MAT 214, FALL 2017

1. PRIME NUMBERS

1.1. Definitions. What are the “simplest” numbers? We can all agree that 0 and 1 are very
simple. Adding 0 to any number will not change that number, and multiplying 1 to any number
will also not change it. So 1 is the simplest number with respect to multiplication.

The next simplest numbers, with respect to multiplication, are prime numbers. An amazing
thing is that prime numbers “build up” all the integers. We now give two equivalent definitions
of prime numbers.

Definition 1.1. A prime number p is an integer bigger than 1 that has no proper divisors,
namely the only positive divisors of p are 1 and p.

Definition 1.2. A prime number p is an integer bigger than 1 such that for any integers a
and b, we have plab = pla or p|b .

By definition, 1 is NOT a prime number. This fits our philosophy at the beginning:
we want prime numbers to be precisely the “second simplest” kind of integers with respect to
multiplication. Since 1 is the simplest, it should be the “second simplest”.

Now let us give the first proof in this course.

Proof of Definition 1.2=Definition 1.1. Let p > 1 be any positive integer. Suppose d is a posi-
tive integer dividing p. In particular d < p. We want to prove that d =1 or d = p.

Since d|p, there exists an integer m (automatically positive) such that p = dm. So p|p = dm.
Definition 1.2 implies that either p|d or p|m.

(case) If p|d, then p > d since d is positive. But we already have d < p. So d = p.

(case) If p|m, then p < m since m is positive. But p = dm > m since d > 1. So p = m, and
hence d = 1.

In summary, either d =1 or d = p. So we are done. O

1.2. gcd and Euclid’s algorithm. Fix some (nonzero) integer a. What numbers can be
expressed as ax for some integer 7 The answer is a tautology: all integers b such that a|b. We
write the set of such numbers as aZ.

Now suppose we fix two nonzero integers a and b. We use the following notation: Let aZ + bZ
be the set of all numbers which can be expressed as ax + by for some z,y € Z. Then what is
aZ + bZ?

Let us look at an example. Suppose a = 35 and b = 13. Dividing 35 by 13, we get

3b=2-134+09.
1
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Therefore 35Z + 13Z = (2 - 13 + 9)Z + 13Z = 13Z + 9Z. (Check this) Repeat this process:

13=1-94+4= 132+ 9Z = 9Z + 4Z,
9=2-44+1=92+4Z =4Z + 1Z,
4=4-14+0=42Z+12Z = 1Z + 04 = L.

The last step can be omitted as 4Z C 1Z = 7Z, so 4Z + 1Z = Z. 'To sum it up, we have
35Z + 13Z = Z.

In this process, we only used the division algorithm for Z. So this process works for any two
positive integers.

Let us look at another example. Suppose a = 8 and b = 6. We have

8=1-6+2= 8Z+6Z = 6Z + 27,
6=3-2+0= 6Z+ 27 =27+ 0Z = 2Z.

So 8Z + 6Z = 27.

The process above is called the Euclid’s Algorithm: start with two positive integers a > b;
divide a by b to get a remainder r; replace a and b by b and r and repeat. The process will stop
within finitely many steps. In the end we will get a positive integer ¢ such that aZ + bZ = cZ.
Moreover, ¢ is uniquely determined by a and b, namely if ¢ and b are fixed, then there is only a
such c.

Definition 1.3. Let a and b be positive integers. Define the greatest common divisor of a and
b, denoted by ged(a,b), to be the unique positive integer such that aZ + bZ = ged(a, b)Z.

Remark 1.4. ged(a,b) satisfies the following properties:

(1) ged(a,b)|a and ged(a,b)|b;
(2) If d|la and d|b, then d|ged(a,b). In particular d < ged(a,b).

Proof. (1) We have a € aZ + bZ = ged(a,b)Z. So a = ged(a,b)x for some x € Z. So
ged(a, b)|a. Similarly ged(a, b)|b.
(2) We have ged(a,b) € ged(a,b)Z = aZ + bZ. So ged(a,b) = ax + by for some z,y € Z. But
d|a and d|b, so d|ax + by = gecd(a, b). In particular d < ged(a,b) since ged(a, b) > 0.
O

1.3. Proof of Definition 1.1 implies Definition 1.2. Let p > 1 be any positive integer.
Suppose a, b integers such that p|ab and p { a. We need to prove p|b.

Since p 1 a and p has no positive divisors except for 1 and p, so ged(p,a) = 1. Hence
pZ+aZ =7. But 1 € Z, so 1 = px + ay for some x,y € Z. Multiplying both sides by b, we get
b = pbx + aby. So p|pbx + (ab)y = b.

1.4. The infinitude of primes.
Theorem 1.5 (Euclid). There are infinitely many prime numbers.

Proof. Suppose for a contradiction that there are only finitely many prime numbers, say p1, . .., pm-
Consider n = p; -+ pm + 1. Since n > 1, it has a prime factor. So p;|n for some i € {1,...,m}.
But then p;|n — p1 - - - p, = 1. Contradiction. O
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Note that in the proof, we claimed that every integer bigger than 1 has a prime factor.
However we did not give a rigorous proof of this claim. To write down a rigorous proof, we
need to use the Principle of Induction: If we want to prove a statement P(n) for all integers
n > ng, it suffices to prove:

e (base step) Prove P(ng) is true;
e (induction step) Assume P(ng),...,P(n — 1) are true, prove P(n) is true.
Now we prove this claim. In this case P(n) is n has a prime divisor and ng = 2.
(base step) P(2) is true: 2 has a prime factor as 2 itself is a prime number.
(induction step) Assume P(2),...,P(n — 1) are true. If n is a prime number, then n itself is
a prime factor of n. If n is not a prime number, then by Definition 1.1 there exists an integer d
with 2 < d < n — 1 such that d|n. So P(d) implies that d has a prime factor p. But d|n, so n
has a prime factor p.

1.5. The Unique Factorization Theorem. Now we are ready to explain that integers are
“built up” by prime numbers.

Theorem 1.6 (Unique Factorization Theorem). Every integer bigger than 1 has a factorization
into a product of prime numbers, unique up to reordering. Namely, for any integer n > 2, the
following properties hold:

There exist prime numbers pi,...pm such that n =p1 - pm.

(uniqueness) If n =p1 -+ pm = q1 - - - ¢ with prime numbers p1 < ...pm and ¢1 < ...q, then
m=r and p; = q; for anyi € {1,...,m}.

Proof. (existence) We do induction on n > 2.

(base step) P(2) is true because 2 is a prime number.

(induction step) Assume P(2),...,P(n — 1) are true.

If n is a prime number, then n = n is a prime factorization.

If n is not a prime number, then by Definition 1.1 there exists an integer d with 2 < d <n-—1
such that d|n. So n = dk for some integer k, and moreover 2 < k <n —1since 2 <d <n— 1.

Now P(d) implies that d = p; - - - ps for some prime numbers py, ..., ps, and P(k) implies that
k = q1---q for some prime numbers ¢1,...,q. Hence we can express n as a product of prime
numbers n =p1 - Ps - q1 - G O
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2. FUNDAMENTAL THEOREM OF ARITHMETIC AND INDUCTION

2.1. Factorization in primes (continued). Today we continue to finish the proof of UFT
(Theorem 1.6). We do the uniqueness part. But first, let us prove the following lemma.

Lemma 2.1. Let p be a prime number. Suppose that p divides the product ay - - - ay, of integers
with n > 2. Then p diwvides a; for some i € {1,...,n}.

Proof. We prove the lemma by induction on n.

(base step) P(2) is true by Definition 1.2.

(induction step) Assume P(2),...,P(n — 1) are true. Suppose plai---an, = ai(ag---ay).
Then by P(2), we have either pla; or plag---ay. If pla;, then we are done. If plag - - - ay,, then
by P(n — 1), we have that p|a; for some i € {2,...,n}. To sum it up, p divides a; for some
i€ {l,...,n}. So we are done. O

Now we are ready to finish the proof of the uniqueness part of Theorem 1.6.

Proof of Theorem 1.6 continued. We do induction on n > 2.

(base step) P(2) is true because 2 is a prime number.

(induction step) Assume P(2),...,P(n — 1) are true. Suppose n = pi...pm = q1...¢q, for
prime numbers p;1 < ... <p, and g1 < ... < g,

Now pi|n = q1--- ¢y, so p1 divides ¢; for some i € {1,...,7} by Lemma 2.1. Recall that p;
is a prime number, so in particular p; > 2. But ¢; is also a prime number, so it has only two
positive divisors 1 and ¢;. So p1 = ¢;. Similarly ¢; = p; for some j € {1,...,m}.

Now we have p1 = ¢; > q1 = p; > p1, so we must have p; = ¢; = q1 = p;. In particular

P1 = q1. So we get from p;...pym = q1 ... q- the following equality

p2...Pm =4G2...qr.

Call this product n’. Then 1 < n’ < n because n’ = n/p; and p; > 2. If n’ = 1, then both
products are empty and we can already conclude. If n’ > 2, then we can apply P(n’) and get

m—1=r—1, p=gq; forany i€ {2,...,m}.
So we are done. -

Another way of stating the Unique Factorization Theorem (Theorem 1.6) is as follows: Let
n > 2 be an integer. Then there exist a unique set of prime numbers {p1,...,p,} and a unique
set of positive integers {cv,. ..,y } such that n = pi* - pom.

Sometimes when we want to study two or more integers at the same time, it is more convenient
to allow the power to be 0. For example if we want to find ged(a, b) for two positive integers a
and b, then we can first factorize a and b under UFT

a=pit-pyt
b=pit-pl,
where we now require the a;’s and f;’s to be non-negative (so allow 0). In this way the statement

of the result is cleaner: we have ged(a,b) = prlnm(al’ﬁl) . -piﬁin(o‘mﬁm).

We can also define a notion of the least common multiple of a and b, denoted by lem(a, b),
as the smallest positive integer that is divisible by both a and b. Then with the notation above,

it is easy to see that lem(a,b) = prlnax(m’ﬁl) . ~pﬂax(am”3m).
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The following corollary is then easy to deduce.
Corollary 2.2. Let a and b be positive integers. Then ab = ged(a, b)lem(a, b).

2.2. Sum of powers of integers. The following formulae can be proven by induction: For any
integer n > 1, we have

14+24+ +H_M
= 5 ,
12422+ +n27n(n+l)(2n+1)
= G ,
P28+ 40’ = i+ 1)
1 )

2.3. Fibonacci numbers. The Fibonacci sequence is defined by fi = 1, fo = 1 and f, =
frn—o + fn—1 for n > 3. The first few Fibonacci numbers are

1,1,2,3,5,8,13,21,34,55, ...
The following statements are true for all integers n > 1.

1) ged(fn, fas1) = 1.

2) fn+1 < (%)n

) fn= anjgbn where a =
)

)

1+72\/5 and b = 1*2

15

R+B+ 4= fafunr
(5) fit fs+fo+.. fon1= fon
These statements can be proven by induction.

Except for (1), it is NOT enough to just prove P(1) as the base step because the
truth of P(1) alone does not imply the truth of P(2). In fact due to the nature of the definition
of the Fibonacci sequence, we need both P(n —2) and P(n — 1) to deduce P(n). This suggests
that the base step should contain both P(1) and P(2).
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3. MODULAR ARITHMETIC

3.1. The ring Z/mZ. As we saw in Euclid’s Algorithm, in order to compute ged(a, b) for two
integers a > b, we could iterate the division algorithm: For a = gb+r with r € {0,1,...,b— 1},
we have ged(a,b) = ged(b, 7). In other words, what is important in the process is the division
algorithm by b and the integer r € {0,...,b — 1} such that bla — r.

In Modular Arithmetic, we strip away factors of the modulus b and consider only the remain-
der.

Definition 3.1. Fiz an integer m. We say two integers a and b are congruent modulo m,
and write a = b (mod m), if m|a — b.

If two integers are congruent modulo m, we also say that they are in the same congruence
class modulo m. We use Z/mZ to denote the set of congruence classes modulo m.

For example 35 and 9 are congruent modulo 13. They are in the same congruence class
modulo 13.

Since m|x < —mlz for any integer x, we may and do assume m > 1 in the rest of the
discussion. For any integer x, we denote by [z] the congruence class modulo m in which z lies.
In other words, [z] € Z/mZ.

By the Division Algorithm, we have

Z/mZ = {[0],[1],...,[m — 1]} as sets.

Now we introduce a binary operation on Z/mZ, which we call the addition. It is defined as
follows: for any [a], [b] € Z/mZ, define [a] + [b] = [a + b].

Theorem 3.2. (Z/mZ,+:;[0]) forms an abelian group.

Proof. Tt is easy to check the 3 conditions for abelian groups: [0] + [a] = [a], [a] + [b] = [b] + [a]
and [a] + [—a] = [0] for any [a],[b] € Z/mZ. However before checking these rules, we need
to check that the binary operation 4+ on Z/mZ is well-defined. Namely we need to prove: if
[a] = [a@'] and [b] = [V/], then [a + b] = [@’ + V).

Let us prove this. If [a] = [@/], then m|a — a’. Similarly m|b—b". So

m|(a—a)+ (b—-V)=(a+b)—(d +V).
So [a+b] =[d +V]. O

3.2. The group (Z/mZ)*. We can also define another binary operation - on Z/mZ by letting
[a] - [b] = [ab]. As before, we can check that it is well-defined, namely if [a] = [a/] and [b] = [b'],
then [ab] = [a'V].

It is easy to see that the unit for - is [1], namely [1] is the only element of Z/mZ such that
[1] - [a] = [a] for any [a] € Z/mZ. But what about taking the inverse with respect to [1]? Given
[a] € Z/mZ, is it possible to find an element [b] € Z/mZ such that [a] - [b] = [1]?

If we do not modulo m, then the answer is rather easy. In this situation we are just considering
Z. The only integers which are invertible with respect to the multiplication is 1 or —1. For
example 2 - % =1, but % A

However the situation changes when we modulo m. Say m = 5, then [2] - [3] = [6] = [1] in
Z/57Z. In other words, [3] = [2]~! in Z/5Z.

Let us make this discussion into the following lemma.
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Lemma 3.3. Let m and a be integers. Then
ged(a,m) = 1 & there exists an element [b] € Z/mZ such that [a] - [b] = [1].

Proof. (=) We have 1 € Z = aZ + mZ = Z by assumption. So 1 = ab + my for some b,y € Z.
So in Z/mZ, we have

[1] = [ab] + [my] = [ab] = [a] - [b].

(<) Now [ab] = [a] - [b] = [1], so m|ab — 1. So ab — 1 = my for some y € Z. So ab — my = 1.
On the other hand ged(a, m)Z = aZ + mZ. So 1 € ged(a, m)Z. So ged(a, m) = 1. O

Now we make the following definition.

Definition 3.4. Fiz m an integer. We say that an element [a] € Z/mZ is invertible if it
satisfies either of the two equivalent conditions in Lemma 3.3. The element [b] is called the
inverse of [a] and be denoted by [a]™!.

We denote by (Z/mZ)* the set of invertible elements of Z/mZ.

Remark 3.5. (1) Any invertible element [a] has a unique inverse. In other words, if [a][b] =
[a][c] = [1], then [b] = [¢]. The proof goes as follows: Multiplying the equality [a][b] = [a][c]
by [b] (on the left), we get ([b][a])[b] = ([b][a])[c]. But [b][a] = [a][b] = [1] by assumption,
so we get [b] = [].

(2) For any [a] € (Z/mZ)*, we have [a]~' € (Z/mZ)*. This is easy as [a] is the inverse of
[a]~t by definition.

Now we are ready to state the structural theorem.
Theorem 3.6. ((Z/mZ)*,-;[1]) is an abelian group.

Proof. We need to show that - is indeed a binary operation on (Z/mZ)*. Namely if [a],[b] €
(Z/mZ)*, then [a][b] € (Z/mZ)*.

There are two ways to do this, each one using one equivalent definition of invertible elements.

(Method 1) Use the definition by ged. Now ged(a, m) = 1 by assumption, so ged(ab,m) =
ged(b, m) by the Exercise 1 of the first Assignment. But then ged(ab, m) = 1 since ged(b,m) =1
by assumption. Hence we are done.

(Method 2) Use the abstract definition. We have

([l oD ([ a] ™) = [al([BI]~H)a] =" = [al[1)[a] ™" = [al[a] ™ = [1].

Hence we have found an inverse of [a][b]. So [a][b] is invertible. O

What is #(Z/mZ)*? In other words, how many numbers among 1,2,...,m — 1 are coprime
to m? This number is denote by ¢(m) and is called the Euler-phi function of m. Next time we
will give a formula for ¢(m). Today let us look at an application.

Proposition 3.7. If ac = be (mod m) and ged(c,m) =1, then a = b (mod m).

Proof. Let us consider Z/mZ. Then the assumptions are equivalent to:

(i) [ac] = [be];

(ii) [c] is invertible, namely [c] € (Z/mZ)*.
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By (ii), [c] 7! exists in Z/mZ. Multiplying [¢] ™! on both sides of (i), we get
lac][e] =" = [be]le] ™,

and hence

Thus a = b (mod m). O
Theorem 3.8. If a is coprime to m, then a®™ =1 (mod m).

Proof. Consider Z/mZ. List the elements of (Z/mZ)* by (Z/mZ)* = {[b1],. .., [bg@m)|}- We
make the following claims.
(i) [abs] € (Z/mZ)* for any i € {1,...,¢(m)}.
(ii) If [abl] = [abj], then [bl] = [bj]
(i) is true because [a] € (Z/mZ)* (by assumption) and the abelian group structure on (Z/mZ)*.
(i) is true because [ab;] = [ab;] implies [a]~'[ab;] = [a]}[ab;], and hence [b;] = [b;].
By (ii), we have a set {[ab1], ..., [abg(m)]} which has ¢(m) elements. By (i), we have
{labi], ..., [abym)]} C (Z/mZ)*.
But both sets has ¢(m) elements, so they are equal. In other words we have given another listing
of the elements of (Z/mZ)* by (Z/mZ)* = {[ab1], ..., [abg(m)]}-
Now take the product of all elements of (Z/mZ)*. From the two listings of the elements of
(Z)mZ)*, we get
[b1 -+ b)) = [a]?™ b1 - - by -
Now multiplying both sides (on the right) by [bgg,] ™" - [b1] 7!, we get [1] = [a]?() = [a®(™)].
Hence we are done. O
As a corollary, we get Fermat’s Little Theorem.

Corollary 3.9 (Fermat’s Little Theorem). Let p be a prime number. Then a? = a (mod p) for
any integer a.
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4. CHINESE REMAINDER THEOREM
4.1. Euler-phi function (continued).

Theorem 4.1. Let m > 2 be a positive integer. Suppose m = pi* ---p& under the Unique
Factorization with a; > 1. Then

dm)=m(~ ) (- y=m [[ (-

b1 Dn

1
,)'
‘ p
plm, p prime
Proof. We prove this theorem by induction on the sum a(m) := a3 + ... + ay.
(base step) For m with au(m) = 1. In this case m is a prime number, so ¢(m) = m—1 = m(1—1).
(induction step) Assume the equality for any positive integer m’ with a(m’) < a(m).

Let p be a prime factor of m and write m = pm’. Then a(m’) = a(m) — 1. So by induction
hypothesis we have

1
d(m') =m/ H (1—-).

q

qlm/, g prime

We need to consider two cases: p|m’ and p t m/.

(case) If p|m’/, then m and m’ have the same prime factors. Thus an integer x is coprime to
m if and only if z is coprime to m/.

Given any integer x among 1,2,...,m — 1, we can divide # by m’ and obtain x = m/a + r
with r € {0,1,...,m' — 1}. Then a € {0,1,...,p — 1} because 1 < x <m — 1. So z is coprime
to m if and only if 7 is coprime to m’.

So there are ¢(m') choices of r so that r is coprime to m’. There are p possibilities for a.
Hence we get

¢(m) = pp(m).
So we get the desired equality by induction hypothesis.

(case) If pfm/, then an integer x is coprime to m if and only if x is coprime to m’ and p 1t x.
As above, we express any integer z € {1,2,...,m — 1} as m'a+r for r € {0,1,...,m' — 1} and
a €{0,...,p—1}. Then z is coprime to m’ if and only if r is coprime to m’.

Now fix an r that is coprime to m/, we need to count the number of possibilities for a €
{0,...,p — 1} so that m’a + r is not divisible by p. But p|m’a + r if and only if [m/a] = [—7]
in Z/pZ. Since p { m', the congruence class [m’] is invertible in Z/pZ. So [a] = [~r][m/]~}
in Z/pZ. Since a is an integer between 0 and p — 1, we see that there is a unique choice for
a € {0,...,p—1} such that m’a+r is divisible by p. In other words, there are p — 1 possibilities
for a € {0,...,p — 1} so that m’a + r is not divisible by p.

So we have

¢(m) = (p — Dg(m).
Again the desired equality follows by induction hypothesis. O

4.2. Chinese Remainder Theorem. Consider the following question: What are the last two
digits of 1234°%? The question is equivalent to asking for the reduction of 123456 modulo 100.
Since ged(123,100) = 1 and ¢(100) = 40, we know that 123410 = (123%°)1! = 1 (mod 100) by
Theorem 3.8. Hence

123456 = 1236 = 2316 (mod 100).
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Then we have
232 =529 =29 (mod 100)
292 =841 =41 (mod 100)
412 =1681 =81 (mod 100)
812 = 6561 = 61 (mod 100).

So 1236 = 61 (mod 100). Thus the last two digits of 123476 is 61.

This is quite a lot of work computationally. Sometimes it will not work: finding the last two
digits of 8765%321 requires computing 65%32! modulo 100. As 65 and 100 are not coprime, we
cannot apply Theorem 3.8. The Chinese Remainder Theorem, stated below, will allow us to
understand reduction modulo 100 by understanding reduction modulo 4 and 25.

Theorem 4.2 (Chinese Remainder Theorem). Let a, b be coprime positive integers. For any
integers x1 and o, there exists a unique congruence class [x] in Z/abZ such that

r=x1 (moda) and x=x2 (modDd).

Proof. (existence) We consider integers x of the form ay + x1. The second congruence then
translates into ay = x2 — 1 (mod b). Since ged(a,b) = 1, such a y exists. Namely we can take
y to be an integer among 0, 1,...,b— 1 such that [y] = [a] [z2 — 21] in Z/bZ. Then this integer
ay + x1 satisfies the desired properties.

(uniqueness) Suppose x and x’ are two integers satisfying the desired congruence conditions.
Then x — 2’ is divisible by both a and b. So ablx — 2’ since ged(a,b) = 1. So [z] = [2/] in
Z]abZ. O

To apply Theorem 4.2 to the above example, we write 100 = 4 x 25. Now ged(4,25) = 1.
We have 123 = —1 (mod 4) and so 123456 = 1 (mod 4). We also have 123 = —2 (mod 25) and
#(25) = 20 and so 123%%6 = (—2)16 = 65536 = 11 (mod 25). Hence the reduction of 123436
modulo 100 is congruent to 1 modulo 4 and to 11 modulo 25. Therefore it must be 61.

Let us now look at the example of 8765%32!. Again we have 8765 = 1 (mod 4) and so
87654321 = 1 (mod 4). But 5|8765, so 25 = 5%|87652|876532L. So 87654321 = 0 (mod 25).
Therefore 8765*32! = 25 (mod 100).

The last example will be a first step to solve Diophantine equation. Let us solve the congruence
equation

(4.1) 2 +r=6 (mod12).
That is, we want to find all the congruence classes in Z/127Z whose 3-rd power plus itself is
congruent to 6. It is of course possible to try all 12 congruence classes and see which ones work,
but this is a lot of work, especially if 12 is replaced by a large integer. Instead we use the Chinese
Remainder Theorem by first breaking up 12 = 3 x 4 in to a product of coprime integers. Now
(4.1) is equivalent to the following two conditions combined:

B +r=6=0 (mod 3)

B +rx=6=2 (mod 4).
We can solve these two congruence equations by trying all congruence classes (the first one can
also be solved by Fermat’s Little Theorem). There are only 3 needed for the first one and 4
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needed for the second one. Checking all of them we get
z=0 (mod 3)
r=1,2,3 (mod 4).

There are then three solutions

=0 (mod3), x=1 (mod4) = z=9 (mod 12)
=0 (mod3), =2 (mod4) = z=6 (mod 12)
=0 (mod3), =3 (mod4) = z=3 (mod 12)

One can generalize the Chinese Remainder Theorem by including more congruence conditions.
We delegate the proof to the homework.

Theorem 4.3. Let ay,...,a, be pairwise coprime positive integers. For any integers x1,..., Ty,
there exists a unique congruence class [x| in Z/mZ, where m = aj---ay,, such that x = z;
(mod a;) for alli € {1,...,n}.

The above example of solving congruence equations illustrate an important idea. In number
theory, we usually have a polynomial f(x,y,...) with integer coefficients and we want to find
integer solutions to the equation f = 0. For example Fermat’s Last Theorem concerns with
the polynomial 2™ + y™ — 2™ and it states that there are no solutions other than (0,0,0) when
n > 3. Such a question is in general very hard while looking for solutions in Z/mZ is much easier
because Z/mZ is finite. In this procedure we would want m to run over all positive integers.
The Chinese Remainder Theorem (and its generalization) tells us that it suffices to consider
only prime powers for m. As we will see later, for a fixed polynomial f, except for a finite set
of primes, looking for solutions in Z/p®Z is the same as looking for solutions in Z/pZ. Finally
since Z/pZ is a field (every non-zero element is invertible) we will have more tools available to
study the zeros of a polynomial in a field.
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5. THE FINITE FIELD [F)

5.1. Wilson’s Theorem. Today we focus on the ring Z/mZ where m is a prime number p.
Recall that (Z/pZ)* = {[1],...,[p — 1]} because gcd(a,p) = 1 for any a € {1,...,p—1}. In
other words, every non-zero element of Z/pZ is invertible.

Definition 5.1. A field is a commutative ring (F,+,;0r, 1F) such that every non-zero element
is invertible. In other words, F* = {a € F : a # 0}. We sometimes abbreviate it as F if the
other data (+, -, O, 1r) are clear.

Let us see some examples of fields. We have (Z/pZ, +,-;[0], [1]). We sometimes denote this
field by F,. The unit for addition is [0], and the unit for multiplication is [1].

Other examples include Q the field of rational numbers, R the field of real numbers, and C
the field of complex numbers. Additions and multiplications are the usual ones in each case.
The unit for addition is the number 0 and the unit for multiplication is the number 1 in each
case.

In this list of examples, Z/pZ is finite and Q, R, C are infinite.

We only write F,, for Z/pZ. For an integer m which is not a prime number, we do
NOT write Fy, for Z/mZ. The reason will be explained in later lectures (in two or three weeks).
Recall the following Fermat’s Little Theorem which we proved last Thursday.

Theorem 5.2 (Fermat’s Little Theorem). a” = a for any a € F),.

In the statement, the symbol “a” represents an element of IF,, instead of an integer. In other
words, a means a congruence class mod p. This is why we don’t write [a].
Today we prove the following theorem.

Theorem 5.3 (Wilson’s Theorem). (p —1)! = —1 (mod p).

Proof. When p =2 and p = 3, this is clearly true. From now on we assume p > 5.
Consider F,, = Z/pZ and the list of congruence classes [2], [3],..., [p — 2]. We observe that

{28, =2} ={27 87— 27

This is because
(1) for any a € {2,...,p — 2}, [a]~! is again an invertible element of Z/pZ and it is clearly

not [1] or [p — 1] = [—1];
(2) for any a,b € {2,...,p—2}, [a] ' # [b] 7! if a # b.
Now we can break {[2],[3],..., [p— 2]}, which has p — 3 elements, into (p — 3)/2 pairs consisting
of a congruence class and its inverse. So we can regroup the product [2][3]---[p — 2] so that
21[3] -+ [p=2] = [1] - - [1]((p = 3)/2 of them) = [1].
So [1][2]--- [p—1] = [1]([2] - - - [p—2])[p—1] = [1][1][p—1] = [-1] in Z/pZ. Hence we are done. [

Next time, we will see another proof of Wilson’s Theorem using polynomials.

5.2. The characteristic of a field. Let (F,+,;0r,1F) be a field. Let us define a map ¢: Z —
F, sending n to n - 1p (meaning the sum of n-times 15). Using the fact 12 = 1p, it is not hard
to show that p(n +m) = p(n) + ¢(m) and p(n-m) = n - p(m). In the language of Tuesday’s
homework (if you have done it), ¢ is a ring homomorphism.
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Definition 5.4. The characteristic of the field F', denote by char(F), is the smallest positive
integer n such that ¢(n) = O0p. In other words it is the smallest positive integer n such that
n-1p =0p. If no such integer exists, then we set char(F) = 0.

For example, char(F,) = p and char(Q) = 0.

Proposition 5.5. We have the following properties.

(1) char(F) is either O or a prime number p;

(2) for any a € F, we have char(F)-a = 0p;

(8) if n-1p = 0p for some integer n, then char(F') is a prime number and divides n.

Proof. (1) Suppose for contradiction that char(F) is neither 0 nor a prime number. Then
there exist integers 1 < dj,ds < char(F') such that char(F') = did2. However
Op = (dldQ) e = (d1 . 1F) . (d2 . 1F)-
Ifdi-1F # Op, then it is invertible in F’ since any non-zero element of F' is invertible. But
then multiplying both sides by (d; - 1F)*1, we get Op = do - 1. Thus either d; - 1p = 0p
or dg - 1p = Op. This contradicts the minimality of char(F').
(2) We have
char(F') -a = char(F) - 1p-a = (char(F) - 1p)-a =0p - a = Op.

(3) If n-1p = Op for some integer n, then char(F") # 0. Hence char(F') is a prime number by
(1). Recall that ged(char(F),n)Z = char(F)Z+nZ, hence ged(char(F'),n) = char(F)x+
ny for some x,y € Z. So

ged(char(F),n) - 1p = (char(F)x +ny) - 1p =z - (char(F) - 1p) +y - (n-1p) = 0p.
By minimality of char(F), we have gcd(char(F),n) = char(F'). So char(F)|n.
O
Theorem 5.6. (1) ¢ is injective if char(F) = 0. In particular, if char(F) = 0, then F is
infinite.
(2) ¢ induces an injection from Z/pZ to F if char(F) = p.
Proof. (1) If char(F') = 0. Suppose ¢(n) = ¢(m) for some integers n and m. Then
(n—m)-1p = p(n —m) = ¢(n) — p(m) = OF.
Because char(F') = 0, we have n —m = 0 and so n = m. Thus ¢ is injective if
char(F') = 0.
But then F' is infinite because Z is infinite.

(2) If char(F) = p, then define a map @: Z/pZ — F by ¥(la]) = ¢(a). This map is well-

defined: if [n] = [m] in Z/pZ, then

p(n) —p(m) = p(n —m) = p(pr) =p-¢(r) = OF,
and so ¢(n) = p(m).
Let us prove that the map @ is injective. For [m], [n| € Z/pZ, we have
@([m]) = @([nl]) = p(m) —p(n) = (m —n) - 1.

If o(Im]) —@([n]) = 0F, then (m —n)-1p = 0p. So p/m —n by Proposition 5.5.(3), and

hence [m] = [n].
O
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5.3. A previous Exercise. Ex 1 of the first Assignment. Show that if ged(a,c) = 1, then
ged(ab, ¢) = ged(b, ).

Proof. We shall use our definition of ged, i.e. ged(m,n)Z = mZ + nZ and ged(m,n) > 0.
We have
aZ + c¢Z = ged(a, c)Z = Z.
Multiplying both sides with b, we get
abZ + bcZ = bZ.
Adding ¢Z on both sides, we have
abZ + (bcZ + cZ) = bZ + cZ.
But bcZ C cZ, so bcZ + cZ = cZ. So we have
abZ + cZ = bZ + cZ.
So ged(ab, ¢)Z = ged(b, ¢)Z. So ged(ab, ¢) = ged(b, ¢) because both are positive. O
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6. POLYNOMIALS WITH COEFFICIENTS IN A FIELD

Through this section, we let (F,+,-;0p, 1) be a field. We abbreviate it as F.
Let F[z]| denote the set of polynomials with coefficients in F'. We have

Flz] = {anz™ + ap_12" '+ ...+ a1z 4+ ag:n >0, a; € F for all i}.
For example [5], [2]22 + [3]x, [5]a® + [6]22 + [4] are elements of Fr[z].

6.1. Commutative ring structure. In this course, we will see many analogies between F'[x]
and Z. Let us start with the following structural proposition: We can endow F'[z] with addition
and multiplication. The formulae will be exactly as expected. We illustrate multiplication with
an example: Suppose we are in F7[z], then

([212* + [3]a) ([4]x + [1]) = [2][4]2” + ([2][1] + [3][4])2” + [3][1]ar = [1]a® + [3]a

Then it is not hard to see that 0p + f = f and 1p - f = f for any f € F[z]. The following
theorem is not hard to check.

Theorem 6.1. (F[z],+,;0r,1F) is a commutative ring.

Next let us study the invertible elements of F'[x]|, namely the polynomials f € F[x] such that
f-g=1p for some g € F[z]|. As for Z/mZ, we denote by F[z]* the set of invertible elements
of F[z]. We can prove that (F[z]*,-;1r) is an abelian group. The proof is similar to what we
did for (Z/mZ)* (Method 2).

Recall that for Z/mZ, we had a concrete description of (Z/mZ)*. We would like to ask
whether such a concrete description exists for F[z]*. The answer is yes. Before computing this,
let us look at the easy Z.

Suppose now we want to compute Z*. For any a € Z*, we have ab = 1 for some b € Z. Then
we can take the absolute value of both sides and get |a||b| = 1. Note that a,b # 0, so |al, |b] > 1.
But then we must have |a| = [b| = 1. So a = £1. On the other hand it is clear that £1 € Z*.
So Z* = {+£1}.

In this easy computation, we used the absolute value of numbers to compare different numbers.
If we can transport the notion to polynomials, then we will be able to compute F[z]*. This
notion is the degree which we introduce now.

Definition 6.2. To any polynomial f € F|x], we define its degree, denoted by deg(f), to be
the largest integer n such that the coefficient of x™ is non-zero.

In other words, for f(z) = apa™ + an_12" '+ ...+ ag with a, # Op, we have deg(f) =n. If
f=0p, then we say deg(f) = —o0.

So in particular, if f # Op, then deg(f) > 0. Moreover, the polynomials with degree 0 are
precisely the non-zero constant polynomials.

Lemma 6.3. For any f,g € F[z], we have deg(fg) = deg(f) + deg(g).

Proof. If one of f and ¢ is Op, then fg = O0p. Hence deg(fg) = deg(0p) = —o0, and deg(f) +
deg(g) = —o0. So deg(fg) = deg(f) + deg(g) in this case.

Now suppose neither of f and g is Op. Suppose deg(f) = n and deg(g) = m. Then we can
write f(x) = anz" + an_ 12" + ...+ ag with a, # O and g(z) = bpx™ + byp_12™ 1 + ...+ bg
with b, # 0p. Thus

f(2)g(z) = anby,z™t™ + lower terms.
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Now ay, by, # 0p and F is a field, so apb,, # Op. So by definition deg(fg) = n + m. So we are
done. O

Now we are ready to compute F[z]*, just as we did for Z*.
Theorem 6.4. Fz]* = F'*.

Proof. Suppose f € Flx|*, then fg = 1p for some g € F[z]. Taking the degree of both sides,
we get deg(f) + deg(g) = deg(fg) = deg(lp) = 0. Thus neither of deg(f) and deg(g) is —oc.
But then deg(f),deg(g) > 0. So deg(f) = deg(g) = 0. So f is a non-zero constant polynomial.
So f € F* = F\{0p}. This proves F[z]|* C F*.

On the other hand, every element of F'* is still invertible in F[z]. So to sum it up, we have
Flz]* = F*. O

6.2. Divisor and root.
Definition 6.5. We say that a polynomial g(x) divides f(x) in F[z] if there exists a polynomial
h(z) such that f(z) = g(x)h(x).
For example in F7[z], the polynomial x — [3] divides 2% — [2] as

(= [B)(z + [3]) = 2* - [9] = * — [2].
Note that any polynomial divides Op. If g|f and f # Op, then deg(f) > deg(g) (easy exercise).
Lemma 6.6. Suppose f € F|x| satisfies f(a) = O0p for some a € F. Then x — a|f(x).
Proof. The key trick is to use

" —ad"=(z—a) "+ 2" 2a+2" 3 + .. +ad" ).

Suppose f(z) = apz™ 4 ...+ ag, then

f(x) = f(z) = f(a)

=ap(z" —a")+ ... +ai(r —a).

Now z — a divides each 2" — a” for r € {1,...,n}, so z — a|f(x). O
Definition 6.7. An element a € F such that f(a) = Op is called a root of f.

Proposition 6.8. Let f € Flx]| be a non-zero polynomial of degree d. Then f has at most d
roots, with multiplicity counted.

Proof. We prove by induction on d.

(base step) P(0) is true: when d = 0, f is non-zero constant, so it has no roots.

(induction step) Assume P(0),...,P(d — 1) are true. Suppose f is a non-zero polynomial of
degree d.

If f has no roots, then we are done. Otherwise suppose f(a) = Op. But x —a|f by Lemma 6.6.
So f(z) = (x — a)"g(z) for some 1 < r < d and some g € Fx].

If @’ is a root of f other than a, then 0p = f(d') = (a/ — a)"g(d’), so g(a’) = Op, namely a’ is
a root of g. So the roots of f are precisely a (with 7 times) and the roots of g.

Now deg(f) = deg((x — a)") + deg(g) = r + deg(g). Now by P(d — r), g has at most d — r
roots. So f has at most r 4 (d — ) = d roots. O
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Now we use this to get another proof of Wilson’s Theorem: (p — 1)! = —1 (mod p) for any
prime number p.

Another proof of Wilson’s Theorem. Consider f(z) = xP~! — [1] in F,[z]. Fermat’s Little The-
orem implies that [1],[2],...,[p — 1] are roots of f. So as in the previous proposition (this is
sketchy here, think why), we get

flx) =g(@)(@—[1])-- (z = [p—1])
for some g € Fp,[z] by Lemma 6.6. Taking the degree of both sides, we get p — 1 = deg(f) =
deg(g) + p — 1. So deg(g) = 0. So g(x) is a constant. Comparing the leading terms we get
g(x) = [1]. Hence

=[] = (@~ 1)) (@~ [p— 1))
Now we can conclude by comparing the constant terms. O
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7. ARITHMETIC IN F[x]

7.1. Irreducible polynomials. Let us continue the analogy between Z and F[x]. Last time
we introduced a notion of “size” which we call the degree and the notion of divisibility. Today
we define “prime” elements of F[x].

Definition 7.1. An irreducible polynomial f(x) is a non-constant polynomial that has no
non-constant polynomial divisors of smaller degree, namely if g|f, then either g is constant or

deg(g) = deg(f).
Definition 7.2. An irreducible polynomial f(x) is a non-constant polynomial such that
flgh = flg or f|h.

Remark 7.3. Let us see some easy consequences of the definitions.

(1) The constant polynomial Op is NOT irreducible. Any non-zero constant polynomial is
NOT irreducible. This is similar to Z: 0 is not a prime number, and 1 (any element of
7 ) is also not a prime number.

(2) Any polynomial of degree 1 is irreducible. This can be proven by Definition 7.1 and
taking degrees.

(3) If f is irreducible, then cf(x) for any ¢ € F* is again irreducible. This follows easily
from Definition 7.1.

(4) If g|f and deg(g) = deg(f), then f(x) = cg(x) for some ¢ € F*. This can be proven by
Definition 7.1 and taking degrees.

(5) Recall that 2 = {£1}. So when defining prime numbers in Z, we only considered
positive numbers. Last time we saw F[x]* = F*, so when defining the “prime” elements
of F|x], we can confine ourselves to monic polynomials, i.e. polynomials whose leading
coefficient is 1p. This is justified by (3) and (4) of this remark. However we choose not
to do this due to several reasons which will be revealed later in the course.

Before going on, let us explain that the field F' is important for this definition. Say f(z) =
22 + [1]. If we view f € Falx], then f(x) = (z + [1])(x — [1]) and so f is not irreducible. But if
we view f € Fs[z], then f(z) is irreducible since it has no roots in Fs.

As an exercise, please prove Definition 7.2=-Definition 7.1 as we did for prime numbers in
the first lecture. Proving Definition 7.1=-Definition 7.2 requires the notion of ged and Euclid’s
Algorithm. Recall that for Z, the most important input for Euclid’s Algorithm is the following
division algorithm: suppose a, b are two positive integers, then there exist unique integers ¢ and
r € {0,...,b—1} such that a = bg + r. The analogous statement for F[z] is as follows:
Proposition 7.4 (Division Algorithm). Let a(x),b(z) be two polynomials in F[z] and b(x) # OF.
Then there exist unique polynomials q(x) and r(x) such that

a(x) = b(x)q(z) + r(x), deg(r) < deg(b).
Proof. (uniqueness) Suppose there are polynomials g (x),r1(x), g2(x), r2(x) with
a(x) = b(x)q(x) +ri(x), deg(r1) < deg(b),
a(x) = b(x)q2(x) + ra(x), deg(ra) < deg(d).
Subtracting these two equations gives 71 (z) — ra(x) = b(z)(g2(x) — q1(z)). So deg(r; —r2) =

deg(b) + deg(g2 — q1). But deg(r; — r2) < max(deg(r1),deg(r2)) < deg(b). So r; —ra =0p. So
r1(x) = ro(x) and hence q;(z) = ¢a2(z).
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(existence) We do induction on d = deg(a) — deg(b).
(base step) When d < 0, then P(d) holds: we can simply take ¢(x) = Op and r(z) = a(z).
(induction step) Now assume d > 0 and P(k) holds for any k& < d — 1. Note that deg(a) > 0
now.

Put m = deg(a) and n = deg(b). Then m —n =d > 0. Write

a(x) = ama™ + ...+ ag, b(z) = by + ...+ bo.

Multiplying b(x) by a,,b, 2™ " gives a polynomial of degree m with the same leading coefficient
as a(r). Now define c(z) = a(x) — anb, '™ "b(z), then deg(c) < m. So deg(c) — deg(h) <
m—n=d.

Now P(deg(c) — deg(b)) implies that there exist polynomials ¢/(x) and r/(z) such that ¢(z) =
b(z)q (x) + r'(x) with deg(r’) < deg(b). So we have

a(z) = b(z)(amby, 2™ 7" + ¢ (2)) + 7' (2).
Now we can take q(z) = a,b, 2™ " + ¢ (z) and r(z) = 7/(x). O
Having the division algorithm, we can do what we did for Z to get Euclid’s algorithm and

find “greatest common divisors” of two polynomials. Before doing this, let us prove an auxiliary
lemma.

Lemma 7.5. Let f,g € Flz|. Then fF[z] = gF[z] < f(z) = cg(x) for some c € F*.

Proof. (<) For any h € F[x], we have fh = g(ch) € gF[z]. So fF[z] C gF[x]. Conversely for
any h € F[z], we have gh = f(c™'h) € fF[z], so gF[x] C fF[z]. Hence fF|[x] = gF|[z].

(=) If one of f and g is Op, then the other one is also Op. In this case we are done.

Now assume neither of f and g is Op. By assumption we have f € fF[z] = gF[z]|. So f = gh
for some h € F[z]. Taking the degrees we get deg(f) = deg(g) + deg(h). Since f # O, we have
h # 0p. So deg(h) > 0. So deg(f) > deg(g).

Similarly deg(g) > deg(f). So deg(f) = deg(g). But then deg(h) = deg(f) — deg(g) = 0. So
h is a non-zero constant polynomial, i.e. h € F'*. O

Definition 7.6. For two polynomials f,g € Flz|, define ged(f,g) to be a polynomial such that
[Fz] + gF[z] = ged(f, g) Fx].
Remark 7.7. (1) Under this definition, ged(f,g) is NOT unique. But it is unique up to
Flz]* = F* (by Lemma 7.5), i.e. if two polynomials h1 and hs satisfies fF[z]+gF[x] =
hiFlz] fori € {1,2}, then hy = cha for some ¢ € F*.
(2) As for Z, we can prove: Let h € F[z]. If h|f and h|g, then h|gcd(f,g).

Now let us see an example of Euclid’s algorithm. Say in F7[z] we take (for simplicity we omit
the “ |:|77)

a(z) = 2% — 20% — 4z + 1, b(x) = 32% — 4z — 4.
Now
23 -2 —dx+1= (322 —4dx — )Gz — 1) + 5z + 4)
322 —4x — 4 = (5x +4)(2x — 1).

So a(x)F[z] + b(z)Flx] = (5z + 4)F|x], or ged(2® — 222 — 4w + 1,322 — 4o — 4)“="5x + 4.
Then with this we can prove Definition 7.1=Definition 7.2 as we did for Z.
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Again by imitating what we did for Z, we can prove the following Unique Factorization
Theorem for F[x].

Theorem 7.8. Every non-zero polynomial has a factorization into a product of a constant and
monic irreducible polynomials, unique up to reordering. Namely Vf € Flz| non-zero,
e there exist c € F* and monic irreducible polynomials g1, . ..,gn € Flx| such that f(z) =
g1 (2) -+ - gu();
b Zf f($> - Cgl(x) o gn(m) = C’hl(iﬂ) e hm(x) fO’I" ¢, d € F* and g1 -5 9n;, h17 SRR P
monic irreducible polynomials, then ¢ = ¢, n = m and {g1,...,9n} = {h1,...,hm} as
multi-sets (i.e. elements are counted with multiplicities).

Again this theorem can be proven by induction on deg(f).
7.2. Formal derivatives.

Definition 7.9. Let f(z) = apz" +a, 12" ' +...+a1z+ag € F[x]. Its (formal) derivative,
denoted f'(x), is
() = nape™ 4+ (n— Dap_12™ 2+ ... +ay.
Here na means a + a + ... + a the sum of n-times a.
For example a'(z) = b(z) for a(x) = 23 — 222 — 4z + 1,b(z) = 32% — 4z — 4 in F;[z].
Proposition 7.10. Let f(x),g(x) € Flx].
(1) (Addition) (f +g) = '+
(2) (Leibniz’ rule) (fg) = f'g+ fq'.

Remark 7.11. When char(F) = 0, then ¢ = 0p = g is constant. However when char(F) = p,
then this is not true. Take for ezample g(x) = 2P — 1. Then ¢ = pxP~! = Op, but g is NOT
constant.

Proposition 7.12. Let f(z),g(z) € Flz]. Suppose g(x) is irreducible and ¢'(x) # Op. Then
9(@)?|f(z) & g(x)lged(f (@), '(x)).
Proof. (=) We have f(x) = g(z)?h(z) for some h(z) € F[z]. So
f'=(g" h+ g
= (g +99)h+ g*I
= 9(29'h + gh')

g
So g divides both f and f’. So g|ged(f(x), f'(x)).
(<) By assumption g|f. So f = gh for some h € F[z]. Then

fl :g/h+gh/
Since g|f" = g’h + gh', we have g|g’h. But g is irreducible, so g|g’ or g|h. But ¢’ # Op and
deg(g') < deg(g), so we cannot have g|g’. So g|h. Thus g*|gh = f. O

As we can see from the previous remark, the assumption ¢’ # Op is redundant if char(F) = 0
(but should not be removed if char(F') = p).

For example for a(r) = 3 — 22% — 42 + 1 in F7[x], we can compute a(z) = (v — 2)?(z + 2).
It is not so surprising now ged(a,a’) = 5(z — 2).
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8. ARITHMETIC IN F[z] (CONTINUED)

8.1. Formal derivative (continued). Let us prove the following lemma, which is part of
Remark 7.11.

Lemma 8.1. Assume char(F) =0. Let f € Flx]. Then f' =0p < [ is constant.

Proof. The implication = is clear. Let us prove < by contradiction.

Assume f is non-constant. Then we can write f = a,z" + ...+ ap with n > 1 and a, # Op.
Then f' = nap,z™ ! + lower terms. Now na, = (nlp)ay,. If we could prove that na, # Op, then
f' # 0p. This contradicts the assumption. So we are left to prove na, # Op. But a, # Op, so
it suffices to prove nlp # 0p because F' is a field.

Since n # 0, we have nlp # Or because char(F") = 0. So we are done. O

In this proof, we can see clearly where the assumption char(F') = 0 is used. It is used in the
last step. Suggested by its proof, we (guess and) prove its corresponding version for char(F') = p.

Lemma 8.2. Assume char(F) = p is a prime number. Let f € Flz]. Then ' = 0p & f =
Yo aix™ for some a; € F.

Proof. (=) We have
f = Zipaia:ip_l.
i=1

Now ipa; = iplpa; = (plp)(ia;) = 0p(ia;) = Op for any i € {1,...,n}. So f' = 0p.

(<) Assume that there exists an integer m > 1 with p { m such that the m-th coefficient of
f is non-zero. Then we can write f = a,,2™ + higher terms + lower terms with a,, # Or. So

f" = mamaz™ ' + higher terms + lower terms.

If we could prove ma,, # Op, then f’ # Op. This contradicts the assumption. So we are left to
prove ma,, # O0p.

Assume again for contradiction that ma,, = O0p. Then by Proposition 5.5.(3), we have
p = char(F')|m. But this contradicts our choice p { m. Hence ma,, # Or. So we are done. [

For f € F|x], the following fact is in general NOT true: f = 0p if f(a) = Op for all
a € F. Take for example F' = F,, and f(z) = 2P — . By Fermat’s Little Theorem, f(a) = [0] for

any a € IF,,. But f is NOT the zero polynomial by definition. For example deg(f) = p # —oc.
As a consequence, for f,g € F[z], f(a) =g(a) foralla e FF & f =g.
However, we will see in later lectures how to fix this problem (e.g. the statement is true if F
is “large enough”).

8.2. Hensel’s Lemma.

Theorem 8.3 (Hensel’s Lemma). Let f(z) € Z[x] be a polynomial with integer coefficients.
Suppose that x1 € 7, satisfies

f@1)=0 (mod p) and f'(21) £0 (mod p).
Then for any integer r > 1, there exists an integer x, such that
zr =21 (mod p), f(zr) =0 (mod p").

Moreover, any two such x, are congruent to each other modulo p".
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Before proving Hensel’s Lemma, let us first restate Hensel’s Lemma in a form which better
explains its meaning. To do this, we introduce the following notation.

Say f € Z[x] and m > 1 is an integer. Then we use (f mod m) to denote the polynomial
in (Z/mZ)[x] which is obtained by modulo every coefficient of f by m. For example if f =
x4+ 723 4+ 522 + 42 + 6 and m = 6, then (f mod 6) = x* + 2% — 22 — [2]z is a polynomial with
coefficients in Z/6Z.

Now let m > 1 and n > 1 be two integers such that m|n. Then we can define a map Z/nZ —
Z/mZ, sending [a] € Z/nZ to [a] € Z/mZ. This map is well-defined: if [a] = [d/] € Z/nZ, then
nla — a’, so mla — a’, and hence a and @’ are in the same congruence class modulo m. We call
this map (mod m).

Now we are ready to restate Hensel’s Lemma.

Theorem 8.4. Let f(z) € Zlx] be a polynomial with integer coefficients. Suppose x1 € Z/pZ
satisfies

(f mod p)(z1) = [0] and (f' mod p)(x1) # [0] in Z/pZ.
Then for any integer r > 1, there exists a unique x, € Z/p"7Z such that

(mod p) () = 21, (f mod p")(z,) = [0] in Z/p"Z.

Now we can better understand the statement of Hensel’s Lemma. The hypothesis in Hensel’s
Lemma is equivalent to: after modulo p, z — x1|(f mod p) but (z — x1)? { (f mod p). We call
such an z; a simple root of (f mod p) (or of f over F,). Then the conclusion of Hensel’s
Lemma says that every simple root of f over I, has a unique lift to a root of f in Z/p"Z (for
any integer r > 1).

The following paragraph was said at the end of Section 4: In number theory, we usually have
a polynomial f(x,y,...) with integer coefficients and we want to find integer solutions to the
equation f = 0. For example Fermat’s Last Theorem concerns with the polynomial 2" 4 y™ — 2"
and it states that there are no solutions other than (0,0,0) when n > 3. Such a question is in
general very hard while looking for solutions in Z/mZ is much easier because Z/mZ is finite.
In this procedure we would want m to run over all positive integers. The Chinese Remainder
Theorem (and its generalization) tells us that it suffices to consider only prime powers for m.

Now Hensel’s Lemma tells us that for a fixed polynomial f, except for a finite set of primes,
looking for solutions in Z/p"Z is the same as looking for solutions in Z/pZ. Since Z/pZ is a field
(every non-zero element is invertible) we will have more tools to study the zeros of a polynomial
with coefficients in Z/pZ compared to Z/p"Z (r > 2).

Proof of Hensel’s Lemma in the form of Theorem 8.3. We prove it by induction on r > 1. We
will prove the existence part and uniqueness part at the same time, so the statement P(r)
contains both parts.

(base step) The existence part of P(1) is true by assumption. The uniqueness part of P(1) is
clearly true.

(induction step) Assume P(1),...,P(r — 1) are true.
(existence part) By the existence part of P(r — 1), there exists z,_1 € Z such that z,_; = x;
(mod p) and f(z,—1) =0 (mod p"~1). Tt suffices to find an integer a such that f(z,_1+p" la) =
0 (mod p") and set x, = z,_1 + p"ta. Recall that f(z,_1 +p " ta) = f(x,—1) + 0" taf (zr—1)
(mod p") by Exercise 4 of Assignment 10/05. So it suffices find an integer a such that

pr|f(xr—l) +pT_1af/($r—1)‘
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Since p" | f(z,_1), we have f(z,_1) = p"~'b for some b € Z. The above condition then translate
to
plb+ af'(x,—1), or equivalently [b] + [a][f' (z,—1)] = [0] in F,,.

Since z,—1 = x1 (mod p), we have f'(z,—1) = f'(z1) # 0 (mod p). So [f'(xr—1)] # [0] in Fp.
But then [f/(z,—1)]"! exists in F,. So we can take a to be any integer whose congruence class
modulo p is —[b][f'(z,_1)] 7 .
(uniqueness part) Suppose z, and z; both satisfy the desired condition. Then they also satisfy
the same condition for r—1. So by the uniqueness part of P(r—1), we have x, = z (mod p"~1).
So x¥ =z, + p"la for some a € Z. It suffices to prove pla.

Now

0= f(z7) = flzr +p"'a) = fla) + 9" af (2,) =p"laf' (@) (mod p").
Here the second congruence follows from Exercise 4 of Assignment 10/05. So p"|p"taf’(x,). So

plaf'(x,). So pla or p|f'(z,) since p is a prime number. But f'(z,) = f'(z1) Z 0 (mod p), so
we must have p|a. Hence we are done. O
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9. ARITHMETIC IN Fx] (CONTINUED): MODULAR ARITHMETIC FOR Fz]

Recall that one of the major topics we covered is the comparison between Z and F[z], where
(F,+,0p,1p) is a field. They share many common properties. One thing we haven’t cov-
ered yet is the modular arithmetic: we have seen this for Z, namely the commutative ring
(Z/mZ,+,-;]0],[1]) for any integer m > 1. Recall the following properties of this ring Z/mZ.

o (Z/mZ,+,-;[0],[1]) is a commutative ring.

e As a list of representatives, we can take Z/mZ = {[0], [1], ..., [m — 1]}.
e This commutative ring is a field if and only if m is a prime number.
o H#(Z/mZL)* = p(m) = m ], (1 - 5).

Today we do a similar construction for F[z] and prove the analogues for the first three bullet
points.

Let g(z) € F[z] be a nonconstant polynomial. In particular deg(g) > 1. We say that two
polynomials fi(z), fo(x) € F[z] are congruent modulo g(x) and write

filz) = fo(z)  (mod g(z)) if g(z)[f1(x) — fa(x).

In other words, fi(x) and fa(x) are congruent modulo g(x) if and only if fi(x)— fao(z) = g(x)h(x)
for some h(z) € F[z]. Define

F[z]/(g(x)) := the set of congruent classes modulo g(x).

For any f(x) € F[x], we denote by f(x) the congruent class of f(z) modulo g(x).

We define fi(x) + fa(z) = fi(z) + fa(z), and fi(x) - fa(x) = fi(x)f2(x). It is not hard to
check that these two binary operations are well-defined. Then it is not hard to prove:

Proposition 9.1. (F[z]/(g9(x)),+, 0, 1r) is a commutative ring.
Next let us take a list of representatives for F[z|/(g(z)). Assume d = deg(g) > 1 and

g(x) = Z?:o a;z’ with ag # 0. In F[z]/(g(x)), we have O = g(x). So

d—1

= —ay' (O aT).

1=0

Hence for any polynomial f(z) € F[z], we have

(9.1) f(z) = fo(x) for some fo(x) € Fx] with deg(fo) <d — 1.

On the other hand, if fi(x), fa(z) € Flz| with deg(f1),deg(f2) < d satisfy fi(z) = f2(z), then
fi(x) — fa(x) = g(x)h(x) for some h(zx) € F|x], so

d > max(deg(f1), deg(f2)) = deg(f1 — f2) = deg(g) + deg(h) = d + deg(h),
and hence deg(h) < 0, and thus deg(h) = —oo and h(z) = 0. So

(9-2) fi(z) = fa(x) and deg(f1),deg(f2) < d = fi(z) = fa(x).
By (9.1) and (9.2), we have:

Proposition 9.2. For a list of representatives, we have

Flz]/(g(x)) = {f(x) : deg(f) < deg(g)}-
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In particular, if F is a finite field with q elements (for notation we will denote F by Fq)m, then
#(Flz]/(g(x))) = ¢

Next we prove:
Proposition 9.3. F[x]/(g(z)) is a field if and only if g(z) is irreducible.

Proof. (=) Suppose g(z) is not irreducible, then g(z) = g1(z)g2(z) for some g1(x), g2(x) € F|x]
with 0 < deg(g1), deg(g2) < deg(g). But then gi(z) - g2(x) = g(x) = 0. However g1(x), g2(x) #
0p by Proposition 9.2. So F[z]/(g(x)) is not a field if g(x) is not irreducible.
(<) For any f(z) # 0, we have ged(f(z),g(x)) = 1p since g(z) is irreducible. So
f(@)q(x) + g(x)r(z) = 1r

for some q(z),r(z) € Flz]. Then modulo g(z) we have f(x)-q(z) = 1p. So f(z) is invertible
with respect to - in F[z]|/(g(x)). So every non-zero element of F[z]|/(g(x)) is invertible, and
hence F[z]/(g(x)) is a field. O

Comparison between Z and F[z| (omitted in the notes).
Some exercises from Assignments (Assignment 10/05)

Exercise 1. Let fi(z), fo(x), ..., fo(z) € Flz] be pairwise coprime polynomials, namely there
is no irreducible polynomial dividing both f;i(x) and f;j(x) for any i # j. Prove: if g(x) € Flx]
satisfies fi(x)|g(xz) for any i =1,...,n, then fi(x)fa(z) - fu(x)|g(x).

Proof. The crucial case is when n = 2. In general one can either imitate this case or do induction
on n. Here we give a proof by induction on n.

(Base Step) P(2): Write f1(x) = e1pi (2)% - pa()® and fo(z) = o (2)% -~ g ()P s the
unique factorizations of fi(x) and f2(x) into monic irreducible polynomials. Since ged(f1, f2) =
1, we have p;(z) # g;j(x) for any ¢ and j.

Write g(x) = eri(x)” - ry(x)? as the unique factorization of g(x) into monic irreducible
polynomials. Since fi(x)|g(z), we know that all the p;(x)’s are irreducible factors of g(z). Up
to reordering the ri(z)’s, we may assume 71(z) = p1(z), ..., rs(x) = ps(x). But then v; > oy
for any i = 1,...,s because fi(z)|g(x).

Since fo(z)|g(z) and p;(z) # ¢;(x) for any i and j, up to reordering the 74 (z)’s for k > s + 1,
we may assume 7s11(z) = q1(2), ..., Ts4m(2) = ¢m(x). But then y,4; > B forany j=1,...,m
because fa(z)|g(x).

Therefore fi(z)f2(z) = ciea [[i2y pi(2)* [[7L, qj ()% divides [[}2}" r(z)7, which again di-
vides g(z). So fi(z)f2(x)|g(x).

(Induction) Assume P(2),...,P(n —1) are true. We want to apply the induction hypothesis
to the n — 1 polynomials fi(x),..., fn—2(z) and f,—1(z)fn(z). To do this it suffices to prove:
for any i = 1,...,n—2, we have ged(fi, fn—1fn) = 1. This is true: by assumption f; and f,,—1 fy
have no common irreducible factors for any i =1,...,n — 2. O

Exercise 2. Prove the following generalization of Proposition 7.12: Let F be a field. Let f(x)
and g(x) be polynomials in F[z]. Suppose that g(x) is irreducible and that ¢'(x) is nonzero. Sup-
pose T is a positive integer such that char(F) {r. Then g(x) | f(z) & g(z)"|ged(f (), f'(x)).

[UNext week we shall see that there exists a field with q elements if and only if ¢ = p” for some prime number
p and some integer > 1. For each such g, there exists essentially only one field with g elements. This is why we
can use F, to denote the field with ¢ elements.
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Proof. (=) f = g"t'h for some h € F[z]. So f' = (r + 1)g"¢'h + g"**h/. So ¢" divides both f
and f’, and hence divides ged(f, f/).

(<) Since g"|f, we have f = g"h for some h € F[z]. Then f' = rg" '¢’h + ¢g"h’. Since ¢"|f’,
we have g"|f' — g"h' = rg"~'g’h. Since char(F) t r, we have g"|g""'¢g’h. So g|g’h. Since g is
irreducible, we have either g|g’ or g|h.

It suffices to prove that g 1 ¢’. Suppose g|¢g’, then ¢’ = ghg for some hy € F[z]. Then
deg(g’) = deg(g) + deg(ho). Since ¢’ # 0p, we have hg # 0p. So deg(g’) > deg(g). But we have
g(x) = apx™ + ... + ap with a, # Op for some n > 1, so deg(g) = n and deg(¢’) <n — 1. But
deg(¢') < deg(g). Hence we get a contradiction. O

Exercise 3. Let F be a field. Let f(x) € F[x] non-constant such that ged(f, f') = 1p. Prove
that all roots of f(x) in F are distinct.

Proof. Suppose that the conclusion is not true. Then there exists some a € F such that (z—a)?|f.
Then f(z) = (x — a)?g(x) for some g € F[z]. So f' = 2(z — a)g(z) + (z — a)?¢’(x). But then
x —alf'. So x — al|ged(f, f'). This contradicts ged(f, f') = 1p. O

Exercise 4. For any prime number p and positive integer r, show that
fwo +p"a) = f(zo) + f'(zo)p"a (mod p"*1), Vf(z) € Zlz].
Proof by Method 1. (Case f(x) = ampa™ for some m) In this case, f/(x) = ma,z™ . So

f(@o +p"a) = am(zo +p"a)™ = am(2g" +may ™ 'pla+ Z ( ) o pa)

mlr)

= (20" + maf " pla) = amag + mamxy 1pTa = f(x0) + f'(zo)p"a (mod p"t).

Note that this also works for m = 0 as 0agz~! = 0 by convention (Or you can argue separately
for m = 0 very easily).

(General case) For any f(r) = a,z™ + ...+ ap, we have f'(x) = na,z" ! +... + a;. Now
apply the previous case to each a,,z™ for m € {0,...,n} and do the sum, we get the desired
conclusion. g

Proof by Method 2. Let n = deg(f). Since Z C R, we can use Taylor expansion for functions of
real numbers. :
Y(x
0) (pra)z

flwo+pTa) = f(zo) + f(zo)p"a+ > fz(l
=2

The right hand side is a finite sum since f = 0 for any i > n = deg( f). It suffices to prove

) (20 )p . . ) (o)p i~
p”+1|f(+)p for any 7 > 2, or equivalently to prove p|%

This is NOT trivial as there is a denominator i!. Say for i = 2, we want to prove that
p| Lo e

. First of all, for this divisibility to make sense, we need to show that f is an

zo)p

integer. Second for r = 1, what we want is p]f//(?,
some non-trivial work to do.

In the end the proof looks very much like Method 1: we need to use the fact that f is a
polynomial. For f(x) = a,x™ + ...+ ag, we can compute

or equivalently 2| f”(x). So there is really

O (x Zamm s (m—i+ )™,



So

is an integer. Hence p|

9 (@o0)
7!
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S e(7)

m=i

p =1 for any i > 2.

i—m

27
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10. CLASSIFICATION OF FINITE FIELDS
10.1. Some preparation on abelian groups. Let (G, -;¢e) be an abelian group.

Definition 10.1. For any element a € G, the order of a, denoted by ord(a), is defined to be the
smallest positive integer d such that a® = e. If such a d does not exist we say that a has order
+00.

Lemma 10.2. Suppose m # 0 is an integer. Then the order of a™ is ord(a)/ged(m,ord(a)) if
ord(a) < 400 and is +o0o if ord(a) = +o0.

Lemma 10.3. Let G be a finite group such that #G = n. Then the order of any element a € G
divides n.

These two lemmas will be your homework today.
As an application, we prove the following proposition on numbers.

Proposition 10.4. Let n be a positive integer. Then n = de’ as0 9(d).

Proof. Consider the abelian group (Z/nZ,+; [0]).

For any positive divisor d of n, the equation dx = [0] has exactly d solutions, namely [%y] for
y=0,...,d—1. These are all the elements of Z/nZ of order dividing d, and Lemma 10.2 implies
that there are exactly ¢(d) among them of order d (namely those y such that ged(y,d) = 1).

By Lemma 10.3, every element of Z/nZ has order dividing n. So the number of elements
of Z/nZ is the sum of the number of elements of order d for each d|n, d > 0. In other words
H#(L/nL) =3 g, aso #{a € Z/nZ : ord(a) = d}.

Combine the last two paragraphs and we can conclude. O

10.2. Basic properties of a finite field F'. Let (F,+,;0p, 1r) be a field. Recall the definition
of the characteristic of F': we say that char(F') = n if n is the smallest positive integer such that
nlp = Op. If such an integer does not exist, we say that char(F) = 0.

Denote by ¢: Z — F,n—n-1p.

Recall that for any field F', either char(F) = 0 or char(F) = p is a prime number. If
char(F) = 0, then F' has infinitely many elements because the map ¢ is injective (and hence
induces an injective map Q — F, m/n + (m-1p)(n-1x)~%). If char(F) = p, then ¢ induces an
injection F), = Z/pZ — F, [n] — n - 1p. In other words, F), is the smallest field of characteristic
p, and every field with p elements is isomorphic to F,,.

Theorem 10.5. Suppose F' has q elements. Then q is a power of p where the prime number
p = char(F).

Proof. Since F' is a finite field, its characteristic is a prime number p. So p-a = Op for any
a€F.

We will construct an ascending chain of subsets of F' which are closed under addition and
negation

icWoc...cV,cC...

such that #V; = p’. Since F has only finitely many elements, there exists some r > 1 such that
#F < p"*l. But then we must have F' =V, and hence #F = p” (and the chain stops at V}.).
We are done.

Let us construct the chain by induction.
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Let a; be a non-zero element of F. Define Vi := {n1-ay : ng € Z}. Then V; is clearly
closed under addition and negation. We prove that #V; = p: For any two numbers my,m} €
{0,...,p—1}, if my - a1 = m) - a1, then (m1 —m/)a; = O and hence ((m; — m))1r)a; = Op.

Since a1 # Op, we have (m1 —m})1lp = Op. So plm; —m). But —(p —1) <my —m) <p—1,
so m1 = m}. Thus #V; = p.

Assume Vi, ..., V;_1 are constructed (i > 2). If FF = V;_4, then we are done. Otherwise let
a; € F\V;_1. Let V; = {v+n;a; : v € Vi_1, n; € Z}. Then V; is clearly closed under addition and
negation.We prove that #V; = p’: For any v,v’ € V;_; and any numbers m;, m} € {0,...,p—1},
if v +m;a; = v 4+ mla;, then (m; —m})a; = v —v € V;_y. Since —(p—1) <m; —m) <p—1, we
have either m; = m/} or ged(m; —m},p) = 1. In the latter case, we have s(m; —m/})+tp =1 for
some s,t € Z. But then a; = s(m; —m})a; + tpa; = s(m; —m})a; € V;,, contradicts a; ¢ Vi_.
Thus m; = m/, and hence v = v'. Therefore #V; = (#V;_1)p = p". O

Theorem 10.6. Suppose F has q elements. Then (F*,-;1g) is isomorphic to (Z/(q—1)Z,+;[0])
as abelian groups, namely there exists a bijective map 1p: F* — Z/(q—1)Z such that (1) = [0]
and Y(ab) = ¥(a) + ¥ (b) for any a,b € F*.

Proof. For simplicity we write n for ¢ — 1. Then F* is an abelian group with n elements. So by
Ex 2 of Assignment 09/21, we have a™ = 1p for any a € F*. In other words, every element of
F* is a root of the polynomial 2™ — 1y € F[z].

For any element a € F*, define a map

to: Z/nZ — F*, [m] — a™.

Check that this map is well-defined and is a group homomorphism (namely 1, ([0]) = 1 and
Yo ([m] + [m']) = Ya([m])([m']) for any [m], [m’] € Z/nZ). Then it suffices to prove that 1, is
bijective for some a € F*, or equivalently to prove that ord(a) = n for some a € F*.
Since F'* is an abelian group with n elements, we have ord(a)|n for any a € F* by Lemma 10.3.
Suppose d|n and d > 0. We will prove

(10.1) F* contains at most ¢(d) elements of order d.

The polynomial z¢ — 15 has degree d and hence at most d roots in F. In other words, there
are at most d elements whose order divides d.

Now if a satisfies ord(a) = d, then 1p = a®,a,a?,...,a%! all satisfy 2¢ — 1 = Op. Hence
we have found d elements of F'* whose order divides d. Thus the set of elements of F'* whose
order divides d is exactly {1r,a,a?,...,a% 1}.2

Any element in the set {1r,a,a?,...,a%"'} whose order is exactly d is of the form a™ for
some m € {0,1,...,d — 1} such that ged(m,d) = 1. This follows from Lemma 10.2. There are
¢(d) such integers. Hence we have proven (10.1).

Thus the total number of elements in F* whose order is smaller than n is at most | din1<d<n o(d).
So the number of elements in F"* of order n is n — 3, 1<4<p, @(d), which equals ¢(n) > 0 by
Proposition 10.4. Hence we are done. - O

(2 Attention | This is different from the proof of Proposition 10.4: in the current proof, such an element a may
NOT exist a priori, so that F* may NOT have any element of order dividing d. It is part of the proof to establish
the existence of such an a.
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11. CLASSIFICATION OF FINITE FIELDS (CONTINUED)
11.1. Algebraically closed field.

Definition 11.1. A field (F,+,-;0p,1F) is said to be algebraically closed if every non-
constant polynomial in F[z] has at least one root in F'.

The field Q is not algebraically closed since the polynomial 2% — 2 has no roots in Q. The field
R is not algebraically closed since the polynomial 2 + 1 has no roots in R. The Fundamental
Theorem of Algebra states that C is algebraically closed.

On the other hand, F3 is not algebraically closed since the polynomial 2 — 2 has no roots in
F3. In fact, no finite field is algebraically closed: suppose F' is a finite field with ¢ elements, then
(F*,-; 1) is an abelian group with ¢ — 1 elements, so 27 — 2 = O for any x € F', and hence the
polynomial ¢ — z + 1z has no roots in F.

Theorem 11.2. For any field F, there exists an algebraically closed field F which contains F
as a subfield.

Such an F is not unique. The proof of this theorem uses foundational assumption in logic
theory. The basic idea is to add all roots of all polynomials in F[z] and so on. We will not
present it here. But we make the following observation: O € F C F is the unit for addition on
F and 1p € F C F is the unit for multiplication on F. So we can use (F,+,-;0p, 1r) to denote
this algebraically closed field (no need to introduce the notation Oz and 14).

Theorem 11.3. Let F be an algebraically closed field. Let f € Fx] be a polynomial of degree
d > 0. Then f has exactly d roots in F' counted with multiplicity. Namely

(1) f(x) =clx —x1)...(x — xq) for some elements c,x1,...,xq € F;
(2) if fl&) =clx—x1)...(x —xq) = (x—2))...(x —2), thenc = and {x1,..., 24} =
{«4,..., 2} as multi-sets.

Proof. (1) Induction of d.
(base step) P(0) and P(1) are clearly true.
(induction step) Assume P(1),...,P(d — 1) are true. By definition of algebraically
closed field, f has a root x4 € F. So x — z4|f. So f = (x — x4)g for some g € F[z]. So
d = deg(f) =1+ deg(g). But then P(d —1) = g(z) = c(x —x1) ... (x — x4—1) for some
¢, x1,...,23-1 € F. Hence we are done.

(2) This follows directly from UFT since any degree 1 polynomial is irreducible.
O

This theorem completes Proposition 6.8. Moreover in view of Theorem 11.2, it implies Propo-
sition 6.8 immediately.

Before going on, let us state the following result which is an immediate corollary of Theo-
rem 11.3 (or even of Proposition 6.8).

Corollary 11.4. Let F be a field. If f,g € F[x] of the same degree d satisfy that f(a) = g(a)
for at least d + 1 elements a € F, then f = g.

This tells us when we can decide whether two polynomials are equal by testing the evaluations.
In particular if F' is infinite (for example when char(F') = 0 or F is algebraically closed), then
two polynomials are equal if they have the same evaluations on every element of F'.
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11.2. The field F,. Let p be a prime number. We fix an algebraic closed field F,, which contains
[F,, as a subfield. For simplicity, we will omit the “[]” for [0] and [1]. So we have a field inclusion
(va +,-30, 1) - (FP’ +5 07 1)

Last time we have seen that the cardinality of any finite field of characteristic p is p” for some
integer r > 1. Conversely, let ¢ = p". The polynomial g(z) = z? —  then has ¢ roots in F, by
Theorem 11.3. Since ¢/(z) = g9~ — 1 = —1 is coprime to g(z), we see that all the ¢ roots of
g(x) are distinct by Proposition 7.12 (i.e. no roots with multiplicity at least 2). Let I, denote
the set of all the roots of g(x). This is a set with ¢ elements. Then F,, C F, as sets by Fermat’s
Little Theorem.

It is easy to check that [F, is closed under negation, multiplication and inverse. Checking that
[F, is closed under addition needs some extra work. We need to use Ex 3 of Assignment 10/17
((a+b)? = a? + b7 for any a,b € F,). Hence we obtain a field (F,,+,-0,1) and the following
field inclusions

(Fp,+,0,1) C (Fy, +,+0,1) C (Fp, +,0,1).
This proves the following theorem.

Theorem 11.5. For any q = p" for some prime number p and some integer r > 1, there exists
a field with q elements.

Useful Fact|For any = € F,, we have z € F, & 29 = z.

In fact, we have a much stronger uniqueness result, which is a particular property of finite
fields.

Theorem 11.6. Let ¢ = p" for some prime number p and some integer v > 1. Then every field
F with q elements is isomorphic to IFy.

~

Proof. Recall that by Theorem 10.6, as an abelian group we have an isomorphism ¢: (F*,-;1p) —
(Z/(q — 1)Z,+;[0]). Let a = ¢~ 1([1]), then ord(a) = ¢ — 1. So F* = {1,a,...,a?"}.
For any positive integer 1 < ¢ < ¢ — 1, let V; = {E;;%] njaj :0 < nj <p-—1}. Then
VicVaC...CVyq,and F = V,_;. Moreover,
o #V; <p', with “=” if and only if a’ ' & V;_;.
eIfa eV, then Vi1 =V,=..= -1 =F.
But #V,1 < #F = p" < p"t! so a, € V,. In other words, there exist cg,...,c,_1 € [F, such
that
o+ . tepd "t Ha" =0.
Let g(z) =co + ... + ¢r_12" 1 + 2" € Fplz]. Then deg(g) = r.
We prove that F' = V.. It suffices to prove #V, = p". Suppose not, then a"~! € V,_1, and so
Vici=V,=..=V,_1 =F. But #V,_1 < p"~! and #F = p", contradiction!
Now we are ready to define the map (identify F' = V)

r—1 r—1
: F — Fplz]/(9(x)), Zniai — anx”
=0 i=0

It is not hard to check that this map is a ring homomorphism and is surjective. Hence 1) is also
injective because #F = #(F,[z]/(g(x))) = p". So ¢ is a ring isomorphism. But F is a field, so
F,lx]/(g(x)) is also a field. So g(x) is irreducible.
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To sum it up, we have a field isomorphism ¢ : F' — F,[x]/(g(x)) where g(x) € Fp[z] is an
irreducible polynomial.

Next we prove that there exists an injective ring homomorphism

v Fplz]/(g9(x)) — Fp.

Let a be a root of g(z) in F, and define ¢ to be the map sending each polynomial h(z) to h(«).
Then ¢ is well-defined as g(c«) = 0. This map ¢ is injective: let h(z) a monic polynomial in Fp[z]
of minimal degree such that h(a) = 0, then g(x) = h(x)q(z) + r(z) where deg(r) < deg(h),
and so 0 = g(a) = h(a)q(a) + r(a) = r(«). But then r(z) is a polynomial such that r(a) =0
and deg(r) < deg(h), contradicting the minimality of deg(h) unless r(x) = 0. So r(x) = 0 and
so h(z)|g(z). But g(z) is irreducible, so either h(x) = 1 or h(z) = g(x). But h(a) = 0, so
h(z) = g(x) and hence h(x) = 0.

Therefore we have proven that there exists an injective field homomorphism ¢ o : F — F,,.
It suffices to prove that ¢ o ¢ (F) = F,. But ¢ 0 ¢(F) is a subfield of F, having ¢ elements, so it
suffices to prove that I, is the unique subfield of E, with ¢ elements. This is true: every element
of a field with ¢ elements satisfies 27 = x and F, is the set of all the roots of 29 — x. O

11.3. Summary. Let us make a summary of the results concerning the classification of finite
fields with we have obtained so far. See Theorem 10.5, Theorem 11.5 and Theorem 11.6.

(1) Any finite field has characteristic p for a prime number p.

(2) The cardinality of any finite field F' is p” for p = char(F') and some integer r > 1.

(3) (existence) For any ¢ = p” for some prime number p and some integer r > 1, there exists
a finite field F’ with ¢ elements.

(4) (uniqueness) Moreover any two finite fields with ¢ elements are isomorphic to each other.



MAT 214, FALL 2017 33

12. SOLUTIONS TO ASSIGNMENT 10/10 AND 10/12

Exercise 1. For any non-constant polynomial f(x) € Q[x] with f(x) = cp1(x)® -+ pp(z)*
as the factorization into monic irreducible polynomials as above, prove deg(f) — deg(rad(f)) <
deg(ged(f(2), f'(x))). (Hint: prove pi(z)*=" - pyp(z)*~ged(f(2), f'(x)).)

Proof. (Because p;(x) are irreducible polynomials, they are non-constant by definition. So pj(x)
is nonzero for any i = 1,...,n because p;(z) € Q[z] (Q is of characteristic 0!).)® By the “only if”
part of Proposition 7.12 and its generalization (i.e. Exercise 2 of Assignment 10/05)!%, we have
pi(z)% Yeed(f(z), f/(z)). But the p;(x)’s are pairwise coprime because they are all irreducible.

So By Exercise 1 of Assignment 10/05, we have p1(z)®~1-..p,(2)* ged(f(x), f'(x)). But
then

deg(f) — deg(rad(f Zaldeg Di) Zdeg Di)

- Z - 1 deg pz)
= Z deg(pi(x)™ 1)
=1

= deg(p1 ()™ 7"+ pal2)* )
< deg(ged(f(x), f'(z))) since ged(f(x), f'(x)) # 0.
Another proof: if we compute f/(z) directly, then we see that [[; p;(x)*~! divides every
term in the sum, so [/, pi(x)® | f'(x). So [1i; pi(z)*~tged(f, ). But f(x) is non-constant,
so ged(f, f) #0. So

deg(f) — deg(rad(f)) = deg(

= chz )™ < deg(ged(f, f).

rad

g

Exercise 2. (Mason’s Theorem). Let f(x), g(x) and h(z) be non-constant polynomials in Q|x]
such that no irreducible polynomial divides all three of them. Suppose f(x)+ g(x) = h(z). We
prove the following inequality:

max{deg(f),deg(g), deg(h)} < deg(rad(f(z)g(z)h(z))) — 1.

(1) Prove that f, g and h are pairwise coprime. Deduce from this that ged(f, f'), ged(g,g)
and ged(h, h') are pairwise coprime.

(2) Prove: f/(x)g(x) — g (x) f(z) = '()h(z) — }(2) f(x). Deduce from this that ged(f, ),
ged(g,g') and ged(h, h') all divide f'(z)g(z) — ¢'(z) f ().

(3) Prove: ged(f, f')ged(g, g')ged(h, )| f'(z)g(x) — ¢'(z) f (x).

Bl This is not necessary by the next footnote.

[IThe statement is the following: Let F be a field. Let f(z) and g(z) be polynomials in F[z]. Suppose that
g(2) is irreducible and that ¢’(x) is nonzero. Suppose r is a positive integer such that char(F) {r. Then g(z)" !
divides f(x) if and only if g(x)” divides ged(f(x), f'(x)). But the “only if” part does NOT need ¢'(x) # Of or
char(F) tr.
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(4) Prove the following inequalities:

deg(f) + deg(g) + deg(h) — deg(rad(f)) — deg(rad(g)) — deg(rad(h))
<deg(f'(z)g(z) — ¢'(2)f(2))
<deg(f) + deg(g) — 1.

(5) Prove:

rad(f)) + deg(rad(g)) + deg(rad(h)) — 1
rad(f)rad(g)rad(h)) — 1

rad(fgh)) — 1.

(6) Conclude by rewriting the equation f+g=h as f+(—h) = —g (so that “g(x)” becomes

Proof.

“—h(x)” and “h(z)” becomes “—g(z)”) and g + (—h)
question should not exceed four lines.

—f. Your argument for this

(1) Suppose not. Say r(z) is an irreducible polynomial dividing two of f(x), g(x), h(x).
Then since f(z) 4+ g(x) = h(z), we have that r(z) divides the third one. Hence r(z)
divides all three of them. This is a contradiction to our hypothesis.

Now f(x), g(x), h(x) are pairwise coprime, so they have different irreducible factors.
So do ged(f, f), ged(g, ¢') and ged(h, h'). Hence ged(f, f'), ged(g, ¢') and ged(h, h') are

also pairwise coprime.

2) fo—fN=Ff(f+g) —ff+9) =f(f+9) - f(f'+d)=Ffg9-fd.

It is clear that ged(f, f")|f'g — f¢' and ged(g,d)|f'g — fg'. On the other hand,
ged(h, )| f'h — fB' = f'g — fd.

(3) This follows directly from (1), (2) and Exercise 1 of Assignment 10/05.
(4) Apply Exercise 1 to f(x), g(z) and h(x) respectively, we have

deg(f) — deg(rad(f)) + deg(g) — deg(rad(g)) + deg(h) — deg(rad(h))
<deg(ged(f, f')) + deg(ged(g, g')) + deg(ged(h, h'))
=deg(ged(f, f')ged(g, g')ged(h, h'))

If f'g— fg' # 0, then by (3) we have deg(ged(f, f')gcd(g, ¢')ged(h, 1)) < deg(f'g— fg').
Now by definition of formal derivative, we have deg(f’) < deg(f) — 1 and deg(¢’) <
deg(g)—1 since f and g are non-constant. So deg(f'g—fg’') < max{deg(f’g),deg(f¢')} <
deg(f) + deg(g) — 1.

Thus we are left to prove f'g — fg’ # 0. Let p(z)® be an irreducible factor of f(z)
with maximal power, meaning p(x)®|f(x) but p(z)** { f(z). So f(z) = p(x)*fo(x)
for some fo(z) € Q[z] with p(z) 1 fo(z). So f'(z) = ap(z)* ! fo(x) + p(x)*fi(x). Now
p(2)* § ap(x)*~! fo(z) since p(z) 1 fo(x) and ap(x)*~Lfo(x) # 0 (f(z) is non-constant
and characteristic 0!), so p(z)® 1 f/(x). So we have p(z)%|f¢’ and p(z)* 1 f'g since f and
g are coprime. So f'g — fg’ # 0.

(5) By (4), we have
deg(h) < deg(rad(f)) + deg(rad(g)) + deg(rad(h)) — 1 = deg(rad(f)rad(g)rad(h)) — 1.
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But f, g and h are pairwise coprime, so they have different irreducible factors. So by
definition of radical, we have rad(f)rad(g)rad(h) = rad(fgh). Hence we are done.

(6) By assumption, f+(—h) = —g, and f, —h, —g are non-constant such that no irreducible
polynomial divides all three of them. Apply the conclusion of (5) to f, —h and —g, we
have deg(g) = deg(—g) < deg(rad(f)rad(g)rad(h)) — 1. Similarly from g + (—h) = —f
we obtain deg(f) = deg(—f) < deg(rad(f)rad(g)rad(h)) — 1. Hence we are done.

]

Exercise 3. Formulate the analogous statement of Mason’s Theorem, namely Exercise 3, for Z
(i.e. replace Q[x] by Z). This statement is called the abc conjecture. (Hint: start by defining
the radical for any integer). You only need to write down this statement and no explanation or
proof is required. After you finish all the other exercises including those below, you can try to
prove the abc conjecture.

Proof. Let a, b and ¢ be positive integers such that a + b = ¢ and no prime number divides all
three of them. Then ¢ < rad(abc).” Here rad([];_, p;"*) = [1;_, pi for any prime numbers p;

7

and integers a; > 1. O

Exercise 4. The goal of this exercise is to prove the following result (known as Fermat’s Last
Theorem for Q[x]): Let n > 3 be an integer. Then there are no non-constant polynomials f(z),
g(x) and h(x) in Q[x] such that there is no irreducible polynomial dividing all three of them and
they satisfy

f(@)" +g(x)" = h(z)".
(Hint: apply Mason’s Theorem, namely Exercise 2, to f(xz)", g(x)™ and h(z)™).
Proof. Suppose such f(z), g(x), h(x) exist. Apply Mason’s Theorem to f(x)", g(x)™ and h(x)",
we have
nmax{deg(f), deg(g),deg(h)} < deg(rad(f"g"h")) — 1 = deg(rad(fgh)) — 1.
But deg(rad(fgh)) < deg(fgh) = deg(f) + deg(g) + deg(h), so

3max{deg(f),deg(g),deg(h)}
<nmax{deg(f),deg(g),deg(h)}
<deg(f) + deg(g) + deg(h) — 1
<3max{deg(f),deg(g),deg(h)} — 1.

But this cannot happen. So we get a contradiction and we are done. ]

Exercise 5. Formulate the analogue of Fermet’s Last Theorem for Q[z], namely Exercise 5, for
Z (i.e. replace Q[x] by Z). This statement is called Fermat’s Last Theorem. You only need to
write down this statement and no explanation or proof is required.

A bonus will be given if you use the abc conjecture, namely the statement that you formulated
in Ezercise 8, to prove Fermat’s Last Theorem for Z.

511 fact we need to include a calibration factor for this inequality. But for the purpose of this course (compare
Z and F[z]), this is good enough. The correct conclusion of the abc conjecture should be: For any e > 0, there
exists a real number K. > 0 such that ¢ < Kerad(abc)HE,
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Proof. For any integer n > 3, there are no positive integers a, b, ¢ such that no prime number
divides all three of them and
a + 0" =c".
Apply the abc conjecture to a™, b™ and ¢” (the formulation in Exercise 3):
¢ < rad(a™b"c") = rad(abc) < abe < 2.
This contradicts n > 3. ]

Exercise 6. Briefly explain why our statements for Mason’s Theorem and Fermat’s Last The-
orem for Q[z]| are wrong when Q] is replaced by Fp[z]. You can do this either by pointing out
which step of your proof does not work for IFplx] or by giving a counterexample. A bonus will be
gwen if you can furthermore correct the statements for Fp[z] (no need to prove this correction).

Proof. This is because of the last paragraph of the proof of Step (4): the fact that f(x) € Fp[x]
is non-constant does NOT imply f/(z) # 0. So it may happen that f'g — f¢’ = 0 (in which case
both f” and ¢’ must be zero).

To correct the statement, simply replace “f(z), g(z), h(x) are non-constant” by “f’(z) # 0,
g (z) #0 and B/(x) #07. O
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13. QUADRATIC RECIPROCITY

We start our topic on solving Diophantine equations now. The first non-trivial question we
ask is: what integers can be represented as a sum of two squares? In other words, we are looking
for the integer solutions to z = 2% + y2.

From the Unique Factorization Theorem, it is helpful to know what prime factors can a sum
of two square have. That is, we want to ask when the equation

2 +9?>=0 (mod p)

has a solution.

There is an obvious solution, namely z,y = 0 (mod p). We call this the trivial solution. Note
that in this case, 22 + y? will be divisible not just by p, but also by p?. Suppose now we have a
non-trivial solution. Then neither 2 nor y can be congruent to 0 modulo p. Dividing by z? then
implies that —1 is a square in [F),.

13.1. Quadratic residue v.s. nonresidue.

Definition 13.1. Let m be a positive integer and let a be an integer. Then a is quadratic
residue modulo m if the equation > = a (mod m) has a solution. Otherwise, a is called a

quadratic nonresidue.

Our question now becomes: when is —1 a quadratic residue modulo p? Since every element
of Fsy is a square, we may assume p > 2 is odd. Suppose —1 is a quadratic residue modulo p,
then there exists a € F,, such that a*> = —1 in F,,. Clearly, a is nonzero and so Fermat’s Little
Theorem implies a?~! = 1 (mod p). On the other hand, since p is odd, p — 1 is divisible by 2
and we have

p—1 p—1
a?'=(a*) 7 =(-1)2 (mod p).
Hence we conclude that % is even and hence p =1 (mod 4).
Conversely, suppose p = 1 (mod 4). Let o € F; be a primitive (p — 1)-th root of unity (it

exists by Theorem 10.6). Then there exists an integer m such that o™ = —1. Since (—1)1)7_1 =1,
m(p—1) —
we see that a2~ = 1 and hence w is divisible by p — 1. This implies that m is even.

Taking a = a? then gives a solution to 2 = —1 in Fp.
This proves the following criterion.

Proposition 13.2. —1 is a square modulo p if and only if p=2 or p=1 (mod 4).
In fact the above argument generalizes to give a proof of the following result:

Proposition 13.3. Let p > 2 be a prime number. Then an integer a is a quadratic residue
-1
modulo p if and only if a"z =1 1n Fy. Equivalently, an integer a is a quadratic nonresidue

modulo p if and only if o= = —1in Fp.

Definition 13.4. Let p be a prime number and let a be an integer. The Legendre symbol is
defined to be

1 if pta and a is a quadratic residue modulo p

O-f, o

—1 if a is not a quadratic residue modulo p
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In other words,
1 if [a] # [0] is a square in F),
a
<p> =4¢0 iffa]=[0]inT,

—1 if [a] is not a square in I,

Note that by Proposition 13.3, we have

(5) =0 oot

[

p

for any prime number p > 2. This shows that the Legendre symbol is multiplicative, namely

£)-()0)

Now suppose we want to compute (%) for an integer n € Z and a prime number p. The Unique
Factorization Theorem tells us that n = sgn(n)pi"

positive integers aq, ..., a,. Then we have

()= (=) (z)"

Thus all we need to do is to compute (_?), (E) and (1%) for any odd prime number [.
2

We have discussed (%) in Proposition 13.2. Now let us compute (13). Again we may assume
p > 2. Unlike previously, we do not have an information on whether 27" is 1 modulo p. The
new idea is to try finding a square root of 2 in F), and check to see whether it is in ). Recall

-+ - p&r for some prime numbers py, ..., p, and

that F, is precisely the set of elements of F, that satisfies 27 = x. Finally using the fact that
(a+b)P = aP + bP in F,, will allow us to simplify the computation.

Proposition 13.5. 2 is a quadratic residue modulo p if and only if p =2 or p =41 (mod 8).

Proof. 2 is certainly a quadratic residue modulo 2. From now on we assume p > 2.

Since p # 2, there exists a primitive 8-th root of unity « in F, by Exercise 2 of Assignment
10/19.

Consider zg = a+ a1 € Fp. Then

(13.2) =ac’+a?+2=0a2(1+a?)+2.

But « is primitive 8-th root of unity, so a® = 1 but a* # 1. From o® = 1, we get (1+a*)(1—a?) =
0. But 1 —a* # 0,50 1 +a* = 0. Hence 22 = 2 by (13.2). Therefore 7y and —xq are roots
of the polynomial 22 — 2 € Fp[x]. But deg(z? —2) = 2, so 22 — 2 has 2 roots in F,. Thus the
polynomial 2 — 2 has a root in F, if and only if 29 € F,. In other words, we have proven

2 is a quadratic residue modulo p if and only if zg € IF),.
On the other hand zf = (o + o !)P = o + aP. Since o® = 1 and a* = —1 (we proved this
in last paragraph), we have 2}, = x¢ if p = £1 (mod 8) and 2z}, = —z¢ if p = £3 (mod 8).
Recall F, = {z € F, : 2P = z}. Since p > 2, we have zg # —z¢ in F,. So by the previous
paragraph, we have zg € F, & p = £1 (mod 8). Now combined with the claim above, we can
conclude. 0
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Before going on, let us point out the two important steps in this proof (I = 2 in the rest of
the paragraph): (1) find a square root, say xg, of [ or —[ in F, (the upshot is that zy € F,, if
and only if [ (or —I) is a quadratic residue modulo p) such that zf, is easy to compute; (2) see
whether zg is in F, by using the fact F, = {z € F, : 2P = x}.

13.2. Law of Quadratic Reciprocity. One of Gaufi’s most amazing contribution to mathe-
matics is his law of quadratic reciprocity.

Theorem 13.6. Suppose p and | are two distinct odd prime numbers. Then
(G-

AN
—() if p,l =3 (mod 4);

p

<p> = <l> otherwise.

! p

For example if we want to compute (%), then we can do
WY 20\ (T _ (1 _ (1) _
29)  \11) \11)  \7) \7) 7

The proof of Theorem 13.6 follows the same framework as underlined in the last paragraph of
the previous subsection. What gets (much) more complicated is the computation.

In particular,

A/~
~I'3
~__
Il
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14. QUADRATIC RECIPROCITY (CONTINUED)

Today we prove Gauf}’s law of quadratic reciprocity, namely Theorem 13.6.

Recall that when computing (%) in Proposition 13.5, the two important steps are (with [ = 2):
(1) find a square root, say zg, of [ or — in F, (the upshot is that g € F, if and only if I (or
—1) is a quadratic residue modulo p) such that z§ is easy to compute; (2) see whether zg is in
F, by using the fact F, = {z € F, : 2P = x}.

The proof of Theorem 13.6 follows the same framework. What gets (much) more complicated
is the computation.

Proof of Theorem 13.6. Find a square root, say xo, of [ or —{ in [F,, such that zh is easy
to compute.

Let a be a primitive [-th root of unity in E,, namely in the group F; we have ord(a)) = [. See
Exercise 2 of Assignment 10/19 for the existence of such an a.

For any congruence class [m] € Fy, define al™ to be a™ € F,. Note that al™ is well-defined:

if [m] = [m'] in F; = Z/IZ, then ™ = o™ since of = 1.
From now on we will simplify the notation (drop the “[]”) for elements of F;. Consider the
Gaufl sum
m J—
=Y (Z>am cF,
meF;

We claim that

(14.1) = (T)z

Indeed, squaring xg gives

- Z ()

€F,
m(t

- T ()

mel;
where we made a change of variable, setting ¢ equal to m + n. When m = 0, the Legendre
symbol (M) is 0. When m # 0, we have

() - (=) - () ) () - () )

Combing with equality above gives

a5 )

GFX tel,;

Dl\')

@x(zee)

telF,; meFlX
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When ¢t = 0, we have
1—tm™! 1
3 < l): 3 <l): S oa-i-t
mEIE‘l>< mEIE‘l>< ’rnEIE‘l><

When t # 0, we see that as m runs over every element of FZX, 1 —tm~! runs over every element
of F; \ {1}. Hence

=E)-50-0-20-0-0-20-

In Exercise 1 of Assignment 10/24, we have proven that half of the elements of IFZX are squares
in F; = Z/1Z and half of the elements of F; are not squares in F; = Z/IZ. Hence (%) equals 1
for half of s € F; and equals —1 for half of s € F}*. Hence ) S€F (3) = 0. Therefore we have

> ()

mGFlX

for any ¢ # 0. Hence we get by (14.2)

which is precisely what we desire (14.1).

Let us see the upshot of Step 1. Now xy and —z are roots of the polynomial 2> — (_Tl)l € Fp[z].
But deg(z? — (%)l) =250 2% — (771)1 has 2 roots in F,. Thus the polynomial 2% — (%)l has a
root in F, if and only if zy9 € F),. Hence we have

-1
(l)l is a quadratic residue modulo p if and only if o € F,,.

Since ged(l, p) = 1, the sentence above becomes

<(l1)l):1<:>xoeﬂ?p.

p
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By Proposition 13.3 (applied to [ > 2 and then to p > 2), we have

(29) < (470) (7)) ),

—1p-1 (]
(—1)171% (p) =1& 1z €l

Step 2| See whether z( is in F,, by using the fact F, = {z € F,, : 2P = z}.

Since char(IF,,) = p, we have by Exercise 3 of Assignment 10/17

xg = Z <T>pamp.

mel;

SO

By definition of the Legendre symbol, (%) can only be —1, 0 or 1 and all three of them raised
to an odd power equal to themselves, we have

xg = Z <77) a™P
mel;
np_1 n . .
= Z <l> o by change of variable by setting n = mp
nel;

-(r) = (i)

Thus

1'82,170@}(];):1,

xger@(?):l.

Now let us look at the conclusions of the two steps. By definition, the Legendre symbol can
only be —1, 0 or 1. But ged(p,1) =1, so (%) # 0 and (?) # 0. Then the conclusions of the two
steps imply

(-

Multiplying both sides by (%), we have

REVORURE

Hence we are done. O

and hence



MAT 214, FALL 2017 43

15. ARITHMETIC IN Z]i]

15.1. Sum of two squares. We now work towards the following result which has been promised
a long time ago. This gives the integer solutions to z = 2% + 3.

Theorem 15.1. An integer m > 1 is expressible as a sum of two squares if and only if m =
29pTt - pon with o; even when p; =3 (mod 4).

Proof of =. Let us prove the necessity, namely =, first. The statement then becomes: Let p be
an odd prime number such that p = 3 (mod 4). Let m > 1 be an integer. If m = 2 + y? for
some z,y € 7, then the greatest integer v such that p?|m is even.

Let us prove this statement by induction on m. Note that m = 22 + y? and p|m together
imply that 22 + 4% =0 (mod p).

(base step) P(1) is clearly true as v = 0 is even in this case.
(induction step) Assume P(1),...,P(m — 1) are true.

Assume p f . Then z is invertible in F,. Then we have 1 + (yz~!)?> = 0 in F,. In other
words, —1 = (yz~!)? is a square in Fp. Thus (_?1) = 1. But then Proposition 13.2 implies p = 1
(mod 4), contradicting the assumption p =3 (mod 4).

Hence p|x. Then 22 + y? = 0 (mod p) implies that p|y. But then p?|2? + y?> = m. Now
m/p* € Z is the sum of two squares (z/p)? + (y/p)>.

Since m/p? < m, we can apply induction hypothesis to conclude that v — 2 is even. So 7 is
even. O

In the proof, we see that the equation 22 + y> = 0 in [F,, only has (0,0) as solutions when
p = 3 (mod 4). We call (0,0) the trivial solution to this equation. Similarly we say that a
solution (xg,%o) to 22 + 4% =0 (mod p) is trivial if p|ze and p|yo.

Proving the sufficiency < of Theorem 15.1 is more involved. We start with the following
observation, whose motivation we will see later.

(15.1) (2% + 1) (u? + v?) = (zu + yo)? + (zv — yu)?.

In other words, the product of two integers both expressible as sums of two squares is also
expressible as a sum of two squares. Since 2 = 12 + 12 and p? are both expressible as a sum of
two squares, it suffices to prove the following statement.

Theorem 15.2. Let p be an odd prime number such that p =1 (mod 4). Then p is expressible
as a sum of two squares.

15.2. The ring Z[i] of Gaussian integers. Let Q be an algebraic closed field containing Q.
Let i be an element of Q that satisfies > + 1 = 0. Let Z[i] = {a + bi : a,b € Z} C Q. The
addition and multiplication on Q restrict to Z[i], or equivalently Z[i] is closed under addition
and multiplication: The laws are defined as follows

(a+bi)+ (c+di) = (a+c)+ (b+ d)i;
(a + bi)(c+ di) = (ac — bd) + (ad + be)i.
So (Zli],+,;0,1) is a commutative ring.
We want to compute Z[i]* = {a € Z[i] : af = 1 for some 5 € Z[i]}. As for Z and F[z], it
will be more convenient to do the computation if there is a size function on Z[i]. Fortunately
such a nice function does exist for Z[i]. Let us define it now.
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For any o = a + bi € Z[i], we define its norm by N(a) = (a + bi)(a — bi) = a® + b>. Then
N(a) € Z, N(a) > 0 and N(a) =0 < a = 0. Moreover (15.1) implies that
N(ap) = N(a)N(B).

It is not hard to see that N(a) > 1 for any a # 0.
With this size function, we can compute Z[i]* as for Z and F[z].

Proposition 15.3. Z[i|* = {1, —1,i, —i}.

Proof. 1t is clear that Z[i]* D {1,—1,4, —i}. Let us prove the other inclusion.

Suppose « € Z[i]*. Then af = 1 for some § € Z[i]. In particular «, 8 # 0. Taking the norms
of both sides, we have N(a)N(8) = N(af) = N(1) = 1. But N(a), N(8) > 1, so we must have
N(a) = N(B) = 1. Write @ = a + bi. Then a® +b?> = N(a) = 1. But then a = £1,b = 0 or
a=0,b==+1. So o = =1, +i. Hence Z[i|* C {1,—1,i,—i}. Hence we are done. O

Note that we showed in the proof N(a) =1 & a = £1,+i < a € Z[i]~.
As an exercise, prove the following lemma. (Compare this with Lemma 7.5.)

Lemma 15.4. If oZ[i] = BZ][i], then o € BZ[i]*, namely o = B~y for some v € {£1,+i}.
We also have the following division algorithm in Z[d].
Proposition 15.5 (Division Algorithm). For any «, 8 € Z[i| with  # 0, there exist elements

v, 6 € Zli] such that
a=py+0, with N(0) < N(B).
Note that (v, ) may not be unique. For example
i=(241)0+1,
i= (2411 + (-2),
but N (i), N(—2) < N(2 +i). However in most applications of the division algorithm, the

uniqueness is not important as we only want to find a “smaller” § and do descent argument.
Let us call this § the remainder.

Proof of Proposition 15.5. Write a = a + bi and 8 = ¢ + di. Since o, 8 € Q, we may compute
aB~! in Q even though S~! may not be in Z][i]:

a+bi  (a+bi)(c—di) (ac+bd)+ (bc—ad)i ac+bd bc—ad.

ctdi  (c+diyc—di) 2+ “eretary
Now s, t are rational numbers. Let x, y be the closest integers to s, t respectively, namely x,y € Z
such that |z —s| < % and |y —t| < %.[6} Set v = x4+ yi and § = a — 7. Then it suffices to prove
N(0) < N(B). But now 6 = 8((s — =) + (t — y)i), so

=: 5+ ti.

N(8) = NN (s — ) + (¢ — )i) = N(B)(s — 2’ +1t — 3I) < N(B)(§ + 1) < N(B).

(6] and y may not be unique, for example when s = 3.5. But here we only need one such z and y.
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We illustrate this algorithm with an example: take &« =1 — 8¢ and 8 = 2 + ¢, then
1-8 (1-8)(2—14) —6—1T7i
2+4i  (2419)2-49) 5
Then we take © = —1 and y = —3. Hence set v = —1 — 3¢ and § = o — 8y = —i. Sure enough
N(—i) < N(2+1).

One major advantage of the division algorithm, as we have seen twice in this course, is that
it allows us to have the Euclid’s Algorithm in Z[i]. As before, we define ged(a, 8) € Z[i] to be
such that oZ[i] + BZ[i] = ged(e, B)Z[i]. We know that ged(c, ) is well-defined up to Z[i]* by
Lemma 15.4. A candidate for ged(a, 8) is the last non-zero remainder in the Euclid’s Algorithm
applied to a and §.

Now we are ready to prove Theorem 15.2.

=-12—-3.4.

Proof of Theorem 15.2. Let p be a prime number such that p = 1 (mod 4). Then 22 +1 =0
(mod p) has solution by Proposition 13.2. In other words there exists an integer a such that
pla®? +1 = N(a+1). Set a = ged(p,a +i). Then aZ[i]| = pZ[i] + (a + i)Z[i] > p, and hence
p = af for some B € Z[i]. So N(a)|N(p) = p* in Z.["l There are three choices for N(a): 1, p
and p?.

If N(a) =1, then we have seen that o = 1, +i. Then pZ[i| + (a + i)Z[i] = oZ[i] = Z][i]. So
pB+(a+i)y =1 for some §,v € Z[i]. Write p8 = c+di, then pl|c, p|d and (a+i)y = (1—c) —di.
Then

N(a+i)N(y)=N(1-¢)—di)=(1—-¢)>+d>=1 (mod p).
But we have seen p|N(a +1), so N(a+i)N(v) =0 (mod p). Contradiction.

If N(a) = p%. Recall p = af3. Taking the norms on both sides we get N(3) = 1. So 3 = +1, +i
and hence a = +pi, £p. However ala + i in Z[i], so pla + i in Z[i]. Hence a + i = p(c + di) for
some ¢,d € Z. But then 1 = pd, which is impossible.

So we must have N(a) = p. Writing o = k + li then yields p = k? + [? being a sum of two
squares. O

mTaking the complex conjugation for p = af8, we get p = aB. Then N(p) = p> = (a@)(8B) = N(a)N(B).
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16. ARITHMETIC IN Z[i] (CONTINUED)

16.1. Guassian primes. Just as in the cases of Z and F'[z], we wish to know what the analogous
notion of “prime” is for Z[i]. Here are two equivalent definitions.

Definition 16.1. A nonzero element a of Z[i] is a prime if a € Z[i]* and any divisor of «
belongs to Z[i|* |J aZ[i]*.

Definition 16.2. A nonzero element o of Z[i] is a prime if a & Z[i]* and «|fy = «|B or aly
(Y8, € Z[i]).

To distinguish between a prime in Z[i] with a prime in Z, we call a prime in Z[i] a Gaussian
prime and the latter a prime number.

Again as for Z and F[x], the proof of Definition 16.2=-Definition 16.1 is straight-forward,
and Definition 16.1=Definition 16.2 follows from the notion of gcd. Moreover, we also have the
following Unique Factorization Theorem.

Theorem 16.3. Let o € Z[i] such that o # 0 and o € Z[i]*. Then « can be factorized into a
product of Gaussian primes, unique up to reordering and Z[i]*. More precisely, we have

(1) o =py---pp for some Gaussian primes pi,...,Pn.
(2) If « = py---pp = Py -+, for Gaussian primes p1,...,pn and pi,...,p),, then n =m
and we can reorder p}, ... p, such that p; € piZ[i|* for alli € {1,...,n}.

Next, let us give a classification of Gaussian primes.
Proposition 16.4. If « is a Gaussian prime, then o divides a prime number.

Proof. Write a = a+ bi. Then N(a) = (a+bi)(a —bi) = a(a — bi) is a positive integer divisible
by «. Factorize N(«) into a product of prime numbers py - - - p,, in Z, then «|N(a) = p1 -+ pn.
By Definition 16.2, we have «|p; for some ¢ € {1,...,n}. Hence we are done. O

Proposition 16.5. Suppose a € Z[i| and N(«) is a prime number. Then « is a Gaussian
prime.

Proof. Clearly a # 0 and « & Z[i]*. We use Definition 16.1. Suppose o = v for 3,v € Z][i].
We need to show that either g € Z[i]* or v € Z[i]*.

Taking norms gives N(a) = N(B)N(7). Since N(«) is a prime number, either N () or N(v)
is 1. Then the conclusion follows from the paragraph below Proposition 15.3. O

Corollary 16.6. Let p be a prime number. Suppose p = x> + y*> = 22 + w? for non-negative
x,y,z,w € Z. Then {x,y} = {z,w}.

Proof. Let « =z +yi, & =2z —yi and 8 = 2z + wi, f/ = z — wi. Then p = N(a) = N(/) =
N(B) = N(f'). By Proposition 16.5, we know that «, o’ and 8, 3’ are Gaussian primes. Thus
we have two factorizations of p € Z[i] into the product of Gaussian primes: p = aa’ and p = 85'.
Then the uniqueness part of UFT for Z[i], namely Theorem 16.3.(2), implies the result (recall
that Z[i]* = {+1, +i}). O

This corollary supplements Theorem 15.2 and Theorem 15.1. Let us write this more clearly.

Theorem 16.7. A prime number p is expressible as a sum of two squares if and only if p = 2
or p=1 (mod 4). Moreover when it happens, then the expression is unique.
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Proposition 16.8. Suppose p is a prime number such that p = 3 (mod 4). Then p is a Gaussian
prime.

Proof. Clearly a # 0 and « & Z[i]*. We use Definition 16.1. Suppose p = 8~ for some 3, € Z[i].
Taking norms gives p?> = N(B)N (7). Since p is not a sum of two squares by Theorem 15.1, p
is not the norm of any element of Z[i]. Hence either N(f) or N(v) is 1. Equivalently either
B € Z[i]* or v € Z[i]*. Thus p is a Gaussian prime. O

Now we can summarize the discussion above and give the classification of Gaussian primes.

Theorem 16.9. A Gaussian prime o is, up to Z[i]*,
(1) 1+, or
(2) prime numbers congruent to 3 modulo 4, or
(3) elements B such that N(B) is a prime number congruent to 1 modulo 4.

Proof. By Proposition 16.5 (applied to case 1 and 3) and Proposition 16.8 (applied to case 2),
we know that every element in the list above is a Gaussian prime.

Conversely given any Gaussian prime a € Z[i], it divides a prime number p by Proposi-
tion 16.4. So p = af for some [ € Z[i].

If p = 2, then as 2 = —i(1+4)? is a prime factorization of 2 in Z[i], we have that o € (1+4)Z[i]*
by the uniqueness part of UFT for Z[i] (Theorem 16.3.(2)). This is case 1 in the list.

If p =3 (mod 4), then p is a Gaussian prime by Proposition 16.8. Hence a € pZ[i]* by the
uniqueness part of UFT for Z[i] (Theorem 16.3.(2)). This is case 2 in the list.

If p=1 (mod 4), then p = 22 + 32 for some x,y € Z by Theorem 15.2. But then p =
(x4 yi)(z — yi). Now N(z+ yi) = N(z — yi) = p is a prime number, so both = + yi and = — yi
are Gaussian primes by Proposition 16.5. So p = (z + yi)(z — yi) is a factorization of p into
a product of Gaussian primes. So « € (z + yi)Z[i]* by the uniqueness part of UFT for Z[i]
(Theorem 16.3.(2)). This is case 3 in the list. O

16.2. Factorizing Gaussian integers. We know that Gaussian integers have unique factor-
ization. It will be nice if we know how to explicitly factor a Gaussian integer into Gaussian
primes. We illustrate this with an example. Let 8 = 1 — 8i. A Gaussian prime « dividing
must also divide

N(B)=1+8=65=5x13=(2+)(2—i)(3 + 2i)(3 — 20).

Here since 5 and 13 are congruent to 1 modulo 4, we can decompose them as products of two
Gaussian primes. The above equation also implies that o must be, up to Z[i]*, one of 2 + 1,
2 —1, 3+ 2¢, 3 — 2i. We can simply divide 8 by all of them using the division algorithm to see
which of them divides £:

1-8 (1-8))(2—i) —6—1Ti

2+i  (2+49)(2-1i) 5 ¢ Z1i)
1—-8i  (1—8i)(2+4) 10—15i R
=i T @-het) 5l derl

Since N (2 — 3i) = 22 + 32 = 13 is a prime number, we know that 2 — 3i is a Gaussian prime. So
1—8i=(2—1)(2— 3i) is a factorization of 1 — 8i into a product of Gaussian primes. If we test
for divisibility for the other two primes, then we will find 1 4 8 = (3 — 2i)(—1 + 2i).
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Note that the two factorizations (2 —4)(2 — 3i) = (3 — 2i)(—1 + 2i) are essentially the same
factorization: 2 —i = —i(—1+ 2i) and 2 — 3i = —i(3 — 2i).
Let us summarize the factorization algorithm: For any Gaussian integer 3, we should

1) Compute N () and factor it as a product p$** - - - p& of prime numbers;
1 n
(2) For any p; = 2, we have (1 +1)%|3;
(3) For any p; =3 (mod 4), o;j must be even and p?j/2|6;
4) For any p; = 1 (mod 4), write it as a product p;, = (a + bi)(a — bi) of two Gaussian
j j

primes. Test which of these two Gaussian primes divides 8. Divide 8 by the one that
does divide 8 and repeat the process.

16.3. Extra: Irreducible v.s. Prime. We have studied three rings extensively in the class:
Z, Flz] and Z[i]. For all three, we defined prime elements in two equivalent ways. In general we
have the following definitions.

Let (R,+,;0r,1r) be a commutative ring. In the discussion below we only consider

the case where R is an integral domain, namely ab =0 = a = 0 or b = 0 (Va,b € R).

Definition 16.10. Let R be an integral domain. An element o € R is an irreducible element
ifa=py=pB€ R orye R* (V3,7 € R).

Definition 16.11. Let R be an integral domain. An element o € R is a prime element if
alBy = alB or aly (V8,7 € R).

Proposition 16.12. In an integral domain R, any prime element is irreducible.

The proof is as before.

The converse is in general not true. Consider the ring R = Z[v/—5] consisting of elements of
the form a + by/—5. Then 2-3 = (14 v/=5)(1 — v/=5). Then 2 divides the product of 1 + /=5
and 1 — /=5 but it does NOT divide any one of them. So 2 is not a prime element. On the
other hand, one defines the norm of an element of R by N(a + by/—5) = a® + 5b?>. Then similar
to Z[i], we have N(af5) = N(a)N(pB) for any o, 8 € R. Then it is not hard to compute that no
elements of 2 have norm 2. Hence 2 is an irreducible element since a divisor of 2 has norm either
1 or 4: in the former case it is in Z[v/=5]*, in the latter case it is 2 multiplied by an element of
VANE=ES

The failure for an irreducible element to be a prime element is the lack of the notion of ged.
This already shows that we do not have Euclid’s Algorithm, nor Division Algorithm in Z[/—5].

Definition 16.13. We say that an integral domain R is a principal ideal domain if for any
a, B € R, there exists an element v € R such that aR + SR = vR.

In particular, any integral domain with ged is a principal ideal domain (the converse not true).

Proposition 16.14. Suppose R is a principal ideal domain. Then every irreducible element is
a prime element.

Proof. Suppose a € R is irreducible. Let 3,7 € R be such that «|B7y. Since R is a principal
ideal domain, we have aR + SR = R for some § € R. Since a € aR + SR, we have a = de for
some € € R. Since « is irreducible, either § or € is in R*.

If § € R*, then R = R. So ax + By = 1 for some z,y € R. Multiplying both sides by
gives axy + Byy = . Since a|fy, we have aly.

If e € RX, then 0 = ae~! is divisible by a. Since §|3, we get 3. O
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17. PYTHAGOREAN TRIPLES AND THE DESCENT

17.1. The equation z2 4 y? = 2z2. This is the well-known Pythagorean theorem for the three
sides of a right angle triangle. There are ancient greek tablets with several large solutions. It is
quite likely they already have an algorithm to write down many solutions, perhaps all of them.

Observe that if a prime number p divides two of z,y, z, then it also divides the square of the
third and hence also the third. If p divides all x, y, z, then replacing x,y, z by z/p, y/p, z/p gives
another set of solution. We say that a solution is primitive if z,y, z have no common prime
factors. In this case, being primitive is equivalent to being pairwise coprime.

In order to get all solutions to 2% + % = 22, it suffices to understand all primitive solutions.
The following theorem gives all primitive solutions.

Theorem 17.1. If (z9,yo, 20) is a primitive solution to x> + y? = 22, then one of g and yq is
odd and the other is even. Suppose yg is even without loss of generality, then there are coprime
integers v and s such that

zo =12 — 82,

Yo = 2rs,
20 = r? + 5%

Proof. We first work modulo 4. Since only 0, 1 are squares modulo 4, we see that it is impossible
for xp and yo to be both odd: otherwise 23 = x3 + y3 = 2 (mod 4) which cannot happen. So
one of zp and yo is even. Since (zg, Yo, 20) is a primitive solution, we cannot have both xy and
1o being even. So one of xg and yo is odd and the other is even.

Suppose yg is even without loss of generality. Then x( is odd, and hence zy is odd. We have
(17.1) ya = 28 — w2 = (20 + 20) (20 — T0),

and hence

(@)2 _ 20 + Xo 20 — Xo

17.2
(17.2) 2 2 2

Note that £, ZOJQIO and #0570 are integers because yg is even and xg, zg are both odd.

We have ged(zo + o, 20 — xo) = ged (20 + o, 22¢). Since zp and xy are coprime, we conclude
that ged (29 + o, 20 — o) = ged(zo + x0,2). But both xg and 2y are odd, so zyp + ¢ is even. So
ged(z0 + 2o, 20 — z9) = 2. So (17.2) is the factorization of the integer (%)? into the product of

two coprime integers. By UFT, both factors must be squares of integers, namely we have

20 + Zo 20 — Xo
=72 and =g°
2 2

for some r, s € Z which are coprime to each other. So we get xg = 72 — s? and zg = r? + s%.

Now (%0)2 = 1252, so replacing r by —r if necessary, we have yo = 2rs. ]

The key idea in the above proof is (17.1) where we express the power of an integer as a product
of integers. Furthermore, we can compute the gecd of the factors so that the UFT then implies
that each factor is not far from being a power themselves. We will use this technique a lot in
the coming weeks!
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17.2. The equation z? + y* = 22. One of Fermat’s most famous result is that the equation
z* 4+ y* = 22 has no nontrivial solution. From this it follows that 2* + y* = 2% also has no
nontrivial solution. Here a trivial solution means that one of the x, ¥, z is 0.

Theorem 17.2. If (z0, yo, 20) is a solution to x* + y* = 22, then xgyozo = 0.

Proof. Assume none of xg, yo, 29 is zero. By replacing g, yo, zo by their negatives if necessary, we
may assume they are all positive. Like before, we first reduce to the case where xg, yg, 2o are pair-
wise coprime. If a prime number p divides two of them, then it also divides the third. If p divides
xo and yo, then p* divides 22 and so p? divides z9. Replacing (zo, 0, 20) by (o0/p;yo/p, 20/D?)
gives another solution. Hence, we can once again only consider primitive solutions.

The key idea is to play with the following two equations

(17.3) at 4yt =22
and
(17.4) 2?4yt =2

We will show: a primitive solution to (17.3) gives a solution to (17.4), and vice versa a primitive
solution to (17.4) gives a solution to (17.3). However, if one starts with a primitive solution to
(17.3), one ends up with another primitive solution to (17.3) but smaller. This process can be
continued forever while positive integers cannot be decreased indefinitely while staying positive.
Contradiction. This method is called Fermat’s infinite descent.

Let us give more details of this descent process. Suppose (zg, Yo, 20) is a primitive solution to
(17.3). Then (22,93, 20) is a primitive solution to 2% + y? = 2z2. Without loss of generality we
assume that yg is even. By Theorem 17.1, there are coprime integers r» and s such that

a2 =12 — 5%
y% = 2rs,
20 = r? + 52,

Since x¢ is odd, we see that > — s2 = 23 = 1 (mod 4). So we must have 72 = 1 (mod 4) and
52 =0 (mod 4) since any square is congruent to 0 or 1 modulo 4. Thus r is odd and s is even.
The second equation then implies

(27 =r]
2 2’

where r and § are coprime (since r and s are already coprime). So UFT implies that r = r
and s = 233 for some positive integers ro and sg. Then the first equation shows that (zg, so, 7o)
is a solution to (17.4). Note that we have zg > r? = rg > ro.

Now let us start with a solution (z1,y1, 21) to (17.4). As before, if a prime number p divides two
of o1, 1, 21 then it also divides the third. If p divides y; and 21, then p?|xq and (z1/p%, y1/p, 21/p)
also gives a solution to (17.4). Hence we may restrict ourselves to primitive solutions and assume
that x1, y1, 21 are pairwise coprime. So (z1, Zy%, z%) is a primitive solutioh to z?+1? = 22. Hence
there are coprime positive integers 71, s1 such that

r =11 — 57,
2y% = 2ry1s1,

2 2 2
21 =" +31.
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By UFT, the second equation then gives ri = r%, s1 = S% for coprime positive integers r9, So.
Plugging them into the third equation gives 2? = 73 + s3. Hence we get a solution (rg, s2,21) to
(17.3).

Now we summarize our descent algorithm: We start with a positive primitive solution (xg, yo, 20)
to (17.3); we obtain a positive solution (2, v}, 21) to (17.4) with 2] < zp; we divide out by com-
mon factors to get a positive primitive solution (z1,y1,21) to (17.4) with z; < 2} < zp; we then
obtain a positive solution (24, ¥4, z5) to (17.3) with 2} = 21 < zp; we divide out by common fac-
tors to get a positive primitive solution (x2,ya, 22) to (17.3) with z9 < 2} < zp. The component
z keeps decreasing and is positive. From this we obtain our contradiction since our algorithm
can be repeated forever. O
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18. DIOPHANTINE EQUATIONS VIA LOCAL METHODS

Some Diophantine equations are easy to tell to have no solutions. For example, the equation
22 4+ 9% = —1 has no integer solution because it does not even have any real solutions. Here are
a few more examples where solutions do not exist modulo some positive integer m. We view
these methods as local methods.

Proposition 18.1. The equation 2% + y? = 4z + 3 has no integer solutions.

Proof. Working modulo 4, we see that the right hand side is congruent to 3 modulo 4. Squares
modulo 4 can only be 0 or 1, so the left hand side can only can 0 or 1 or 2 modulo 4. This
implies the conclusion. O

Proposition 18.2. The equation 152> — Ty?> = 9 has no integer solutions.

Proof. We work modulo 3. If (xg,yo) is a solution, then 3|7y3 and hence 3|yo. Write yo = 3y1,
then we get 53:3 —21y? = 3.

Working modulo 3 again, we get 3\536(2) and hence 3|zg. Write zyp = 3z1, then we have
1523 — Ty? = 1.

Observe that squares modulo 3 can only be 0 or 1. So the left hand side is congruent to 0 or
2 modulo 3. But the right hand side is congruent to 1 modulo 3. So we get a contradiction. [J

Proposition 18.3. The equation z% + y? = 3(2? + w?) has no nontrivial integer solutions.

Proof. It (z¢, yo, 20, wo) is a nontrivial solution, then dividing out the common factors gives rise
to another nontrivial solution. Hence we may assume that the only positive integer dividing at
the same time xg, yo, 20, wo is 1.

Modulo 3 we get 22 + y2 =0 (mod 3). Since squares modulo 3 are either 0 or 1, we get that
3|wo and 3|yp. Write 29 = 3z1 and yo = 3y1. Then we have 3(22 +3?) = 22 + wi. Again modulo
3 we get 22 + w3 =0 (mod 3). Since squares modulo 3 are either 0 or 1, we again get 3|z and
3|wp.

Now 3 divides all of zq, yo, 20, wg. Contradiction. O

In the previous examples, it suffices to specify a modulus m and argue modulo m. The next
example is a case where it is not enough to modulo a specific m but many different numbers m.

Proposition 18.4. The equation y> = x3 + 7 has no integer solutions.
Proof. Suppose (zg,yo) is a solution. We have
ye=xp+7=23 —1 (mod 4).

If 2 is even, then 4|23 and hence y3 = —1 (mod 4), which cannot happen. So x¢ is odd and
hence 22 = 1 (mod 4). Then y3 = z3 + 7 is even and hence yo is even. Then the congruent
equation above becomes
0=29p—1 (mod 4).
So g =1 (mod 4). Next observe that
Y2+ 1=+ 23 = (z0+ 2)(23 — 220 + 4).

Let us consider the prime factors of both sides. If p is such a prime number, then p|y3 + 1. So
y2 = —1 (mod p), namely —1 is a quadratic residue modulo p. So p =2 or p =1 (mod 4) by
Proposition 13.2. But 32 + 1 is odd, so p =1 (mod 4).
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Thus by UFT, xg+ 2 is the product of some prime numbers which are congruent to 1 modulo
4. But then 29 +2 =1 (mod 4). This contradicts g = 1 (mod 4). O

There are also plenty of Diophantine equations have solutions in real numbers and modulo
m or every positive integer m while having no solutions in Z. We call this the failure of the
local-global principle. Next we give an example where the local-global principle fails.

Proposition 18.5. Let f(z) = (22 — 17)(2? — 19)(2? — 17 x 19). Then f(z) =0 (mod m) has
a solution for any positive integer m, but f(x) = 0 has no integer solutions.

Proof. We know that the solutions to f(x) = 0 are £4/17, £4/19 and +/17 x 19. None of them
is an integer. So f(x) = 0 has no integer solutions.

Next let us prove that f(z) = 0 (mod m) has a solution for any positive integer m. By
Chinese Remainder Theorem, it suffices to prove this for all m = p" for some prime number p
and some integer r > 1.

For any prime number p, we have

CICI")-6) () -om

If the product is 0, then [0] is a solution to f(x) = O (mod p).

If the product is 1, then one of (%), (%) and (1% > 19) is 1. Hence one of [17], [19] and [17 x 19]
is a square in IF,,. This gives a solution z¢ to f(z) =0 (mod p).

When p # 2 17,19, then we can check that f’(z9) Z 0 (mod p). So by Hensel’s Lemma,

f(z) =0 (mod p") has a solution for any r > 1.
When p = 2, then 1 is a solution to z? = 17 (mod 8). So by Exercise 3 of Assignment 10/24,
there is a solution to 22 = 17 (mod 2") for any r > 3. So f(z) =0 (mod 2") has a solution for

h m-0)-()-

When p = 17, then
where the last equality follows from Proposition 13.5. So 19 is a quadratic residue modulo 17.
Now suppose 22 = 19 (mod 17). Then zg # 0 (mod 17), and hence f'(zo) = 423 - 2x0 = 8x§ £ 0
(mod 17). So by Hensel’s Lemma, g lifts to a solution to 22 — 19 = 0 (mod 177) for any r > 1.
Hence f(x) =0 (mod 17") has a solution for any r > 1.

T --@-6)6)-

where the last equality follows from Proposition 13.2 and Proposition 13.5. So 17 is a quadratic
residue modulo 19. Now suppose 23 = 17 (mod 19). Then z¢ #Z 0 (mod 19), and hence f/(zg) =
4a3 - 229 = 8x3 # 0 (mod 19). So by Hensel’s Lemma, zg lifts to a solution to 22 — 17 = 0
(mod 19") for any r > 1. Hence f(z) =0 (mod 19") has a solution for any r > 1.

Now we are done. g

We conclude with a baby example that uses techniques in Diophantine approximation. The
main feature is the use of inequalities.
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Proposition 18.6. The equation z+x3+x?+2+1 = y? has integer solutions (—1,1),(0,1), (3,11)
and no others.

Proof. Let f(x) = 4a* + 423 + 42% + 42 + 4. Note that any solution (xg,yo) of the original
equation gives a solution (zg,2y) to the equation 2 = f(x). So we only need to study the
equation y? = f(x).

Fist we have

f(x) = (22° + 2)* + 3(= + %)2 + g > (222 + x)?

and

flx)=@22 +z+1)% = (z+1)(z - 3).
Hence if (x + 1)(z — 3) > 0, or equivalently if x > 3 or x < —1, then f(z) is between two
consecutive squares and so itself cannot be a square! Thus any solution to 42 = f(z) must satisfy
—1 < a2 < 3. There are then 5 possibilities for . Checking them all gives the conclusion. O
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19. PELL EQUATION 22 — 2y% = m.

19.1. The ring Z[v/2]. Let v/2 be aroot of 2 —2 in C and let Z[v/2] = {a+bv/2: a,b € Z} C C.
The addition and multiplication formula for Z[/2] is as follows:
Addition: (a4 bv/2) + (c+ dvV2) = (a +¢) + (b + d)V2.

Multiplication: (a + bv/2)(c + dv'2) = (ac + 2bd) + (ad + bc) V2.
From this, we can check that (Z[v/2], +,-;0,1) is a commutative ring.

We define the norm in Z[v/2] to be N(a +bv/2) = (a+bv/2)(a — bv/2) = a® — 2b%. Note that
unlike Z[i] and Z[v/—2], N(a) in Z[v/2] may be negative. (So we will need a modification for
the division algorithm in Z[v/2]. See Proposition 19.5.)

It is not easy to decide Z[v/2]*, the set of invertible elements of Z[/2]. We will do this later.
First let us prove a simple property for elements in Z[/2]*.

Lemma 19.1. We have N(a3) = N(a)N(B) for any a, B € Z[/2].

Proof. Write a = a + bv/2 and B=c+ dv/2. Then

N(aB) = N((ac+2bd)+(ad+bc)V2) = (ac+2bd)*—2(ad+be)? = (a®>—2b%)(c2—2d?) = N(a)N(B).
O

Proposition 19.2. a € Z[V2]* < N(a) = +1.

Proof. If a € Z[v/2]*, then af = 1 for some 8 € Z[v/2]. Then N(a)N(B) = N(af) = 1. So
N(a) = £1.

Conversely if N(a) = £1, then a(a — by/2) = £1 (write & = a + bv/2). So either a — by/2 or
—a + b2 is the inverse of . O

To illustrate the fact that Z[v/2] is not as easy as previous cases (Z[i], Z[v/—2]), let us prove
the following simple lemma.

Lemma 19.3. We have
{£(1+V2)":n e Z} = {£1, (£1 4+ V2)", —(£1 + V2)" : n positive integer} C Z[v/2]*.
Proof. Since (14+v/2)"(—14+v2)" = ((1+v/2)(=1+v/2))" = 1" = 1, we have that (—14+/2)™" =
(1++/2)" and so
{1+V2)":nez} ={1,(£1l 4+ V2)" : n positive integer} C Z[v2]*.

Similarly {—(1 ++v/2)" :n € Z} = {—1, —(£1 ++/2)" : n positive integer} C Z[v/2]*. O
Remark 19.4. The deep reason for this, which we cannot prove in this class, is that i,/—2 are
square roots of negative integers but V2 is a square root of a positive integer. In fact this is a
general fact: If we consider the ring obtained from Z and a square root of a square-free integer
D,18! then its set of invertible elements is finite if D < 0 and is infinite if D > 0. In the latter

case, this set of invertible elements equals {+a™ : n € Z} for some element a.
Later on, we will use the following fact, which we do not prove:

ZIV2P = {1+ V2)" : n € Z} = {£1, (£1 + V2)", —(£1 + V2)" : n positive integer}.

(8] This ring is Z[%] if D=1 (mod 4) and Z[v/D] otherwise.
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There are two ways to prove it: either use continued fractions or by geometry of numbers. The
first proof is elementary, the second proof is more general (works for other more complicated
situations in Algebraic Number Theory).

Now let us turn to the Division Algorithm and UFT for Z[v/2].

Proposition 19.5 (Division Algorithm for Z[v/2]). We have the following division algorithm
for Z[\/2]: For any o, B € Z[v/2] with B # 0, there exist elements v, € Z[\/2] such that

a=fy+8  with IN@)| < [N(B).
Proof. Write o = a + bv/2 and B = ¢+ dv/2. Then

a_at+b/2 _ (a+bV2)(c—dv2) ac—2bd bc—ad 5
B c+dvV2  (ctdV2)(c—dv2) 2 —2d> + s E V2= st V2

Let 2,y € Z such that |z — s| < 1/2 and |y —t| < 1/2. Set v = 2 + yv/2 and § = a — B7. Then
IN@)| = IN(B)N((s =)+ (t—y)V2| = IN(B)|(|s — | +2[t —y[*) < [N(B)[(1/4+1/2) < [N(B)].
]

Now since |N(a)| > 0 for any a € Z[/2], this division algorithm indeed implies the Euclid’s
algorithm. So there are two equivalent definitions for prime elements in Z[v/2], and Z[v/2]
satisfies the Unique Factorization Theorem.

Definition 19.6. A nonzero non-invertible element o of Z[\/2] is a prime element if any divisor
of a is the multiple of 1 or a by an invertible element.

Definition 19.7. A nonzero non-invertible element o of Z[\/2] is a prime element if the fol-
lowing condition holds: «|fBvy implies | or aly.

Theorem 19.8 (UFT for Z[v/2]). Every nonzero element o of Z[\/2] can be written as the
product of prime elements with an invertible element, unique up to reordering. More precisely
for any a € Z[v/2], we have

(1) o =py---p, for some prime elements p1,...,pn of Z[\/2];
(2) If a« = p1---pp, = py---ph, for prime elements pi,...,pn and py,...,p.,, then n = m
and up to reordering p; € pIZ[\V/2]* for eachi € {1,...,n}.

Next let us see some propositions regarding the prime factorizations.

Proposition 19.9. If the norm of o € Z[\/2] is &p for a prime number p, then « is a prime
element.

Proof. If o = fy, then +p = N(«a) = N(B)N(7y). So either N(5) = +£1 or N(y) = £1. So by
Proposition 19.2, either 8 € Z[/2]* or v € Z[v/2]*. Hence we are done. O

Example 19.10. Write down a prime factorization of 7 in Z[\/2]. One possible way is 7 =
(3+/2)(3—+/2). By the previous exercise, both 34++/2 and 3 —+/2 are prime elements because
their norms are 7 which is a prime number.
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19.2. Relation between Z[/2] and the Diophantine equations x? —2y? = m. Let us first
see some examples.
Example 19.11. Find all integer solutions to x*> — 2y* = 1.

Proof. We have that 22 — 2y% = 1 is equivalent to N(z + y+/2) = 1. Hence we are looking for
elements a =z +yv/2 € Z[ﬂ] such that N(a) = 1.

By Proposition 19.2, such a’s are elements of Z[v/2]*. Now let us check the norms of the
elements in Z[v/2]*. Since N(1+ 1/2) = —1, we have that

N(£(1+V2)") = N(£)N((1 +vV2)") = 1(-=1)" = (-1)".
So
{a € Z[V2]: N(a) = 1} = {£(14+V2)*™ : m € Z} = {#1, (£14+V2)*™, —(£1+V/2)*™ : m positive integer}.

So the integer solutions to z? — 2y? = 1 are

" 2m = 2m " /2m " 2m
+1,0 2k + 2F=1) (— 2k + k=1,
L0 ()2 X (7 )2 e ()2 (o )2
k=0 k=1 k=0 k=1
O
Example 19.12. Find all integer solutions to x> — 2y*> = —1.
Proof. Similarly to the previous example, the integer solutions to 22 — 2y? = —1 are those (z,y)

corresponding to the elements of

{a € Z[V2]: N(a) = =1} = {£(1+V2)*™ ! :m € Z} = {(£1+V2)?™ 1 —(£1+v2)?™ "L . m positive integer}
by a = z + yv/2. Now expand. O

Example 19.13. Find all integer solutions to x* — 2y> = 2.

Proof. The integer solutions to 22 — 2y? = 2 are those (x,%) corresponding to the elements of
{a € Z|V2] : N(a) =2} by a =z + yv/2.
We compute {a € Z[/2] : N(a) = 2}. First N(v/2) = —2. So
{£V2(1 +v2)*™ L m e Z}  {a € Z[V2] : N(a) = 2}.
We will prove that this inclusion is actually an equality. Then it suffices to expand.

For any a = a + by/2 € Z[v/2] such that N(a) = 2, denote by 3 = a — bv/2. Then aff =2 =
(v/2)2. So V2|aB. But V2 is a prime element because N(v/2) = —2 (by Proposition 19.9), so
either v/2|a or v/2|3.

But N(a) = N(B) = 2, so a and 3 are prime elements by Proposition 19.9. So a € v/2Z[v/2]*
or B € \/ﬁZ[\@]X In either case we have a € ﬂZ[\@]X because a = = —(v/2)%2. So
o = 2u for some u € Z[/2]*. But N(a) = 2 and N(v/2) = —2, so N(u) = —1. Therefore
a € {v2u: N(u) = —1}. Hence

{a € Z|V2]: N(a) =2} € {+V2(1 +V2)*" 1. m e Z}.
This is what we want. O

Example 19.14. Find all integer solutions to x> — 2y*> = —2.
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Proof. Similar argument as above. We have

{0 € Z[V2) : N(a) = —2} = {V2u: N(u) = 1} = {£V2(1 + V2)™ : m € Z}.

Example 19.15. Find all integer solutions to x> — 2y? = +3.

Proof. Suppose (zo,y0) is an integer solution. First xgp # 0 and yo # 0. The square of any
integer modulo 3 is 0 or 1, so 22 — 2y3 = 0 (mod 3) if and only if zg = yo = 0 (mod 3). Write
xg = 371 and yo = 3y; for x1,y; € Z, then 3(x? — 2y?) = £1. But this cannot happen. O

Corollary 19.16. 3 is a prime element of Z[\/2].

Proof. If 3 = af, then N(a)N(B) = N(3) = 9. We want to prove that either « or (3 is
invertible, so it suffices to prove that we cannot have N(a) = £+3. But then it follows from
Example 19.15. 0

Example 19.17. Find all integer solutions to x> — 2y*> = T.

Proof. Write (z + v2y)(x — v2y) = (3 + v/2)(3 — v/2). The right hand side is a prime decom-
position.

Let @« = x +v/2y. Then N(a) = 7 and so « is a prime element. So a = u(3 + v/2) with
u € Z[v/2]* (similar argument as before). Comparing the norms of both sides we have N (u) = 1.
So the elements a € Z[v/2] we are looking for are precisely

(1+v2)*™(3+V2), —(1+V2)*(3+V2) withm € Z.

Example 19.18. Find all integer solutions to x> — 2y* = 49.

Proof. We are looking for elements a € Z[v/2] such that N(a) = 49.

We want to look for a prime decomposition of «. First note that « is not a prime element.
This is because a(a — bv/2) = 49 = (3 4+ v/2)%(3 — v/2)? (where we write o = a + by/2) is the
product of four prime elements.

Now for any decomposition @ = v, we have N(B)N(y) = N(a) = 49 = 7°. Assume
N(B) # +1, then we are in one of the two cases: N(8) = N(y) = £7 or N(8) = +49 and
N(v) = £1. There is a 1-to-1 correspondence between elements of norm 49 and elements of
norm —49, by sending o — (1 + v/2)av.

So it suffices to investigate the case N () = N () = £7. Similar to the previous exercise, we
can show that

{(BeZV2:NB) =7} = {1 +V2)* (3£ V2), —(1+V2)*™(3+£+2) with m e Z},
{(BeZV2]: N(B) = -7} ={(1+V2)" 13+ v2), —(1+V2)* 13+ V2) withm € Z}.

Then the elements o we are looking for are precisely the products of any two elements in one of
the set above (but they must come from the same set). O
Proposition 19.19. Now let p be any prime number. The following statements are equivalent:
(1) 2% — 2y? = p has integer solutions;
(2) z% — 2y? = —p has integer solutions;
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(3) p is not a prime element in Z[\/2].

Moreover x% —2y? = p has either no integer solutions or infinitely many integer solutions (same
for 2% — 2y* = —p).

Proof. First note that = + 2y € Z[V2]* & z — 2y € Z[V2]* & —z + 2y € Z[V2]*. So
(1) = (3) and (2) = (3).

On the other hand, it is not hard to prove that (1) < (2): If N(a + v/2b) = p, then N((a +
2b) + v/2(a + b)) = N((a + v/2b)(1 4+ /2)) = —p and vice versa.

Now we prove that (3) implies (1) or (2). Suppose p is not a prime element in Z[v/2],
then p = af for some a,3 € Z[v2] not invertible. Then p?> = N(p) = N(a)N(B). Now
N(a) = N(B) = 4p because N(a) # +1 and N(B) # +1. So if we write o = a + by/2, then
(a,b) is an integer solution to z% — 2y? = £p. Hence (3) implies (1) or (2).

Now if (a, b) is an integer solution to 22 —2y? = p, then any element (a+bv/2)u with N(u) = 1
gives an integer solution to 22 — 2y? = p. Since any u = %(1 4+ v/2)" with n even has norm 1,
so there are infinitely many integer solutions to #? — 2y? = p. Exactly the same argument for
2 —2y% = —p. O
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20. 23 + 93 = 2% wiTH 3§ zy2
The goal of this section is to find all the integer solutions to the following Fermat equation
? +y =20
There are some obvious solutions: (0, k, k), (k,0,k) and (k, —k,0) for all k € Z. We call these
trivial solutions.

Theorem 20.1. There are no non-trivial integer solutions to x> + y3 = 2> with 3 { zyz.

The claim is also true when we remove the assumption 3 t zyz. Its proof is harder and we
will consider it later.
Suppose (a, b, c) is an integer solution. One can factor a® + b3 as
a3 + b3 = (a+b)(a® — ab+ b?).
We wish to furthermore decompose a? — ab + b? = b? ((%)2 -7+ 1). To do this let ( € C be a
solution to 2 — z + 1 = 0. There are two choices for ¢. In this lecture we take

1++v-3
(=5

Then the other solution to 22 — 2z +1=0is ( =1 — (.

20.1. The ring Z[¢]. We now consider the set Z[¢] = {a +0( : a,b € Z} C C. Recall that ¢
satisfies (2 = ¢ — 1. Then the addition and multiplication on Z[(] are given by the formulae

(a+b0)+ (c+dC) = (a+c)+ (b+d)C,
(a4 b¢)(c+ d¢) = ac + (ad + be)¢ + bd?
= ac+ (ad + be)¢ + bd(¢ — 1)
= (ac — bd) + (ad + bc + bd)(.

Then (Z[¢],+,;0,1) is a commutative ring.
Next let us define the norm in Z[¢]. We define

N(a+b0) = (a+bC)a 50) = (at g+ o/ B) at & — oV/8) = (at 2)* +3(0)" = a>+ab+12

Then N(a+bC) € Z, N(a+b() > 0and N(a+b() =0« a=b=0. Again we have
N(a)N(B) = (a@)(B8) = (af)(aB) = N(ap).
Lemma 20.2. For any a € Z[(], we have o € Z[(]* < N(a) = 1.

Proof. If N(«) =1, then ai@ = 1 by the definition of norms. So « € Z[(]*.
Conversely if a € Z[¢]*, then af = 1 for some € Z[(]. Taking norms of both sides we have
N(a)N(B) =1. But N(a) > 1 and N(B) > 1,s0 N(a) = N(B) = 1. O

Proposition 20.3. Z[¢]* = {1,-1,(,~¢(,(=1—-(,~(=-1+(}.
Proof. We have ((1 —¢) = 1. So the right hand side is contained in Z[(]*.
Conversely for any o = a+b¢ € Z[(]*, we have N(a) = 1 by Lemma 20.2. So (a+%)2+%b2 =1

But then we have b = 0, +1.
If b=0, then a = £1. So a = +1.
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Ifo=1,thena=0o0or —1. Soa=_or —1+(.
Ifo=—-1,thena=0o0r1l. Soa=—-Corl—C. O

Next we turn to division algorithm.

Proposition 20.4 (Division Algorithm for Z[(]). For any a, B € Z[(] with 8 # 0, there exist
v,8 € Z[C] such that

a=fBy+0, with N(O) < N(B).
Proof. Write a = a + b¢ and 8 = ¢+ d(. Then

at+b a+lp BB d dvDS

ctdC  oqpdy By d 43

ac + bd + bc—gad be— ad\/ﬁ
c +cd+ d?

ac + bd + ad bc — ad

2 +cd+ d? +02+cd+d2<

=: s+ (.

Here s, t are rational numbers. Let x, y be the closest integer to s, t respectively. Then |z—s| < %
and |y —t] < % Set vy =2+ y¢ and 0 = a — . Then 6 = ((s — z) + (t — y)¢) and hence

N(6) = N(B)N((s — =) + (t = y)C)

NB) (s =) + (s =)t = 1) + (1= )
S M@ s sl + o=l =3l +1e o1
S N@)(G+3+7 <NO).

0

With the Division Algorithm in hand, we obtain the Euclid’s Algorithm and the notion of gcd
(defined by oZ[(] + BZ[¢] = ged(av, B)Z[(] and is well-defined up to Z[(]*). So Z[(] is a principal
ideal domain (PID). Moreover we have two equivalent definitions of prime elements of Z[(], and
the Unique Factorization Theorem.

We end this subsection with the following proposition.

Proposition 20.5. If o € Z[(] satisfies that N («) is a prime number, then « is a prime element

of Z[¢].
The proof is the same as for Z[i] and Z[v/—2].

20.2. Appllcatlon to 23 +y3 = 2z3. Now we are ready to prove Theorem 20 1. Recall that ( is
a solution to 22 — 2 4+ 1 = 0 and (a, b c) is an integer solution to z3 + 3> = 23. We assume that
3t abc. Then (a,b,c) is clearly non-trivial.

If p divides two of a, b, ¢, then it also divides the third. Hence (a/p,b/p, ¢/p) is another integer
solution to 23 + y® = 23. Hence by dividing out the common factor, we may assume that a, b, ¢
are pairwise coprime.

The solutions to 22 — z + 1 = 0 are, by computation, ¢ and 1 — ¢. So

2w +1=(0—Q—(1-0).
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So we can complete our factorization of a® + b3 in Z[(]:
a® + 0% = (a+b)(a®> —ab+b*) = (a+b)(a—bl)(a— b1l —C)).

Lemma 20.6. a+b,a — b( and a — b(1 — () are pairwise coprime in Z[(], namely any element
in Z[(] dividing two of them is in Z[C]*.

Proof. We start with the first two. Note that
ged(a +b,a — () = ged(a + b, (a +b) — (a— b¢)) = ged(a + b,b(1 +¢)).

By assumption a and b are coprime in Z, so a+b and b are coprime in Z. So 1 = (a+b)m+bn for
some m,n € Z. But then 1 € (a+b)Z[(]+bZ[(], and hence Z[(] = (a+b)Z[(]+bZ[(]. So a+b and
b are also coprime in Z[C]. So by the UFT for Z[(], we have gcd(a+b,b(1+()) = ged(a+b,1+().
Thus

ged(a + b,a — bC) = ged(a + b,1 + ().

On the other hand we have N (14() = 3. So 1+( is a prime element of Z[(] by Proposition 20.5.
So ged(a+b,a—bC) =1 or 1 + (. We only need to exclude the latter case.

Suppose 1 + Cla + b, then N(1 + ¢)|N(a + b).°) So 3|(a + b)?. But then 3la + b as 3 is a
prime number. But then ¢® = a® 4+ b® = (a +b)? (mod 3) implies that 3|c. This contradicts our
assumption that 3 1 abc. Hence we proved that a + b and a — b¢ are coprime in Z[(].

The proof for a + b and a — b(1 — () is similar: we have ged(a + b,a — b(1 — ¢)) = ged(a +
b,b(2—-¢)) =ged(a+b,2—¢) and N(2 - () = 3.

Now we prove that a — b( and a — b(1 — () are coprime in Z[(]. We have

ged(a — b, a—b(1 — ) = ged(a — bC, b(1 — 2¢)).
But ged(a — b¢,b) = ged(a — b¢ + b(,b) = ged(a,b) = 1. So

ng(a’ - b47a - b(l - C)) - ng(a - b<7 1- 2()
We have N(1—2¢) = 3. So 1—2( is a prime element of Z[(]. So it suffices to prove 1—2¢ t a—b(.
Suppose otherwise, then we have N (1 — 2¢)|N(a — b(), namely

3la® — ab + b* = (a + b)> — 3ab.
So again 3|a + b and consequently c¢. Contradiction! O
Now let us study the equality
S =a>4+b=(a+b)(a—b)(a—0b1-)).

The left hand side is a cube. The right hand is the product of pairwise coprime elements of
Z[¢]. Hence by UFT for Z[(], there exist elements oy, a9, a3 € Z[(] and uy,ug,us € Z[(]* =
{£1,£¢, (1 — ¢)} such that

a+b=uol,
a—b = UQOé%,

a—0b(1—¢) =usai.

OlFor a + b = (14 ¢)a, we have a + b = (1+ ()@ by taking the complex conjugation. Then N(a + b) =
(a+b)?=(1+a(l+)a=N(1+N(a).




MAT 214, FALL 2017 63

Note that for any o = s + t¢ € Z[(], we have
A= +33 =—tP=5—-t (mod 3).

Here modulo 3 is done in Z[¢] instead of in Z! 1%
Let us write ag = s+ t(. Then a — b( = usai implies

a—b( =ua(s—t) (mod 3).
Since s,t € Z, we must have ug = (1 — (). Up to replacing as by —as we may assume
up =1-—¢.
Now by using (? = ¢ — 1, we have
a—b¢=(1-0)(s+1t)°
= (1 —¢)(s® 4 35%¢ + 3st>C2 + 13¢3)
= (1 =0)(s* 4 35%C + 3st*(C — 1) — )
(1—0) (s* — 3st — % + (35t + 3st?)()

=53 —3s5t? — 13 4+ (35%t + 3st? — 5% + 3512 4 £3)¢ + (=357t — 3s1?)(?

= 5% — 3st® — 13 4 (352t + 3st? — 8% + 3st? + t3)¢ + (=357t — 3st?)(C — 1)
= (8% + 3% — 1°) + (—s° + 3st* + 7).

Comparing both sides, we have a = s% + 35%t — 3 = 53 — 3 (mod 3) and b = —s3 + 35t + 13 =
—53 4+ 13 (mod 3). So @ = —b (mod 3). But then

S=a+=(-0)3+0>=0 (mod 3).
So 3|c® and hence 3|c. Contradiction to 3 { abe. This proves Theorem 20.1.
Remark 20.7. After we proved us = 1 — (, the first natural way to continue the argument is
as follows: we have then a —b{ = (1 —()(s —t) (mod 3), and hence

a—(s—t)=(b—(s—1t))¢ (mod 3).
The left hand side does not have ¢ and the right hand side is a multiple of (. So both sides are
0. Hence
a=b=s—t (mod 3).

As a,b and s—t are integers, this congruence can be seen in Z or in Z[(] (same effect). Unfortu-

nately this does NOT give any contradiction. So we must go through the complicated computation
as we did.

[10]As a set we have that Z[¢]/3Z[¢] = {a+b( : a,b=0,1,2} has 9 elements.
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21. SOLVING 23 + 3% = 23 IN Z[(]
The goal is to prove the following improvement of Theorem 20.1.

Theorem 21.1. There are no non-trivial solutions to 3 +y3 = 22 in Z[(], namely: if (o, 3,7)
is a solution in Z[(], then afy = 0.

If (a, B,7) is a solution to 3 + 3> = 23 in Z[¢] and 0 # ¢ € Z[(] divides two out of three,
then 0 also divides the third one. Then (a/§, 3/6,v/8) gives another solution to z3 +y% = 23 in
Z[¢]. Hence if (o, ,7) is a non-trivial solution, then we may assume that «, 8,7 are pairwise
coprime in Z[(].

21.1. Local analysis: The modular arithmetic Z[¢]/(v/=3). Let us consider the element
V=3 € Z[¢]. We have N(y/=3) = 3, and hence /=3 is a prime element of Z[¢] by Proposi-
tion 20.5. Then 3 = —(y/—3)? is a prime factorization of 3 in Z|[(].

Suppose a € Z[(] satisfies N(a) = 3, then —(v/=3)2 = 3 = aa. So v/-3|a or &@. But
V=3 = —+v/=3, 50 v/=3|a. So up to an element in Z[(]*, a is /=3 or 3. But N(3) =9 # 3. So
o € 3z

We want to study the modular arithmetic Z[¢]/v/—3Z[¢], which we denote by Z[(]/(v/—3)
for simplicity. First we point out that the ring structure on Z[(] induces a ring structure on
Z[¢]/(v/=3) (as we did for modular arithmetic in Z or F[z]).

Proposition 21.2. As rings, (Z|¢]/(v/-3),+,+0,1) and (Z/3Z,+,;]0], [1]) are isomorphic. In

particular, (Z[¢]/(vV=3),+,+0,1) is a field.

Proof. We give two proofs for this proposition. The first proof is explicit, while the second proof
is abstract but more general.

We define the following map
¢: Z/3L — Z[()/(V=3), la] = @.

We prove that ¢ is well-defined: If a = a’ + 3k for some k € Z, then a = a' + m(l —2(¢)k and
hence @ = a/. We prove that ¢ is a ring homomorphism: ¢([0]) = 0, ¢([1]) = 1, ¢([a] + [b]) =
¢([a]) + ¢([b]) = a + b and ¢([a][b]) = ¢([a])$([b]) = ab. ~

We prove that ¢ is injective: Suppose ¢([a]) = @([b]), then @ = b. So a = b+ /=3«
for some o € Z[¢]. But then /—3a = a — b € Z. Taking the norms of both sides, we get
3I3N(a) = N(v3a) = N(a — b) = (a — b)2. Since 3 is a prime number, we have 3|a — b. Thus
[a] = [b].

We prove that ¢ is surjective: By a simple computation we have ¢ = 2 + /—3¢. Hence
¢ =2=¢([2]). So for any a = a + b( € Z[(], we have @ = ¢([a + 2b]).

Now ¢! is the desired isomorphism.
We first prove that Z[¢]/(1/—3) is finite. That is, there are finitely many congruence
classes modulo v/—3. Note that if two elements of Z[(] are congruent modulo 3, then they are
congruent modulo /=3 since v/—3|3 in Z[¢]. Hence the number of congruence classes modulo

V/3 is at most the number of congruence classes modulo 3, which is 9. This proves the finiteness
of Z[¢]/(v/—3). But we have more: since v/—3 and 0 are congruent modulo v/—3 but not modulo

3, we see that #(Z[(]/(v/-3)) < 9.
] por example, 1 + ¢ = /=3(1 —¢) and 1 — 2¢ = /=3(-1).
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Next we shall use some abstract facts, which we prove later. Since /—3 is a prime element, we
have that Z[¢]/(1v/—3) is an integral domain, namely the product of any two non-zero elements
is still non-zero. But Z[¢]/(v/=3) is finite, and hence it is a field. These follow from the two
claims below.

Since 3 is congruent to 0 modulo y/—3, we see that the field Z[(]/(v/—3) is of characteristic
3. But #(2Z[¢]/(v/=3)) <9 = 32. So #(Z[¢]/(v/=3)) = 3 by Theorem 10.5. Now Z[(]/(v/=3) is
a field with 3 elements. So it must be Fj3.

Claim 1. Let R be an integral domain, and let o be a prime element, namely o|By = «|f or
aly. Then R/aR is again an integral domain.

Claim 2. Let R be an integral domain. If R has finitely many elements, then R is a field.

Proof of Claim 1. Suppose 37 = Or. Then By € aR, or equivalently «|37. So «|B or aly, or
equivalently 8 = 0g or ¥ = 0g. Thus R/aR is an integral domain by definition. O

Proof of Claim 2. Take any 0 # o € R. We wish to prove that a8 = 1i for some 8 € R.

Let us define a map ¢: R — R, 8 +— «f. This map is injective: If ¢(8) = ¢(8’), then
af = af’. Hence a(f — ') = 0. But a # 0g and R is an integral domain. So 8 — 3 = 0g. So
B=4.

So 1 is also surjective because R is finite. In particular 1z = ¢(53) for some 5 € R. This 3 is
what we desire. 0

g

Proposition 21.2 implies that any a € Z[(] is congruent to 0 or 1 or —1 modulo v/—3.

Proposition 21.3. Let e € {1,—1}. If a € Z[(] is congruent to e modulo /=3, then o3 is
congruent to e modulo 9.

Proof. Write a = e + $+/—3 for 8 € Z[(]. Then we have
o = e +3e28vV =3 + 3e(6vV—=3)* + (BV=3)3

= e+ 9ef% +3vV-3(8 - °)

=e+3V-33(B-1)(B+1) (mod?9).
By Proposition 21.2; 8 is congruent to 0 or 1 or —1 modulo v/—3. So v—=3|5(8—1)(8+ 1), and
hence 9[3v/=36(8 — 1)(8+1). Thus o® = e (mod 9). O
Corollary 21.4. Suppose o, 3,7 € Z[(] pairwise coprime and € € Z[(]* satisfy o>+ B3 +ey® = 0.
Then v/—3 divides exactly one of «, 3,7.

Proof. Since a, 3,7 are pairwise coprime and v/—3 ¢ Z[(]*, we know that /—3 divides at most
one of o, 3,7.

If v/—3 does not divide any one of them, then a3, 53,43 are congruent to 1 or —1 modulo 9 by
Proposition 21.3. But then a4 3% +¢ev? cannot be congruent to 0 modulo 9. Contradiction. [J

Corollary 21.5. Suppose «, 8 € Z[(] neither of which is divisible by \/—3. Suppose € € Z[(]* =
{£1,4+¢,+(1 — )} with a® + €83 = 0 (mod 3). Then € = +1 and moreover o + ¢3% = 0
(mod 9).

Proof. By Proposition 21.3, we have a3, 3% = +1 (mod 9). Now the only elements in {41, +¢, £(1—
()} for which £1 4 € can possibly be congruent to 0 modulo 3 are +1. O
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21.2. Global analysis: A descent argument. In order to prove Theorem 21.1, we need to
prove an even stronger form of it.

Theorem 21.6. There do not exist (pairwise) coprime elements o, 3,7y € Z[¢] and an element
€ € Z[C]* such that

(21.1) a3+ B4 eyd = 0.

We will prove this theorem by a descent argument: we show that if one has a quadruple
(a, 8,7, €) satisfying the desired conditions, then there exists another quadruple (o/, 5,7/, €)
also satisfying the desired conditions but with N(a/8y') < N(afv). This process can be
repeated forever, but N(af7v) is always a positive integer. This cannot happen. Thus we get a
contradiction.

First of all, v/—3 divides exactly one of «, 3,y by Corollary 21.4. If v/—3 divides « or 3, then
€ = 41 = € by Corollary 21.5. So in this case we can absorb ¢ into 72, namely replace v by ev.
Then a, 3,7 are still (pairwise) coprime and we have o + 32 +~2 = 0 in this case. We can then
rename o, 3,7 so that v/—37.

In summary, we may assume \/—3|y and so v/—3 { a, 3. Moreover, a2 + 43 = 0 (mod 9) by
Corollary 21.5. So (v/—=3)* = 9]+3. Since v/—3 is a prime element in Z[(], we have (v/—3)?|y by
UFT for Z[(].

Similar to last time, we factor o + 83 as

(21.2) —ey’ =’ + 5% = (o + B) (= B¢ (e = B(1 = Q).
Lemma 21.7. Ifw ¢ Z[(]* divides any two of a+ B, a—p( or a—B(1—C), then w € /—3Z[¢]*.
Proof. Suppose w divides the first two. Then w divides a1 4+ ¢) = (a + 5)¢ + (o — 5¢) and
B(1+() = (a+pB)— (a— BC). Since a, B are coprime, we get w|l + (. Since N(1+ () = 3, we
have that 1+ ¢ is a prime element and is in /—3Z[¢]*. Hence w € v/—3Z[(]*.

Suppose w divides the first and the third, then the same argument shows w|2 — (. Once again
w € v/—3Z[¢]* since N(2 —() = 3.

Suppose w divides the last two, then w|l — 2¢ = —/—3 and so w € v—3Z[(]*. O

We introduce the following notation: for any element § € Z[(], we denote by u \/53(5) to be

the largest non-negative integer k such that (v/—3)*|d.
Recall that v/—3 1 5. So the difference of any two of o + #, @ — ¢ and a — B(1 — () is not

by \/TBQ. Write
a=p/=3(a+p)
b= py=3(a = BC)
¢ = py=—gla—=pH(1 =)
(The proof of) Lemma 21.7 implies
a+f=a—-BC=a—-B(1—-¢) (mod+v=3).

Thus either a =b=¢=0or a,b,c > 1. But \/j36] —ey3 = (a+ B)(a+ B)(a— (1)), so
a+b+c>6. Thus a,b,c > 1.

On the other hand at most one of a, b, ¢ is > 2 since the difference of any two of a+ 3, a— 5¢
and o — B(1 — ¢) is not divisible by v/—3".
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Thus as multi-sets {a,b,c} = {1,1,3r — 2} where r = p_—(7) > 2.
Dividing both sides of (21.2) by \/—33r, we get

_6<7“)3:a+5a—mﬂ—60—0
NE V=S

V-3
Lemma 21.7 implies that the three terms on the right hand side are pairwise coprime. Hence by

UFT for Z[(], there exist €1, €2, €3 € Z[¢]* and pairwise coprime elements \i, A2, A3 € Z[(] such
that

a+ = 61\/—73(1)\?,
a— B¢ = e/ =3NS,
a—p(1-¢) = 63\/j30A§.
Since ¢,1 — ¢ € Z[(]*, we multiply the second equation by —( and the last by —(1 — ¢) and get
a+ = elmaAf,
—Ca = B - ) = es/ =3\,
—(1= Q) — B¢ = esv/=3"\3,
where €4 = —€3(, €5 = —e3(1 — () € Z[¢]*. Summing up these three new equations gives
0= e1vV=3"A + eaV/=3 A3 + 5/ —3°A5.

Since this equation is symmetric, we may assume without loss of generality that a =1, b =1,
¢ = 3r — 2. Dividing by e;v/—3 gives

0=+ A3 + e (V=3 'N3)* =0
for some €5, e7 € Z[¢]*. Since r > 2, we have A} + €gA3 = 0 (mod 3). So by Corollary 21.5,

€6 = £1 = €. Set (o, f,7/,¢) = ()\1,66/\2,\/—31“71)\3,67). Then (o/, 8,7/, €) is a quadruple
satisfying (21.1).
Since

— 34 83 3
AT = B =
for some wuy,uy € Z[C]*, we have
N((@/87)") = No*/V=3") < N(+°).
So N(/8) < N(7) < N(aph).
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22. QUADRATIC FIELDS
22.1. Algebraic Numbers and Algebraic Integers.

Definition 22.1. A complex number £ is called an algebraic number if it is a root of some
non-zero f € Q[x].

For example any rational number r is algebraic since we can take f(x) = z — r. There are
many other examples, like v/D for any D € Q as we can take f(x) =2%-D.

Any complex number that is not algebraic is said to be transcendental. The best known

examples of transcendental numbers are 7 and e.

Theorem 22.2. Let & be an algebraic number. Then there exists a unique irreducible monic
polynomial f € Q[x] such that f(§) = 0. Moreover f satisfies the following property: For any
g € Qx| such that g(&) =0, we have f|g.

Proof. By definition of algebraic numbers, £ is a root of some non-zero polynomial in Q[z]. Let
f be such a polynomial of minimal degree, say d. Such an f exists because the degree of a
non-zero polynomial is non-negative. We may assume that f is monic by dividing f by the
leading coefficient.

We prove that f is irreducible. Suppose f = fifo with fi1, fo € Q[z]. It suffices to prove that
either deg(f1) = 0 or deg(f2) = 0. Observe that fi # 0 and fa # 0 since f # 0. Now 0 = f(§) =
(O f2(): S0 f1(€) = 0 or fo(€) = 0. But then deg(f1) > deg(f) or deg(fz) > deg(f) by the
minimality of deg(f). However deg(f) = deg(f1) + deg(f2) > max(deg(f1),deg(f2)). So either
deg(f2) = 0 or deg(f1) = 0.

Now for any g € Q[z] such that g(£) = 0, we apply the Division Algorithm and get g = fh+r
for some h,r € Q[z] with deg(r) < deg(f). Then 0 = g(§) = f(§)h(&) + (&) = r(£). By the
minimality of deg(f), we must then have r = 0. Hence f|g. This proves the “Moreover” part of
the theorem.

We turn to the uniqueness of f. Let f* € Q[z]| be another irreducible monic polynomial with
f*(&) = 0. Then by the previous paragraph we have f|f*. So f* = fh for some h € Q[z]. But
f* is irreducible and f is non-constant, so h € Q*. By comparing leading coefficients we get
h=1.So f*=f. O

Definition 22.3. The minimal polynomial of an algebraic number £ is the polynomial f(x) €
Q[x] described in Theorem 22.2. The degree of &, denoted by deg(§), is defined to be deg(f).

Definition 22.4. Let & be an algebraic number and let f(x) = 2" + ap_12" ' + ... + agp be
its minimal polynomial. Suppose the roots of f in C are & = &,...,&,. Then the norm of &,
denoted by N(§), is defined to be & -+ &, = (—1)"ag € Q. The trace of &, denoted by Tr(§), is
defined to be & + -+ &, = —an—1 € Q.

We have seen norms in Z[i], Z[v/—2], Z[/2] and Z[HT‘/T?’] All these norms are particular cases
of the norm defined here if the element is not an integer. There is another way to define norms
and traces: we first fix a field and then talk about norms and traces in that field. These two
definitions are slightly different. For example N(2) = 2 for Definition 22.4, but N(2) = 22 =4
if we use the norm in Z[i| defined previously.

Definition 22.5. An algebraic number £ is an algebraic integer if it is a root of some monic

=/
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In this definition, it is important to request f to be monic: Otherwise let f € Q[x] non-zero
be such that f(§) = 0 and let f* = cf where ¢ € Z is a multiple of the denominator of any
coefficient of f (e.g. ¢ can be taken to be the lem of the denominators of the coefficients). Then
¢ is aroot of f* € Z[x|. But we certainly do not want any algebraic number to be an algebraic
integer.

The following lemma justifies the name “integer” in the sense that it coincides with the
common sense in the simplest case.

Lemma 22.6. A rational number is an algebraic integer if and only if it is in Z.

Proof. 1t is clear that any integer is an algebraic integer.
On the other hand if § € Q is an algebraic integer, then we may assume gcd(a,b) = 1. By

definition of algebraic integers
a\"” a\n—1
(3) +Cn—1<g) +...4+¢c=0
for some cg,...,cn—1 € Z. Multiplying both sides by b" we get

a + cp_1ba™ "l + .+ cpb™ = 0.
Thus bla". But ged(a,b) = 1. Hence b = +1. Thus § € Z. O
Proposition 22.7. The minimal polynomial of an algebraic integer is in Z[x].

Proof. Suppose ¢ is an algebraic integer. Then g(§) = 0 for some monic polynomial g € Z[x].
Let f € Q[z] be the minimal polynomial of {. Then by Theorem 22.2, we have g = fh for
some h € Q[z]. Since both f and g are monic, h is also monic.
By Gaufi’s Lemma (Lemma 22.8), we have f € Z[z] (and h € Z[z]). Hence we are done. [

Lemma 22.8 (GauB’s Lemma). Let f € Z[x] be monic. Suppose f = fifa for fi,fo € Q|x]
monic, then fi, fa € Z[z].

Proof. We introduce the following notion: A polynomial g € Z[z] is said to be primitive if the
only positive integer dividing all its coefficients is 1. We make use of the following Claim.

Claim 3. The product of two primitive polynomials is primitive.

Let ¢; be the smallest positive integer such that ¢ f1(z) € Z[z]. Then ¢ fi(z) is a primitive
polynomial: If p divides all coefficients of ¢; f1(x), then p|c; since ¢1 is the leading coefficient,
and hence (c1/p) f1(z) € Z|x], contradiction to the minimality of ¢;.

Similarly let co be the smallest positive integer such that cafo(x) € Z[z]. Then cofa(z) is a
primitive polynomial.

Then cicaf(x) = (c1 f1(x))(cafo(x)) is primitive by Claim 3. But f € Z[z], so ¢ica = 1. Hence
c1 = co = 1. So it suffices to prove Claim 3.

Proof of Claim 3. Let apa™ 4+ ... + ag and b,,x™ 4+ ... + by be primitive polynomials and let
denote their product by ¢, mz™ ™™ + ...+ cg. Suppose that the product is not primitive. Then
there exists a prime number p such that p|c for each k € {0,...,n + m}.

Let a; be the first coefficient of anz™ 4 ... + ag such that p 1 a;. Such an i exists since
anx™ + ...+ ag is primitive. Let b; be the first coefficient of b, 2™ + ... + by such that p { b;.
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Such a j exists since b, ™ + ...+ by is primitive. Then the coefficient of z'*7 in the product
polynomial is
Citj = Z akbitj—k-
0<k<n, 0<i+j—k<m
In this sum, any term with k£ > i is a multiple of p by looking at aj, any term with i +j —k > j
(i.e. i > k) is a multiple of p by looking at by. Hence ¢;y; = a;b; (mod p). Hence p|a;b;. This
contradicts p { a; and p 1 b;. O

O
We close this subsection by the following important proposition.

Proposition 22.9. Let a and 5 be algebraic numbers (resp. algebraic integers). Then o + 3
and af are also algebraic numbers (resp. algebraic integers).

Proof. (Sketch) Let f be the minimal polynomial of & and let g be the minimal polynomial of 3.
Suppose the roots of f in C are a; = o, aa, ..., a;, and the roots of g in C are 81 = 3, B2, ..., Bm-
Then

f) = ]1e—ai) and gle) =[] (=50
i=1 j=1
Let
m)= [ (=—(u+8)) and ho(w) = [I @-as)
1<i<n, 1<j<m 1<i<n, 1<j<m
Then hy, he € Q[z]. (Not very easy. Expand for j, then for i.)[u]
If & and 3 are algebraic integers, then f, g € Z[z] by Proposition 22.7. Then hy, hy € Z[z]. O

Corollary 22.10. The set of all algebraic numbers forms of a field. The set of all algebraic
integers forms a commutative Ting.

Proof. If «, 8 are algebraic numbers, then so are o 4+ 8 and a8 by Proposition 22.9.

If « is a root of a,a™ + ...+ ap, then —a is a root of (—1)"a,z™ + ...+ ap. If furthermore
a # 0, then o' is a root of a, + an_17 + ...+ agz™.

Hence the set of all algebraic numbers is closed under addition, multiplication, negation and
inverse. It certainly contains 0 and 1. Hence it is a field.

As for the set of all algebraic integers, it is closed under addition, multiplication, negation
but not necessarily inverse. It contains 0 and 1. Hence it is a commutative ring. U

22.2. Number Fields. For any algebraic number £, define

Q(e) = {ﬁgg . f.h € Qlal, h(e) # o}.

Here the inverse is taken in C. On C, we have the addition and multiplication. Now

AE) | L8 _ [i&ha(&) + (M) _ (fihe+ Lh)(E) Q)
hi(§)  ha(§) hi(§)h2(§) (h1h2)(§) 7

[12]Philosophically7 h1 and hg are stable under all possible “conjugations” because we have added all possible
conjugates of a+ 3 and af respectively, so they are in Q[z]. This argument can be made precise by Galois theory.
Otherwise it is also possible to expand these two polynomials and prove directly that they are in Q[z].
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f1(€) f2(8)  (frf2)(§)
M€ hal@) ~ (aha(©) = 2
So (Q(&),+,-;0,1) is a commutative ring. It is easy to check that this ring is actually a field.

Lemma 22.11. Let n = deg(&). Then every element of Q(&) can be written uniquely as
ap+ e+ ...+ an1&"!
where a; € Q for all1 € {0,...,n —1}.

Proof. (existence) Let g € Q[z] be the minimal polynomial of £. In particular g is irreducible
and deg(g )

For any h( € Q(&), we have h(§) # 0. But g(§) = 0, so g 1 h. But g is irreducible, so
ged(g,h) = 1. Hence g(z)G(x) + h(z)H(xz) = 1 for some G,H € Q[z]. Take x = ¢ in this
equation, then we have h(§)H (&) = 1. Hence £} = f(€)H(€) = (FH)(&).

Now apply the Division Algorithm in Q[z] to fH and g, we get fH = gq + r for some
q,r € Q[x] with deg(r) < deg(g) =n. Then r(&§) = (fH)(£). Hence r(§) is the expression which
we desire.

(uniqueness) If ap+aié+. . .+a,—1E" ! = aj+aié+. . +a),_1€" L withag, ..., an-1,af,...,al_,
Q, then £ is a root of the polynomial

9" (x) = (an—1 — ap_1)z" " + ...+ (a0 — ap) € Qlz].
Now deg(g*) <n — 1 and deg(&) = n, so ¢g* = 0. Hence a; = a for all i € {0,...,n — 1}. O

Another way to look at Q(§) is to use the Modular Arithmetic in Q[z]. Note that we have
used this point of view for the classification of finite fields. See the proof of Theorem 11.6.

Theorem 22.12. Let g be the minimal polynomial of . Then there exists a ring (or field)
isomorphism

(@(§)7+7707 1) = (Q[x]/(g)v—h 7671)

Proof. Define a map

p: Qlz]/(9) = QE), f— (&)

We prove that ¢ is well-defined: If f; = f,, then f; — fo = gh for some h € Q[z]. Then
£1(6) = f2(6) = g(E)h() = 0. Hence f(¢) = fo(E). ) B

We prove that ¢ is a ring homomorphism: ¢(0) = 0 and ¢(1) = 1. Also ( 1+ fo) =
e(f1+ f2) = (fr + f2)(&) = f1(§) + f2(§) = ¢(f1) + ¢(f2). Similarly ©(f,f2) = @(f1)e(f2 )

We prove that ¢ is injective: If o(f1) = ¢(f2), i.e. f1(§) = f2(€), then (fi — f2)(§) =
Hence g|f1 — f2 by the definition of minimal polynomials. Hence f; = f5.

Finally ¢ is surjective by Lemma 22.11. U

22.3. Ring of Integers. For any algebraic number &, define the ring of integers of the field
Q(&) to be the set of algebraic integers contained in Q(§). It is a ring by Proposition 22.9.
This ring is usually denoted by Og). It is clearly an integral domain, i.e. the product of any
non-zero elements is still non-zero.

We use (’)6(5) to denote the set of invertible elements of Og ). Then ((96(5), -;1) is an abelian

group.
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22.4. Quadratic Fields. Now we turn to quadratic fields. Let D be a square-free integer, and
let v/D be a root of 22 — D. We wish to understand OQ( VD)’

Z|vD]  if D=2,3 (mod 4)

ZIEYD] i D=1 (mod 4)

Theorem 22.13. OQ(\@) = {

Proof. We start with C. Let a € OQ(\/E)' Then a = a+bv/D for some a,b € Q by Lemma 22.11.
Define o = a—bv/D. Then o+« = 2a and aa’ = a® — Db%. Let f(z) = 2 — 2az + (a> — Db?).
Then «, o are the roots of f.

If « € Q, then a € Z by Lemma 22.6. If o ¢ Q, then b # 0. Hence f is irreducible in Q[z]. So
f is the minimal polynomial of «. But « is an algebraic integer, so f € Z[x] by Proposition 22.7.
So 2a € Z and a? — Db? € Z.

If a € Z, then Db? € Z. But D is square-free, so b € Z. Hence a € Z[\/ﬁ] in this case.

If a € 37\ Z, then the denominator of a” is 4. So the denominator of Db? is also 4. Since D
is square-free, we then have b € 37\ Z. Hence o = a+bvD = (a —b) + Qb%. Now a—beZ
and 2b € Z since a,b € %Z \ Z. Hence a € Z[#]. However, in this case we can rewrite
(2a)? — D(2b)?

4

So (2a)? — D(2b)? =0 (mod 4). But 2a and 2b are odd integers, so we get D =1 (mod 4).
To sum it up, we have the desired “C”.
Conversely, v/D is a root of 22 — D € Z[z]. So the “O” holds when D = 2,3 (mod 4). If

D =1 (mod 4), then 1%/5 is a root of 22 — z + 152 € Z[z]. So the “D” also holds when D =1

a’> — Dv? = cZ.

(mod 4).
So we are done. O
X _
Theorem 22.14. For D < —3, we have (’)Q(\@) = {£1}.
Proof. The inclusion D is clear. We prove C. As before, we can prove that

If D = 2,3 (mod 4), then we let @ = a + bv/D € OQ(\/E) with a,b € Z. We then have
N(a) = a?> — Db? > 0 since D < 0. If N(a) = 1, then a®> — Db* = 1. Since D < —3 and so
—D > 3, we must have b = 0 and a = 1. So we are done in this case.

If D =1 (mod 4), then we let « = a + ng/B € OQ(\/E) with a,b € Z. We then have
N(a) = (a+%)? - D(%)? > 0 since D < 0. If N(a) = 1, then (a + )2 — D(2)? = 1. Since
D < —3 and so —D > 3, we must have b =0 and a = £1. hence we are done in this case. [

Remark 22.15. When D > 0, we have the following result: There exists some o € OQ(\/E)
such that
X _ n .
OQ(\/E) ={£a" :neZ}.
Theorem 22.16. For D = —1,-2,-3,—-7,—11,2,3,5, the ring OQ(\/E) has the Division Algo-

rithm. Namely for any o, B € OQ(@) and B # 0, there exist v,0 € OQ(\/B) such that
o =By +6, with NG| < IN().



MAT 214, FALL 2017 73

The proof is similar as before. Note that —7,—11,5 =1 (mod 4). This is why they are not
“too large” for the Division Algorithm to hold (recall that (9@( J/=5) cannot have the Division
Algorithm as we have shown in §16.3).

Most of the time, we do not really need the Division Algorithm, but only that (’)Q( VD) is PID.
Here is a big theorem regarding this perspective.

Theorem 22.17. If D < 0, then OQ(@) is PID if and only if D = -1, —2, =3, =7, —11,
—19, —43, —67, —163.

On the other hand, for 0 < D < 100, OQ(\/E) is PID if and only if
D =2,3,5,6,7,11,13,14,17,19,21,22,23,29, 31, 33, 37, 38,41, 43, 46,47,
53,57,59,61,62,67,69,71,73,77, 83,86, 89,93, 94, 97.
When an integral domain R is not a PID, then prime elements and irreducible elements are

not the same. This is somewhat annoying. In order to (partly) fix this problem, we introduce
the following definition of ideals and prime ideals.

Definition 22.18. (1) An ideal I of R is a subset of R closed under addition such that
al C 1 for anya € R.
(2) Anideal I of R is called a prime ideal if the following property holds: For any a,b € R,
abel=aclorbel.

For example, in all previous cases of PID (R = Z, F[z], Z[i], Z[v/~2], Z[/2], Z[1+‘2/j3]), what
we actually cared for was aR for some element o € R. This is an ideal of R, which is usually
denoted by («) in the theory of rings. Then § € (o) & 5 = ary for some v € R < «|B. So the
definition of prime ideal is a generalization of irreducible elements.[™3 Moreover, (o) =R &
a € R

For elements aq,...,a, € R, we use (ai,...,q,) to denote the ideal cyR+ ...+ a,R. If R
is PID, then (ai,...,a,) = () for some v € R.

We already know that Og /=) is not a PID. In fact we can prove that (2,14 +/—5) cannot
be expressed as (v) for any v € Og(/=5)- Suppose it could, then 2 € (v) and 1 + /=5 € (7).

Hence 2 = ya and 1 + /—5 = «f. Taking the norms, we get
1= N(7)N(a) and 6 = N(y)N(8).
So N(v)|ged(4,6) = 2. Hence N(y) =1 or 2.

If N(y) = 2, then a? + 5b® = 2 where v = a + b\/—5 with a,b € Z. But this cannot happen.
So N(v) = 1, and hence v = 1. So v € (’)6(\/_—5), and hence () = Og(/=5)- In particular
1=2(c+dv—5)+ (1++V-5)(e+ fv—b) for some ¢,d,e, f € Z. Hence

1=2c+e—-5f)+(2d+e+ f)vV—b.

So2c+e—5f=1and 2d+ e+ f = 0. Taking the sum we get 2(c+d + e — 2f) = 1. This
cannot happen.

(13l The terminology is somewhat unfortunate.
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23. EXTRA ToPiC: TRANSCENDENCE OF € AND 7

In this section, we take a glance at the transcendence theory. A first attempt is to prove that
a certain number is not algebraic. More advanced topics will be to understand the relations
between different transcendental numbers. Transcendence theory has many applications, and
(perhaps) surprisingly it has been proved to be very useful to study algebraic objects.[14]

One useful technic for transcendence theory is the construction of appropriate auxiliary func-
tions. The construction varies case by case, but there are some general tools, for example the
Pigeonhole Principle, Geometry of Numbers and Siegel’s Lemma.

In this section, we will present a proof of the transcendence of e and .

The auxiliary function we shall use is the following one:

10 = [ sy

where f(x) € C[z]. Denote by n = deg(f), then

n n

(23.1) It)y=€> f90)=> 9@
j=0

J=0

where fU) means the j-th derivative of the polynomial f. Here the computation is done by
integration by parts:

10) = [ (Go=e ) ()

= (e ) /0 e ) du

— HF(0) — f() + / e (u)du

0

— F(0) — F(t) + el f(0) — F(t) + /0 £ £ (o) du

n n

F90) - Zf(j) (t)
j=0

|
)

Jj=0

We shall use the following notation. For any f(x) = Z;‘L:o a;x?, set

Fiw) =" lagla?.
§=0
Then we have
t
(23.2) ()] < I/0 |7 f (u)|du| < !t!mgx{letful}ml?X{lf(U)l} < [tlel ] £1(1e)))
Theorem 23.1. The number e is transcendental.

(141 this application, transcendence theory is often combined with the height theory.
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Proof. Assume e is an algebraic number, then it is a root of some
g(x) =ba" + ...+ by € Z[z].
We may assume by # 0. Let p be a prime number such that p > max(r, |bg|). Define
f(z)=a2P Yo —1)P(x —2)P - (z — )P € Z[z].
Consider
J=0boI(0) +b1I(1)+...+bI(r) € Z.
Let n = deg(f) = (r+1)p — 1. By (23.1), we have

n

T=0bo(1 =Y fU0) +bile=> fON))+...+b(e =D f9r)
j=0 j=0

j=0
=g(e) =bo Y f90) =D D b fI(k)
j=0

k=1 j=0
=—bo > SO =3 > bfP k).
Jj=p—1 k=1 j=p

Each term in this sum is divisible by p! except for

FP7H0) = (p = DI(=1)"P ()P

Here we have used the fact that p > r. Hence (p — 1)!|J, and p 1 J (since p > |bg|). Now p 1 J
implies that J # 0. Hence (p — 1)!|J implies that

(23.3) |J| > (p— 1)
On the other hand,
FG) =P G+ VPG +2)P - (f + )P < (2r)"
for any 0 < j < r, we have by (23.2)

(23.4) <Y IBIHG) < D Ibsliel F1(5) < e(2r)™ < e((2r))",
j=0 =0
where ¢ = maxo<;<,(|b;|)re" independent of p.
Combining (23.3) and (23.4), we get

(p— D! <e((2r)+h?

for every prime number p > max(r, |bp|). In this inequality ¢ and r are independent of p. But
then this inequality cannot hold for p large enough. Hence we get a contradiction. O

Next we turn to 7. Before moving on, let us prove the following lemma.

Lemma 23.2. Let a be an algebraic number with minimal polynomial f € Qlx|. Let ¢ € Z be
such that cf € Z[x]. Then ca is an algebraic integer.
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Proof. Write f(z) = 2" + ap_12" ' + ... 4+ ag € Q[z]. Then ca; € Z for all i € {0,...,n — 1}.
Hence
g(z) = 2" + can_12" " + Cap_22™ 2+ ...+ cag € Z[x].

But g(ca) = " f(a) = 0. Hence ca is an algebraic integer. O
Theorem 23.3. The number m is transcendental.

Proof. Suppose 7 is algebraic. Then 6 = i7 is algebraic by Proposition 22.9. Let f € Q[z] be the
minimal polynomial of #, and let 8; = 6, 05, ..., 60, be the roots of f in C. Let b € Z be positive
such that bf € Z[z]. Then bf; is an algebraic integer for any j € {1,...,7} by Lemma 23.2.
Since ™ = —1, we have
(14e).-..(1+e)=0.

Expanding the left hand side, we get 2" terms of the form e? where ¢ = €161 + ... + €,0, with
€j € {0,1} for all j € {1,...,7}. The number ¢ may or may not be zero.

Let ¢1, ..., ¢m be the non-zero expressions of this form, then the remaining 2" —m ¢’s are 0.
Hence we get

(2" —m) 4+ e + ... +ePm = 0.

Let us look at the polynomial H¢(x — ¢), which has degree 2". It is symmetric in 64, ...,6,,
meaning that this polynomial does not change if we reorder the 61, ..., 0,. Hence this polynomial
is in Q[z].1"") But [[4(z—¢)= 2 m [[[Li(z — #:), and hence J[J2, (z — ¢;) € Q[x].

Let p be a prime number such that p > b™|¢; - - - ¢p,|. Define

f@) =0"PaP Nz — ¢1)P - (2 — P)P-
Then deg(f) =n = (m+1)p—1 and f € Q[z]. Moreover bg; is an algebraic integer for each
j €{1,...,m} since bf; is an algebraic integer for each j € {1,...,7}. So every coefficient of f
is an algebraic integer by Proposition 22.9. Hence f € Z[z] by Lemma 22.6. Define

J=1(6n) + . (6m).
By (23.1), we have

n n m
J==@ =m) Y fO0) =3 > ).
§=0 §=0 k=1
Observe that the sum over k is a symmetric polynomial in bg1, .. ., bo,, with integer coefficients
and hence a symmetric polynomial with integer coefficients in the 2" numbers bp = b(e160; +
...+ €.0,). Hence again this sum is an algebraic integer in Q, and hence in Z by Lemma 22.6.
Since f (j)(qbk) = 0 for all 7 < p, we deduce that the double sum in the expression for .J is
an integer divisible by p!. Let us study the other sum in the expression for J. First observe
that fU)(0) = 0 for all j < p—1 and fU)(0) is divisible by p! for all j > p. Now we want to
understand f®=1)(0). We have

FED0) = 0™ (=1)"P(p — 1)U (1 -+ - G-
Recall that f € Z[z]. Looking at the constant term of f, we get that b™P(—1)"P(¢y - - - ¢ )P € Z.
Hence fP=1(0) € Z is divisible by (p — 1)!. Since p > b"|¢1 - - - ¢, we have p 1 fP=1(0).

[15]This can be seen as a consequence of the fundamental theorem of elementary symmetric functions. It can
also be easily proven if one has some basic knowledge of the Galois group.
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To sum it up, (p — 1)!|J and p{ J. Thus J # 0, and
[J[ = (-1
On the other hand (23.2) implies

7| <Z\¢k\e'¢k'ﬂ (%) Z|¢k|e'¢k'bmp|¢k|” Ywl + 1617 (6] + [om))P < c1b

for some numbers cq, ¢co independent of p.[16] Now we get
(p— D! < ecy

for all p > b™|¢p1 - - ¢ |. But this cannot be true for p large enough. Hence we get a contradic-
tion. O

[IG]Of course it is possible to write down the expressions for ci, c2 in terms of b, m and the ¢;’s. But since all
we want is that these two numbers are independent of p, we may as well simply introduce the new symbols c1, c2
and say that they are independent of p.
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