for the limit).

We conclude our paper with the following two conjectural g-supercongruences related
to Theorem 3.1. (In the following conjectures, we actually consider the difference of the
sums in (3.1), determined by the two endpoints M =n — 1, and M = (dn —n —r)/d.
We observed that this difference has a factor, as specified in Conjectures 4.4 and 4.5.)
In the case d = 2 and r = 1 they coincide and were recently confirmed by the first
author [6, Theorem 6.1].

(4.3)
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Conjecture 4.4. Let d,n be positive integers and r a (possibly negative) integer with
dn—n>=r >d—n, such that d and r are coprime, and n = —r (mod d). Then, modulo
[n]®n(a)(1 — ag™ ") (a — q™")(b — g™ "),
n—1
(aq",q"/a,q" /b, "4k i (g
2dk +r bEgld=2k =
2 | | (aq?,q%/a,bg?, q% q*)

k=(dn—n—r+d)/d

Conjecture 4.5. Let d,n be positive integers and r a (possibly negative) integer with
n>=r>=n—dn+d, such that d and r are coprime, and n = r (mod d). Then, modulo
[n]®n(q)(1 — ag")(a —¢")(b—q"),
n—1
(aq",q"/a, 4" /0,45 aDk 1 a2k
2dk +r prgld=2k = (.
2 | | (ag?, q%/a,bq, q%; q*)x

k=(n—r+d)/d
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