MATH 145 - Introduction to Number Theory

1 Greatest Common Divisor

Lecture 1 Wed 09/04

Introduction, definition of ged

Number theory is in some sense about the interplay between addition and multiplication. The
theorems can be very innocent looking but the proofs tend to involve every branch of pure mathematics.
For example, Fermat’s Last Theorem states that the equation 2™ + y™ = 2™ has no nonzero integer solutions
when n > 3. The proof by Wiles and Taylor almost 30 years ago uses techniques from geometry, topology,
analysis and algebraic number theory. Some examples of innocent looking but unsolved conjectures include
Landau’s four problems about primes:

¢ (Goldbach) Every even integer at least 4 is a sum of two primes.

o (Twin prime) There are infinitely many primes p such that p + 2 is prime.

o (Legendre) For any positive integer n, there is a prime between n? and (n + 1)2.
 (Bunyakovsky) There are infinitely many integers n such that n? + 1 is prime.

What do we need to do to prove these? Let’s pretend we have a truly marvelous proof of Goldbach but it
doesn’t fit in the margin.

o (Direct proof) Let n be an arbitrary even integer at least 4. Explain why n can be written as p + ¢
where p and ¢ are primes. One possible way to do this is by writing down a formula for p and ¢ and
check that n = p + ¢ and that p and ¢ are both prime.

Why doesn’t the following work? Let m be an arbitrary even integer at least 4. Let p = n — 3 and
q=3. Then n =p+gq.

o (Proof by contradiction) Suppose for a contradiction that n is an even integer at least 4 that is not a sum
of two primes. Use this to derive something that possibly can’t be true. Two types of contradictions:

— A false statement. E.g. 1 =0.

— Two statements that can’t be true at the same time. E.g. * <y and y < z.

A better set up: Suppose for a contradiction that n is the smallest even integer at least 4 that is not
a sum of two primes. Now imagine that we somehow prove that n — 2 is not a sum of two primes and
that n — 2 > 4. Are we done?

What allows us to pick the smallest counterexample above, is the following well-ordering principle.

Proposition 1.1 The set N is well-ordered. In other words, every non-empty collection of positive integers
has a smallest element.

Proof: Texts in this kind of blue color are generally skipped in class.

e (We are proving a statement about every non-empty subset of N): Let S be a non-empty subset of N.



o (Give a formula for a candidate for the smallest element): Let n € S be an element. Let T = {z €
S:x <n}. Then T is a non-empty finite set and thus has a smallest element ny.

e (Prove that ng is the smallest element of S): For any = € S, if x > n, then & > n > ng; if x < n, then
r €T and so x > ng.

Therefore, ng is the smallest element of S. O
Corollary 1.2 The set NU {0} is well-ordered. In other words, every non-empty collection of non-negative
integers has a smallest element.

Proposition 1.3 (Division algorithm) Let a,b be integers such that a > 0. Then there exists integers q,r
such that
b=aq+r, 0<r<a.

“Proof” by example: Let’s try to divide b = 420 by a = 69. Which of the following works?

420 = 69-0+420
420 = 69-1+ 351
420 = 69-24 282
420 = 69-3+213
420 = 69-4+ 144
420 = 69-54+75
420 = 69-64+6
420 = 69-7-63

So we may take ¢ = 6 and r = 6. How can we turn this into a proper proof? Main idea: We kept subtracting
69 from 420 until we can’t anymore without going negative. How do we know this process will always end?
Consider the set

S = {420 —69k: k € Z,420 — 69k > 0}
= {6,75,144,213,282, 351,420, 489, .. .}.

Then r can be constructed as the smallest element of S.
Proof:
o (Define the set S): Consider the set S = {b—ak: k € Z,b—ak > 0}. The set S is a subset of NU {0}.

e (To use Corollary 1.2, we need to make sure S is non-empty): Since a > 0, we see that kligloo b—ak = co.
Hence for k sufficiently negative, b — ak > 0. Hence S C NU {0} is non-empty.

o (Give the definition of r): Let r € S be its smallest element.

o (Give the definition of ¢): Then r = b — ak for some k € Z. Let ¢ = k so that b = aq + r.

e (Prove that r satisfies the desired inequality): By definition, » > 0. It remains to prove that r < a. (It
is usually a good idea to tell your reader what you are going to prove next.)

e (When in doubt, proof by contradiction): Suppose for a contradiction that r > a.

o (Find something smaller than » in S): Thenr —a >0andr—a=b—ak—a=b—a(k+1) €S.
However, r — a < r contradicting the minimality of .



Therefore, b =aq+r and 0 <r < a. O

Remark: The integers g, are unique and are called the quotient and remainder when b is divided by a.
We also have the division algorithm for negative a. In general, we have

dg,r€Z, b=ag+rand 0<r < |a|.
Question: What is the smallest positive integer d that can be written as
692 + 420y where x,y € L7

Can d be 17 Can d be 27 Note that 3 | 69 and 3 | 420. So for any integers x,y, we have 3 | 69x + 420y. This
implies that d has to be divisible by 3. Can d be 37 Note from the above division algorithm, we have

6 =69 x (—6) + 420 x 1.
Is d =3 or d =67 What if we apply the division algorithm to divide 69 by 67 We get
69 =6 x 11+ 3.
So we have

3 = 69-6x11
= 69— (69 x (—6)+420 x 1) x 11
= 69 x (1—(=6) x 11) +420 x (—11)
= 69 x 67 + 420 x (—11).

What allows us to find something positive and smaller than 6 that can be written as 69x +420y?7 Why can’t
we keep going to possibly find something smaller than 3? The key point is that 6 1 69. So when we divide
69 by 6, we get a nonzero remainder 3. However, 3 | 69 and 3 | 420, so we will have a remainder of 0 if we
were to divide 69 or 420 by 3.

Proposition 1.4 Let a,b be integers that are not both 0. Let d be the smallest positive integer of the form
ax + by for some integers x,y.

(a) If e is an integer such that e | a and e | b, then e | d.
(b) We have d | a and d | b.

We write d = ged(a, b) and say d is the greatest common divisor of a and b.

Proof:
e (Give some names to the 2,y that make up d): Let x¢p and yo be integers such that d = axg + byo.
o (Proof of (a)): If e | a and e | b, then e | axg + byg. So e | d.
(a

a and b are symmetric): We now prove the d | a part of (b).

e (Perform the same operation as in the example to find something smaller): Suppose for a contradiction
that d { a. We apply the division algorithm to find integers ¢, such that a = dg + r with 0 < r < d.
The assumption d  a implies that r # 0. So r is positive and smaller than d.

e (Prove as in the example that r is of the form ax + by): Then
r=a—dg=a-—(azo+byo)g = a(l — zoq) + b(=yoq).

Note that 1 — xgq and —ypq are integers.



This contradicts the minimality of d. So we have d | a. The argument for d | b is the same. O
We define ged(0,0) = 0.
Corollary 1.5 (Bezout’s Lemma) Let a,b be integers. Then there exist integers x,y such that
ged(a, b) = ax + by.
In fact, ged(a, b) is the smallest positive integer of the form ax + by, when a and b are not both 0.

Lecture 2 Fri 09/06
Properties of ged
Proposition 1.6 Let a,b be integers. Let d be a non-negative integer. Then the following are equivalent:
(a) d|a and d|b and d = ax + by for some integers x,y;
(b) d = ged(a,b).

Proof: (Proving a statement like this requires proving that (a) implies (b) and (b) implies (a). You are
free to pick which one to do first.) (b) = (a) follows from the definition of gecd. We now prove (a) = (b).
(One way to prove that two non-negative integers n and m are equal is to prove that n | m and m | n.)
Since d | a and d | b and ged(a, b) is of the form ax + by for some integers z,y, we have d | ged(a, b). Since
ged(a, b) | a and ged(a,b) | b and d is of the form ax + by for some integers x, y, we have ged(a, b) | d. Hence
d = +ged(a,b). Since both are non-negative, we have d = ged(a, b). O

Corollary 1.7 Let a,b be integers. Then the following are equivalent:
(a) a|b;

(b) ged(a,b) = |al.

In particular, we have ged(a,0) = |al.

Proof: (b) = (a): Suppose ged(a,b) = |a|. Then from a | |a| and |a| | b, we have a | b. (It is also true that
la| | @, but we don’t need it here.)

(a) = (b): Suppose a | b. We use Proposition 1.6 with d = |a| to prove d = ged(a,b). From |a| | a
and a | b, we have |a| | b. Moreover, we know that |a| = a - (£1) is of the form ax + by. So |a| = ged(a,b). O

Proposition 1.8 Let a,b,q be integers. Then ged(a,b) = ged(a,b — aq).

Proof: We use Proposition 1.6 with d = ged(a,b — ag) > 0 to prove d = ged(a, b). It suffices to prove that
d|a,d|band d= azx + by for some integers z,y. From d = ged(a,b — aq), we have d | a and d | b — agq.
Since b = (b — aq) + aq, we have d | b. From Bezout’s lemma, we know there are integers xg, yo such that
d = axg + (b — aq)yp, which we can rearrange into

d = a(xo — qyo) + byo
with x¢ — qyo and yo both integers. O

Proposition 1.8 makes calculation very easy. Let’s compute ged(69,2024). We know for any integer
q, we have
ged(69,2024) = ged (69,2024 — 69q).

Note we don’t have to take ¢ to be the quotient when dividing 2024 by 69. A convenient choice could be
q = 30 so that 69¢ = 2070. Then

ged(69,2024) = ged(69, —46) = ged (46, 69) = ged(46,69 — 46) = ged(46, 23) = 23.



Here, we also used
ged(a, b) = ged(b, a) and ged(a, b) = ged(a, —b)

which you will prove in HW 1 P1.
In the formula ged(a, b) = ged(a, b — ag), there is a fairly natural choice for ¢ when a # 0. Namely,
we can apply the division algorithm to write b = ag + r where 0 < r < |a|. Then

ged(a, b) = ged(a, b — aq) = ged(a,r) = ged(r, a).

The upshot now is that the absolute value of the first coordinate becomes smaller when we replace (a,b) by
(r,a). This process can be repeated until the first coordinate becomes 0, in which case the ged is easy to
compute. This is the Euclidean algorithm.

Euclidean algorithm: Input a pair of integers (a,b). Output ged(a, b).
o Step 1: If a = 0, return |b|.

o Step 2: If a # 0, replace (a,b) by (r,a) where r is the remainder when b is divided by a. Go back to
Step 1.

As an example, we can compute
ged(1239,735) = ged(735,1239) = ged (504, 735) = ged(231,504) = ged(42,231) = ged(21,42) = ged(0,21) = 21.
Question: (IMO 1959P1) Let n be an integer. What values can ged(14n + 3,21n + 4) take?

ged(14n + 3,21n +4) = ged(14n + 3,21n 4+ 4 — (14n + 3)) = ged(14n + 3, Tn + 1)

and
ged(1dn +3,7n+ 1) = ged(1dn+3 — (Tn + 1)2,7n 4+ 1) = ged(1,7Tn + 1) = 1.

Challenge Question: Let n be an integer. What values can ged (506 — n2, 506 — (n + 1)?) take?
We say two integers a and b are coprime if ged(a,b) = 1.

Corollary 1.9 Let a,b be integers. Then there exist integers x,y such that ax + by = 1 if and only if
ged(a,b) = 1.

Proof: Apply Proposition 1.6 with d = 1. O
Revisiting ged(14n + 3,21n + 4), we observe that
3(14n +3) + (=2)(21n + 4) = 1.
So ged(14n + 3,21n 4+ 4) = 1 for all integers n.
Proposition 1.10 Let a,b,c be integers such that ged(a,c) = 1. Then ged(c, ab) = ged(c, b).

Proof: We apply Proposition 1.6 with d = ged(c¢,b) > 0 to prove that d = ged(c, ab). In other words, we
prove d | ¢, d | ab, and d = cx + aby for some integers x,y. From d = ged(e, b), we have d | ¢ and d | b, which
with b | ab gives d | ab. By Bezout’s lemma, we have

d = cx1+by
1 = cxa+ays

for some integers x1,y1, T2, y2. Multiply them to get
d = c(cr1x2 + ax1yz + brayr) + ab(y1y2).

We take z = cx1x9 + ax1y2 + bxoyr and y = y1y2. Then d = cx + aby with integers x, y. O



Corollary 1.11 Let a,b, ¢ be integers. Suppose ¢ | ab and ged(a,c¢) = 1. Then ¢ | b.

Proof: Since ¢ | ab, we have by Corollary 1.7 that gcd(c,ab) = |c|. Since ged(a,c) = 1, we have by
Proposition 1.10 that ged(c, ab) = ged(e, b). Hence |c| = ged(c,b). By Corollary 1.7 again, we have ¢ | b. O

Proof: We give another (but equivalent) proof without invoking the earlier results. From ged(a,c) = 1, we
have 1 = ax + cy for some integers x,y. Multiplying by b gives b = abx + cby. Since ¢ | ab and ¢ | ¢, we have
¢ | abz + ¢by and so ¢ | b. O

Exercises

1.1 (Uniqueness of division algorithm) Given integers a, b such that a # 0, prove that the integers ¢, r such
that b = ag + r and 0 < r < |a| are unique.

1.2 Given a, b, ¢ € Z that not all 0, let ged(a, b, ¢) be the smallest positive integer of the form ax + by + cz.
Prove that ged(a, b, ¢) = ged(a, ged(b, ¢)).

1.3 Let a, b, ¢,d be nonzero integers such that ad — bc = 4 ged(a, ¢). Prove that ged(an + b,en + d) = 1 for
every integer n.

1.4 Let n be any integer. What values can ged(506 — n2,506 — (n + 1)?) take?

Lecture 2.5 (Tutorial) Fri 09/06
Congruences

Given integers m, a, b, we say a and b are congruent mod m if and only if m | a — b and write
a=b (modm).

For example, we have
15=9 (mod 3), 420=6 (mod 69).

When m = 0, we have
a=b (mod0) & 0la—b < Jke€Z,a—b=0-k & a=0.
Note also that a = 0 (mod m) if and only if m | a. Congruences is an equivalence relation:
o (Reflexive) a = a (mod m): since m | a — a;
o (Symmetric) if a = b (mod m), then b = a (mod m): since m | a — b implies m | b — a;

o (Transitive) if a = b (mod m) and b = ¢ (mod m), then a = ¢ (mod m): since m |a—band m|b—c
imply m | (a —b) + (b — ¢).

When you have an equivalence relation, things generally work out as you expected!
Lemma 1.12 Suppose a1 = az (mod m) and by = by (mod m). Then
a1+ by =az+by (modm) and a1by = agzby  (mod m).

Proof: We are given that m | a1 — as and m | by — bo. I will leave the additive one as an exercise. For the
multiplicative one, we need to prove that
m | a1b1 — agbg.

We use the following trick

a1b1 — a2b2 = a1b1 — agbl + a2b1 — agbg = (a1 — az)bl + ag(bl — bg)



Since m | a1 — ay and m | by — b, we are done.
For example, we have
10=1 (mod 3)
for any positive integer n. As a result,

69145

1 (mo

SO

d3).

10"=1"=1 (mod 3)

6-10*+9-1034+1-1024+4-10+5
6+9+1+4+5 (mod 3)

We thus have the familiar divisibility by 3 rule: a positive integer is divisible by 3 if and only if the sum of

its digits is divisible by 3.

You have probably heard of the following:

1)7 =
2/7
3/7
4/7
5/7
6/7 =

0.142857142857 - - -
0.285714285714 - - -
0.428571428571 - - -
0.571428571428 - - -
0.714285714285 - - -
0.857142857142 - - -

Thus, the fractions m/7 for m = 1,...,6 are all formed from repeating 142857 but starting from different
spots. Why does this happen? The shifting of the digits is a consequence of

10/7
100/7
1000/7
10000,/7
100000/7
1000000,/7

In terms of congruences, this reads

10 =

10?
103
10*
10°

106 =

(111 Tl
S BNSC N CRY

1+3/7

14 +2/7

142 +6/7
1428 + 4/7
14285 +5/7
142857 +1/7

Therefore, the reason why 1/7, 2/7, ..., 6/7 have the above pattern is because the remainder of 10, 10%, ...,
10° when divided by 7 recover 1,2,...,6 (in a possibly different order). If we were to try this mod 11, we
just get 102 =1 (mod 11) and then it will just repeat 10 and 1. If we try this mod 13, we get

10 = 10 (mod 13)
102 = 100 = 9 (mod 13)
10> = 90 = —1 (mod 13)
10° = 1 (mod 13)



This means that it will cycle with a period of 6.
FExercise: Check that this works for 17. It is unknown whether this happens for infinitely many primes p.

Note above that 102 = 1 (mod 13), and 10** =1 (mod 11).
Theorem 1.13 (Fermat’s little Theorem) Let p be a prime and let a € Z such that p{a. Then
a?”' =1 (mod p).

“Proof” by example: We have

10-1 = 3 (mod7)
10-2 = 6 (mod7)
10-3 = 2 (mod?7)
10-4 = 5 (mod?7)
10-5 = 1 (mod7)
10-6 = 4 (mod7)

Multiplying them together gives
10°-1-2-3-4-5-6=1-2-3-4-5-6 (mod 7).
Canceling the 1-2-3-4-5-6 from both sides gives 106 =1 (mod 7).

Lemma 1.14 Let m,a,b,c be integers such that ged(c, m) # 0. Suppose ac = be (mod m). Then
m

=0 d ——).

“ (mo ged(e, m))

Proof: We have m | ac — be. So
m c

a—b).
ged(e,m) | ged(e, m)( )
(We prove next that ged( 0, o5(777) = 1): By Bezout’s lemma, we have ged(c, m) = ma + cy for some

integers x,y. Divide it by ged (e, m) to get

m C
o

B ged(c,m ged(c, m) v

By Corollary 1.9, we have ged( = 1. Then by Corollary 1.11, we have

m c )
ged(e,m)? ged(e,m)
m

L
ged(e,m) o

which is equivalent to the desired congruence. O

Lecture 3 Mon 09/09

Unique factorization via p-adic valuation

2 Prime factorization

A prime is an integer p > 1 such that its only positive divisors are 1 and p. For any integer a, ged(p, a) can
only be 1 and p and more precisely,

1 ifpta,

p ifp]la.

ged(p, a) = {



Note that if p and ¢ are two primes, then
ple=rpr=q
In other words, distinct primes are coprime. This is the origin of the name “coprime”.

Proposition 2.1 (Fuclid’s Lemma) Let p be a prime. Then for any integers a,b, if p | ab, then p | a or
plb.

Proof: If p | a, then we are done. Suppose p t a. Then ged(p,a) = 1. Then from p | ab, we get p | b by
Corollary 1.11. O

Corollary 2.2 (Contrapositive of Euclid’s Lemma) Let p be a prime. Then for any integers a,b, if p { a
and p1b, then pt ab.

The converse of Euclid’s Lemma is also true:

Proposition 2.3 Let n > 1 be an integer such that whenever n divides a product of integers, n must divide
one of the factors. Then n is a prime.

Proof: Let d | n be a positive divisor of n. (We prove that either d = 1 or d = n) Then n = de for some
e € Z. Since d,n > 0, we have e > 0 and e | n. Since n = de, we have n | de and so we get n | d or n | e. If
n | d, then along with d | n, we get d =n. If n | e, then along with e | n, we get e =n and so d = 1. O

Remark: The proof of Euclid’s Lemma =- prime uses only division, whereas the proof of prime = Euclid’s
Lemma requires the theory of gecd. There are number systems in general where the notion of gcd doesn’t
exist, or worse where unique factorization doesn’t hold.

Our next major result is the famous fundamental theorem of arithmetic, which you are probably
taking for granted.

Theorem 2.4 (Fundamental Theorem of Arithmetic) Every positive integer can be written as a product of
primes, unique up to reordering.

For example, we have

69 = 3-23

145 = 5-29

420 = 2-2-3-5-7
2023 = T7-17-17
2024 = 2-2-2-11-23
2025 = 3-3-3-3-5-95

For any prime p and any integer n # 0, we define the p-adic valuation v,(n) to be the largest integer
k such that p* | n. A commonly used notation is

pvr(?) | n.
Alternatively, v,(n) is the unique non-negative integer k such that

n
P n and pjfﬁ

We use the convention v,(0) = co. For example,
3(2025) =4,  15(2024) =3, 15(420) = 2.

It follows immediately from the definitions that if p and ¢ are two primes, then

volq) = 1 ifg=np,
P\ = 0 if g #p.



Proposition 2.5 Let p be any prime and let n,m nonzero integers. Then
vp(nm) = vp(n) +vp(m),  vp(n+m) = minfvy(n), vy(m)}.

If vy(n) # vp(m), then
vyl + m) = min{uy(n), vp(m)}.

Proof: Let k = v,(n) and ¢ = v,(m). From p* | n and p* | m, we have p*** | nm. From p { n/p* and
ptm/p’, we have p{ nm/p**+* by Corollary 2.2. Therefore, v,(nm) = k + £.

Suppose without loss of generality that k& < ¢. Then p* | p* and so p* | m. Since p* | n, we have
p* | n+m. Thus v,(n +m) > k. Suppose k < £. Then p | m/p* but p t n/p*. Hence p{ (n+m)/p*. So
vp(n+m) =k. O

Corollary 2.6 For any positive integer £ € N and nonzero integers ny,...,ng, we have
I
vp(TIme) = vl = me) = wplm) + -+ wylne) = > vp(na).
i=1 i=1
Proof: We prove by induction on #.

o (Prove the base case when ¢ = 1): Suppose first £ = 1. Then we need to prove that v,(n1) = vp(n1),
which is clearly true.

e (Suppose £ > 2 and that the statement is true for all the previous cases): Suppose now £ > 2. Suppose
that for any £k =1,2,...,¢ — 1 and any nonzero integers my, ..., my, we have

vp(my - my) = vp(ma) + -+ vy(m),

e (Under the above inductive hypothesis, prove the case for /): Let mq,...,ny be arbitrary nonzero
integers. Since ¢ > 2, we have £ — 1 > 1. So by the inductive hypothesis with k = ¢ — 1, we have

vp(ny---ng—1) = vp(n1) + -+ vp(ne-1).
Now by Proposition 2.5, we have

vp(ny---ne) = vp((na---ne-1)ne)
vp(nu -+ -ne—1) + vp(ne)
= vp(na) + -+ vp(ne—1) + vp(ne).

Therefore, we are done. O

”

1enever you no ,iC() nat your proo iIlV() ves “I‘() eatedly or o 5 in uc ,i()n lh ' i(:a y the way
Wi , tice that 3 f invol tedly” , induct typically the way

to make things precise.

Corollary 2.7 Let n, be non-negative integers for primes q such that all but finitely many of them are 0.

Then for any prime p,
Vp (H qnq> = Z vp(q"™?) = np.
q

q

In particular, prime factorizations are unique, because the exponent of a prime p can be recovered as the
p-adic valuation. (Unless otherwise specified, a sum or product over an index p or q is running only over

primes p.)

We prove next the existence of prime factorization.
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Theorem 2.8 Let n € N. Then v,(n) = 0 for all but finitely many primes p and
n = le’p(").
P

In particular, prime factorizations exist.

Proof: If p > n, then clearly p { n and so v,(n) = 0. We prove the second statement by induction on n.
Suppose first that n = 1. Then 1,(1) = 0 for all primes p and Hp p® = 1. Hence the statement is true for
the base case n = 1.

Suppose now n > 2 and that for every integer m = 1,2,...,n— 1, we have m = Hp p*» (M) We now

prove n = Hp p*»(")  Suppose first that n = ¢ is a prime. In this case,

I =¢T[r" =«
p

P#q

Suppose now n is not a prime. Let d be a positive divisor of n with 1 < d < n. Let e = n/d. Then e is an
integer with 1 < e < n. By the induction hypothesis, we have

d= ]Ip”p(d)7 e = Hp”p(e)_
p p

Multiplying them gives
n = de = Hpup(d)Jer(e) — le/p(n)
P P

since v,(d) + vp(e) = vp(de) = vp(n). O
Lecture 4 Wed 09/11
Some applications of unique factorization

We can extend v, to all rational numbers by defining v,(a/b) = vp(a) — v,(b). The multiplicative
property of v, implies that if a/b = ¢/d, then ad = bc and so v,(a) + v,(d) = vp(b) + v,(c). In other words,

vp(a) = vp(b) = vp(c) — vp(d).
Hence v,(a/b) is independent on the choices of a and b.

Corollary 2.9 (Unique prime factorization for rational numbers.) Let r € Q be nonzero. Then
r==4+ H p””(r).
P

As a consequence,

(a) r € Z if and only if vp(r) > 0 for all primes p;

(b) r==£1 if and only if v,(r) =0 for all primes p.

Corollary 2.10 Let d,n be nonzero integers. Then d | n if and only if v,(d) < v,(n) for all primes p.

Proof: We have d | n if and only if n/d € Z if and only if v,(n/d) = vp(n) — v,(d) > 0 for all primes p. O

Corollary 2.11 Let n be a nonzero integer. Then the number of positive divisors of n is

[1+vp(n)).

p
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Proof: Any positive divisor d is uniquely determined by v,(d) for all primes p. There are 1+ v,(n) possible
values for v,(d) in order for 0 < v,(d) < v,(n). O

Question: Suppose n € N. When is the number of positive divisor of n odd?

We need v,(n) to be even for all prime p. In other words, n is a perfect square. Alternatively, we can pair

up the positive divisors of n by (m,n/m). In order for there to be an odd number of them, there is some m

such that m = n/m, implying that n = m?2.

Corollary 2.12 Let n,m be nonzero integers. Then for any prime p,
vp(ged(n, m)) = min{vy(n), vp(m)}.

Proof: Since ged(n,m) divides n and m, we see that for any prime p, vp(ged(n,m)) < v,(n) and also
< vp(m). Hence vp(ged(n,m)) < min{y,(n),v,(m)}. For the other inequality, let d, = min{v,(n),v,(m)}.
Note that d, = 0 for p > max{n,m}. We let d = prdp. From d, < vp(n) for all p, we get d | n and
similarly d | m. Hence d | ged(n, m) and so d, < v,(ged(n, m)) for all primes p. O

This formula allows us to compute ged very quickly from the prime factorization. For example,
ged (24375273, 22327%) = 223273,

However, in practice (to a computer), Euclidean’s algorithm is much faster for computing ged, since fac-
torization is very hard. Using this formula, we can give another proof for Proposition 1.10: Let a,b,c be
integers such that ged(a,c) = 1. Then ged(c, ab) = ged(c, b).

Second proof of Proposition 1.10: Let p be any prime. It suffices to prove that

min{v,(c), vp(a) + vp(b)} = min{vp(c), vp(b)}
The assumption ged(a,c) = 1 gives that min{v,(a),vp(c)} = 0. That is, either v,(a) = 0 or vp(c) = 0. If
vp(a) = 0, then we have
min{v, (€), vy (@) + p(8)} = min{v,(e), 0 + v (6)} = minfuy(c), (1)}

If v,(c) = 0, then we have

min{w,(c), vp(a) +vp(b)} = 0 = min{w,(c), v, (b) }-
This concludes the proof. O
Similarly for nonzero integers x,y, z, we have
vp(ged(z, y, 2)) = min{vy (), vp(y), vp(2)}-

A related concept is the least common multiple lem(m, n) of two integers m, n, or of multiple integers.
One easily checks that
vp(lem(n, m)) = max{v,(n), v,(m)}.

Since
min{a, b} + max{a,b} = a + b,
we get
ged(n, m)lem(n, m) = |nm).

The extra absolute value is only to deal with the case where m or n is negative, as the p-adic valuations
don’t see the sign of an integer.
We end this section with an application to the irrationality of /2.

Proposition 2.13 The equation x> = 2y has no nonzero integer solutions. As a consequence, \/2 is
irrational.

12



Proof: Suppose for a contradiction that a,b are nonzero integers such a? = 2b%. We take v» of both sides
to get
2u5(a) = 1+ 2ua(b).

This is a contradiction because the LHS is an even integer while the RHS is an odd integer. O

Exercises
2.1 Prove that the equation 2% = 3¥ has no positive integer solutions. This implies that log, 3 is irrational.

2.2 Let p be a prime. Define |r|, for any nonzero r € Q by |r|, = p~*»(") and define 0], = 0. Then for any
r,s € Q, prove that

(@) [rslp = [lplslp,
() |r+slp < max{|r(y,[slp} < |rlp + [s]p.
In other words, |.|, behaves similar to the usual absolute value, and is called the p-adic absolute value.

2.3 Prove that the equation z3 = 233 4+ 423 has no non-zero integer solutions.

Lecture 5 Fri 09/13
p-adic valuation of the binomial coefficients

3 Binomial coefficients

The number
L, =1lem(1,2,...,n)

is closely related to the prime counting function.
We consider a seemingly unrelated question. What is the prime factorization of Lgo?

Lgo=20-3%.52.72.11-13-17-19-23-29-31-37-41-43-47-53-59-61 - 67.

Let p be any prime. Let k be a non-negative integer such that p* < n < pF*1. Then no integer from
1 to n is divisible by p**! and p* < n with up(pk) = k. In other words

vp(Ly) = max{v,(1),...,vp(n)} = k.

k+1 we have

Now from p* <n <p

1
k<log,n <k+1 S0 Vp(Ln):k:{OgnJ.

log p
In this class, unless otherwise specified, log will be the natural log. We will prove that
2n S Ln S 477,71

for n > 7. The actual growth rate of L, is e”. We can observe from the above formula for Lgg that it is
very close to just the product of all the primes less than 69.

Theorem 3.1 (Prime number theorem) We have

. logL,
lim =

n—00 n

1.

You might be more familiar with the Prime number theorem stated in terms of the prime counting
function m(x) which counts the number of primes less than or equal to x.

13



Theorem 3.2 The Prime number theorem is equivalent to

7(x)

z—oo x/logx

Note that

I
logL, =Y LognJ log p.

p<n 08P

Roughly speaking, most of the contribution will come from the primes p that are close to n, in which

case logp ~ logn and Llog"J = 1. So log L,, ~ m(n)logn. Making this precise requires some very careful

logp |
estimates, which is too technical to fit the margins here.

To prove the bounds 2" < L, < 477! we need to prove some results about binomial coefficients.
We start with Legendre’s formula.

Proposition 3.3 For any prime p and any positive integer n,
| n o, ) n n n n

Proof: For any k € N, let u(k) denote the number of integers from 1 to n that are multiplies of p*. Then
u(k) — u(k + 1) is the number of integers from 1 to n with v, = k. Then

vp(n!) = (u(l) — uw(2)) + 2(w(2) — u(3)) +3(u(3) —u(d)) + - = u(l) + u(2) + u(3) + - -
We are done because u(k) = |n/p*]. O

We recall the definition of the binomial coefficients

(n> n! nn—1)--(n—r+1)

r

rl(n —r)! r!

for 0 < r < n. We define it to be 0 if » < 0 or if » > n. They have combinatoric interpretations as the
number of ways to pick r objects from a collection of n objects.

Theorem 3.4 (Binomial Theorem) We have the algebraic identity:
n __ - n r,on—r
(x+y) —g(r)xy :

Proof: When expanding a product of n terms of the form x + y, the coefficient of z"y™~" is the number of
ways to pick z a total of r times. O

-1 -1
Proof: Alternatively, prove by induction and Pascal’s identity (n) = <n 1) + (n ) O
r r— r

We care more about the p-adic valuation of the binomial coefficients:

Lemma 3.5 Let a,n € N and m = 0,1,...,n. Let ng, my be the remainders when n,m are divided by a.

Then
— 1 ifng as
2] (2= |25 - { s

14



“Proof” by example: We note that

WU B0 65T
69 69’ 69 69’ 69 69
Then
2024 — 420 23 -6 17
—_ = 29-6 =29—-6+ —
69 + 69 + 69
420 — 145 6—7 68
_ = 24+ —=6—-2—-1+ —.
69 6 + 69 6 + 69
Proof: We have
of-nsme, |z omm
a a a a

and

a a a a

n—m n—ng m—ma+na—ma VLJ {mJ Ng — Ma
a a a
Since ng,, m, are remainders, we know that —1 < (n, — my)/a < 1. If ng, > m,, then (n, — my)/a € [0,1)

IS

If ng < myg, then (ng —mgy)/a € (—1,0) and so

=

Hence we are done. O

Corollary 3.6 Letn e N and r=0,1,...,n. Let p be a prime. Then
o= (7)) = [
Proof: By Legendre’s formula (Proposition 3.3), we have
n Hog, ) n r n—r

By Lemma 3.5, each summand is either 0 or 1 and the number of terms in the sum is Ugi ZJ O

Lecture 5.5 (Tutorial) Fri 09/13
Lifting the Exponent

Our motivating example is: find
v (1017 4 12117,
This question originated from the IMO 1991 shortlist, which asked for the largest integer k such that
1991F | 1990191 4+ 19921991,
The method is essentially the same, with the extra twist that 1991 = 11 x 181. Note first that

101" = (=1)° = —1 (mod 11)
121" 1 (mod 11).

15



So the answer is at least 1. The first trick we use is
10
101112 — 10112-1110 — <10112)11 .

Hence, we have
10

i 11 1110
101" 4 121" — (10112) - (— 12) .
Now we hit it with the hammer known as LTE.

Proposition 3.7 (LTE, p odd) Let p be an odd prime and let a,b be integers such that p { a, p1b and
pla—"0b. Let n € N. Then

vp(a" —b") = vy(a —b) + v, (n).

Note that )
10 = (-1)°% = —1=-12 (mod 11).

Hence we can apply LTE with p = 11, a = 10'** and b = —12 to find that
Vll(allm — bllw) =vii(a—b) +v11(117°%) = 11 (a — b) + 10.
What about v11(a — b)? We use LTE again!
11 (10" — (1)) = 111 (10 — (1)) + 2 = 3.
Note that (—1)* = —1. So
v (10" — (=12)) = 1 (10" — (1) 4 11) = 1.

Therefore, the answer is
12 10
v (101 4128y = 11,

Now let’s prove LTE. First we note that it follows from the following two lemmas by induction.
Lemma 3.8 Let p be a prime and let a,b be integers such that pta, ptb. Let n € N such that ptn. Then
vp(a™ —b") = vp(a —b).

Lemma 3.9 Let p be an odd prime and let a,b be integers such that pta, ptb andp|a—b. Then
vp(a? — ) =vp(a—b) + 1.

Proof of Proposition 3.7 from Lemmas 3.8 and 3.9: We prove by induction on n. When n = 1, both
sides equal v,(a — b), so it is true. Suppose now n > 2 and that v,(a™ — b™) = v,(a — b) + v,(m) for all
m=1,...,n— 1. Suppose first that p{n. Then v,(n) = 0 and we are done by Lemma 3.8:

vp(a™ = b") = vp(a —b) = vp(a —b) + vp(n).

Suppose now p | n. Let m = n/p. Then 1 < m < n — 1. Then we know from the inductive hypothesis that
vp(a™ —b") = vp(a —b) + vp(m) > vp(a —b) > 1. We can now apply Lemma 3.9 to ™ and b™ to get

vp(aP™ — ") =y, (@™ — b)) + 1.
Hence
vp(a™ —b") =vp(a™ =) +1=vp(a—b) +vp(m) + 1 =vp(a—0b) +vp(n).
Proof of Lemma 3.8: It suffices to prove that

a™ — b"

a—>

:an71+an72b+.”+bn71
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is not divisible by p. Since a = b (mod p), we have
a" M ad P = T b =" £ 0 (mod p)
since ptb and ptn. O
The following lemma is very important on its own!
Lemma 3.10 Let p be a prime and let v =1,...,p—1. Thenp| (?) and p* ().

Proof: In fact, we have

Alternatively,

(p) _plp=1)--p—r+1)

r r(r—1)---1

We see that there is a p in the numerator but no p in the denominator. So it will survive the division. O

Proof of Lemma 3.9: We write a = b + p*c where k = v,(a — b) > 1 and ptc. Then we expand
p—1
a? = (b+pFe)? =bP +pbPpFe+ ) (p> BT (pRe)” + prrer.
r
r=2

Let’s look at the p-adic valuation of each term. The bP term gets cancelled when we take a? — bP. Since
ptband pte, we see that v,(pb?~1pFc) = k + 1. We now prove that the remaining terms all have p-adic
valuation at least k + 2. For r =2,...,p — 1, we have

Z/p((f)bpr(pkc)r)=1—|-’/‘k‘21+2]€=1—|—]€+k‘21+k‘—|—1=k—|—2

and since p > 3, we have
vp(p"PP) =kp >3k =k +k+k>k+1+1=Fk+2.

Therefore, we have v,(a® — p®) =k +1 =wv,(a — b) + 1 as desired. O
Where does this fail for p = 27 In this case, v,(p*PcP) = 2k could be k + 1 when k = 1. In fact,

(32 =13 =1(8) =3 =13 —1) + 2.
Proposition 3.11 (LTE, p =2). Suppose a,b are odd and n is even. Then

0 if 4|a-0b,

va(a™ —b") = va(a—b) + va(n) + {1 if 4fa—b.

Lecture 6 Mon 09/16

Lower bound for L,

We now work towards the lower bound:

Theorem 3.12 For any integer n > 7, we have

L, =lem(1,2,...,n) > 2".

17



Note that

L = 22.3.5=060<2°
L, = 420> 27
Ls = 840> 28.

Lemma 3.13 Let m,n be positive integers such that 1 < m <n. Then m(n) | L,
m

Proof: Let p be any prime and let k be the unique non-negative integer such that p* < n < p**!. In other
words, k = v,(Ly). It is enough to prove that

(o) =5

Let vp(m) = ¢ > 0. Then the remainders when m is divided by p, p?,...,p" are all 0. Hence, we have

ERENC R

Since it is also at most 1 for any j =¢+1,...,k, we have

()=

Combining with v,(m) = ¢ completes the proof. O

zo=tan(1(7).2(3) (7).

Lemma 3.14 Let m be a positive integer. Then m(m + 1)(2m+1) | Lomt1-

m

Exercise: Prove that

Proof: Apply Lemma 3.13 to n = 2m + 1 gives

2m+1 2m+1
Loy, d 1 Lopt1-
m< m >| om+41 Al (m + )(m+1>| 2m+1

27:177,:11) _ (2’rr7bn+1

sed (m<2mm+ 1>7(m+ ”(27::11)) _ (2mm+ 1) sod(m,m+ 1) = <2mm+ 1).

So their lem is m(m + 1)(27’::1) and it divides Loy,41. O

Since ( ) and ged(m,m + 1) = 1, we have

Lemma 3.15 Let m be a positive integer. Then

4m 2 1 4m 2
<<m+)<4m and <<m><4m.
m—+1 m m

Proof: Note the formula

2m—+1 2m
2m + 1 2m
22m+1 —_ § d 22m — § .
r an r

r=0 r=0

18



Note also that (2";?1) = (2;”:11) is the largest binomial coefficient of the form (QW;H), and (2;?) is the largest
2m

binomial coefficient of the form ( ) ) Hence we have

2m+1
om + 1 om + 1 2m + 1
2< mt >< ) (”H )_2-4m<(2m+2)(m+ >
m T m

r=0
and )
2m " [2m 2m
< =4" < (2 1 .
() <2 () = <enen(()
Dividing by (Z"Jnﬂ) and (2;?) respectively gives the desired inequalities. O

Remark: From the Stirling’s approximation

m m
m! ~ v2mm (—) ,
e

2m 4m

m NGO
Proof of Theorem 3.12: Suppose first n = 2m + 1 is odd, with m > 3. By Lemma 3.14 and Lemma 3.15,
we have

we can get the more precise estimate

2 1
Lom+1 2m(m+1)< m ) >md™ > 2. 4™ = 22m L
m

Suppose now n = 2m + 2 is even. We have already checked Lg > 2% explicitly. So we may assume n > 10
and so m > 4. Then once again,

Lomsa > Lomsr > md™ > 4. 4™ = 22m+2,

Lecture 7 Wed 09/18

Upper bound of L,,, Bertrand postulate

We now prove the upper bound:

Theorem 3.16 For any n € N, we have
L, =lem(1,2,...,n) <4" L

This implies Erdos’ bound
[Ir<i.<am

p<n

Proof: We will prove by induction on n. The base case n = 1 is clear since L; = 1 = 4'~!. Suppose now
n > 2 and that Ly < 4%~ for every k = 1,...,n — 1. Suppose first that n = 2m is even. Note that L,, can
only be different from L,,_; when n is a power of a prime p in which case L,,/L,_1 = p. Since n is even, we
see that either L,, = L, _1 when n is not a power of 2 or L,, = 2L,,_1 when n is a power of 2. In both cases,

Ln S 2Ln71 S 2. 4n—2 S 4n—1

by induction. Suppose now n = 2m + 1 is odd. We note that the desired result follows from

2m+1
L2m+1 | Lm+1< )
m

because then
2 1
Lomi1 < Lm+1( me ) < 4m . gm — g2m
m
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by induction.
Let p be any prime. It suffices to prove that

Vp(Lam+1) = Vp(Lint1) < Vp<<2m - 1))

m

“Proof” by example: Let’s prove

va(Lasg) — v2(Lro) < V2<<16399>>'

From

64 <70 < 128 < 139 < 256,

we have
v9(Lagg) — va(Lrg) =7—6=1.

() 12 18] 3] 1=

As another example, let’s prove

On the other hand,

ve(Luso) — vr(Lao) < V7(<16399>).

In this case, we have
49 <70 < 139 < 343,

so we have

vi(Lago) — va(Lg) =2 —2 = 0 < V7(<16399)).

These two examples illustrate the only 2 possibilities:
PP <m+1<prtt <om+1<pht?, or pPP<m+1<2m+1<phtl

In the first case,
Vp(Lyy1) =k and Vp(Lom+1) =k +1

2m +1 2m +1 m+1 m
Vp(( m >)Z\‘pk+1 J\‘pk-i-lJ\‘pk_A'_lleOOl

In the second case,

while

2m +1
Vp(Limt1) = vp(Loms1) =k, S0 vp(Lomir) = vp(Lmi1) =0 < Vp(( m >)

Finally we note that
2m 41 < 2(m+ 1) < 2pFHt < pht2,

Hence, it is not possible for 2m + 1 > p*+2. O
We now work towards proving Bertrand’s postulate, that there is always a prime between n and 2n.
I will prove that there is a prime between 1012 and 2024 and leave it to you (HW 3) to translate this into a

proper proof.
From Lemma 3.15 with m = 1012, we have

41012 < 2024
2025 — \1012/°
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2024
1012

Vp <G8?;l>) < |log,(2024)] .

In particular, no prime p > 2024 can divide it; and if p > /2024 ~ 45, then log, (2024) < 2 and so

2024
< 1.
Yp ((1012)) <1

We want to be more precise on when it is 0 or 1. Suppose now p > +/2024. Then

o (Gow)) = [57] 2157

Note that if 1012 < p < 2024 (which is the range we really care about), then

2024 1012 2024 2024 1012
1§70 <2, —0 <1 — Vp 0 = 70 -2 —O =1-2-0=1.
P P 1012 p P

On the other hand, if 2024/3 < p < 1012, then

2024 1012 2024 2024 1012
g 22 3 2 5 (P e e )
p p 2 1012 » D

We consider the prime factorization of ( ) For any prime p, recall we have the bound (Corollary 3.6):

Putting these together, we have

41012 2024 2024
< — VP((1012))
2025 — <1012> I »

p<2024

H plogp(2024) H pl H p

p<+/2024 V2024<p<2024/3  1012<p<2024

= ] 2024 ] »- ][] 2024

p<+/2024 p<2024/3 1012<p<2024
924 V2024+(2024) =7 (1012) | 42024/3~1

IN

IN

Rearranging gives
7(2024) — 7(1012) > logyge, (410127 2024/3+1 /9025) — /2024 ~ 15.62.
In HW 3, you will prove that

(n/3+1)log4 —log(2n+1) Jan.
log 2n

m(2n) —7(n) >

Using a bit of calculus and computer aids, one finds that this lower bound is positive for n > 459. For
n < 459, we can verify that 7(2n) — w(n) > 0 directly using the primes 2,3,5,7,13,23,43,83,163, 317, 631.
This concludes the proof of Bertrand’s postulate.

Theorem 3.17 (Bertrand’s postulate) For any positive integer n, there is a prime p € (n,2n).

Exercises

3.1 Prove that for every prime p # 3, there exists a positive integer n, an integer ¢ = 0,1 and an integer
b=0,1,...,n — 1 such that p = n? 4+ an + b.
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3.2 How many 0’s does the number 40! ends in?

Challenge Question: Can you figure out what the last nonzero digit of 40! is?
3.3 Prove that for any n € N and any prime p, we have v,(n!) <n/(p —1).

3.4 Prove that for any n € N, if n | (T”n) forallm=1,...,n—1, then n is a prime.
3.5 According to the Prime number theorem, we know that L, ~ e™. Prove (without using the PNT) that
for any a > 0, we have L,, > 4"~ for n sufficiently large (depending on «). You may use the better

asympototic for the binomial coefficient from Sterling’s formula.

3.6 Use Exercise 3.3 to conclude that

1
>8P o
p P

With a little bit more effort, one can prove that

1
Z %8P _ logn + O(1).

p<n

In other words, there exists an absolute constant C' > 0 such that for any n € N,

Z logp —logn| < C.

p<n

Lecture 8 Fri 09/20
Infinitude of primes of the form 4k + 1, 4k + 3

4 Euclid’s proof of the infinitude of primes

Before all of these fancy results on the prime counting function, the very first proof of the infinitude of primes
was due to Euclid. Here is another way to think about the proof. The key ideas are as follows:

(a) Every integer n > 2 has a prime divisor.
(b) Construct an infinite sequence of pairwise coprime integers at least 2.
The sequence constructed from Euclid’s proof is a; = 2 and

Apt1 = Q102 -+ - Ay + 1, forn > 1.
Then for i < j, we have a; | a1az - --aj_1 and so ged(a;, aj) = ged(a;, 1) = 1.

Alternatively, if we take a1 odd and use a,,+1 = a1 - - - a, +2, we also have ged(a;, a;) = ged(a;, 2)=1
since each a; is odd. This sequence is actually a very famous one!

Proposition 4.1 The sequence defined by Fy = 3 and
Fn+1:FQF1-~'Fn+2, fO’f'TLZO
is the sequence of Fermat numbers F,, = 22" + 1.

Proof: It suffices to prove that F,, = 22" + 1 satisfies the recursion formula. This follows from an induction
exercise. 0O

There is a more general result on the infinitude of primes satisfying congruence conditions. Recall
that a = b (mod m) means that m | a—b, or equivalently that a and b have the same remainder when divided
by m. Since numbers congruent to a mod m form an arithmetic progression, this result is also referred to
as the infinitude of primes in arithmetic progressions. It marks the beginning of modern analytic number
theory.
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Theorem 4.2 (Dirichlet) Let a,m be coprime positive integers. Then there are infinitely many primesp = a
(mod m).

We now know (Siegel-Walfisz) that there are an equal number of them, asymptotically, over all
possible congruence classes. More precisely, if p = a (mod m), then ged(p, m) = ged(a, m). If p is prime large
enough to not divide m, then ged(p,m) = 1. The number of integers a = 1,...,m such that ged(a,m) =1
is ¢(m), the Euler-¢ (or the Euler-Totient) function of m. Then

. Fprimes p < x,p=a (mod m) 1
lim = .
200 z/logx p(m)

We can give an Euclid’s type proof for this result in some special cases.

Primes =3 (mod 4)

We modify the key idea of Euclid’s proof to:

(a) Every integer n > 2 of the form 4k + 3 has a prime divisor that is congruent to 3 mod 4..

(b) Construct an infinite sequence of pairwise coprime integers at least 2 that are of the form 4k + 3.

Property (a) follows because products of numbers of the form 4k + 1 are still of the form 4k + 1. In terms of
congruences, we can say that if a =1 (mod 4) and b = 1 (mod 4), then ab =1 (mod 4). Hence a number
of the form 4k + 3 has a prime divisor that is not of the form 4k + 1. Since it can’t be divisible by 2, primes
of the form 4k 4 3 are the only possibilities left. For the sequence in (b), we take a; = 7 and

ant1 = 4(ar - - a,) + 3.
Then first one proves by induction that ged(a;,3) = 1 for all 4 > 1. Then similar to before, for i < j,

ged(ag, a5) = ged(ai, 3) = 1.

The same idea also works for primes of the form 3k + 2 and primes of the form 6k + 5 because
#(3) = ¢(6) = 2 so that if not all the prime divisors are of the form 3k + 1 (resp. 6k + 1), and it is not
divisible by 3 (resp. 2 or 3), then it has a prime divisor of the form 3k + 2 (resp. 6k + 5).

Primes =1 (mod 4)
This is a bit trickier. Let p be an odd prime. We consider the congruence equation

r*=—-1 (mod p).

Suppose it has a solution x = a. Then clearly p { a for if otherwise, we would have a? = 0. So by Fermat’s
little Theorem,
a1 =1 (mod p).

On the other hand,
aPt = (a®)P~V/2 = (—1)P=D/2 (mod p).

Since p is an odd prime, we see that
1=(-1)®Y/2 (mod p) = 1= (—1)P1/2 = p=1 (mod4).

In other words, if p is an odd prime divisor of an integer of the form n? + 1, then p =1 (mod 4). By taking
4n? 4 1 instead, we remove the possibility of p = 2. So we have:

(a) Every integer n > 2 of the form 4k? 4 1 has a prime divisor that is congruent to 1 mod 4.
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(b) Construct an infinite sequence of pairwise coprime integers at least 2 that are of the form 4k? + 1.
To construct our sequence, we take a; = 5 and
apy1 = 4(ay - -- an)2 +1.

Lecture 8.5 (Tutorial) Fri 09/20

Order of @ mod m
The crucial idea here is that if a> = —1 (mod p), then
a*=1 (mod p)

but
a>=—-a#1 (modp), a>=-1#£1 (mod p), a#1 (mod p).

We define the order of an integer @ mod m, where ged(a, m) = 1, denoted o0,,(a), to be the smallest positive
integer d such that n? = 1 (mod m). In this case, we have o,(a) = 4.
As another example, recall from the first tutorial:

10 = 3 (mod7)
10° = 2 (mod?7)
10> = 6 (mod?7)
10" = 4 (mod7)
105 = 5 (mod7)
10° = 1 (mod?7)

This means that 6 is the smallest positive integer such that 10¢ = 1 (mod 7). Hence 07(10) = 6. Simiarly,
recall that 103 = —1 (mod 13) and 10° =1 (mod 13). This implies that 013(10) = 6.
What about 049(2)7 First, we note that o7(2) = 3 since 2 and 4 are not 1 mod 7 but 8 is. Write
d= 049(2). Then
29 =1 (mod 49).

We have 2¢ =1 (mod 7) as well. We divide d by 3 to write d = 3¢+ r for some integers ¢, with » = 0,1, 2.
Then
24 = 93¢+ — (23)92" = 192" = 2"  (mod 7).

So 2" =1 (mod 7). However, r = 0, 1,2 so this is only possible if » = 0. So at least we know 3 | d. We have
just given a “proof” by example for the following very important result.

Proposition 4.3 Let a,m be coprime integers. Suppose n € N with a™ =1 (mod m). Then on(a) | n.

Proof: Note that o,,(a) < n. Apply the division algorithm to get integers s,t such that n = o,,(a)s +t
where 0 <t < 0,,(a) and s > 0. Then

at = at(a® () = gt tom(@s — 4" =1 (mod m).
Hence it follows from the minimality of o,,(a) that ¢ = 0. Therefore, o,,(a) | n. O
Returning to our task of finding d = 049(2), we know d = 3¢ and need
vr(27—1) > 2.

We know that v7(2% — 1) = 1. Is there a way to increase the valuation by “lifting the exponent”? Using LTE
(Proposition 3.7) with a = 23, b=1 and p = 7, we have

vr(2 = 1) = 17(2° = 1) + vr(q) = 1+ vr(q).
The smallest ¢ to make this at least 2 is ¢ = 7. Hence 049(2) = 21.

Exercise: Prove that for any k > 1, we have o7x(2) = 3 - 7F~1.
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Corollary 4.4 Let p be a prime and let a € Z such that pta. Then oy(a) | p— 1. In other words,

p=1 (mod oy(a)).

Proof: Follows immediately from Proposition 4.3 and Fermat’s little theorem a?~* = 1 (mod p). O

Lemma 4.5 Let p be a prime and let a € Z such that p{ a. Then o,(a) = p—1 if and only if a,a?, ..., aP~}
are all distinct mod p. In this case, we say a is primitive mod p.

Proof: Since p t a, we have ged(p,a’) = 1 for any positive integer i. Let 1 < i < j < p — 1 be positive
integers. Then ' _ o

a'=d’ (modp) << a7 "=1 (modp).
Hence a,a?,...,aP~"! are all distinct mod p if and only if a® #Z 1 (mod p) for all n = 1,...,p — 2 if and only
if op(a) =p—1. O

Calling back to Tutorial 1, we now know that for a prime p, the numbers 1/p,2/p,...,(p — 1)/p
have the cyclic structure if and only if 10 is primitive mod p. We will be able to prove later (after quadratic
reciprocity):

Proposition 4.6 Let p = 22" + 1 be a Fermat prime at least 17 (i.e., n > 2). Then 10 is primitive mod p.

We can generalize the notion of primitive to composite modulus m. Now there are ¢(m) possible
coprime values mod m. We say « is primitive mod m if o,,(a) = ¢(m). We will be able to classify for which
m does a primitive element mod m exist later. For example, they always exist if m = p is a prime. On the
other hand,

og(l) =1 and 08(3) = 0s(5) = 0s(7) = 2, but d(8) =4.

Our next goal is to prove the infinitude of primes = 1 (mod m) for some fixed m > 2. In light of
Corollary 4.4, we need to find some criterion that p has to satisfy in order for there to exist some a € Z with
op(a) = m. In the case m = 4, we saw that if a> = —1 (mod p), then o,(a) = 4. So by using the polynomial
f(z) = 2% + 1, we see that if p is an odd prime divisor of f(a), then o,(a) =4 and so p=1 (mod 4).

Our next task is: For any m > 2, find a polynomial f(z) with coefficients in Z such that if p | f(a),
then op(a) = m and so p =1 (mod m).

Lecture 9 Mon 09,23
D, ()
Primes =1 (mod ¢) where ¢ is a prime
Suppose now a is an integer such that a? = 1 (mod p) and a # 1 (mod p). Then o,(a) | ¢ and o,(a) # 1.
So op(a) = ¢ and ¢ | p— 1. In terms of division, we have
plal—1, pta—1.
So p divides the quotient a?~! +a972 4+ ... 4+ 1. We define the ¢-th cyclotomic polynomial to be

xz?—1
Og(a) = ——F ="+ 2t L

Proposition 4.7 Let g be an odd prime. If p is a prime divisor of ®4(a) for some integer a, then p = 1
(mod q) orp=gq.
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Proof: Since ®,(a) | a? — 1, we have p | a? — 1. So o,(a) | ¢ by Proposition 4.3. If o,(a) = 1, then a =1
(mod p) and
P, (a) =171+ +1=q (modp),

which implies that p | ¢ and so p = ¢. If 0,(a) = ¢, then we have p =1 (mod ¢) by Corollary 4.4. O
We can remove the possibility of p = ¢ by taking ®,(ga) =1+ ga(---). Note that
ged(a, @4(ga)) = ged(a, 1+ ga(--+)) = ged(a, 1) = 1.
Then we take the sequence a; = ®4(¢) and
ant+1 = Py(garas - - - ay).
Then:
(a) Each a,, > 2 and any prime divisor of a,, is =1 (mod q);
(b) The a,,’s are pairwise coprime.

Therefore, we get infinitely many primes =1 (mod q).

Exercises

4.1 Use the polynomial n? + 4, and a small modification, to prove that there are infinitely many primes of
the form 8k + 5.

4.2 Let h(x) is a polynomial with integer coefficients with hA(0) = 1. Prove that the sequence defined by
ay =1 and a;11 = h(ajas - - - a;) for i > 1, consists of pairwise coprime integers.

4.3 Let h(x) = ax + b where a,b are coprime integers. Prove that the sequence defined by a; = 1 and
ai+1 = h(ajas -+ - a;) for i > 1, consists of pairwise coprime integers.

4.4 Prove that there does not exist a non-constant polynomial h(z) with integer coefficients such that h(n)
is a prime for all integers n.

4.5 Prove that 22" — 1 has at least n + 1 distinct prime divisors when n > 6.
4.6 Prove that ¢(m) is even for any integer m > 3. (Note that ¢(1) = ¢(2) = 1.)

4.7 Let ¢ > 3 be a prime. Prove that there does not exist integers z, y such that 29~ '+ .. 4z +1 = y772 -1,

5 Cyclotomic polynomials and primes =1 (mod m)

Suppose now m is a positive integer, that is not necessarily a prime. We want to prove that there are
infinitely many primes = 1 (mod m). Recall that our strategy: find a polynomial f(z) with coefficients in
Z such that if p | f(a), then o,(a) =m and so p =1 (mod m).
Let’s try some small values to see what they should be. When m = 6, we should remove solutions
to 22 — 1, as they have order dividing 2, and 23 — 1, as they have order dividing 3, but
20 —1 26 —1

(2 =1)(23—-1) ad—a3—22+41

isn’t a polynomial. The problem is that when we remove the solutions to 22 — 1, we have already removed
the solution to  — 1, so we shouldn’t remove it again from 22 — 1. In other words, we should take
20 —1 2341

R Y (i) Bl B
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What about something more complicated like ®195(z)? Using the same “inclusion-exclusion sieve”, we should

take (0% — 1) (2% — 1)(2® — 1) (27 — 1)
(@15 — 1) (221 — 1)(2% — 1)(z — 1)

It seems quite random that it is actually a polynomial. We need a better definition that is easier to work
with. One thing to note is that we seem to have forgotten about the prime p. So let’s forget it completely
and think in C.

We deﬁne the order o(z) of some complex number z € C similarly as the smallest positive integer d
such that 2% = 1, if it exlsts For example, o(i) = 4. What are all the complex numbers z with o(z) = 47
They must be roots of % = 1, which are +1 and +i. We have o(1) = 1, o(—1) = 2, o(4i) = 4. The
polynomial 22 + 1 that we used to prove the infinitude of primes = 1 (mod 4) factors as

S SN VoL T

P1o5(x) =

2241 = (z—i)(z—(—i)).

Let’s try this with an arbitrary m > 2. What are all the complex numbers z with o(z) = m? They
must be roots of ™ = 1, which are given by (¥ for k = 1,2,...,m where (,, = €2>™/™. In HW4, you will

prove that
k m

olCm) = ged(m, k)

I will give a “proof” by example. Let’s find o((S3,,). That is, we want the smallest positive integer d such
that ¢§3¢, = 1. Note that

. d
S =1 = I =1 %ez < 2024|69d <= 88]3d.
Here 88 = 2024/23 and 3 = 69/23. Since gcd(88,3) = 1, we have 88 | 3d if and only if 88 | d by Corollary
1.11. So the smallest positive d is 88.
We see now that o(C* ) = m if and only if ged(k, m) = 1. We define the m-th cyclotomic polynomial

D, (x) as
ux)= ] @-¢)= [ @-2).
1<k<m o(z)=m
ged(k,m)=1

For example, we can write down the first few ®,,(z):

O(zr) = z-1

Oy(z) = z41

By(r) = (I—Cg)(z—gg):xg:ll =2?+a+1

Py(x) = (z—i)(z+i)=2"+1

By(@) = @-G)r- D -Da-d) =L — ettt a1
(z) = (x—(o)(w—¢) =2 —x+1

Br(z) = il S S SR S S

r—1
Note that ¢ = (3 and (§ = (o = —1, we have
2®—1 = (z-Co)lz— (F)(a—

(
= (I_CG)('T_<6)(
q)ﬁ( )(I);g i I

== )@ — )
— ()@ = ) (w+ 1) (z—1)
) @1 (z).

This is not a coincidence!
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Proposition 5.1 Let m € N. We have the factorization

2™ —1= H Dy(x).

dlm

Proof: By the definition of the cyclotomic polynomials, we have

H@d(m):H H (x—2) = H (x — 2).
dlm

dlm o(z)=d o(z)|m

On the other hand, if z € C such that o(z) | m, then 2™ = 1; and if 2™ = 1, then o(z) | m (by writing z = ¢¥,
and using the above, or by using an argument similar to the proof of Proposition 4.3). In other words, the
complex numbers with order m are exactly the roots of £ — 1, which are all distinct. Hence we have

2 —-1= H (x—z)zH@d(x)
o(z)=m dlm

as desired. 0

Corollary 5.2 Let m € N. Then m = Z o(d).

dlm

Proof: Take degrees, noting that deg(®4(x)) is the number of £k = 1,2, ..., d such that ged(k,d) = 1 and so
deg(®a(z)) = ¢(d). O

Corollary 5.3 Let m € N. Then ®,,(z) is a polynomial with integer coefficients. Moreover, ®1(0) = —1
and ©,,(0) =1 for m > 2.

Proof: We prove by induction on m. We have ®;(x) =z — 1. Suppose now m > 2. We know that

2" —1=®p(z) i(z) [[ Palz)=Tm(z)-(x—1) [ Pal@).
d| dlm
l1<d<m l<d<m

By induction, each of the ®4(x) for d < m is a monic polynomial with integer coefficient and so is their
product. Therefore, so is the quotient of ™ — 1 by it by long division of polynomials. Also by induction,
we have ©4(0) =1 for 1 < d < m. So setting x = 0 gives ®,,(0) = 1. O

Remark: There is a more direct proof of ®,,(0) = 1 for m > 2. Let S be the set of integers 1 < j < m/2
that are coprime to m. Then the set of integers m/2 < k < m coprime to m are all of the form m — j for
some j € S. If m/2 is an integer, then it is at least 2 and divides m, so it is not coprime to m. Now

@, (0) = [[ (-G (=) = 1.

JjES

Lecture 10 Wed 09/25

Division properties of ®,,(z)

Proposition 5.4 Let m € N and let n > 1 be an integer coprime to m. Let a € Z with n | ®,(a). Then
on(a) =m.

Proof: We write 2™ — 1 as F'(z)®,,(z) where F(x) € Z|[x] is the product of ®4(x) over all positive integers
d | m with d < m. Then ®,,,(a) | a™—1 and we have n | a™ —1. Hence o, (a) | m. Suppose for a contradiction
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that £ := o,(a) < m. Then we have n | a* — 1. Since ¢ | m and £ < m, we know that any divisor of £ is a
divisor of m and is less than m. In other words,

F(z) =[] ®a(2) - [] alz) = (=* ~1)G(x)
d|e dlm
d;;n

for some G(x) € Z[x]. We thus have the factorization
a™ —1=(a*—1)®,,(a)G(a).

Fix some prime p dividing n, which exists since n > 1. From p | n and n | ®,,(a), we have p | ®,,(a) and so

vp(a™ —1) = vy(a® = 1) + vy (.0 (a)) + v, (G(a)) > vp(a® —1).
Since ¢ | m, we write m = (k for some positive integer k. Since n and m are coprime, we have p { k. Hence
by LTE (Lemma 3.8) and p | a* — 1, we have v,(a™ — 1) = v,(a’ — 1). Contradiction. O
Corollary 5.5 Let m € N. Let a € Z. Let p be any prime divisor of ®,,(a). Then either p | m orp =1
(mod m).
Proof: If p | m, then we are done. If p t m, then p is coprime to m and so by Proposition 5.4, we have
op(a) = m which implies p =1 (mod m) by Corollary 4.4. O
Corollary 5.6 Let m € N. Let a € Z. Let p be any prime divisor of ®,,(ma). Then p =1 (mod m).

Proof: Since the constant term of ®,,(x) is +1, we see that ged(m, @,,(ma)) =1 and so p t m. O

Theorem 5.7 Let m € N. There are infinitely many primes = 1 (mod m).

Proof: Since ®,,(z) is monic, we know that ®,,(x) — oo as x goes to infinity. Let N be a large integer
such that ®,,(xz) > 1 for all z > N. We now construct the sequence by taking a; = N and

ant1 = P (Nmaqag - - - ay).

Then we have a sequence of pairwise coprime (because the constant term of ®,,(z) is 1) integers at least
2, each having only prime divisors congruent to 1 mod m. O

It makes one wonder for which coprime positive integers a and m does there exist a Fuclid type
proof for the infinitude of primes congruent to a mod m. All of these proofs lead to the construction of an
Euclidean polynomial for @ mod m: a polynomial h(z) with integer coefficients such that the prime divisors
of h(n) for integers n (either belong to a fixed finite set, or) are 1 mod m, or are a mod m; and that infinitely
many primes that are ¢ mod m arise this way.

Theorem 5.8 A Euclidean polynomial for a mod m exists if and only if a> =1 (mod m).

Schur (1912) proved the backwards direction and Murty (1988) proved the forwards direction. For
example, this implies that there are no Euclid type argument for the infinitude of primes of the form 5k + 2.
Here are some Euclidean polynomials in small moduli:

(a) Primes dividing 5(2n)? — 1 are congruent to 1 or 4 mod 5.
(b) Primes dividing 2n? + 1 are congruent to 1 or 3 mod 8.

(c) Primes dividing 2n? — 1 are congruent to 1 or 7 mod 8.
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(d) Primes dividing (7n)3 + (7n)? — 2(7n) — 1 are congruent to 1 or 6 mod 7.
(e) Primes dividing (3n)3 — 3(3n) — 1 are congruent to 1 or 8 mod 9.

Statements (a) - (c) are results in Quadratic Reciprocity. Statement (d) and (e) use the theory of finite fields.
Schur’s result uses the theory of field extensions and Galois theory. Murty’s result is about the splitting
of primes and uses Chebotarev’s density theorem, which is ironic because it is actually a generalization of
Dirichlet’s result on primes in arithmetic progression!

Here is a preview of what quadratic reciprocity says. Let’s consider statement (a). Let p be an odd
prime. Then statement (a) (ignoring the factor of 2) says that

Ine€Z,p|in®—1 <= p=1,4 (mod}5).

Now
plin*—1 <= 5n’ =1 (modp) <= (5n)?=5 (mod p).

In other words, p is a prime divisor of 5n% — 1 for some integer n is equivalent to 5 being a square mod p.
On the other hands, the squares mod 5 are exactly 0,1,4 as 12 = 4? = 1 and 22 = 3% = 4. Since 51 5n? — 1,
we may ignore the case p = 5. Hence, we can rephrase the above as: if p # 5, then

5is a square mod p <= p is a square mod 5.

Exercises

5.1 Compute ®g(z) and find a polynomial f(z) such that z3f(z + 271) = ®g(z).
5.2 Prove that for any k € N, we have &gk (z) = 2241

5.3 Prove that for any & € N, we have ®zx(x) = 2237 3

5.4 Prove that for any h,k € N, we have ®ong(z) = 223" — 22" 3" 41,

5.5 Suppose q € N such that ®,(x) = 2* + cz® + 1 for some nonzero integer ¢, where s = ¢(q)/2. Prove
that ¢ = £1.

5.6 Prove that if p is a prime at least 5, then there exists a polynomial h(x) with integer coefficients such
that 2%? + 2P + 1 = (2% + 2 + 1)h(z).

5.7 We will see later that the cyclotomic polynomials ®,(z) are all irreducible in the sense that they do not
admit a factorization into a product of polynomials with integer coefficients with smaller degrees. You
will prove in HW 3 that ®, () is reciprocal in the sense that ®,(z~1) = =@ ®,(2). Prove that if ®, ()
is a trinomial, that is of the form z#(9) 4 cz® + 1 for some nonzero integers ¢, s, then ¢ = 2"3* for some
non-negative integer h and positive integer k.

5.8 Using the fact that primes dividing 2n? 4 1 are congruent to 1 or 3 mod 8, prove that there are infinitely
many primes of the form 8k + 3.

Lecture 11 Fri 09/27
Rings

6 Abstract Algebra

We have seen so many beautiful results about the integers and if you think about it, everything really just
boils down to addition and multiplication, and a notion of size. The sets Q, R, C or the sets of polynomials
with coefficients in them also have addition and multiplication and a notion of size. Can we try defining
primes and ged and do all of the above? For example, what should a prime in R mean, what should a prime
in R[z] mean?
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The key in defining a prime is the notion of divisibility. We say a | b in Z if b = ka for some k € Z.
The natural extension to R would be that a | b in R if b = ka for some k € R. This is a little silly because
we can divide in R so if a # 0, then by taking k = b/a, we have b = ka. This is more meaningful in R[z]
where we say a | b in R[z] if b = ka for some k € R[z]. Then we have non-divisions like x + 11 2% + 1. Note
that the definition of division only uses multiplication.

In abstract algebra, we step away from numbers and consider any set for which arithmetic operations
like addition and multiplication can be defined.

Definition: A commutative ring R is a set equipped with two binary operations:
(a,b) = a+b: Rx R— R, (a,b) = ab: Rx R — R,
one unary operation:
a—~—a:R—R

and two nullary operations:
0€R, 1€eR, with 0#1

such that the usual laws of arithmetic hold:

1) (Commutative) a +b = b+ a and ab = ba;

2) (Associative) a + (b+¢) = (a 4+ b) + ¢ and a(bc) = (ab)c;

4

(1) (

(2) (

(3) (Distributive) a(b+ ¢) = ab + ac;

(4) (Additive identity) a + 0 =a and a + (—a) = 0;
() (

5) (Multiplicative identity) a -1 = a.

Remark: More generally, we do not assume multiplication to be commutative (for example matrix multi-
plication is not commutative) in which case we will add (b+ ¢)a = ba + ca to (3) and 1-a = a to (5). All
rings are assumed to be commutative in this class.

We do not assume that a multiplicative inverse a~! always exist. We say a | b in R if there exists
k € R such that b = ka. If a | 1, that is if ab = 1 for some b € R, then we say a is a unit and write b = a~*.
We define the group of units as
R*={a€R:3be R,ab=1}.

The set Z of integers with the usual 0,1, +, X, — is a commutative ring. An integer a € Z is a unit
if and only if a | 1 if and only if a = £1. So Z* = {1, —1}.

The sets Q, R, C with the usual operations are all commutative rings. Every nonzero element is a
unit. A commutative ring R is field if R* = R\{0}.

A commutative ring is an integral domain if the product of two nonzero elements is nonzero. In
other words, a # 0 and b # 0 = ab # 0. Equivalently, ab =0 = a = 0 or b = 0. The ring Z of integers is an
integral domain that is not a field. The rings Q, R, C are both integral domains and fields.

Lemma 6.1 Let R be a commutative ring.

(a) For any a € R, we have a-0=20, a-(—=1) = —a and —(—a) = a. In particular, 0 ¢ R*.
(b) If a,b € R*, then ab € R* and a~! € R*.

(¢) If R is a field, then R is an integral domain.
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Proof: Let a € R be arbitrary. Thena-04+a-1=a-(0+1) =a-1. Then

a0 = a-0+(a-14(—(a-1)))
= (a-0+a-1)+(—(a-1))
= a-14(—(a-1))
= 0.

Froma-(-1)4+a-1=a-(-1+1)=a-0=0,we get a-(—1) = —(a-1) = —a by adding —(a - 1) to both
sides. Finally, from a+ (—a) = 0, we add —(—a) to both sides to get a = —(—a). Note that 0 is never a unit
because for any b€ R, 0-b=0 # 1.

Suppose now a, b are units. Then ab(b~ta™!) = a(bb~')a~! = aa=! = 1. Hence ab is a unit. From
aa~! = 1, we also see that a=! € R* and (a¢=!)~! = a. Suppose now R is a field. Then the product of
two nonzero elements (which are automatically units) is a unit, which is never 0. Hence, R is an integral
domain. O

To give an example of a ring that is not an integral domain, we consider
R=7ZxZ={(a,b): a,b e Z}.
We take (0,0) to be Og and (1,1) to be 1z. We define addition and multiplication coordinate-wise:
(a,b) + (¢,d) = (a+ ¢, b+ d) and (a,b) - (¢,d) = (ac, bd).
Then negation is given by —(a,b) = (—a, —b). We note that R is not an integral domain because
(1,0) - (0,1) = (0,0).
In general, if Ry and Ry are two rings, we can define a ring structure on the Cartesian product
Rix Ry ={(a,b): a € Ry,b€ Ry}

exactly as above. It will not be an integral domain.
It is possible to define a ring structure on Z x Z that makes it an integral domain. We write S = ZXZ
and define

0s =

0,0)
1,0

—
%)

9

(a,b) + (¢, d
(@,b) - (c.d
—(a,b

One can check that all the ring axioms are satisfied. For example

ac — bd, ad + be)

(
(
= (a+c,b+d)
(
(—a,—b).

— — —

(a,b)-(1,0) = (a-1—b-0,a-0+b-1) = (a,b).

In particular, we see that (1,0)-(0,1) = (0,1) # (0,0). Let’s prove that S is an integral domain. Suppose
(a,b) - (¢,d) = 0 and both (a,b) and (¢, d) are nonzero. Then

ac—bd = 0,
ad+bc = 0.
Multiply the first equation by ¢ and the second by d and add them: a(c?+d?) = 0. Since ¢ and d are integers

not both 0, we have ¢ + d? # 0. So a = 0. Then from bc = bd = 0, we get b = 0. This contradicts the
assumption that (a,b) # (0,0).
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Lecture 12 Mon 10/02

homomorphism, characteristic
What really is happening in this example? We write suggestively ig = (0,1). Note that
iz =(0,1)-(0,1)=(0-0-1-1,0-14+1-0) = (~1,0) = —1g.

Moreover, for any positive integer n and (more generally) any element r of a ring R, we write nr for the
sum of n r’s and (—n)r for the sum of n —r’s. In this example, we have n(a,b) = (na,nb) so every element
(a,b) € S can be expressed as

(a,b) = a(1,0) + b(0,1) = alg + bis.

Then by distributivity, we can compute multiplication as
(a,b) - (c,d) = (alg + big)(clg + dis) = aclg + bcig + adig + bdi% = (ac — bd)1g + (ad + be)is.

This looks like the multiplication of complex numbers! In fact, we can define a map f : S — C by
f(a,b) = a+ bi. Then we have

f(0s) 0
f(ls) = 1
flis) = i
f((a,b) - (e;d)) = f(a,b)f(c,d)
f((a,b) + (c,d)) = f(a,b) + f(c,d).

The image of f is the set of Gaussian integers
Zji)={a+bieC:abeZ}.
In general, a ring homomorphism is a map f : Ry — Ry between two rings R;, R such that for any a,b € Ry,

fla+b) = fla)+ f(b),  flab) = f(a)f(b),  f(1)=1.

Take a = b =0, we get f(0) = f(0) + f(0) and so f(0) = 0. Then take b = —a to get f(—a) = —f(a). The
assumption f(1) = 1 is required to rule-out the 0 map. In other words, a ring homomorphism respects all
the ring operations on R; and Rs.
The natural inclusions Z — Q — R — C are all ring homomorphisms. They are all injective. Is the
map f : C — R taking a complex number a + bi to its real part a a ring homomorphism?
Does
there exist any ring homomorphism C — R?

Lemma 6.2 Let Ry, Rs, R3 be commutative rings.

(a) The projection map Ry X Ry — Ry sending (a,b) to a is a ring homomorphism. Similarly for the
projection map Ry X Ry — Ry sending (a,b) to b.

(b) If f : Ry = Rs and g : Ry — R3 are ring homomorphisms, then gof : Ry — R3 is a ring homomorphism.
Proof: Just check definitions. Write 7y (a,b) = a. Then m(1,1) = 1 and

m1((a,b) + (e,d)) =mi(a+c¢,b+d) =a+ c=mi(a,b) + m1(c,d)
and

m1((a,b) - (¢,d)) = 71 (ac,bd) = ac = 71(a, b)m (¢, d).
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Similarly for mo(a,b) = b. For (b), we use the subscript 1,2,3 to denote the operations in Ry, Ry, R3. Then
go f(11) = g(12) = 13. For a,b € Ry, we have

go fla+1b) =g(f(a)+2 f(b)) = g(f(a)) +3 g(f(b))

and
go flaxib)=g(f(a) x2 f(b)) = g(f(a)) x5 g(f(b)).

Hence g o f is a ring homomorphism. O

Lemma 6.3 Let R be a commutative ring. There is a unique ring homomorphism f : Z — R (called the
canonical homomorphism,).

Proof: Any ring homomorphism f : Z — R must send the integer 1 to the element 1. Since it behaves well
with addition, it will then send any integer n, viewed as a sum of 1’s, to n - 1z. Hence this map is unique.
Conversely, that map f sending n to n - 1 is a ring homomorphism since

fn)-f(m)=QAr+ - +1g)-(Ig+---+1gr) = (g + -+ 1g) = f(nm)

n m nm

Fn) + £Gm) = (n+ -+ 1)+ (Ln+ -+ 1g) = (Ln + -+ 1g) = fln+m)
n m n+m

and certainly f(1) = 1g. O

If this map f is injective, then we say that the characteristic of R is 0. In all the examples
(2,Q,R,C,Z x Z,Z][i]) we saw, the characteristic is 0. If f is not injective, then there is some nonzero
integer a such that f(a) = 0. Now f(—a) = —f(a) = 0, so we may assume a is positive. The smallest
positive integer d such that f(d) = 0 is the characteristic of R.

For any integer m > 2, there is a ring of characteristic m. Namely, Z/mZ = {0,1,...,m — 1}. We
define 0 = 0 and 1 = 1. We define addition and multiplication by the usual addition and multiplication
and then applying the division algorithm to find the remainder by m. For example, in Z/69Z, we have
25 x4 = = 31. Note also that 23 x 3 = 0 in Z/69Z but 23 and 3 are nonzero.

Lemma 6.4 If R is an integral domain, then its characteristic is either O or a prime.

Proof: Suppose the characteristic d of R is positive. Let ¢ be a positive divisor of d so d = gk for some
k € N. Then f(q)f(k) = f(d) = 0 where f : Z — R is the canonical homomorphism. Since R is an integral
domain, either f(¢) =0 or f(k) = 0. Note that ¢ < d and k < d. Hence by minimality of d, we have ¢ = d
in the first case, and k = d so ¢ = 1 in the second case. Hence we have shown that the only positive divisors
of d are 1 and d. In other words, d is a prime. O

The converse is certainly not true because Z x Z is a ring of characteristic 0 but is not an integral
domain, and Z/pZ x Z/pZ is a ring of characteristic p but is not an integral domain.

Lecture 13 Wed 10/04
Z/mZ part 1, Chinese remainder theorem
We play more with the ring Z/mZ and recover some of the results in congruence arithmetic.
Question 1: What are the units of Z/mZ?

Let’s consider Z/69Z. Is 1 a unit? Is 2 a unit? Can
we find some x € {0,1,..., 68} such that the remainder when 20 is divided by 69 is 17 This is like solving
the congruence equation

2ce =1 (mod 69).
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By observation, we see that = 35 works. So 27! = 35. What about 37 Can we solve 3z = 1 (mod 69)7
That is, we want 69 | 3z — 1. So 3z — 1 = 69y for some integer y. Rearranging gives 3z — 69y = 1. However,
ged(3,69) = 3 divides every integer of the form 3x — 69y, so it can’t ever be 1. Hence 3 is not a unit in
Z/69Z. In general, in order for a to be a unit in Z/69Z, we need there to exist integers x and y such that

ar — 69y = 1.

We know this is possible if and only if ged(a,69) = 1. Hence
(2/692)* ={a=0,1,...,68: ged(a,69) = 1}.

Replacing 69 by m gives:
Lemma 6.5 For an integer m > 2, we have (Z/mZ)* = {a =0,1,...,m —1: ged(a,m) = 1}. Its size is
¢(m).
Corollary 6.6 For an integer m > 2, Z/mZ is a field if and only if m is a prime p. We also denote Z/pZ
by Fp.
Proof: By definition, Z/mZ is a field if and only if every nonzero element is a unit if and only if ged(a, m) = 1
for every a = 1,2,...,m — 1 if and only if m is a prime. O
Question 2: When does there exist a ring homomorphism Z/mZ — Z/nZ?

Is there a ring homomorphism [ : Z /697 — 7./277 1t should send 1 to 1; then2=14+1to1+1=0
in Z/2Z; then3=1+14+1to1+1+1=11in Z/2Z. Continue on, we see that it should send every even
number to 0 and every odd number to 1. Now f(68) =0 and f(1) = 1. In Z/69Z, we have 68 + 1 = 0, but

f(68)+ f(1)=04+1=1+# f(0) = f(68+1).
Hence there is no ring homomorphism 7Z/69Z — Z/27Z. What about 7/697 — 7/377 Simply taking
the remainder by 3 gives a map ¢ : Z/69Z — Z/3Z. To check that it is a ring homomorphism, we take
a,be {0,1,...,68}. We write a + b = 69¢ + r with remainder r € {0,1,...,68}. Then a + b = r in Z/69Z.
Now
a=g(a) (mod 3), b=g(() (mod 3), r=g(r) (mod 3).
From a + b = 69q + r, we have
a+b=r (mod 3) and so g(a) +g(b) =g(r) (mod 3).
The formula g(a)g(b) = g(ab) (mod 3) can be checked in the same way. The key here is that 3 | 69.

Lemma 6.7 Let R be a commutative ring of characteristic d > 0. Let f : Z — R be the canonical homo-
morphism. Then f(n) =0 if and only if d | n.

Proof: If d | n, then n = dk for some integer k and we have f(n) = f(d)f(k) = 0. Suppose conversely that
f(n) = 0. Applying the division algorithm to n divided by d gives n = dq + r for some integers ¢, with
0 <r<d. Then f(r) = f(n) — f(d)f(¢) = 0. Since d is the smallest positive integer such that f(d) = 0 and
r < d, we see that r can’t be positive and so r = 0, implying that d | n. O

Corollary 6.8 For integers m,n > 2, there exists a ring homomorphism Z/mZ — Z/nZ if and only if

Proof: Suppose a ring homomorphism Z/mZ — Z/nZ exists. Consider the composition
h:Z — Z/mZ — Z/nZ.

By uniqueness, h is the canonical homomorphism Z — Z/nZ. Note that h(m) = 0 since m goes 0 in Z/mZ.
Hence by Lemma 6.7, we have n | m since Z/nZ has characteristic n.
The converse direction where n | m follows exactly as the example of 3 | 69 above. O

Question 3: What does the Chinese Remainder Theorem say?
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Theorem 6.9 (Chinese Remainder Theorem) Let m and n be coprime integers. Let a and b be integers.

Then there exist a unique integer x = 0,1,... mn — 1 such that
x=a (mod m)
=b (mod n)
Proof: Exercise/Look it up! A more general version of this will be discussed later. O

Since m | mn and n | mn, we have a ring homomorphism

Z/mnZ — Z]mZ X 7/nZ

xz +— (z mod m,x mod n).

Then the Chinese Remainder Theorem is really saying that this ring homomorphism is bijective: injective
(different elements map to different things) and surjective (the image is everything). An isomorphism is a
ring homomorphism that is bijective. We say two rings Ry and Ry are isomorphic if there is an isomorphism
between them and we write Ry = R. In this case, we have

Z/mnZ = Z/mZ x Z/nZ.

We can continue breaking off coprime factors. More generally, let

k kr
m:pll...pr

be the prime factorization of m, then we have
Z/mZ = Z[pMZx - xL/pk 7

(Z/mZ)X =~ (Z/p’flz)X X (Z/pjfrz)X

Corollary 6.10 Let m € N with prime factorization plfl o pfr. Then

T

¢(m) = ﬁ (o) Zml—n{ (1 - ;) :

i=1

Proof: We have ¢(m) = [],_, d)(pf@) It is easy to see that for any prime p and positive integer k, ¢(p*)

p¥ — pF~1 since there are p*~! numbers in 0,1,2,...,p* — 1 that are divisible by p. O

Lecture 14 Fri 10/06
Z./mZ part 2, Fermat’s little theorem

Question 4: What about Fermat’s little Theorem?
Lemma 6.11 Let R be a commutative ring. Let a € R.

(a) The map x — x + a defines a bijection R — R.

(b) The map x — xa is a bijection R — R if and only if a € R*.

Proof: The map x + x + (—a) is the inverse of z — z + a. If a € R, then z — za~! is the inverse of
x — xa. Conversely, if z — xa is surjective, then ba = 1 for some b € R and so a € R*. O

Corollary 6.12 Let R be an integral domain. Suppose R is finite. Then R is a field.
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Proof: Let a be a nonzero element. Then for any x # y, we have z —y # 0 and so (z — y)a # 0, implying
that za # ya. So the map x — xa : R — R is injective. An injective map between two finite sets of the
same size is surjective (by the Pigeonhole principle) and so bijective. Hence a is a unit. O

For a finite ring R, we define its order |R| to be the number of elements of R.
Theorem 6.13 Let R be a finite commutative ring. Let a € R.
(a) Then |R|-a=0. In particular, the characteristic of R divides |R)|.
(b) If a € R*, then al®"l =1.

Proof: Let n = |R| and let rq,...,r, denote all the elements of R. Then r; +a,72 +a,...,7, +a is a
permutation of 1,73, ..., 7, since x — x + a is a bijection. Hence

(rm+a)+-—+@nt+ta)=ri+-+r,.

Cancelling the 71 + - -+ + 7, from both sides gives na = 0. Applying this to a = 1g gives f(n) = 0 where
f:7Z — R is the canonical homomorphism. We then have the characteristic of R dividing n by Lemma 6.7.

Statement (b) follows by essentially the same argument. Let ¢t = |R*| and let sy,...,s; denote all
the elements of R*. Suppose a € R*. By Lemma 6.1, we know that each asy,...,as; is a unit and by
Lemma 6.11, we know they are all distinct, and so they are a permutation of s1,...,s;. We now multiply
them to get

alsy 54 =515

Cancelling the s1 - - - s; from both sides by multiplying by s; ... 31_1 gives a’ = 1. O

Corollary 6.14 (Euler’s Theorem, Fermat’s little Theorem) Let m € N. Let a be an integer coprime to m.
Then a®™ =1 (mod m). If m = p is a prime and p{ a, then a?~* =1 (mod p).

We write oy (a), the additive order of a in R, for the smallest positive integer d such that da = 0.
Then by a standard division algorithm argument (see for example the proof of Proposition 4.3), we have
o4 (a) | |R|. We write o(a), the order of a in R, for the smallest positive integer d such that a? = 1 if
a € R*. Then o(a) | |R*|.

Question 5: When is a ring isomorphic to Z/mZ?

When thinking about isomorphic rings, we should think of them as essentially the same thing
but labelled differently. So what are some intrinsic properties of Z/mZ? It was introduced as a ring of

characteristic m. In other words, none of Og, 15,2 - 1g,...,(m — 1) - 1g equals Og but m - 1z = Og. Note
that this also implies that if 0 <i < j <m —1, then ¢-1g # j - 1g, for if otherwise, (j —4) -1z = Og and
1 < j—1i < m. Hence, for a ring R of characteristic m, the m elements Og,1g,2-1g,...,(m —1) -1 are

distinct. In the case of Z/mZ, these are all the elements.

Proposition 6.15 Let m > 2 be an integer and let R be a commutative ring with characteristic m. Then
the following are equivalent:

(a) The canonical map [ : Z — R is surjective;
(b) ‘R| =m;
(¢c) R=Z/mZ;

Proof: From the above discussion, we see that the image of f is exactly the set {Og, 1g,2-1g, ..., (m—1)-1g}
of m elements. Hence f is surjective if and only if these are all the elements of R if and only if |R| = m.

It is easy to check that the map g : Z/mZ — R sending a = 0,1,...,m — 1 to a - 1g is a ring
homomorphism (similar to the proof of that a — a mod 3 is a ring homomorphism Z/69Z — Z/3Z), and
injective by the above. It is surjective if and only if |R| = m. O
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Corollary 6.16 Let R be a commutative ring of order p where p is a prime. Then R = Z/pZ =T,

Proof: By Theorem 6.13, we know that the characteristic of R has to divide p, and so equals p since p is a
prime. Then by Proposition 6.15, we have R = Z/pZ. O

Since we assumed that 0 # 1 in a ring, every ring has size at least 2. Corollary 6.16 then implies
that there is only one commutative ring, up to isomorphism, of order 2 (Z/2Z = Fq), of order 3 (Z/3Z = F3),
of order 5 (Z/5Z = Fs), of order 7 (Z/7Z = F7). What about rings of order 4 or 67 There are at least 2
non-isomorphic commutative rings of order 4, namely Z/27Z x Z /27 and Z/4Z. The former has characteristic
2 while the latter has characteristic 4. If we try the same with 6, we will have Z/2Z x Z/3Z and Z/6Z,
but we know they are isomorphic by the Chinese Remainder Theorem. You will prove in HW 5 that if
m is squarefree (so that it is not divisible by p? for any prime), then any commutative ring of order m is
isomorphic to Z/mZ. This applies to rings of order 6.

For rings of order 4, there are two more! We will in fact be able to generalize this to rings of order
p? for any prime p. In this case, one can actually brute-force it.

Let R be a commutative ring of order 4. Let’s write R = {0, 1, o, 8}. The first main branching point
is whether 1+ 1 € {0,1}. Suppose first that 1+ 1 ¢ {0, 1} and we write without loss of generality 1+ 1 = a.
What is 1+ « in this case? We know it can’t be 1 or . If 1 4+« = 0, then this forces 1+ 8 = 5 which is not
possible. Therefore, we must have 1 +« = f and 1 4+ 8 = 0. In other words, a =14+ 1land f=1+1+1
and so the canonical homomorphism Z — R is surjective, implying that R = Z/47Z.

Suppose now 1+ 1 € {0,1}, and so 1 + 1 = 0. Note that we must have « + o« = (1 + 1) = 0. The
addition table is now uniquely determined.

+ 101 ]|al|p X110l 1| al|p Xo |0 |1 | al|p X3 | 0|1 |a|p
00| 1]|a|p 0 ]0|]0O]0O]O0 0 ]0jO0O]O0]O 0 |0]O0O]O0]O
111]0]|A3a 1|01l ]alB 1 o1 3 L |01 ]|alB
a|lal |01 a |0]la| 0]« a |0|lalal|0 a |[0la|pg |1
BB |lal|l1]0 B 10| B8 |al|l B 10 B|0|08 B 10|81 |«

There are now multiple options for the multiplication table. We note that it is determined by a? as
af=ala+1)=ao*+a, fr=(a+1)?=a+1.

There are now three isomorphism classes. If a? € {0, 1}, then either a® = 0 or 32 = 0 and so by renaming,
we may assume o = 0 and we get the ring Fa[z]/(2?). If a® = «, then we get the ring Falz]/(2? — z). If
a? = f3, then we get the ring F,. We list the special property that they each have to show that they are all
non-isomorphic.

1. Z/4Z has an element a such that a + a # 0.
2. Fy[z]/(2?) has a nonzero element a such that a? = 0.
3. Fa[z]/(2? — x) has the property that every element a is idempotent, that is a® = a.
4. Fy4 is an integral domain (and also a field).
Lecture 14.5 (Tutorial) Fri 10/06
What are real numbers?

Have you ever lay awake at night and wondered what really are real numbers and how does arithmetic
work with them? For example, we learned in grade school how to add two numbers like 69 and 420, but
what about irrational numbers like 7 and e?

69 3.1415926535897932384626433832795 . ..
+ 420 +  2.7182818284590452353602874713527 . ..
489

38



If we start adding from the first digits, how do we know we won’t run into a sequence of 9’s and then have
to carry a 1 at some point? In this tutorial, I will define real numbers properly and prove that they form a
field!

We start with the notion of equivalence relations. We have already seen this in the first tutorial. Let
S be a set and we say a relation ~ between elements of S is an equivalence relation if for every a,b,c € S:

o (Reflexive) a ~ a
o (Symmetric) if @ ~ b, then b~ a
o (Transitive) if a ~ b and b ~ ¢, then a ~ c.

For example, equality, congruence mod m, ring isomorphisms for some fixed set of rings are all equivalence
relations. Given an equivalence relation, there is a well-defined notion of equivalence classes. For any a € S,
we define the equivalence class containing a as

[a] ={be S:a~b}
For example, for equality, we have [a] = {a}; for congruence mod m, we have
[a|={b€Z:a=b (mod m)}={a+md:deZ}.
Note that a more precise definition of Z/mZ is the set {[0], [1],.. ., [m — 1]} with
[a] + [b] = [a+ D] and [a] - [b] = [ab].

Note that a € [a] since a ~ a. If b € [a] N [¢], then b ~ a and b ~ ¢, which implies that a ~ ¢. Then for any
d € S, we have d ~ a if and only if d ~ ¢. So [a] = [¢]. In other words, equivalence classes are either equal
or disjoint.

Next we recall the definition of a Cauchy sequence from MATH 147. A Cauchy sequence (x,,), in
Q is a sequence where z,, € Q and for every € > 0, there is some N € N such that whenever n,m > N, we
have |z, — x,,| < e. For example, we can take x,, to be the first n digits in the decimal expansion of =:

r; = 3.1, Ty = 3.14, r3 = 3.141, x4 = 3.1415, etc.

We can also take the constant sequence x, = a where a € Q. The key idea is that we want the real
numbers to arise as limits of Cauchy sequences in Q without even knowing what the limits are! Different
Cauchy sequences can have the same “limits”. For example, the constant sequence x,, = 1 and the sequence
Yn = 0.99---9 with n 9’s both “converge” to 1. We don’t want them to define different real numbers.

We define a relation on the set of Cauchy sequences in Q. We say

n—oo

That is, for every e > 0, there exists N € N such that for n > N, we have |z, — y,| < e. It is easy to check
that ~ is an equivalence relation.

o (Reflexive) lim (z,, — z,) = 0.
o (Symmetric) if lim (2, — y,) = 0, then lim (y,, — 2,,) = 0.
o (Tramsitive) if lim (z,, — y) = 0 and lim (y,, — z,,) = 0, then lim (z,, — z,) = 0.

We define R as the set of equivalence classes of Cauchy sequences in Q. For every a € Q, the equivalence class
of the constant sequence (a,a,...) is the real number a. Which real number corresponds to the equivalence
class of the sequence x,, = 1/n? In this case, lim z;,, = 0, so it is equivalent to the constant sequence (0,0, ...).
Hence it is the real number 0. We now define the ring operations.
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Lemma 6.17 If (z,,), and (yn)n are two Cauchy sequences, then lim |x,| exists and so |x,| is bounded.
n— oo

Furthermore, (2y, + Yn)n and (Tnyn)n are both Cauchy sequences. If lim |x,| # 0, then (z,1), is a Cauchy
n— oo
sequence.

Proof: This is a MATH 147 exercise/homework /result. O

We define addition and multiplication on R via

[(@n)n] + [(Yn)n] = (@0 + yn)n] and [(@n)n] - [(Yn)n] = [(TnYn)n]

and the additive and multiplicative inverses by

—[(@n)n] = [(=2n)n] and [(xn)n}_l = [(xﬁl)n]

When defining operations on equivalence classes, we need to prove that it is independent on the choices of the
representatives. For example, for multiplication to be well-defined, we need to prove that if (,,)n ~ (2n)n
and (yn)n ~ (Wn)n, then (Xpyn)n ~ (2nwy)n. That is, suppose lim z,, — z, = 0 and limy,, — w, = 0. Then

TnYn — ZnWn = xn(yn - wn) + (ajn - Zn)wn — 0.

This process of taking a space Q equipped with an absolute value and then constructing the set of
equivalence classes of Cauchy sequences is called completion. The resulting space R is complete in the sense
that any Cauchy sequence in R has a limit in R.

I won’t ask you questions about Cauchy sequences and you can pretend that real numbers are what
you thought they were! We will be using the idea of equivalence relations and equivalence classes.

Lecture 15 Mon 10/07
Ideals

It is time to stop beating around the bush and talk about what / means. Actually I am going to
beat around the bush a bit longer! Let R be a commutative ring. An ideal is a subset I C R such that

(a) 0eI;
(b) for any a,b € I, we have a + b € I;
(c) for any a € I and any r € R, we have ra € I.

What are the ideals of Z that contain 697 Suppose I is one such. Then it contains 0 and 69. Then using
(b) with a = b = 69, we get 69 -2 € I. Then with a = 69 -2 and b = 69, we get 69 -3 € I. Or we can be
smart and use (c¢) with a = 69 and r = 3 directly to get 69 -3 € I. More generally, with » = k any integer,
we get 69k € I for any integer k. Does I need to contain anything else?

Lemma 6.18 Let R be a commutative ring. Let a € R be any element. Then the set
aR=(a)={ra:reR}={be R:a|b}

is an ideal of R containing a, and is a subset of any ideal of R containing a.

Proof: Take r = 0 to get 0 € (a). For any r,r1,72 € R, we have ria + ra = (r; + r2)a € (a) and

r(ria) = (rr1)a € (a). Hence (a) is an ideal of R. Any ideal I containing a contains ra for any r € R by (c).

So (a) C I O

We call (a) the ideal generated by a. In our example, we note that 69 € dZ if and only if d | 69. So
69 is also an element of the ideals 69Z, 23Z, 3Z and Z. What about the ideals (—69)Z, (—23)Z, (—3)Z and
(-1)Z?
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Lemma 6.19 Let R be a commutative ring. Let a € R be any element and let w € R* be a unit. Then
(a) = (au). In particular, (u) = (1) = R.

Proof: For any r € R, we have ra = (ru~!)(au) € (au) and rau = (ru)a € (a). O

Corollary 6.20 Suppose R is a field. Then the only ideals are (0) = {0} and (1) = R.

Proof: Any nonzero ideal contains a nonzero element, which is a unit in a field. O

Lemma 6.21 Let R be a commutative ring such that the only ideals are {0} and R. Then R is a field.

Proof: Let a € R be a nonzero element. Then (a) # {0} since it contains a. Hence (a) = R and so 1 = ab
for some b € R. O

Remark: It is possible for (a) = (b) but b # au for any unit u. See Exercise 6.6.

An ideal of the form (a) is called a principal ideal. An integral domain where every ideal is principal
is called a Principal ideal domain or PID for short.

Proposition 6.22 Z is a PID.

Proof: Let I be an ideal of Z. If I = {0}, then I = (0) is principal. Suppose I contains a nonzero integer.
Let d be a nonzero element of I such that |d| is the smallest. Then we know that (d) C I and it remains to
prove that I C (d). Let n € I. We apply the division algorithm to obtain n = dg + r for some integers g, r
with 0 < r < |d|. Then r =n —dq € I since n,d € I. However, |r| < |d|. So by the minimality of d, we see
that 7 can’t be nonzero. So r = 0 and d | n, implying that n € (d). O

The key to the above argument is the division algorithm and the notion of size. A Euclidean domain
is an integral domain R with a function N : R\{0} — NU {0} if a,b € R with a # 0, there exists ¢,r € R
such that b = ag + r where either r = 0 or N(r) < N(a). In HW 6, you will repeat the proof of Proposition
6.22 to prove that every Euclidean domain is a PID. (The range of N being N U {0} is not important. Any
well-ordered subset of R will do.)

Chellenge exercise: Prove that Z[i] = {a + bi: a,b € Z} is a Euclidean domain with N(a + bi) = a® + b?.

What are the ideals of Z/69Z7 As always, we have the zero ideal (0) and the full ring (1) as ideals.
We can try to repeat the proof of Proposition 6.22 even though we don’t even have an integral domain. Let
I C{[0],[1],...,[68]} = Z/69Z be a nonzero proper (i.e. not the whole ring) ideal. Let d = 2,...,68 be
smallest such that [d] € I. Let n € Z such that [n] € I. (Note we can have n = 69 since [69] = [0] € I.) Apply
the division algorithm to get n = dg+r for some integers ¢, r such that 0 < r < d. Then [r] = [n]—[d][¢] € I.
By minimality of d, we have r = 0 and so d | n in Z and [d] | [n] in Z/69Z. We therefore have I = ([d]).
Applying the above to n = 69 also implies that d | 69, so d = 3 or 23. In other words, there are four ideals
of Z/69Z:

{101} = ([o]),  {[0], [23], [46]} = ([23]),  {[0], 3], [6], ..., [66]} = ([3]), Z/69Z = ([1]).
Note that they correspond exactly to the four ideals of Z containing 69:
692, 237, 3Z, Z.

Coincidence?

Remark 1: I actually can’t give you an example of an ideal that is not principal yet. Every ideal of every
ring that we have looked at is principal!

Remark 2: Condition (c) of an ideal: a € I Ar € R = ra € I might seem a bit weird. Another way to
think of @ € I is to think of it as a division I | a. Then we can translate the 3 conditions as:
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(a) I10;
(b) if I'|aand I|b, then I |a+b;
(¢) if I'|aand a|b, then I |b.

Historically, it is a widely believed though incorrectly (but it makes a cool story) that ideals came to existence
when Kummer tried to prove Fermat’s Last Theorem! When he factored

n

o —2" = [[ (e~ ¢ha),

k=1

he ran into the ring Z[(,] where unique factorization can fail (for the first time when n = 23). Kummer
realized that we should allow more “things” in our notion of division, and called them ideal numbers.

Lecture 16 Wed 10/09
kernel, image, R/I

There is another class of subset of R that deserves special attention. Recall that a commutative ring
R comes with 5 operations: 0, 1, —, 4+, x. A subring of R is a subset S closed under all the ring operations
of R. In other words:

(a) 0e85,1€8;
(b) ifa,be S, then —a€ S,a+be S, abe S.

In other other words, S is a ring with the ring operations of R. In this case, the natural inclusion S — R
(by viewing an element of S is an element of R) is a ring homomorphism.

For example, Z C Q C R C C are all subrings in the next. The ring Z[i] is a subring of C. Can an
ideal be a subring? Since a subring needs to contain 1 and an ideal that contains 1 is the whole ring, we see
that only the entire ring can be both an ideal and a subring.

Suppose ¢ : Ry — Ry is a ring homomorphism between two commutative rings R; and Rs. We
define the kernel and image of ¢ by:

ker(p) ={a € Ry: ¢(a) =0} C Ry and im(¢) = {¢(a): a € R1} C Rs.

Proposition 6.23 Suppose ¢ : Ry — Rs is a ring homomorphism between two commutative rings Ry and
Ry. Then:

(a) ker(yp) is a proper ideal of Ry ;

(b) ker(y) = {0} if and only if ¢ is injective;

(c) im(p) is a subring of Ra

(d) im(p) = Ry if and only if ¢ is surjective.

Proof: By the definition of homomorphism and our convention that 1 # 0, we have
0 € ker(yp), and 1 ¢ ker(yp).

For any a,b € ker(p), we have a + b € ker(p) since
ola+b)=pa)+¢b)=04+0=0

and for any r € Ry, we have ra € ker(yp) since

p(ra) = ¢(r)p(a) = ¢(r)-0=0.
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This proves that ker(p) is a proper ideal of R;. Note that for a,b € Ry, we have
pla) =¢b) <<= ¢la—b)=0 <= a—0bcker(p).

Hence ker(y) = {0} if and only if ¢ is injective.
Next we consider im(y). Since ¢(0) = 0 and ¢(1) = 1, we see that im(p) contains 0 and 1. Given
a,b € im(¢p), there exists «, 5 € Ry such that a = ¢(«) and b = ¢(f). Then

—a = p(—a), a+b=g(a+p), ab = p(ap)

are all in im(p). Hence im(p) is a subring of Ry. Statement (d) is simply the definition of surjectivity. O

Corollary 6.24 Suppose ¢ : Ry — Ry is a ring homomorphism between two commutative rings Ry and Rs.
Suppose Ry is a field. Then ¢ is injective.

Proof: The only proper ideal of a field is (0). O

Note that in the above proof, we saw that
pla)=p(b) <= a-beker(p) <= ker(p)|la—b < a=0b (mod ker(p)).

In other words, the value of ¢(a) depends only on the “equivalence class of @ mod ker(¢)”. This is essentially
the idea of quotients.
Let R be a commutative ring and let I be a proper ideal. We define a relation ~ on R by:

a~b <= a—-bel << a=b (modl).

Then just like congruences mod m, this is an equivalence relation. The equivalence classes are also called
cosets:

[a]={beR:b—acl}={a+c:cel}=a+1.

Two equivalence classes [a] and [b] are equal if and only if a — b € I. We define the set R/I as the set of
equivalence classes:
R/I={[a]:a € R} ={a+1I:a€ R}

It is worth remarking that so far, all we need is that I is closed under addition and contains 0, in order for
~ to be an equivalence relation. In other words, all of the above works if I is a subring instead. We now
define the ring structure exactly mimicing Z/mZ:

0 = [0]
L= [
[a +[0] = [a+10]
[a] - [b] = [ad]
—la] = [=d].

We need to check that the above operations are well-defined, in the sense that they don’t depend on the
choice of the representatives. In other words, if a ~ ¢ and b ~ d, then

a+b~c+d and ab ~ cd and —a~ —c.
These follow exactly like the case of congruences mod m. For example,
ab—cd=a(b—d)+d(a—c).

From I |b—dand I | a — ¢, we have I | ab — cd.
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Proposition 6.25 (Universal property of quotients) Let R be a commutative ring and let I be a proper
ideal. Then R/I with the above operations is a commutative ring. It is the unique ring structure on R/I
for which the natural map R — R/I sending a to [a] is a ring homomorphism. Moreover, given any ring
homomorphism ¢ : R — S for which I C ker(yp), there is a unique ring homomorphism ¢ : R/I — S for
which the composition R — R/I — S is ¢.

Proof: Exercise. This is a very tedious definition check. It is worth doing exactly once in your life. Note
that ([a]) = ¢(a). :

Lecture 17 Fri 10/11
First isomorphism theorem, Chinese remainder theorem
Recall that for a ring homomorphism ¢ : R — S, its kernel ker(y) is an ideal of R and its image
im(¢p) is a subring of S. Since im(¢p) itself is a ring and ¢ only “see” its image, we may view ¢ : R — im(yp).
Now the kernel of ¢ contains (in fact, equals) ker(yp). Hence by the universal property (Proposition 6.25), ¢

“factors through”
R/ ker(¢) — im(p).

There is now no more redundant information left.

Theorem 6.26 (First isomorphism theorem) Let p : R — S be a homomorphism of rings. Then the natural
map 1 : R/ ker(p) — im(p) sending the coset [a] = a + ker(p) to p(a) is an isomorphism.

Proof: We only need to check that ¢ is bijective. For every ¢(a) € im(p), we have p(a) = ¥([a]) € im(v)),
so the map is surjective. If ¥([a]) = 0, then ¢(a) = 0 and so a € ker(y) but then [a] = [0]. Hence ker(y)) =0
and so v is injective. O

Let’s apply the first isomorphism theorem to the canonical homomorphism f : Z — R. Let m denote
the characteristic of R. Then Lemma 6.7 implies that ker(f) = mZ. The image of f is then a subring of R
isomorphic to Z/mZ. This is called the prime subring of R. Note also that if f is surjective, then R & Z/mZ.

Our next goal is to use the similarity between congruence classes mod I and congruences mod m
to come up with and prove a ring theoretic version of the Chinese Remainder Theorem: Let m and n be
coprime integers. Let a and b be integers. Then there exist a unique integer x mod mn such that

z=a (modm)
b

(mod n)

We want to replace the integers a, b, m,n by elements a,b,r, s of a commutative ring R. Now
zr=a (modr) <= r|lz—a <<= =z—-a€(r) <= z+(r)=a+(r).
The existence of a solution is saying that the natural homomorphism
p:R — R/(r)x R/(s)
r — (x4 (r),z+(s))

is surjective. The uniqueness of a solution mod mn then says that the kernel of ¢ is exactly (rs), so that
the first isomorphism theorem implies that

R/(rs) Z R/(r) x R/(s).

What does it mean for r, s to be coprime? Two integers m, n are coprime if and only if 1 is the only positive
integer d such that d | m and d | n. Using our philosophy of generalizing numbers to ideals, it is then natural
to say two elements r, s € R are coprime if and only if (1) = R is the only ideal I such that I | r and I | s,
where recall that the ideal divisions mean that » € I and s € I. What is the smallest ideal containing » and
57 We define

(r.5) = (r) + (s) = {ra + sy: @,y € R}.

In the setting of general rings, we will use the ideal (r, s) to replace the notion of ged(r, s).
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Theorem 6.27 (Chinese remainder theorem) Let R be a commutative ring. Letr,s € R such that (r,s) = R.
Then
R/(rs) = R/(r) x R/(s).
There is in fact a more general version replacing (r) and (s) by two ideals I and J. We define

I+J = {a+b:acl,beJ}
1J = {albl—|—---—|—ambm:aiEI,biEJ,mZO}.

Theorem 6.28 (Chinese remainder theorem) Let R be a commutative ring. Let I and J be two proper
ideals of R such that I + J = R. Then the natural map

p:r—=r+Ir+J): R—R/IxR/J
is a surjective homomorphism with kernel I.J. In other words,
R/(IJ)= R/I x R/J.

Proof: The assumption I + J = R means that there exist a € I and b € J such that a +b = 1. We prove ¢
is surjective. Take any s,t € R. We need to find an r € R such that r —s € [ and r—t € J. Let r = ta + sb.
Then

r—s = tat+s(b—1)=ta—sa€l,
r—t tla—1)+sb=—tb+sbe J

The kernel of ¢ is clearly I N J. It is easy to see by definition that I.J C I N .J, so it remains to prove
INJCIJ. LetrelIndJ. Thenr=r(a+b)=ra+rbellJ. O

Lecture 17.5 Fri 10/11
Tutorial
Correspondence, 3rd isomorphism theorems

We saw previously that the ideals of Z/69Z correspond exactly to the ideals of Z containing 69,
which is the same containing 697. This is no coincidence!

Theorem 6.29 (Correspondence Theorem) Let R be a commutative ring and let I be a proper ideal of R.
Then there is a bijection between the set of ideals of R/I, and the set of ideals of R containing I.

Proof: Consider the natural map ¢ : R — R/I sending a to [a] = a+ 1.

o For any ideal J of R containing I, its image ¢(J) =: J/I = {[a]: a € J} is an ideal of R/I.
It clearly contains [0]. If a,b € J, then a+b € J and so [a] + [b] = [a+b] € J/I. If a € J and r € R,
then ra € J and so [r][a] = [ra] € J/I.

o For any ideal J' of R/I, its preimage ¢~ (J') = {a € R: [a] € J'} is an ideal of R containing I.

For any a € I, we have [a] = [0] € J" and so I C ¢~ (J'). If a,b € R such that [a],[b] € J’, then
[a+b] =[a]+[b] € J and so a+b € p~(J'). If a,r € R such that [a] € J, then [ra] = [r][a] € J" and
sora € o H(J).

We need to check that the above maps between sets of ideals are bijections. That is, for any ideal J of R
containing I,

o o)) ={acR:[a] € p(J)} ={a€R: [a] = [b] for some b J} =J
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and for any ideal J' of R/I,

el (J)) ={lal:a€ ™' (J)} ={[a]: [a] € J'} = J".
In the first equality, we had a — b € I and since I C J, we havea —b € Jandsoa= (a—b) + b€ J. O
Recall also that we have a homomorphism Z/69Z — Z/3Z sending a + 69Z to a + 3Z. This map

is surjective with kernel {a 4+ 69Z: 3 | a} = {a + 69Z: a € 3Z}. In the above notation, this is 3Z/69Z with
I =697 and J = 3Z. The first isomorphism theorem now gives

(2/697)/(3Z2/69Z) = 7./ 3Z.
It’s like we can “cancel the denominators”!

Theorem 6.30 (Third isomorphism theorem) Let R be a commutative ring and let I be a proper ideal of
R. Let J be a proper ideal of R containing I. Then

(R/1)/(J/T) = R/ J.
Proof: There are multiple ways to do this. We take the composition of the natural maps:
v:R— R/I— (R/I)/(J/I).

Since both quotient maps are surjective, so is 1. By the first isomorphism theorem, it suffices to prove that
ker(¢) = J. This is now just a definition check. We write [a] = a+ I € R/I. Then

ker(y) = {a € R: [a] € J/T} = o7 (J/I) = ¢~ (0(J)) = J

where ¢ : R — R/I. O

The third isomorphism theorem is typically used to study quotients of the form R/(a,b). Let
J = (a,b) and I = (a). We can first consider the quotient ¢ : R — R/(a). Then we look at the image
o(J) = J/I of J. Note that the map ¢ “kills” one of the generators of J. So (J) is simply the principal
ideal (¢(b)) of R/(a).

As an example, we have the ring R = Z[z] of polynomials with integer coefficients. We will start
discussing rings of this form in more detail next time. Consider the ideal

J=(2,2) ={2f(z) + xg(x): f,g € Z[z]} = {h(z) € Z[z]: 2| h(0)}.

To find Z[x]/(2,z), we can first mod out by z, and then mod out by 2. When modding out by x, we are
basically setting = 0 so we have Z[z]/(z) = Z. Under the quotient map Z[z] — Z[z]/(z) = Z, the other
generator 2 gets send to 2. So

Za)/(2,2) = 2/(2) = 2/22 = .

We can also mod out by 2 first, and then mod out by . When modding out by 2, we are essentially reducing
the coefficients mod 2 but aren’t touching the z. So Z[z]/(2) = (Z/2Z)[x] = F2[x] is the ring of polynomials
with coefficients in 5. Under the quotient map Z[x] — Fa[x], the other generator z gets send to x. So

Zlz)/(2,7) = Fao[x]/(x) X Fs.

Exercise: Prove all of the above isomorphisms.
Here is a more complicated example. What is Z[i]/(2 + ¢)? You will prove in HW 6 that

Z[i] = Z]x)/(z* + 1).
More explicitly, the quotient map Z[z] — Z[i] sends x to 4. It will then send 2 + z to 2 + i. Hence, we have
Z[i)/(2 4 i) = Z[z] /(2 + 1,2 + 2).

We can now compute this quotient by modding out x + 2 first. When modding out x + 2, we are basically
setting © 4+ 2 = 0, i.e. setting x = —2. So Z[z]|/(x + 2) = Z with the quotient map Z[z] — Z sending f(z) to
f(—=2). Under this map, the other generator x2 + 1 gets send to 5. So we have

Z[i)/ (2 +1i) 2 Z[z]/(2* + 1,2 + 2) 2 Z/(5) = Fs.
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Exercises
6.1 Let R be a commutative ring with a,b,c € R. Prove that if ab =1 = ac, then b = c.

6.2 Let f : R — R’ be an isomorphism between two commutative rings. Prove that its inverse f~!': R’ — R
is a ring homomorphism, and so is also an isomorphism. (Recall that f~! is defined so that for any
be R, f~1(b) is the unique a € R such that f(a) = b.)

6.3 Prove that R and C are not isomorphic.
6.4 Let R=72? =7 x Z. Let r = (0,1). Prove that:

(a) whenever r | ab for some a,b € R, we have r | a or r | b;
(b) there exist a,b € R\R* such that r = ab.

6.5 Let R=Q+ zR[z] = {f(z) € R[z]: f(0) € Q}. Prove that:
(a) there exist a,b € R such that 2 | ab but z ta and z 1 b;
(b) there do not exist a,b € R\R* such that x = ab.

6.6 Let R be the ring of continuous (real-valued) functions on [0, 3] with pointwise addition and multiplica-
tion, and the constant functions 0 and 1 as 0 and 1. Consider

1—2z if0<z<1 1—2 if0<x<1
a(z) =<0 fl<z<2, b(x) =<0 fl<z<2.
r—2 if2<x<3 2—zx if2<zx<3

Prove that a(x)R = b(z)R but there does not exist a unit u(z) € R* such that b(z) = a(z)u(z).

Lecture 18 Mon 10/21

7 Polynomial ring

For any commutative ring R, we let R[z] denote the ring of polynomials with coefficients in R very similar
to Z[z]. That is,
Rlx] ={anz™ + - 4+ ap: a; € R,n > 0}.

Two polynomials a,z" + - - - + ag and b,z + --- 4 by are said to be equal if n = m and a; = b; for all 7.
Addition and multiplication of polynomials are exactly what you expected: multiply things out and then
collect terms with the same degree. For example, in (Z/69Z)[z], we have

([23]2% + [3]2 + [1])([8]2® + [4])

[69]2° + [92]2° + [9]2* + [12]2* + [3]2° + [4]z

9]z + [26]2° + [12]2 + [4]z.

We define the degree of a polynomial a,a™ + --- + ag € R|z] as the largest index n such that a,, # 0. We
then say a,, is the leading coefficient. If a,, = 1, we say the polynomial is monic. We follow the convention
of deg(0) = —oco. Note that

has no terms of exponent higher than m + n. Hence, we see that

deg(fg) < deg(f) + deg(g).

In our example above, we see that equality might not hold because we could have a,, # 0 and b,, # 0 but
anby, = 0. This is clearly not possible if R is an integral domain.
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Lemma 7.1 Let R be an integral domain. Then for any f,g € R[z], we have deg(fg) = deg(f) + deg(g).

We may view R as a subring of R[z] by viewing every r € R as the degree 0 constant polynomial
r € R[z]. Conversely, it is easy to see that the degree 0 polynomials are exactly the nonzero constants.

Lemma 7.2 Let R be an integral domain. Then R[z]* = R*.

Proof: In order for fg = 1, we have deg(f) + deg(g) = 0 and so both deg(f) = deg(g) = 0 implying that f
and g are nonzero elements of R that multiply to 1. O

One of the most fundamental property of polynomials is the existence of a division algorithm.

Proposition 7.3 (Division algorithm for polynomials) Let R be a commutative ring. Let f(z) € R[z] and let
g(x) € Rx] such that the leading coefficient of g is a unit in R. Then there exist polynomials q(z),r(x) € R[z]
such that

f(x) = g(z)q(x) + (=), and  deg(r) < deg(g).

Proof: Just long division. Let a denote the leading coefficient of g(x). So a € R*. If g(x) = a has degree 0,
then we take g(x) = a~!f(z) and r(z) = 0. Suppose now deg(g) > 0. We prove by induction on deg(f). If
deg(f) < deg(g), we simply take ¢ = 0 and r = f. Suppose now deg(f) > deg(g). Let b € R be the leading
coefficient of f(z). Then

f(z) — baflmdeg(f)fdeg(g)g(x)
is a polynomial with less degree than f. By the induction hypothesis, this can be written gg; + r1 with
deg(ry) < deg(g). Then f = gq + r with ¢ = ba~'zdee(f)—desls) 4 ¢ O

When R = Z, the condition that the leading coefficient of g is unit means that it is +1. In general,
we can always divide by monic polynomials.
For any commutative ring R and any « € R, there is an evaluation homomorphism ev,, : R[z] = R
sending
Anx™ + ap_12" P4 ag — and™ 4 an_1a™ "t 4 -+ + ao.

We write f(a) € R for the image of f under this map. For any constant polynomial r € R, we have
evy(r) = r. Hence ev,, is surjective. Its kernel is given

ker(eva) = {f(x) € Rlz]: f(a) = 0}.
It is clear that © — o € ker(ev, ). So (x — a) C ker(ev,).

Proposition 7.4 Let R be a commutative ring. Let f(x) € R[x] and let ¢ € R. The remainder when f(x)
is divided by x — ¢ is the constant polynomial f(c).

Proof: The remainder r(x) satisfies deg(r) < deg(x —¢) = 1. So r(x) = r¢ is a constant. Apply ev, to
f(@) = (x = c)q(x) + o to get o = f(c). o

As a consequence, we have ker(ev,,) = (z — ) since f(a) = 0 implies that f(z) is divisible by = — a.
Hence by the first isomorphism theorem, we have
Rlz]/(z — @) = R.
Corollary 7.5 Let R be an integral domain. Let f(x) € R[x] and let ¢1,...,¢, € R be distinct. Then
€1y ... Cn all are roots of f(x) if and only if (x —c1)(x —ca) -+ (x — ¢n) | f(2).

Proof: Only the forwards direction needs to be proved. We prove by induction on n. The case n = 1 follows
immediately from Proposition 7.4. Suppose now n > 2. By induction using cy,...,c,_1, we see that there
exists g(z) € R[z] such that f(z) = (x —c1) - (& — cn—1)g(x). Apply ev., to get

0=(cn—c1)(cn — cn1)g(cn).

Since each ¢, — ¢; # 0 and R is an integral domain, we see that g(c,) = 0. Then g(z) = (x — ¢,)h(z) for
some h € R[z]. So f(z) = (x —c1) -+ (& — ¢cp)h(x). O
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Corollary 7.6 Let R be an integral domain. Let f(x) € R[x] with degree d > 0. Then f(x) has at most d
distinct roots in R.

We say ¢ € R is a repeated root of f(z) if (z — ¢)? | f(z). Repeated roots can be checked using the
formal derivative of f(z) defined as

fl(zx) = napz™ L 4 -+ 2401 + ay.

The word “formal” is referring to the fact that this has nothing to do with taking limits. The same rules of
derivatives in calculus apply here:

(f+9) (@)= f(z)+4d'(x), (f9)(x)=flx)g(x)+ f(x)g(x), (fog)(x)=f(g(x))g (x).

Additivity is easy to check from the definition. Then one can use it to reduce the product rule and the chain
rule to the case f(x) = a,a™.
As an example, consider R = F,, and the polynomials f(x) = 2? — z and g(x) = 2P — 1. Then,

flla)y=p?~t =1=-1,  g'(a) =pa?~' =0.

Proposition 7.7 Let R be a commutative ring. Let f(x) € R[z] and let ¢ € R. Then c is a repeated root of

f (@) if and only if f(c) = f'(c) = 0.

Proof: For both directions, we may assume c is a root. So f(z) = (z — ¢)g(x) for some g(z) € R[z].
Differentiate it to get f'(z) = g(z) + (z — ¢)¢’(x). Hence f'(¢) = g(c). So g(z) has another factor of x — ¢ if
and only if f'(¢) = 0. O

The polynomial &P — x has derivative —1, which has no root. Hence 2P — x has no repeated roots
in Fp. In fact, every a € F)¢ satisfies a?~' = 1 by Fermat’s little theorem (or by [F)| = p —1). Hence the
p elements 0,1,...,p — 1 € F,, are distinct and are all roots of 2P — x. Since deg(zP — x) = p, we have the

factorization
2 —x=z(z—1)(z—-2)--(z—(p—1)).

The polynomial P — 1 has derivative 0 and has 1 as a root. Hence it has 1 as a repeated root. In fact
2P —1=(z—1)".

Lemma 7.8 Let R be a commutative ring of characteristic p where p is a prime. Then for any a,b € R and

any n € N, we have
(a+b)P =aP +b° .

Proof: By the Binomial Theorem, we have
(a+b)f =a’+ (If)a”_llﬂ— (Z;)ap_Qb? 4+ b

We saw before that for k =1,...,p — 1 (Lemma 3.10), the binomial coefficient (g) is divisible by p, which
makes it 0 in R. Hence, we have (a + b)P = aP + bP. Repeated raising p-th power gives the desired result. O

Lecture 19 Wed 10/23
Flx]

We now focus on the case where R = F' is a field. Recall that in the division algorithm of f(x) by
g(z), we needed the leading coefficient of g(z) to be a unit. When R = F' is a field, this condition is just
that g(x) # 0 as the leading coefficient of g(x) would then be nonzero and so a unit in F. In other words,
F[z] is a Euclidean domain with deg as the function N : F[z]\{0} — NU{0} and so is a PID! That is, every
ideal is principal.
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We now define irreducible polynomials in F[z] similar to prime numbers in Z. A polynomial f(z) €
F[z] is irreducible if deg(f) > 1 and there does not exist polynomials a(x),b(x) € Flx] of degree at least 1
such that a(z)b(x) = f(z). By Proposition 7.4, if f(z) has a root ¢ € F, then = — ¢ | f(z). So if f(z) is
irreducible of degree at least 2, then f(x) has no roots in F'. Conversely, if f(x) = a(x)b(z) is reducible and
has degree at most 3, then at least one of a(z) and b(x) has degree 1 and f(x) will have a root.

Lemma 7.9 Let F be a field. Linear (degree 1) polynomials in F[z] are all irreducible. Quadratic (degree
2) and cubic (degree 3) polynomials in F[x] are irreducible if and only if they don’t have a root in F.

For example, 2% + 1 is irreducible in Q[z] and in R[x] because it doesn’t have roots in Q or R, but
is reducible in C[z] because i € C is a root and so 2% + 1 = (z +i)(x — ). Is 2 + 1 irreducible in Fy[z]?
What about Fs[x]? There are only three elements
in F3: 0, 1, 2; and we can check that none of them are roots:

02 +1=1, 124+1=2, 22 41=5=2.
So #? 4 1 is irreducible in F3[z]. If we try this with Fs5, then we find that
224+1=5=0 and 3*+1=10=0.

Hence 2% + 1 = (z — 2)(z — 3) € F5[z] is not irreducible. For which prime p is 22 + 1 irreducible in F,[x]?
We saw before that if 22 = —1 (mod p) has a solution, then p = 1 (mod 4). We will see very soon that the
converse is true: if p =1 (mod 4), then —1 is a square mod p. So z? + 1 is irreducible in F,[z] if and only
if p=3 (mod 4).

A degree 4 polynomial can be reducible without having a root. For example, we can simply take the
product of two irreducible polynomials of degree 2. Here is a more interesting one. The polynomial z* + 1
has no root in Fs[z] by plug-and-check. Note that in Fs[z], we have

(2 =12 =2 -2 +1 =o'+ 22 +1

and so
1= -1 -2 =@+ - 1)(2* -z —1).

Challenge question: For which prime p is 2% + 1 irreducible in F,[2]? Depending on your background, this
may or may not be doable yet. Try asking Wolfram Alpha! We will discuss this later.

Note that 22+ 1 has very different factorization behavior in Fy[z], F3[z] or F5[x]. Namely, 22+ 1 has
a repeated factor in Fa[z], is irreducible in F3[x], and is the product of two distinct monic linear polynomial
in F5[z]. What can we say about the quotients Fo[z]/(2? + 1), F3[z]/(2? + 1) and Fs[z]/(2? 4+ 1)?

Let’s consider Fa[z]/(2? + 1) first. How many elements does it have? We write [f(z)] for the coset
f(z) + (2% +1). Recall that

[f@]=g@)] <= [fl2)-g)e@®+1) < 2*+1]f(z)-g(x)

For deg(f) < 0, we have [0] and [1]. For deg(f) = 1, we have [z] and [z + 1]. All of these four elements are
distinct, because their differences have degree at most 1 and so can’t be divisible by 22 4+ 1. What about
[?]7 This is the same as [1] since 22 — 1 = 2% + 1 € (22 + 1). Similarly, for any f(x) with deg(f) > 2, we
can apply the division algorithm to divide f(x) by 2* + 1 to find that f(x) = (2% + 1)g(z) 4+ r(z) for some
q,7 € Fa[z] with deg(r) < deg(z? + 1) = 2. Then [f(x)] = [r(z)] and 7 = 0,1, 7,z + 1. Hence

Falz]/(a* +1) = {[0], [1], [2], [z + 1]}

is a ring of order 4. Is this isomorphic to Z/A7Z or (Z/27) x (Z)27) = Fy x Fy? Since 2 = 0 in [y,
this ring has characteristic 2 and so can’t be Z/4Z. Note that [z + 1]? = [(z + 1)?] = [2* + 1] = [0]. In the
language of HW 7 P1, Fa[z]/(22 + 1) has a nonzero nilpotent element, but Fo x Fo doesn’t. In fact, Fo x Fy
has the special property that every element squares to itself! You will explore this in HW 7 P2.
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We consider Fs[z]/(2? + 1) next. In this case,
Fs[z]/(2* + 1) = Fs[a]/((z — 2)(z - 3)).

We can now apply the Chinese Remainder Theorem (Theorem 6.27). We need to check that  —2 and z —3
are coprime. Note that 1 = (x —2) + (=1)(z — 3) € (x — 2,2 — 3). So (x — 2,z — 3) = F5[z]. Hence

Fs[z]/((z = 2)(z — 3)) = Fs[a]/(x — 2) x Fs[z]/(x — 3) = F5 x Fs.

The ring F3[z]/(2? + 1) is the most interesting. Note that the same argument for Fy[x]/(2% + 1)
gives the following general result.

Lemma 7.10 Let F be a field. Let g(x) € Flz] be a polynomial of degree d > 1. Then

Flz]/(9(z)) = {[f(@)]: f(x) € Flx],deg(f) < d}.
If F is finite, then
|Flz]/(g(2)] = | F|*.
Applying this, we have
Fslz]/(x? + 1) = {[0], [1], 2], [=], [= + 1], [z + 2], [22], [2% + 1], [22 + 2}
is a ring of order 9. Strongly recommended exercise: Work out its multiplication table. For example,
[z][2z +1] =222 + 2] = 222 + 2 - 2(2* + )] =[x — 2] = [z + 1].

Lecture 20 Fri 10/25

F,

After working out the multiplication table, you would find that F3[z]/(z2 + 1) is a field of order 9.
Two natural questions arise. [s there a way to figure this out without doing the calculation? Can we do
something similar to construct a field of order 47

Imagine trying to show that [z +1] is a unit in F3[x]/(2%+1). This amounts to proving the existence
of some f(z) € F3[z] such that

(z+1)f(z) — 1€ (2* +1).

In other words, we want to show that there exists f(x), g(x) € F3[z] such that
(@ + 1) f (@) + (@® + 1)g(z) = 1.

This is the same as proving that the ideal (x + 1,22 + 1) is the entire ring, since we want it to contain 1.
Now F3[z] is a PID, so we know (z + 1,22 + 1) = (h(z)) for some polynomial h(x) € F3[z]. Note that this
implies h(z) | 22 + 1. However, 22 + 1 is irreducible! So either h(z) is a unit, or h(z) is a unit times 22 + 1.
If h(z) is a unit, then (z + 1,2% + 1) is the entire ring as desired. If h(z) is a unit times 22 + 1, then from
h(z) | x+1, we get 22+ 1| x + 1, which is not possible for degree reasons, but more intrinsically contradicts
[z + 1] # 0. We have thus given a proof by example of (a) = (b) below:

Proposition 7.11 Let F be a field and let g(x) € F[x] with degree at least 1. Then the following are
equivalent:

(a) g(z) is irreducible.
(b) Flz]/(g(x)) is a field;
(c) Flz]/(g(z)) is an integral domain;
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Proof: (b) = (c) follows because fields are integral domains (Lemma 6.1(c)). To prove (¢) = (a), we consider
its contrapositive. Suppose g(x) is reducible. (This is essentially the Folx]/(2? + 1) and Fslz] /(27 + 1)
example.) By definition, g(z) = a(x)b(x) for some a(x),b(x) € F[z] with degrees between 1 and deg(g) — 1.
Then [a(z)] and [b(z)] are nonzero in F[z]/(g(x)) but their product is [g(z)] = [0]. Hence F[x]/(g(z)) is not
an integral domain. This proves (b) = (c¢). O

We can now answer our second question. To construct a field of order 4, we can try finding an
irreducible polynomial g(x) € Fa[x] of degree 2 so that Fa[z]/(g(x)) is a field of order 2% = 4. We need
g(0) # 0 so g(x) = 2% + ax + 1. We need g(1) # 0, so g(1) = a # 0. Then g(z) = 22 + x + 1 is the unique
irreducible polynomial of Fa[z] of degree 2. We then have our Fy = Fa[z]/(2? + 2 + 1).

Let’s find all irreducible polynomials in Fa[z] of degree 3. The same characterization using roots
applies. From g¢(0) # 0, we have g(z) = 23 + az® + bxr + 1 for some a,b € Fo. From g(1) # 0, we have
a+ b # 0. So there are two choices: a =1,b=00r a=0,b=1. i.e

2422 +1 and 24z + 1.

Then both Fa[z]/(23 + 22 4+ 1) and Fa[z]/(23 + = + 1) are fields of order 8. Are they isomorphic?

What about irreducible polynomials in Fy[z] of degree 47 We can list out all polynomials 2* + a3 +
br? + cx + 1 with a + b+ ¢ # 0 (so that it has no root in Fs), and then remove the any polynomial that
is a product of two irreducible quadratic polynomials. Since %2 4+ = + 1 is the only irreducible quadratic
polynomial, we just need to remove (22 + z + 1)? = 2* + 22 + 1. So we have

4+ +r+1 and 2?2+ and 24 x+ 1.

Challenging question: Note that 2% + 23 + 22 + 2 + 1 = ®5(z) and 22 + 7 + 1 = ®3(x). When is ®,,()
irreducible in Fo[z]? Given a prime p and a degree d > 1, is there always an irreducible polynomial in F[z]
of degree d? T can’t write down an irreducible polynomial in Fy[z] of degree 69, but

7420 —|—x419 = o q>421(x)
is irreducible of degree 420.

Proposition 7.12 Let p > 2 be a prime. Then there exists r € F, such that x* — r is irreducible in Fp[z].
We can then take Fpz = Fp[z]/(2® —r).

Proof: We need to show the existence of some r € F,, that is not the square of some element of F,,. We can
simply count the squares in F,, = {0,1,...,p — 1}. Note that for any a =1,2,...,(p — 1)/2, we have

@ = (~af = (p— 0)?

while p — a covers all the values (p+1)/2,...,p — 1. So there are at most (p+1)/2 = (p —1)/2 + 1 squares
inF,. Nowp— (p+1)/2=(p—1)/2 > 1 and so we may take r to be one of the non-squares. Then 2 —r

has no root in IFp,. O

It is easy to check that the squares 12,22 ... ((p —1)/2)? are distinct in F,, as a* = b? iff a* — b =
(a—b)(a+b) = 0iff a = £b. So there are exactly (p—1)/2 nonzero squares. It turns out (which we will prove
later) that if r and s are two non-squares, then r/s is a square. For example, in Fr, the nonzero squares are
1,2,4 and the non-squares are 3,5 = 3-4,6 = 3 - 2. Let’s prove that F7[z]/(z? — 3) and F7[z]/(2? — 5) are
isomorphic.

o Since F;[x]/(2% — 5) is a field, any homomorphism from it is automatically injective (Corollary 6.24).

o Since Fr[z]/(z% — 5) and Fr[z]/(z% — 3) have the same size 49, any injective homomorphism between
them is automatically surjective and so an isomorphism.

o To write down a homomorphism F7[z]/(2? — 5) — F7[z]/(2? — 3), it is the same to write down a
homomorphism ¢ : F7[z] — F7[z]/(z? — 3) such that ¢(x? — 5) = 0 (Proposition 6.25).
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e Since ¢(1) = 1, it must be the identity map on F; and so is completely determined by S = ¢(x)
because for a; € Fr,

go(an:v"-i-"""ao) :an(p(x)n+...+a0:anﬁn+...+a0.
e The condition ¢(z? —5) = 0 translates to 32 — 5 = 0. So we just need to find an element 3 of
F7[z]/(2? — 3) such that 52 = 5.

o We write [f(z)] for an element of F;[x]/(2? — 3). Then [z]?> = [2?] = [2? — 3 + 3] = [3] = 3. Since
5=3-4=23-2% we see that [27]> = [2]? - 22 = 5. Hence we may take 3 = [2z]. This concludes the
proof that

Frlz]/(2® - 5) = Frla]/(2® — 3)

Exercise: Find an isomorphism Fa[z]/(23 4+ 22 + 1) & Fa[z] /(23 + z + 1).
Lecture 20.5 Fri 10/25
Tutorial

Classification of commutative rings of order p?
We have seen that there are 4 commutative rings of order 4:
ZJAZ,  FyxFy,  Fola]/(2®+1), Falz]/(2* +2+1) =Fy.

Recall also that Fs[z]/((z — 2)(z — 3)) = F5 x F5, so we can view Fy x Fy as Fa[z]/(2? + ) using the
factorization 22 + z = z(z + 1) and the Chinese Remainder Theorem:

Fala]/(2® + x) = Fa[z]/(z) x Fa[z]/(z + 1) 2 Fa x Fa.
The only missing degree 2 polynomial is 2, but it is easy to check that
Fo[z]/(2*) = Folz]/((z + 1)%) = Folz]/(2* + 1),
via the homomorphism Fa[z] — Fo[z]/((z + 1)?) sending x — x + 1+ ((z + 1)?).
Proposition 7.13 Let p be a prime. There are exactly four commutative rings of order p* up to isomor-
phism:
Z/p°Z,  FpxF,,  Fpla)/(2?),  Fp.

Proof: We will prove soon that finite fields of the same order are isomorphic (spoiler!), so we only classify
commutative rings of order p? that are not fields. Let R be a commutative ring of order p? that is not a
field. We know from Lemma 6.7 that the characteristic of R divides p?. Hence it is either p or p?. If the
characteristic of R is p?, then by Proposition 6.15, we have R = Z/p*Z.

Suppose now R has characteristic p. Then the prime subring (image of the canonical map Z — R) is
isomorphic to F,. We will use this to view F,, as a subring of R. Since |R| > p, we may take some 5 € R\F,,.
We claim that

R={a+0b5:a,beF,}.

The RHS is clearly a subset of R. There are p? possible choices for (a,b). We claim that they give distinct
elements. Suppose ai,bq,az,bs € F), such that

ar + 018 = az + ba3.
Then a; — az = (ba — b1)5. If by # by, then by — by # 0 and we can divide to find
B = (a1 —az)(by —b1) "' €F,.
Contradiction. Hence by = by and then a3 — ag = 0 implying that a1 = ag. Thus, {a +b5: a,b € F,} isa

subset of R containing the same number of elements as R and so equals R.
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Now that we know that R is generated by F, and 3, we look at the evaluation homomorphism
evg : F,[x] — R. Note that evg(a + bx) = a + b3 for any a,b € F,. Hence evg is surjective. By the first
isomorphism theorem, we have R = T, [x]/ker(evg). Since F,[z] is a PID, we see that ker(evg) = (g(z)) for
some polynomial g(x) € F[z]. By dividing by the leading coefficient of g(x), which is a unit in F[z], we may
assume g(x) = 2 + - -+ is monic of degree d. By Lemma 7.10, we have

P =Rl = [Flo)/(g@)| =p' = d=2

Since we assumed that R is not a field, we know that g(x) is not irreducible. Since g(x) has degree 2, we
have
g(z) = (x — ¢)(x — d) for some ¢, d € F,,.

If ¢ # d, then we use the Chinese Remainder Theorem to obtain
R=Fyl]/((z - c)(z = d)) = Fplz]/(x — ¢) x Fpla]/(x — d) = Fp x Fp.

If ¢ = d, then we have

This completes the proof. O

Exercise
7.1 Prove that the ideal (2,z) in Z[z] is not principal.
7.2 What are the irreducible polynomials in C[z]? What are the irreducible polynomials in R[z]?

7.3 Let R be a commutative ring and let I be a proper ideal of R. We say I is a maximal ideal of R if
there does not exist a proper ideal J such that I is a proper subset of J. Prove that I is maximal if and
only if R/I is a field.

7.4 Give an example of a commutative ring R, a maximal ideal I, and a subring S such that S NI is not
maximal in S.

7.5 Let R be a commutative ring and let S be a subring. Let I be a prime ideal of R. Prove that SN I is a
prime ideal of S.

8 Finite fields

The main theorem in the theory of finite fields is:

Theorem 8.1 (Classification of finite fields)

(a) Every finite field has order p® for some prime p and positive integer d.
(b) Any two finite fields of the same order are isomorphic.

(c) For every prime p and every positive integer d, there exists a polynomial g(z) € Fplz] irreducible of
degree d. We write Fpa = F,[x]/(g(z)).

(d) There exists a homomorphism F,a — Fpn if and only if d | n.

The key steps to prove the above are:

Theorem 8.2 Let F be a finite field of size p™ for some prime p and some positive integer n. Then there
exists a € F* such that o(a) = p™ — 1.
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Theorem 8.3 Let p be a prime and let n € N. Then xP" — x is the product of all monic irreducible
polynomials in Fplz] of degree dividing n.

Lecture 21 Mon 10/28
Finite fields I

We will assume Theorem 8.2 and Theorem 8.3 first and see how much we can understand fields.
We have actually used most of the techniques last week! Let F' be a finite field of order q. We know from
Lemma 6.4 and Lemma 6.7 that the characteristic of F' is some prime p dividing ¢. Secretly, ¢ = p” for some
n. Moreover, |F*| = ¢ — 1, so we know from Theorem 6.13(b) that

Yaec F*, at'=1 and o(a) | ¢ —1.
In particular, all ¢ elements of F' is a root of 27 — z, which is a polynomial of degree q. So we have the

factorization
2l —x = H(m—a).

acF

We say the polynomial 9 — x splits completely in F'. This lends some credit as to why we should care about
polynomials of the form zP" — x.

Theorem 8.2 gives the existence of some a € F* such that o(a) = ¢ — 1. Such an element is said
to be primitive. This means that the ¢ — 1 elements a,a?,...,a?"! are all distinct (see for example Lemma
4.5). Hence, they are all the elements of F*. So

F=1{0,a,d,...,a7'}.

Corollary 8.4 Let F' be a finite field and let E be a subfield (a subring that is a field) of F. Then F =
Elz]/(f(x)) for some irreducible polynomial f(x) € E[x].

Proof: (Assuming Theorem 8.2:) Let a be a primitive element of F. Then the evaluation homomorphism
ev, : FE[z] — F sending g(x) to g(a) is surjective, because ev,(x™) = a™ hits every nonzero element of
F. Hence by the first isomorphism theorem, we have F' = E[z|/ker(ev,). Since E[z] is a PID, we have
ker(ev,) = (g(z)) for some polynomial g(z) € E[z], which is irreducible by Proposition 7.11. O

Proof of Theorem 8.1(a) and (d, =): Let p be the characteristic of a finite field F. Then the prime
subring of F' is F,. Applying Corollary 8.4 with £ = [, gives that

F=TFy[]/(g(x))

for some irreducible polynomial g(z). Let d = deg(g). Then by Lemma 7.10, we have |F| = p?.

Suppose now there is a homomorphism ¢ : Fpa — Fyn. Since a homomorphism from a field is
automatically injective, we apply Corollary 8.4 to F' = Fp» and E = im(p) = Fpa. We get F = E[z]/(g(x))
for some polynomial g(z) € E[x] of degree m. Then by Lemma 7.10, we have |F| = p" = |E|™ = p?™. So
n = dm is divisible by d. O

Note in the above proof, we also showed that every finite field of characteristic p is of the form
F,[x]/(g(x)) for some irreducible polynomial g(z) € Fp[z] of degree d. By dividing by the leading coefficient
of g(z), which is a unit in F, [x], we may assume g(x) is monic. Suppose R is a ring of characteristic p, so that
the prime subfield of R is F,,. We saw previously that to define a ring homomorphism F,[z]/(g(z)) — R, it
is enough to specify the image 8 € R of x, which must satisfy g(8) = 0 in order for the map evg : F[z] — R
to “factor through” Fp[z]/(g9(x)).

Suppose now R = F' is a field of order p™ where d | n. We saw earlier that zP" — z splits completely
in F. Theorem 8.3 tells us that g(z) is a factor of zP" — x. Write 2" — z = g(2)h(x) for some polynomial
h(z) € Fplx] of degree p™ — d. Then h(x) has at most p™ — d roots in F but every element of F' is a root
of g(x)h(z). Hence g(x) has at least d roots in F. Since g(x) has degree d, we see that g(z) also splits
completely in F. We have thus proved (assuming Theorem 8.3:)
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Corollary 8.5 If g(z) € F,[x] is irreducible of degree d and d | n, then g(z) splits completely in any field F
of order p™.

Proof of Theorem 8.1(b) and (d, <): Suppose g(z) € F,[z] is irreducible of degree d and d | n. Corollary
8.5 says that g(z) splits completely in F,n. In particular, it has a root S in F,n, using which we obtain a
homomorphism F,[z]/(g(z)) — Fpn. This gives the desired homomorphism of (d, <). Applying Corollary
8.5 with n = d gives a homomorphism F,[z]/(g(z)) — F for any field F of order p?. Such a homomorphism
is automatically injective and also surjective since F,[x]/(g(z)) also has order p?. Hence, any field of order
p? is isomorphic to F,[z]/(g(z)), and so also to each other. O

Lecture 22 Wed 10/30
Finite fields II

Proof of Theorem 8.1(c): Let S,(n) denote the number of monic irreducible polynomials in F,[x] of
degree n. We prove S,(n) > 0. In fact, we will prove a very nice formula for S,(n). By Theorem 8.3, P —x
is the product of all the monic irreducible polynomials in F,[z] of degree d | n. We take degrees to get

m=) dS,(d)
d|n

We recall the Mobius inversion formula from HW 3 P4. Let u: N — {—1,0,1} denote the Mobius function
defined by

(n) (=1)¥™) if n is squarefree
n)=
a 0 otherwise

Where d(n) denotes the number of distinct prime divisors of n. You proved that if f,g : N — C satisfy
Zg , then g(n Zu f(n/d). We now use this with f(n) = p™ and g(n) = nS,(n) to get

= u(dp™/*.

d|n
For example
1
S5(6) = 6(26 s —22+21) =9>0.

This example illustrates the main idea: the term d = 1 gives p”, which dominates all other terms. Note that
if d > 1, then n/d < n/2. Hence

" —nSy(n)| =| > u(d)p™?| <pln/H g pln/2Tt g < pln/2E <
d|n,d>1
This implies that nS,(n) > 0. O
Here are the proofs of Theorem 8.2 and Theorem 8.3.

Proof of Theorem 8.2: Let F be a field of ¢ elements. We want an element a with o(a) = m = ¢ — 1.
Every element of F'* has order dividing m. For any positive divisor d of m, let Ny denote the number of
elements in F' with order exactly d. Then we have

m:ZNd.

d|m

m = (d)

Recall that we also have
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from the factorization of ™ — 1 in cyclotomic polynomials (Corollary 5.2). We first prove that Ny = 0 or
Ny = ¢(d). Suppose Ny > 0 and let « be an element of order d. Can we express all elements of order d in
terms of a? Any element of order d is a root of the degree d polynomial ¢ — 1 € F[z] and «,a?, ..., a4
already give d of them, which are all distinct since d = o(«). In other words, any element of order d must
be one of these d powers of o. Recall from HW 4 P1(a) that for any integer k,

B\ _ 0(04)
o) = Zedlh,o(a))

Hence we see that o(a*) = d if and only if ged(k, o(a)) = 1. Therefore, Ng = ¢(d).
Note that in both cases, we have Ng < ¢(d) so ¢(d) — Ng > 0. Now

0="> (¢(d) — Na).

d|m
Hence, we must have ¢(d) = Ny for all d | m. In particular, N,, = ¢(m) > 0. O
Proof of Theorem 8.3: In order to prove Theorem 8.3, it suffices to prove:
(a) Let f(z) € F,[x] be a monic irreducible polynomial of degree d. Then f(x) | #?" — x if and only if d | n.
(b) The polynomial 2" — x has no repeated factors in F,[x].

(c) Prime factorization in F,[z]: every monic polynomial in Fp[z] can be written as a product of monic
irreducible polynomials in F,[z].

Recall that to check whether a polynomial h(z) in Fp[z] has repeated factors, we can use its derivative.
Suppose h(z) = g(x)?j(z). Then ' (x) = 2g(z)g'(x)j(x) + g(x)?5'(z) is divisible by g(x). So if h(z) and
R/ (x) share no common factors, then h(z) has no repeated factors. Here (2" —z) = p"a? ' —1= —11in
F,[z], which has no factors, so statement (b) follows. Statement (c) is a straightforward induction on the
degree of the polynomial to be factored.

For statement (a), we recall a result observed in HW 1:

ged(p —1,p" = 1) = pEed(k0) _ .

In particular,
pPP-1pt—-1 = k|t

Let F =TF,[z]/(f(x)) and let § = [z] € F. Then we first note that
f@)| e —z = L] =[] = =5

We will assume without loss of generality that f(z) # x. So we have g € F*.
Suppose first that d | n so that p¢ — 1 | p® — 1. Then since F is a field of order p?, we have

o(B) | p* =1 p" —1.
Hence ?"~! =1 and so g*" = 5.
Suppose now conversely that 7" = 3, and so 8?" ~! = 1. If we knew o(B) = p? — 1, then we would

have p? — 1 | p” — 1 immediately. We let o € F* be an element with o(a) = p? — 1. It then suffices to prove
that o = a. As an element of F, we have

a=[amz™ + - +ag] = anf™+ -+ ag
for some ay, ..., am € Fp. By Lemma 7.8, we have

no o™ p" m—1)p™ p"
o = al g +am715( )P oo tab .
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. n . n n. - .
Since each a; € F, we have af = a;. Moreover, each f7° = (P )" = §'. Hence
n m m—1
ol = am "+ am—_1f +--+a=a.

This completes the proof of Theorem 8.3. O

It is worth noting that F'[z] and Z are very similar. We have the division algorithm so that both are
Euclidean domains and PIDs. We have a notion of irreducible/prime elements. We can pretend that monic
polynomials are like positive integers. We have unique factorizations into irreducible/primes. However, F[x]
has an extra operation, namely differentiation, that allows one to prove more. For example, the versions
of the abc conjecture (Mason’s Theorem) and Fermat’s last theorem over F[z] are much easier. One can
also test for the existence of repeated roots by applying the Euclidean algorithm to find the ged of h(x) and
W' (z). However, testing for squarefree integers is as difficult as factorization.

Lecture 23 Fri 11/01

Using finite fields
For n = 1, we have the factorization
P —x=x(x—-1)---(z— (p—1)).
Canceling the x gives
2Tl = - )@= 2) (- (- 1),

which we already knew from Fermat’s little theorem. Setting x = 0 gives
~1=(-)P"tp-1)! inF,.
Translating it to integer congruences gives Wilson’s Theorem
(p—1D!'=-1 (mod p).

The fact that 2P — x has all of its roots in I, is also very useful for determining when an element o € F»
actually belongs to IF,,.

Corollary 8.6 Let F be a field of order p™ for some prime p and positive integer n. Then oo € F' belongs to
the prime subfield F,, if and only if of = a.

When n = 2, we note that every quadratic polynomial over IF,, splits completely in F,>. Indeed, if a
quadratic polynomial f(z) € F,[z] is reducible, then it already splits completely in F; if f(x) is irreducible,
then it splits completely in F,> by Corollary 8.5.

Corollary 8.7 Let p be a prime and n € N. Then any degree n polynomial in Fylz] splits completely in
Fpr. where L, =1lem(1,2,...,n). The statement is false if Fy,z,. is replaced by any smaller field.

Proof: Let f(z) € Fp[z] be an arbitrary polynomial of degree n. Let g(z) € Fp[z] be any irreducible factor
of f(x). Then deg(g) < n and so deg(g) | L,,. By Corollary 8.5, we have that g(z) splits completely in F,,z,, .
Since f(x) is a product of its irreducible factors (with multiplicities), we see that f(x) also splits completely
nlkF,c,.
p n
We now prove the second statement. Suppose any degree n polynomial splits completely in F,~ for
some N € N. It suffices to prove L, | N. Let ¢ < n be any prime and let k& = [log,n| = v4(L,). Then
q" < n. Let h(z) € Fplx] be an irreducible polynomial of degree ¢* and let f(z) = h(z)x"’qk. Since f(x)
splits completely in IF,~, we see that h(x) splits completely in F,,~. In particular, h(x) has a root in F,~ and
so we have an homomorphism F,[z]/(h(z)) — F,~ which is only possible if deg(h) | N by Theorem 8.1(d).
So ¢ | N. Since this is true for all primes ¢ < n, we have L, | N. O

We now use the field Fy9 to prove the infinitude of primes = —1 (mod 7).
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Theorem 8.8 Let p be a prime divisor of n® +n% — 2n — 1 for some integer n. Thenp =7 or p = +1
(mod 7).

Proof: We have some n € [F), such that nd4+n?2—2n—1=0. Let a € Fp2 be a root of 2 —nx + 1 since
any quadratic polynomial splits completely in F,2. Then « # 0 and n = a + o~ ! Now

0 = (ataP+(a+aM?-20a+a -1
= o*+3a+3a o+’ +24+a - 20+at)~1
= 4+’ +at+ltatta?ta?
Multiplying by o gives
Pr(a)=a +a° +a'aP +al+a+1=0.
If p # 7, then by HW 7 P3, we have o(a) = 7. Since o(«) | |IF;2\, weget 7| p?—1.507|(p—1)(p+1) and
hence 7| p—1or 7| p+ 1 since 7 is a prime. So p = +1 (mod 7). O

We can now prove the infinitude of primes that are —1 mod 7. Let
g(x) = (7Tx)® + (Tx)? — 2(7T2) — 1.

Then for any integer n, we have that g(n) = —1 (mod 7). Hence g(n) is not divisible by 7 and can’t be a
product of primes that are all 1 mod 7. Hence by the above theorem, if g(n) > 0, then it has a prime divisor
that is —1 mod 7. Then by taking the sequence

a1 = g(69), an = g(69ay - - an—1), forn > 2,

we have a sequence of pairwise coprime integers each of which has a prime divisor that is —1 mod 7.
The key to this cute result is that for the polynomial f(z) = 23 + 22 — 22 — 1, we have

fr(@+a7h) =277 07 ().

It follows from the fact that ®,,(x) is palindromic (HW 4 P1) that for any m > 3, there exists a (unique)
monic polynomial f,,(x) € Z[z] of degree ¢(m)/2 such that

flz+271) =272M/2 8, ().

For example, one finds
fii(x) =2 +2* —42® — 322 + 3z + 1.

However, we can’t use this polynomial as above to prove the infinitude of primes that are —1 mod 11 because
the constant coefficient of f11(x) is 1 instead of —1 so we have f11(11n) =1 (mod 11). So it is possible that
all the prime divisors of f11(11n) are 1 mod 11. The trick here is to notice that the degree of f1; is odd. So
we can use
—fri(—z) =25 — 2% — 423 4+ 322 + 32 — 1,

for a polynomial with positive leading coefficient (so that it is at least 2 when x is large enough) with
—f11(—=11n) = —1 (mod 11). Hence for large enough n, the positive integer —f11(—11n) will have a prime
divisor = —1 (mod 11).

This trick works for all m = ¢ prime. By computing ®,(¢) (https://arxiv.org/pdf/1611.06783.
pdf, Lemma 23), we find that

1 ifg=3 (mod 8),
fq(o): e
-1 if¢g=1,5,7 (mod 8).

When ¢ = 1,3,7 (mod 8), the constant coefficient is —1 so we can use the same argument as f7. When

g = 3 (mod 8), the degree ¢(q)/2 = (¢ — 1)/2 of f,(z) is odd and so we may use the same argument as fi1
by taking —f,(—z).
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Repeating the argument as in the proof of Theorem 8.8 would lead to some a € Fj,> with
D, () = 0.

When p t m, we have by HW 7 P3 that o(a) = m and so m | p> — 1. When m = ¢ is a prime, we again
obtain ¢ | p—1orq|p+1andsop==+1 (mod q).

When m is composite, this last step may not hold. For example, when m = 15, we would have
p = £1,+4 (mod 15). It is still possible to split these congruences apart, but we won’t get into it in this
class. In HW 8 P3, you will work this out in full detail for m = 9.

Lecture 23.5 Fri 11/01
Tutorial
Discriminant of ®,(x) in F,[z]

Let p, ¢ be two distinct odd primes. In HW 7 and HW 8, you explored the factorization of ®,(x) in
F,[z]. As a concrete example, consider

Or(r)=aS +a +at v+l + o+ 1= (2% +3x+1)(2® + 52+ 1) (2 + 62+ 1) € Fyz[z].

o Let d = o,(p) so that ¢ | p? — 1. Then F,a is the smallest field containing an element ¢ with o(¢) = ¢.
In this example, we have 132 = 169 = 1+7-24 =1 (mod 7). So d = 2 and we can find { with o(¢) =7
in [Fy69.

o The roots of ®4(z) in a field F of characteristic not dividing ¢ are exactly the ones with order g,
and ®,(x) splits completely in Fpa. In this example, we have all 6 roots of &7 (x) in Figo, namely

¢,¢% ¢ ¢ ¢ ¢

o Let r = ¢(¢q)/d. Then ®y(x) = fi(z)--- fr(z) factors into a product of r irreducible polynomials in
Fp[z] of degree d. In this example, r = ¢(7)/2 = 3 and ®7(z) factors into a product of 3 irreducible
quadratics.

o The roots of an irreducible polynomial of degree d in F,[z] are of the form «,a? ,ap2, e o' In
this example, note that ¢7 = 1. So ¢'? = ¢% and ¢'%? = ¢. We may group the roots as:
A = @—Q—C)
@) = (@)
fa(z) = (z—C3(x—Ch.
o For = H (api - apj), we have 3P = (—1)?"13. For £ = 1,...,7, let ay be a root of fy(x) and
0<i<j<d—1
define S, for fy(z). Then B = (—1)?"18, and (81 -+ B,)P = (=1){@=Drg, ... B,. In this case, we have
Br=¢— (", Bo=¢*= ", Bz =¢* —(h
Since d = 2 in this case, they all satisfy ,3}3 = —f; and we have (3, \3’2;33)13 = —315203, in Fg9.

Note that

b =11 I (af —al).

£=10<i<j<d—1

We can similarly define 8 for the entire ®,(z) as

s= 11 «-¢)

1<i<j<q—1
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as (,...,C2 ! are all the roots of ®,(z). In this example, we have

=

L (R (GRS (S (& (&) (SR & (S &)
(S (G [ (S & (S G (S S [(G Y
Note that the first piece is exactly (5 - -- 5,. Each colored piece is

ﬂflfz = H H (5 - 77)

0 root of fg; m root of fi,

e

H(E == .

The key observation now is that the p-th power of a root of fy is another root of fy,. So

B, = 11 I e-m= 11 [T @ -7 =58uc

& root of fy; m root of f, 0’ root of fp, n’ root of fg,

In this example,

-

(C=CC=NCE =N =N = (€= =)™ = O™ - ¢*)
(=)= =ONC =),

As a consequence, we have

B ﬁl"'ﬂr

So 8 € F), if and only if (d — 1)r is even, which by HW 8 P1 is equivalent to p being a square in Fy. In this
example, (d — 1)r = 3 is odd and 13 = 6 is not a square mod 7, as the squares mod 7 are 0,1, 2, 4.
On the other hand, we can actually compute 32 directly and find that

gy (B Be)? (—1)t=Dr,

52 — (_1)(q—1)/2qq—2.

Let ¢* = (=1)@=1/2¢. Then
62 _ q*qq73 _ q*(q(q73)/2)2'

Hence § € IF, is and only if ¢* is a square in F,. This is quadratic reciprocity!
p is a square in I, = q" is a square in F,,.
In this case, 13 is not a square mod 7 and so 7* = —7 = 6 is not a square mod 13. The squares mod 13 are

0,1,4,9,3,12,10.
We now give a proof for the formula

g% = (_1)(471)/2qq*2_

Note that we have the factorization

qg—1
2T a1 =dy(2) = H(:cfgl).
i=1
Setting x = 1 gives
qg—1
g=1la-¢).
i=1
Note also that
2= ]I @-¢pP=EnuemE I1 (=0
1<i<j<q-1 1<iztj<q—1
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This follows because given any pair (4,7) with ¢ # j, we pick up a negative sign from

== == =)

and there are (qgl) possible pairs. Now for a fixed i =1,...,q— 1,

H (Cz o <7) _ (Ci)q72 H (1 - Ck) _ (Ci)q72 1:[(1 _ Clc) _ (Ci)q72 q.

1<j<q—1 1<k<g—1 L—qr k=1 IR
<j<q <k<q =
J#i k+i#q
Multiply over all i =1,...,¢ — 1:
q—1 q—1 q—1
[Ty =@ =1 and - JTO-¢) = [[0 =) =g
i=1 i=1 k=1

Hence, we have

q—1
8% = (_1)(%1)((1*2)/2‘1T = (~1)aD/2ga=2,

since ¢ — 2 is odd so (—1)772 = —1.

Exercise

8.1

8.2

8.3

8.4

8.5

8.6

8.7
8.8

Let F be a finite field and let k € N such that ged(k, |F| — 1) = 1. Prove that every element in F is the
k-th power of some element in F.

Let F be a finite field and let k¥ € N. Let S be the subset of F' consists of sums of k-th powers. (Note
that an empty sum is 0.) Prove that S is a subfield of F'.

Prove that for any positive integer n # 2, every element in Fon is a sum of cubes. Note that the cubes
in [F4 are precisely 0 and 1 and so the subfield of sums of cubes in F, is Fs.

Let F be a finite field with 3 | |[F| — 1. Suppose there exist u,v € F* such that u® + v = 1. Let w be
an arbitrary element of F'. Let

A={a*:acF}, B={w+b:becF}, C={ulw+c* ccF}
(a) Prove that A, B, C are not pairwise disjoint.

(b) Prove that w is a sum of two cubes. In other words, every element of F is a sum of two cubes.

Let F be a finite field with 3 | |F| — 1 and |F| > 7. Suppose there does not exist u,v € F* such that
u? +v3 =1. Let « € F* be a primitive element. Let

A={a**:kez}, D={ " kecz), E={**":kecz}).

(a) Prove that at least one of a® — 1, a® + 1, a — 1 belongs to D, and at least one of them belongs to
E.

(b) Prove that every element of F' is a sum of two cubes.

Exercises 10.1, 10.4, 10.5 imply that for any finite field except F4 and F7, every element is a sum of two
cubes. Prove that for F' = 7, every element is a sum of three cubes, and not every element is a sum of
two cubes.

Prove that for any a € F7, the polynomial z* — a € F;[x] is reducible.

Let ¢ = p™ be a power of a prime. Let o € F, be a primitive element. Suppose ¢ =1 (mod d) for some
positive integer d. Prove that ¢ — a € F,[z] is irreducible.

Lecture 24 Mon 11/04
Quadratic reciprocity
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9 Quadratic reciprocity

Now that we have proved quadratic reciprocity, let’s talk about what it is.
An element a € F, is a square in F, if a = b2 for some b € F,. Recalling that F, = Z/pZ, we can

state this in terms of congruences: 2 = a (mod p) has a solution. More generally, we say an integer a is a

quadratic residue mod m (or in Z/mZ) if the equation 22 = a (mod m) has an integer solution. Otherwise,
we say it is a quadratic non-residue. Our eventual goal will be to give an algorithm for determining whether
a is a quadratic residue mod m. For example, is 69 a square mod 4207 We factor 420 = 4 -3 -5 -7 into

coprime factors so we can use the Chinese Remainder Theorem to say that

b2 =69 (mod 4)
b?> =69 (mod 3)
b2 =69 (mod 5)
b2 =69 (mod 7)

b* =69 (mod 420) =

In other words, 69 is a square mod 420 if and only if 69 is square mod all of 4,3,5,7. The latter can be
checked directly because the numbers are small: 69 = 1 (mod 4) is a square; 69 = 0 (mod 3) is a square;
69 =4 (mod 5) is a square; 69 = 6 (mod 7) is not a square. Hence 69 is not a square mod 420.

Exercise: For any odd positive integer m, prove that 69 is an m-th power mod 420. In fact,
69 =69 (mod 420).

More generally, we see that applying the Chinese Remainder Theorem allows us to reduce to the
case m = pF using the prime factorization p’fl ---pFr of m. In the above example, the numbers are small
enough that we can calculate directly, but what if we need to determine if 69 is a square mod 10142°? Here
is the general algorithm.

« Chinese Remainder Theorem allows us to reduce to the case m = p*.
o Hensel’s Lemma (to be discussed later) allows us to reduce to the case m = p.
e Quadratic reciprocity allows us to handle the m = p case.

We consider the case where m = p is a prime first. When p = 2, every integer is a quadratic residue. So
we assume p is odd. Let’s use p = 7 as an example. Recall by Theorem 8.2 that there exists a primitive
element o € F', so that all the elements of F7 are given by 0, «, a? a3,a* % a’. (Even more explicitly, we

can take o = 3.) Let’s square them to find the squares, recalling that a® = 1.

b 0 a la?2] o |at| a®|ab

b2 0la?|a*|al |a®| a*]|al

Is b a square | v/ | X v X v X v
b3 0la®|ab|a®|a’|ad|ab
pr—1)/2 O|—-1| 1 |—-1]1]|-1]1

We collect some important observations:

e b=a” is a square if and only if k is even. This is essentially because p — 1 is even, so there is no funny

wrapping around. If k = 2/ is even, then o = (af)2. Conversely, if a¥ = (af)? for some ¢ € Z, then
p—1|k—2¢ and so k is even since p is odd.

o aP=1/2 = _1. This is because a®~1/2 £ 1 but its square is 1. In a field, the only roots of 2 = 1 are
+1.

Corollary 9.1 Let p be an odd prime. Let a € Fy,, then

1 if a is a nonzero quadratic residue
aP~D/2 = ¢ if a is a quadratic non-residue
0 if a=0.
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Proof: Let o be a primitive element. Write a = o for some k = 0,...,p — 2. If k = 2/ is even, then
a®P=1/2 = o(P=D¢ =1 Tf k = 20+ 1 is odd, then a®~1/2 = op=Dt+-1/2 — _1, O
We define the Legendre symbol (ﬂ) to be the integer 1, —1 or 0 depending on if a is a nonzero

p

quadratic residue, quadratic non-residue, or 0 in F,,. In other words,

(%) =aP"V/2 (mod p),

from which we see that it is multiplicative:
aby  ra\ /b
(5)=G)G)
so that the product/quotient of two quadratic non-residues is a quadratic residue. The result

p is a square in [F, = ¢" is a square in [F),

that we proved (where ¢* = (—1)(9=1/2¢) can be expressed as

(=)
q p
We now state the full quadratic reciprocity (and its complementary laws).

Theorem 9.2 The Legendre symbols satisfy:

(a) —1 is a quadratic residue mod p if and only if p=2 or p =1 (mod 4). In other words, for p # 2,

(i) - (_1)(p—1)/2_

p

(b) 2 is a quadratic residue mod p if and only if p=2 or p = £1 (mod 8). In other words, for p # 2,

(%) — (—1)®* D/,

(c) If p,q are distinct odd primes, then

In particular

(§> _ _(%>7 if both p,g =3 (mod 4);
(g) = (%), otherwise.

69
101

(sor) = Giar) GGor):
(o) = (5)=(5) =
(1) = (55) = () =2

So (160—91) = —1 and 69 is not a square mod 101.

For example, suppose we want to find ( ) We first use multiplicativity to get

Then we apply (c):
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Lecture 25 Wed 11/06

Some proofs

Theorem 9.2(a) follows almost immediately from the definition of the Legendre symbol. We know

(_?1) = (-1)P=Y/2 (mod p).

Since both sides are +1 and 1 Z —1 (mod p) since p 1 2, we see that they must be equal. Theorem 9.2(c)
then follows from what we proved and multiplicativity:

*

B ()= G - @y

and then multiplying both sides by (%) noting that (%) = +1 so it squares to 1. Theorem 9.2(b) requires

some work. The key idea is
V2 V2,

= — + —1
2 2

V2 V2
2 2

(8 and Gl=CG= i, 50 G+ ¢t =V2,

except we need to do this in Fj, not C. In which [F,s can we find an element o with o(a) = 87
We can always take d = ¢(8) = 4, but we can also take d = 2 since any odd number squared
is 1 mod 8. Now we take f = a + a~!. Then
BZ=a?+2+a72

4 2

Since o® = 1 and o* # 1, we have o* = —1, and so a? = —a~2. Hence 32 = 2. Since we are in characteristic
p, we have P = aP + a~P. Since a® = 1, we see that 3P depends only on what p is mod 8. It is now easy to
check that if p = +1 (mod 8), then

fr=a'+ta =5

and when p = +3 (mod 8),
BP=a’+ad=—-at-a=-5

Therefore, 8 € F,, if and only if p = £+1 (mod 8). O
Remark: There is another proof of (b) using the complex (5. We consider (1 + 4)? = 2i. Then
(1+i)P = ((1+ i)2)(”_1)/2(1 +i) = 2(p—1)/2i(p—1)/2(1 +1).

On the other hand, we have
(1+9P =14 (mod p).
By considering the possible values of p mod 8, we can compute 2(P~1/2 mod p, which is exactly (%)

Corollary 9.3 We have that —2 is a quadratic residue mod p if and only if p=2 orp =1 or 3 mod 8.

Proof: Suppose p # 2. We know that —2 is a quadratic residue precisely when both —1 and 2 are quadratic
residues or when they are both non-residues. The first case corresponds to p = 1 (mod 8) and the second
case corresponds to p = 3 (mod 8). O

Corollary 9.4 We have
(a) 3 is a quadratic residue mod p if and only if p =3 or p = +1 (mod 12).
(b) 5 is a quadratic residue mod p if and only if p="5 or p = £1,4+9 (mod 20).

(c) T is a quadratic residue mod p if and only if p="T or p = £1,49,£25 (mod 28).
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(d) Suppose p,q are distinct odd primes. Then q is a quadratic residue mod p if and only if p = da>

(mod 4q) for some odd integer a.

There are over 200 proofs of Quadratic reciprocity (usually referring to Theorem 9.2(c))! Here is
another proof similar to (b). Let o € F,o-1 be an element with o(«) = q. We define

-5 (2

meF,

Then one proves that

B =q¢ and B7= (g)ﬂ.

As a running example, we take p = 5 and ¢ = 3. Then « € Fo5 is a primitive cube root of unity. In fact, we
may take o = 2 + (22 + x + 1) in F5[z]/(2% + 2 + 1). Then

T R

We can now compute
% =40 +4a+1=4(—a—1)+4a+1=-3=3"
Note also that 3
B=a—al’=a’—a=-p= <g>ﬁ

If we were to try this with p = 7 and ¢ = 3, then in fact we may take o = 2 € F7. Then f = a — a? = —2
and 32 =4 = -3 in F;.
Back to the general case, we square [ to get

P22 2 (D)= E ()
meF, nef, meF,; nef,

Now we collect terms with the same power of a. Note that ¢t = m + n takes arbitrary values in Fj:

ﬁzzz Z(m(tqm)) at:Z Z<m(tqm)> of

teF, \meF, teFq \meFy

where we removed the m = 0 term because the legendre symbol (M) is 0. Let’s see what the inner

sum is equal to in our example:

o () (550~ (3
- (- ) o
s () -3 e

If we then factor out the (_71), we get,

2—a-a*=3-(1+a+a?) =3
In general, as a primitive g-th root of unity, « satisfies

l+a+---4+ai"t=0.
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This suggests that we should prove

meF 7
o X (M) - () oo
mery

which would imply that

Since m # 0, we have

(m(t - m)) B (—m2(1 - tm_1)> B (—mQ) (1 - tm_l) - (;1) (1 - tm_l)

q q q q q q '
If ¢ = 0, then we get (_71) for each m € F;. There are ¢ — 1 of them, so we get the desired formula for
t =0. When ¢ # 0, tm~! runs through every element in Fy and so 1 — tm~! runs through every element in
[F, that is not 1. Hence

S () 0-0-Z0-0-0-

meFy s€fq sEF

Here the first sum is 0 because half the elements of F* are quadratic residues and the other halfs are quadratic
nonresidues. We have therefore proved that

B2 =q".

We next compare $” with 3 to see if § lies in F,,. Since we are in characteristic p and since (%)

only takes value in 0,1, —1, all of which are fixed by raising to the power p, we have
m\P m
=3 ()= ()
meF, q meF, q
Since p # g, as m varies in [Fy, mp runs through all values of F,. Setting ¢t = mp, we get
tp~! p! t p
=3 ()= () X Q)= (0)2
e a ¢ /5N q
Therefore, we conclude that ¢* is a quadratic residue in I, if and only if (%) = 1. In other words,

(5)-2)

Multiplicativity of the Legendre symbol and quadratic reciprocity allow us to determine whether a
is a square mod p for any prime p. We will talk about Hensel’s lemma next time which upgrades this to
mod p¥. We first reduce to the case p{ a.

We start with an example: is 69 a square mod 23%? Suppose there is an integer ¢ such that

2 =69 (mod 23%).
Hence 23% | ¢ — 69. So va3(c? — 69) > 2 but v23(69) = 1. Hence vo3(c?) = 1. (Recall that if v,(m) # v,(n),

then v,(m 4+ n) = min{v,(m),v,(n)}. However, this is impossible because v23(c?) = 2193(c) is odd.
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Lemma 9.5 Suppose p | a. Then x* = a (mod p*) has a solution if and only if v,(a) > k or if vy(a) is
even and
.132 = a/p”p(a) (mod pkil’p(a))

has a solution.

Proof: Suppose v,(a) < k and k > 2. Suppose ¢ € Z such that ¢ = a (mod p¥). Then v,(c* —a) > k but
vp(a) < k. So 2v,(c) = vp(c?) = v,(a) is even. Moreover, dividing by p*»(?) gives

o((e/p ) = a/p@) =k~ vy(a).

Hence 22 = a/p*»(@ (mod pF~»(®)) has a solution.
Conversely, given a solution b* = a/p**»(¥ (mod p*~"»(?) with v,(a) = 2d even, we easily obtain a
solution to the original equation by taking bp®. O

We now assume that p t a. The punchline is that the question can be reduced to m = p for p odd,
or to m = 8 when p = 2.

Lecture 26 Fri 11/08
Hensel’s Lemma

Theorem 9.6 (Hensel’s lemma) Suppose f(x) € Z[x]. Let p be a prime and let o € Z. Suppose
vp(f(e)) > 2vp(f' ().

Then for any n € N, there exists o, € Z such that

(a) vp(f(an)) = vp(f(@)) +n—1,

(b) vp(an —a) =vy(fla)) = vp(f'()) > vp(f'(a)),

(c) vp(f'(an)) = vp(f'(c)).

Corollary 9.7 Suppose f(x) € Z[z]. Let p be a prime and let o« € Z. Suppose f(a) = 0 (mod p) and
pt (). Then for any n € N, there exists a, € Z such that o, = o (mod p) and f(a,) =0 (mod p™).

This process of “lifting” a root mod p to a root mod p” is called Hensel lifting.

Corollary 9.8 Let p be an odd prime and let a € Z such that p{ a. Suppose x*> = a (mod p) has a solution.
Then x? = a (mod p") has a solution for any n € N.

Proof: Consider f(r) = 22 —a € Z[z]. Let a € Z be a solution to 22 = a (mod p). Then we have f(a) =0
(mod p). Now f’(a) = 2. Since p{a, we have p t a. Since p is odd, we have pt2. So pt f/(a). Hence for
any n € N, there exists a,, € Z such that f(a,,) =0 (mod p"), which is the same as a2 = a (mod p"). O
Corollary 9.9 Let a be an odd integer. Suppose x> = a (mod 8) has a solution. Then x®> = a (mod 2")
has a solution for any integer n > 3.

Proof: Consider f(z) = 22 —a € Z[z]. Let a € Z be a solution to 22 = a (mod 8). Then we have
va(f(@)) > 3. Now f'(a) = 2a. Since a is odd, we have « is odd. So va(f'(«)) = 1 which satisfies
va(f(@)) > 2v2(f'(a)). Hence by Theorem 9.6, for any integer n > 3, we have n — 2 > 1 and there exists
Qy—2 € Z such that

va(flan—2)) = va(f(@) + (n—2) = 1 > .

In other words, a2 _, = a (mod 2"). O

It is easy to check that the only odd quadratic residue mod 4 is 1, and the only odd quadratic residue
mod 8 is also 1. Note that 22 =5 (mod 8) has no solution but 22 =5 (mod 4) does.
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Proof of Theorem 9.6: The important observation is that for any integers a, m, we have
fla+m) = f(a) + f'(a)m (mod m?).
Since both sides are linear in f(x), it is enough to check it for f(z) = x™, in which case
f@)+ f(a)ym =a™ +na" *m=(a+m)" = fla+m) (modm?)

follows from the binomial expansion for (a + m)™.
We construct a,, by induction on n. When n = 1, we take a; = . For n > 2, we define

f(%—ﬁ}

Qp = Qp—1 — |:

Flan 1)),
Here, for two integers a, b with v,(a) > v,(b), we use [¢], to denote any integer ¢ such that v,(a— bc) > vy(a).
(This is not standard notation!) To see such an integer always exist, we write a = p*u and b = p'v where
pfuvands > t. Let w be an integer such that v = vw (mod p). Then p | u—vw. We then take [¢], = p*~‘w.

Note that v,([$],) = vp(a) — v,(b). We now prove inductively that for n > 2,
 vp(flan)) > vp(f(an-1))
o vp(f(an)) = vp(f'(@))
o vp(flan)) > 20 (f' ().

Indeed, we have

F(an 1) @,
where
v (fm 0= fann) | 2] >>Vp(f(0<n )
and

f(OZn—l) ? — 9 a _ 9 ,a y o
N ([f%anl)L) ~ e )

by induction. This proves v,(f(aw,)) > vp(f(an—1)). For the derivative, we have
/ T 7 f(anfl) f(anfl) ?
F(0) = F/(0nr) — F(0nr) [f,(%_l)]p (mod [f,(%_l)]p>

where

M -y @ v (f(a v (o
Vp({f(an 1)} >_ p(f(an-1)) o ([ (an—1)) > vp(f' (an=1)).

This proves v, (f' (o)) = vp(f'(an-1)) = vp(f'()) and
vp(f(am)) > vp(f(an—1)) > 2vp(f'(an-1)) = 20 (f'(an))-
It now follows (by another easy induction) from v,(f(ay)) > vp(f(an—1)) + 1 that

vp(flan)) > vp(f(@) +n—1

and

ana{

f(m)} - {f(az)] - [f(anl)]
fla)],  L[f'a2)], flan-1) ],
has the same valuation as the first term. O

If we go through the above proof, it is not hard to see that our construction was pretty much forced.
In particular, we have the following uniqueness result.
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Proposition 9.10 (Uniqueness of Hensel’s lemma) Suppose f(x) € Z[x]. Let p be a prime and let o € Z.
Suppose v,(f(a)) > 2v,(f'(«)). For any n € N, let o, be constructed as above. Then if B € Z such that

(a) vp(f(B)) Z vp(fa)) +n -1,
(b) vp(B —a) = vp(f(@)) = vp(f'(@))-

Then
vp(B — an) = vp(f(a)) = vp(f'(a)) +n — 1.

Proof: Write 5 = a,, +m. Then by condition (b) for § (and for «,), we have
vp(m) = vp((B = @) = (an — @) 2 vp(f () = vp(f' () > wp(f'(a)).

Let a = f(8) — f(ay), which we know has valuation at least v,(f(a)) +n — 1. Let u = f/(c,) which we
know has the same valuation as f'(a). Then from f(8) = f(ay) + f'(a,)m (mod m?), we have

m? | a — um.

Hence
vpla —um) = 2vy(m) > vp(f'(a)) + vp(m) = vp(um).
So
vp(a) = vp(a —um +um) = vp(um) = v,(f'(@)) + vp(m).
Hence
vp(m) = vp(a) = vp(f' (@) Z vp(f(a)) = vp(f(a)) +n =1,
as desired. 0

Corollary 9.11 Suppose f(x) € Zlz]. Let p be a prime and let o € Z. Suppose f(a) = 0 (mod p) and
p1t f(«). Then for anyn € N, there exists v, € Z, unique mod p", such that o, = « (mod p) and f(a,) =0
(mod p™).

Remark: The notation [{], is very awkward. In HW 9 P4 (bonus), you will see that in the correct ring,

namely Z,, we can literally write . Then Hensel’s Lemma is exactly Newton’s method but done in Z,.

Example: Consider f(z) = (2% — 2)(2? — 17)(2? — 34) € Z[z]. Then f(x) = 0 has no solution in Z. We
claim that it has a solution in Z/mZ for any m € N. By the Chinese Remainder Theorem, it suffices to
consider when m = p* is a power of p and show that at least one of 2,17,34 is a quadratic residue mod m.

If p # 2,17, then at least one of 2,17, 34 is a quadratic residue mod p as

GG =G G) =

p p p p p

and by Corollary 9.8 is a quadratic residue mod p*. If p = 17, then 2 = 62 is a quadratic residue mod 17
and also mod 17*. Finally, since 17 = 1 (mod 8), it is a quadratic residue mod 8 and so is also mod 2*.

Remark: It is a fairly nontrivial fact that if f(x) € Z[z] is irreducible (in Q[z]), then there are infinitely
many primes p for which f(z) has no roots mod p. An irreducible polynomial in Z[z] can be reducible mod p
for all primes p. We have seen that z* + 1 satisfies this. As we will learn soon, most cyclotomic polynomials
are reducible mod every prime but are irreducible in Z[z].

Lecture 26.5 Fri 11/08
Tutorial
Jacobi symbol
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Our algorithm for determining whether a is a square mod m starts by factoring m. However,
factorization is notoriously difficult. For example, let’s see if 69 is a square mod 5338. We can quickly factor
5338 = 2 x 2669 so it suffices to check mod 2 and mod 2669. Everything is a square mod 2 but it takes some
nontrivial effort to check whether 2669 is prime or not. If we pretend that we can use the Legendre symbol
with composite “denominators” and that the same laws of quadratic reciprocity hold, then

(56) = (i) = Cao ) = (i) = (o) (5g) =~ (i) =~ (55) =

2669/  \ 69 / \69/ \e69/ \69/\69/  \13/ \13/

We would then guess that 69 is not a square mod 2669. This in fact can be made precise using the Jacobi
symbol.

Given two coprime integers a,b where b is a positive odd integer, we factor b = p;---p, into a
product of (possibly equal) odd primes. Then we define the Jacobi symbol

() -1

Jj=1

Note that if (%) = —1, then that means some (pi) = —1 so a is not a square mod p; for some prime divisor
J

p; of b, which implies that a is not a square mod b. However, if (%) = 1, then we cannot deduce anything

about whether a is a square mod b. It is not hard to use the usual laws of quadratic reciprocity for Legendre
symbols to deduce the same laws of quadratic reciprocity for Jacobi symbols.

Theorem 9.12 (Quadratic reciprocity for Jacobi symbols) Let b be a positive odd integer. Then:
-1
— (—1)-1)/2.
(@) (=) = (o7,

2 2
b (7) — (=118,
® () =1
b
(c) if a is a positive odd integer coprime to b, then (%) (f) = (71)(“*1)(1’*1)/4.
a
Proof: We write b= p; ---p,. (a) Note that for any odd integer m, (—1)™~1/2 = m (mod 4). Hence

r

(;1) =[[-D®P 2 =p o po=b= (1) (mod 4).

i=
Hence they are equal as integers because they are £1.

(b) It suffices to prove that

o2 o1 ep)? =1
Z Pi (p1---pr) (mod 2)
p 8 8

by induction on r. It is clearly true for » = 1. Suppose r > 2. Then,

(pr--pro1)?—1 +P3—1

8 8
ceepr_1)? =1 2 _1
= (1 p8 ) + pT8 (mod 2) since p, is odd

= p?

r—1 2 2
2 _ 1 -1
E s S + pr 3 (mod 2) by induction
i=1

r 2 _ 1
Z b (mod 2).
= 8
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(c) Let b* = (—1)®=1/2p. Then by (a) and multiplicativity, we have

(3) === ()

Note also by (a), we have b* = pj - - - p%. Note that

S (i

Therefore, for a = q; - - - ¢¢, we have

r

(5)=T1(4) =TI (%) =TI (2) = 1T (5) - (%)

i=1 i=1j=1

j=1i=1 j=1
The proof is now complete. m|
Remark 1: It turns out that 2669 is a prime. So (%) is the actual Legendre symbol, but we could use

Jacobi symbols to compute it. If it is 1, we would be able to say that the “numerator” is a square mod 2669.

Remark 2: It is very easy to write down examples where (%) = 1 but a is not a square mod b. For example,

if b is a square, then (%) =1 for any a coprime to b. Say (%) =1 but 2 is not a square mod 3 and so not

a square mod 9. Here is a more interesting example. Consider the Fermat numbers F,, = 22" 4+ 1. Suppose
m >n > 2 so that F,,, F,,, =1 (mod 8). We saw before that the distinct Fermat numbers are coprime. Now

=(-1)

gm=—n gm-—n gm=—n

22" = 92" =(2%") =1 (mod F,).

Hence, we have
F, =2 (modF,).

(7)== ()=
Fn/ \F,) \F,)
However, using F» = 17 and the prime divisor 641 of Fj, we have
(61) = (57) = (57) = (53) =
641/ \17/ \17/ \17/
So F3 is not a square mod Fy5. Exercise: If m > n > 2, then F,, is a square mod F,.
Recall that the Legendre symbol satisfies

alP=1/2 = (%) (mod p).

Computing Jacobi symbols gives

This was in some sense the definition of Legendre symbols and it relies on the fact that ;' has a primitive
element. Suppose now n is a composite squarefree odd integer, say 69. Is it possible for all a coprime to 69
to satisfy

a3t = (l) (mod 69)?
69

Suppose it is true. Then we would also have

at = (%) (mod 23).

Note that a®* mod 23 depends only on a mod 23, but
a a\ [/ a
(%)= G)(&)
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depends both on a mod 23 and on @ mod 3. So we would have a contradiction by taking a; = 2 and as = 25.

They are congruent mod 23, but
(3)-)=-126)-(5)

So we have a contradiction because

a3t =a3*  (mod 23) but (Cﬁ%) B2 (g—;) (mod 23).

It turns out in this case that
234 =253 =25 241 (mod 69).

Due to how easy it is to compute Jacobi symbols (essentially Euclidean algorithm) and how easy it is to
compute a* mod m (to be discussed later), the congruence equation

an /2 = (%) (mod n)

can be used to test whether n is a prime. More on this next!

Exercises

9.1 Let p > 3 be a prime and let a,b be two primitive elements mod p. Prove that ab is not primitive.
9.2 Is 91 a quadratic residue mod 2537

9.3 Prove that the polynomial 2® — 16 has a root mod p for all primes p.

9.4 Find all solutions to z* + 23 4+ 222 + z = 13 (mod 343).

9.5 Find all solutions to 3 — 2x — 1 =0 (mod 125).

Lecture 27 Mon 11/11
Basic definition of Group theory

10 Group Theory

A group is a set G equipped with one binary operation, one unary operation and one nullary operation:
(a,b) ~ab:GXxG— G a—at:G—G, eed

such that for any a,b,c € G,

(a) (Associative) a(bc) = (ab)c;

(b) (Multiplicative identity) a-e =a and a-a~! =e.

With a little bit of work, one can prove that e-a =a and a™-a =e. If ab = ba for all a,b € G, we say G is
an abelian group. All the groups that we will encounter in this class are abelian groups.

The advantage of doing rings first is that we now have a lot of examples of abelian groups. Suppose
R is a commutative ring. Then we can associate to it two abelian groups:

o The additive group (R, +) of a ring R, where we forget about multiplication and use addition as the
binary operation, negation as inversion, and 0 as e.

e The multiplicative group (R*,-) of units R* with multiplication, inversion and 1 from the ring R.
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For example, we have the group Z/mZ with addition, and the group (Z/mZ)* with multiplication.

A subgroup of a group G is a subset H C G closed under all the group operations: e € H and for
all a,b € H, we have a~! € H and ab € H. The standard notation is / < (. Given any element g € G, we
write (g) for the subgroup of G generated by g. Namely,

(9)={g":neZt={eg.9°....g7 g% ...}
For example, in (Z/69Z,+), we have
(23) = {0,23,46} and (5) ={0,5,10,15,20,25,...,65,1,6,11,...} = Z/69Z.
In (Z/69Z)*, we find that
(5) = {1,5,25,56,4,20,31,17,16, 11,55, 68, 64, 44, 13, 65, 49, 38, 52, 53, 58, 14}

is a subgroup of order 22 while (Z/69Z)* has order ¢(69) = 44. As usual, we define the order o(g) of an
element g as the smallest positive integer d such that g¢ = e, if it exists. Then o(g) = |(g)|.

Theorem 10.1 (Lagrange’s Theorem) Suppose H is a subgroup of a finite group G. Then |H| | |G]|.

“Proof” by example: Note that

(5) = {1,5,25,56,4,20,31,17, 16, 11,55, 68, 64, 44, 13, 65, 49, 38, 52, 53, 58, 14}
2.(5) = {2,10,50,43,8,40,62,34,32,22,41,67,59,19, 26, 61,29, 7, 35, 37, 47, 28}.
They have the same size as |(5)| and form a partition of (Z/69Z)*. O

Proof: Define a relation on G by a ~ b if a = bh for some h € H. We check that it is an equivalence
relation.

e a ~ a follows because e € H and a = ae.
e If a ~ b, then a = bh for some h € H. Multiplying by h~! € H gives ah™' =b. So b ~ a.
e If a ~band b~ ¢, then a = bhy and b = chy for some hy,hy € H. Then a = chohy and hohy € H. So

a ~ C.

Each equivalence class is of the form
[a] = aH = {ah: h € H}

which has the same number of elements as H. Since the equivalence classes form a partition of the entire G,
we see that |H| | |G| and the quotient |G|/|H| is the number of distinct equivalence classes. |

Corollary 10.2 Suppose G is a finite group and g € G. Then g!¢l = e.

Corollary 10.3 Suppose G is a finite group and H is a proper subgroup (H < G and H # G). Then
|H| < |G/2.

If there is some g € G such that G = (g}, then we say G is cyclic and call g a generator. In general,
Z/mZ is cyclic with 1 as a generator. If F is a finite field, then F* is cyclic, generated by a primitive
element. What about (Z/69Z)* and (Z/mZ)* in general? When m = p is a prime, Z/pZ is secretly F,, in
which case we know (Z/pZ)* is cyclic.
Given two groups G7 and Ga, a group homomorphism is a map ¢ : G; — G2 preserving all the
group operations. That is,
plec,) =ea, and  @(ab) = ¢(a)p(b).

By taking b = a1, we also get p(a™t) = p(a)~!. A group isomorphism is a group homomorphism that is a
bijection, and we say the two groups are isomorphic, written G4 = G5. Any two cyclic groups of the same
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order are isomorphic (by a map sending a generator of G; to a generator of G3). We write C,,, for a/the
cyclic group of order m.
From the Chinese Remainder Theorem, we have the ring isomorphism

7./69Z = 7./]37 x 7./]23Z.
Taking the group of units gives
(Z/69Z)* = (Z/3Z)* x (Z)23Z)* = Cy x Coo.
Is this secretly cyclic?
Lecture 28 Wed 11/13
(Z/mZ)*

We note that for any (a,b) € Cy x Ca2, we have a® = e and b*? = e. Then (a,b)?? = (a®%,0?2) = (e,e).
So o(a,b) | 22. Hence, no element in Cy x Caa can have order 44, implying that it is not cyclic. Similarly,
Oy x Oy is not cyclic, because (a, b)(%22) = (¢, ¢) and lem(4,22) < 4 x 22.

Lemma 10.4 Let m,n € N. Then Cp, x Cy, is cyclic if and only if ged(m,n) = 1.

Proof: We have proven by example above that if m,n are not coprime, then lem(m,n) < mn in which case
Cy, X Cp, does not have an element of order mn. When m,n are coprime, we already know by the Chinese
Remainder Theorem that Z/mnZ = 7 /mZ x Z/nZ as rings. Forgetting the multiplication gives a group
isomorphism C,,,, = C,,, x C,,. O
We now consider (Z/mZ)* in general. Suppose m = p]f‘ ---pFr. Then by the Chinese Reminder
Theorem, we have
(Z/mL)* = @/ D)* x - x (T/pS ).

Theorem 10.5 For any positive integer t,
(Z/ptZ)X = Cpt—l(pfl), ifp 18 Odd,

1 ift=1,
Co ift=2,
02 X Cgt—z ift > 3.

1

(Z)2'Z)*

For example, we have

(Z/2023Z)* = (ZJTZ)* x (ZJ1T*Z)* = Cg x Ci7.16,
(Z)20247)* = (Z/8Z)* x (ZJ11Z)* x (Z/237)* = Cy x Cy x Cyg x Caa,
(Z/2025Z)% = (Z/3'Z)* x (Z/5%Z)* = Css.9 x Cs.4.

Is any of them cyclic?

Proof: Suppose first that p is odd. To prove (Z/p'Z)* is cyclic, we need to find some a € Z such that
opt(a) = p~1(p —1). A long time ago, in a tutorial far far away, we worked out 049(2) using... LTE! Let’s
prove by example by finding a generator a for (Z/173Z)*.

We start with a generator a for (Z/17Z)*, which we know exists from the theory of finite fields.
Let’s say a = 3 and we hope that it just works mod 173. Note

@ =1 (mod 17%) = a®7?@ =1 (mod17) = 16 = o17(a) | o17s(a).

While it is not important for the proof, it is a fun to see how to find a in this case. Note that (Z/17Z)* has

a

order 16. So a is a generator if and only if a® # 1. Recall that a® = <17>. So we just need to find a non-square

mod 17. We can’t take 2 because 17 =1 (mod 8). We can take 3 because <%> = <l—§7> = <:)> =—1.
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We know 017(3) = 16. So v17(316 — 1) > 1. Suppose first v17(316 — 1) > 2. Then we consider
B+17)6 —1=3% 1) +16-3% .17+ 17%(---).

Note that v17(16-3%%-17) = 1 while all the other terms have v17 > 2. Hence, we see that either v17(3'¢—1) =
or v17(20*¢ — 1) = 1. We take a = 3 or a = 20 depending on which gives v17 = 1. In this case, v17(3% + 1)
v17(6562) = 1 and we know 17138 — 1, so v17(31¢ — 1) = 1.

Now we can apply LTE (Proposition 3.7) to get

1

vi7(a'®7 — 1) = v17(a'® — 1) + v17(17) = 2.
This implies that 172 @157 — 1. So 0,73 (a) 1 16 - 17. However, we know that
0173(a) | 16 - 172 and 16 | 0173 (a).

Combining these, we find that oy73(a) = 16 - 17% is the maximal possible.

Suppose now p = 2. The cases (Z/2Z)* =1 and (Z/4Z)* = {1,3} = C; can be checked directly.
Suppose now t > 3. We use the same LTE argument with a = 5. We have v5(5 — 1) = 2. Since 5 =1
(mod 4), we can use LTE (Proposition 3.11) to get

(B —1) = wG-1)+t—3=t—1,
w2 1) = n(B-1)+t—2=t

So 09:(5) = 2!72. Since 5 = 1 (mod 4), the same is true for every power of 5. Hence the subgroup (5) is
missing all the elements in (Z/2'Z)* that are congruent to 3 mod 4. It is easy to check that the map

(1) x (5) — (2/2'2)"
(a,b) — ab

is a group isomorphism. Therefore,
(Z)2'7)* = (—1) x (5) =2 Cy x Coe-s.
The proof is now complete. O

Now that we have a complete description of (Z/mZ)*, which of them are cyclic? Note that if
(Z/mZ)* is not cyclic, then for any prime p, we have o,,(p) # ¢(m) in which case ®,,(z) is not irreducible
in any F,[z].

Lecture 29 Fri 11/15
Shor’s factorization

Recall the examples

2

(2/2023Z)* = (ZJTZ)* x (ZJ1T*Z)* = Cg x Ci7.16,

(Z/2024Z)X = (Z/8Z)X X (Z/llZ)X X (Z/23Z)X = CQ X CQ X 010 X 022,

(Z./20257)% = (Z/3'Z)* x (Z/5Z)* = Css.5 x Cs.4.
We note that every cyclic factor has even order. As a result, similar to the C,, x C), case with ged(m,n) # 1,
we see that no element can have a big enough order to generate the full group. For example, every element in

(Z/2024Z)* has order dividing lem(2, 2,10, 22) = 110 but (Z/2024Z)* has order 880. In order for (Z/mZ)*
to be cyclic, there can only be one cyclic factor of even order.

Corollary 10.6 Let m € N. Then (Z/mZ)* is cyclic if and only if m = 2,4,pt,2p* for some odd prime p
and positive integer t. In particular, if m is an odd composite integer, then (Z/mZ)* is not cyclic.
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We can use this observation to test for primality! The cause for (Z/mZ)* to be non-cyclic is the
multitude of C, factors with n even. Every such factor produces 2 elements a with a? = e, namely the
identity e and g/ where g is any generator. (In HW 10 P1, you will prove that a cyclic group has a unique
subgroup of every possible order, which implies that there are no other elements of order 2.) In terms of the
isomorphism

(Z/p'L)* = Cpt-1(p-1),

these two elements with a? = 1 are simply 1 and —1. When there are multiple cyclic factors of even order,
for example for
(Z)2023Z)* = (Z)TZ)* x (Z/1T°Z)* = Cg x Ch71.16,

there are four elements with a? = 1, as they can be £1 mod 7 and 41 mod 172. Note that 288 = 289 — 1 =
287 + 1. So the four elements of (Z/2023Z)* that square to 1 are 1, 4+288.

Corollary 10.7 Suppose m is an odd composite integer. Then there exists an integer a % £1 (mod m)
such that a®> =1 (mod m). Given such an a, the two integers ged(m,a —1) and ged(m, a+ 1) are nontrivial
divisors of m.

Proof: Let m = plfl ---p¥ be the prime factorization of m. Then a = +1 (mod pf) fori=1,...,r. Then
ged(m,a — 1) is the product of pf" for which a =1 (mod pfi); and ged(m, a + 1) is the rest. Since a # £1
(mod m), both 1 and —1 appear. O

The difficulty is now to find such a nontrivial solution to 22 = 1 (mod m). We don’t want to just
check one-by-one (we might as well check for division directly in that case). In practice, m could be some
600 digits number and aint nobody got time for dat. We say a certain algorithm is in polynomial time if
the number of arithmetic operations needed is bounded by some polynomial in the number of digits/bits,
that is, polynomial in log m. For example, computing gcd via the Euclidean algorithm is in polynomial time,
because every time we take the remainder, we lower the number of bits. Finding a nontrivial solution to
2?2 =1 (mod m) by testing inputs one-by-one for division is in exponential time.

Shor’s factorization algorithm
1. Pick b=1,...,m — 1 at random.
Compute ged(b, m). If ged(b, m) > 1, then it is a nontrivial divisor of m and we are done.

Suppose ged(b, m) = 1. Compute d = 0,,(b). Then b% =1 (mod m).

= W N

If d is odd, go back to step 1. If d is even, then b2 is a solution to 22 = 1 (mod m). If b¥? = +1
(mod m), then go back to step 1. If ¥%/2 # +1 (mod m), then we have found a nontrivial solution.
(Note that b%/2 = 1 (mod m) is not possible since d = 0,,(b).)

When m has at least 2 odd prime divisors, there are at most 1¢(m) elements b € (Z/mZ)* such that o,,(b)
is odd or b°»(®/2 = —1 (mod m). You will work this out for an example in HW 10. This means that for a
randomly chosen b, there is at least a 50% probability that it produces a nontrivial divisor of m. Hence the
probability that no answer is found after k iterations is at most 1/2*. For k > 80, this is less than 10724
which is roughly the probability that a calculation error occurs from a cosmic ray hitting the cpu causing
Mario to warp to a parallel universe.

There are two important computations in Shor’s algorithm: computing o,,(b); and computing bt/2
(mod m). The latter (also known as discrete exponentiation), can be done very quickly using the Square
and Multiply method. For example, suppose we want to calculate 4521%63 mod 2023. Then we first express
the exponent 1563 as a sum of powers of 2, which it already was when working with a computer:

1563 = 1024 +512+ 16 +8 + 2 + 1.
Then we square 452 repeatedly to find
452,4522 452%, 4528 ... 4521924 (mod 2023).
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Note that before computing the next square, we first reduce mod 2023, so that every step is simply the
square of a number at most 2023. Finally we multiply the ones that show up in the binary representation of
1563. The number of squaring and multiplication operations needed is basically the number of bits of the
exponent. Each step, we are multiplying numbers less than the modulus. So the whole computation is in
polynomial time.

Lecture 29.5 Fri 11/15
Tutorial
RSA

One does not teach a first year intro to number theory course without mentioning RSA. (See also
slides on RSA.) RSA (Rivest-Shamir-Adleman) is a public-key cryptosystem, one of the oldest, that is widely
used for secure data transmission. Let’s discuss its setup:

1. Pick two large distinct primes p and ¢, say on the order of 2!°24 or approximately 300 digits.

2. Let n = pq so that ¢(n) = (p—1)(¢ — 1).

Then for any integer M coprime to n, we have M?(™) =1 (mod n). Now if N =1 (mod ¢(n)), then
N =1+ ¢(n)k for some k € Z so

MN = M- M?™F =M (mod n).

3. Pick an integer d coprime to ¢(n).

Then there exist integers e, ¢ such that de + t¢(n) = 1. The integer e can be easily found using the
(Extended) Euclidean algorithm. Note that for any integer M coprime to n,

de=1 (mod ¢(n)) = M =M (mod n).
4. Publish (e, n) as the public key. Keep (d,n) (and p, ¢) hidden as the private key. It is also customary
to replace e and d by their remainders mod ¢(n).

Now when someone wants to send a message M to me, they would take my (e,n) and compute
C=M°¢ (modn)
and send C' to me. When we receive C, we can recover M mod n via
Cl= M =M (modn).

If we further require that M = 1,...,n, for example by restricting the size of the message or by breaking it
up into multiple messages, we would recover M exactly.

The security of RSA relies on the following:

1. Given the public key (e, n), it is practically impossible to find the private key (d,n).
Note that we can find d by solving ex = 1 (mod ¢(n)) but this requires finding p and ¢ so we can
compute ¢(n) = (p — 1)(¢ — 1). In other words, factorization should be hard.
2. Given the message M and the encrypted C, it is practically impossible to find d such that M = C¢
(mod n).
This problem is known as discrete logarithm.
In the above, practically impossible means that the current best algorithm would take longer than say 100

years to complete. These algorithms’ runtime are exponential in logn, which is basically the number of bits
that n has. Even something like €!%° is already more than 10%3.
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The efficiency of RSA relies on the ability to compute M€ (mod n) and C? (mod n) in polynomial
time, which we have already seen. It should also be “easy” to generate primes. The traditional sieve of
Eratosthenes produces all the primes, but is too slow to generate 300 digit primes. From the prime number
theorem, we know that roughtly 1 out of logn numbers up to n are primes. So it is much more efficient to
take a bunch of random large numbers and test for primality.

The problem of discrete logarithm (for example, finding the smallest d such that b4 = 1 (mod m))
is very slow on a classical computer but can be done in polynomial time on a quantum computer. A
quantum computer can compute b” mod m for all non-negative integers n < m at the same time, using the
fact that a qubit can be 0 and 1 at the same time. In the above example, we can use 11 qubits to store
45220 or 1) 11164 2023 for k = 0,...,10. Then multiplying them together to find 452" mod 2023 at the
same time for n = 0,...,2047. However, it will be a superposition of states |n,b™ mod m). Measuring the
first registry gives a random ng and the value b mod m. Measuring the second registry gives a random cg
and a superposition of states |n) such that b = ¢y (mod m).

The key is that there is a hidden period in this. In other words, the integers n such that b" = ¢
(mod m) are of the form

n1,n1 + om(b),n1 + 20,(b), . ..

Quantum Fourier Transform can be used to find this hidden period.

For the rest of the semester, we will discuss:

1. Fermat, Miller-Rabin and Solovay-Strassen primality tests. These are polynomial time but proba-
bilistic. However, similar to Shor’s algorithm, the chance of them failing is lower than the chance of
computation error.

2. AKS primality test. This is deterministic and in polynomial time.
3. Lucas-Lehmer primality test. This only works for Mersenne primes 2P — 1.

4. The Gaussian and cyclotomic integers Z[i] and Z[(3] and some history of Fermat’s Last Theorem.

Lecture 30 Mon 11/18
Fermat primality test

11 Probabilistic primality test

In this section, we consider three probabilistic primality tests, the Fermat test, the Miller-Rabin test and
the Solovay-Strassen test. They all build upon Fermat’s little theorem: a?~* = 1 (mod p) if p is a prime
anda=1,...,p— 1.

Lemma 11.1 Ifa" ! =1 (mod n) for every a =1,...,n— 1, then n is a prime.
Proof: Every a =1,...,n — 1 is invertible in Z/nZ. O

Similar to Shor’s algorithm, it is not practical to test all integers less than n (we might as well just
check for division in this case), so we use a probabilistic approach:

Fermat test
1. Picka=1,...,n—1 at random.
2. Compute ged(a,n). If it is bigger than 1, then n is not a prime.

3. Compute a” ' mod n. If it is not 1, then n is not a prime. Otherwise, return to step 1.
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Let’s consider the set of bad inputs. Let
F,={ac (Z/nZ)*: a" " =1}.

If a randomly chosen a lies in [, then we have to restart; otherwise, we would conclude that n is not a
prime. How big is 7,7

Lemma 11.2 The set F,, is a subgroup of (Z/nZ)*.

Proof: Clearly 1 € F,. If a,b € F,, then (ab)"~! = a" 1"t =1 and (a=!)"~! = (a"~1)~! = 1. Note that
by HW 10 P1(a), since (Z/nZ)* is finite, we don’t need to check for a=?. O

By Corollary 10.3, since the order of a subgroup divides the order of the group, we see that if
F, # (Z/nZ)*, then |F,| < 1¢(n) and we have a probability of at least 1/2 that a randomly chosen a can
be used to prove that n is not a prime. Unfortunately, there exists (infinitely many) odd composite numbers
n where F,, = (Z/nZ)*. These numbers are called Carmichael numbers. The smallest Carmichael number
is 561 = 3 - 11 - 17. Note that
2| 560, 10 | 560, 16 | 560.

Hence if a is an integer not divisible by 3,11,17, then

a?>=1 (mod3) = a*°=1 (mod 3)
0 (mod 11) = a°** =1 (mod 11)
%60 =1 (mod 17)

(mod 17) = a

As another example, we have 1105 = 5- 13 - 17 and similarly 4 | 1104, 12| 1104, 16 | 1104. If we attempt to
run the Fermat test on a Carmichael number, then we are just hoping to hit integers a that share a prime
factor with n. If n is a product of very few large primes, we are in trouble. Carmichael numbers are all
squarefree and so have at least 2 distinct prime divisors. In HW11, you will show that they have at least 3
distinct prime divisors.

Proposition 11.3 If p? | n for some prime p > 3, then n is not a Carmichael number.

Proof: The key observation is that
n—1 n—1
(1+p)t= 1+(n—1)p+z ( . )pr =14+ (—1)p (mod p?).
r=2

Since p | n, we have pfn — 1 and so (1+p)"~! # 1 (mod p?). Write n = p*m where k = v,(n) > 2. By the
Chinese Remainder Theorem, we can find an integer a coprime to n such that

a=1+p (modp*),
a=1 (modm).
Then "1 = (1 +p)"~ ! #1 (mod p?). Hence "~ # 1 (mod n). O

To deal with the Carmichael numbers, we can use the Solovay-Strassen test. Recall that we “proved”
by example in the tutorial on Jacobi symbols that if n is a squarefree compositive odd integer, then the
congruence equation

an1/2 = (%) (mod n)

does not hold for all a € (Z/nZ)*. The idea is that if p is a prime divisor of n, then a(*~1/2 mod p depends

only on a mod p, but (%) depends also on a mod %. It is easy to check that

Jo={a e (Z/nZ)*: a"V/2 = (%) (mod n)}
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is a subgroup of (Z/nZ)* since both sides of the congruence equation are multiplicative in a. It is now a
proper subgroup and so has size at most ¢(n)/2. So by randomly choosing 80 possible a’s, we will be able
to tell with high confidence whether n is prime or not.

Solovay-Strassen test
1. Picka=1,...,n—1 at random.
2. Compute ged(a,n). If it is bigger than 1, then n is not a prime.

a
n

3. Compute a(®~Y/2 mod n. Compute the Jacobi symbol ( ) If they are not equal, then n is not a
prime. If they are equal mod n, return to step 1.

Lecture 31 Wed 11/20
Miller-Rabin test

When computing a(*~1/2 mod n in the Solovay-Strassen test, we find that a lot of times, it is not
even £1. For example,
3280 =441 (mod 561).

However, 3°6° =1 (mod 561). This means that 441 is a nontrivial solution to % = 1 (mod 561), which also
implies that 561 is not a prime. If we run this with 2, we actually have

2280 =1 (mod 561).

Is there some other power of 2 that we can try? We can try 2'0 and see if that’s +1 mod 561. As luck
would have it, 2140 = 67 (mod 561). So now we have found another nontrivial solution, namely 67. If we
run with 256, then we have

256280 = 256140 = 2567 = 256°° =1 (mod 561).

Now there is no way to produce some nontrivial solution to x> = 1 (mod 561) starting with 256. This is
where we would “return to step 1”. The above is exact the Miller-Rabin test:

Miller-Rabin test
Write n — 1 = u - 2% where u is odd and k = vo(n — 1).
1. Picka=1,...,n—1 at random.
2. Compute ged(a,n). If it is bigger than 1, then n is not a prime.
3. Compute by = a* mod n. If bp = 1 mod n, return to step 1.

4. Repeatedly compute b;11; = b7 mod n. If —1 mod n is reached before 1 mod n, return to step 1. If
1 mod n is reached before —1 mod n, then n is not prime because we have a nontrivial solution to
22 =1 (mod n). If none of by, . ..,bx_1 equals —1 mod n, then n is not a prime. This last point follows
because if by = 1, then bg_1 is a nontrivial solution; and if by # 1, then it fails the Fermat test.

We now consider the bad set for the Miller-Rabin test. Let
M, ={a€(Z/nZ)*:a"=1or a"? = —1 for some i = 0,... &k — 1}.

There are a few ways to prove that |M,| < ¢(n)/2 when n has at least two distinct prime divisors. We prove
that the bad set for the Miller-Rabin test is the same as the bad set for Shor’s algorithm. Recall from HW
10 P3 the bad set for the Shor’s algorithm:

S(n) = {a € (Z/nZ)*: o(a) is odd or a®¥/? = —1}.
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Lemma 11.4 For any Carmichael number n, we have M, = S(n).

Proof: With the notation Z/nZ, we will write = instead of = mod n. Let a € (Z/nZ)* and we write
o(a) = v - 2! with v odd. Since n is Carmichael, we have a”~! = 1 and so o(a) | n — 1. Hence u = vw for
some positive odd integer w and ¢ < k. The condition o(a) is odd is then equivalent to o(a) | u which is
equivalent to a® = 1.

Suppose now o(a) is even (i.e. ¢ > 1). Suppose first that a € S(n). Then a*2 = —1. Since w is

odd and v = vw, we can raise this to the power w to get av? = (-=1)* = —1 and so a € M,. Suppose

now conversely that a € M,,. Then a*?" = —1 for some i = 0,1,...,k — 1. Since a**" = (a*?")™, we see that

a? # 1 and so ¢ < t. Note that
(@) =-1 and (a*?)* =1
Since w is odd and is coprime to 2!~%, there exist integers x,y such that
wx + 287y = 1.
Since 2!~y is even, we see that wz is odd and so x is odd. Now
avzi _ (av2i)wx(av2i)zf*iy = (-1)* 1Y = —1.
This implies that a*2" = 1. In other words, o(a) = v2*! and a°(/2 = —1. So a € S(n). O

In HW 10 P3 bonus, you will find the size of $(2023% - 2025%2°). You will essentially be giving a
“proof” by example for the following formula.

Proposition 11.5 Letn = p]fl - pF be an integer where py, . .., p, are distinct odd primes and where r > 2
and k; > 1. Fori=1,...,r, write p; — 1 = m; - 2% where m; is odd. Let e = min{ey,...,e.}. Then
__¢(n) (21 p(n)
|S(n)‘ - 9e1+--+er or _ 1 + 1 S 2},~71 .
For example, for n =561 =3-11-17, we have e; =1, e3 =1, e3 =4 and e = 1. Then
2-10-16

Note that when n is squarefree (for example when n is Carmichael), then

$(n)

Sertte, T MMy = odd part of ¢(n).

For the inequality, we note that ey +---+ e, > re >r. So

1 2e-1 ) l=27 11
2e1tter \ 2r — 1 - 2r—1  2r or-l”

When n is Carmichael, we have r > 3, so the Miller-Rabin test would fail with probability at most 25% each
iteration.

We end by mentioning that testing for prime powers is very easy. Note also that by Proposition
11.3, prime powers are not Carmichael numbers so the Fermat test can also be applied. If n = a* for some
a,k > 2, then k < logy n. For each k < log, n, we can do a binary search to see if n = a* for some integer a.

Binary search for testing for prime powers
1. Set a;, = 2 and ay = n — 1. So any possible solution will lie in [ay,ay).

2. If ag < arp, + 1, return True if alz = n and False if a’Z #n.
Else, let ¢ = [(ar +am)/2].

3. If ¢ = n, then return True. If ¢¥ > n, then c is too big and we replace ay by c. If ¢* < n, then c is
too small and we replace ar, by c. Go back to step 2.
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Exercises

11.1 Let n > 1 be an integer. Let a € N and let p be a prime number such that:

. an71 =

e pln—1landp>/n—1;
o ged(a®V/P — 1 n)=1.

(mod n);

Prove that n is a prime.

This result can be used to recursively generate candidates for primes with deterministic proofs: given
a large prime p, consider n = 2pq 4+ 1 where ¢ is some large random natural number less than p/2.

Lecture 32 Fri 11/22
AKS

12 Deterministic primality test

The Agrawal-Kayal-Saxena primality test is a deterministic primality test whose run time is polynomial in
log n.
For any commutative ring R and any a,b,mq,...,m, € R, we write

a=b (modmy,...,m,.) = a—>be (my,....,my).
Recall that when n = p is a prime, we have for any a € Z, the following congruence in Z[z],
(x+a)f =aP+a? =2 +a (mod p).
Lemma 12.1 Let n > 2 be an integer such that for some a € Z coprime to n,
(z+a)"=2"+a (mod n).
Then n is a prime.

Proof: Suppose for a contradiction that n is not a prime. Let p < n be a prime divisor of n. Let k be a
positive integer such that p* <n < p**'. By Lemma 3.13, we have p*( ) | L, where L, = lem(1,2,...,n)
but v,(L,) = k. So we have p { (p",c). Since a is coprime to n, we have p { (pri.)a”_”k. This gives a nonzero
middle term if p* < n. If p* = n, then again from p(Z) | L, we get l/p((Z)) < k-1 < vp(n) and so
n{ (Z) a™P. O

The key idea of the AKS test is to check the congruence
(x4+a)"=2"4+a (modz"—1,n)

for a suitably chosen r < (log, n)® and for positive integers a < /¢(r)logy n < (logy n)35. We can use the
usual square and multiply method to compute (x4 a)™ mod (2" —1,n) in polynomial time for each a. Hence
the full algorithm is in polynomial time. In what follows, we write logn for log, n.

Lemma 12.2 For n > 4, there exists a positive integer v < (logn)® such that either ged(r,n) > 1 or
or(n) > (logn)?.

Proof: Suppose for a contradiction that for all positve integer r < (logn)®, we have ged(r,n) = 1 and
7| n?—1 for some d < (logn)2. Let m = [(logn)®|. Then L,, = lem(1,2,...,m) divides

I o'-1< n2oizaztonm2 @ — p3L00gn)?|(L(logn)?]+1) _ g(logn)(4[(logn)]((logn)®|+1))

1<d<(logn)?
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Recall from HW 2 that L,, > 2™ for any integer m > 7. From n > 4, we have m > 32, so from L,, dividing
the above product, we have

m < (logn) (3 logn)?([(1ogn)? | + 1).

Note the RHS grows like 1 (logn)®. Hence we have a contradiction by taking m roughly (logn)®. It is easy
to check that (logn)® works. m)

Remark: The precise bound for r is not important. For theoretical purposes, any bound that is polynomial
in logn is enough. In practice, one just tests r one-by-one to find one in polynomial time.

Step 1 of AKS: Find the smallest positive integer r such that ged(r,n) > 1 or o,(n) > (logn)?.

We know we only need to test at most (logn)’ different r. For each r, we simply compute

r,r2,r3,. . rl0oe™’] mod n to see if any of them is 1. Hence this step can be done in polynomial time.

If n < (logn)® is small (only happens when n < 107) so that this step does not terminate before r > n,
then we have checked that ged(r,n) = 1 for all 7 < n and so n is prime. If this step terminates at an r with
ged(r,n) > 1, then n is composite. Suppose now we have found a positive integer r < (logn)® coprime with
n with o,(n) > (logn)?. Note this also implies that ¢(r) > o,.(n) > (logn)?. Since n #Z 1 (mod r), we see
that n has a prime divisor p Z 1 (mod r) so that o,.(p) > 1.

Step 2 of AKS: For every positive integer a < r, check if ged(a,n) = 1.

Suppose Step 2 is passed. Then that means we may assume p > r. So we have
Vo(r)logn < ¢(r) <r < p.
Step 3 of AKS: For every positive integer a < \/¢>(7) log n, check the congruence
(t4+a)"=2"+a (moda" —1,n).

Theorem 12.3 Suppose positive integers n,r and prime p satisfy:

« 0.(n) > (logn)?

e pln,p>rando.(p) >1

o For all positive integers a < /d(r)logn, the congruence (x +a)™ = 2™ +a (mod z" — 1, p).
Then n is a power of p.

Note that we don’t know what p is! So when running the test, we have to check mod n, not mod p.

Step 0 of AKS: Check if n is a perfect power.

Lecture 32.5 Fri 11/22
Tutorial
Sketch of the proof of AKS

It remains now to prove Theorem 12.3. We may assume that n > 4. The congruence
(z+a)"=2"+a (modaz" —1,p)
translates to: for every f(z) € S:={z,z+1,...,2+ ¢} CF,[x],
f@)" = fa") =jx)(=" - 1)

for some j(x) € Fp[z]. To test whether 2" — 1 divides a polynomial in Fj,[z], we consider r-th roots of unities
in e where d = o,(p) > 1. Let ag € e with o(ap) = r and let

pr = {ag) = {ab: k € Z)rZ}

84



be the subgroup of all r-th roots of unities. Then we have

2l —1= H(zfoz).

aE ity

Hence, in order for " — 1 to divide f(x)™ — f(a™), it is equivalence for every « € u, to be a root. In other
words, we have for every f(x) € S,

fla)” = f(a"), for every a € p,.

Note since £ < p, the set S contains £ + 1 distinct linear polynomials.
We say a polynomial g(z) € Fp[z] commutes with a positive integer m if

g(a)™ =g(a™) € F,a, for every a € p,.

Hence, every element in S commutes with n. We have the following lemma about commuting polynomials
and integers.

Lemma 12.4 We have:

(a) Any g € F,[x] commutes with p and 1.

(b) If g1, g2 € Fplx] both commute with m, then gi1g2 commutes with m
(c) If g € Fp[z] commutes with my and ma, then g commutes with mima.

(d) If g € Fp[z] commutes with m and p | m, then g commutes with =

Proof: (a) follows from the equality g(z)! = g(z') and g(x)? = g(2P) of polynomials in F,[z]. To see the
latter, we have

g(@)? = (ana™ + -+ ag)? = abx™ + -+ af) = apz"P + -+ ag = g(aP)
since each a; € F,,. For (b), take any o € p,.. Then

((9192)(a))™ = g1()"g2()™ = gr(@™)g2 (™) = (g192) (™).
For (c), we have
gla)™ ™ = (gla™ )™ = gla™ ™)
since ™! € p,.. For (d), we have
(9()™?)" = g(a)™ = g(a™) = g(a™/P)P.
Hence (g(a)™/? — g(a™/P))P = 0 and so g(a)™/? = g(a™/P). O
Let S denote the set of polynomials in FF,[z] that are products of elements in S. So
S={z"(x+1)" - (z+0)": ng,...,n >0}

Then every element in S commutes with every positive integer of the form (n/p)p’. Note that even though
there are infinitely many m of the form (n/p)‘p/, ai* only takes at most r possible values. In other words,
the set .

T ={af"""":i,j > 0} C

is finite. Let m; > ma be two integers of the form (n/p)’p’ such that af'* = af'*. Note that this condition
is equivalent to m; = ma (mod 7).

Suppose for a contradiction that n is not a power of p. Then the integers (n/p)'p’ are all distinct for
distinct pairs (4, 7). This allows us to choose m; and mqy so that m; — my is fairly small. Let N = |T|. For
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i,5=0,1,...,|VN|, we have (L\/NJ +1)? > N distinct integers of the form (n/p)ip’. There are only N

possible elements of the form aé"/ P)'P’ Hence, by the Pigeonhole principle, there exist two distinct integers

my > my among them such that ag" = ag'?. Moreover,

my —ma < my < (n/p)YNIplVNL = pLVN],

Now for any g € S, we have
9(a0)™ = g(ag") = g(ag™) = g(a)™.
Since g € S splits completely in F,, and ag ¢ F,, (this is where we use o,.(p) > 1), we have g(ag) # 0 and so

glag)™ ™M = 1.

The idea now is that by taking ¢ large enough, the set {g(ao): g € S} is too large.
Suppose g, h € S with g(ag) = h(ag). We know that for every integer m of the form (n/p)ip’, we
have

9(ag') = g(a0)™ = h(ag)™ = h(ag').

In other words, every o € T is a root of g(x) — h(x). Hence if we further require that deg(g) and deg(h)
are less than N = |T'|, then deg(g — h) < N so g — h must be 0 in order for every a € T to be root. Let
C(f+1,N —1) be the number of elements in S of degree at most N — 1. Then we have

Hg(ap): g€ S} >CU+1,N —1).

Therefore, it remains to prove that
WM <O+ 1,N —1).
Let’s estimate the sizes of the variables involved. By taking i = j, we see that (n/p)'p’ = n’. So we have

{n*mod r:4i >0} C {(n/p)'p’ modr:i,j>0}C(Z/rZ)*.

In other words,
(logn)? < o.(n) < N < é(r).

Let M = [[V/N]logn]. Then

VNI — 9lVN] 10gn<2]W+1’
(+1 = |Vo(r)logn| +1>|VNlogn| +1> M +1,
N-1 > \/]Vlogn—le—l,

Cl+1,N-1) > C(M+1,M).

Hence, it is enough to prove that
C(M +1,M) > 2M+1,

Since z,z + 1,...,x + M are all distinct linear polynomials in F,[z], C(M + 1, M) is the same as
the number of monomials of the form z{* - - 3} in M + 1 variables of degree aj + - - -+ an;41 at most M.
By adding in one more variable g and setting ag = M — (a1 + -+ - + apr41), this is the same as the number

of monomials of the form z(°z{" - -- x4 in M + 2 variables of degree exactly M.

Theorem 12.5 The number of monomials of the form x{* ---x}* in k variables of degree d = ay + - - -+ ay,
s (d+k—1
is (3007

In particular, we have

2M +1 2M +1 4M
C<M+1’M):(M+1>:< M >>M+122M+1

86



when 2M > 2(M + 1), which is true for M > 3. Since n > 4, we have logn > 2 and M > 4.

The standard proof of Theorem 12.5 is the stars and bars method. Imagining placing d stars and
k—1 bars in d+ k — 1 slots. The number of ways to do this is (d}i;l). The number of stars before the first
bar is the exponent of ;. The number of stars between the i-th bar and the (¢ + 1)-st bar is the exponent

of ;41 for i =1,...,k — 2. The number of stars after the last bar is the exponent of zy,.

Lecture 33 Mon 11/25

Lucas-Lehmer

A Mersenne number is a number of the form M,, = 2" — 1 for some n € N. Note since 2¢ —1 | 2" — 1
whenever d | n, in order for 2" — 1 to be a prime, n itself must be a prime. For example,

Ms=7,  Ms=31, M,=127

are all primes. However, M1; = 2047 = 23 x 89 and Ms3z = 47 x 178481 are not primes. The Lucas-Lehmer
test is a very efficient test specifically for Mersenne numbers. The current record for the largest proved prime

number is
982589933 _ |

The fact that 23 | My; and 47 | Mag are not coincidences. Let’s prove 47 | 223 — 1 without wolfram
alpha. This amounts to proving that 223 =1 (mod 47). Since 47 is a prime and 23 = (47 — 1)/2. We know
that

223 = (437) (mod 47) and (%) =1

since 47 = 7 (mod 8). What’s special about the prime p = 23 in this proof by example? In order for
23 = (47 — 1)/2, we need 47 = 2p + 1. We also need it to be a prime in order for 2(47=1)/2 to be given by
the Legendre symbol. Finally, we need 47 = £1 (mod 8) in order for the Legendre symbol to be 1. This
corresponds to p =3 (mod 4).

A Sophie Germain prime is a prime p such that 2p+ 1 is also prime. The primes p = 3,11, 23 are all
Sophie Germain primes that are 3 mod 4, while 5 is a Sophie Germain prime that is 1 mod 4. The infinitude

of Sophie Germain primes is an open conjecture. The heuristic count for the number of them less than x is
about 1.32032z/(In z)?.

Proposition 12.6 Suppose p =3 (mod 4) is a Sophie Germain prime. Then 2p+1 | M, and so M, is not
prime for p > 3.

Proof: From p =3 (mod 4), we get 2p+ 1 =7 (mod 8). Hence 2 is a quadratic residue mod 2p + 1. Let a
be an integer such that 2 = a? (mod 2p + 1). Then

2p

a® =1 (mod 2p+1)
by Fermat’s little theorem. Then 2p + 1 | 2P — 1. O
In the Lucas-Lehmer test, we define the sequence
ag = 4, an+1:afl—2forn2().

Theorem 12.7 Let p be an odd prime. The Mersenne number M, = 2P —1 is prime if and only if a,—2 =0
(mod My).

For example, we have

ag = 4

ag = 14 = 0 (mod?7)

ay = 194

a5 = 37634 = 2x31x607 = 0 (mod 31)
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Note that the a,, grows very quickly. However, since we only care about mod M,, we can reduce mod M,
at every step so we only have a p bit number to deal with before computing a,1. Moreover, it is very easy
to find the remainder of an integer @ mod a number of the form 2P — 1. We apply the division algorithm to
divide a by 2P first to find

a = 2Pq+r
= ¢+r (mod2P—1).
Finding the quotient ¢ and remainder r are extremely easy, since the numbers are already in binary. So ¢

is the simply the number after removing the last p bits from a, and r is the last p bits of a. Applying the
same method to ¢, we find that @ mod 2P — 1 is simply the sum of all p-bits chucks of a.

Proof of Theorem 12.7: Consider w = 2 + /3. Then

Sow+w ! =4 =ay. Now

2

ai a3—2 = WH+24w?-2 = Wt+w”

a = a3 -2 = WwH2+wt -2 = Wyt

It is then easy to check via induction that
an=w? +w ¥ =0 (w2n+1 +1).
All of the above are done in R, but we can restrict to the more interesting subring
R=7Z[V3] = {j(V3): j(z) € Z[z]} = {a+bV3: a,b € Z} = Z[z]/(2* — 3).
Since both w and w™! are in R, we see that w € R* is a unit. Consider
ap_o = w2 (w2p71 + 1) = (unit) - (w?pi1 +1).
Let ¢ = M,. Then we have the ideal ¢R = {qa + ¢bv/3: a,b € Z}. Hence we see that

ap—2 €qL <= ap2€qR = W t1e gR <= w¥ ' =—1in R/qR.

Suppose first that a,_» € ¢Z and suppose for a contradiction that ¢ is not a prime. Let r» < /g be a

prime divisor of . Then we also have a,_s € rZ and so w*" = —1 in R/rR. Then w? =1 in R/rR. The
order o(w) of w in (R/rR)* is then a divisor of 2P that doesn’t divide 2P~!. Hence it equals 2P, which then
must divide |(R/rR)*|. However, we have a contradiction now because

2 < |(R/rR)*| < |R/rR| —1=12—1<q—1=2" -2,

Lecture 34 Wed 11/27

The idea of norms

Suppose conversely that ¢ is a prime. Note that 2P~ = (¢ + 1)/2. So we need to compute wlatl)/2
in the ring R/qR. We first prove the following formula: for any a,b € Z, we have

(a+bV3)7H! = ¢% — 3p? in R/qR.

Since R/qR is a ring of characteristic ¢, we know that

(@+bv3)7 = a? +59v3v3" in R/qR.
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Since a,b € Z, we know that a? = a (mod ¢) and b? = b (mod ¢). Moreover, mod ¢, we have

\/gq—l _ 3(@-1)/2 _ (g) — _<%> = _<%2) =—1.

Here we note that ¢ = 2P —1 =3 (mod 4) and ¢ = (—1)? — 1 = —2 (mod 3). Hence,
(a+bV3)=a—bV3 in R/qR

and so
(a+bV3)1 = (a+bV3)(a — bV3) = a* — 30 in R/qR.
Next we note the fact that
(1+V3)? =4+2V3=20.

Hence - ) )
patv Z AEVTE_1P-3.12 -2
2(¢-1)/2 . 9 2 2
where since ¢ = 2P — 1 =7 (mod 8), we have 2(4-1/2 = (%) =1 (mod q). 0

We can understand the quotient R/qR better where R = Z[x]/(z? — 3). Suppose ¢ is a prime. We
use the third isomorphism theorem (recall the Tutorial on Oct 11) to get

R/qR = Z[z]/(x* = 3,q) = Fyla]/(2* = 3).

From the Legendre symbol calculation above, we saw that 3 is not a square mod ¢ and so x2 — 3 is irreducible
in F,[z]. Hence, we have
R/qR = Fge.

One can prove that there are two field homomorphisms (automatically isomorphisms) Fy2 — Fg2: the identity
map id and the Frobenius map 7(z) = 9. Our calculation above gives

(a+bV3) =a—b/3
and
a? — 3b* =id(a + bV3) - T(a + bV3) = Nr ,/r,(a + b/3).

This is a special case of the norm map. We will use the norm map N¢/r next to prove some interesting
results about representing integers as sums of squares next.

Remark: IMO 2003 N7 asks that if ¢ is an odd prime divisor of a,,, then 2”3 | ¢> — 1. We can give a
very quick proof of this! The assumption ¢ | a,, implies as above that W =1 R/qR. Note first that
a, = —1 (mod 3) for n > 1. So q # 3. If 3 = o? is a quadratic residue mod ¢, then

R/qR=TF,[z]/(2* — a®) = F, x F,.

The image of w in either of the F, factor is an element whose 2"™! power is —1. Hence 2"%2 | ¢ — 1, which
implies that 2”3 | ¢* — 1. Suppose now 3 is not a quadratic residue mod ¢q. Then R/qR = F,2. Recall that

14+ v/3)? = 2w and there exists 3 € F,» such that 32 = 2. Hence ((1 + v/3)/3 2 = _1inF 2, which
q q
implies that 2"+3 | ¢2 — 1.

13 The Gaussian and Eisenstein integers

In this section, we consider the ring Z[i] of Gaussian integers and the ring Z[(3] of Eisenstein integers. Note
that i = (4 is a root of ®4(x) = 22 + 1 and (3 is a root of ®3(x) = 22 +x + 1. Both of these polynomials are
irreducible in Q[x] and monic in Z[x]. Hence by HW 6 P4, we have

Zli] = {a+bi:a,beZ} = Zz]/(2*+1),
Z[G) = {a+bG:a,beZ}y = Zx]/(x®+x+1).
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Note that (s is a root of ®g(z) = 22 — x + 1, so we have a similar description for Z[(s]. However,

1, V3 1 V3,
43—754’71 and <6—§+7Z—<3+1

So Z[¢s] = Z[(3]. We define the norm of an element in Z[i] or Z[(3] by
N(a) = aa = |al*.
More explicitly, we have

N(a+bi) = a*+0b%

N(a+0b() = N((afg)Jr?bi):azfaber?

Note that the norm function is multiplicative: N(af) = N(a)N(5). So from
(a + bi)(c+ di) = ac — bd + (ad + bc)i
we have the well-known formula
(a® + %) (? + d?) = (ac — bd)* + (ad + be)?;

and from
(a+b(3)(c+ d¢3) = ac + (be + ad)C3 + bd(—1 — (3) = ac — bd + (bc + ad — bd)(3

we have the less-known formula
(a* — ab +b*)(¢* — cd + d*) = (ac — bd)* — (ac — bd)(bc + ad — bd) + (bc + ad — bd)?.
If we use the above formula with a, b, c,d € Z, we see that the sets

Sy, = {a*+b*:a,bcZ}
S; = {a*—ab+b*:a,beZ}

are closed under multiplication. Hence to understand what they are, it remains to understand which prime
powers do Sy and S3 contain. They clearly contain p? for every prime p by taking @ = p and b = 0. It is
easy to check that

2€ 8, and 2¢ 53 and 3 e S;.

In HW 9 P1, you proved that if p € Sy, then p =2 or p =1 (mod 4); and if p € S35, then p =3 orp =1
(mod 3). Our main theorem is that the converse is also true.

Theorem 13.1 Ifp is a prime congruent to 1 mod 4, then there exist a,b € Z such that p = a® + b>.

Theorem 13.2 If p is a prime congruent to 1 mod 3, then there exist a,b € Z such that p = a®> — ab + b>.

For example, 2023 = 7- 172 € S3 since 7 =1 (mod 3), but 2023 ¢ S4 since 7 # 1 (mod 4). More explicitly,
7=3"-3-141° and 2023 =51>—51-17+17°.

Lecture 35 Fri 11/29
The rings Z[(4] and Z[(3]

We give a ring-theoretic proof of these results. There is also a “descent”-type proof. They look

different but really are the same. Let m = 3 or 4. We will treat them with the same argument. The key
ring theoretic result is the following.
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Proposition 13.3 The rings Z[(] for m = 3,4 are Euclidean domains with respect to the norm function.
As a consequence, Z[(m] is a PID for m = 3,4.

Proof: Let o, € Z[(y] where m = 3 or 4 and a # 0. We are looking for some ¢ € Z[(,,] such that
N(B — aq) < N(a). In other words, we want

B
We divide 8 by « in C to get
B_pa_ ba

a aa N(a)
Next we note that since a € Z[(,,], we also have @ € Z[(,]:

—_ 1 V3,

a+bCn=a+b(, and = —i and C3:—§—Tz:—1—g“3.
Since Z[(n] is a ring, we see that fa € Z[(,,]. Since N(«a) € Z, we see that
B _
o =t+ s(m, for some t,s € Q.

Let a € Z be an integer that is the closest to ¢t and let b € Z be an integer that is the closest to s. (In other
words, either the floor or ceiling of ¢ and s.) Hence

1 1
B @b+ (- )+ (= D)), f—al <2, fs—bl <
« 2 2
Then 3
N((t—=a)+ (s=b)m) <[t —al* + [t —alls —b| +[s — b]* < 1< 1.
Therefore ¢ = a + b(,, € Z[(,n] does the job. O

Remark: When ¢ = 1/2 for example, there are two choices for a. Hence the “quotient” and “remainder” are
not unique in this division algorithm. The same argument also works for Z[v/2i], Z[v/2] and Z[v/3]. There is
a complete classification for which of the Z[(,,] are Euclidean domains. It turns out that being a Euclidean
domain (not necessarily with the norm function) and being a PID is equivalent for Z[(,,] and it is the case
for all m < 40 except for m = 23,29, 31, 37,39 and for m = 44,45, 48,60, 84, (42, 50, 54, 66, 70). The numbers
in paranthesis are of the form 2n where n is odd in which case Z[(,,] = Z[(,]. For example for m = 23, one

can prove that
1++/-23 1—+/-23
(2)= (2, )2, )

and that none of the factors are principal in Z[(23]. You will prove in HW 11 P4 that

1++/-23
2

€ Z[C23]

Proof of Theorems 13.1 and 13.2: Suppose p is a prime congruent to 1 mod m, where m = 3 or 4. Then
om(p) = 1 and so ®,,(x) splits completely in F,[x]. Let n € Z such that  —n € Fp[z] is a factor of ®,,(z).
Consider the ideal I, = (p, ( — n) in Z[(,,]. We apply the third isomorphism theorem to get

ZCml/1Ip = Z[x] [ (P (2), p, x = n) = Fp[2] /(P (2), 2 — n) = Fp[z]/(x — n) = F).

As a consequence, we see that I, is a proper ideal (in fact, a prime ideal). Since Z[(,,] is a PID, there exists
some o € Z[(] such that I, = («). The fact that I, is a proper ideal implies that « is not a unit. We prove
now that N(«) = p, so that upon writing o = a + b{,, for a,b € Z, we have

p=a®+b? for m =4, and p=a?® — ab+b* for m = 3.
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Note that the intrinsic reason for N(a) = p is that
P = [Z[Cn]/Tp| = |Z[Gn]/(@)] = N(a).

Since p € I, = (). We write p = af for some § € Z[(,,]. Since p { ( — n, we see that I, # (p) and so § is
also not a unit. Taking norm on p = af gives

p* = N(p) = N(a)N(B).

Now for any v € Z[(n], we saw earlier that 7 € Z[(,,]. Hence if N(vy) = 45 = 1, we see that v is a unit.
Since neither a nor 3 is a unit, we see that N(a) # 1 and N(8) # 1, but they are positive integers that
multiply to p?. Therefore, they must both be p. O

The converse direction
Y€ Z[n]* = N(v)=1

is also true. To see this, we note that v~ € Z[(,,] and so N(v) and N(y~!) are positive integers that
multiply to N(1) = 1. So they are both 1. Using this characterization of units, we can solve for a? + b% = 1
and a? — ab + b? = 1 to find that

ZH* = {1,-1,i,—i} = pa,
Z[CB]X = {17_174-37_4-3’]-—"_(37_1_(3}:/1‘6'
Lecture 35.5 Fri 11/29
Tutorial

The ring Z[(23]

The year is 1847. Fermat’s Last Theorem had been proved in degrees 3,4,5,7. The proofs involve a
crude factorization of ™ 4+ y™. For example, when n = 3, this factors as (z +y)(z? — ry +y?). It didn’t seem
plausible to generalize this to higher degrees. Then on March 1st, Lamé announced a “proof” for general
prime degrees p by factoring zP + y? completely into linear factors, but using complex numbers:

p—1
o +y = [[ @+ Gy)

i=0
from the factorization )

p—

P —1= H(x—q))

i=0
If this product is a perfect p-th power 2P, then Lamé concluded that each of the factors x —|—C;,y must then be
a p-th power, up to some common factor among the terms. Then some kind of descent argument similar to
the known cases can be used to produce a smaller solution, leading eventually to a contradiction. After the
presentation, Liouville immediately pointed out the possible lack of unique factorization in the ring Z[(,] of
cyclotomic integers and he found the whole thing very sus. Lamé agreed but was still optimistic and worked
on fixing it. Cauchy also was very enthusiastic and raced to resolve the issue with a series of papers the level
of clarity of which is comparable to some of your homework solutions. On May 24, Liouville read a letter from
Kummer who had already proved in 1844 that Z[(23] does not have unique factorization. Lamé felt silent.
Cauchy tried some more before moving on to astronomy. Kummer was able to save the “proof” of Fermat’s
Last Theorem using his new theory of ideals (which he developed in order to prove higher reciprocity laws),
but expressed doubts about the case p = 37.

For this tutorial and Monday’s lecture, we will give Kummer’s proof that Z[(23] doesn’t have unique

factorization. In what follows, we write { = (a3.

Theorem 13.4 The prime number 47 has no prime factorization in Z[C].
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Recall that Z[¢] consists of elements of form f(¢) where f(z) € Z[z] and ( is a root of

22
(I)23($):$22+$21+"'+-T+1:x23_1 :H(x_cj>
r—1 ok

Kummer was interested in the factorizations of primes ¢ = 1 (mod 23) in Z[¢]. Similar to the proof of
Theorems 13.1 and 13.2, the cyclotomic polynomial ®93(x) splits completely in Fy[z] for these primes. So
there is hope that ¢ splits nicely in Z[(]. We define the norm

22
N(f(¢) =TT £(¢).
j=1
For example, for any integer a,
22
N(a—¢) =]](a—¢7) = ®as(a).
j=1

This gives another motivating reason for why primes = 1 (mod 23) are interesting because they (and 23)
are the only possible prime divisors of ®93(a).

Lemma 13.5 For any f(¢) € Z[(], its norm N(f(C)) is a non-negative integer of the form a® — ab+ 6b> for
some a,b € Z.

Proof: We let g(z) = f(z)f(2?)--- f(2*?) € Z[z]. Then N(f(¢)) = g({). Note that for any n = 1,...,22,
the elements ™, (%", ..., (??" are just a permuation of ¢, (?,...,(*2. Hence, we have g(¢) = g(¢"). So by
HW 11 P4(b), we have g({) € Z.

To prove its precise form, we need to use HW 11 P4(c). Recall the notations

S = {1,2,3,4,6,8,9,12,13,16,18} = (4) C (Z/23Z)*,
T = {5,7,10,11,14,15,17,19,20, 21, 22}.

Then S consists of all the nonzero quadratic residues mod 23 and T consists of all the quadratic non-residues
mod 23. Let

—1++/-23

0 = > ¢ = (+CHCHHCHE OO = TR
jeSs
02 _ ng —_ CE+<7+<10+<11+Cl4+<15+Cl7+<19+<20+<21+<22 _ -1 _2V _23
keT
We define

G(a) = ] f™) = f@)f(@®) f(2®) fla*) ) f(2®) - f ™).

nes

Since —1 is quadratic non-residue, we see that n € S if and only if 23 — n € T. Moreover since |(| = 1, we
have

CT _ Cfn _ <237n.
This explains why 65 is the complex conjugate of ;. Moreover,
GO =] ™ =1 re¢c™-
nes meT

Therefore, we have



Since S is a subgroup of (Z/23Z)*, we see that for any n € S, the set {na: a € S} is just a permutation of
S. Hence G(¢) = G(¢™) for any n € S. By HW 11 P4(c), we have G({) = a + bf; for some a,b € Z. Now

G(O)G(C) = |(a — g) - @biﬁ =a® — ab+ 6%,

as desired. O

Lecture 36 Mon 12/04
Z[(23] is not a UFD

We prove that 47 does not have a “prime factorization” in Z[(23].
Corollary 13.6 There does not exist o € Z[(] such that N(a) = 47.
Proof: Suppose 47 = (a—b/2)?+(23/4)b? for some integers a,b. Then |b] = 0, 1,2 in order for (23/4)b* < 47.
However, none of 47, 47 — 23/4 = 165/4 and 47 — 23 = 24 are squares of rational numbers. O

Corollary 13.7 If o, 3,7 € Z[(] such that o« = B, then N(a) = N(B)N(y). In particular
BlainZl] = N(B)|N@)inZ
Now, we have
22 23 _

N@E=Q) =[]~ ¢) =) = —

j=1

=47 - 178481 - 2796203.

The other two prime factors are not important. The important factor is 47, which we know exists because
423 = 246 = 1 (mod 47), and that its v47 = 1 which we can fix by taking 51 — ¢ if needed (similar to the
proof that (Z/p'Z)* is cyclic). Suppose now p is a prime divisor of 47 in Z[(23]. Then from

22
p H(4—Cj), we have p |4 — ¢ for some j.
j=1

Then we have _
N(p) | N4— )= N4 — ) =47 - 178481 - 2796203.
On the other hand, since p | 47, we have
N(p) | N(47) = 47%2.

Comparing these, we find that N(p) = 47, but we proved in Corollary 13.6 that no elements of Z[¢] have
norm 47. Therefore, we have proved that 47 doesn’t even have a prime divisor, and so it certainly has no
prime factorization!

Kummer went a bit deeper than this. He calculated

N(1—¢+¢*) =47-139.

Then from the lack of an element with norm 47, we see that 1 — ¢ + (2! cannot be factored as a product of
two non-units. Elements like this are called irreducible. However, 1 — ¢ 4 (2! is not prime because

1—C+¢*47-139,  but  1-¢+¢ 447 and  1-(+¢* 1139

The two non-divisions follow because the N (1 — ¢ + ¢?!) does not divide 4722 or 139%2.
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Kummer resolved this issue of unique factorization using his “ideal numbers”. It is worth mentioning
that Kummer did not define what the ideal numbers are, but only what it means for them to divide a number
or another ideal number. The abstract definition of an ideal was given by Dedekind some 30 years later.
Since ®o3(x) splits completely in Fyr[z]:

Doz(z) = (2 —2)(z —3)(x —4)(x —6) - - (x — 36)(x — 37)(z — 42).
There is a very beautiful factorization of the ideal (47):
(47) = (47, = 2)(47,¢ = 3)(47,¢ — 4) - - - (47,¢ — 36)(47,¢ — 37)(47,¢ — 42)

and every factor in the right hand side is a prime ideal of Z[(]. Kummer considered the factorization in the
cyclotomic integers Z[(,] and Dedekind proved in the more general setting of rings of integers of number
fields that every ideal can be factored uniquely into a product of prime ideals. It then follows that the failure
of unique factorization can be attributed to some prime ideals being non-principal.

One is then lead to the notion of the class number hy, of Z[(,], which counts the number of equivalence
classes of ideals of Z[(,] where two ideals I ~ J if I - (o) = J - (8) for some nonzero «, 8 € Z[(,]. This set of
equivalence class of ideals actually forms a finite abelian group, called the class group. If the ring Z[(,] is a
PID, then every ideal is principal and so h, = 1. The prime p = 23 is the first time h, # 1. In fact, hog = 3.
Kummer proved Fermat’s Last Theorem for primes p such that

pt hyp.
These are called regular primes. There are only three irregular primes less than 100, namely 37, 59, 67:
hs7 = 37, hsg =359 233, he7 = 67 - 12739.

So Kummer was feeling sus about p = 37 for a very good reason! It is still open whether there are infinitely
many regular primes. It is known that there are infinitely many irregular primes. It is conjectured (by
Siegel) that the density of regular primes is e~1/2.

We now fast forward to 1954 when Taniyama, and later with the help with Shimura, conjectured
that all elliptic curves are modular. This roughly predicts that if a? + 0P = ¢P is an integer solution, then
the number of F,-points on the elliptic curve y* = z(z — a?)(x + b?) (equivalently, the number of solutions
in F;) as the prime ¢ varies should have some very nice patterns. Ribet proved in 1990 that they actually
don’t. (Frey introduced this curve and Serre made conjectures which Ribet proved.) It then remains to
prove the Taniyama-Shimura conjecture for elliptic curves of this form. Wiles announced a proof of the
Taniyama-Shimura conjecture for semistable elliptic curves in 1993. A gap was found and fixed soon by
Wiles and Taylor in 1995. The full Taniyama-Shimura conjecture was proved in 2001. We now believe that
everything is modular!

So did Fermat have a truly ingenius proof? We may never know. What’s more impressive is the
amount of mathematics that were developed by the countless mathematicians who worked on it over the last
3 centuries!
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