Introduction to Abstract Mathematics



Notation:

o ZT or Z7° denotes the set {1,2,3,...} of positive integers,
o 729 is the set {0,1,2,...} of nonnegative integers,

e Zis theset {...,—1,0,1,2,...} of integers,

e Qis the set {a/b:a € Z,b e Z*} of rational numbers,

e R is the set of real numbers,

e Cis the set {x + iy : z,y € R} of complex numbers,

e Y C X means that Y is a subset of X,

e r € X means that x is an element of the set X.
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CHAPTER 1

Mathematical Induction

1. The irrationality of /2
Theorem 1.1 (Pythagoras). There is no x € Q satisfying x> = 2.

Proof. To get a contradiction, assume there is an x € Q such that 22 = 2. If
we write z = a/b as a quotient of two integers a,b € Z with b > 0, then

=2 = (a/b)? =2 = a* =2V
Now stare at the last equality
(1.1) a? = 2b°

and consider how many times the prime 2 appears in the prime factorization
of each side. For any nonzero integer m, the prime 2 appears in the prime
factorization of m? twice as many times as it appears in the prime factorization
of m itself. In particular for any nonzero m the prime 2 appears in the prime
factorization of m? an even number of times. Thus the prime factorization of
the left hand side of has an even number of 2’s in it. What about the
right-hand side? The prime factorization of b? has an even number of 2’s in
it, and so the prime factorization of 2b? has an odd number of 2’s in it. This
shows that the prime factorization of the right hand side of has an odd
number of 2’s. This is a contradiction, and so no such x can exist. 0

It’s worth pausing to remark on a property of positive integers used in the
proof. When we talk about “how many times the prime 2 appears in the prime
factorization” of a number we are using the fact that every positive integer can
be factored in a unique way as a product of primes. This is true, but at the
moment we have done nothing to justify this assertion. This deficiency will be

addressed later, in Theorem [5.3

Exercise 1.2. Prove there is no x € Q satisfying 2® = 5.
Exercise 1.3. Prove there is no x € Q satisfying 2% = 15.

Exercise 1.4. Suppose m € Z7T is not a perfect square. Show that /m is
irrational.
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2. The Principle of Induction

Axiom 2.1 (Well-Ordering Property of Z"). Every nonempty subset of Z*
has a smallest element.

Theorem 2.2 (Principle of Induction). Suppose
P(1),P(2),P(3),...
is a sequence of statements with the following properties:
(a) P(1) is true,
(b) for every k € Z*, P(k) = P(k+1).
Then, P(n) is true for every n € Z™.
Proof. We must show that P(n) is true for every n € Z*. To get a contradiction,

suppose not. Then there is some m € Z* such that the statement P(m) is
false. Consider the set
S={neZ": P(n) is false}.

We know that P(m) is false, and so m € S. In particular S # (). By the
Well-Ordering Property of Z*, the set S contains a smallest element, which we
will call mg. We know that P(1) is true, and so 1 ¢ S. In particular mgy # 1,
and so mg > 1. Thus my—1 € Z* and it makes sense to consider the statement
P(mg —1). As mg — 1 < my and my is the smallest element of S, my—1 & S.
Of course this implies that P(mg — 1) is true. Now taking k = my — 1 in the
implication P(k) = P(k + 1) we deduce that P(my) is true, and so my ¢ S.
But mg was defined to be the smallest element of S, and in particular mgy € S.
This contradiction completes the proof. 0

Theorem 2.3. For every n € Z*

Proof. Let P(n) be the statement that we want to prove:

1
1+2+3+“_+n:nm;)
First, consider the case n = 1. The statement P(1) asserts
1(1+1)

1= ,

2
and this is obviously true. Next we assume that P(k) is true for some k € Z*
and try to deduce that P(k + 1) is true. So, suppose that P(k) is true. This

means that o
1+2+3+'~+k:(éFX
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and adding k£ + 1 to both sides and simplifying results in

k(k+1)
2

1+2+3+-+k+(k+1)= +(k+1)

E(k+1) 2(k+1)

2 + 2
k(k+1)+2(k+1)

2

K +3k+2
B 2
(k+1)(k+2)
—
Comparing the first and last expressions in this sequence of equalities, we find
that P(k + 1) is also true. We have now proved that P(k) = P(k+ 1), and
so by induction P(n) is true for all n € Z*. O

Proposition 2.4. If n € Z" and x is a real number with x # 1, then

xn—&-l -1

l+r+2°+2°+ - +a" =
r—1

Definition 2.5. Define the Fibonacci numbers fi, fo, f3,... by the recursion
relations fi =1, fo =1, and

fn = fn—l + fn—2

whenever n > 2 (so the Fibonacci numbers are 1,1,2,3,5,8,13,21,...).

Proposition 2.6. Prove that for every n € Z*

it fat+fs+ 0+ fono1 = fon

The principle of induction can be slightly generalized. The following
proposition shows that there’s no reason you have to start the induction at the
statement P(1). If you can prove that P(ng) is true and that P(k) = P(k+1)
for all k > ng, then P(ng), P(ng+ 1), ... are all true.

Theorem 2.7. Fix an integer ny € Z and suppose we are given statements
P(no), P(ng + 1), P(no +2),. ..
satisfying

(a) P(ng) is true,
(b) for every k > ngy, P(k) = P(k+1).

Then P(n) is true for every n > ny.



SECTION 2. THE PRINCIPLE OF INDUCTION 4

Proof. Define a new sequence of statements Q(1), Q(2),... by

Q) = Pny)
Q@) = Plng+1)

We will now use induction to prove that Q(1), Q(2),... are all true. Recall that
we are assuming that P(ng) is true, and therefore (1) is true. Now assume
that Q(k) is true for some k. Then of course P(ng + k — 1) is also true. But
P(ng+k—1) = P(no+ k), and P(ng + k) = Q(k + 1). Therefore Q(k + 1)
is true. By induction the statements Q(1), Q(2),... are all true, and therefore
P(ng), P(ng+1),... are also all true. O

Exercise 2.8. Use induction to prove that n < 2" for every n € Z*.

Exercise 2.9. Prove the following statement: for every n € Z* the integer
10" — 210"+ 7
is divisible by 3.

Exercise 2.10. Prove that
n(2n+1)(n+1)

n.2_
LT

for every n € Z*.

Exercise 2.11. Prove that

for every n € Z*.

Exercise 2.12. Suppose that n is a positive integer. Prove that
2n

S (=1)k =n.

k=1
Exercise 2.13. Prove that 22"*! + 1 is divisible by 3 for every n € Z™.

Exercise 2.14. Prove that
n(n+1)(n+2)
3

1-24+2-34+3-4+---4+n-(n+1)=

for every n € Z*.
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Exercise 2.15. Prove that
143454+ (2n—1)=n?

for every n € Z*.

Exercise 2.16. Prove that for every n € Z*
1 n 1 N 1 P 1 <9 1
12 22 32 n? — n’
Exercise 2.17. Suppose that n is an integer with 7 < n. Use induction to prove
3" < nl.
Exercise 2.18. Prove 5 - 2™ < 3" for all integers n > 4.

Exercise 2.19. Let n be a positive integer. Show that the Fibonacci numbers
satisfy

Z fk = fn+2 -1
k=1
Exercise 2.20. Let n be a positive integer. Show that
Z fl? = fnfn-&-l‘
k=1

Exercise 2.21. Prove that f, fni1 — fo_ifnie = (=1)" T if n > 2.

Exercise 2.22. Define the harmonic numbers H, by the formula

1 1 "1
Hy=1+-++-—=) —.
2 n

Prove that

n—1
Z Hk = an —n.
k=1

Exercise 2.23. Prove that

" nn+1)H, n(n—1)
kHy = — .
,; ‘ 2 4

Exercise 2.24. Let n be a positive integer. Using I’'Hopital’s rule and induction,
prove that

n

lim — = 0.
r—00 et

You may assume that the formula is true when n = 0.
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Exercise 2.25. Define the gamma function by the formula

(e}
['(n) :/ " e " dx.
0
You may assume without proof that the integral converges if n is a positive

integer. Prove that I'(n + 1) = nI'(n) by integrating by parts.

Exercise 2.26. Now prove by induction that if n is a nonnegative integer, then
I'(n+1)=nl

Exercise 2.27. Find a value of N such that 2n? < 2" for all n > N.

Exercise 2.28. Suppose that n is a positive integer. Prove using induction and
I’Hopital’s Rule that

lim z(log z)" = 0,

z—0

where log z is the natural logarithm of x.

Exercise 2.29. Suppose that n is a positive integer. Prove using induction and
integration by parts that

1 22n | 2
/ (1—2*)"dr = A
0 (2n+1)!
. L . . (2n)! .
Exercise 2.30. Let n be a positive integer. Prove using induction that ol 18
"n!

always an integer.
Exercise 2.31. Find a value of N such that 3" < n! for all n > N.

Exercise 2.32. Let n be a positive integer, and a any nonnegative real number.
Prove by induction that
-1
1+ a)" > 1—|—noz—|—n(n2)a2.

Be sure in your proof to indicate where you used the fact that a > 0, because
the result is false if « is negative.

Exercise 2.33. Suppose that n is a positive integer. Prove that n?+2n is always
a multiple of 3.

Exercise 2.34. Define a sequence of real numbers by x; = 1, and

Ty = 1\/Tpo1 +1

for all n > 1. Prove that z, < x,,, for all n € Z*.
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Exercise 2.35. If n is any nonnegative integer, write g, = 22" + 1. Prove using
induction that
909192 * Gn-1 = Gn — 2.

The numbers g,, were first studied by the mathematician Pierre de Fermat,
who conjectured that they are always prime. If your calculator is sufficiently
good, you can verify that g; in fact is not prime. When you consider that
gs = 4294967297, it’s hard to blame Fermat for being unable to notice that it
is not prime.

Exercise 2.36. Let n be a nonnegative integer, and a any positive real number.

Prove that
(—=1)"n!

1
/0 .fCa(lng)n dx = m

3. The Principle of Strong Induction

Theorem 3.1 (Principle of Strong Induction). Suppose P(1), P(2), P(3),...
is a sequence of statements with the following properties:
(a) P(1) is true,
(b) for every k € Z*, if P(1), P(2),..., P(k) are all true then P(k + 1) is
also true.
Then, P(n) is true for every n € Z™.

First proof of strong induction. The first proof of strong induction mimics the
proof of weak induction. We must show that P(n) is true for every n € Z™.
To get a contradiction, suppose not. Then there is some m € Z* such that the
statement P(m) is false. Consider the set

S={n€Z": P(n) is false}.

We know that P(m) is false, and so m € S. In particular S # (). By
the Well-Ordering Property of Z*, the set S contains a smallest element,
which we will call mg. Of course 1,2,...,mg — 1 ¢ S, which implies that
P(1),P(2),...,P(mg— 1) are all true.

By hypothesis P(1) is true, and so 1 ¢ S. In particular mg # 1. Therefore
mgo > 1 and we may take k = my — 1 to see that

P(1),P(2),...,P(mo—1) all true = P(my) is true.
Therefore my ¢ S. We now have that mg is both in S and not in S, a

contradiction. O

Second proof of strong induction. The second proof of strong induction is a
bit sneaky. We will use the weak form of induction to prove the strong form of
induction. Here is the trick: for each n € Z* let Q(n) be the statement

“P(1),P(2),...,P(n) are all true.”



SECTION 3. THE PRINCIPLE OF STRONG INDUCTION 8

We will now use weak induction to prove that Q(1), Q(2), ... are all true. Recall
we are assuming that P(1) is true. As the statement (1) asserts “P(1) is
true,” Q(1) is also true. Now suppose that Q(k) is true for some k € Z*.
Then P(1),..., P(k) are all true, and so by hypothesis P(k + 1) is also true.
Therefore P(1), P(2),...,P(k + 1) are all true, which means precisely that
Q(k + 1) is true. We have now proved that Q(k) = Q(k + 1), and hence by
weak induction Q(1),Q(2), ... are all true. But certainly if Q(n) is true then
P(n) is true, and so P(1), P(2),... are also all true. O

Definition 3.2. Suppose n € Z* with n > 1.

(a) We say that n is composite if there exist a,b € Z* such that 1 < a,b <n
and n = ab.

(b) We say that n is prime if whenever n = ab with a,b € Z*, either a = 1
orb=1.

By convention 1 is neither prime nor composite.

Theorem 3.3. Suppose n € Z*. There exist prime numbers p;, ..., ps such
that n = py - - - ps. In words: every positive integer can be factored as a product
of primes.

Proof. We will use the strong form of induction. Let P(n) be the following
statement: there exist prime numbers p,...,ps such that n = p;---ps. The
statement P(1) asserts that 1 can be written as a product of prime numbers.
This is true for a reason that is either subtle or trivial: the number 1 is the
empty product of prime numbers. If you multiply together no prime numbers
at all (so take s = 0) the result is 1. Therefore P(1) is true.

Now assume that we have some n € Z* for which P(1), P(2),...,P(n—1)
are all true. We must show that P(n) is also true. We have already seen that
P(1) is true, so we may assume that n > 1.

Case 1: Assume that n is prime. Then n is certainly a product of prime
numbers, so P(n) is true.

Case 2: Assume that n is composite. Then there are a,b € Z* such that
n=aband 1 < a,b<n. As a,b < n, the induction hypothesis tells
us that P(a) and P(b) are true. Therefore there are prime numbers
P1,---,Ps Such that a = p; - - - ps, and prime numbers ¢y, ..., q such
that b = ¢ - - - ¢;. But this implies that

n:ab:pl.ps.qlqt
is also a product of prime numbers, and so P(n) is also true.
By strong induction, we are done. 0

Exercise 3.4. Prove that the n'® Fibonacci number f, satisfies f, < 2.
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Exercise 3.5. Prove that f,, < (2)".
Exercise 3.6. Find a value of N such that (3)" < f,, for all n > N.

Exercise 3.7. Define aq,as,... by a; =1, ay = 3, and
p = Ap—1 + Qp—2

for n > 2. Prove a,, < (7/4)" for every n € Z.

Exercise 3.8. Define by, by, ... by by = 11, by = 21, and
bn = 3bn—1 - 2bn—2

for n > 2. Prove that b, =5-2"+ 1 for every n € Z™.

Exercise 3.9. Let

1++5 5_1—
)

be the two real roots of the quadratic equation 22 — 2 — 1 = 0. Prove that the
n'" Fibonacci number satisfies

B

o — Bn
fo=
a—p
Exercise 3.10. Define ay, as,as, ... by a; = 2, and

o1 = @y + g + o+ ap
for n > 1. Prove that a,, > 3" for n > 4.

Exercise 3.11. Suppose that n is a positive integer. Prove using induction,
integration by parts, and ’Hopital’s Rule that

1
/ (—logx)" dx = n!
0

where, as usual, logz refers to the natural logarithm of z. You will need
I’Hépital’s rule because this is an improper integral; the integrand is not
defined at = = 0.
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4. The Binomial Theorem

Definition 4.1. Given integers 0 < k < n we define the binomial coefficient

n n!
</<:> Tk — k)

If K <0ork>n, we define <Z> to be 0.

Note the (very easy) equalities (g) =1, (Z) =1, and (Z) = (nfk)

Proposition 4.2 (Pascal’s relation). If 0 < k < n+ 1 then
(=G0 G)
k k—1 k
Proposition 4.3. If n € Z" and 0 < k < n then (Z) € Z.
Theorem 4.4 (Binomial Theorem). For any n € Z=° and any z,y € R we

have
" (n
(x+y)" = Z <k>x”_kyk.

k=0
Proof. The proof is by induction. In the base case n = 0 the desired equality is

0
(z+y)° = <0> 2%y’
which is obvious, as both sides are equal to 1. Now suppose that

e Qv (o

for some n > 0. We must prove the equality

nt1_ (L) i n+1\ 1 nt 1\ o o
(r+y) <O>x y+<1 R Y

Multiplying both sides of (4.1)) by x + y results in
(l’ + y)n+1

_ ™), 0 Y n-1,1 . .. n 1,n—1 n\ o, n
= (z+vy) Ko>xy +<1>x Y+ +<n_1>xy +(n>xy]
E— K”)xnyo_i_ <n>x"_1y1+ (”)xn—2y2+._.+ (”)onnl
0 1 2 n
(o) (e
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_ n ety 4 n 2yt + n e N n 2y
0 1 2 n
i n 2yt 4 n N2 n 2y 4 n 2Oy
0 1 n—1 n

Notice that the final expression contains two terms involving the monomial

2™y!, two terms involving the monomial " !42, and so on, down to two terms

involving the monomial z'y". Collecting together like terms and rearranging
results in

o Qe ) v )+ v
)]+

Using Pascal’s relation and the equalities

() = ()=

this simplifies to the desired equality

1 1 1
(z 49" = (ng )x"“yo + <n1L )x”yl + (n;t )x”_1y2 +

n+1\ , ., n+1\ o 41
+<n>;1:y +<n+1>ajy .
Exercise 4.5. Prove that

where r >m >k > 0.

Exercise 4.6.

(a) What is the coefficient of 23y* in the expansion of (2x + y)7?
(b) What is the coefficient of z'?y°® in the expansion of (2% — 3y)'?
(c) What is the coefficient of 2!y in the expansion of (23 — 3y)'°?

Exercise 4.7. Prove
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Exercise 4.8. Prove .
el
> (1) ( k) ~0.
Exercise 4.9. Suppose that a,n € Z*. Prove that the product
(a+1)(a+2)(a+3) - (a+n)
is divisible by n!.
Exercise 4.10. Use induction to prove that for any integer n > 2

)+ () G G- (3)

3
Exercise 4.11. Let n be a positive integer. Prove that ( n) is a multiple of 3.
n

Exercise 4.12. If f is a function, let D f be its derivative. For n € Z" let
m —p...
fY"=0---Df
n times

be the n'* derivative of f. In this notation the usual product rule from calculus
says that

(fo)V = fg'' + fWg.
Using the product rule, prove the formula for the n'" derivative of a product

g =35 (1)

k=0

Exercise 4.13. Prove that for any integer n > 2

(5)-0)

Exercise 4.14. Prove that for any integer n > 2
m-+n "o (m n
(") 000
Exercise 4.15. Prove that
(k) [n+1
=)= ()
where n > m > 0.
Exercise 4.16. Prove that
" [(a b _[(a+b
L0600
>

where a >n>0and b > n > 0.



CHAPTER II

Arithmetic

1. Divisibility and the GCD

Definition 1.1. Given integers m and n we say that m divides n (or that n
is a multiple of m) if there exists a ¢ € Z such that n = mq. We often write
m | n to mean that m divides n.

Definition 1.2. Given two integers a and b, not both 0, their greatest common
divisor ged(a, b) is defined to be the largest integer that divides both a and b.
We say that a and b are relatively prime (or coprime) if ged(a,b) = 1.

Exercise 1.3. What is ged(—100,75)?

Exercise 1.4. Suppose a, b, c € Z. For each of the following claims, give either
a proof or a counterexample.

(a) If a|band b | c then a|c.
(b) If @ | bc then either a | b or a | c.
(c) fa|cand b | c then ab | c.

Exercise 1.5. Suppose b, c € Z" are relatively prime and a is a divisor of b + c.
Prove that

ged(a,b) = 1 = ged(a, ).

Exercise 1.6. Let f, be the n'® Fibonacci number.

(a) Show that any common divisor of f, 1 and f, o is also a divisor of f,.
(b) Now use induction to prove that ged(f,, fni1) =1 for all n € Z7.

Exercise 1.7. In an earlier exercise we defined g, = 22" + 1, and proved that

909192 * * * Gn—1 = Gn — 2.

Suppose now that a and b are unequal positive integers. Prove that ged(gq, gp) =
1.

13
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2. The Division Algorithm

Theorem 2.1 (Division algorithm). Suppose a,b € Z with b > 0. There are
unique integers q and r that satisty a = bq+r and 0 < r < b.

Proof. There are two things to prove here. First the existence of integers ¢
and r with the desired properties, and then the uniqueness of ¢ and r.
First we prove the existence of ¢ and r. Look at the infinite list
o, a—2b, a—b, a, a+b, a+2b, a+3b, a+4b, ...
The first claim is that this list contains a nonnegative element: if a > 0 then
this is clear, while if a < 0 then
a+b-(—a)=a(l—0)>0.

shows that a 4+ b - (—a) is a nonnegative element of the list.
Let
S={a+bx:ze€Zanda+bxr >0}

be the set of nonnegative elements in the list above. We have just agreed that
S # (. T claim that the set S has a smallest element. If 0 € S then 0 is the
smallest element of S. If 0 ¢ S then S is a nonempty subset of Z*, and the
well-ordering property of Z* then implies that S has a smallest element. In
any case, we now know that S has a smallest element, which we call r.

The integer r, like every element of S, has the form r = a + bx for some
x € Z. If we set ¢ = —x then

a+br=r = a—bg=r = a=0bqg+r

as desired. The only thing left to check is that 0 < r < b. The inequality 0 < r
is clear, because r € S = r > 0. To prove that r < b, we of course use the
fact that » = a + bz is the smallest element of S. As

a+blx—1)<a+bx
we must have a + b(z — 1) € S. Therefore a + b(x — 1) < 0, and then

a+bx—1)<0 = a+br—0b<0
= r—0<0
= r <b.

Now we prove the uniqueness of ¢ and r. This means the following: suppose
we have another pair of integers ¢’ and r’ that also satisfy a = bg’ + r' with
0 <7 <b. We must show that ¢ = ¢’ and r = r’. If we subtract one of

a=0bq+r
a=>bq +1
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from the other we arrive at 0 = b(q — ¢’) + (r — r’). This implies that " —r =
b(q — ¢'). Now from the inequalities

—b<—r<r—r<r<b

we deduce —b < r’—r < b, and dividing through by b shows that —1 < ¢'—¢ < 1.
As ¢’ — q € 7Z, the only possibility is ¢ — ¢ = 0. Therefore ¢’ = ¢, and from the
relation " — r = b(¢’ — ¢) we deduce also that " = r. O

Exercise 2.2. Find the quotient, ¢, and the remainder, r, in the division
algorithm when

(a) a=17and b =5,

(b) a="5and b =8,

(¢c) a=—31and b=>5.

Exercise 2.3. Prove that if n is a perfect square then n must have the form
4k or 4k + 1. Hint: write n = m? for some m € Z*. When m is divided by 4
there are four possible remainders. Consider each case separately.

3. Euclid’s Algorithm

Euclid’s algorithm is a simple and quick method to compute greatest
common divisors. Start with a,b € Z* and repeatedly apply the division
algorithm

a=bq +1m 0<r <b
b=riqs + 19 0<ry<m
Ty = Toq3 + T3 0<r3<my
ro =13q4+ T4 0<ry<rs
T3 =7T4q5 + 75 0<rs<my
Th—o = Tn—1Qn + Ty 0<r, <mTn

Tn—1 = T"nqn+1-
As the remainders form a decreasing sequence of nonnegative integers
b>7”1>7’2>7’3>7"4>"'

they must eventually reach 0, which justifies the final line r, 1 = r,q,+1. We
are interested in the last nonzero remainder, r,.

Lemma 3.1. If ¢ € Z divides both a and b then ¢ divides r,,.
Lemma 3.2. If ¢ € Z divides r,, then ¢ divides both a and b.
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Theorem 3.3. The last nonzero remainder in Euclid’s algorithm is ged(a, b).
Furthermore, for any ¢ € Z we have

c| ged(a,b) <= c is a common divisor of a and b.

Proof. Taken together, Lemma [3.1] and [3.2] show that for any ¢ € Z
(3.1) ¢|r, <= cisacommon divisor of a and b.

As r, divides itself, the implication = of shows that r,, is a common
divisor of @ and b. Now suppose that ¢ is any common divisor of a and b. The
implication <= of implies that ¢ divides r,, and in particular ¢ < r,.
Thus r,, = ged(a, b). The final claim

c| ged(a,b) <= cis a common divisor of @ and b
is now just a restatement of (3.1). O

The following proposition can be proved very efficiently using Euclid’s
algorithm: just perform Euclid’s algorithm on a and b, and then multiply
everything in sight by z.

Proposition 3.4. For any a,b,x € Z" we have
ged(azx, bx) = ged(a, b) - .

Proposition 3.5. Suppose a,b € Z*. If we set d = ged(a,b), then a/d and
b/d are relatively prime.

Exercise 3.6. Use Euclid’s algorithm to compute
(a) ged(83,13)
(b) ged(21,96)
(c) ged(75,—21)
(d) ged(735,1421)
(e) ged(—397,—204)

Exercise 3.7. Let n and k be positive integers. Show that ged(n,nk + 1) = 1.

4. The equation azx + by = ged(a, b)

Definition 4.1. Suppose a,b € Z. A Z-linear combination of a and b is an
integer of the form ax + by for some x,y € Z.

Suppose we want to express ged(75,21) as a Z-linear combination of 75
and 21. In other words, we seek x,y € Z satisfying

75z + 21y = ged(75,21).
First perform Fuclid’s algorithm on 75 and 21:
75=21-3+12
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21=12-149
12=9-1+4+3
=3-3.

This shows that ged(75,21) = 3. Now start at the top and work down,
expressing each successive remainder as a Z-linear combination of 75 and 21:

12=75-21-3

9=21-12
=21 —(75—21-3)
=—-75+21-4
=12-9
=(75—-21-3)— (=75+21-4)
=75-2—-21-T.

Thus we have the desired solution x = 2, y = —7 to

75z + 21y = ged(75,21).

Lemma 4.2. If m,n € 7Z are Z-linear combinations of a and b, then m + n is
also a Z-linear combination of a and b.

Lemma 4.3. Suppose ¢ € Z is a Z-linear combination of a and b. If n € Z
then cn is also a Z-linear combination of a and b.

Theorem 4.4. Suppose a,b € Z". Then there are x,y € 7Z such that
ax + by = ged(a, b).
Proof. Start by performing Euclid’s algorithm on a and b:

a=bgq +m 0<r <b
b=riqy+ 19 0<ry<nr
1 ="Toq3+ 13 0<r3<re
Ty = T3q4 + T4 0<ry<rs
T3 =T4Q5 + 75 0<rs<my
Tho = Thn_1Gn + Tn 0<r, <rn

Tn—1 = T'nQn41-
The first line can be rewritten as r; = a — bg; which shows that ry is a Z-linear
combination of ¢ and b. The second line can be rewritten as ro = b — r1¢s.
Clearly b =a -0+ 0b-1 is a Z-linear combination of a and b, and —ry¢q, is a
Z-linear combination of a and b by Lemma .3 and so ry is also a Z-linear
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combination of @ and b by Lemma [4.2] The third line of Euclid’s algorithm
can be rewritten as

rs =1T1 — Ta2qs.

As we have already shown that r; and 7 are Z-linear combinations of a and b,
so is 3 (again by Lemmas and . Continuing in this way we eventually
find that ry,7rs,...,r, are all Z-linear combinations of a and b. In particular
r, = ged(a, b) is a Z-linear combination of a and b, as desired. O

Corollary 4.5. If a,b € Z are not both 0 then there are x,y € 7Z such that
ax + by = ged(a, b).

Proof. Suppose first that @ = 0. Then ged(a,b) = |b|, and the equation
ax + by = ged(a, b) obviously has a solution: if b > 0 take = 0 and y = 1; if
b <0 take x =0 and y = —1. The case of b = 0 is similar.

Suppose next that a > 0. If b > 0 then we already know the claim is true,
so we may assume b < 0. Using —b = |[b| > 0, we may apply Theorem to
find z,y € Z such that ax + |bly = ged(a, |b]). As ged(a, |b]) = ged(a,b), we
may rewrite this as ax + b(—y) = ged(a, b), and we are done. The case of b > 0
is similar, just reverse the roles of a and b in the argument.

The only remaining case is @ < 0 and b < 0. As |al, |b] > 0, Theorem
implies there are x,y € Z such that |a|x + |bly = ged(|al, |b]). This equality is
the same as a(—z) = b(—y) = ged(a, b), and we are done. O

Lemma 4.6. Suppose a,b,m € Z with a,b not both zero. If ged(a,b) | m
there is an integer solution to ax + by = m.

Lemma 4.7. Suppose a,b, m € Z with a,b not both zero. If there is an integer
solution to ax + by = m, then ged(a, b) | m.

Theorem 4.8. Suppose a,b,m € Z with at least one of a,b nonzero. The
equation ax + by = m has a solution with x,y € Z if and only if gcd(a,b) | m.
In other words:

m is a Z-linear combination of a and b <= gcd(a,b) | m.

Proof. Combine Lemmas [4.6] and O

Proposition 4.9. Suppose a,b € Z are relatively prime. Then for any ¢ € 7Z
alcandb|c < ab|ec.

Proposition 4.10. If a,b,c € Z with ged(a,b) =1, then a | bc = a | c.
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Lemma 4.11. Suppose a,b € Z* and set
b
(=2
ged(a, b)
If m is any common multiple of a and b then m/{ is an integer.

Proposition 4.12. Suppose a,b € Z* then
ab

1 b) = ————.
cma, b) ged(a, b)

Furthermore, for any m € Z

m is a common multiple of a and b <= m is a multiple of lem(a, b).

Exercise 4.13. For each pair a,b € Z below find x,y € Z satisfying
ax + by = ged(a, b).

(a) a=83,b=13

(b) a=21,b=096

(¢) a=T75,b=—-21

(d) a = 735, b = 1421
(e) a=—397, b= —204
(f) a = 1024, b = 238

Exercise 4.14. For each of the following equations, either find an integer solution
or show that no solution exists.

(a) 204z 4+ 157y =4

(b) 501x — 42y =3

(c) 84z + 12y = —15

(d) —422x — 316y = 12

Exercise 4.15. Find the smallest positive integer in the set
{1202 + 192y : z,y € Z}.

Exercise 4.16. Suppose a,b € Z, not both zero.

(a) Show that the equation ax+by = 0 has infinitely many integer solutions.

(b) Show that the equation ax + by = ged(a, b) has infinitely many integer
solutions.

(c) Find three different solutions to 321x + 18y = ged(321, 18).

Exercise 4.17. Suppose a,b € Z* are relatively prime.

(a) Suppose we are given integers x,y such that ax + by = 0. Prove that
there is an m € Z such that

xr =0bm Yy = —am.
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(b) Suppose we are given integers xg, 3o such that axy + byy = 1. Given
another pair x,y € Z such that ax + by = 1, prove that there is some
m € 7Z such that
T =x9+ bm Y = 1Yo — am.

(c¢) Find all integers solutions to the equation 500z + 131y = 1.

Exercise 4.18. Suppose a,b, z € Z*. Prove that lem(ax, bx) = lem(a, b) - z.

5. The Fundamental Theorem of Arithmetic

Proposition 5.1. Suppose b,c € Z and p is a prime. Then
plbc = plborp]ec.

Corollary 5.2. Let p be a prime and suppose aq, ..., a, are nonzero integers.
If p divides the product a; - - - a,, then p divides some a;.

Theorem 5.3 (Fundamental Theorem of Arithmetic). Suppose N is any
positive integer. There are prime numbers py, ..., py such that N = py - - - py.
Furthermore, suppose we have another list of prime numbers q1, ..., q, such
that N = q; ---qp. Then k = { and, after possibly reordering the ¢;’s,

b1 = a1, D2 = (42, y Pk = (k-

Proof. The existence of prime factorizations was the content of Theorem
3.3 and so we need only prove the uniqueness. Suppose N has two prime
factorizations

N =pi-- i
and

N=q-q.
Without loss of generality we may assume that &£ < /. The above equalities
obviously imply

(5.1) PP =G G
As p; divides the left hand side, Corollary implies that p; divides some g¢;.
After reordering the list ¢y, ..., g, we may assume that p; | ¢;. As ¢ is prime,

its only positive divisors are 1 and ¢;, and we deduce that p; = ¢;.
It now follows from (/5.1]) that

P2 Dk =q2-" -4y

The left hand side is visibly divisible by ps, and repeating the argument of the
paragraph above shows that, after possibly reordering the ¢;’s, ps = q2. This
leaves us with

P3Pk =43 4qe.
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Repeating this process, we eventually find that p; = ¢1, p2 = ¢2, and so on
down to px_1 = qr_1, at which point we are left with the equality

Pr =4k 4e.
From this, after reordering the ¢;’s, we deduce as above that p, = ¢,.. We also

deduce that k£ = ¢. Indeed, if £ < ¢ then the equality 1 = g1 --- ¢, would
show that ¢, divides 1, which is ridiculous. O

Theorem 5.4 (Euclid). There are infinitely many prime numbers.
Proof. To get a contradiction, suppose there are only finitely many primes
numbers, and list them (in no particular order) as pq,pa, ..., pr. Now set
N=pip2---pr+1
and let ¢ be any prime divisor of N. By hypothesis, p1, ..., py is a complete
list of all prime numbers, and so ¢ must appear in this list. After reordering
the p;’s we may assume that ¢ = p;. Writing N = ¢ - ¢ for some ¢ € Z, we now
have
N=pips--pr+1 = qc=pipa---pr+1

— qc—pip2-pr=1

= qlc—p2---pp) = 1.
This shows that 1 is divisible by the prime ¢, a contradiction. 0

Exercise 5.5. Suppose a,b € Z* are relatively prime. If m and n are any
positive integers, show that o and b™ are again relatively prime.

Exercise 5.6. Suppose that a, b, and ¢ are positive integers satisfying ged(a, b) =
2 and gcd(a, ¢) = 3. What can you say about ged(a, be)?

Exercise 5.7. Suppose that a, b, and ¢ are positive integers satisfying ged(a, b) =
2 and ged(a, ¢) = 4. What can you say about ged(a, be)?

Exercise 5.8. Suppose that a, b, and ¢ are positive integers satisfying ged(a, b) =
2 and ged(a, ¢) = 4. What can you say about ged(a?, bc)?

Exercise 5.9. Let n be a positive integer. Prove that if 18 | n3, then 18 | n?.
(Note that it is quite possible for 18 not to divide n, for example if n = 6.)
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Complex numbers, sets, and functions

1. The complex numbers

Definition 1.1. If X and Y are sets, the Cartesian product of X and Y is the
set
XxY =A{(z,y):ze X,y Y}

Definition 1.2. The complex numbers are the set C = R x R with addition
and multiplication defined by the rules

(1, 91) + (¥2,92) = (21 + 22, Y1 + Y2)

and

(w1, 91) - (22, 92) = (122 — Y1Y2, T1Y2 + Y172).

We usually write x + iy to mean the complex number (x,y). Then the rules

for addition and multiplication become

(1 +iy1) + (o + iy2) = (21 + 22) +i(y1 + o)
and

(w1 + 1) - (22 +1y2) = (2122 — y1y2) + i(T1Y2 + Y172).

In particular, note that ¢ - = —1.

Definition 1.3. If z = x 4 1y is a complex number define
(a) the real part Re(z) = x and imaginary part Im(z) =y,
(b) the complex conjugate z = = — iy,
(c) and the absolute value |z| = /22 + 2.
Note that |z|, Re(z), and Im(z) are real numbers, and that |z| > 0.

Proposition 1.4. Suppose that 2,2z, € C. Then
(a) 2120 = 29 - 21,
(b) |21 22| = |21| - [22],
(C) 21 29 =21 29.
(d) Furthermore, every z € C satisfies 2z = |z|?.

Proposition 1.5 (Triangle inequality). For any zy, 2o € C we have
|21+ 22| < |21 + |22

22
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Any complex number z may be written in polar form z = r[cos(0) +isin(6)]
with r € R=% and 0 € R.

Proposition 1.6. Given two complex numbers in polar form
21 = r1[cos(fy) + isin(6y)]
29 = rafcos(fs) + isin(6s)],
the product has polar form
2129 = 1T12[cos(0y + 63) + isin(0; + 6)].
Proposition 1.7 (DeMoivre’s Theorem). Given a z € C in polar form
z=r-[cos() + isin(6)]
and any n € Z*, we have z" = r" - [cos(nf) + isin(nd)].
The next proposition, due to Euler, is proved using the power series ex-

pansions of e”, sin(z), and cos(z). Note that taking § = 7 yields the famous
formula ™ = —1.

Proposition 1.8 (Euler’s formula). For any 6 € R, we have

" = cos(0) + isin(0).
Exercise 1.9. Compute the real and imaginary parts of (7 — 5i)~'.

Exercise 1.10. Suppose that z and w are complex numbers. Prove that
|2 = w| > [|2] = |w||.

Exercise 1.11. Find two different complex numbers z and w so that z? = w? = 1.
Express your answer both in terms of trigonometric functions and in terms of

radicals.

Exercise 1.12. Find three different complex numbers z, w, and u, so that
23 = w? = u® = i. Express your answer both in terms of trigonometric

functions and in terms of radicals.

2. Roots of unity

Definition 2.1. Given n € Z*, an n'® root of unity is a z € C such that
2" = 1. The set of all n*® roots of unity is denoted

pn ={2€C|2" =1}
h

Definition 2.2. Given an n'® root of unity z € u,, the order of z is the
smallest d € ZT such that z¢ = 1.
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Definition 2.3. A primitive n'" root of unity is a z € u, of order n. In
other words, z is a primitive n'® root of unity if 2" = 1 but 2™ # 1 for every
1<m<n.
Let 277 denote the set of all integer multiples of 27, so that
21l = {2rk : ke Z} ={..., —4n,—2m, 0,27, 4w, 67, ...}
Lemma 2.4. Suppose r,0 € R with r > 0. Then
r-e? =1 <<= r=1andf e 2rZ.

Theorem 2.5. Suppose n € Z* and set ¢ = e™/™. Then
e = {C* k€ Z}.
Proof. First we prove the inclusion {¢* : k € Z} C p,. If z € {¢* : k € Z}
then there is some k € Z such that z = ¢(*. Therefore
2 = (CF) = (e2TRi/myn = e2mki

which proves that z € p,.

Now we prove the inclusion u,, C {¢* : k € Z}. Suppose z € p,, so that
2" = 1. If we write z = re” in polar coordinates then
n_inf

1=2"=r"

Lemma [2.4] now implies v = 1 and nf € 2nZ. As r is a positive real number,
m=1 = r=1,s0 2z = e’ The condition nf € 2rZ implies that there is
some k € Z such that nf = 27k, so now

5= ei@ _ 627rki/n _ (627ri/n)k — Ckv
proving that z € {¢*: k € Z}. O

Proposition 2.6. If z € u, then {z*: k € Z} = {1,2,22,... 2" '}.

Proposition 2.7. If z € u, then the order of z is a divisor of n.

Proposition 2.8. Suppose z is a root of unity of order d. Then for any n € Z
=1 <= d|n.

Theorem 2.9. Suppose z is a root of unity of order d. Then for any k € Z,

2* has order d/ ged(d, k).

Proof. Set
dy = d/ ged(d, k) and ko = ko/ ged(d, k)
and recall from Proposition |3.5| that ged(dy, ko) = 1. We want to prove that z*

is a root of unity of order dy. Let’s first check that (z*)% = 1. This is clear
from the calculation

(Zk‘)do — Zk‘do — Zk:d/gcd(d,k‘) — (Zd)k‘o — 1k() — 1
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We next have to show that dy is the smallest positive integer such that (z%)% = 1.
So suppose we have another positive integer f € Z* such that (2*)/ = 1. Then
(5 =1 = P =1
As z has order d by hypothesis, Proposition implies d | fk and so there is a
¢ € Z such that fk = de. Dividing both sides by ged(d, k) shows that

fk dc
= = f-ko=dy-c.
sedd h) ~ gedid ) T MoTde

In particular dy | fko. But now recall (Proposition 4.10) that whenever
ged(dy, ko) = 1 we have

d()lf]{?() — d0|f
In particular dy < f. This proves that dj is the smallest positive integer such
that (2™)% = 1, and shows that z* has order dj. d

Corollary 2.10. Suppose that ( is any primitive n'® root of unity. Then C* is
a primitive n' root of unity if and only if ged(n, k) = 1.

Exercise 2.11. Set

1 V3,

Z=— = —1.

2 2
Show that z is a root of unity, find its order, and express 2'%° in the form a -+ bi.

Exercise 2.12. Prove that if z € C satisfies both 2* = 1 and 2z° = 1 then
chd(a,b) - 1.

Exercise 2.13. Prove that if z € C is a root of unity then z = 271

Exercise 2.14. Compute the order of every element of u, for n =5,6,7,8,9, 10.

Exercise 2.15. Suppose that w is a primitive 3'® root of unity and z is a primitive
5% root of unity. Show that wz is a primitive 15" root of unity.

Exercise 2.16. Suppose that w is a primitive 9*" root of unity and z is a primitive
5% root of unity. Show that wz is a primitive 45" root of unity.

Exercise 2.17. Fix an n € Z*.

(a) Suppose n > 1. Prove that the sum of all n'" roots of unity is equal to
0. Hint: Factor the polynomial ™ — 1.

(b) Show that the product of all n'" roots of unity is 1 if n is odd, and is
—1if n is even.

Exercise 2.18. Suppose p is a prime number. Find a formula for the number of
primitive p"-th roots of unity.
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Exercise 2.19. Let p be a prime and suppose n € Z*. Show that z € pyn+1 has

n+1

order p" ™ if and only if 2P has order p™.

Exercise 2.20. Suppose d,n € Z*.

(a) Prove that d | n = g C .
(b) Now prove that pug C p, = d|n.

Exercise 2.21. Suppose that a and b are roots of unity of orders m and n,
respectively, with ged(m,n) = 1. Prove that ab has order mn. Show by

example that the claim is false if the hypothesis ged(m,n) = 1 is omitted.

3. Operations on sets

Definition 3.1. Suppose A and B are sets. Define

(a) the union AUB={x:x€ Aorx € B}

(b) the intersection ANB ={z:x € Aand z € B}
(c) the difference AN B={re€ A:x ¢ B}

(d) the complement A¢ = {x:x & A}.

Proposition 3.2. The operations of union and intersection are associative:
(AUB)UC =AU (BUC)
(ANB)NC=An(BNQO).

Proposition 3.3. For any sets A and B we have A~ B = AN B°.

Proposition 3.4 (De Morgan’s laws). For any sets A and B

(AUB)¢ = A°N B¢
(AN B)* = A°U B“.
Proposition 3.5 (Distributive laws). For any sets A, B, and C' we have

(a) AN(BUC)=(ANB)U(ANC)
(b)y AU(BNC)=(AUB)N(AUCQC).

Exercise 3.6. Given sets A, B, and C, prove
(a) AN (BUC)=(ANB)N(ANC)
(b) AN(BNC)=(ANB)U(ANCO).

Exercise 3.7.

(a) Prove that if AUB = A and AN B = A then A= B.
(b) Give a counterexample to the claim (A~ B)U B = A.

Exercise 3.8.

(a) Find a counterexample to AN (BUC) = ( )
(b) Find a counterexample to AU (BNC)=(AUB)NC.
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Exercise 3.9. For each of the following statements either provide a proof or a
counterexample.

(a) (AUB)NA°=B~\ A

(b) (AUB)NC =AU (BNC)

(c) f AcBUC then ACc Bor ACC

(d) Ax(BNC)=(AxB)~N(AxC(C)

(e) (AxB)U(CxD)=(AUC)x (BUD)

f) (AxB)N(CxD)=(ANC)x (BND)

Exercise 3.10. For each of the following statements either provide a proof or a
counterexample.

Exercise 3.11. For each of the following statements either provide a proof or a
counterexample.

(a) fCCAand C C Bthen C C AUB
(b) fCCc AUB then C C Aand C C B
(c)fCCcAorCC Bthen CC AUB
(d fCcAUBthenCCAorCCB
(e) fCCcAand C C Bthen C C ANB
) fCCcANBthenCC Aand C C B
g) fCCcAorCCBthenCCANB
(hyfCCcANBthenCCAorCCB
(i) AcCand BC D — (AxB)cC (CxD)

(

Exercise 3.12. Given sets A and B define the symmetric difference
AAB = (AUB)~ (AN B).
(a) Prove that AAB = (A~ B)U (B \ A).
(b) Find a set X with the property XA A = A for every set A.

(c) Prove that
(AAB)AC = AAN(BAC).

4. Functions

We give an informal definition of the word “function.” Suppose X and Y
are sets. A function f: X — Y is a rule that assigns to every element x € X
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an element f(x) € Y. The set X is called the domain of f, and the set Y is
called the codomain of f.

For example we have the function f : R — R defined by f(x) = 22, and
the function f : (0,1) — R defined by f(z) = 1/z. We cannot talk about
the function f : R — R defined by f(z) = 1/, as the rule provided fails to
associate an element of the codomain to 0 € R. In other words, f(0) is not
defined. This problem could be fixed by shrinking the proposed domain: the
function f: R~ {0} — R defined by f(z) = 1/z is perfectly fine. Similarly we
cannot talk about the function f: R — [0, 1] defined by f(z) = sin(x), as the
rule given fails to associate to 7 € R an element of the codomain [0, 1]. In other
words, f(m) ¢ [0,1]. This problem is easily fixed by enlarging the codomain:
the function f : R — [—1, 1] defined by f(z) = sin(x) is perfectly fine.

Definition 4.1. Let f: X — Y be a function.
(a) We say that f is injective if for every xy,z9 € X

1 # 1y = f(21) # f(22).

(b) We say that f is surjective if for every y € Y there exists some x € X
such that f(z) =v.
(c) We say that f is bijective if f is both injective and surjective.
The definition of injective can be rephrased by replacing the implication

Ty # 1y = f(21) # fl22)

by its contrapositive

f(z1) = f(xe) = 21 = 9.
Thus an equivalent (and more useful) definition of injective is: f: X — Y is
injective if for every x1, x5 € X we have f(z1) = f(z2) = x1 = .

If f: X — Y is injective then given any y € Y there is at most one solution
to f(x) = y. Indeed, if z; and x5 are two solutions then f(z1) =y = f(x2) =
x1 =x9. If f: X — Y is surjective then for every y € Y the equation f(x) =y
has at least one solution. If f: X — Y is bijective then for every y € Y the
equation f(x) =y has ezactly one solution.

Definition 4.2. Suppose X, Y, Z are sets, and we have functions f: X — Y
and g : Y — Z. The composition go f : X — Z is the function

(go f)(x) = g(f(x)).
Theorem 4.3. Composition of functions is associative: given three functions
f:A—=B
g:B—C
h:C—D
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we have (hog)o f=ho(gof).
Proof. For any a € A we have both
((hog)o f)(a) = (hog)(f(a) = hig(f(a))
and
(ho(go ))a) = hllgo f)a) = h(g(f())).
Therefore (hog)o f =ho(go f). O

Definition 4.4. For any set X define the identity function idx : X — X by
idy(x) = z.
Proposition 4.5. For any function f : X — Y we have idy o f = f and
foidy = f.

Definition 4.6. Suppose f : X — Y is a function. A function g : Y — X is
called an inverse of f if it satisfies both relations

ng:idy gszldX
We say that f is invertible if it admits an inverse.

Theorem 4.7. Suppose f : X — Y is a function and g, h : Y — X are inverses
of f. Then g = h.

Proof. This follows from the sneaky calculation
g=idxyog=(hof)og=ho(fog)=hoidy = h.
OJ

Thus if f: X — Y has an inverse, then it has a unique inverse. The inverse
is usually denoted by f~!:Y — X, and satisfies (by definition of inverse)

foft=idy flo f=idy.

Equivalently, f(f~(y)) = y for every y € Y, and f~'(f(z)) = x for every
reX.

Theorem 4.8. A function f: X — Y is invertible if and only if it is bijective.

Proof. Suppose that f is invertible, so there is an inverse f~!:Y — X. First
we prove that f is injective: for any xq, 9 € X we have

fla) = f(z2) = fH(f(21)) = 1 (f(22))
> I1 = 2.
This proves the injectivity. Now for surjectivity suppose y € Y. If we set
r = f~!(y) then
fl@)=f(f"w) =y

This prove that f is surjective, and completes the proof that f is bijective.



SECTION 4. FUNCTIONS 30

Now assume that f is bijective. This means that for every y € Y the
equation f(z) =y has a unique solution. We define a function g : ¥ — X as
follows: for every y € Y let g(y) € X be the unique element of X satisfying
f(g(y)) = y. The function g is defined in such a way that f(g(y)) = y for every
y €Y, and so fog=1idy. Now suppose z € X, and set y = f(x). Then the
two equalities f(z) =y and f(g(y)) = y together with the injectivity of f tell
us

flay)) = fx) = gly) =2 = g(f(z)) ==
This proves that g o f = idx, and shows that g is an inverse of f. 0

Exercise 4.9. Compute the inverse of the function f : C~ {1} — C ~ {2}
defined by f(z) =(2z2—-1)/(z—1)

Exercise 4.10. For each of the following functions either compute the inverse
or prove that no inverse exists.

(a) f:R — R defined by f(x) = (bz —2)/12
) f:R — R defined by f(z) = 22
(c) f:R2% — R=0 defined by f(x)
(d) f:C — C defined by f(z) =
) f:Z — Z defined by f(n) = 2n.
) [ R~ {1} = R~ {1} defined by f(z) = 2
) f

:C {1} = C~ {2} defined by f(2) =(22—1)/(z—1)

Exercise 4.11. For each of the following functions f : X — Y, is f injective?
Surjective? Bijective?
(a) f:7Z — ps defined by f(n) = e?mn/5

(b> f :7Z — pyo defined by f(n) 27”"/5.

(c) f:ps — ps defined by f(z) = 23

(d) f:ps — ps defined by f(z2) = 3

(e) f: g — ps defined by f(z) = 3

(f) f:R xR — R defined by f(x,y) =2 —y
(8) [ :Z — Z defined by

Fn) = n+2 ifniseven
)2n+1 ifnisodd

Exercise 4.12. Below is a list of three functions. For each function, decide
whether the function is injective, surjective, both, or neither, and prove your
answer.

(a) fi: RNALY = RN ALY, file) =
(b) f2: RXR =R, folz,y) =z —y.

z+1
-1
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(c) fa:ps — ps, fs(z) = 2.

Exercise 4.13. Find a function f : Z — 7Z which is
(a) neither injective nor surjective.
(b) injective but not surjective.
(¢) surjective but not injective.

Exercise 4.14. Suppose we have functions f: A — Bandg: B — C.

(a) Prove that if f and g are both injective then so is g o f.

(b) Prove that if f and g are both surjective then so is g o f.

(c) Tt follows from the previous two parts that if f and g are bijective then
so is g o f. Is the converse

g o f bijective = f and g bijective
true? Prove or give a counterexample.

Exercise 4.15. Give an example of functions f: X — Y and g : Y — X such
that g o f =idyx but f is not invertible.

Exercise 4.16. Given two subsets A and B of C, consider the function f : A — B
defined by f(z) = 2°. Find examples of A and B for which

(a) f is a bijection
(b) f is injective but not surjective
(c) f is surjective but not injective.

Exercise 4.17. Suppose that f: A — B and g : B — C are functions.
(a) Prove that if g o f is injective then f is injective.
(b) Prove that if g o f is surjective then g is surjective.

Exercise 4.18. Suppose we have functions f : A — B and g : B — C with
inverses f1: B — A and ¢g~': C — B. Prove that g o f is invertible, and

(gof)t=flog™

Exercise 4.19. Define a function f : Z* x Z* — Z* by the formula

(Z) ifa>0b
b
() if a < b.
a

Decide if f is surjective, injective, both, or neither.

f(avb) =
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Exercise 4.20. Define a function f : Z* x Z* — Z* by the formula

fla,b) = (Zb)

Decide if f is surjective, injective, both, or neither.

Exercise 4.21. Suppose that f: C — C is a surjection. Define a new function
g : C — C by the formula g(z) = 2f(z + 1). Show that g(z) is a surjection.

5. Image and preimage

Definition 5.1. Suppose f : X — Y is a function, and that A C X and
BcCY.

(a) The image of A under f is the set

F(A) = {f(a) : a € A}.
(b) The preimage of B under f is the set
fH(B)={xe€ X : f(z) € B}.
Note that f(A) CY and f~'(B) C X. The image of X under f, f(X), is
often simply called the image of f. By the definition of preimage and image,
e for every x € X, z € f~!(B) if and only if f(x) € B,
o for every y € Y, y € f(A) if and only if there exists an a € A such
that y = f(a).
In all of the following exercises, X and Y are sets and f : X — Y is a
function.

Exercise 5.2. Prove the following statements.

(a) If A C B are subsets of X then f(A) C f(B).
(b) If C' C D are subsets of Y then f~1(C) C f~1(D).

Exercise 5.3. For each of the following statements, provide a proof or a coun-
terexample.
(a) If A, B are subsets of X then f(AUB) = f(A)U f(
(b) If A, B are subsets of X then f(ANB)= f(A)Nf
(c) If C, D are subsets of Y then f~'(CUD) = f~Y(C)uU f~1(D).
(d) If C, D are subsets of Y then f~}(CN D)= fYC)Nf
Hint: at least one of them is false.

Exercise 5.4. Suppose that f is surjective. Prove that every A C X satisfies
YN f(A) C fF(XNA).

Show by example that the claim is false if we omit the hypothesis that f is
surjective.
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Exercise 5.5. Suppose A C X and B CY.

(a) Prove that f(f~!(B)) C B.
(b) Give a counterexample to f(f~1(B)) = B.
(c) Prove that A C f~1(f(A)).
(d) Give a counterexample to f~1(f(A)) = A.

Exercise 5.6. Suppose A, Ay C X. Prove or give a counterexample:
f(ALN Ag) = f(A1) N f(A2).

Exercise 5.7. Suppose we have a surjective function f : X — Y, and a subset
B CY. Prove that f(f~'(B)) = B.

Exercise 5.8. Suppose f: X — Y is an injective function, and A C X. Prove
that f~1(f(A)) = A.

Exercise 5.9. Suppose that f: X — Y, and for every set A C X, f71(f(A)) =
A. Prove that f is an injection.

Exercise 5.10. Suppose that f : Q — Q is defined by f(x) = ;i T Is fa
x

surjection? Is f an injection?

Exercise 5.11. Suppose that g : Z — Q is defined by g(x) = 22_ T Is g a
x

surjection? Is g an injection?

Exercise 5.12. Suppose we are given functions f, g : R — R satisfying

o) = f(32 +2).
(a) If f([2,5]) = [10,20], what is g([0,1])?
(b) If f~1([-10,10]) = [0, 2], what is g~!([—10, 10])?



CHAPTER 1V

Congruences and the ring Z/nZ

1. Equivalence relations and partitions

Let X be a set. We will settle for an intuitive definition of what it means
to have a relation on X: a relation R on X is a property that may or may not
hold between two elements of X. We write x Ry to mean that the relation R
does hold between = and y. For example < (“less than”) is a relation on R,
and we write x < y to mean that the relation holds. Another example would
be the relation R on Z defined by xRy if and only if 22 = y2. Thus —2R2 since
(—2)% = 22, but 3 R 5 since 3% # 5%. Relations satisfying certain properties are
customarily denoted by ~ instead of R, and are called equivalence relations:

Definition 1.1. Let X be a set and let ~ be a relation on X. We say that ~
is an equivalence relation if it satisfies the following three properties:

(reflexivity): every a € X satisfies a ~ a,
(symmetry): for all a,b € X we have a ~ b = b~ q,
(transitivity): for all a,b,c € X if a ~ b and b ~ ¢ then a ~ c.

Definition 1.2. Let X be a set and let ~ be an equivalence relation on X.
For any a € X define the equivalence class of a by

la] ={xr € X 1z ~a}.
Note that, by definition of [a], b € [a] <= b ~ a.

Example 1.3. Define a relation ~ on R by
a~b <= a* =10

Let’s first check that ~ is an equivalence relation. For any a € R we obviously
have a? = a?, and so a ~ a. Therefore ~ is reflexive. For any a,b € R
a~b = a* =0 = V¥ =0d> = b~a,
proving that ~ is symmetric. Finally, for any a,b,c € R
a~bandb~c = a®>=0b? and b* =
— a?=7
= a~C.

34
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That proves the transitivity. Next, what is the equivalence class of, say, 137
From the definitions
3] ={reR:z~ 13}

={r cR:2* =137}

= {13, —-13}.
Similarly for every a € R

[a] ={z €eR:x ~a}

={reR:2*=d"}

={a, —a}.
Definition 1.4. Fix a positive integer n. Define a relation on Z, called
congruence modulo n, by

a=b (modn) <= n divides a — b.

Proposition 1.5. For every n € Z*, congruence modulo n is an equivalence
relation on 7.

Theorem 1.6. For alln € Z* and a,b € Z

a and b leave the same remainder

a=b (modn) < when divided by n.

Proof. (<=) Assume that a and b both have remainder r when divided by n.
Then there are ¢y, g2 € Z satisfying

a=ng +r

b=ng +r.
Subtracting these equations shows that

a—b=n(g - q)
As the right hand side is divisible by n, so is the left hand side. Therefore
n|a—>bandsoa=b (mod n).
(=) Assume that a = b (mod n), so that n divides a —b. By the division

algorithm there are q, g2, 71,79 € Z satisfying

a=ngq +r 0<r<n

b=ngy+ 1o 0<7ry<n.
Subtraction shows that

a—b=n(q —q)+ (r1—r2)
and so

(a—0)—n(q — q) =11 — 72
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The left hand side is divisible by n, and therefore also r; — ry is divisible by n.
But using the inequalities 0 < ry < n and 0 < ry < n we see that

M < —ryg <1y —rg < rp < n.
Now that we know that r; — ry is a multiple of n, and that
—Mn < ry—r9 <n.

Combining these facts we see that —1 < (r; — rg)/n < 1, and so clearly

ry —re = 0. Thus r; = ry and a and b leave the same remainder when divided
by n. 0

Example 1.7. Let’s compute the equivalence classes for the equivalence relation
congruence modulo 3 on Z. We have

O={x€Z:2=0 (mod3)}
= {z € Z : x leaves the same remainder as 0 when divided by 3}

= {x € Z : = leaves remainder 0 when divided by 3}
={...,-3,0,3,6,...}

M={x€Z:2=1 (mod3)}
= {x € Z : z leaves the same remainder as 1 when divided by 3}
= {z € Z : x leaves remainder 1 when divided by 3}
={..,-2,1,4,7,...}

2={x€Z:2=2 (mod3)}
= {z € Z : x leaves the same remainder as 2 when divided by 3}
= {x € Z : = leaves remainder 2 when divided by 3}
={..,-1,2,58,...}

Bl|={z€Z:2=3 (mod 3)}
= {x € Z : z leaves the same remainder as 3 when divided by 3}
= {z € Z : x leaves remainder 0 when divided by 3}
—{...,-3,0,3,6,...}

M={x€Z:2=4 (mod3)}
= {z € Z : x leaves the same remainder as 4 when divided by 3}
= {x € Z : = leaves remainder 1 when divided by 3}
={..,=2,1,4,7,...}
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In particular note that

=[-8l =[0]=[3] =[6] =
=2l =[] =[] =[7] =
=[] =2 =[5 =[8] =

and so there are only three equivalence classes: [0], [1], [2].

Definition 1.8. Let X be any set. A partition of X is a collection C of subsets
of X having the following properties:

(a) for every x € X there is a B € C such that = € B,

(b) every B € C is nonempty,

(c) given any B, B' € C either B= B’ or BN B’ = ().
The elements B € C are called the blocks of the partition.

Remark 1.9. Let C be a partition of X. For each x € X we know from the first
property of a partition that there is some B € C such that x € B. Suppose
there is another B’ € C such that x € B’ as well. Then z € BN B’ which
implies that B N B’ # (). By the third property of a partition we deduce that
B = B'. To summarize: for every x € X there is a unique B € C such that
r € B.

Example 1.10. Take X to be the set X = {1,2,3,...,10}. As a partition of X
we could take the collection C = { By, By, B3, B4} in which

By = {4,5,8,9}

By = {1,2,10}
= {3}

By = {6,7}.

More succinctly
= {{4,5,8,9},{1,2,10}, {3}, {6, 7} }.
Example 1.11. Go back to the equivalence classes for the equivalence relation
a=0b (mod 3). Recall that there are three equivalence classes
0=4...,-3,0,3,6,...}
N =A{..,-2,1,47...}
2l=4...,-1,2,58,...}.

Instead of using the clunky phrase the equivalence classes for the equivalence
relation a = b (mod 3), most people would refer to these three subsets of Z as
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the congruence classes modulo 3. Note that C = {[0], [1], [2]} is a partition of Z:
every integer is contained in one of [0], [1], [2]; each of [0], [1], [2] is nonempty;
and the three blocks do not overlap, in the sense that for any [a], [0] € C either
[a] = [b] or [a] V[b] = 0

Proposition 1.12. Let X be a set and let ~ be an equivalence relation on X.
For any a,b € X the following are equivalent:

eb~a,

e bcla,

o [b] = [a].

Proposition 1.13. Given any equivalence relation ~ on a set X, the collection
of all equivalence classes C = {[a] : a € X'} is a partition of X.

The upshot of the proposition is that any equivalence relation on a set X
induces a partition of X. There is way to reverse this construction. Starting
from a partition C of X one can define an equivalence relation on X as follows.
We know from Remark [1.9) that for every x € X there is a unique B € C such
that € B. Not very creatively, we will refer to this B as the block containing
x. Now define a relation ~ on X by

a ~b <= (the block containing a) = (the block containing b).

We will see in a moment that ~ is an equivalence relation. As an example,
let’s return to the partition

¢ ={{4,5,8,9},{1,2,10},{3},{6,7} }

of the set X = {1,2,3,...,10} considered earlier. What is the associated
equivalence relation? Two elements of X are equivalent if and only if they lie
in the same block of the partition. Thus 4 ~ 8, 2 ~ 10, 3 ~ 3, 7 ~ 6, etc.,
while 5 7 3, 6 £ 2, etc.

Proposition 1.14. As above let X be a set and let C be a partition of X.
The relation ~ on X defined by

a~b <= (the block containing a) = (the block containing b).

is an equivalence relation.

Exercise 1.15. Define a relation on pq9 by
21 ~ 29 <= (the order of z1) = (the order of z»).

Verify that ~ is an equivalence relation, and determine the associated partition
of p10 (this means write down the blocks of the partition explicitly).
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Exercise 1.16. Define a relation on 9 by
21 ~ 29 <= (the order of z{) = (the order of z3).

Verify that ~ is an equivalence relation, and determine the associated partition
of p10-

Exercise 1.17. Let f : X — Y be a function, and for every y € Y let A, =
f'({y}). The set A, is called the fiber over y. Prove that {4, : y €
Y and A, # 0} is a partition of X.

Exercise 1.18. Define a relation ~ on R? by setting (a,b) ~ (c,d) if there
is a nonzero real number A such that (a,b) = (Ac, Ad). Prove that ~ is an
equivalence relation.

Exercise 1.19. Let My(R) denote the set of 2 x 2 matrices with real entries. We
say that two matrices A, B € My(R) are similar if there is an invertible matrix
T such that AT = TB. Show that similarity of matrices is an equivalence
relation.

Exercise 1.20. If a = b (mod n), prove that ged(a,n) = ged(b, n).

2. The Chinese Remainder Theorem

The idea behind the Chinese Remainder Theorem is best illustrated by an
example. Suppose our goal is to find a number z € Z that satisfies the pair of
congruences

z=5 (mod 7)
z=3 (mod9).

Let us suppose that we have a solution z, and see what it might look like. The
two congruences above imply that there are a,b € Z such that

z—5="Ta

z—3=9b.
In particular

z="Ta+5

z2=9b+3

and so 7a + 5 = 9b + 3. If we rewrite this equality as
Ta+9(—b) = =2

then we are in a situation familiar to us from our earlier discussion of Euclid’s
algorithm. In fact, as ged(7,9) = 1 we know that the equation 7x 4+ 9y = —2
has a solution with x,y € Z, and using Euclid’s algorithm we find that x = —8,
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y = 6 is a solution. Now just undo the reasoning that got us here. Set a = x
and b = —y, so that 7a + 9(—b) = —2. If we now define
z=Ta+5=7-(-8)+5=-51
2=9+3=9-(—-6)+3=-51
then we arrive at the solution
—51=5 (mod 7)
—51=3 (mod9).

Can we use this processes to solve any pair of congruences? Not quite. It
was important for the argument that ged(7,9) = 1. The Chinese Remainder
Theorem generalizes this argument.

Theorem 2.1 (Chinese Remainder Theorem). Suppose we are given m,n € Z*
and c¢,d € 7. If gcd(m,n) = 1 then there is a z € 7 satistying

z=c (mod m)
z=d (mod n).
Proof. The proof is essentially contained in the example above. As ged(m,n) =

1 there are x,y € Z satistying mz + ny = d — c. Now rewrite this equality as
mx + ¢ = —ny + d. and let z be the common value of the two sides:

Z=mx+c
z=—ny+d.

From these two equalities we see that z — ¢ is divisible by m, and that z — d is
divisible n. Hence

z=c¢ (mod m)
z=d (mod n).
0
Now reconsider the example
z=5 (mod 7)
z=3 (mod9).

Having found the solution

(2.1) —51=5 (mod 7)
—51=3 (mod9)

we can ask for all solutions. I claim that for any z € Z

z=5 (mod 7)

(2:2) z=3 (mod9)

<= z=-51 (mod 63).
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First we prove the implication (<=). Suppose z = —51 (mod 63). Then z+ 51
is a multiple of 63 = 7 -9, which implies that z + 51 is a multiple both of 7 and
of 9. Therefore

z=-51 (mod 7)
z=-51 (mod9).
Now using (2.1) and the transitivity of =, we deduce

z=5 (mod T7)
z=3 (mod9).
Now for the implication ( => ). Suppose
z=5 (modT)
z=3 (mod)9).
Using the transitivity of = we find
z =5 (mod7) _
51 =5 (mod 7) — z=-51 (mod 7).
and (1m0 9)
z =3 (mod9 .
51 =3 (mod 9) — z=-51 (mod9).

These congruences imply that z 4 51 is divisible by both 7 and 9. As z + 51 is
a common multiple of 7 and 9 it is a common multiple of

63
lem(7,9) = ————— = 63.
em(7.9) ged(7,9)

We have now proved that z + 51 is a multiple 63, and so z = —51 (mod 63).
Going back to the original problem

z =5 (mod7) _
— ze{ ..,—114,-51,12,75,...}
— z€{63¢+12:q € Z}.

Theorem 2.2. Suppose we are given m,n € Z* and ¢,d € Z. If gcd(m,n) =1
and we have found a zy € 7Z such that

2o =c (mod m)

zo=d (mod n)
then for any z € 7

(mod m)

c = z = (mod )
d (modn) z2 =2y (mod mn).
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Proof. We first prove (<=). Suppose that z = z; (mod mn). Then mn divides
z — 2o, which implies that both m and n divide z — zy. Therefore

z =z (modm)

2=z (mod n).
Of course by hypothesis

2o =c¢ (mod m)

20 =d (mod n),

and so the transitivity of = implies that
z=c (mod m)
z=d (mod n).
Now we prove ( = ). Assume that
z=c (mod m)
z=d (mod n).
By hypothesis we have
20 =c (mod m)
zo=d (mod n),
and so by the transitivity of = we deduce that
z=2zy (mod m)
z=2z (modn).

This implies that z — zp is a multiple of both m and n, and so z — 2 is a
multiple of the least common multiple

lem(m,n) = ——_ =
m(m,n _gcd(m,n) = mn.

But if z — 2y is a multiple of mn then z = z; (mod mn). O

Exercise 2.3. Find all solutions to the pair of congruences
z =38 (mod 60)
z=T7 (mod 11).

Exercise 2.4. Find all z € Z satisfying the congruences
z=1 (mod b)
z=2 (mod T7)
z=3 (mod9).
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Exercise 2.5. Use the Chinese Remainder Theorem to find the smallest positive
odd integer n so that m has a remainder of 11 when divided by 13, and a
remainder of 14 when divided by 17.

Exercise 2.6. A band of 17 pirates has stolen a chest of gold coins. When they
try to divide the coins into equal portions, 3 coins are left over. In the ensuing
brawl over what to do with the remaining coins, 1 pirate is thrown overboard.
The remaining 16 pirates again attempt to divide the coins into equal portions,
but this time there are 10 coins left over. In the ensuing brawl over what to do
with the remaining coins, another pirate is thrown overboard. The remaining
15 pirates attempt to divide the coins evenly, and this time they are successful.
What is the least number of coins that could be in the pirates’ chest?

3. Arithmetic in Z/nZ

To avoid ambiguity, we use the notation [a], = {x € Z: x = a (mod n)}
for the congruence class of @ modulo n. For example [3]5; ={...,—-2,3,8,...}.

Definition 3.1. For any n € Z" define
Z/nZ ={la], : a € Z}.

For example Z/5Z = {[0]5, [1]5, [2]5, [3]5, [4]5}. In order to fully understand
the structure of Z/nZ we must make a digression on the meaning of the phrase
“well-defined.” This is best done by example.

Example 3.2. Define a function f: Q — Z by f(a/b) = b. There is something
wrong with the previous sentence. On the one hand f(1/2) = 2. On the
other hand f(2/4) = 4. But 1/2 =2/4,s0 2 = f(1/2) = f(2/4) = 4. What
happened? The definition of f is ambiguous. There is more than one way
to express a given rational number in the form a/b, and the definition of f
depends on which expression one chooses. In such a situation we say that f is
not well-defined. As a result, the first sentence simply fails to define a function.
There is no such function f.

Example 3.3. Define a function f : R — Z as follows: for z € R we define f(z)
to be the first digit to the right of the decimal point in the decimal expansion
of . As with the previous example, this definition is bogus: the number 1
has two decimal expansions, 1 = 1.00... and 1 =0.99.... Sois f(1) =0 or
is f(1) = 97 The rule defining f is ambiguous, and there simply is no such
function. This f is not well-defined.

The issues in the previous two examples show up all the time when dealing
with Z/nZ. For example, suppose we try to define f : Z/8Z — R by

f(lals) = 37
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This simply doesn’t make sense: for example [2]s = [10]s, so what is f([2]s)? Is
it 32 or is it 3'°? The definition is ambiguous, and f is not well-defined. There
is no such function! But, we can define f : Z/87Z — C by

f(lals) =i

This is ok. If [a]s = [d']s, then @ = @' (mod 8), and so there is a ¢ € Z such
that a = @’ + 8¢. Therefore

. .a’ .a’ . ]
i =P = L8 =

where the last equality follows from i* = 1. This f is well-defined, since

la]s = [a']s = i* =47

Example 3.4. Suppose we try to define

f:7/57 x Z)5Z — C
by

f([a]t’); [5]5) _ 62m’(a+b)/5‘

I claim this is well-defined. To see this suppose ([a]s, [b]5) = ([a/]5, [/]5). Then
la]; = [d]5 and [b]s = [b']5. Therefore a = a’ (mod 5) and b=V (mod 5), and
so there are s,t € Z such that a = o’ + 5s and b = b’ 4 5t. This implies

2mi(a+b)/5 _ 627ri(a’—&-55—}—1)’—&—515)/5 _ 627ri(a’—‘,—b’)/5 L p2mi(s+t) 627ri(a’+b’)/5

(& €

Note that the last equality follows from e*™(t) = 1 as €™ = 1 for any k € Z.
To be clear: to verify that f is well-defined we had to check that

([a]s, [bls) = ([a]5, [b]s) => € (HD/5 = 2mlas¥/s,
Proposition 3.5. Fixann € Z™.
(a) The function
@ :Z/nl X LIl — Z/nZ

defined by |al,, ® [b], = [a + b] is well-defined.
(b) The function

©: Z/nL X LInZ — L/nZ
defined by [al,, ® [b],, = [a - b] is well-defined.

The two functions @ and ® just defined are called addition and multiplica-
tion, respectively. In practice we’ll just write + instead of & and - instead of
®, so that addition and multiplication in Z/nZ are defined by

[aln + [0l = [a + ], [aln - (bl = [a - b,
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For k € Z" we may now define

[a]ﬁ = [a]n -+ la], = [u In = [ak}n-
k times k times

What is Z/nZ good for? Here are some simple examples.

Example 3.6. In grade school, you learned a rule to compute remainders after
dividing by 3: the remainder when 46925 is divided by 3 is the same as the
remainder of 4 +6 + 9 + 2 + 5 = 26, which is the same as the remainder of
2 + 6 = 8 which is 2. Why does this work? Because [10]3 = [1]3, so

[46925]5 = [4-10* +6-10° +9-10> +2- 10 + 5]3

[

= [4]3 - [10J5 + [6]5 - [10]3 + [9]3 - [10]5 + [2]5 - [10]5 + [5]3
= [4]5 + [6]5 + [9]5 + [2]5 + [5]5

—[44+6+9+2+5;

= [26]5.

Now repeat

But of course [8]3 = [2]3, so [46925]3 = [2]s.

Example 3.7. In the spirit of the previous example, we can devise a test for
divisibility by 11 by exploiting the fact that [10];; = [—1]1;. Suppose we want
to compute the remainder when 3624 is divided by 11. Here’s what you do.
Add the digits together but alternate the signs in the sum, starting with a
+ sign in front of the units digit: —3 4+ 6 — 244 = 5. I claim that 5 is the
remainder when 3624 is divided by 11. Why does this work? Because

[3624];1 = [3-10° +6- 10° +2 - 10 + 4]y,
= [3]11 - [10J3; + [6]11 - [10]%; + [2]11 - [10]11 + [4]11
= [3Ju - [=1]3) + [6]1 - [-1]
= |
=[-
= |

%1 + 211 - [1)11 + 4
Blun - [= 1 + [6]11 - [Tax + [211 - [=1]11 + [4]1a
346—2+ 4],

S
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Example 3.8. I claim there are no integers z,y € Z satisfying 3z — 5y? = 1.
Here’s why: To get a contradiction, suppose there are such x and y. Then we
can reduce everything modulo 5 to obtain [32? — 5y?|5 = [1]5. As [5]5 = [0]5,
this simplifies to [3]5 - [z]2 = [1]5. But Z/5Z has only five elements, and we can
check by brute force that none of those elements satisfy the stated equation

35 - [0]5 = [0]s
3] - [15 = 3]s
85 - [2]5 = [2]s
385 - 315 = [2]s
[3]5 - [4]5 = [3]5.

This is a contradiction. In other words, 3z* — 5y = 1 has no solutions in Z/57Z,
so it has no solutions in Z.

Example 3.9. What is the remainder when ;% k! is divided by 67 We argue
as follows. If k > 6 then k!l =1-2-3-4-5-6---k is clearly divisible by 6, so
[k!]l¢ = [0]¢. This allows us to simplify
[ + (216 + -+ 4+ [1001]g = [1']6 + [2!]6 + [3]6 + [4!]6 + [5']s-
But each of 3!, 4!, and 5! is divisible by both 2 and 3, and so are each are
divisible by 6. This leaves
[ + [2!6 + - - - + [100]s = [1!]g + [2!]6 = [3]6.

So the remainder is 3.

Example 3.10. What is the remainder when 533 is divided by 13. Working in
Z/13Z, first note that [5%] = [25] = [—1]. Squaring both sides of [5?] = [—1]
shows that [5*] = [1]. Now use the division algorithm to write 335 = 4 - 83 + 3,
and compute

[5335] — [54 83 | [5]3
= [5)°
= [5* - [5]
= [-1] - [5]
= [-3]
= [8].

So the remainder is 8.

It’s possible to prove the following proposition using induction, but doing
so is more confusing than it is helpful. Your best bet is just to think about it
until it’s obvious.
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Proposition 3.11 (The Pigeonhole Principle). Suppose we are given finite
sets A and B of cardinality |A| and |B|, respectively. Let f : A — B be any
function.

(a) If f is injective then |A| < |B|.

(b) If f is surjective then |A| > |B|.

(c) If f is bijective then |A| = |B].

(d) If |A| = |B] then f is injective if and only if f is surjective.

Consider the function f : Z/6Z — 7Z/27 x 7/3Z defined by f([z]¢) =
([z]2, [2]3)- First, we should check that this is well-defined: if [z]¢ = [2/]¢ then
z = 7' (mod 6) and so there is a ¢ € Z such that z = 2’ + 6¢. This equality
implies

z=2" (mod 2)
z=2" (mod 3)
and so [z]s = [2/]s and [z]3 = [2']3. Therefore
[2le = [zl = ([z]2, [2]s) = ([¢]2, [2]3)

and f is well-defined. By tabulating the values of f

f([0]6) = ([0]2, [0]3)
f([1e) = ([, [1]3)
f([2]6) = ([0]2, [2]5)
f([3l6) = ([1]2, [0]3)
f([4]6) = ([0]2, [1]5)
f([5l6) = ([1]2, [2]3)

we see that f is a bijection.
Suppose we instead define f : Z/100Z — Z/AZ x Z/25Z by

f([#loo) = ([2]4, [2]25)-

Is this still a well-defined bijection? You can check that this is well-defined by
the same argument just used, but if we want to prove that f is bijective we’ll
need a method better than the brute force used above. The better method
is to use the Chinese Remainder Theorem to prove that f is surjective, and
then use the Pigeonhole Principle. To illustrate the method let’s try to find a
[2]100 € Z/100Z satisfying

f([zl00) = (13]4; [12]a5)-
Using the methods of the previous section the congruences
z=3 (mod 4)
z=12 (mod 25)
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are equivalent to the single congruence.
z=-213 (mod 100).
As 87 = —213 (mod 100), we deduce
87 =3 (mod 4)
87 =12 (mod 25)

and so

F([87h00) = ([87]4, [87]25) = ([3]4, [12]25).
This argument can be generalized to prove that f is surjective. Fix a ([c|s, [d]25) €
7.JAZ x 7.)25Z. By the Chinese Remainder Theorem, there is a z € Z satisfying

¢ (mod 4)
z=d (mod 25),

z

and so
f([z]100) = ([2la, [2]25) = ([c]a, [d]25).

This proves that f is surjective, and as the domain and codomain of f each
have 100 = 4 - 25 elements, f is injective as well, by the Pigeonhole Principle.

Proposition 3.12 (Chinese Remainder Theorem II). Suppose m,n € Z* are
relatively prime. The function

fZ/mnZ — Z/mZ x Z/nZ
defined by f([2]mn) = ([2]m, [2]n) Is well-defined, and is a bijection.

Exercise 3.13. Prove that 32® — 7y® + 212 = 2 has no integer solutions.

Exercise 3.14. Suppose that we try to define a function f : Z/2Z — 7Z/4Z with
the formula f([x]y) = [3z]s. Explain why this function is not well-defined.

Exercise 3.15. Suppose that we try to define a function g : Z/2Z — 7 /A7 with
the formula g([z]2) = [2z]4. Explain why this function is well-defined.

Exercise 3.16. Show that the function f : Z/37Z — Z/9Z defined by f([z]3) =
(23] is well-defined.

Exercise 3.17. Determine if each of the following functions is well-defined. For
those that are well-defined, determine if they are injective and/or surjective.
(a) f:Z/5Z — Z/15Z defined by f([a]5) = [a*]15
(b) f:Z/15Z — 7Z./37 x Z/3Z defined by f([a]i5) = ([a]s, [a]3)
(c) f:Z/6Z x ZJ15Z — s defined by f([als, [b]15) = e2™(a+0)/3

Exercise 3.18. Suppose m,n € Z*.
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(a) Prove that the rule f([a]mnn) = ([a]m, [a],) determines a well-defined
function f : Z/mnZ — Z/m x Z/nZ.

(b) Find an example of m and n for which the function in part (a) is not
a bijection.

Exercise 3.19. Suppose m,n € Z* with m | n. Prove that the function
f:Z/nZ — Z/mZ

defined by f([a],) = [a]m is well-defined. Is it injective? Surjective? Prove or
give counterexample.

Exercise 3.20. Consider the bijection
f:Z/150Z — 7./37 x Z]50Z

defined by f([2]150) = ([2]3, [2]50) Find the unique [z];50 € Z/150Z such that
f([2l150) = ([2]5, [48]50)-
Exercise 3.21. What is the remainder when 15 4 25 + 3% + - .- +99° 4- 100° is
divided by 47
Exercise 3.22. Prove that 53193 +103% is divisible by 39, and that 11133333311
is divisible by 7.
Exercise 3.23. Prove that 7'% = 1 (mod 5) and 7' = 1 (mod 6). Deduce
7% =1 (mod 30).
Exercise 3.24. Prove that 52 + 13" — 2 is divisible by 3 for every n € Z7.
Exercise 3.25. Prove that there are infinitely many primes congruent to —1
modulo 4. Hint: suppose there are only finitely many and call them pq, ..., pg.
Now show that N = 4p;---pr — 1 has a prime factor ¢ = —1 (mod 4) not
found in the list pq,..., pg.
Exercise 3.26. Consider the function f : Z — Z/67Z defined by f(z) = [2x].

(a) What is the image of f?

(b) Compute f~!(B) for each of

B=A0]}  B=A{[0}[2} B=A[0.[2} B={[0],[2] 4]}

(c) Compute f(A) for each of

A=7% A={rxeZ:ziseven} A={xe€Z:xisodd}.

Exercise 3.27. Suppose that A is a finite set, f : A — A, and g : A — A.

Suppose in addition that fog: A — A is a bijection. Prove that f and g are
both bijections.

Exercise 3.28. Give an explicit example to show that the conclusion to the
previous problem is false if A is an infinite set.
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4. Rings and the units of Z/nZ

Definition 4.1. A ring is an ordered triple (R, +,-) in which R is a set and
+:RxR—R

and
-tRXR—R
are functions satisfying the following properties:

(a) a+b=">b+a forall a,b € R,
(b) (a+b)+c=a+ (b+c) for all a,b,c € R,
(c) there is an element Or € R, called the additive identity, satisfying
a+0g=aforalla € R,
(d) for every a € R there is an element —a € R, called the additive inverse
of a, such that a + (—a) = Og,
(e) (a-b)-c=a-(b-c)foralla,b,ce R,
(f) for all a,b,c € R
a-(b+c)=a-b+a-c
(a+bd)-c=a-c+b-c
We usually just say “Let R be a ring” instead of the cumbersome “Let
(R,+,-) be aring.” Note the properties that are not included as axioms. We do
not assume that multiplication is commutative: it is possible that a-b # b - a.
We do not assume that there is a multiplicative identity 1z € R (see below),
and we do not assume that elements a € R have multiplicative inverses: in

general a~! has no meaning (but see below). We also do not assume that R
has a cancellation law: in general ab = ac does not imply b = c.

Definition 4.2. A commutative ring is a ring R satisfying ab = ba for all
a,b e R.

Definition 4.3. A ring with 1 is a ring R that has a multiplicative identity:
an element 1 € R satisfying a - 1g = 1 - a for every a € R.

Example 4.4. The sets Z, Q, R, C, and Z/nZ with the usual notions of + and
- are all commutative rings with 1.

Example 4.5. If R is any ring and n € Z* we define M,,(R) to be the set of
all n x n matrices with entries in R. Then M, (R) is a ring under the usual
addition and multiplication of matrices. If R is a ring with 1 then so is M, (R).
The multiplicative identity in M, (R) is the matrix

Ir
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with 1z along the diagonal and Og in all other entries. The ring M, (R) is not
commutative as soon as n > 1.

Example 4.6. Suppose R is a commutative ring with 1. We denote by R[z] the
ring of all polynomials with coefficients in R. So R[z] is the ring of polynomials
with real coefficients, Q[z] is the ring of polynomials with rational coefficients,
ete. ...

Example 4.7. The set 2Z = {2n : n € Z} is a ring under the usual addition
and multiplication, but is not a ring with 1.

Example 4.8. The set Z* with its usual addition and multiplication is not a
ring, as it has no additive identity. Even though Z=° has an additive identity,
it is still not a ring. For example 3 has no additive inverse in Z=°. Similarly
R=? is not a ring.

In all that follows, R is a ring.

Proposition 4.9. For every a € R we have a - 0gr = a = 0y - a.

One of the ring axioms asserts the existence of an additive identity Og, but
there is no axiom saying that R cannot have more than one additive identity.
Is it possible for R to have two distinct additive identities? No:

Lemma 4.10. If O and 0% are additive identities of R then Op = 0.

Lemma 4.11. Suppose a € R and b,c € R are additive inverses of a. Then
b=c.

Definition 4.12. Let R be a ring with 1. An element a € R is a unit if there
is an a~! € R, called the multiplicative inverse of a, satisfying

a-at=1g=a"' a.

The set of all units in R is denoted R*.
Example 4.13.

(a) As every nonzero real number has a multiplicative inverse, R* =
R~ {0}.
(b) Similarly, if z € C is nonzero then z~
inverse of z, so C* = C \ {0}.
(c) The units in Z are Z* = {£1}.
(d) From linear algebra we know that
M,(R)* ={A € M,(R) : det(A) # 0}.

Lemma 4.14. If 1 and 1%; are multiplicative identities of R then 1z = 1'.

"= z/|2|* is a multiplicative

Lemma 4.15. Suppose R is a ring with 1 and a € R is a unit. Then the
multiplicative inverse of a is unique.
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Proposition 4.16 (Cancellation law for units). Suppose R is a ring with 1,
a,be R, and c € R*. Then

ca=cb < a=0.
Similarly
ac=bc < a=0.

Our task is to determine the set (Z/nZ)*. Let’s start by examining Z/10Z.
Is [2]10 a unit? Suppose [2]19 has a multiplicative inverse, say [2]10 - [z]10 = [1]10-
This means there is an = € Z such that 2z =1 (mod 10), and so 2z — 1 = 10q
for some ¢ € Z. But then 1 = 2z — 10q implies that 1 is divisible by 2, a
contradiction. So [2]19 € (Z/10Z)*. What about [7]1o? This is a unit, and we
can find its multiplicative inverse as follows. First we use Euclid’s algorithm to
solve

7r + 10y = 1.
This is possible as ged(7,10) = 1, and by the usual method we compute
7-3—-10-2=1.

Now reduce modulo 10 to obtain [7]1o - [3]10 = [1]10. Thus [7]30 = [3]10.
Proposition 4.17. Fixn € Z*. For every a € 7

la), € (Z/nZ)* <= gcd(a,n) = 1.
Corollary 4.18. If p is a prime then

@/2)* = {[Ups 2. .. Ip — 1]}

The use of multiplicative inverses in Z/nZ allows us to solve some simple
types of congruences. for example, suppose we want to find all x € Z such that
9z =4 (mod 22). Noting that ged(9,22) = 1 we use Euclid’s algorithm to find
that

0z + 22y = 1

has x = 5, y = —2 as a solution. By reducing the equality 9-5—22-2 =1
modulo 22 we find [9]sy - [5]2o = [1]22. Using [9]55 = [5]as it is easy to see that

922 - [7]a2 = [4]22 <= [7]22 = [5]az - [4]20-

Thus
9r =4 (mod 22) <= =20 (mod 22).

Lemma 4.19. For any |a] € (Z/nZ)* there is a d € Z* such that [a?] = [1].

Definition 4.20. The order of [a] € (Z/nZ)* is defined to be the smallest
positive integer d such that [a¢] = [1].
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Proposition 4.21. Suppose [a] € (Z/nZ)* has order d, and that m € Z.
Then

[a™] = 1] < d|m.

Exercise 4.22.

(a) Compute the multiplicative inverse of [10] € Z/21Z, if it exists.
(b) Compute the multiplicative inverse of [—128] € Z/97Z, if it exists.
(c) Find all z € Z satisfying —128z = 7 (mod 97).

Exercise 4.23.

(a) List the elements of (Z/9Z)* and (Z/27Z)*.
(b) Suppose p is a prime and n € Z*. Find a formula for |(Z/p"Z)*|.

Exercise 4.24. Find all solutions to the system of congruences
3 =7 (mod 8)
122 = -2 (mod 17)
—5x =1 (mod 9).

Exercise 4.25. Fix p € Z*.

(a) Suppose p is prime and z*> = 1 (mod p). Prove that x = +1 (mod p).
(b) Show by example that the previous statement is false without the
hypothesis that n is prime.

Exercise 4.26. Define a relation ~ on (Z/15Z)* by [a] ~ [b] if and only if the
order of [a] equals the order of [b]. Verify that ~ is an equivalence relation,
and write down the associated partition of (Z/15Z)*.

Exercise 4.27. Define a relation ~ on (Z/15Z)* by [a] ~ [b] if and only if the
order of [a?] equals the order of [b?]. Verify that ~ is an equivalence relation,
and write down the associated partition of (Z/15Z)*.

Exercise 4.28. Suppose p is prime.
(a) Find all elements [x] € (Z/pZ)* satisfying the relation [z] = [z]7!.

(b) Prove Wilson’s theorem: If p is a prime then (p — 1)! = —1 (mod p).
5. Fermat’s Little Theorem
Let R be a ring with 1.
Lemma 5.1. If a,b € R* then ab € R*.
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Fix a u € R*. By the preceding lemma z € R* =— ux € R*, so we may
define a function “multiplication by u”
(5.1) mult, : R — R®
by mult, (x) = ux.
Lemma 5.2. For any u € R* the function mult, : R* — R* is a bijection.

As ged(3,7) = 1 we have [3] € (Z/7Z)*, and Lemma [5.2] implies that the
function

multp : (Z/72)" — (Z/TZ)*

defined by multg([z]) = [Sx] is a bijection. This can also be seen by direct
computation:

mults([1]) = [3-1) = [3]
multy ([2)) = [3-2] = [0
multys([3]) = [3-3] = [2]
multy ([4]) = [3- 4] = [3
multyg([5]) = [3-5] = [1]
multgy (6]) = 3 6] = [4].

which makes it clear that multiplication by [3] simply permutes the elements
of (Z/7Z)*. This allows us to do the magical calculation

37 ([1] - 21~ 3] - [4] - 3] - 6])
= [3-1]-3-2]-[3-3]-[3-4]-[3-5]-[3-6]
[3] - [6] - [21 - [5] - [1] - [4].

This equality may be rewritten as

(5:2) [61] = [3°] - [61].
Now reread Lemma [5.1] As [1],...,[6] € (Z/7Z)*, we also have

[61 =[1] - [2]- H [4] - [5] - [6] € (z/7Z)".
Multiplying both sides of (5.2 . ) by [6!]7! results in
1) = [3],
and we have proved (in an admittedly roundabout way)
3=1 (mod?7).
This is a special case of what is known as Fermat’s Little Theorem.

Theorem 5.3 (Fermat, 1640). Suppose p is a prime and a is an integer such
that p{ a. Then
a”'=1 (mod p).
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Proof. As we assume p t a, we have ged(p,a) = 1, and so [a] € (Z/pZ)*. Let
mult : (Z/pZ)* — (Z/pZ)*
be the function “multiplication by [a]” defined by multj,([z]) = [ax]. By

Lemma this function is a bijection, and so multiplication by [a] simply
permutes the elements of (Z/pZ)*. In other words

{la-1),]a-2,[a-3],...,[a- (p— 1))} = {[1],[2,8],.... [(p - DI}.
If we multiply together all the elements in set on the left, then multiply together

all the elements in set on the right, and then set the two results equal to one
another we find

(5.3) @] -[1] -2 =1 =[] [2] - [p - 1].
Lemma [5.1] implies that
[1]-12]---[(p— D] € (Z/pZ)",
and multiplying both sides of (5.3)) by the multiplicative inverse results in
[a”~'] = [1].

Of course this is equivalent to a?~! =1 (mod p). O

Corollary 5.4. Suppose p is a prime. For every a € Z
a’? =a (mod p).
Corollary 5.5. Suppose p is a prime. Every element of (Z/pZ)* has order
dividing p — 1.
Exercise 5.6. Let p be a prime.
(a) Suppose 0 < k < p. Use the relation

Kl (p— k) - @ —p!

to prove (i) =0 (mod p).
(b) Deduce (z + y)P = a? + y” (mod p) for all z,y € Z.
(¢) Use (b) and induction to prove n? =n (mod p) for every n € Z™.

(d) Use (c) to give a new proof of the Little Fermat Theorem.

Exercise 5.7. Suppose that p is a prime, and @ = b (mod p). Prove that
a? = b (mod p?). Hint: use the binomial theorem and the fact (see the

previous exercise) that p divides the binomial coefficient (Z) for 0 < k < p.

Exercise 5.8. Compute
(a) the remainder when 51°% is divided by 11;
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(b) the remainder when 53%33° is divided by 7.

Exercise 5.9. Compute the order of every element of (Z/23Z)*. Hint: Before
you start computing, what are the possible orders that might appear?
Exercise 5.10. Suppose p and ¢ are distinct primes. Show that

p" 4+ ¢ =1 (mod pq).

Exercise 5.11. Prove that 11276 + 1 is divisible by 13 for every n € Z*.

Exercise 5.12.
(a) If ged(a, 35) = 1, show that a'?> =1 (mod 35). Hint: a® =1 (mod 7)
and a* =1 (mod 5).
(b) If ged(a, 42) = 1, show that a® — 1 is divisible by 168.
(c) If ged(a, 133) = 1 and ged(b, 133) = 1, show that a'® — b8 is divisible
by 133.

Exercise 5.13. Suppose p is an odd prime and £ is an integer with 0 < k& < p.
Prove that
-1
(p " ) = (=1 (mod p).

6. Euler’s function

We want to address the following simple question: How many elements are
there in (Z/nZ)*?

Definition 6.1. Define Euler’s ¢ function (also known as Fuler’s totient
function) ¢ : ZT — Z* by ¢(n) = ‘(Z/nZ)X‘.
In other words, ¢(n) is the number of units in Z/nZ. We know that
(Z/nZ)* ={[k] € Z/nZ : gcd(k,n) = 1}
so another way to write ¢ is
o(n) = ’{k‘ €Z%:k<mnand ged(k,n) = 1}‘
For example, to compute ¢(15) we compute
{keZ" :k<15and ged(k,15) =1} = {1,2,4,7,8,11,13, 14}

and count the number of elements in the set on the right. The result is
©(15) = 8. Similarly to compute ¢(9) we compute

{keZ":k<9and ged(k,9) =1} = {1,2,4,5,7,8}
to see that ¢(9) = 6.
Proposition 6.2. If p is a prime and k € Z* then ¢(p*) = p* — p*~L.
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To get any further computing ¢(n) we have to digress a bit.

Definition 6.3. Suppose S and T are rings. The product ring S x T is the
ring whose elements are ordered pairs (s,t) with s € S and ¢t € T. Addition
and multiplication in S x T" are defined componentwise:

(s1,t1) 4 (s2,t2) = (81 + S2,t1 + t2)
(s1,t1) - (S2,t2) = (81 - S2,t1 - La).
If S and T are rings with 1 then for any (s,t) € S x T we have
(s,t) - (1g,17) = (s 1g,t - 17) = (s, 1)
and similarly (1g,17) - (s,t) = (s,t). This shows that S x 7" is again a ring
with 1, and that the multiplicative identity in S x T"is (1g, 17).

Definition 6.4. Suppose R and S are rings. A function f: R — S is a ring
homomorphism if for all a,b € R we have

fla+b)= f(a)+ f(b)
fla-b) = f(a)- f(b).
A ring isomorphism is a bijective ring homomorphism.

A simple example of a ring homomorphism is the function f : Z — Z/nZ
defined by f(z) = [z],. Indeed, for any a,b € Z we have

fla+b) =[a+10], =[a], + [b], = f(a) + f(b)
and
fla-b) =[a-bl, =la], - [b], = f(a)- f(b).

But f is not a ring isomorphism because it is not injective: f(0) = f(n).

Proposition 6.5. Suppose a,b € Z* are relatively prime. The function
f:Z/abZ — Z]aZ x Z/VZ

defined by f([x]a) = ([Z]a, [2]p) is a ring isomorphism.

Proposition 6.6. Suppose R and S are rings with 1, and f : R — S is a ring
isomorphism satisfying f(1g) = lg. Then for every r € R,

re R < f(r)eS*.

Corollary 6.7. Suppose R and S are rings with 1, and f : R — S is a ring
isomorphism satistying f(1g) = 1g. The restriction of f to R* is a bijection
f:R*— S

Proposition 6.8. If S and T are rings with 1 then (S x T')* = S* x T*. In
other words, (s,t) is a unit in S x T if and only if s € S* and t € T*.
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Theorem 6.9. Suppose a,b € Z* are relatively prime. Then
p(ab) = p(a) - ¢(b).

Proof. The function f : Z/abZ — Z/aZ x Z./VZ defined by f([z]w) = ([2]a, []s)
is a ring isomorphism by Proposition [6.5] and satisfies f([1]w) = ([1]a. [1]s)-
Therefore, by Corollary f restricts to a bijection
(Z)abZ)* — (Z)aZ x T/bT)*.
But Proposition [6.§] tells us that
(Z)aZ x Z)VZ2)* = (Z]aZ)* x (Z)VZ)™,
and so
p(ab) = [(Z/abZ)"|
= |(Z/aZ x Z]VZ)*|
— (/a2 x @/47)"]
— |@/a2)"| - (@ /52)"]
= ¢(a) - ¢(b)
completing the proof. O

WARNING: ¢(ab) = p(a) - ¢(b) when a and b are relatively prime. If a and
b are not relatively prime, then typically ¢(ab) # p(a) - ¢(b). For example,
check for yourself that ¢(5-5) # ©(5) - p(5).

Now we can compute Euler’s function fairly easily. How many units are
there in Z/125Z? We must compute ¢(125) = ¢(5?), and using Proposition
[6.2] we find

©(5%) = 5% — 5% = 5%(5 — 1) = 100.
How many units are there in Z/12375Z7 We need to compute ¢(12375). The
first step is to compute the prime factorization 12375 = 32 - 5% - 11. Once we

have the prime factorization the rest of the calculation is done by combining
Theorem [6.9] with Proposition [6.2] to get

©(12375) = (3% - 5° - 11)
= ¢(3%) - 0(5%) - ¢(11)
= (32 =34 (5 - 5% (11' — 119
=6-100-10
= 6000.
Exercise 6.10. Compute the number of units in Z/nZ for

(a) n =34,
(b) n = 1001,
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(¢) n = 5040,
(d) n = 36000.

Exercise 6.11. Suppose n € Z* has prime factorization n = p{'p5? - - - p%. Prove

that
(p(n):n-i:f[l<1—;i>.

For example: 2025 = 3* - 5% s0 ¢(2025) = 2025(1 — %)(1 _ %)

7. Euler’s theorem

Here is Euler’s idea to extend Fermat’s Little Theorem. Start with an
n € ZT and an a € Z satisfying ged(a,n) = 1. Then [a] € (Z/nZ)*, and so, as
in the proof of Fermat’s Little Theorem, we may consider the bijection

multy : (Z/nZ)* — (Z/nZ)*
defined by multy([z]) = [az]. For example, let’s take n = 10 and a = 3. Then

(Z/102)* = {{1], (3}, [7), [9]},

and the function mult(s satisfies

multgg)([1]) = [3- 1] = [3]
multys ((3]) = [3 - 3] = [9]
multg ([7]) = [3- 7] = [1]
multg ([9)) = [3- 9] = [7].

So multiplication by [3] just permutes the elements of (Z/10Z)*, which allows
us to make the magical calculation

3 [ B] - [7] - [9)=[3-1]-[3-3] - [3-7] - [3-9]
= [3]-[91- [1] - [7].

Now set [o] = [1] - [3] - [7] - [9] and note that Lemma implies that [a] €
(Z/10Z)*. Multiplying both sides of the the above equality by [a]~! we find

(3% = [1],

and so 3 =1 (mod 10). Finally, note that the 4 appearing in the exponent
is exactly the number of elements ¢(10) = 4 in the set (Z/10Z)*. Thus our
conclusion may be rewritten suggestively as

3?00 =1 (mod 10).

This is a special case of the following theorem.
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Theorem 7.1 (Euler, 1736). Suppose n € Z* and a € 7Z satisty ged(a,n) = 1.
Then
a?™ =1 (mod n).
Proof. As we assume ged(a,n) = 1, we have [a] € (Z/nZ)*. Lemma
therefore implies that the function
multy : (Z/nZ)* — (Z/nZ)*

defined by multy,([x]) = [ax] is a bijection. List the elements of (Z/nZ)* as
[u1], [ug], ..., [ty@m)]. The bijectivity of mult,, means the multiplication by [a]
permutes the elements of (Z/nZ)*, and so

{[a ) ul]a [CL ) u2]7 [a ’ U3], R [CL ) u@(”)]} = {[ul]? [u2]7 [u3]7 R [u@(n)]}'

Multiplying all of the elements in the first set together, multiplying all of the
elements in the second set together, and then setting the results equal to one
another, we find

By Lemma [5.1{ we have [u; - ug - u3 - - - Up(n)| € (Z/nZ)*, and multiplying both
sides of (7.1)) by [u1 - us - uz -+ - Uy ~* results in [a#™)] = [1]. Therefore

a?™ =1 (mod n).

O

Remark 7.2. If we apply Euler’s theorem to a prime p we find that for every
a € Z with ged(a,p) =1

a?® =1 (mod p).

But ¢(p) = p — 1 and so we recover Fermat’s Little Theorem as a special case
of Euler’s theorem.

Exercise 7.3. Compute the remainder when 23 is divided by 31.

Exercise 7.4. Compute the remainder when 23 is divided by 33.



CHAPTER V

Polynomial arithmetic

1. Integral domains and fields

Definition 1.1. The trivial ring is the ring {0} consisting of a single element,
0, with addition and multiplication defined by 0 +0 =0 and 0-0 = 0.

Note that the trivial ring is a ring with 1. The sole element 0 of the trivial
ring is a multiplicative identity, since 0-a = a = a -0 for every a € {0}. The
following proposition shows that the trivial ring is characterized as the unique
ring with 1 in which 1z = 0.

Proposition 1.2. Let R be a ring with 1. If 1z = Og, then R is the trivial
ring.

Definition 1.3. An integral domain R is a nontrivial commutative ring with
1, such that for all a,b € R

ab=0g = a=0g or b=0g.

The definition of integral domain may be restated by replacing the above
implication by its contrapositive: an integral domain R is a nontrivial commu-
tative ring with 1, such that for all a,b € R

a%ORandb#OR — ab;éOR.
The rings Z, Q, R, and C are all integral domains. The ring Z/127Z is not an
integral domain, as [3]12 . [4]12 = [0]12 but [3]12 7& [0]12 and [4]12 7é [0]12. The

ring Ms(R) is not an integral domain for (at least) two reasons. First, it is not
even commutative. Second,

oo) (o 1) = (o)

Proposition 1.4 (Cancellation law). Let R be an integral domain and suppose
ab = ac for some a,b,c € R. If a # Or then b = c.

Definition 1.5. A field is a nontrivial ring with 1 in which every nonzero
element has a multiplicative inverse.

For example, Q, R, and C are all fields, but Z is not. If F' is a nontrivial
commutative ring with 1 then F is a field if and only if F’* = F ~\ {Op}.

61
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Proposition 1.6. If F' is a field then F' is an integral domain.

Proposition 1.7. Suppose p > 1 is an integer. The following are equivalent:
(a) p is prime,
(b) Z/pZ is a field,
(¢) Z/pZ is an integral domain.

Let R be a commutative ring with 1, and recall that R[z] denotes the ring of
polynomials with coefficients in R. Every nonzero f(z) € R[z] can be written
in the form

f(z) = ag + a1x + agx® + - - + apz”
with a, # 0. The nonnegative integer n is called the degree of f, and is
denoted deg(f). By convention, the zero polynomial has degree —oco. For any
polynomial f(x) € R[z] we have deg(f) € {—o0} U Z=".

Definition 1.8. Let R be a commutative ring with 1 and suppose a(z), b(z) €
R[z]. We say that a(x) divides b(x), and write a(z) | b(z) if there is a
q(z) € R[z| such that b(z) = a(z) - q(z).

Proposition 1.9. If R is an integral domain and f(z), g(z) € R[] then

deg(f - g) = deg(f) + deg(g).
Corollary 1.10. If R is an integral domain and a(x),b(x) € R[x] with b(z) # 0,
then
a(z) | b(z) = deg(a) < deg(b).
Corollary 1.11. If R is an integral domain, then so is R[x]. In particular, if
F is a field, then Fx] is an integral domain.

The integral domain Z can be enlarged into the field Q by allowing the
formation of fractions. In a similar way, the integral domain Q[z] can be
enlarged to a field by allowing quotients of polynomials such as

23+ 22+ 1
(22 —=1)(Bx +2)
Such quotients of polynomials are called rational functions. More generally, if

F is any field, we denote by F'(x) the field of rational functions with coefficients
in F'. Thus

F(z) = {p(x) :p(x),q(x) € Flx] and ¢(x) # 0} :

In fact, any integral domain D can be enlarged to a field Frac(D) called the
fraction field of D. For example Q = Frac(Z), and F(z) = Frac(F[z]). The
general construction of Frac(D) goes as follows. Define a relation ~ on the set
D x (D~ {0}) by

(a,b) ~ (¢,d) <= ad = be.
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Lemma 1.12. The relation ~ is an equivalence relation.
Now suppose we are given a,b € D with b # 0. How shall we define the

fraction %? The answer is a little bit unintuitive: define

" {(ed) e Dx (D~ (0] : () ~ (b))

Note that ¢ is none other than the equivalence class of the pair (a,b). In
particular, ¢ is a set. This does not agree with your intuitive notion of what a
fraction should be, but the definition is made so that certain expected properties
hold. Most importantly, suppose a, b,r € D with r and b nonzero. The relation
a(br) = b(ar) implies that (a,b) ~ (ar,br). But if the pair (a, b) is equivalent to
the pair (ar, br), then the equivalence class of (a,b) is equal to the equivalence
class of (ar,br). In other words,

a
b
a

(=

a ar

b br

The idea that you can cancel common factors from the numerator and denom-
inator is built into the definition of the fraction 3. The fraction field of the
integral domain D is now defined to be the set of all equivalence classes:

Frac(D) = {Z:a,bED,b#O}.

Define addition in Frac(D) by

a ¢ ad+bc
by TdT b
and define multiplication by
a ¢ ac
b d " bd

The following two lemmas show that these operations are well-defined.
Lemma 1.13. If § = { and § = 5 then
ad+bc  a'd +b'c
bd —  vd

Lemma 1.14. If% = ‘b‘—,/ and § = Ccl—l, then

ac _a'd
bd — bd’
Proposition 1.15. The function i : D — Frac(D) defined by

is injective. If D is itself a field, then i is a bijection.

Of course the whole point of the construction of Frac(D) is that we now
have multiplicative inverses: in Frac(D) the inverse of ¢ is

a”
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Exercise 1.16. Prove that every finite integral domain is a field. Hint: Let
R be a finite integral domain. If r € R is nonzero, show that the function
mult, : R — R defined by mult,(z) = rx is a bijection. Why does this imply
that r € R*?

Exercise 1.17.

(a) Show that if R is an integral domain then R* = R[z]* (in words:
the units in R[z]| are precisely the units in R, viewed as constant
polynomials).

(b) Find a unit in (Z/4Z)|x] of degree > 1.

Exercise 1.18. This exercise demonstrates how the construction of Frac(D)

breaks down when D is not an integral domain. Define a relation ~ on
7.)87 x (Z/8Z ~ {[0]s}) as above: (a,b) ~ (¢,d) if and only if ad = bc. Show
that ~ is not an equivalence relation.

2. The division algorithm for polynomials

Theorem 2.1 (Division algorithm for polynomials). Suppose F is a field and
a(x),b(x) € Flz] with b(z) # 0. There are unique q(z),r(x) € F[xz] such that
a(xz) = b(x)q(x) +r(z)

and deg(r) < deg(b).
Proof. First we prove the existence of ¢(x) and r(z). Define a subset of F[z]
by
§ = {a(z) - bx)q(z) : a(x) € Fla]}.

Among all elements of S choose one of smallest degree, r(x). In other words,
r(z) € S, and for any s(x) € S we have deg(r) < deg(s) As r(z) € S, there
is some ¢(x) € F[z] such that r(z) = a(z) — b(x)q(z). We must show that
deg(r) < deg(b). Suppose not, so that deg(r) > deg(b), and write

r(z) =ro+mz+- - +rpe™

b(l’) =b0+b1I++anL‘n
with 7, # 0 and b, # 0, so that m = deg(r) and n = deg(b). Recall we are

assuming that m > n, and because F' is a field b,, € F'*. Therefore we may
consider the polynomial

(2.1) r(z) — ijm_” -b(z) = a(x) — b(z)g(x) — Z:xm_” - b(x)

=a(z) — b(x) |q(z) — 7;::#"” :
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From the final expression, it is clear that (2.1)) lies in S. Now look at the first
expression in (2.1). The term of highest degree in r(z) is r,2™. The term of

highest degree in 7=z™" - b(x) is

Tm —
— ™" bt =™,

b

When we form the difference in the first expression of , the two terms
of highest degree cancel out, proving that (2.1) has degree strictly less than
m = deg(r). We have now shown that (2.1]) is a polynomial in S of degree
strictly smaller than the degree of r(z), contradicting the choice of r(x). This
contradiction shows that deg(r) < deg(b).

Now for uniqueness. Suppose we have r(z),q(z) € F[z] and r'(z), ¢ (z) €
F[z] satisfying

and
deg(r) < deg(b) deg(r') < deg(b).
We want to show that ¢(z) = ¢/(x) and r(z) = r'(z). From

OF = a(x) —a(z) = b(z) - [¢(z) — ¢'(x)] + [r(z) — 1'(2)]
we see that
r(z) —r'(z) = b(z) - [¢'(z) — ()],
and so
deg(r — ') = deg(b) + deg(q' — q).
As each of r(z) and r'(z) have degree strictly less than the degree of b(x), we
must have deg(r — ') < deg(b). Therefore

deg(q' — q) = deg(r — ') — deg(b) < 0.

The only way this can happen is if deg(q¢' — ¢) = —o0, and so ¢'(x) — ¢(x) = Op.
From this it follows that 7’(x) — r(x) = Or, and we have now shown that
¢ (x) = q(x) and r'(z) = r(z). O

Exercise 2.2. For each field F' and each pair a(z),b(z) € F|z] find ¢(x),r(z) €
Fxz] such that a(z) = b(z)q(x) + r(x) and deg(r) < deg(b).

) F a(x):a:5—|—2:c2—2, b(x) =a®+ 7o+ 1.

) F a(z) =2+ 3z +2, b(z) =222+ — 1.

) F = Z/SZ a(@)=a"+2*+x+1,b(z) =2+ +1.

) F=7Z)7TZ, a(x) = 2* + 6, b(x) = 22 + 1.

) F=Z/11Z, a(x) =225 -1, b(z) = 5z + = + 1.

) F =

(a
(b
(c
(d
(e
(f Z.)57, a(x) = —2° + 23 + 22 + 1, b(z) = 3z + 4.
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(g) F=Z/TZ, a(z) = 92° — 42® + 1, b(z) = 52? + 2.
(h) F =7Z/13Z, a(x) = 2®* + 2 + 1, b(z) = x + 11.
(i) F =2Z/19Z, a(z) = 2* + 18, b(x) = T2> + 7.
3. Euclid’s Algorithm for polynomials

For the rest of this subsection we fix a field F' and two nonzero polynomials
a(z),b(z) € Flz]. Euclid’s algorithm for polynomials is exactly what you think
it is. By repeatedly applying the division algorithm we obtain

a(x) = b(x)q(x) + ri(v) deg(r1) < deg(b)
b(x) = ri(z)ga(z) + ro() deg(rz) < deg(r)
ri(z) = ro(x)gs(z) + r3(x) deg(rs) < deg(rs)
Tn—3() = rp—a()qn-1(z) + 11 () deg(rn,—1) < deg(r,—2)
Tno() = rp_1(2)gn(x) + ro(z) deg(r,) < deg(r,—1)

n-1(x) = 10(2) g1 (@)
We are interested in the last nonzero remainder r,(z).
Definition 3.1. A greatest common divisor of a(z) and b(z) is a polynomial
d(z) € Flx] satisfying the following properties:

(a) d(z) is a common divisor of a(z) and b(x);
(b) if f(z) € F[z] is any common divisor of a(x) and b(z) then f(z) | d(z).

Proposition 3.2. The last nonzero remainder in Euclid’s algorithm is a great-
est common divisor of a(x) and b(x).

As an example, take F' = Z /77 and define a(x),b(z) € F[z] by
a(z) = 2° + 22% + 3z + 1
b(x) = z* + 22° + 4.
Then Euclid’s algorithm is
2®+ 22 +3r+ 1= (2 +22° +4) - (z — 2) + (42’ + 22" — 2+ 2)
ot + 2% + 4= (42 +22° — 2 +2)- (22 +3) + (32 — z +5)
42° +22° — 2+ 2= (32" —2+5) - (v +5) + (=5 + 5)
327 —x+5=2r+5)- (5x+1)

and the last nonzero remainder, —5z + 5, is a greatest common divisor of
a(x) and b(z). Now we must address a subtle question. Do the polynomials
a(z),b(z) € F|x] have any other greatest common divisors? The answer is yes,
but once we know one greatest common divisor it is easy to find all the rest.
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We will see in a moment (Proposition that the other greatest common
divisors of a(z) and b(z) are obtained by multiplying —5x + 5 by elements of
F>*. For example
2-(=bz+5)=-3x+3
is also a greatest common divisor of a(z) and b(z), and so is
4.(=br+5)=z—1.

It is customary, but not essential, to multiply by a scalar to make the leading
coefficient (in this case, the coefficient of z) of the greatest common divisor
equal to 1. Thus most people would say that x — 1, rather than —5z + 5, is
the greatest common divisor of a(z) and b(x).

Definition 3.3. Two polynomials a(x),b(x) € F[z] are associate if there is a
A € F* such that a(z) = X\ - b(z). We write a(z) ~ b(x) to indicate that a(x)
and b(z) are associate.

Proposition 3.4. The relation ~ is an equivalence relation on the set F|x].
Proposition 3.5. Given nonzero polynomials a(x),b(z) € F[z]

a(x) ~b(zr) < a(x) | b(z) and b(x) | a(z).
Proposition 3.6.

(a) If d(x) and e(x) are both greatest common divisors of a(x) and b(x),
then d(z) ~ e(z).

(b) If d(x) is a greatest common divisor of a(x) and b(x), then so is every
associate of d(x).

Theorem 3.7. Let d(z) be a greatest common divisor of a(x) and b(x). There
are s(x),t(z) € F[z] such that

a(w)s(x) + b(x)t(z) = d(z).

Proof. Let’s say that a polynomial f(z) € F[z] is an F[z|-linear combination
of a(z) and b(z) if there are s(x),t(x) € F[x] such that

a(z)s(z) + b(x)t(z) = ().
)

(
First we perform Euclid’s algorithm on a(

x) and b(z):
a(z) = b(x)q(z) + ri(z) deg(r1) < deg(b)
b(x) = ri(z)ga(z) + 7o) deg(rz) < deg(r1)
ri(z) = ro(z)gs(z) + ra(z) deg(r3) < deg(rz)
Tnoo(x) = 1rp_1(2)qn(z) + ro(z) deg(ry,) < deg(r,_1)

7nn(x)(]n-‘rl (33)

Tn-1(7)
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Arguing as in the proof of Theorem [4.4] each successive remainder r4(z) is an
F[z]-linear combination of a(x) and b(z). In particular r,(z) is an F[x]-linear
combination of a(x) and b(x), and so there are so(x),to(x) € F[x] such that

a(x)so(z) + b(x)te(x) = ry(z).

As r,(x) and d(z) are both greatest common divisors of a(x) and b(z), Propo-
sition implies r,(z) ~ d(z). Therefore there is a A\ € F* such that
d(x) = X-r,(x). Now we set s(z) = X so(z) and t(x) = X - to(z), and multiply
both sides of a(z)so(z) + b(x)to(x) = r,(z) by A to obtain the desired equality
a(x)s(z) + b(z)t(x) = d(x). O
Let’s go back to the example F' = Z /77 and

a(r) = 2° + 22> + 3z + 1

b(x) = 2* + 22° + 4.
We saw above that  — 1 is a greatest common divisor of a(z) and b(x), and
that Euclid’s algorithm on a(x) and b(z) is

a(r) = b(x) - (z —2) + (42° + 22° — 2 + 2)
b(r) = (42 +22° —2+2) - 20 +3) + (32> — 2+ 5)
4 + 20 —2+2= (32  —2+5) - (—2 +5) + (~5x +5)
322 —x+5= (20 +5)- (5bx +1).
Writing each successive remainder in terms of a(x) and b(z), we find
4 + 222 —2+2 = a(z) —bx)(z—2)
322 —x+5 = b(x)— (42 + 22 — 2 +2) - (22 + 3)
b(x) — [a(x) — bz )(96—2)] (22 +3)
a(x)(5r +4) + b(x)(22* — z + 2)
—5r+5 = (¥ +22* -~ +2)—- 32  —2+5)-(—x+5)
= [a(z) = b(z)(z = 2)]
—la(z)(5z +4) + b(z)(22* — x +2)] - (—x + 5)
= a(z)(52% +2) + b(z)(22° + 32* —z — 1)

and so
a(z) - (52> +2) +b(z) - (22° + 32 —x — 1) = —br +5

Now note that —5-4 = —20 =1 (mod 7), so we multiply everything through
by 4 to obtain

a(z) - (62> +1) +b(z) - (2° +52° + 3z +3) =x — 1.
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Definition 3.8. A least common multiple of a(z) and b(x) is a polynomial
m(z) € F|x] satistying the following properties:

(a) m(x) is a common multiple of a(z) and b(z);

(b) if f(x) € F|x] is any common multiple of a(z) and b(z) then m(x) |

f(@).
Exercise 3.9. Let d(z) be a greatest common divisor of a(x) and b(z), and set
_ a(x)b()
m(z) = i)

Show that m(z) is a least common multiple of a(z) and b(z).
Exercise 3.10. Suppose m(z) is a least common multiple of a(x) and b(z), and
f(z) € F[z] is any polynomial. Then

f(z) is a least common multiple of a(z) and b(z) < f(x) ~ m(z).

Exercise 3.11. In (Z/3Z)[x], compute a greatest common divisor d(x) of
alzx) =2 +2" +2° -2t 2P a2+ 1
bz) =2+t +2° + 22— 1
and find polynomials s(x),t(x) € (Z/37Z)[x] such that
a(x)s(z) + b(z)t(z) = d(x).

Exercise 3.12. Find polynomials s(z),t(x) € (Z/13Z)[x] satisfying
(62° + 2 +2) - s(x) + (32 —2* +1) - t(z) = 1,

or show that no such polynomials exist.

4. Unique factorization of polynomials

Let F' be a field.

Definition 4.1. We say that nonzero polynomials a(z),b(z) € F[z] are rel-
atively prime (or coprime) if 1 is a greatest common divisor of a(x) and

b(x).

Definition 4.2. Suppose a(x) € F[z] is a nonconstant polynomial.
(a) We say that a(x) is irreducible if for every factorization a(x) = s(z)-t(z)
with s(x),t(z) € F|x] either deg(s) = 0 or deg(t) = 0 (in other words
either s(x) or t(x) is a nonzero constant polynomial).

(b) We say that a(z) is factorizable if there is some factorization a(z) =
s(z) - t(x) with s(z),t(x) € Flz], deg(s) > 0, and deg(t) > 0.
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Clearly every nonconstant polynomial is either irreducible or factorizable. By
convention a constant polynomial is neither irreducible nor factorizable.

Suppose that a(z) € F[z] is irreducible. What do the divisors of a(z) look
like? If d(z) | a(z) then there is a ¢(x) € F[z| such that a(z) = d(x)q(z). By
definition of irreducible either deg(d) = 0 or deg(q) = 0. If deg(d) = 0 then
d(z) is a constant polynomial, which is clearly nonzero as d(x)q(z) # 0. In
other words d(z) = dy for some dy € F*. But this means that d(z) ~ 1p. If
deg(q) = 0 then ¢(z) is a constant polynomial, so ¢(z) = ¢y for some ¢y € F'*.
But now a(z) = d(z) - qo shows that a(z) ~ d(z). What we have proved is that
if a(x) is irreducible and d(x) | a(z) then either d(z) ~ 1F or d(z) ~ a(z).

Now suppose that a(z) € F|x] is factorizable, so that we may write a(z) =
s(x)t(x) with deg(s) > 0 and deg(t) > 0. Using the relation deg(a) = deg(s) +
deg(t) we see that

deg(s) = deg(a) — deg(t) < deg(a)
and similarly
deg(t) = deg(a) — deg(s) < deg(a).
Thus, to say a(x) is factorizable means there are s(z),t(z) € F[z| with
0 < deg(s) < deg(a) 0 < deg(t) < deg(a)
such that a(z) = s(z)t(x).

Proposition 4.3. Suppose a(z),b(x) € Flz] are associates. Then a(z) is
irreducible if and only if b(x) is irreducible.

The following result, which asserts that every nonconstant polynomial can
be factored as a product of irreducible polynomials, is proved using (strong)
induction on the degree of the polynomial.

Proposition 4.4. Given any nonzero polynomial a(x) € F[z] there are irre-
ducible polynomials py(z),...,pm(z) € F[z] such that

a(z) = pi(x) - - pm(2).

Recall an old result: if p,a,b € Z* with p prime, and if p | ab, then either
p|aorp|b. The following is the analogous statement for polynomials.

Proposition 4.5. Suppose p(x),a(x),b(z) € F[z| with p(x) irreducible. Then
p(x) | a(@)b(z) = p(x) | a(z) or p(z) | b(x).

Proposition [4.5] has the following strengthened form, which will be needed
in the proof of the Fundamental Theorem of Arithmetic for Polynomials.

Corollary 4.6. Suppose p(z),ai(x),...,a,(x) € F|x] with p(z) irreducible.
If p(x) divides the product ai(x) - - a,(x) then p(x) | a;(x) for some 1 < i < n.
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We saw above that every polynomial in F[z] can be factored as a product
of irreducible polynomials. Now we are ready to prove the uniqueness of the
factorization.

Theorem 4.7 (Fundamental Theorem of Arithmetic for Polynomials). Let
a(x) € Flx] be a nonconstant polynomial. There are irreducible polynomials
p(x),. .., pm(z) € Flx]

such that
a(z) = p(x) - - pm(2).
If a(x) = q1(x) - - - g, (x) is another factorization of a(x) into irreducibles then
m = n and, after possibly reordering ¢;(z), ..., ¢m(x),
pi(@) ~ q(z)
p2(z) ~ qa(7)

pm(T) ~ Ggm(T).

Proof. The existence part of the proof was Proposition [£.4] so we only need to
prove the uniqueness of the factorization. Suppose a(z) € F[z] is nonconstant
and admits two factorizations into irreducible polynomials

a(z) = pi(2) - pm()
and

a(z) = qu(x) - - gu(x).
Without loss of generality we may assume that m < n. From the equality

pi(2) - pm(®) = @1 (2) - - ga()
it is clear that p; () divides the product ¢ (z) - - - g (), and so Corollary [4.6] tells
us that p;(z) divides at least one of ¢1(x), . .., g, (). After reordering the ¢;(x)’s
we may assume that pi(x) | ¢1(z). As ¢1(z) is irreducible, either p(z) ~ 1f or
p1(z) ~ qi(x). The first possibility cannot occur: if p;(z) ~ 1 then pi(x) is a
constant polynomial, and constant polynomials are not irreducible. Therefore
p1(z) ~ q1(x) and so there is a \; € F* such that p;(z) = A\qi(x). Therefore
Mg (@)pa(@) -+ p() = 1 () -+ - gu().
Canceling ¢ (z) from both sides (recall F[z] is an integral domain, so the
cancellation law holds) we arrive at
Aipa(z) + pn(2) = g2(2) -+ - gu().
Now repeat this process. The previous equality implies that po(z) divides

one of ¢3(z) -+ q,(), and after reordering we may assume py(z) | g2(x). As
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above, this implies pa(z) ~ ¢2(x), so there is a Ay € F* such that py(z) =
Aaqa(x). Therefore
)\1)\2p3($) o pm(‘x) = Q3(x> T QTL(m)
Repeating this process shows that, after reordering the ¢;(x)’s,
p1<l’> ~ Q1(l’)ap2(l’> ~ (J2(9€)a cee 7pm(x) ~ Qm(x)
and
AA2 A = Qg1 (7) -+ - g ()

for some A1 ..., \,, € F*. If n > m then the product on the right is a nonempty
product of polynomials of degree > 0. Therefore

0 =deg(A -+ A) = deg(qma1) + - - - + deg(gn) > 0,

a contradiction. Thus m = n and we are dome. [l

E}fercise 4.8. Suppose a(z),b(x),c(x) € Flz] with a(xz) and b(x) relatively
prime.

(a) Assume a(z) | ¢(x) and b(x) | ¢(x). Show that a(x)b(x) | c(x).
(b) Assume a(z) | b(x)c(x). Show that a(z) | ¢(x).

Exercise 4.9. Show that there are two different ways to factor 2% + z + 8 €
(Z/10Z)|x] as product of monic degree one polynomials.

5. Roots of polynomials

Let F be a field. The first step to understanding how to factor polynomials
into irreducibles is to understand the connection between factorization and
finding roots.

Definition 5.1. Suppose a(z) € F[z] and o € F. We say that « is a root (or
zero) of a(z) if a(a) = Op.
Proposition 5.2. Suppose a(z) € Flz] and o € F. Then

« is a root of a(r) <= x — « divides a(x).

Corollary 5.3. Suppose a(z) € F[z| has degree n > 0. Then a(z) has at most
n distinct roots in F'.

Proposition 5.4. Suppose a(z) € F|z].

(a) If deg(a) = 1 then a(z) is irreducible.
(b) If deg(a) = 2 or 3 then

a(zx) is irreducible <= a(x) has no roots in F.
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Consider the polynomial a(z) = 2° — 23 + 222 + 32 + 2 € (Z/5Z)[z]. In
order to factor a(z) into irreducibles, the first step is to look for roots. As
Z, /57 only has five elements, this can be done by brute force. Plugging in the
possible values of z we quickly find that a(2) = 0, and so a(z) is divisible by
x — 2. By long division we find

a(r) = (x — 2)(a* + 2% + 32% 4 32 4 4).

Can we factor this any further? Yes. Plugging in different values of x we find
that 23 + 222 4+ 22 + 4 has 3 as a root, so we can further divide out a factor of
x — 3. The result is

a(r) = (v — 2)(z — 3)(2® + 3z + 2).

Can we factor this any further? No. There are only five elements in Z/5Z. If
you plug each one into 2® + 3z + 2 you will find that 2® + 3z + 2 has no roots.
By Proposition the polynomial x® + 3z + 2 is irreducible.

WARNING: If you have a polynomial a(z) of degree 2 or 3 with no roots, then
you can deduce that a(z) is irreducible. If deg(a) > 3 and a(z) has no roots, it
does not follow that a(x) is irreducible. For example, the polynomial a(x) =
xt+ 322 +2 € (Z/7Z)|x] has no roots, but it factors as a(z) = (z*+ 1)(z% + 2).

For polynomials with coefficients in Z/pZ, finding roots is simply a question
of brute force. After all, Z/pZ only has finitely many elements. For polynomials
with coefficients in Q, finding roots is done using the rational root test.

Theorem 5.5 (Rational root test). Suppose
a(z) =ap+ gz + -+ a,2a" € Zx]

with a,, # 0. Let a € Q be a root of a(x) and write o = s/t with s € Z, t € Z*,
and ged(s,t) = 1. Then s | ag and t | a,,.

Proof. Using 0 = a(s/t) we deduce
OF =ag+ CL1(S/t> + -+ Cln<8/t)n.
Multiplying both sides by " shows

(5.1) 0p = apt™ + a1st" ' + aps®t" 2 4+ -+ a,_18" H + a,s".
First rewrite (5.1)) as
apt™ = —(ayst" Tt +agst" R 4 o 4 a1 8" 4 ans™).

The right hand side is divisible by s, and so s | apt”. I claim that ged(s, t") = 1.
To see this, suppose ged(s,t™) > 1. Then ged(s, t™) is divisible by some prime
p, and so s and t" are each divisible by p. But p | t™ implies that p appears in
the prime factorization of t". This implies that p already appeared in the prime
factorization of ¢, and so p divides both s and ¢, contradicting ged(s,t) = 1.
Therefore ged(s, ") = 1, and the divisibility s | agt™ now implies s | ao.
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Similarly we may rewrite (5.1)) as
ans" = —(agt" + a1st™ "t + ags " 4 - a1 5" ).

The right hand side is divisible by ¢, and so ¢ | a,s". Repeating the argument
of the preceding paragraph shows ged(t,s") = 1, and so t | a,, as desired. [

As an example, let’s factor a(z) = 2z — 523 + T2? — 250 — 15 € Q[z].
The first thing to do is check for roots. If s/t is a root of a(x), reduced
to lowest terms, then the rational root test tells us s | 15 and ¢ | 2. Thus
s € {£1,£3,45,£15} and ¢ € {1,2}. This gives 16 possibilities for s/t:

s/t € {£1,+3,45,+£15,+1/2, +3/2, +5/2, +15/2}.

The rational root test does not imply that all of these numbers are roots of
a(x), only that any root is somewhere in the above set. To find the actual
roots we just plug each of the above 16 values of x into a(z) and see which
ones give solutions to a(z) = 0. By brute force, we find that the only roots of
a(x) are —1/2 and 3, and so we may factor out (z + 1/2) and z — 3 from a(z).
After long division we find

a(x) = (x +1/2)(x — 3)(22* + 10)
or, if you prefer,
a(r) = 2z + 1)(z — 3)(z* + 5)

To show that this is the complete factorization into irreducibles, it only remains
to show that 22+ 5 is irreducible, and by the rational root test the only possible
roots are r/s with r | 5 and s | 1, and so r/s € {£1,£5}. None of these are
roots, and so 2% + 5 is irreducible.

You could also have used the quadratic formula to show that 22 + 5 has

no roots in Q. In general, if f(z) = ax? + bx + ¢ has complex coefficients with
a # 0 then the complex roots of f(x) may be found using the identity

da - f(z) = (2ax + b)* — (b* — 4ac).
Indeed, if we set the right hand side equal to 0 and solve for x we find

b= Vb? — 4dac

flx)=0 <= =z 9

In particular f(z) has a rational root if and only if v/b?> — 4ac is a rational
number, which happens if and only if b*> — 4ac is a perfect square in Q. the
quantity b* — 4ac is called the discriminant of f(z). The calculation we just
did is fine over the complex numbers, because every complex number has a
square root. In an arbitrary field some elements may not have square roots
(for example in Z/57Z there is no square root of 2), and so expressions like
Vb? — 4ac are dubious. Thus we have to be a little careful about the general
statement of the quadratic formula.
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Proposition 5.6 (Quadratic formula). Suppose f(z) = az® + bz + ¢ € F|x]
with 2a € F*, and set A = b — 4ac.

(a) If there is a 6 € F such that §* = A, then (—b =+ §)/(2a) are roots of

f(@)

(b) If there is no 6 € Fsuch that 6 = A, then f(x) has no roots in F.

For example, suppose we want to factor f(r) = 5z* — 2z + 1 € (Z/13Z)[x].
First we compute A = 10. By squaring elements of Z/13Z we eventually find
(doing all computations in Z/13Z) that 6 = A. The quadratic formula implies
(24 6)/10 are both roots of f(z). In Z/137Z the multiplicative inverse of 10 is
4, and so our two roots are

(246)-4=6  (2—6)-4=10.
Factoring © — 6 and x — 10 from f(z) leaves f(z) = 5(x — 6)(x — 10).
2

Suppose instead we want to factor f(z) = ba® —2x + 1 € (Z/7Z)[x]. First
we compute A = 5. By squaring every element in Z/77Z

02=0
12=1
22 =4
32 =2
4% =2
52 =4
62 =1

we see that there is no § € Z/7Z such that 6> = A. Therefore f(x) has no
roots in Z/77Z, and so is irreducible.

Exercise 5.7.

(a) Factor z* + 22° + 2 + 3z + 2 € Q[z] into irreducibles.
(b) Factor z* + 22° 4+ 2 + 3z + 2 € (Z/3Z)[x] into irreducibles.

Exercise 5.8. Factor 322 + 2z + 5 € (Z/pZ)|z] into irreducibles for each prime
p e {7,11,13,23}.

Exercise 5.9. Factor z? + 1 into irreducible factors in Q[z].
Exercise 5.10. Factor z* + 1 into irreducible factors in R[z].
Exercise 5.11. Factor z! + 1 into irreducible factors in C[z].

Exercise 5.12. Factor z* + 1 into irreducible factors in (Z/2Z)[z].
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Exercise 5.13. Factor z* + 1 into irreducible factors in (Z/3Z)[z].
Exercise 5.14. Factor z! + 1 into irreducible factors in (Z/5Z)[z].
Exercise 5.15. List all irreducible polynomials of degree < 4 in (Z/2Z)[z].

Exercise 5.16. Suppose n € Z* and a(z),b(z) € F[z] have degree < n. Suppose
also that there are n distinct elements z;, ..., 2z, € F such that a(z;) = b(z;)
for all 1 <14 < n. Prove that a(z) = b(z).

Exercise 5.17. For which n > 1 does the polynomial

f(z) =2" +5x + 6 € Q[x]

have a root in Q7

Exercise 5.18. Find all a,b € Z/3Z for which the polynomial
2 +ax +b € (Z/3Z)[7]

is irreducible.

Exercise 5.19. Let p be an odd prime.
(a) Show that the polynomial 2?1 — 1 € (Z/pZ)[x] factors as

P —l=(z-@-2)@-3)(@-(p-2)(z—(p-1).

(b) Deduce Wilson’s theorem: (p —1)! = —1 (mod p).

Exercise 5.20. Suppose that f(x), g(z) € C[z]| are two monic polynomials, with
deg(f) = deg(g) = n > 1. Suppose also that f(1) = g(1), f(2) = g(2), ...,
f(n) = g(n). Show that f(z) = g(x). Hint: Let h(z) = f(x) — g(z). What is
the degree of h? What are some of its roots?

Exercise 5.21. Suppose that we remove the assumption that f(z) and g(zx)
are monic in the previous problem. Show by example that we can no longer
conclude that f(z) = g(z).
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6. Derivatives and multiple roots

Definition 6.1. Let f(z) = ag + a1 + as2® + aza® + -+ + a, 2" = X a,z".
The derivative of f(x), written f'(x), is the polynomial a; + 2asz + 3azz? +
w4 na,rt = Y >0 na,x"'.

Note that deg(f") < deg(f). It is not always true that deg(f’) = deg(f) —1.
For example, if f(z) = 2® + 2z € (Z/3Z)[z], then f'(x) = 2, deg(f) = 3, and
deg(f’) = 0. However, if the coefficients of the polynomial f are elements of Q,
R, or C, then it is true that deg(f’) = deg(f) — 1.

Proposition 6.2. Suppose that f(x) and g(x) are polynomials. Then

(a) (f+g9)'=f+4g"
(b) (fg) = (f)g+ f(g).

Definition 6.3. Suppose that f(z) € Fz], and a € F is a root of f(x).
(a) ais a root of multiplicity n if (xr — o)™ divides f(z) and (z — «)
does not divide f(z).
(b) A root of multiplicity 1 is a simple root.
(¢) A root of multiplicity 2 is a double root.
(d) A root which is not a simple root is a multiple root.
Equivalently, x — « is a root of multiplicity n if f(z) = (z — a)"g(z), and
g(a) # 0.

Proposition 6.4. Suppose f(x) € F|z|, and a € F' is a multiple root. Then
x — «a is a factor of (f, f').

Proof. If a is a multiple root of f(x), then we can write f(z) = (z — a)?g(x).
We can compute that f'(z) = (z — «)?¢(z) + 2(x — a)g(z). Therefore, z — «
divides f’, and so  — « divides (f, f’). O

n+1

Corollary 6.5. If f(x) € F[z], and (f, f') = 1, then f has only simple roots.

Proposition 6.6. Suppose that f(z) € F[z], deg(f) =n, and ay,...,a, € F
are n simple roots. Then (f, f') = 1.

7. Eisenstein’s criterion and the Gauss lemma

Definition 7.1. A polynomial a(z) = ap+ a2+ - -+ a,a™ € Z[x] is primitive
if the greatest common divisor of ag, aq,...,a, is equal to 1.

Every nonzero a(x) € Z[x] can be factored as the product of a constant
times a primitive polynomial in an obvious way. If a(x) = ag+ a1z +- - + a,z"
then let d € Z be the greatest common divisor of the coefficients ag, aq, ..., a,.
The polynomial

A(x):%+%x+~~+%x”
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is then primitive, and a(z) = d - A(x). More generally, suppose a(z) € Q] is
nonzero. Let e € Z" be an integer chosen so that e-a(z) has integer coefficients.
By what was just said, we may now write e - a(x) as the product of a constant
d € Z by a primitive polynomial A(x) € Z[x]. Then

a(x) = j - A(x).

In other words, every nonzero a(x) € Q[z] can be written as the product of a
nonzero rational number times a primitive polynomial in Z[z]. For example

2 2 4, 1

T S| 122
3+5x T (10 + 6z z°)
2 2
—15~(5—|—31:—4x).

Theorem 7.2 (Gauss Lemma I). Suppose f(z),g(x) € Z[x] are primitive
polynomials. Then the product f(x)g(z) is again primitive.

Proof. Suppose not, so that there some integer d > 1 that divides all coefficients
of f(x)g(x). If p is any prime divisor of d, then p divides all coefficients of
f(z)g(x). Given any polynomial a(x) € Z[z] we denote by a(x) € (Z/pZ)[z]
the polynomial obtained by reducing all coefficients of a(z) modulo p. For
example if p =5 and a(x) = 723 + 1022 — 11z + 2 then

a(z) = 22° + 4z + 2 € (Z/5Z)[z].
Clearly, f(x)g(x) =0, as all coefficients of f(x)g(x) are divisible by p. But
(Z/pZ)|x] is an integral domain, and so either f(z) =0or g(z) =0. If f(z) =0
then all coefficients of f(z) are divisible by p, contradicting f(z) being primitive.

Similarly, if g(z) = 0 then all coefficients of g(z) are divisible by p, contradicting
g(x) being primitive. In either case we arrive at a contradiction. O

Theorem 7.3 (Gauss Lemma II). Suppose f(x) € Z[x] is a nonconstant
polynomial that can be factored as f(x) = a(z)b(x) for polynomials a(x) and
b(x) with rational coefficients. Then there are polynomials c(x) and d(x) with
integer coefficients such that f(x) = ¢(z)d(x) and

c(x) ~a(x) d(x) ~ b(z).
Proof. Start by writing a(x) = sA(z) and b(x) = tB(z) for nonzero s,t € Q
and primitive polynomials A(x), B(x) € Z[z]. Then
f(z) = stA(x)B(x).
I claim that st € Z. Write st = p/q with p € Z and g € Z*, and consider the

equality
q- f(z)=p- Alz)B(z).
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By the first form of the Gauss Lemma the product A(z)B(z) is primitive, and
so the GCD of the coefficients of A(z)B(z) is 1. Therefore the GCD of the
coefficients of pA(z)B(z) is p. On the other hand the GCD of the coefficients
of ¢f(x) is qd where d € Z* is the GCD of the coefficients of f(z). So qd = p
proving that st = p/q = d € Z. Now we simply take

c(x) = stA(x) = ta(x) d(z) = B(x) = =b(z).

Theorem 7.4 (Eisenstein’s Criterion). Suppose
a(x) = apx™ + -+ ax + ap € Q[z]

has integer coefficients, and there is a prime p satisfying

(a) p does not divide a,,
(b) p does divide a,,_1, ..., a1, ag,
(c) and p* does not divide ay.

Then a(x) is irreducible.

Proof. To get a contradiction, assume that a(z) is factorizable. Then a(x) =

b(x)c(x) for some b(x), c(x) € Q[z] with
0 < deg(b) < deg(a) 0 < deg(c) < deg(a).

By the second form of the Gauss Lemma, we may assume that b(z), c(z) € Z|x].
If we write

b(x):bsxs++b1x+bo
c(z) =ca'+ -+ ax+c

then s and t are positive, s +t = n, ag = bycy and a,, = bsc;. As we assume
that p? does not divide ag, the equality ag = byco implies that at least one of
by and c¢q is not divisible by p. After possibly interchanging b(z) and c(x), we
are free to assume p{ bg. As p 1 a,, the equality a, = bsc; implies p 1 bs.

For a polynomial f(x) € Z[z] let f(x) € (Z/pZ)[z] denote the polynomial
obtained by reducing all coefficients of f(x) modulo p. From the paragraph
above we know that the coefficients b, and by in

b(z) = bsx® + -+ bz + by € (Z/pZ)][x]
are nonzero, and in particular b(x) is nonconstant (since s > 0) and is not
divisible by x (as p t by). Let g(z) € (Z/pZ)[z] be any irreducible divisor of
b(x). As already noted, b(z) is not divisible by z and so g(z) # .
From the factorization

a(x) = b(z)e()
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we see that g(z) divides a(z). But as p divides all coefficients of a(x) except
for a,, a(x) = a,z™. By the uniqueness of irreducible factorizations the only
irreducible divisors of @(z) are the associates of z, and therefore g(z) ~ z
contradicting what was said in the previous paragraph. 0

For example, consider the polynomial a(x) = 327 — 1525 4+ 10 € Q[z]. We
may apply Eisenstein’s criterion with p = 5: 5 does not divide the leading
coefficient 3, 5 does divide all the other coefficients, and 5% does not divide
the constant term 10 (we say that a(z) is Eisenstein at 5). Therefore a(x) is
irreducible.

Suppose we want to factor
1 3 9 3
a(r) = 2% — 591;5 — 5:1;2 +qr— ;€ Q[z]

into irreducibles. First we clear the denominators by writing
a(x) = = (42° — 22° — 62 + 92 — 3).

Applying the rational root test to 42® — 22° — 62% + 92 — 3 we quickly find
that x = 1/2 is a root, and so is a root of a(x). Factoring out z — 1/2 leaves

= (o) (750 3)

I claim the second term is irreducible. Indeed, clearing denominators we find

3 3 1
5 v 7:7.25_ )
T -grt 5 =3 (22° — 3x + 3)

The polynomial 22:° — 3z + 3 is Eisenstein at 3, and so is irreducible. Therefore
2® — 3z + 2 is also irreducible.
Exercise 7.5.

(a) Factor x° + 3z* — 32? — 3z + 18 € Q] into irreducibles.
(b) Factor 2° + 3z2* — 32® — 3z + 18 € (Z/5Z)[z] into irreducibles.

Exercise 7.6.

(a) Show that the polynomial z° + 8z* + 322 + 4z + 7 € (Z/27Z)[x] has no
roots in Z/2Z, and is not divisible by x* + x + 1. Deduce that this
polynomial is irreducible.

(b) Use part (a) to prove that 2° + 8% + 322 + 42 + 7 € Q] is irreducible.
Hint: 1f it factors in Q[z] then, by the Gauss Lemma, it factors in
Zlx].

Exercise 7.7. Suppose p is a prime.
(a) Show that [(x +1)P — 1}/9& € Q[z] is irreducible.
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(b) Use part (a) to prove that
P —1
r—1

is irreducible.

="+ 2P+t +1€Q]

Exercise 7.8. Show there are infinitely many integers £ for which
at 4222 + k € Q|7]

is irreducible.
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