Pacific Journal of

Mathematics

CONGRUENCE FORMULAS OBTAINED BY COUNTING
IRREDUCIBLES

MICHAEL LAWRENCE FREDMAN




PACIFIC JOURNAL OF MATHEMATICS
Vol. 35, No. 3, 1970

CONGRUENCE FORMULAS OBTAINED BY COUNTING
IRREDUCIBLES

MiICHAEL L. FREDMAN

This paper shows how a class of congruence formulas
can be generated by generalizing the process of counting
irreducibles in polynomial rings. Among the specific appli-
cations of the methods in this paper are a solution to the
necklace problem, as well as an enumeration of the solutions
to certain Diophantine equations,

Let F denote the finite field with ¢ elements and let F'x]
denote the polynomial ring over F. Let +(n) denote the number
of monic irreducible polynomials of degree n in F'[x]. It is known that

(1) %“ r(n/d)q® = ny(n) when n=1,

where g denotes the Mobius function. Since ¥ is integer valued it
follows that

(2) dZ, pnfd)g* = 0 mod % ,

whenever ¢ is the power of a prime. This paper shows that the
process of counting irreducible in polynomials rings generalizes, and
that this generalization leads to a generalized congruence formula.

Let G be any commutative multiplicative semigroup with cancel-
lation, with an identity element, 1, and with no other unit elements.
Suppose that all elements in G can be factored into irreducibles and
that the factorization is unique. The positive integers and the
monic polynomials in the above discussion provide examples of such
a structure. Now assume that G has a valuation function v with
the following properties:

(a) v is integer valued.

(b) »(1) =0 and w(s) > 0 if s = 1.

(¢) v(st) = v(s) + v(t).

@) D) = Sicq 0m=r 1 is finite. In other words v
assumes a particular value no more than a finite number of times.
The monic polynomials are an example of this kind of structure
where v(Q(x)) = the degree of Q. Throughout this paper we reserve
the use of the letter p to denote irreducibles. Now let

(€ V¥(n) = Speqom=n L.
In the case of the monic polynomials, D(n) = q¢" and + is given by
equation (1). In this paper we show that + is uniquely determined
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by D without regard to the specific structure G to which the func-
tions pertain as described by (d) and (e). A particular formula for ar-
riving at ¥ given D is derived, and it is shown that given any integer
valued function D, the formula leads to an integer valued function
which has the form nvy(n) = 3., t(n/d)E(d) where E is determined
by D and is integer valued. Therefore, a congruence property
similar to (2) is established. It is shown that the existence of a
structure G which gives rise to D by formula (d) does not affect the
validity of the derived congruence property. For example, if D
assumes negative values it is obvious that the derived congruence
cannot be given a structural interpretation as described by (a)-(e).
Convolution products play a fundamental role throughout the
arguments.

1. Definitions and lemmas. In this section we develop the
definitions and lemmas which are used in this paper. Let G be a
structure with a valuation function as described in the introduction.
A complex valued function over G is called an arithmetical function.
We define the Dirichlet product in the usual way. Given arithmetical
functions f and g, we define & by h{t) = 3,.-.f(r)g(s). We write
h = f*¢g and call h the Dirichlet product of f and g¢g. Since G
satisfies (a)-(e), it is clear that the sum in the definition is finite.
We note that * is commutative and associative. Now let J be the
function such that J(1) = 0 and J(s) =1 when s = 1. We define the
function L as follows:

(3) L(s) = (J — JY2 + J3 — J4 + ---)(s)

where J* denotes the m-fold Dirichlet convolution of J. For fixed
s, we note that (a)-(d) and the definition of J imply that the series
on the right side of equation (3) reduces to a finite sum. The
following lemma expresses L explicitly.

LEMMA A. L") = 1/n when p is irreducible and n = 1.
L(s) = 0 ¢f s is not a positive power of an irreducible.

We do not prove Lemma A but remark that it can be proven
by noting that equation (3) can be regarded as a formal logarithmic
series, and by expressing J by using a device analogous to an Euler
product. For a particular case of the lemma, see [4].

Next, we define a function over the positive integers as follows:

En)=n z{‘: L(s) .

v(s)=n
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Now letting + be defined as in (e), and using (a)-(d) and Lemma A
we have that

(4) En) =n 3 Ls) = 2.dv(d) .

v(s)=n

Hence, F(n) is integer valued and
(5) mh(n) = 3 (n/d)E(d) .

Now we introduce the Cauchy product. Given two complex
valued functions over the nonnegative integers, f and g, we define
the Cauchy product, # = fog in the usual way: h(n) = 3. =, f(0)9(J).
Now let D be any function over the nonnegative integers such that
D(0) = 1. Let D(n) = D(n) when n =1 and D(0) = 0. We define a
new function log D as follows:

(6) log D(n) = (D — D¥Y2 + D3 — «+)(n)

where D’ denotes the j-fold Cauchy product of D. Since D(0) = 0,
for fixed » it is clear that the right side of equation (6) reduces to
a finite sum.

Let I be the function defined by I(0) =1 and I(n) = 0 when
n > 0. With respect to the Cauchy product, I acts as an identity
element, foI = Iof = f. Now given a function C such that C(0) =0,
we define a new function exp C as follows:

(7) exp C(n) = (I + C/1! + C*/2] + «++)(n) .

Again we note that for fixed = this definition reduces to a finite
sum. The properties of the exp and log operators are summarized
in the following lemmas.

LEMMA B. Let D, and D, be two functions with D,(0)= D,(0)=1,
and C, and C, be functions with C,(0) = Cy0) = 0. Then

(@) log (D,oD,) = log D, + log D,.

(b) exp (C, + Cy) = (exp C))o(exp Cy).

(c) exp(log D) = D, log(expC) = C..

LemMA C. Let d be a positive tnteger and N be an integer

(positive or megative), and assume fy is defined as follows:

Nd/n if d|n

=10 it am.

Then exp fy 18 1nteger valued.
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We leave that proof of Lemma B as an exercise. Lemma C can
be proven as follows. Define j(n) and j~'(n) as below:

1ifn=0
jHn)y =4{—-1if n=d
0Oif n0ord.

- 1if d|n
n) =
I 0 if din

It is easy to verify that j—'oj = I and that logj—' = f.,. Since
log I(n)=0 for all u, it follows from (a) of Lemma B that logj = f.
From (b) of Lemma B it follows that
I if N=0
exp fy = 3% it N>O
UH M N<O.

Since I, j and j~* are integer valued, it follows that exp f, is integer
valued, completing the proof.

The following lemma provides another expression for the log
operator.

LEMMA D. Let f be a function such that f(0) =1 and let f
denote the unique function such that f~'of = I. Then

nlog fln) = 3. if6)f~(5).

+i=n

Proof. Let f=f—1 It is easy to verify that f-'(n) =
(I—f+f—=f*+ --+)(n), where for fixed n, the series reduces to
a finite sum. Hence,

S if@)f7F) = nf(n) — nf*(0)/2 + nf*(n)/3 — -+ = nlog f(n) .

i+i=n

2. Theorems. The first theorem expresses E(n), defined in
equation (4), in terms of the function D defined in the introduction.

THEOREM 1. Let G be a structure of the type described in the
introduction and let D) = Discq, vior=n L and E(N) =1 Discq, visy=n L(S).
Then

(8) Emn)/n = log D(n) .

Assuming Theorem 1, equation (5) implies that

(9) mi(n) = 3, p(nfd)d log D(d) = 5, pe(n/d) EXd) .
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Proof of Theorem 1. From the definition of L given by equation
(3)y Zsea,u(s):n L(S) = Zigl (_1)i+l/i ZseG,v(s)=n Ji(s)' But Zv(s)=n Ji(s) =
Syt om=n J(t) =+ = J(t;) = (using the definition of J and properties
(b) and (C) Of G) Z’U(tl)'(“"“(”ll(ti):n’”(tk)>0’ 15kt 1 = (uSing (d))

3. D(m)--- D(m) = Di(n) .

Mytseetm;=n
mE>0, 1Sk<i

Hence by equation (6), E(n)/n = 3icq,oe=x L(s) = log D(n), and this
proves the theorem.

Theorem 1 provides a purely arithmetical link between the func-
tions D and +. Hence, the relationship between D and - is in-
dependent of the particular structure to which they pertain. Now
E(n) is integer valued as shown by equation (4), and equation (9)
implies that

(10) ; pnjd)E(d) = O0mod n .

This suggests the following problem. What integer valued func-
tions D have the property that the function E defined by equation
(8) is integer valued and satisfies the congruence formula in (10)?
The following theorem gives the complete answer.

THEOREM 2. Let D be an integer valued function with D(1)=0
and let E(n) = nlog D(n). Then E(n) is integer valued and
D t(n/d)E(d) = 0 mod n.

Before proving Theorem 2 we return to our structural model of
the problem which suggests a method of proof. If seG and
v(s) = m, let us say that s has degree ». Then D(n) is the number
of elements in G of degree =, and +(n) is the number of those
which are irreducible. Now it is obvious that all elements of degree
1 are irreducible, and so D() = (). When = > 1, ¥(n) is the
difference between D(n) and the number of elements of degree n
which are reducible. But the reducible elements can be factored
into irreducibles, each factor having lower degree than n. Now
given v, equations (4), (8), and Lemma B imply that if we let
E(m) = Sy d¥(d) and let E'(m) = E(m)/m, then D(m) = exp E'(m).
Now for n > 1, let ¥,(m) = ¥(m) when m < n and +,(m) = 0 when
m =mn. Let E,(m)=>4.dV.(d), let E;m)= E,(m)m, and let
D,(m) = exp E;(m). If we consider the subset of G generated by
the irreducibles of degree < %, it follows that the number of
elements of degree m in this subset in D,(m). Hence, +(n) =
D(n) — D,(n). We prove Theorem 2 by letting +(n) be defined by
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equation (9), showing that +(n) = D(n) — D,(n) when = > 1, and
then showing that D,(n) is integer valued.

Proof of Theorem 2. Let + be given by equation (9). We
prove by induction on % that +(n) is integer valued. Equation (9)
then implies that E is integer valued.

From equation (6) we see that log D(1) = D(1), and from equa-
tion (9) it follows that (1) = D(1). Now for n > 1, define E,(m),
E)(m) and D,(m) as in the above discussion. Clearly E,(m) = E(m)
when m <n and E(n) — E,(n) = ny(n). Hence, by equation (7)
D(n) — D,(n) = ¥(n). We complete the proof by showing that D,(m)
is integer valued for all m. When »n =2, E)(m) = ¥(1)/m. Since
¥(1) is an integer, Lemma C implies that D,(m) is integer valued.
Thus ¥(2) is an integer. Now for » > 2 assume that ¥(k) is integer
valued when k& = n — 1 and that D,(m) is integer valued. By Lemma
B and the definition of D,, D, = D,cexp (E, — E;). But

ky(k)/m when k|m

E; — Ej =
(m) «(m) 0 when kfm since k =n — 1.

Hence, by Lemma C, exp (H, — E;) is integer valued and since D,
is integer valued, it follows that D, is integer valued. Therefore,
Y(n) is an integer. The theorem now follows by the principle of
induction.

By repeated application of Lemmas B and C in much the same
manner used to prove that D, is integer valued, we can prove the
following corollary.

COROL“LARY. Assume E(n) is integer valued and satisfies (10).
Let E'(n) = E(n)/n. Then exp E' is integer valued.

It is appropriate at this point to show that if +¥(n) is nonnega-
tive for all » then a structural interpretation of the type defined
in the introduction can be constructed. The nonnegative condition
on v is obviously necessary for the existence of such a structure.

Now given v¥(n) = 0, we define a function v on a subset of the
rational primes as follows. Let #(p) =1 when p is any one of the
first ¥(1) primes. Let v(p) =2 when p is any one of the next ¥(2)
primes. We continue in this manner defining v on a subset of the
primes (possibly the entire set of primes). We denote this subset
by Q. Next, we define v over the subset of positive integers
multiplicatively generated by @. »(1) = 0 and

v(pP oo ) = a,v(p) + o0 + a,v(D,)
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if each p,c Q. It is clear that this subset of the positive integers
along with the function v is the desired structure.

By making somewhat more general the structural axioms stated
in the introduction, we can create a structural model for the cases
where + assumes negative values. We state without proof the
following theorem.

THEOREM 3. Let G be a commutative multiplicative semi-group
with cancellation, with an tdentity element 1, with no other unit
elements, and which has unique factorization. Let v be a valuation
function over G such that

(a) v 1is integer valued.

b)) »(1) =0 and v(s) >0 when s = 1.

¢y w(st) = v(s) + v(t).

d) Sice vor=a l 18 finite for all n.

Assume there exists a function N over G such that

(e) 21 =1.

&) If p is trreducible, Mp) = 1 or Mp) = —1.

(8) If p 1s irreducible and AN(p) =1, then Np™) =1 for all
n>1. If Mp) = —1, then Mp") =0 for all n > 1.

) If p, +--, p, are’all distinct irreducibles, then N(pfr «- - p¥r) =
MpH) - s Mpir).  Let D(n)=3icq,vin=n M8) and V(1) =3lpeq, vim=n MD).
Then nyr(n) = >4, p(n/d)d log D(d).

Now given v we define as before a function v on a subset @ of
the rational primes, but instead of defining v(p) = n for (n)
primes, we define v(p) = n for |v¥(w)| primes. Then using (b) and
(¢) we induce v on the subset G of positive integers multiplicatively
generated by the primes in Q. Next, if +¥(xn) <0 and v(p) = =,
define M(p) = —1, and if +(m) > 0 and »(p) = m, define \(p) = 1.
Then using (e), (f), (g) and (h), we induce N\ on the remaining
numbers in G. It is easy to verify that G, v and )\ satisfy the
structural properties of Theorem 8 with ¥(n) = 3,=n MP).

It is convenient to recast Theorem 2 and its corollary in the
language of power series. First, we observe that the ring of com-
plex valued functions over the nonnegative integers with the opera-
tions of addition and the Cauchy product is isomorphic to the ring
of power series with complex coefficients under the mapping

fn) — Flw) = >, fim)a” .

Next we observe that the operator, df(n) = nf(n) corresponds to
2(0/0x)F(x) under the above isomorphism. ((¢/0x) is the formal
derivative).
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THEOREM 4. Let 2 (%) = 1+ 3,5 D(n)z™ where D(n) is integer
valued. Let & (x) = x(0/02) =2 (%) 2 (x) = s E(n)2™. Then E(n) is
integer valued and >4, p(n/d)E(d) = 0 mod n. Conversely, assume
E is integer valued and satisfies the above congruence property.
Let &(x) = Dux E(n)x™. Then there exists a series

g(x) = 1 'l" Zn;l D(n)x" 3
where D(n) is integer valued, such that & (x) = x(0/0x) = (%)/ <= (x).

Proof. Lemma D implies that n log D(n) «— x(9/0x)z (x)/ = (x).
The theorem now follows from Theorem 2 and its corollary.

Next, we consider some consequences of the above theorems.

THEOREM 5. Assume E(n) is an integer valued function and
satisfies (10). For any integer k, let E,(n) = k*"E(n). Then E,
satisfies (10).

Proof. Using the notation in Theorem 4, let & (x) be the power
series such that x(0/0x) =z (x)/ =2 (x) = &£ (x). Let &2.(x) = = (kx). The
theorem follows when we observe that x(0/0x) = . (z)/ D (x) = & (kx).

THEOREM 6. Assume k(n) and E(n) are integer valued functions
and that E(n) satisfies (10). Let F(n) = X, k(5" E(n/j)j. Then
F satisfies (10).

Proof. Using the notation in Theorems 4 and 5, let 2 ,(x) =
2.2 k()x?). We complete the proof by observing that

o2 Z()) Z0) = 5,38 k(D)) = 5, Fonjar

Now we show an example of the use of these theorems. Let
k(7) = 77 and E(j) =1 for all j. K satisfies (10), and therefore, by
Theorem 6, F(n) = 0,..(n) = 34, d"*" satisfies (10). Finally, by
Theorem 5, Fi(n) = k"0,.,(n) satisfies (10).

3. Extensions. The power series interpretation of Theorem 2
suggests the possibility of similar theorems for power series in
several indeterminates. The structural interpretation in Theorem 3
would be modified to allow for vector valued valuation functions and
the Cauchy product would be modified to apply to functions of
several variables. For example, let G be the set of normalized
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polynomials with two indeterminates over a finite field and let
Q@,y)€G. Then define v(Q(x, ¥)) = (m, n) where m = the degree
of @ in x and n = the degree of @ in y. We state without proof
the following generalization of Theorem 4.

THEOREM 7. Let

g(xu ...,mN)zl_{_ Z D(nl, ...,nN)x;"l...ng

Nyt +ny>0

where D 1s integer valued. Let

& (x,, -, Ty) = <x1_a_ 4 eee xNi>g(xl, oo, X)) D (®yy o, Ty)
oz, 0%y
— Z E(/n” oo, /nN)xILl el RN,
nyteeeny>0

Then E 18 integer valued and

S, MAEMm/d, <+, ny/d) = 0mod n, + -+ + ny .
dlged(ng,--+» ny)

Conversely, assume E is integer valued and satisfies the above con-

gruence property. Let.

(@ oreywy) = D Eny, cor, my)xitees xpy .
nyteFny>0

Then there exists a series

g(xly"'ny):1+ 2 D(%U"’;nzv)xfl"'xglvy

Nyt tny>0
where D 1s imteger valued, such that

g(xn cen, xN) = <xli 4 eee 4 a;N._a_>g(xu coe, xN)/g’(x“ oo, xN) .
ox, 0%

As an example of this theorem, when D is a finite polynomial
or the reciprocal of a finite polynomial, F is an N dimensional array
which satisfies linear recurrence properties. Specifically, if we let
g(x, %) =1 — x, — x,, we obtain the congruence formula

m -+ n
d
> p(d) =0modm + n
R 3
d

where <fc> denotes the binomial coefficient.

4. Some applications. We conclude this paper with some
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applications of these theorems to particular semigroups. As a
consequence of the first application, we obtain some formulas regard-
ing the number of solutions to certain Diophantine equations.

Let V and W be vector spaces over the rationals with bases
Vi oy Uy, and w,, «--, w, respectively. Let M be a linear map from
V into W with the following properties: M: v, — 37, a;;w; 1<i<m
where all a;; are nonnegative integers and M(v,) 0 for all %.

Let G={3",b;,v;|b; are nonnegative integers}. With the opera-
tion of addition, G becomes a semigroup. Using multiplicative
terminology, G has unique factorization, and the irreducibles in G are
VY, ***, V.. The map M serves as a vector valued valuation function
over G. We can now apply our theorems (generalized where appro-
priate) to G.

Given w € W, we define D(0) =3, cc,u0=0 L a0d V(@) =, c6, arim=o L.
Since we know the irreducibles in G, we can easily determine .
Now let g = >\, ¢cv;. Then M(g) = D1, GOM, cioi;)w;.  Hence, if

® = >7,d;w; then D(w) = the number of solutions (¢, +-+,¢,) to
the system
iciaij:di l1=sj=mn,
1=1

where the ¢; are nonnegative integers. Using our theorems, we
can express D in terms of v. Let E'(w) = Xlyuy,...a, ¥V(@/d)/d and
let &'(z,, +++, 2,) = Dgjeera,>o B (dw, + « o« + d,w,)zit - zin, Then
@‘(zu cee, zn) =1 + 2 ‘D(dlu]1 4 oeee - dnw")z'fl cee zgn
dyte-otdy,>0

= exp (g,(zu M) zn)) .

As a consequence of the next application, we obtain an enume-
ration of irreducible polynomials over the field F' of order 2 that
equal their own reversals.

Let F[x] denote the ring of binary polynomials and let p(z) e F'[«].
If p(x) is of degree n, we define the reversal z(z) of p(x) with the
equation p(x) = 2"p(1/z), and p(x)e Flxz]. It is easy to verify that
p(®)g(x) = p(x)g(x). If the constant term of p(x) is nonzero, then
deg p(x) = deg p(x) and p{(x) = p(x). We say that p(x) is self-rever-
sible if p(x) = p(x). If g(x) is a polynomial with a nonzero constant
term, then q(x)g(x) is self-reversible. Finally, if p(x) and g(x) are
self-reversible, then p(x)q(x) is self-reversible; if »(z)|p(x), then
7(x) | p(x); and if q(x) | p(x), then p(x)/q(x) is self-reversible.

Now let G denote the subset of F'[x] consisting of all self-rever-
sible polynomials. From the above we see that G is a semigroup.
Now we show that factorization is unique within G. To distinguish
between irreducibles in F[x] and irreducibles in G (which may not
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be irreducible as polynomials in F'[xz]), we refer to irreducibles as
F-irreducibles or G-irreducibles accordingly. Let q(x) be G-irreducible
and suppose in F[x] we have p(x)|q(x) where p(x) is F-irreducible.
Then 2(2)|q(x). If Z(x) = p(x) then p(x)eG and p@)]|q(x) in G.
Hence g¢(x) = p(x) since ¢(x) is G-irreducible. If p(x) == p(x), then
since p(x) is F-irreducible, p(2)p(x)|q(x) in F[z]. But p(x)p(®)eG
and therefore p(x)p(x)|q(x) in G. Hence, q(x) = p(x)p(x). Thus,
G-irreducibles are characterized as being either self-reversible F-
irreducible polynomials, or of the form p(x)p(x) where p(x) is an
F-irreducible and p(x) # p(x). From this it is easy to show that
factorization in G is unique, and we can apply our theorems to G.
First, it is easy to see that

D(n) = > 1= {2n/2 " even
v 2012, odd
and therefore, that & (z) = 1+ >,... D(n)z" = (1 +2)/(1 — 22*). Using

our previous notation, it follows that E(n) = n od
2402 1 n even .

Now

v = 3 1=A/n) 3 pd)Em/d) .

p(z)eG
deg p=n
p G-irreducible

Let "/fl(%) = Zp(x)EF[:v],degp=n,pF-irreducible 1- We knOW that
Pi(n) = A/n) 3, pd)2~* . It follows that
dln

1 when n =1, 2
11) J(n) = {0 when n > 1 and n odd
V¥.(n/2) when 7 is even and >2.

Using this information, we can derive a formula for z(n) = the
number of irreducible self-reversible polynomials in F'[x]. Clearly
v(n) < ¥(n). Hence, 7(1) =1 and 7(n) =0 when » is odd and > 1.
Now using our characterization of G-irreducibles, we have that
¥v(2n) = (1/2)(¥y(n) — t(n)) + t(2n) when n > 1. (The argument fails
when n =1 since x is irreducible but has a zero constant term).
Now by (11), ¥(2n) = +¥,(n), and therefore,

7(2n) = (1/2)(v,(n) + t(n)) when n > 1
7(2n + 1) =0 when n =1
1) =7@)=1.

Using these formulas, z can be determined recursively for all =.
The problem of enumerating self-reversible irreducibles is sometimes
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referred to as the necklace problem. In a similar manner we can
solve the problem of enumerating irreducibles p(x) such that p(x) =
p(x + 1). This time we have

7(n) = 0 n odd
t(n) = 1/2)(¥.(n/2) + T(n/2)) n even .
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