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Introduction

In 1932, P. Hall proved the formula (known as Hall’s collection formula) in [1] that makes it
possible to investigate interdependently the power and commutator structures of p—groups. The
following statement was proved by P.Hall in the article on the theory of p—groups [1]. For any
two elements x and y of any group G let the formally distinct complex commutators Ry, Rs, ...
of z and y be arranged in order of increasing weights (the order among the commutators of the
same weight is arbitrary). Then for any natural n the following formula holds:

(zy)" = a"y" R RS (1)

where f;(n) = a3 (?) + as (Z) +- - tap (Z), w is the weight of R;, and non-negative coefficients
ay, depend only on R; but not on n. To compute the exponents is a difficult problem. In that
regard, research is conducted in two lines. On the one hand, an explicit form of the exponents
is sought (see, for example, [2]), on the other hand, a series of explicit collection formulas |3, 4]
was found with some restrictions on the group.

In connection with the research on regularity of Sylow p-subgroups of group GL,,(Z,~) (prob-
lem 8.3 [5]), the following theorem was proved in [6]. Here we use the abridged notation for

commutators [ya 1:] = yilzilyaa [ya 7,‘I] = Hya i—lx]’ ZE],’L =1, 27 s

Theorem. Let G be a group, x,y € G, any commutator of x and y equals 1 if it includes more
than two y’s, then we have

n—1 n—1

()" = 2"y [ g w50 T w50 =C220 T [y, wat], [y, ) (00 Ene0) (2)

u=1 u=1 n—1>u>v>1

where
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-5 5 () 0

m=1k=m-+1

For any collection formula, there is a divisibility problem for powers of commutators with
weights less than n, specifically for prime n. According to Hall’s collection formula (1), these
commutators have powers divisible by n. From the properties of binomial coefficients it obviously
follows that powers (uj_l) and n(uil) — (Zi;) in (2) are divisible by prime n if u 4+ 1 < n and
u + 2 < n, respectively. But the divisibility of F),(u,v) + G, (u,v) is not obvious.

The aim of this paper is to transform F,,(u,v) and G, (u,v) into such expressions that it will
be easy to see the divisibility of F,(u,v) and G, (u,v) individually.

Let us recall that classical binomial coefficient

n fn>k>0
i n>k>0;
(”): Mn—gpr "
0,ifn<kor k<O

is defined for integers n > 0, k and satisfies the following recurrence relation:

n—1 n—1 n

(o)) = () ®
Working with the sums F), (u,v) and G, (u,v), it is useful to extend the domain of the binomial
coefficient to all integers n and k so that (5) remains valid. To set such extension we define
(%) for each negative n with any single integer k [7]. In this paper the following extension is
used: (!) =1 for all integers 4. In what follows, we will use these extended coefficients without
additional qualifications. We also agree that sums of the form Zi.’: ., Ci are equal to zero if b < a.

Our main result is the following

Theorem 1. For any integersn > 1, u > 0, v > 1 we have
Fp(u,v) + Gp(u,v) =
U fu—k+ 1458\ (v—k n s o n+i n
>y )G
== v—k S u+s+2 pard ut+i+1/\v—i+1

In particular, if n is prime and v+ v + 2 < n, then F,(u,v) + Gy (u,v) is divisible by n.

1. Auxiliary statements

Before we start working with F,(u,v) and G, (u,v) we will prove some statements about
the extended binomial coefficient. Those statements are valid and well known for the classical
binomial coefficient. The following statement will be used most often.

Lemma 1. If n,k are integers and n < k, then (Z) =0.

Proof. If n < k then k = n+s, where s > 0. We use the induction on s to prove that ( ) =0
for any integer n. For s =1 and any n according to (5), we have (nil) = (Zﬁ) — () =0. Let

(nis) = 0 for some s and any n, then (n+7sl+1) = (ni—g}rl) - (nis) = ((ni-{)l#»s) =0. =

n
n—+s
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Lemma 2. For any integers n and a we have the summation formula

> (o) - () ©

Proof. If n < a then both sides of (6) are equal to zero. Further on, we fix an arbitrary integer
a and use the induction on n > a. For n = a, the formula (6) is valid because () = (ZE) =1

Assume that (6) is valid for some n > a, then we get

S-S0 (-0 -0

Lemma 3. For any non-negative integers n,b,a we have the summation formula

SO0 () .

Proof. If n — a < b then both sides of (7) are equal to zero.
Now assume that n — a > b. Let us transform (") (;) using (5).

n—i\[(i\ (n—di\ [ i+1 _ n—1 ) -
a b) a b+1 a b+1)
o (n—i\(i+1 B n—i+1 ) n n—1 i
N a b+1 a b+1 a—1)\b+1)"
By induction on integer s > 0 we obtain
n—1\/(1 n—1 n—1 1+ 1 n—i1+1 )
()6 -GG w2 ()6 -Ci)6n)- @
Suppose s =n—-b+1(n—b+1>a+1>0), then (bfrs):(nil):Obecausei<n+1.

Therefore, if we extend the summation in (7) to n ((";’) =0 for ¢ > n — a) and substitute (8)

into (7), we get

O TH I W o (O T B A () B

S (R (G B A [
Sl (N [ L A S B

¥ <(a—;+1> (bij) - (a—j“) (Z;jl>)+
. 1(<a]+1> (Zi;) } <a;+1> (bZ))

Jj=1

<
=

|
o

n

+

L1
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After collecting similar terms we have
”z‘ij n—i\ (i __"fl n—b+1\( b +"§1 0 n+1
P a b) = a—j+1)\b+j = a—j+1)\b+j/)

On the right-hand side of the obtained equality, the first sum is equal to zero because (bij) =0

for j > 1. In the second sum (a72+1) # 0 only for j = a + 1, so all terms except one (for
j =a+1) are equal to zero. The sum always includes this term because 1 <a+1<n—b+1.

0 =) =Gt !

2. Transformation of the sum F),(u,v)

Finally, we get

n

I
=)

%

Let us simplify the expression F,(u,v) as follows. At first, we extend the summation over i
ton —k — 1 (added terms are equal to zero because ("~7"7/~") =0 for i > n —m — k), then we
change the order of summation.

v n—k—1n—1 ) . .
ren =3 3 5 (0 ) k) (5
k=1 i=v—k m=1
Now we replace n —m — i — 1 by m.
v n—k—ln—i—2 . .
Falu,v) :;;}:k mzi (le) <u—2+1) (vik>

The starting value of m can be changed to k — 1 because —i < 0, kK — 1 > 0 and (le) =0 for
m < k — 1. So, we apply the formula (6) to the summation over m and, finally, get

v n—k—1 . . .
n—t—1 ) )
F(u,v) = .
() ZZ ( k )(u—k—!—l)(v—k) ©)
k=1 i=v—k
Further on, we will consider the summation over i, so it will be useful to introduce the

o= 3 (59050

i=v—Fk

notation:

Lemma 4. For any nonnegative integers n,u, v, k the following relation holds:
folu,v,k) = fr(u+ Lo, k+ 1)+ fo(u,v,k+ 1)+ fr(u,o+1,k+1). (10)

Proof. If n < v then both sides of (10) are equal to zero.
Now assume that n > v. Replacing (";Z) on the difference (";ﬂ’l) — (;:_H) in f,(u,v,k) and
taking into account that

ol 00 [ TS S G TN E
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n—k—1 . . . n—k—1 . . .
_ n—1 i+ 1 1 n Z n—i1 7 ) _
o Pt k+1/\u—k/)\v—k ot k+1)\u—k—-1)\v—k/)
n—k—1 . . .
n—1 i1+ 1 )
= - n 9 lak ]-7
;k (k+1)<u—k>(v—k)+f(uv+ 1
we get
n—k . . . n—k—1 . . .
n—i+1 ) ) n—1 i+ 1 )
f"(“’”’k)_i_;k< k+1 )(u—k)(v—k>_i_;k (k+1)<u—k>(v—k>+
+fn(u, v+ 1,k +1).
Because

BV ES AVAR A
) E+1)\u—k)\v—k)
i=v—Fk

& i\ (i1 (i1 +"*Z’H n—i\(i+1 i B

Pt k+1/\u—k)\v—k St E+1)\u—k)\v—-k—-1)

i VI (et [ TORIN F ol () G [ N

i=v—Fk

~—~ —

+

we can write:

n—=k

(u,v, k) Z (n,;jjl—l) (uik) (Uik> _i_j_z_;l <n;i41'1> (uik) (vik>+

n—i\(i+1 i
+i§k <k+1><u—k) <v—k—1>+f"(uvu+17k+1).

—(v=k)+1\ (v—k\ (v—k
v + 1 we see that the difference of the first two sums is equal to (" (ZH) )(ka) (sz)
This remains true if n = v (then the second sum equals zero, while the first consists of only one

term). Therefore
n—k—1 i . )
n-—1 Z+1 )
himob = 3 (kﬂ) (uk) (vk1>+
n—(v—Fk+1\[(v-k\[(v-k -

S iy [ R i o e [ RS [ BRI &

Iftn>

i=v—Fk

(TG G e

Now we transform two sums in the obtained equality. If n — 1 > v then, firstly:

j—i:<:;i>(uik><v—lﬁ:—l>:
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:fll(;t;i)(uik)(v—;—l)_( k+1 )( k)(Z:Z:D:
:f”(““’”’k)_<n_(k+lf)+1>( kk >(Z_Z_D

S )
U0 S (O [ R [ Y B () [ [ S

R G A (e | (e |

It can easily be checked that the obtained equalities are also valid if n — 1 = v — 1. Finally, we

secondly:

get
folu,v,k) = fo(u+ 1,0,k + 1)+ fu(u,v,k+ 1) + fr(u,v+ 1,k + 1)+

+n—(v—k)—|—1 v—k\(v—k\ (n—(@w-k+1\(v-k-1\/v—k-1)
k+1 u—k)\v—k k+1 u—k v—k—1
(n—(w—k)+1\(v—k-1\(v-k-1
E+1 u—k—1/\v—-k—-1)"
Since (;73) = (;7p7p) =L and (;73) = (.57 = (G2471) =0, we obtain (10). B
In the following two lemmas we generalize the relation (10) as follows. The sum f, (u, v, k)
will be expressed in terms such as f,,(z,y,y). These sums can be minimized by the formula (7),

so this will be sufficient to prove the divisibility.
For integers n, s,, we introduce the notation for trinomial coefficient [8]

(=G )00)

It can easily be checked that () = (/) if n > 0. Besides, by (5) it follows that for all integers
n, s,l we have the recurrence relation

<sn__1,1z) - <ns,_zl> " (:z_—ll) - (snl> -

Lemma 5. For any non-negative integers p,n,u, v, k the following relation holds:

<spl>fn(u+s,v—|—l,k:+p). (12)

Proof. The proof is by induction on p. For p = 0 there is nothing to prove. Suppose (12) is
valid for some p; then we apply (10) to f,(u+s,v+1, k+p) and get three sums on the right-hand
side of (12). In each of these sums we will replace the indices.

In the first sum s is replaced by s — 1.

p+1p—s+1

p
<s7l>fn(u+s+1,v+l,k+p+1 => > (8_1l)fn(u+s,v+l,k:+p+1).

s=0 [=0

pP—Ss

s=0 =0
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As before, the start value of s remains zero to make the further transformations easier (for s = 0

_ —(s—1)\ __ +1\ _
we have (7)) = (,__)) ("G7Y) = (L) (7)) = 0).
In the second sum we increase the finish values of s and [ to p+ 1 and p — s+ 1, respectively

(ifs=p+1lorl=p—s+1,then (;’Z)ZO).

p+1lp—s+1

ZZ( )fnu+sv+lk+p+1 ZZ( )fnu—i—sv—i—lk:—i—p—i—l)

s=0 [=0

In the third sum we replace I by [ — 1 (the starting value of [ remains zero) and increase the
finish value of s to p + 1.

p+1lp—s+1

ZZ( )fnu+sv+l+lk+p+l S>> (sl_1>fn(u+sv+lk+p+1)

s=0 [=0

Ifs=p+1oril=0,then (S l’il) = 0, so the last equality is valid.
Finally, we obtain

p+1p—s+1
k) n ) Lk 1
(u, v, glz; (sll>f(u+sv+ +p+ 1)+
p+1p—s+1 p+1lp—s+1
+ZZ ( >fnu+sv+lk+p+1 +>0> ( >fn(u+sv+lk'+p+1)
s=0 1=0 \¥ s=0 1=0

To conclude the proof, it remains to note that (Sfpu) + (s]?l) + (Sfil) = (p:ll) according to (11).
O

Lemma 6. For any non-negative integers n,p, q,u, v,k we have the relation

p—I

_|_

fn(U,v,k:):Z (spl+qq)fn(u+3,v+l+q7k+p+Q)+
=1 s=

q

+Z§p:(p+l_l) <S)fn(u+s7v+l7k+p+l). (13)

=0 s=

Proof. The proof is by induction on g. For ¢ = 0 the equality (13) takes the form of (12)
(with changed summation order). Suppose (13) holds true for some g > 0, then we transform the
first sum on the right-hand side of (13). The application of (10) to fp(u+s,v+1+ ¢, k+p+q)
divides the sum into three sums. We transform two of them to the form of the third one:

L ptag
Z falu+s,v+l+qg+1,7r+1),
=1 s=0 S,l+q

for convenience, the temporary notation » = k 4+ p + ¢ will be used.
In the first sum we separate terms for [ = 1, then, in the remaining expression, replace s by

s—1,1 by I + 1. The starting value of s and the final value of | remain zero and p, respectively

(for s =0 or I = p we have (Sifjmﬁl) =0).

p p—l p—1
pP+q p+q
§ 1 l 1 :§ 1 1 1
( q)fn(u+3+ U+l +qr+1) s—O<S7g+1>fn(u+S+ A q+ L4+ 1)+
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—

P p—

p—1

+ +

+ o ) Inlwt st Lot lbar+) =3 P9 ) fu+ s+ Lo+ g+ 1,0+ 1)+
=2 s= 5,1 =0 $,¢+1

p—I
p+yq
l 1 1).
+;;<S_Ll+q+l>fn(u+s,v+ +q+1,r+1)

In the second sum we also separate terms for [ = 1 and, in the remaning expression, replace [
by | + 1. The final values of [ and s remain p and p — [, respectively (for [ = p or s =p —1 we

have (Sf;‘il) =0).

p p—l -
pt+aq p+q
n 5 l s 1) = - 7 1’ )
?;roQJ+q>fW+sv++qT+ ) Z;Qﬂ+l)fW+sv+Q+ T+ 1)+
p p—l p+q p—1 ptq
+;:§:<& >ﬂlu+sv+l+%r+1) Z;<&q+1>hﬁt%&v+q+Lr+D+

p p—l
Z p+q
Jn 5 l ]., 1).
+l:ls: <S7l q 1) (u+8v+ at e )

According to (11), (S_f?;jrqu) + (Sf_:ﬁrl) + (sl?l‘:qq) = (slj;_q(;_ll), so summing up two trans-

formed sums and the third one, we get

S (pre L (gt
ZZ(S )fn(u+SU+Z+Qa ZZ(sl+q+1>fn(u+s,v+l+q+ 1)+

I=1s =1 s=0

p—1
p+gq p+gq
+§<S7q+1>fn(u+s+l v+qg+1,r+1) +Z<s q+1>fn(u+s,v+q+1,r+1).

In the second sum we replace s by s — 1 but, as before, we sum from s = 0 ((s_pquH) =0 for
s =0).

p—1 »
p+q - ptg
Z (s’q + 1> foluts+1,v+q+1, k+p+q+1) = Z <S g+ 1) fa(uts, v+q+1, k+p+q+1).

s=

In the third sum we increase the final value of s to p ((Sp;fl) =0 for s = p).

p—1 D
p+q - p+q
2 (L) sesastrs =S (250 ) s

S

From the definition of the trinomial coefficient and (5) it follows that

() ()= C ) Cones) =00 e)

so, finally we get

S (7 ~(ptatl
n , 3 ’ 17 )
ZZ(& )f (u+s,v+l+4gq,r)= Z;<Sl+q+1)f (u+s,v+l+qg+1,r+1)+

=1 s =1
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+Z<p+q)(i)fn(u+s,u+l+q+1,r+1).

The substitution of the obtained expression into (13) completes the proof. O

Theorem 2. For any non-negative integers n,u, v, k such that k < v or k < u we have

s =5 (A0 () w

s=0

Proof. Let us consider the case k <v and k <u. Suppose p=v—k>0,¢g=u—k>0in (13).
Then, since by definition

n—(v+u—k)

falutsvtltu—kv+tu—k)= > <v:uik> (s—(i—k))(;) —0

i=l

because (Sf(sz)) =0fori>12>1ands— (v—k) <0, we obtain

u—kv—k
(1,0, k) Z(v;k;rl )< k)fn(u+s,v+l,v+l). (15)
0

=0 s=0

Moreover, by definition, we have

n—(v+1) . .
fwtsvtbo+= 3 (:+;><u+s—z(v+l)> 19)

=0

because (8) =1fori>0.

Note that if u+s— (v+1) <0, i.e. I > u+ s— v, then all terms in f,(u+ s,v+1,v+1)
equal zero because (u+s—i(v+l)) =0 for ¢ > 0. So, after changing the order of the sums in (15)
and removing zero terms in the summation over I, we get

—kuts—
n(u, v, k) :Z Z <va+i11>< sk>fn(u—|—s,v—|—l,v+l).

Finally, we remove zero terms in (16) and apply the formula (7) to it.

n—(v+1l) . :
n—i 7 n+1
falu+s,0+lLv+1) = Z <v+l>(u+s—(v+l)><“+s+1)'

i=u+s—(v+1)

v—k uts—v
v—k+l—1 —k n+1
=330 ()G -

_'u k'u+s—k—1( I )(’U—k)( TL+1 )
e v—k—1 s u+s+1

v

Thus,

I
o

The application of the formula (6) to the summation over [ gives us (14).
Let us consider other cases. If k > v and k < u, then left-hand and right-hand sides of (14)
are equal to zero. Indeed, all terms in f,(u, v, k) are equal to zero because (Uik) =0fori>0

- 611 —



Vladimir M. Leontiev On Divisibility of Some Sums of Binomial Coefficients Arising. ..

and (ulk) =0fori<0. If k <vandk > u, then f,(u,v,k) is equal to zero again because
( : ) 0 for ¢ > v — k > 0. The right-hand side is equal to zero because (“jf;k) = 0 for
s<v—k. O

Corollary 1. For any natural n and non-negative integers u,v we have

Zi( HHS)( sk)<u+z+2>' "

k=1 s=0
In particular, if u+v+1 < n then F,(u,v) is divisible by prime n.

Proof. Applying (14) to fn—1(u+1,v,k) in (9), we obtain (17) (condition k < v is satisfied).
If n is prime, u+v+1 <n, then u 4+ s+ 2 <u+ v+ 1 < n, so the binomial coefficient (

n
u+s+2)
is divisible by n for any s. o

3. Transformation of the sum G, (u,v)

Lemma 7. For any natural n and integers u > 0, v > 1 we have

Guwn =5 (1) (0. (1)

i=1
Proof. We change the order of summation in G, (u, v).
e U nolmel o g
-2 2 (O0)-2X0)0)
Because v > 1 we remove zero terms in the summation over k and apply the formula (6).

S O0-EE00-2000)

m=2

n

3
U

Adding to the last sum the term ( )(i) =0 we get (18). O

Theorem 3. For any natural n and non-negative integers u > 1, v > 1 we have
n—1 . . v .
? 1 ; n-+1 n
= 7]_ L .
Z (u) (v> Z( ) <u + i+ 1> <v — z) (19)
=1 i=0
Proof. Let us transform ( ) ) using (5).
i+1\ (i) 1 AN
u+1/\v ut+1)\v)
(it (i+1 i B i i
S \u+1 u+1/\v—1 u+1/\v)’

By induction on integer s > 0 we obtain

(0= () e (G0 - () C):
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Suppose s = v + 1, then ( : ) (fl) = 0 because 7 > 1, so we get

v—S

()0 -2 (CHE)05) - (50 05)
Therefore,

SO0 S0 (6D - (B0 -
L)) ()
L)) - GE)0)

(-0

2 ()60 - (D)

v

Jj=

<

+

J

v

(-1)
0
(-1)?
0
(-1)

+

(
(
(

<

After collecting similar terms we have

2002 S )

where the first sum is equal to zero if u > 1 or v > 1. In the second case we have

v .
; +1 1 _ v 1 v+1 1
S )6 ) e ()6 e () ) o
= u+j+1/\v—7 u+v/)\1 u+v+1/\0
Thus, we obtain (19). O
Corollary 2. For any integersn > 1,u > 0, v > 1 we have
v n-+1 n
Gp(u,v) = —1)¢ _ , ) 20
()= 3 A [N (20)
In particular, if u+ v+ 2 < n then Gp(u,v) is divisible by prime n.

Proof. Because v + 1 > 2 we apply (19) to (18) in order get (20).

Suppose n is prime, u + v+ 2 < n. The binomial coefficient (v—?+1) is divisible by n for any
0<i<w,and (uiﬁrl) is divisible by n for ¢ = v + 1. O

Corollaries 1 and 2 are a proof of Theorem 1.

Remark 1. If we impose the conditions n—1 > u > v > 1 on the expression F,,(u,v) + G, (u,v)
in Theorem 1, then (1) contains only classical binomial coefficients, i.e. it does not depend on
the extension of binomial coefficient.

The author is grateful to professor S. G. Kolesnikov for constant attention to this work.
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O seamMoCT HEKOTOPBIX CyMM OMHOMHUAJIBHBIX
K03 DUIMEHTOB, BOBHUKAIONINX B COOMpPATEIbHBIX

dopmyax

Baagumup M. JleonTheB

MucruryT MaremMaTuku u GyHIaAMEHTAJIBHON UHMHOPMATHKA
Cubupckuii deilepalibHbIi YHUBEPCUTET

Csobomnsrii, 79, Kpacuosipck, 660041

Poccus

B dannoti pabome ycmanogaer pad mootcoecms OAs CYMM OUHOMUANDHLE KoIPPuyuenmos, umobv, do-
KA3aMb UT JEAUMOCTID HA NPOCTMOE M. DMU CYMMbL B03HUKAIOM 8 CMENEHAL KOMMYMAMOPOE U3 COOU-
pameavhotls opmyave 0as (TY)™ NPU HEKOMOPHIT 02PAHUMEHUAL HA BLONHCOCHUE NEPEMEHHBT 6 KOMMY-
mamopot.

Kaouesvie caosa: desumocmn, cymmol GUHOMUAALHBLT KOIPHUUUEHMO08, CobUPaTEeAbHbIE BOPMYADL.
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