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1. Introduction, First Theorem. Let L denote the lattice of the
integers 0, 1, 2, ... partially ordered by division. We study here
mappings

b o b1, bay 00y ¢)n:¢(n)! M
of L into itself which preserve division; that is,

(i) If n divides m, then ¢, divides ¢,,.

Since ¢, divides every ¢, and every ¢, divides ¢,, we lose little
generality by assuming

(i) ¢o=0, ¢ =1.

Any mapping with properties (i) and (ii) will be called a divisibility
sequence on L.
A mapping ¢ is said to be of * positive character’’ if

(iii) ¢, >0 for »>0.

A divisibility sequence of positive character will be called a normal
sequence or normal mapping of L.

In many instances, we are interested in the occurrence of multiples
of some assigned modulus m among the terms of a normal sequence ¢.
If ¢,=0 (mod m) for some >0, we call m a divisor of ¢ and r a
“place of apparition’ of m in ¢. If in addition ¢,=%=0 (mod m) for
every proper divisor s of », » is called a  rank of apparition’ of m
in ¢. If m is not a divisor of ¢, we assign to it the rank of appari-
tion zero, which is consistent with the definitions.

It follows that every modulus m has at least one rank of appari-
tion in ¢. If each modulus has exactly one rank of apparition, we
say that ¢ ‘“admits a rank function’’. Indeed if the rank of m in ¢
is denoted by p(m) then p is a divisibility sequence. Furthermore

(iv) ¢,=0 (mod m) if and only if n==0 (mod p,,).
Under this condition, multiples of any integer m if they appear at all
in ¢ are regularly spaced as in the identity mapping i(rn)=mn.

Normal sequences are of common occurrence in number theory ;
the totient function and its various generalizations [3, chap. 5] is a
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1014 MORGAN WARD

familiar example. For other examples and generalizations see [3, chap.
17], [4], [e], [9], [10].

Normal sequences with property (iv) are of considerable arithmeti-
cal interest, and special instances, notably the Lucas sequences [6]
have been intensively studied [1], [5].

We study here general properties of all divisibility sequences and
in particular develop necessary and sufficient conditions that a normal
sequence shall admit a rank function. Our first main result is as
follows.

THEOREM 1. A mnecessary and sufficient condition that a normal
mapping ¢ admit o ronk funclion is that it have the following property:

(v) d(pn) < p(gn)=a¢((n) p, ¢ any distinct primes.

Here we are using the lattice notation explained in §3; the left side
of (v) is the greatest common divisor of ¢(pn) and ¢(qn).

2. Further Results, Second Theorem. Our other results are
formulated in terms of the notion of the ‘‘ generator’ of a normal
sequence. Let

(2.1) ’nzpfb]pélz e pgk

be the prime factorization of any positive integer n of L. Define a
new mapping ¢ of L by ¢(0)=0, ¢(1)=1 and

(2.2) gm=gm=+ N o), n>1.
Then ¢ is called the generator of ¢. It has properties (ii) and (iii),
but not in general property (i). It is shown in §5 that formula (2.2)
may be inverted to express ¢ in terms of ¢ thus:
(2.3) Bm)= () T ¢(c).
Here (¢): 1=c¢, ¢, -+, ¢,-1, ¢,=n is a complete chain of divisors of =
in the lattice L, ¢, covering ¢,;,, for ¢=1, 2, ---, r—1. The indicated
least common multiple N of the products IT ¢(c,) is to be extended over
all such chains (¢) of divisors of n.

For example, if =12, there are three complete chains: 1, 2, 4,
12; 1, 2, 6, 12 and 1, 3, 6, 12. Thus (2.3) becomes

B(12) =H(D)H2)HDPA2) NP(L)P(2)P(6)¢(12) NP(1)¢(3)¢(6)F(12).

Conversely, it turns out that if we start off with a mapping ¢ of
positive character with ¢»,=0, ¢;=1 and define ¢ by (2.3), then ¢ is a
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normal mapping, and ¢ is its generator. The relationships between
arithmetical properties of ¢ and ¢ are developed in §§6 and 7.

If ¢ is of positive character, we may define a new numerical
function ¢ by the Dedekind-Mobius inversion formulas [2, p. 61]

n M(d)' .
(2.4) con=119(" )" #)=11 £@) .

Here p as usual is the Mobius function.

¢ is uniquely determined by ¢, but does not define a mapping of
L because ¢(n) is not necessarily an integer. If ¢(n) is an integer for
every n, ¢ is evidently a normal sequence; we call ¢ in this case the
“ Dedekind generator’’ of ¢.

THEOREM 2. If ¢ is a normal sequence, then a mecessary and suf-
ficient condition that ¢ admit a rank function is that its Dedekind
generator should exist, and be equal to its ordinary generator.

The best known instance of this theorem is when ¢ is the Lucas
sequence ¢,=(a"—f")/(a«—fP) where p=a +f3, ¢=«af} are co-prime integers
chosen so that |[pg|>1; |p*—4¢|>>0. Then ¢ is the Sylvester [7]
cyclotomic sequence

o T
S!”ll: IT (a_e-ﬂ " ﬁ> .
1<r<n
rUn=1

3. Notations. We use whenever convenient the standard notations
of lattice algebra for arithmetical division and its associated operations
over L considered as a distributive residuated lattice [8], [11]. We
thus write aDb, a®pb and a>b for “a divides b’’, ““a does not divide
b’ and ‘@ properly divides b’’. If neither aDb nor bDa, we say a
and b are ‘‘non-comparable’’. If aDb and aDxDb implies either a=z
or b=x we say ‘‘a covers b”’.

a\Jb, aN\b and ab stand respectively for the greatest common
divisor (g.c.d.), least common multiple (l.c.m.), and product of @ and
b. If a, @, ---, a, are &k given integers of L, we write Ua,, Na, and
M a, for their g.c.d., l.e.m. and product suppressing the range of 4
where no confusion can arise.

If x %y denotes any one of the three operations z\y, 2Ny or ay
in L, and ¢ is any mapping of L, we say that ¢ is ‘“ w-factorable ” if
b(x % y)=ad(x) * ¢(y) whenever x\ Jy=1 and *‘‘completely s« -factorable”
if ¢p(x*y)=0¢(x)*%¢p(y) for every «, y. The star-product of two mappings
¢ and 6 is defined as usual by (¢*6),=¢,%0,.
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In proofs we use when convenient —) and ¢ for ‘“implies ’, and
““implies and is implied by”’. We use without specific mention the
familiar formulas [12]

b\Ja,=\ba,, bNa,=Nba,,
b\ JOo=bN\1=b; bUl=1, bN0=0.

4. Divisibility Sequences, Binary Sequences. Let ¢ be any divi-
sibility sequence; that is, a mapping of L with properties (i) and (ii)
of the introduction. Define ay=p5,=0 and

a,=d,, /9n= 1 if ¢n#0
x2n
bz 20

Then « and S are divisibility sequences, and ¢=«f. Furthermore «
is a normal mapping of L, while /5 consists exclusively of zeros and
ones. We call 8 a ‘““binary (divisibility) sequence’’.

We may immediately obtain a binary sequence from any divisibility
sequence by reducing each term modulo 2. More generally, if m is any
modulus, we may obtain from the divisibility sequence ¢ a Dbinary
sequence ¢ which describes the distribution of multiples of m in ¢ by
letting 0,=0 or 1 according as ¢==0 or ¢z%£0 (mod m). The sequences
obtained in this manner from linear divisibility [12] or elliptic divi-
sibility sequences [13] are usually periodic.

Again, if E is any subset of L with the properties that 0 is not
in  and if = is in E, so is every divisor of «x, then the characteristic
function of E is evidently a binary sequence. A simple example is the
set of square-free integers; the characteristic function is g~

Let /4 be any binary sequence. If f,=0, & is called a zero of /.
If in addition (3,540 for dDk, k is called a prime zero of f° The prime
zeros of f# evidently form a multiplicative basis for the set of all zeros
of 8. Perhaps the most interesting property of this basis is expressed
by the following theorem whose proof is left to the reader.

basis if and only if the sequence is periodic. The period of the sequence
4s then the l.c.m. of the prime zeros of its basis.

5. The Generator of A Normal Sequence. From now on, all map-
pings considered are of positive character. Let ¢ be any such mapping
with ¢,=0, ¢;,=1 and define a new mapping ¢ by means of formula
(2.3) and ¢y=0, ¢,=1. Then ¢ is evidently normal. Hold = fixed, and
let (2.1) be its prime decomposition. KEach complete chain
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(¢): 1=e¢y, €y *++, Croyy C,=7N; C; COVers ¢;.,

in the sublattice of all divisors of % is of the same length r—a,+a.+
««+ +a,+1, while ¢,.; is one of the k& elements n/p, which cover n. We
may accordingly group the chains into & mutually execlusive classes
C; by putting into class C, all chains (¢) with ¢,_,=%/p,. But any chain
of class C; consists of a complete chain of divisors of #n/p, plus the
fixed element ¢,=n. Hence formula (2.3) may be written
b=\ N ($e'y+++ Pe', 1)

C; (¢))
where the inner l.c.m. is taken over all complete chains (¢’) of divisors
of n/p;. Thus by (2.3) again

bp= C\ ¢(n/pi)¢(n)=¢(n)[¢nlpl ﬂ ctt m(bn/pk]'

Therefore ¢ is the generator of ¢ as defined in formula (2.2).
Conversely, if we define ¢ by (2.2), we find by direct calculation
that (2.3) holds for small n. We therefore proceed by induction and
assume that (2.3) is true for all integers less than », and hence in
particular for the % integers n/p; which cover n.
On transforming the right side of (2.8) as in the first part of this
proof, we obtain by (2.2) and the hypothesis of the induction

[-\ I ()DC,: [-\ 11 sbc,ﬁ/’n: ﬂ ((bnlm'sbn)zsbn ﬂ ¢nlz),~=¢n .
(C> 2 Cl 4 12 2
Thus the formulas (2.2) and (2.3) are equivalent.

6. Factorable sequences. Various factorability properties of normal
sequences may be elegantly stated as properties of its generator. We
postpone the consideration of g.c.d. factorability until the next section,
since it is intimately connected with the existence of a rank function.
We omit proofs of the results stated here, since we merely wish to
show the importance of the notion of a generator.

Either of the following two conditions is necessary and sufficient
for a normal sequence ¢ with generator ¢ to be product-factorable :
(6.1) o= 11 ¢t .

ptan
Here the product is extended over all prime powers o' dividing n.

(6.2) Pam=Pn \J P n, m co-prime.

A necessary and sufficient condition for ¢ to be l.c.m.-factorable is
that

(6.3) ¢.=1, n not a power of a prime.
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Any one of the following three sets of conditions are necessary
and sufficient for ¢ to be completely product factorable:

(6.4) d(mn)=d(m\n)=¢(m)J¢(n), n, m>1.
(6.5) d(mn)=¢(m)\J¢(n) if m, n are co-prime
and ¢(p*)=¢(p) for every prime p.

(6.6) d(r)=9¢ (D1, =+ +» P)=P(P)P(p2)s + = +5 (D) -

Here as in (2.1), pi, »., + -+, p are the distinct prime factors of n.

7. G.C.D. factorable mappings. A mapping ¢ is said to be com-
pletely g.c.d. factorable if it has the property

(vi) p(r\Um)=¢p(n)Jp(m) .

Every such mapping evidently preserves division.

LemMaA 7.1. (Ward [14]): Conditions (iv) and (vi) are equivalent
for normal mappings of L; that is, a mormal mapping admits a rank
Junction if and only if it is completely g.c.d. factorable.

Proof. Assume that ¢ is a normal mapping satisfying Condition
(iv). Let p=p(k) be the rank of k=¢,\J¢, in ¢. Then p is positive.
Also kD¢, d—=pon, m—ypOn\Um—kDd(n\Jm). But by (i),

nUmg’ﬂ, mjgl)nUngbny (xbm:\qf)num:_jk .

Hence ¢,y,=¢,\UJd, and (iv) implies (vi).

Conversely, let ¢ be a normal mapping with property (vi), and let
k be any modulus. If % is not a divisor of ¢, the rank of %k is zero,
and (iv) is satisfied. If % is a divisor of ¢, let ¢, be the first term
with positive index » which %k divides. By (i),

n=0 (mod 7)—y¢,==0 (mod k).

Assume conversely that ¢,=0 (mod k). Then by (vi), ¢.u,==0 (mod %k).
But 0<n\yr<<r. Hence n\Jr=r or n=0 (mod 7). In other words,

=0 (mOd k)ﬁ%zo (mod 7).

Hence » is the rank of k£ in ¢. Since k was arbitrary, (vi) implies (iv),
which completes the proof.

The factorability condition on ¢ may be replaced by an equivalent
condition on its generator ¢.

LEMMA 7.2 A normal mapping ¢ admit a rank function if and
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only if its generator ¢ satisfies the condition

(vii) )\ JP(m)=1 n, m non-comparable.

Proof. Assume that ¢ is normal, and admits a rank function, but
that (vii) is false. Then there exist integers n, m and a prime ¢ such
that

(7.1) d(n)=P(m)=0 (mod ¢q), but npm, mpn.
By formula (2.2),
(7.1)=>p(m)=(m)==0 (mod q) .

Suppose that ¢* exactly divides ¢(n) and ¢* exactly divides ¢(m). We
may evidently assume that 6>a. Let » be the rank of ¢” in ¢. Then
since n=m=0 (mod ), we have n\Jm=0 (mod »). But if (2.1) gives
the factorization of % so that p, p., .-, p. are its distinct prime
factors, then

(7.2) $(n/p;)70 mod ¢*, 1< <h.

For in the contrary case, ¢(n)==0 (mod ¢) and (2.2) together imply

p(m)=g(m) N " )=0 (mod ¢*)
3 pl
which is-a contradiction.
Now
(7.2)—=n)p,==0 (mod 7) 1=1,2, -+, k.

But =0 (mod ). Hence n=r and nDOn\Jm>IDm contradicting (7.1).
Therefore (iv) implies (vii).

Assume conversely that ¢ is normal with generator ¢ satisfying
(vii). To show that ¢ then admits a rank function, it will suffice to
prove that every prime power ¢* has o unique rank of apparition i ¢.
If ¢* is not a divisor of ¢ then it has the unique rank zero. If ¢% isa
divisor of ¢ then there exists a positive index » such that

(7.3) ¢,=0 (mod ¢*), ¢,5=0 (mod ¢"), 0<m<r.

To prove that # is the rank of ¢* in ¢, it will suffice to show that
if ¢,=0 mod ¢* then 2=0 (mod 7). This we do by contradiction. For
otherwise, there exists a least positive n>-1 such that ¢,=0 mod ¢*,
but n, » noncomparable. Evidently, ¢,==0 (mod ¢). Hence ¢,=£0 (mod ¢)
by Condition (vii). But then formula (2.2) implies that ¢(n/p,)==0
(mod ¢%) for some prime divisor p; of n. Therefore, by the minimal



1020 MORGAN WARD

choice of n, either rDn/p, or n/p,Dr. In the first case, r>n. In the
second case n/p,<<r so that by (7.3), #/p,=r and rDOn. In either case
rPpn is contradicted. Hence (vii) implies (iv), which completes the
proof of the lemma.

8. Proof of Theorem 1. In view of Lemma 7.1, the proof of
Theorem 1, requires only the demonstration that if ¢ is normal,
Condition (v) implies Condition (vi); for pr\jgrn=n so that the impli-
cation (vi)—(v) is trivial. Note also that (v) is essentially a weaken-
ing of (vi), since it amounts to asserting (vi) only in the special case
when n\Jm covers both n and m.

Let ¢ be normal, and s a fixed positive integer. Then the normal
mapping 6 defined by

(8.1) 0(n)=g(s)/b(s) , n=0,1,2, -

is called a subsequence of ¢. The following lemma is an easy con-
sequence of this definition.

LeMMA 8.1. If ¢ is normal, and has the property (v), then so has
every subsequence of ¢.

LEMMA 8.2. If ¢ s normal, and has the property (v), then ¢ is
g.c.d. factorable; that is

(viii) o)\ Jp(m)=1 if n\Um=1.

Note that by (il), (viii) is a special case of (vi); the proof is by
induction on the number of prime factors of #» and m. First if » and
m are distinct primes p and ¢, then (viii) follows from (v) on taking
n=1.

Suppose that n=p and m is the product of [>>2 primes, m=q, ¢,

--, ¢, where the ¢; are distinet from p but not hnecessarily distinct
from one another. Assume that (viil) has been proved for n=p and
m a product of [—1 primes. Now take p=p, ¢=¢, and n=m/qg, in (v).
Then

Pp(pm|q)\J p(m)= (.b(’m/(b) .

Now

aPp—= oM/ =y d(p)2p(pm/q,) .
Consequently,

d(p)\Jdp(m)=p(p)\Jp(pm/q)\J d(m)=p(p)\Up(m/q)=1

by the hypothesis of the induction. Henece (viii) is true if » is a prime
number.
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Next assume that n=pp, -+ p, is the product of £>2 primes p;
distinet from all the primes ¢; dividing m so that n\Jm=1, and also
assume that (viii) has been proved for n a product of k—1 primes.
Now apply (v) with p=p,, ¢=q¢. and n=nm/p,q;. Thus

p(nm|q)\J p(nm|p)=p(nm|pq) .

Now

RO M= (n) Dp(rm|q) =3 ()\Jp(rm | p) — $(n) U p(rem q)\J (e p)
—p(m) U p(nmpg) = p(m)\U b(nm g5 .

Repeat this argument replacing m successively by
mlq, M|z, 0y MGG =1
and leaving » and p unchanged; we find that

H(n)\U p(nm|p) =d(n)\J p(nm|pg,)
=p(n)\J p(nm[pq1)= « + - =H(n)\U p(n/p)=p(n/p).
But

m2nm|p=—yp(m)Dp(nm|p)=p(n)J¢(m)=¢(n)\J p(nm[p)\J p(m)
=¢(n/p)Udp(m)=1
by the hypothesis of the induction. Hence (viii) is true for every =
prime to m, completing the proof of Lemma 8.2.

Theorem 1 may now be proved as follows: Let ¢ be a normal
mapping satisfying (v) and let both » and m be positive, since (vi) is
trivially satisfied if »n or m is zero. Let s=n\ym. Then n=n's, m=
m’s with n'\Um’=1. Consider the subsequence # of ¢ defined by (8.1).
By Lemma 8.1, 0 has property (v). Hence Lemma 8.2 implies

0(n')\Jb(m’)=1=yp(n)|p(s)\J p(1)/p(s) =1
=P\ p(m)=g(s)=p(n\Jm) .
Hence (v) implies (vi), completing the proof of Theorem 1.

9. Proof of second theorem—necessity. Assume that ¢ is normal,

and admits a rank function, and let ¢ be its generator. We shall
show that

(1X) b= 11 ¢d

d2n

so that ¢ is the Dedekind generator of ¢. The proof is based on a
consequence of Dedekind’s cross-classification principle [2]; namely
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LEMMA 9.1. If a, &, ---, @, are positive integers, then
a\a\ - Nap=1a, IT(a,\Ja,\Ja,)+ -« =11 (a,\Ja,) 1 (¢ \Ja,\Jaz\Ja,)- -

This result is a generalization of the familiar formula a,N\a,=a,a,—~a,\Ja,
and is perhaps easiest proved by showing that the highest powers of
p dividing both sides of the formula are the same.

On applying the result to formula (2.2), we obtain

¢'<w>=¢<n>+[( )fw( )f\ ﬂd’(pﬂ

"

o) (G (s (el
sV (Un()-

Now since ¢ admits a rank function, ¢ is completely g.c.d. factorable
by Lemma 7.1. Therefore the formula above may be written

$(n)=¢(n) 11 ¢ <?ZO§ ) 11 ¢>< n_. > ..

DD D4

——H(p( )]I'( n,,>...
D1 DiD2Ps

m(dy
= 1l¢ ”)

d2n

where p is the Mobius function. Hence (ix) follows by the Dedekind
inversion formula, completing the proof of the necessity.

10. Proof of second theorem—sufficiency. Now assume that ¢ is
normal, and that its Dedekind generator exists and equals its ordinary
generator ; that is, Condition (ix) is satisfied. We shall show that

(vi) d(n)\Jd(m)=1. n, m non-comparable.

Hence it will follow from Lemma 7.2 that (ix) is a sufficient condition
for ¢ to admit a rank funection.

Assume n, m non-comparable. Then if [=nN\m, n<{ and m<l.
Let ¢y, ¢s +--, q; be the distinet prime factors of /, and let » be any
prime p"r, p"» the highest powers of p dividing ¢(n) and ¢(n) respectively.

Now by formula (2.2),

¢)l:¢'l[¢l/q1[\\ the ﬂ@bﬁlqs) .

Hence a,=b,+a,,, where a,, is the largest of ay,, -+, @y, . But by
(ix), a,= > b,. Hence b,=0 unless d={ or dDl/q
aal
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Not both b, and b, are positive. For since n DI and m DI, in the
contrary case nDl/¢g and mDl/¢ by the remark above. But then !
=n/\m>Dl/q¢ so that ¢=1, contrary to ¢ a prime.

It follows that p does not divide both ¢(n) and ¢(m). Since p was
an arbitrarily chosen prime, (v) follows, which completes the proof of
Theorem 2.

In closing, note that it follows from Theorem 2 and Lemma 7.2
that if ¢ has the Dedekind generator ¢ (that is,

L(n)=11 p(nfa)*

is an integer for every n); then a necessary and sufficient condition
that ¢ should admit a rank function is that its Dedekind generator
satisfy the condition ¢(n»)\J&(m)=1 if n, m are non-comparable.
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