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Abstract

A g-binomial theorem is proved for ¢ at complex roots of unity. This theorem comprises the
Greatest Common Divisor (GCD) function. This theorem is then used to derive other new
product theorems, and to express the GCD function and the GCD-sum function as finite
products.

1. Introduction

The well-known g-binomial or Gaussian coefficient for an integer n > 0 can be defined [1,
Section 3.3] as

-t

for 0 < k < n, and is defined to be zero outside this range. It is shown here (in the
Appendix) that when ¢ = e~%™/" (g at roots of unity), we can obtain a q-binomial rational
root theorem:

Theorem (q-binomial rational root)

n (n,m) if n|km
I = (n,m)k/n k,mne Zn>00<k<n. (2
e~ 2imm/n 0 otherwise

a

where (n,m) is the GCD of n, m, and < b

) is the normal binomial function.
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The appearance of the GCD function is surprising, and has many ramifications in later
results.

2. Finite Product Theorems using the GCD

The well known g-binomial analog of the Newton binomial formula [1, Eq. 3.3.6] is given by

n—1 n
k=0 k=0 q

For ¢ = e~ %™/ this becomes

n—1 n
H(1_|_ —2z7rmk/nt Ze mmkk immk(k—1) |i 1 / tk (3)
6722'77771 n

k=0 k=0

From the g-binomial rational root theorem (2), the g-binomial terms in the above summation
are non-zero when n|km, and the other terms are zero. If n|km and trivially n|kn, then
n|k(n,m). Therefore an iterator r related to iterator k is always integer if

k(n,m)

r= ’ n|km. (4)
n

We can now change the k iterator to r in the right-hand side of (3), obtaining

n—1 (n,m)
—2imkm/ny) _ — jmmr —-1) n nr/(nm)

We have already constrained n|km, so that from (4), n|rmn/(m,n) which is trivially true as
(m,n)|m. Therefore the g-binomial rational root theorem (2) gives

astneny | = () ©)

We substitute (6) into right-hand side of (5) and, as ™~ (-~ — 1) is an integer, we also

(n,m) \ (n,m)

substitute €™ = —1, obtaining the following binomial GCD theorem:

n—1 (n,m)

H(l _'_672i77km/nt) _ Z<_1)%(%71) ( (n,m) )tnr/(n,m) (7)

r
k=0 r=0

The above result can give a very efficient expansion when (n,m) < n. In addition, if n
is odd, then n/(n,m) is odd, and therefore r(nr/(n,m) — 1) is always even, so we get the
special case

n—1 (n,m)
H(l + 6—2i7rkm/nt> _ Z ( (n,m) ) 2fn'r/(n,m) _ (1 + tn/(n,m))(n,m) oddn >1 (8)

r
k=0 r=0
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where the last step is from the binomial theorem. If we set t = 1 we get

n—1
[+ e2imbmimy = gbrm oddn > 1.
k=0

Interestingly, this result gives an equation for the GCD for odd n as

n—1

(n,m) = log, H(l 4 g~ 2imkm/n) oddn > 1. 9)
k=0

Note that the right-hand side can be evaluated for m in the complex domain, although its
interpretation for non-integer values is unclear.

From (9), using cos(z) = (¢ + e7*) /2, we get the real product

2

(n_l)/2 kmﬂ—
(n,m) =n+ log, H cos — oddn > 1.
k=1
The GCD-sum g(n) [2] can be found from (9) as
n—1 n—1n—1
g(n) =Y (n,m)=log, H H(l 4 g~ 2imkm/n) oddn > 1.
m=0 m=0 k=0

Note that g(n) = 2n — 1 is only true if n is prime, although the two-dimensional product
comprises a very inefficient primality test.

Substituting ¢ = e~%* into (7) we can obtain the following trigonometric binomial theo-
rem:

ﬁcos <x+m_”) ) Ay ( (7(;;‘;71”;}” if(n,m)isoven | |

otherwise

r )C"S((“(n?;))(”“@))’

(10)

(n—2)(n,m)
[

(]
B
—
|
—_
SN—

'k
33
N b
3
S
=
VR [es BN
—~
S
2

for n > 2 and even. Similarly, substituting ¢ = =% into (8), we can also obtain:
i Loy , )

mm n,m r n—1l)mm
Do) =am (") (@)l ).
k=0 r=0

(11)

forn > 1 and odd. Similar results for sine products are obtained by substituting x — = — /2.
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3. Proof of Some Well-known Special Cases

Proof. If (n,m) = 1, then both (10) and (11) simplify to give the same special case for n > 0
as

n 2n 2
k=0

By setting m = 1 and substituting + — = — 7/2, equation (12) gives

n—1

km
sinnx = 27! | |sin r+— .
k=0 ( n >

By setting m = 1 and substituting + — x — 7/2 — 7/(2n), equation (12) gives

n—1
2k +1
cosng = 2" ! Hsin (:v + u) )

2n
k=0
Both results are also given in [3, Sec. 1.392].

If (n,m) = 2, then n is even, and (10) applies to give the special case

L kmm 1 (n—1)mm
Hcos (x + T) = i ((—1)T + cos <n:zc + f)) n>0,(n,m)=2.

Subcase m = 2 of this special case is given in [3, Sec. 1.393], where the result has simply
been characterized as true for even n. None of these published special cases have even hinted
at the more general connection with the GCD function.
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Appendix: Proof of Q-Binomial GCD Coefficient Theorem

We prove the g-binomial root of unity theorem (2), restated below

n (n, m) if n|km
{ } = (n,m)k/n k,m,ne Zn>00<k<n.
k: —2imm/n 4

0 otherwise

(13)

Proof. We start by using (1) with ¢ = e~/ and evaluating it as a limit as © — mn/n :

n . (1 _ 6721 n—k+j)x
=1 T 14
[ k :|62i7rm/n o 1 (1 — 6—21]90 H ( )

z—7mm/n-
]:

where the T} are defined by

1— —2i(n—k+j)x
T; = lim (1= — )
z—mm/n (1 — 672”:”)

(15)

We now prove (13) for each of the two cases n|km and n 1 km separately.
Case 1 : nlkm

The proof of this case is split into two further subcases: the product terms 7; in (14)
where n 1 jm, and the other terms where n|jm. The two sets of products are later recombined
to obtain the product for the case n|km.

Subcase 1.1: n|km, nt jm

We first consider the value of 7} for all m in the product (14) where n 1 jm. In this case,
at the limit, the denominator of 7; in (15) is never zero, so we evaluate at the limit and
separate out the j term in the numerator to get

1— 6—2i7r(n—k)m/n€—2i7rjm/n

T; = T n|km,n{ jm. (16)

Now n|km so therefore (n — k)m/n is an integer and therefore e=2"("=Fm/m — 1 As n ¢ jm,
none of the terms are zero and (16) simplifies to

T; =1 nlkm,nt jm. (17)

Subcase 1.2: n|km,n|jm

We next consider the value of Tj for all j in the product (13) where n|km and n|jm. In
this case, jm/n and (n — k + j)m/n are both integers so the numerator and denominator of
(15) both tend to zero at the limit. We use L’Hospital’s rule, taking the ratio of the partial
derivatives of the numerator and denominator with respect to x to give

—9i(n — k A\ —2i(n—k+j)x —k :
T = lim i(n —.i—lj)e“ _n—k +J
z—mm/n —2ije—2uz Jj

n|km,n|jm. (18)
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k
Now we combine subcases 1.1 and 1.2 to obtain[[7; when n|km. We first split the

j=1
product of (14) into two separate products, one where n { jm, and the other where n|jm.

Using results (17) and (18), we obtain a single product over the range 1 < j < k as

k .

n n—k+j
- I === 19
|: k :|62i7rm/n J ( )

j=1
nlym

Comparing (19) with (13), it remains to prove only that

(n,m) B i n—k+j alkm .
( (n,m)k/n > N H1 j [k, 0 < k < n. (20)
nljm

Note that this product only contains those terms for which n|jm.

As 0 < k < n, we can apply a change of variable j — n — k + j to the right-hand side of

(20):
k n
[T (v—=k+3) I
j=1 j=n—k+1
e n—k+j  nlim ol -ntE)m
II j - k - k
j=1 . .
nljm H J H J
ji=1 j=1
nljm nljm

For the case n|km, the above condition n|(j — k + n)m is equivalent to n|jm. Therefore

II II
L j=n—k+1 j=1

1T n—l§+j _ nlim nljm _ f(n) ' (21)

k
j=1 ] k —k
nljm II N
i=1 H J H J
nljm j=1 j=1

nljm nljm

p
where the function f(p) = H j. We now have need of the following.

j=1
nlym

Lemma 1 Let r be a positive integer such that
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If p is an integer such that

n|pm (23)
then r|p and
p/r
H Jj= qu. (24)
j=1
nljm

Proof. We first assume that j = qr, and then show that the set of terms in each product are
the same. From (22) we get

J = qn/(n,m). (25)

For any integer iterator value ¢ in the range given in the right-hand product, we need to
show that n|jm is true for each corresponding term in the left-hand product. From (25),
n|j(n,m), so n|jm is also true.

Now we only need to show that the iterator limits in the two products are also the same.
The first term of the left-hand product is the smallest multiple of m that is also a multiple
of n, which is nm/(n,m). This term occurs when the iterator j in (24) is at n/(n,m) = r
from (22). This agrees with the value of the first term at ¢ = 1 for the right-hand product.
The final value for the iterator ¢ in the product of (24) is

p/r = p(n,m)/n. (26)

From (23), n|pm, and n|pn, so that from the GCD definition

n|p(n, m).

Therefore from (22), r|p. The final term in the right-hand product is therefore (p/r)r = p,
which, given (23), is also the final term in the left-hand product of (24). Therefore, with the
same set of terms in both products of (24), the two sides are equal, and the proof of Lemma
1 is complete.

We continue the proof of (13) by showing that condition (23) in Lemma 1 is satisfied
for all upper limits of the three product iterators j in the right-hand side of (21). This is
trivially true for f(n), and is true for f(k) given that n|km, and therefore it is also true for
f(n—k). Therefore we can use (24) from Lemma 1 to replace each product in the right-hand
side of (21) to give

n/r n/r

B i ol
[T~ - =l - = . (27)

i k/r (n—k)/r k/r (n—k)/r

iim 1o H gr | e roor H q
g=1 q=1
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The powers of r in (27) cancel. Eliminating the remaining terms in r from Lemma 1 using
(22), we get

(n,m)
e n—k+j H !
I1 I =1 . (28)
J (n,m)k/n (n,m)(n—k)/n

nigm IT «) 1II ¢«

q=1 q=1

From Lemma 1, all the limits on the product iterators of (28) are integers. Therefore we can
define each product as a factorial to get
k ,
H n—k+j _ (n,m)!
J ((n, m)k/n)!((n, m)(n — k)/n)"

g=1
nljm

The (n,m)(n — k)/n term is expanded to give

k

n—k+j (n,m)! B (n,m)
311 i ((m)k/m)((n,m) — (n,m)k/n)! ( (n, m)k/n ) '
nljm

The last step is true from the definition of the binomial coefficient. This proves (20) and
completes the proof of the g-binomial root of unity theorem (13) for the case when n|km.

Case 2: ntkm

In this case, if there is one more zero term in the product numerator of (14) than in its
denominator, then the g-binomial is zero. This follows because all terms are of a similar
form, so that the ratio of any pair of terms in the numerator and denominator, if the latter
both tend to zero, is finite. All other terms in the product are finite. Therefore any extra
zero term in the numerator product implies an overall result of zero. We first find the number
of zero terms in the numerator, and then the number in the denominator. Finally, we show
that the former exceeds the latter.

We now find the number of zeros in the product of the numerator terms in (14), where

each numerator term is
Nm —1— e—217r(n—k+j)m/n.

This function is zero when
n|m(k — 7). (29)

For all m,n,b € Z where n > 0, it is trivially true that

mnb

n| ()’
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Note that the right-hand side is also chosen to be an integer multiple of m. Comparing (29)
with (30), a zero in the numerator of (14) occurs when

nb

b= = G (31)

From the product (14), 1 < j < k, so that (31) implies that

(k — 1)(n,m).

n

0<b< (32)

For some cases the fraction in (32) is not integer, so we find the next smaller integer using

the floor operator:
kE—1
0<b< LMJ | (33)

n

The number of integer values of b in the range of (33) gives the number of zeros in the

numerator of (14) as
Trpum = 1+ {WJ . (34)

We now find the number of zeros in the product of the denominator terms in (14), where

each denominator term is
D, =1- 6—2i7rjm/n‘

This function is zero when n|jm. Hence from (30), D,, = 0 when

nb
= . 35
T ) e
From the product (14), 1 < j < k, so that for iterator values j > 1, (35) gives
n
From the definition of the GCD function itself, 1 < (n,m) < n, so that
o< ™ g (37)
n

Therefore from (36) and (37), as b is an integer, we have b > 1. At the other end of the
range, j < k, so from (35),
k(n,m)

n

b<

(38)

As n { km, then n > 2, and any prime factors of n that do not divide m also do not
divide (n,m), so that
n 1 k(n,m). (39)
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From (39), the right-hand side of (38) is not an integer, so for an integer b,

b < {MJ . (40)

n

Earlier we found b > 1. From (40), we now have an inclusive range for b:

1<bh< V(n’m)J )

o n

The number of zeros in the denominator of (14) is the number of integer values taken by b

which is N
Zdenorn = \‘MJ . (41)

n

To complete the proof, we now show that Z,,m > Zenom. Let

(42)

For Case 2, n t km, so that n t k(n,m), which implies that r { k. Furthermore, n { m, and
therefore n 1 (n,m) so that (n,m) <n and r > 2. For r,k € Z and r > 2, it is readily

apparent that
k kE—1
—| = k. 43
-5 “

These constraints allow substitution of (42) into (43) to get

{M J _ {WJ ntkm. (44)

n n

Therefore, from (41) and (44),

Fenom = {wj nt km. (45)

n
From (34) and (45), we finally get
Zdenom = Znum -1 n ’f km.

So there is one fewer zero term in the denominator of (14) than the numerator, and the case
for (13) where n { km is also proved. This completes the proof.



