FIXED POINTS OF NUMBER DERIVATIVES MODULO
n

FRANQUE BAINS

ABSTRACT. A number derivative is a function that satisfies the
Product Rule. In this paper, we find all solutions to the equation
¢(x) = x, where ¢ is a number derivative on the ring of integers
modulo an integer n. Thinking of number derivatives as analogues
of the ordinary derivative from Calculus, we can think of this equa-
tion as a “differential equation” of sorts; solutions to it are rough

analogues of exponential functions.

1. INTRODUCTION

The function f(z) = e is a solution to the differential equation
f(z) = f'(z). We can generalize the usual notion of derivative in
various ways. One such generalization is the number derivative, that
is, a function which satisfies the Product Rule. Ufnarovski [3] and
Westrick [4] have solved the equation ¢(z) = x for particular number
derivatives ¢ on the set of rational numbers. In this paper, we find all
solutions to the equation ¢(x) = z, where ¢ is a number derivative on

the set Z,, of integers modulo n.
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Our main theorem (Theorem 4.4) shows how to find all fixed points
of an arbitrary number derivative on the integers modulo n. The tech-
nique is to decompose n into its prime factorization, then work with
the separate prime powers individually. For a prime power p® there
are two cases, depending whether p = 2 or p is odd. Theorem 2.1 deals
with the former case, and Theorem 3.1 deals with the latter. In each
case, we provide a simple, easily checked divisibility condition to test

whether or not a given element is a fixed point of the number derivative

0.

2. MopuLo A POWER OF Two

In this section, we find all solutions of the equation ¢(z) = =z,
where ¢ is an arbitrary number derivative on the ring Zge.

The only number derivative on Z, is the zero derivative; hence 0
is the only fixed point. Note that the bar notation above the zero, 0,
indicates the set of integers congruent to zero modulo 2. This notation
will be used throughout the paper. There are four number derivatives
on Z,, each explicitly given in [1]. These number derivatives, denoted
by 1, are outlined in the table below. So again, in this case the fixed
points are easy to find and, by the table, are found in maps 5 and 4.

Hence we separate those two special cases and from this point on fix

an integer e > 3.
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P3| 010]0 |2
Py |00 ] 22

1
For any 7 € Zse, denote the set of all multiples of 7 by 7 Zae.
Every element of Zj. is equal to 2¢57(—1)* for some integers 4, j, k where
0<i<eandjkeZ]I2 pg 105].
Let @ € 2Zsye, b € 4Zy, and T € 27 Zy. Define ¢ 3, :
Zige — Zige by

Gap,c (B3 () = T2 -5 (<1 - + 25 (Db

k25 (1) -c.

Note that ¢(2) = @, ¢(5) = b, and ¢(—1) = ¢.
It is shown in [1] that every ¢, 7 - is a number derivative on Zse,
and conversely that every number derivative on Zse equals ¢, 3 ; for

some @ € 279, b € 47Z4c, and ¢ € 2671 Zye.



4 FRANQUE BAINS

Theorem 2.1. Let 2= ¢, 5, and T = 2°-57 - (=1)k. Then 2(7) =

T aff 2671 | 10 — 5ai — 2bj + 10ck where i, 5,k > 0.

Here, the symbol, |, means “divides”.

Proof. Setting z(7 ) = T and employing (1), we get:

@ i 21 Bl (—1)h+b-j 2051 (—1)f+4c k25 - (—1)F 1 = 2.5 - (—1)F.

Pull out 2 and subtract  from both sides to get:

0=a-i-200-5/-(—1)F +2-b-j-2L.5-1.(—1)F

42 c k2150 (1)1 — 2.21. 51 - (—1)F.

Multiply by —5 to get:

0=10-271-5-(—1)F—5-a-i-21.50 - (—1)*

—2.b-j-21.50 (=1)F + 10 -¢- k- 207157 - (=1)F,

which is equivalent to

2¢ .

(10—-5-a-1—2-b-j+10-c-k)2i-1.5 - (=1)k =0

(—1)% and 5/ are not divisible by two and can not affect congru-

ence. Therefore,

(10—-5-a-i—2-b-j+10-c- k)21 = 2.

In other words,

2(T) =T = 271 | 10 — bai — 2bj + 10ck .

We now prove the converse.
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Let T = 2.5/ - (—1)*, and suppose that 2¢=+1 | 10 — 5ai — 2bj + 10ck .

It follows that

2(T)=2(20-57-(—1)%).

Applying (1) we get,

A(T)=a-i-200- 50 - (=1)k40b-j-20 -5 1. (—1)F4c-k-20-5 - (—1)F1.

Pull out 2,5 and —1 to get:

2(ZT)=10-c-k-2-1. 51 (—1)F-1 — 5.q..21.5-1.(—1)k1

— 2. b-j- 2L 5 (—)R L,

Pull out the common factor to get:

2(Z)=(10-c-k—=5-a-i—2-b-j5)20=1. 571 (=1)k1.

Adding and subtracting a common term we find that:

2(z)=(10+10-c-k—=5-a-i—2-b-j) 271 . 5i=1. (=1)k-1

—T0(2 T BT (—D)k 1),

Since (104+10-¢-k—5-a-i—2-b-j)2i~! is congruent to 2° we find

that,

2(T)= —10 - 2i-1 . 5i—1. (=1)k-1,
Breaking —10 up into the product —1-2-5 and multiplying out
yields,
A7) = T 5 (CAF = 7.

Therefore, 2¢="+1 | 10 — bai — 2bj + 10ck = 2(ZT) = T.
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3. MopuLo A POWER OF AN ODD PRIME

Let p be an odd prime, and let e be any positive integer. The
results for finding the fixed points of number derivatives on the set Z,e
are similar to to the solution in §2.

There exists § € Z, such that any element T in Z, can be
represented in the form = = plW—gk, where ¢, k are integers with 0 <
i <eandk € Z. (See [2, pg. 104]. The element g is a multiplicative
generator of the group Z,. of units in Z,e.) Fix such a g.

Let @,b € pZy. Define Gap @ Ly — Ly by ¢55(p'-g") =

iap—tgh + kbpigh~t. Every ¢, 3 is a number derivative on Zy.; con-
versely, every number derivative on Zy equals ¢ 3 for some a, b e
D Zye, as shown in [1].

Note that ¢(G),d(P) € DZpe.

Theorem 3.1. Let w = ¢ 5 and T = p'-gF. Then w(T) = T iff

pe~iH | gkt (aig + bkp — pg) where k >0 and 0 < i <e.

Proof. Setting w(7) = T and employing the definition of ¢ 7, we get:

a-i-plegh +b-k-p-ghl = pi.gk.

Pull out p, g and subtract  from both sides to get:

O=a-i-gpleghlpbk-ppl-ghl—p.g-pl.ghl,
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which is equivalent to

ol
I
=

(a-i-g+b-k-p—p-g)p=t-ght =

In other words,

w(T) =7 = p* | g1 (aig+ bkp —pg).

We now show that the converse holds. Suppose that pe=i+1 | g*=1 (aig + bkp — pg ).

It follows that,

Taking the number derivative yields,

w(T)=a-i-pt-gh+b-k-p-gtt,

Pull out g and p to get:

w(j): a-i-g-pl-gh-1 +b-k-p-pi-1.gk1,

Factoring out a term we find,

w(T)=(a-i-g+b-k-b)p~1-gk1.



8 FRANQUE BAINS

Through addition and subtraction of the same term, we find:

w(z)=(a-1-g+b-k-p—p-g)p=t-gF1t +p-g(p~t-gk1).

However (a-i-g+0b-k-p—p-g)p~—'- gk is congruent to p°. Therefore,

w(T)=p-g-pt gt
= pi-gF
=7
Therefore, pe=i*1 | gk=! (aig + bkp —pg) = w(T) = T. d

4. MODULO AN ARBITRARY POSITIVE INTEGER

Every integer has a prime factorization. We utilize this fact to find
the fixed points on the integers modulo an arbitrary positive integer n
by using the Chinese Remainder Theorem. Let the prime factorization
of n be given by n = p*p3? - - - p¥. Then Z,, = Liger X Lppez X -+ + X Zka,
where the isomorphism is given by the function f(7) = (%,%,...,%).

(This is the Chinese Remainder Theorem.) With this tool, a number

derivative is defined in [1] by the following proposition:

Proposition 4.1. ¢ is a number derivative on Zpil X Zpgz X oo X Den
k

if and only if ¢(21,Za, ..., Z) = (01(Z1), ..., Or(2)) where each ¢; is

a number deriwative on Z,ei .
1
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Remark 4.2. In this section, integers marked with a bar (7 ) indicate an
equivalence class modulo n. Integers marked with a check (%) indicate

an equivalence class of the integers modulo a power of a prime.

Remark 4.3. Tt follows from Proposition 4.1 that every number deriv-

ative 1 on Z, is of the form f~! o ¢ o f for some number derivative

¢:<¢17¢27"'7¢7’L> on pril XZPS2 X oo XZka'

Theorem 4.4. Let 1) be a number derivative on Z,,. Let = fogo f~!
with ¢ = (¢1, P2y .., 0n), as in Remark 4.3. Then »(T) = T iff
¢;() = for all j.

Proof. T =(T)
Plugging in the definition of ¢ gives,
T=f"logof(T).
Utilizing the Chinese Remainder Theorem on f we find,
T =flop(x, &, ...,1).
Take the number derivative on ¢ by employing Proposition 4.1:
T = [ (p1(), p2(2), . . ., ou(T)).
Plug both sides into the function f to get:
f(T) = (61(2), $2(2), . ... $n(2)).
Convert f into an n-tuple of integers in the appropriate modulus:
(&, %, ..., 2) = (¢1(Z), da(E), - -, Pu(T)).
We can conclude that this is true if, and only if,

¢;(z) = 7 for all j. O
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In this project, integers modulo n are viewed as functions. The
formulas derived in Theorems 2.1, 3.1, and 4.4 have found specific
elements of Z, that satisfy the property that the derivative of the
function equals itself. This is where the analogy to the exponential
function lies. This analogy can be expanded upon by exploring ways
to solve differential equations with number derivatives and their fixed
points.

The equation ¢(x) = x can be thought of as something like a “first-
order differential equation.” One potential area for further study is to
develop some techniques for solving the general “first-order differential
equation” a¢(x) + bxr = c. Since exponential functions play a pivotal
role in the solution of general first-order ordinary differential equations,
it is conceivable that the “exponentials” of this paper may serve a simi-
lar purpose. One may also wish to pursue combinatorial questions—for

example, how many solutions are there?
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