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1 Arithmetic in Z Revisited

1.1 The Division Algorithm

Axiom 1.1 (Well-Ordering Axiom). Every nonempty subset of the set of nonnegative integers contains
a smallest element.

Theorem 1.2 (The Division Algorithm). Let a, b be integer with b > 0. Then there exist unique integers
q and 7 such that
a=bqg+r and 0<r<hb.

1.2 Divsibility

Definition 1.3. Let a and b be integers with b # 0. We say that b divides a (or that b is a divisor of a, or
that b is a factor of a), if a = be for some integer c. We denote “b divides a” by b | a and “b does not divide
a” by bta.

Lemma 1.4. Suppose a, b are integers. Then
(i) a and —a have the same divisors;
(ii) a |0 for all a € Z;
(iii) 1| a for all a € Z;
(iv) if a £ 0 and b | a, then |b| < |al;

Corollary 1.5. Every integer a # 0 has only finitely many divisors.
Definition 1.6. Let a,b, ¢ be integers. If ¢ | a and ¢ | b then we say ¢ is a common divisor of a and b.
Lemma 1.7. Let a,b,d € Z be integers. If d | a and d | b, then d | ma + nb for any m,n € Z.

Definition 1.8. Let a,b are integers such that not both are zero. The greatest common divisor (gcd) of a
and b is the integer d that divides both a and b. In other words, d is the ged of a and b provided that

(i) d]a and d | b;
(ii) if ¢ | @ and ¢ | b, then ¢ < d.
The greatest common divisor of a and b is denoted by (a, b).

Theorem 1.9. Let a, b are integers such that not both are zero, and let d be their greatest common divisor.
Then there exist integers u and v such that d = au + bv.

Corollary 1.10. Let a, b are integers such that not both are zero, and let d be a positive integer. Then d is
the greatest common divisor of a and b if and only if d satisfies:

(i) d ] a and d | b;

(ii) if ¢| a and ¢ | b, then ¢ | d.

Theorem 1.11. If a | bc and (a,¢) =1 then a | c.

Definition 1.12. We say that a,b € Z are relatively prime if ged(a,b) = 1.



1.3 Primes and Unique Factorization
Definition 1.13. An integer p is said to be prime if p # 0, +1 and the only divisors of p are +1 and £p. If

p is not 0, =1, or prime, then it is composite.

Lemma 1.14. Let p, g be integers. Then the following are true:
(i) p if prime if and only if —p is prime;
(ii) if p and ¢ are prime and p | ¢, then p = +q.

Theorem 1.15. Let p be an integer with p # 0,£1. Then p is prime if and only if p has the following
property: whenever p | be for integers b, ¢, then p | bor p | c.

Corollary 1.16. If p is prime and p | ajas - - - a,, then p divides at least one of the a;.
Theorem 1.17. Every integer n, except 0,+1, is a product of primes.

Theorem 1.18 (The Fundamental Theorem of Arithmetic). Every integer n except 0, +1 is a product
of primes. This prime factorization is unique in the following sense: if n = p1po---pr and n = q1¢2 - - - ¢s
where each p;, ¢; are prime, then r = s and the ¢’s can be reordered (and relabeled) such that p; = £¢1,p2 =

*qo, ..., pr = £¢p-

Corollary 1.19. Every integer n > 1 has a unique form n = pips - - - p,, where each p; is positive and prime
and p1 <p2 < < py.

Theorem 1.20. Let n > 1. If n has no positive prime factor p such that p < y/n, then n is prime.

2 Congruence in Z and Modular Arithmetic

2.1 Congruence and Congruence Classes

Definition 2.1. Let a, b, n be integer with n > 0. Then a is congruent to b modulo n provided that n divides
a —b. In that case, we’d write a = b (mod n).

Theorem 2.2. Let n be a positive integer. For all a,b,c € Z,
(i) a =a (mod n);
(ii) if a = b (mod n), then b = a (mod n);

(iii) if a =b (mod n) and b = ¢ (mod n), then a = ¢ (mod n).

Theorem 2.3. If a =b (mod n) and ¢ = d (mod n), then
(i) a+c=b+d (mod n);
(ii) ac =bd (mod n).

Definition 2.4. Let a and n be integers with n > 0. The congruence class of a modulo n, denoted [a], is
the set of all integers that are congruent to a modulo n, that is,

[a] ={b|beZand b=a(modn)}.

Theorem 2.5. Let a, c,n be integers with n > 0. Then a = ¢ (mod n) if and only if [a] = [¢].



Corollary 2.6. Two congruence classes modulo n are either disjoint or identical.

Corollary 2.7. Let n > 1 be an integer and consider congruence modulo n.
(i) If a is any integer and r is the remainder when «a is divided by n, then [a] = [r].

(ii) There are exactly n distinct congruence classes, namely, [0],[1],...,[n — 1].
Definition 2.8. The set of all congruence classes modulo n is denoted Z/nZ (read “Z mod n”).

Lemma 2.9. The set Z/nZ has exactly n elements.

2.2 Modular Arithmetic
Theorem 2.10. If [a] = [b] and [¢] = [d] in Z/nZ, then

[a+c]=[b+d] and [ac] = [bd].
Definition 2.11. Addition and multiplication in Z/nZ are defined by
[de@[d=latcd and  [a] O[] = [ad].

Theorem 2.12. For any classes [a], [b], [c] € Z/nZ,
(1) if [a], [b] € Z/nZ, then [a] @ [b] € Z™ (closed under addition);
) [a] @ ([b] @ [c]) = ([a] ® [b]) @ [¢] (associative addition);
) [a] ® [b] = [b] @ [a] (commutative addition);
) [a] ® [0] = [0] 4 [a] = [a] ([0] is the additive identity);
) For each [a] € Z/nZ, the equation [a] ® x = [0] has a solution in Z,, (additive inverse);
6) if [a], [b] € Z/nZ, then [a] ® [b] € Z™ (closed under multiplication);
) ([6] @ [¢]) = ([a] ® [b]) @ [¢] (associative multiplication);
) [b] = [b] © [a] (commutative multiplication);
) D [a
) o] =

] ® [b] @ [a] ® [¢] (multiplication distributes);
[

a] ([1] is the multiplicative identity).

Definition 2.13. The same exponent notation used in oridinary arithmetic is also used in Z/nZ. If [a] €
Z/nZ, and k is a positive integer, then

[af =[a]®a] ®- O[] (k factors).

2.3 Z/nZ is an Integral Domain

Lemma 2.14. Let a,n € Z with n > 0. The element [a] € Z/nZ is a unit if and only if (a,n) = 1.

Definition 2.15. Let R be a ring. For any element r € R, let . : R — R be the “multiplication-by-r map”,
ie. pr(x) = rx for all x € R. We say that r is a non-zero divisor if u, is injective; otherwise r is a zero
divisor.

Lemma 2.16. Let r € Z/nZ and let f(x) = rx for all x € Z/nZ. The following are equivalent:
(i) 7 is a unit;

(ii) f is bijective;



(iii) f is surjective.
Lemma 2.17. In a finite ring R, every non-zero divisor is a unit.

Definition 2.18. Let R be a ring. We say that R is an integral domain if every non-zero element is a
non-zero divisor. We say that R is a field if every non-zero element is a unit.

Theorem 2.19. Let n > 1. The following are equivalent:
(i) n is prime;
(ii) Z/nZ is an integral domain;
(iii) Z/nZ is a field.
2.4 Chinese Remainder Theorem

Definition 2.20. Given two rings R, S, their product ring is the set
RxS={(rs):reR,scS}
with addition and multiplication defined by
(r1,51) + (ro, s2) = (11 + 72,81 + 52)
(7‘1781) : (7’2,32) = (7"1 *T2,81 ¢ 82)

for all 7; € R and s; € S.

Definition 2.21. Given a,n with n > 0, we let [a],, be a congruence class modulo n. If m | n, there is a
ring homomorphism Z/nZ — Z/mZ sending [a},, — [a], for all a € Z. For any integers m,n > 0, we define
the ring homomorphism

@ : Z/mnl — L/mZ X ZnZ

sending
[a]mn = ([a]m, [a]n)

for all a € Z.
Theorem 2.22 (Chinese Remainder Theorem). The map ¢ is bijective if and only if (m,n) = 1.
Corollary 2.23. If n = p{* - - - p¢ where p; are distinct primes, then there is an isomorphism

ZInZ ~ZL[p*L X - X L pirZ

of rings.

3 Rings

3.1 Definition and Properties Rings

Definition 3.1. A ring is a nonempty set R equipped with two operations (usually written as addition and
multipication) that satisfy the following axioms. For all a,b,c € R:
(1) if a € R and b € R, then a+ b € R (closure of addition);

(2) a4+ (b+c) = (a+b) + ¢ (associative addition);



3) a+b=>b+ a (commutative addition);
4
5

3)

(4) there is an element 0 € R such that a +0 = a + 0 = a for every a € R (additive identity);
()
(6) if a € R and b € R, then ab € R (closure of multiplication);
(7)
(8)

for each a € R, the equation a + 2 = 0 has a solution in R (existence of additive inverse);

7
8

a(be) = (ab)c (associative multiplication);

a(b+ c¢) = ab+ ac and (a + b)c = ac + be (distributive laws);

Definition 3.2. A commutative ring is a ring R that satisfies:

ab = ba for all a,b € R (commutative multiplication).

Definition 3.3. A ring with identity is a ring R that contains an element 1 that satisfies:

al=1la=aforalaecR (multiplicative identity).

Definition 3.4. A division ring is a ring with identity R that satisfies the following: for each a € R, the
equation ax = 1 has a solution in R (existence of the multiplicative inverse);

Definition 3.5. A field is a division ring that also satisfies commutative multiplication.

3.2 Example of Rings

Definition 3.6. Let R be a ring. We say that an element [ € R is a left identity if [z = x for all x € R. We
say that an element r € R is a right identity if xr = x for all z € R. We say that an element 1 € R, is a
identity if it is both an left and right identity.

Definition 3.7. Let R be a ring with identity and let a,b € R be elements. We say that a is a left inverse
to b (and b is a right inverse to a) if a - b = 1. We say that u is unit if it has both a left inverse and right

inverse.

Definition 3.8. Let R be a ring, and let @ € R be an element. Let u: R — R be the left multiplication-by-a
map, i.e. u(x) =a-x. Let v : R — R be the right multipication-by-a map, i.e. u(z) = x - a. We say that a
is a non-zero divisor if both p and v are injective.

Lemma 3.9. The additive identity 0 is unique. The multiplicative identity 1 is unique (if it exists).

Lemma 3.10. The additive inverse —a is unique. If R is commutative, then multiplicative inverses are
unique (if they exists).

Lemma 3.11. Let R be a ring,
(i) ifa+b=a+c, thenb=c¢;
(ii) a-0=0-a=0;
(iii) a- (=b) = (=a) - b= —(a-b);
(iv) —(—a) = q;
(v) —=(a+b) = (=a) + (=b);
(vi) (—a)-(=b) = ab.

If R has the identity element, then (—1) - a = —a.

Remark. Examples of rings:



(i) The rings Z, Z/nZ are commutative with identity.
(ii

(iii) For n € Z, the set R = nZ is a commutative ring with identity if and only if |n| < 1.
For a set X and ring R, the set of functions f : X — R such that (f + ¢)(z) = f(x) + g(x) and
(f-9)(x) = f(x) - g(x) is a ring.

(v) Given a commutative ring R with identity, the set S = R[z1,...,z,] of (multivariate) polynomials in

The zero ring R = 0 contains only one element 0.

—_ — — —

(iv

variables x1, ..., z, with coefficients in R is a commutative rings with identity.

(vi) Given a ring R, the set M, (R) of n X n matrices with entries in R is a ring using the usual matrix
addition and matrix multiplication. The additive identity is the zero matrix. If R has identity, then
the multiplicative identity is the identity matrix.

Lemma 3.12. Let R be a commutative ring with identity and set S = M,(R). If u,v € S such that
Uu-s v =1idy, then v-gu =id,.

Definition 3.13. Let R be a ring and let S C R be a subset. We say that S is a subring of R if
(i) if a,b € S, then a + b € S (closed under addition);
(i) if a,b € S, then a-b € S (closed under multiplication);
(iii) 0 € S;
(iv) if a € S; then —a € S.

3.3 Ring Homomorphisms

Definition 3.14. Let R, S be rings and let f : R — S be a function. We say that f is a ring homomorphism
if

(i) fla+rd) = f(a)+s f(b),

(i) f(a-rb) = f(a) s f(b)
for all a,b € R. A bijective ring homomorphism is called a ring isomorphism. If R,S have identity and f
satisfies

(ii) f(1gr)=1s,

then f is a unital ring homomorphism.
Lemma 3.15. If f is a ring isomorphism, then the inverse function f~! is also a ring isomorphism.

Lemma 3.16. Let f: R — S be a ring homomorphism.
(i) f(Or)=0s.
(i) f(—a) = —f(a).
(iii) f(R) is a subring of S.
If R has identity:
(iv) f(R) has identity;
(v) f(1r) = 1gry;
(vi) if in addition f is surjective, then f(1g) = 1g.

Lemma 3.17. Let R, S be commutative rings with identity, let ¢ : R — S be a ring isomorphism.
(i) @ € R is a unit if and only if p(a) € S is a unit.
(ii) a € R is irreducible if and only if p(a) € S is irreducible.



(iii) @ € R is prime if and only if ¢(a) € S is prime.

Remark. There are a few techniques to show that two rings are not isomorphic. Cardinality: if the number
of objects in each ring are different, then the rings are not isomorphic. Number of units: if the number
of units in a ring are different, then the rings are not isomorphic. Number of solutions to equations: if an
equation (meaningful in both rings) yields a different number of solutions.

4 Arithmetic in F|z]

4.1 The Polynomial Ring

Definition 4.1. Let R be a ring. A polynomial with coefficients in R is an infinite vector
a = (ag,ay,as,...)

where each a; € R and there exists an n such that a; = Or for ¢ > n. The set of all polynomials with
coefficients is the polynomial ring R[z]. Given a = (ag,a,az,...) and b = (bo, b1,be,...) in R[z], their sum
is defined as
a+Rglz) b= (a0 +r bo,a1 +r bi,a2 +r b2, ...)
and their product
a-Riz) 0= ((a Rz) D)o (@ Rl2) D)1, (@ -Re) D)2, -+ -)
has kth coordinate

(a R Ok = Z ai-rbr+ a1 -gbg—1+...+ar rbo.
i+j=k

for all £ > 0. In terms of notation, the expression ag+aiz+- - -+a,x™ is equivalent to (ag, a1, ..., an,0r,...).

Lemma 4.2. Let R be a ring.
(i) The set R[z] is a ring under +p and -r and the additive identity is Og[y) = (Or,0r,...).
(ii) If R is commutative, then R[z] is commutative.

(iii) If R has identity, then R[x] also has identity and 1g[;) = (1r,0r,0r,...).
Lemma 4.3. If a,b € R[z] and a; = 0 for i > 0, then
a-Riz) b= (a0,0r, . ..) "Ra) (b0, b1,b2,...) = (ao - bo,ao - by, ao - ba, .. .).
Lemma 4.4. The function R — R[z] defined by f(a) = (a,0g,...) is an injective ring homomorphism.

Definition 4.5. A polynomial a satisfying a; = 0 for ¢ > 0 is called constant. By Lemma [£.4] the constant
polynomials form a subring of R[z] that is isomorphic to R.

Lemma 4.6. Let 2™ be the polynomial with 1z in the nth position and Og elsewhere, ie. (z™), = 1g and
(x™); =0g if i # n. For any a = (ag, a1, a9, ...) € R[z], we have
n

T 'R[x] a = (OR,...,OR7a0,a1,a2,...)

where, on the right side, each a; is in the (n + 1)th position.

Remark. Polynomials should not be thought of as functions. For R = Z/27Z, the polynomials x and 22 define
the same function Z/2Z — 7Z/2Z, but they are considered different since their coefficients are different. More
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generally, if R is a finite ring, there are finitely many functions R — R but infinitely many elements in R[z]
so by the Pigeonhole Principle there must exist a function f : R — R such that there are infinitely many
polynomials whose corresponding function is f.

Lemma 4.7. Let R, S be commutative rings with identity and let ¢ : R — S be a (unital) ring homo-
morphism. For every s € S, there exists a unique (unital) ring homomorphism ¢, : R[z] — S such that
ws(z) = s and @4(r) = ¢(r) for all r € R.

4.2 Division Algorithm for Polynomials

Definition 4.8. Let a € R[z] \ {Ogs)} The degree of a, denoted deg(a), is the largest n for which a, # Og;
this a,, is called the leading coefficient of a, denoted lc(a). If lc(a) = 1R, then a is monic. By definition,

IC(G) = Qdeg(a) # Or
for all a # Op[y)-

Lemma 4.9. Let R be a commutative ring with identity and let a,b € R[] \ {Og[4 }-
(i) If a + Rz b # OR[y), then deg(a +pgjy) b) < max(deg(a), deg(b)).
(ii) If a gy b # Op[a), then deg(a - gy b) < deg(a) + deg(b).
(iii) If lc(a) -r lc(b) # Og, then a gy b # Ogjy) and deg(a -gf;) b) = deg(a) + deg(b) and lc(a ‘g b) =
le(a) - g 1c(b).

Lemma 4.10. Let R be a ring and let a,b € R[x]\ {0y }. Iflc(b) is a non-zero divisor and deg(b) > deg(a),
then b does not divide a.

Lemma 4.11. If R is an integral domain, then R[z] is an integral domain.

Theorem 4.12 (Division Algorithm for Polynomials). Let R be a commutative ring with identity, let
a,b € R[z] with b # Og[y). If Ic(b) is a unit (of R), then exist unique ¢, € R[x] such that:

(i) a=bg+r,

(ii) either r = 0 or deg(r) < deg(b).

Theorem 4.13. Let F be a field, let a,b € F[z] be polynomials (not both 0). There exists a unique
polynomial g € F[x] such that:

(i) g is monic (Ic(g) = 1);
(ii) g is a common divisor of a, b

(iii) g is a F[z]-linear combination of a, b.

Definition 4.14. Let F' be a field and let a,b € F[z] (not both 0). The polynomial g in Theorem is
called the greatest common divisor of a,b, denoted ged(a, b).

Remark. The Euclidean algorithm for integers also works for F[z].

Lemma 4.15. Let F be a field, and let a,b,c € F[z]. If a | bc and ged(a,b) = 1, then a | c.

4.3 Unique Factorization in F[x]

Lemma 4.16. Let R be an integral domain and let a € R[z]| be a polynomial. Then a is a unit (of R[z]) if
and only if deg(a) = 0 and ap is a unit (of R).

11



Lemma 4.17. Let F be a field, let a € F|z] be a nonzero polynomial. Then a is a unit if and only if
deg(a) = 0.

Lemma 4.18. Let F be a field and let p € F[z] be a polynomial. The following are equivalent:
(i) p is irreducible;
(ii) p is prime;
(iii) there does not exist b, ¢ € F[z] such that p = bc and deg(b), deg(c) > 1.
Lemma 4.19. Let F be a field, and let p € F[z] be a polynomial.

(i) If deg(p) = 1, then p is irreducible.
(ii) If deg(p) = 2 or 3, then p is irreducible if and only if p does not have a factor of degree 1.

Definition 4.20. Let R be a commutative ring with identity, and let a,b € R. We say that a and b are
associates if there exists a unit u € R such that a = ub.

Lemma 4.21. Let R be a commutative ring with identity and suppose a and b are associates. For any
c € R, we have:
(i) ¢|a < c|b,ie. a,bhave the same divisors;

(ii) a|c< b|c,ie. a,bhave the same multiples.
Lemma 4.22. Let R be an integral domain. If a is a non-zero prime element, then a is irreducible.

Lemma 4.23. Let R be an integral domain, and let a,b € R be non-zero elements. If a | b and b | a, then a
and b are associates.

Remark. In Z, every non-zero integer is associates with a unique positive integer (divide by the sign of the
integer). In F[z], every non-zero polynomial is associates with a unique monic polynomial (dividing by the
leading coefficient).

Lemma 4.24. Let F be a field. Every monic polynomial in F[z] is a product of monic irreducible polyno-
mials.

Definition 4.25. Let F be a field, let Mg be the set of monic polynomials in F[z]. Let P C Mg be the
subset of monic irreducible polynomials in F[z]. Define
Sp = {functions e : Pp — Z> such that e *(Z>1) is finite},

and define the function ¢ : Sp — Mg by

for all e € Sp.

Lemma 4.26. We have
ple+ f) =wle)-o(f)
for all e, f € Sp.

Theorem 4.27 (Unique factorization in F[x]). The map ¢ is a bijection.

12



Corollary 4.28. Let F be a field and let a,b € Mp. Let e, f € Sp such that ¢(e) = a and ¢(f) = b. Then
b | a if and only if e(p) < f(p) for all p € Pp.

4.4 Factors of Degree One

Definition 4.29. Let R be a commutative ring with identity, let a € R. There is a ring homomorphism
ev, : R[z] — R defined by

eva | Y fix' | =D fud’
>0 i>0

forall f=3",, fiz® € R[x]. This is called the evaluation map at x = a. The expression is denoted f(a).

Lemma 4.30. Let R be a commutative ring with identity. Let f € R[z] and let a € R. Then
() 2—al f— fa)
(ii) the remainder upon dividing f by x — a is f(a);
(iii)  —a | f if and only if f(a) = 0.

Definition 4.31. If condition (iii) is true in Lemma we say that a is a root (or zero) of f.

Lemma 4.32. Let R be an integral domain, and let f € R[x] | {0}, and let n = deg(f). Then
(i) f has at most n distinct roots;

(i) if f has exactly n distinct roots rq,...,7,, then
f=le(f)(x—=r1)- (=)

Lemma 4.33. Let F be a field, and let f € Fx] | {0}.
(i) If f is irreducible and deg(f) > 2, then f has no root in F.
(ii) If f has no root in F' and deg(f) = 2 or 3, then f is irreducible.

Remark. There’s no systematic way of finding roots of a polynomial that works for every field F' and every
polynomial f € F[z]. There exist quadratic, cubic, and quartic formulas that give expressions for the roots
of f, but a caveat is that these work only when 2, 6, 6 are units of F', respectively.

4.5 Factoring in Q|z]

Remark. For every f € Q[z], there exists n € Z,>1 such that nf € Z[z] (where n is the least common
multiple of the denominators of the coefficients of f). Note that n is a unit of Q[z], so f, nf are associates
in Q[z], so they have the same factors in Q|x].

To factor a polynomial f € Q[z] of degree 2 or 3, it is enough to check whether it has any roots in Q.

Theorem 4.34. Let f = fo+ fiz+ -+ frz™ € Z[z], and let r € Q be a non-zero root of f. If r = p/q for
some p, q € Z and ged(p,q) =1, then ¢ | f,, and p | fo.

Lemma 4.35. Let R be a commutative ring with identity. If p € R is prime, then p is prime in R|x].

Definition 4.36. Let f = fo + fiz + --- fra™ € Z[z] be a polynomial. We say that f is primitive if
ng(f()vfla s 7fn) =1.

Lemma 4.37. If f, g € Z[x] are primitive, then f - ¢ is primitive.
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Lemma 4.38. Let f, g € Z[z] and suppose n € Z>; such that n | fg. Then there exist a,b € Z>1 such that
n=aband a| f and b | g (in Z[z]).

Lemma 4.39. Let f € Z[z] be a polynomial and let m,n € Z>(. The following are equivalent:
(i) There exist g, h € Z[x] such that f = gh and deg(g) = m and deg(h) = n.
(ii) There exist ¢, h’ € Q[z] such that f = ¢’h’ and deg(¢’) = m and deg(h’) = n.

Theorem 4.40. Let f € Z[z] be a primitive polynomial. Then f is irreducible in Z[z] if and only if f is
irreducible in Q[z].

Remark. In Theorem the hypothesis “primitive” is required because there are non-units of Z[z] that
becomes units in Q[z], namely the non-units of Z, viewed as constant polynomials in Z[x]. Moreover, “prime”
and “irreducible” are relative properties, i.e. we must always specify what ring we’re considering.

Theorem 4.41 (Eisenstein’s Criterion). Let f = fo + fiz + .-+ + f,z™ € Z[z] be a polynomial with
deg(f) = n. If there exists a prime p € Z such that

(i) pt fu,
(ii) p| fiforall i =0,...,n— 1, and

(ii)) p* 1 fo,
then f is irreducible in Q[z].
Lemma 4.42. The function f : Z[z] — (Z/pZ)]x] sending

f=fot+ fiz+-+ foz" = f=[fol + [Ailz+ -+ [fa]z"

Theorem 4.43. Let f € Z[x] and suppose there exists a prime p € Z such that p {lc(f) and f € (Z/pZ)[z]
is irreducible. Then f is irreducible in Q[x].

Remark. The Theorem is not always enough, i.e. there are polynomials f € Z[x] which are irreducible
in Q[z] but not irreducible in (Z/pZ)|z] for all primes p € Z.

4.6 Factoring in C[z]

Definition 4.44. A field F' is called algebraically closed if every non-constant polynomial f € F[x] has a
root.

Theorem 4.45 (Fundamental Theorem of Algebra). The field C is algebraically closed.

Lemma 4.46. Let F' be an algebraically closed field.
(i) A polynomial f € F[z] is irreducible if and only if deg(f) = 1.
(ii) Every polynomial f € F[z] factors as

f=le(f) (@=r1)-(z—rn)

for some r1,...,7, € F.

4.7 Factoring in R[z]

Remark. To factor f € R[z], we first factor f in C[z], then map back to R[z].
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Definition 4.47. Let ¢ : C — C denote the complex conjugate map, defined by ca +bi = a — bi = a+ bi
for any a,b € R. For any x € C, we denote o(z) by T.

Lemma 4.48. The complex conjugate map is a ring isomorphism. For any x € C, we have x = 7T if and
only if x € R.

Lemma 4.49. Let f € R[z] and let » € C. Then r is a root of f if and only if 7 is a root of f.

Theorem 4.50. If a polynomial f € R[x] satisfies one of
(i) deg(f) =1,
(i) deg(f) =2 and f = agz?® + a1x + ag where a? — 4azag < 0.

then f is irreducible (in R[z]). Futhermore, every irreducible polynomial in R[z] satisfies (i) or (ii).

Lemma 4.51. If f € R[z] has odd degree, then f has a root (in R).

5 The Ring Fx]/p

5.1 Congruence mod p and the Definition of F|z|/p

Definition 5.1. We say f,g € F[z] are congruent modulo p, written f = g (mod p), if p | f — g in F|x].

Lemma 5.2. Congruence modulo p defines an equivalence relation on Fx], i.e.
(i) f = f (mod p);
(ii) f = g (mod p) if and only if g = f (mod p);
(iii) if f = g (mod p), g = h (mod p), then f = h (mod p).

Definition 5.3. The congruence class of f mod p is
[f] ={g € Fla] : g = f (mod p)}.

Lemma 5.4. Let f,g € F[z]. Then
(i) f =g (mod p) if and only if [f] = [g];
(i) either [f] N [g] =0 or [f] = [g].

Definition 5.5. We define F[z]/p be the set of congruence classes mod p. We define the addition and
multiplication laws on F[z]/p to be:

1 +rwymlol =1 +9] [ Fryple =1f-d]
for any f,g € F[z]. This is well-defined by similar argument to Theorem m

5.2 Description of F|x]/p

Definition 5.6. For any n > 0, let F[x]<,, denote the set of polynomials f € F[z] such that f; = 0 for all
T >n.

Theorem 5.7. Let n = deg(p), and let

¢ Flz]<n — Flz]/p

be the function defined by ¢(a) = [a] or all a € F[x]<,. Then ¢ is an isomorphism of F-vector spaces.
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Remark. Note that F[x]<; are just constant polynomials of F[z]. In particular if deg(p) > 1, the composition
F >~ Flaz]<; C Fla]cdeg(p) = Fla]/p

gives an injective function F' — F[z]/p which is in fact a ring homomorphism.

5.3 Conditions when F[z]/p is an Integral Domain / Field

Lemma 5.8. For f € F[x], the following are equivalent:
(i) ged(f,p) =1
(ii) [f] is a non-zero divisor of F[z]/p;
(iii) f is a unit of Fz]/p.

Lemma 5.9. The following are equivalent:
(i) p is irreducible;
(ii) F[z]/p is an integral domain;
(iii) Flx]/p is a field.

5.4 Field Extensions and Roots

Lemma 5.10. The ring K = F[z]|/p contains a root of p.

Definition 5.11. If F' — K is a unital ring homomorphism of fields, we say that K is a field extension of
F.

Lemma 5.12. Let F be a field, and let f € F[z] \ {0} be a monic polynomial with deg(f) > 1.
(i) There exists a field extension K of F' such that f has root in K.
(ii) There exists a field extension K of F' such that there exist r1,...,r, € K with

f==r)- (=)

in K[z].

6 Ideals and Quotient Rings

6.1 Ideals

Definition 6.1. Let R be a ring, and let I be a nonempty subset of R. We say that I is an ideal (of R) if
it satisfies the following conditions:

(i) if a1,a9 € I, then a1 + a € I;

(ii) if r € R and a € I, then ra € I.

Lemma 6.2. Let R be a ring, and let I be an ideal of R. If r,...,r, € R, and a1,...,a, € I, then
riay +---+rpa, € 1.
Lemma 6.3. Let R be a ring, and let aq,...,a, € R be elements of R. Then the subset
(a1y...,an) ={ria1 + - +rpan :r1,...,7 € R}

is an ideal of R.
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Definition 6.4. Let R be a ring, and let I be an ideal of R. If there exist elements a1, ..., a, € I such that
I=(a1,...,an)

then we say that I is finitely generated, and that I is generated by ay,...,a, and {a1,...,a,} is a generating
set of I. If there exists a single a € R such that I = (a), we say that I is a principal ideal.

Definition 6.5. If R is a ring for which every ideal is finitely generated, we say that R is a Noetherian ring.

Lemma 6.6. Let R be an integral domain, and let a,b € R be nonzero elements.
(i) We have (a) C (b) @ a€ (b) < b]|a.
(ii) We have (a) = (b) < a,b are associates.

Lemma 6.7 (Z is a Principal Ideal Domain). Consider the ring R = Z.
(i) Every ideal I of Z is a principal ideal.

(ii) For any ai,...,a, € Z, we have

(a1,...,a,) = (ged(ay, . .., ay))

as ideals of Z.

Lemma 6.8 (F[z] is a Principal Ideal Domain). Let I be a field, and consider the ring R = F[z].
(i) Every ideal I of F[z] is a principal ideal.

(ii) For any ay,...,a, € F[z], we have

as ideals of F[x].

Lemma 6.9. Let R be aring. Let {as,...,a,}, {a},...,a,} C R be two subset of R such that {a,...,al}
is obtained from {ai,...,a,} by doing a finite number of elementary operations:
(i) multiply some a; by a unit u € R;
(ii) switch a; and a; for some ¢,j € {1,...,n};
(iii) replace a; by a; + ra; for distinct 4,5 € {1,...,n} and r € R.
Then

(a1,...,a,) = (ay,...,al)

as ideals of R, i.e. the ideals generated by {a1,...,a,} and {d},...,al} are equal.

Remark. An ideal I often has more than one generating set, so the general goal is to find the “minimal”
generating set of an ideal. To reduce a generate, eliminate any element of the generating set that is zero or

a linear combination of others.

Lemma 6.10. Let R be a ring, and let
LCLCIlz3C- -
be an infinite sequence of inclusions of ideals of R. Then the union
I=|]J1In
neN

is an ideal of R.
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6.2 Congruence (mod /) and the Definition of R/I

Definition 6.11. Let R be a ring, and let I be an ideal of R. We say that a,b are congruent modulo I,
written a = b (mod I) if a — b € I.

Lemma 6.12. Congruence modulo I defines an equivalence relation of R, i.e.
(i) a=a(mod I);
(ii) a =b(mod I) if and only if b = a (mod I);
(iii) if a = b (mod I), b = ¢ (mod I), then a = ¢ (mod I).

Definition 6.13. The congruence class of a modulo I is the set
a+I={beR:b=a(mod I)}.

Lemma 6.14. Let a,b € R.
(i) We have a = b (mod I) if and only if a +I =b+ 1.
(ii) Eithera+INb+I=0ora+I=b+1.

Definition 6.15. For a ring R and ideal I of R, the quotient ring of R by I is
R/I = {congruence classes modulo I}.
The addition and multiplication in R/I is defined as follows:

(a—i—]) +R/I (b+]):(a+Rb)+I
(a+I) ‘R/I (b+I):(aRb)+I

for any a,b € R. This is well-defined by a similar argument to Theorem In R/I, the additive identity
is Og/; = 0+ I, and the multiplicative identity 1p,; = 1+ I. Furthermore, R/I is commutative.

Definition 6.16. The quotient ring R/I comes with a special ring homomorphism
m:R— R/I
defined by m(r) = r + I. This is called the natural homomorphism from R to R/I.

Lemma 6.17. Let f : R — S be a ring homomorphism. If J is an ideal of S, then the preimage f~1(J) is
an ideal (of R).

Definition 6.18. Let f: R — S be a ring homomorphism. The kernel of f is ker(f) = f~1({0s}).

Lemma 6.19. Let f : R — S be a ring homomorphism. Then {0z} C ker(f), and f is injective if and only
if ker(f) = {0g}.

Theorem 6.20. Let f : R — S be a ring homomorphism with kernel K = ker(f).

(i) There exists a unique ring homomorphism
f:R/K— S
such that f(a+ K) = f(a) for all a € R.

(ii) The ring homomorphism f is injective.
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(iii) If f is surjective, then f is an isomorphism.

Remark. There exists a bijective correspondence between:
(i) ideals of R, and

(ii) equivalence classes of pairs (.5, f) where S is ring and f : R — S is a surjective ring homomorphism,
where two pairs (S1, f1) and (52, f2) are defined to be equivalent if there exists a ring isomorphism
@ : 81 — Sy such that ¢f; = fo.

6.3 Prime and Maximal Ideals

Definition 6.21. Let R be a ring, and let P be an ideal of R such that P # R. We say that P is prime
ideal if bc € P implies either b € P or ¢ € P.

Lemma 6.22. Let R be a ring. Let p € R be an element, and let P = (p) be the ideal generated by p. The
following are equivalent:
(i) P is a prime ideal;

(ii) p is prime element.

Definition 6.23. Let R be a ring, and let M be an ideal of R such that M # R. We say that M is a
maximal ideal if the only ideals J of R satisfying M C J C R are J = M and J = R.

Lemma 6.24. Let R be a ring, and let I be an ideal of R such that I # R.
(i) I is a prime ideal if and only if R/I is an integral domain;

(ii) I is a maximal ideal if and only if R/I is a field.

Lemma 6.25. Let R be a non-zero ring, and let {Og} denote the zero ideal of R.
(i) {Og} is a prime ideal if and only if R is an integral domain.

(ii) {Og} is a maximal ideal if and only if R is a field.
Lemma 6.26. In a ring R, every maximal ideal is a prime ideal.

Definition 6.27. Let R be a ring. The dimension of R, written dim(R) is the largest nonnegative integer
d for which there exists a stricting increasing sequence

PhCcPC---CPy_1CPFy

of prime ideal of R. It is often convenient to defined the dimension of the zero ring to be —oo.

Remark. As a converse to Lemma we have dim(R) = 0 if and only if every prime ideal of R is a maximal
ideal.

7 Groups

7.1 Definition

Definition 7.1. A group is a set G equipped with a function
*qg:GxG—= G

satisfying the following conditions:
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(i) (associative) For all g1, ¢2,93 € G,
(91 %G 92) *G 95 = g1 *c (92 *G 3)-
(ii) (identity) There exists e € G such that
eG*c9g=g*aec =49

for all g € G.
(iii) (inverse) For all g € G, there exists h € G such that

gxch=nhx*gg=eq

in G.
The function *¢ is called the group law (or law of composition). We say that G is an abelian group if, in
addition, x¢ satisfies

(iv) (commutative) For all g1, g2 € G, we have
91 *G 92 = 92 *G 91-

Remark. A goal in group theory is to classify/enumerate all groups of a given order (up to isomorphism).

Definition 7.2. If the set G (in definition is finite, we say that G is a finite group. The number of
elements in G is called the order and is denoted |G|. If G is not finite, it is called an infinite group.

7.2 Examples

Example 7.3. The trivial group (or zero group) contains just one element.

Example 7.4. Let X be a set. A permutation of X is a bijective function o : X — X. The symmetric group
associated to X (denoted S(X)) is the set of all permutations of X, with the group law given by composition
of functions, i.e., 0 *g(x) 02 = 01 - 2. The identity eg(x) is the identity function idy : X — X. If X is
finite, then |S(X)| = |X|!. If X is infinite, then S(X) is an uncountably infinite set.

Example 7.5. As a special case of example let n be a positive integer; then the group of permutations
of the set X = 1,...,n is called the symmetric group of degree n (denoted S,,). Since X contains n elements,
we have |S,,| = n! for all n.

Example 7.6. Let P, be a regular n-gon, which we can view as the convex hull of the nth roots of unity
27

e ¥ for k=0,1,...,n — 1. The group of symmetries of P, is called the dihedral group of degree n (and

denoted D,,). There are two symmetries that can generate all other symmetries of P: (i) rotatie by 27 /n
radians, or (ii) reflect across the z-axis.

Example 7.7. For a (possibly noncommutative) ring R, we can view R as a group under the addition law.
Since the addition law of a ring is always commutative, the group (R, +g) is an abelian group.

Example 7.8. For a (possibly noncommutative) ring R, the units of R, R* is a group under the multipli-
cation law -p of R.

Example 7.9. For a commutative ring R with identity, the set of units of Mat, x,(R), i.e., the set of
invertible n x n matrices with entries in R, is denoted

GL,,(R) = (Maty,x,(R))>,
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and called the general linear group of degree n associated to R. If n > 2, then GL,(R) is non-abelian.

Example 7.10. Given two groups (G, *¢) and (H, g ), the Cartesian product
GxH={(g,h): g€ G,he H}
has a natural group law, given by
(9, ) *cxn (9", 1) = (g%c g',h-u 1)

for all g,¢g’ € G and h,h’ € H. More generally, for any collection of groups Gi,...,G,, the group law on
the direct product G = G1 X --- X G, is defined by

(glv"'agn) *a (gllaag;z) = (gl *G, gllv,gn *G, g;)

for all g;,g; € G. As a special case, for any group G and any positive integer n, we define G™ to be the
n-fold direct product G x - -- x G.

7.3 Properties

Lemma 7.11. Let G be a group.
(i) (uniqueness of identity) There exists only one element e € G satisfying (ii) in definition

(ii) (uniqueness of inverse) For any g € G, there exists only one element h € G satisfying (iii) in defini-

tion [Z1]
We denote the element of G satisfying (iii) in definition by g~ 1.

Lemma 7.12. Let G be a group and g, h € G. We have
(i) (gh)"t=h""g7h
. 11
(i) (71 =g

We can generalize (i):

(9192 9n) " =g 95 g1

for any ¢1,...,9, € G.
Remark. Let G be a group and g € G. If n is a positive integer, then
g"=g-g---g (n factors).

We also define ¢° = e and
g "=g ' g7t g7 (n factors).

Lemma 7.13. Let G be a group and let g € G. Then for all m,n € Z,
ama = g™t and (@™)" =a™".

Lemma 7.14. Let G be a group and g1, g2, h € G be elements.
(i) If g1h = goh, then g; = go;
(ii) If hgr = hga, then g1 = go.

Definition 7.15. Let G be a group and g € G be an element. If there exists a positive integer n € Z> such
that ¢g" = e, then ¢ is said to have finite order; the smallest n satisfying g™ = e is called the order of g and
is denoted ord(g). If g does not have finite order, we say that g has infinite order.
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Lemma 7.16. Let G be a group and g € G be an element. If there exist distinct i, j € Z such that g = ¢7,
then g has finite order.

Lemma 7.17. If GG is a finite group, every element of G has finite order.

Lemma 7.18. Let G be a group and let g € G be an element of order ord(g) = n.
(i) For an integer k € Z, we have g* =e & n | k.
(ii) For any integers i,j € Z, we have g' = ¢ < i =j (mod n).
(iii) For any positive integer ¢ € Z>1, we have ord(g") = n/ ged(n, t).

Lemma 7.19. Let G be a group, and let a,b € G be elements such that ab = ba. If ged(ord(a), ord(b)) = 1,
then ord(ab) = ord(a) - ord(b).

Remark. If ab # ba, then it can happen that a and b have finite order, but ab has infinite order.

Lemma 7.20. Let G be an abelian group such that every element of G has finite order. If there exists an
element ¢ € G such that ord(g) < ord(c) for all g € G, then in fact ord(g) | ord(c) for all g € G.

Theorem 7.21. Let G and H be groups. Define an operation *gx g by
(9. 1) *axn (9 1) = (g*c g’ hxu ).
Then G x H is a group. If G and H are abelian, then so is G x H. If G and H are finite, then so is G x H

and |G x H| = |G| H]|.

7.4 Subgroups
Definition 7.22. Let G be a group and let H C G be a subset. We say that H is a subgroup of G if is

satisfies the following conditions:
(i) (identity) eq € H;
(ii) (closed under multiplication) If hy, hy € H, then hy ¢ he € H;
(iii) (closed under inverse) If h € H, then h™! € H.

Every subgroup H of G is itself a group, where the group law g : H x H — H is inherited from, i.e., equal
to, that of G.

Lemma 7.23. Let G be a group. Then the subset
Z(G)={a€G:ag=gaforall g e G}
is a subgroup, called the center of G.
7.5 Homomorphisms
Definition 7.24. Let (G, *¢) and (H, *p) be groups. A function ¢ : G — H is a group homomorphism if

©(91 *c g2) = p(g91) *um »(g2)

for all g1, g2 € G.

Example 7.25. If H is a subgroup of G, we have a group homomorphism H — G defined by h — h.
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Example 7.26. If G is an abelian group, then the nth power map p, : G — G defined by p,(g) = g™ is a
group homomorphism.

Lemma 7.27. Let ¢ : G — H be a group homomorphism.
(i) ¢lec) = em;
(ii) For all g € G, we have p(g~1) = (¢(g)) L.

Lemma 7.28. If ¢ : G — H and ¢ : H — K are group homomorphisms, then the composition Yoy : G — K

is a group homomorphism.

Lemma 7.29. Let ¢ : G — H be a group homomorphism.
(i) For any subgroup G’ C G, the image
0(G"Y=he H:h=p(g) for some ¢ € G
is a subgroup of H.
(ii) For any subgroup H' C H, the preimage
N (H')={g€G:p(g) e H'}

is a subgroup of G.

Lemma 7.30. Let ¢ : G — H be a group homomorphism.
(i) The image
imp = p(G) ={h € H: h = ¢(g) for some g € G}
is a subgroup of H.
(ii) The kernel
kerg = ¢~ (en) = {g € G: p(g) = en}
is a subgroup of G.
Definition 7.31. A bijective group homomorphism is called an isomorphism. If G = H, then ¢ is an

endomorphism of G; a bijective endomorphism is an automorphism. The set of automorphisms of a group is
itself a group, denoted Aut(G).

1

Lemma 7.32.If ¢ : G — H is an isomorphism, then the inverse function ¢~ : H — G is also an

isomorphism.

Theorem 7.33. Let G be a group. There exists an injective group homomorphism G — S(G).

7.6 Generators
Definition 7.34. Let G be a group, g € G be an element, and
€g: 24— G
be the function defined by e4(n) = g”. Then ¢, is a group homomorphism because

ni+nz _ gnl . gn2

€g(n1+n2) =g 9" = €g(n1) - €4(n2)

for all ny,ne € Z. By lemma the image

<g> = imeg = {...7972,971790791’927" }
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is a subgroup of G called the cyclic subgroup generated by g. We say that G is a cyclic group if G = (g) for
some g € G, i.e., every element of G is of the form ¢g" for some n, i.e., ¢4 is surjective; in this case g is called
a generator of G.

Lemma 7.35. Let G be a group, H C G be a subgroup, and g € G be an element. Then g € H if and only
if (9) C H.

Lemma 7.36. If GG is a cyclic group and H C G is a subgroup, then H is cyclic.

Lemma 7.37. Let G be a group, and let g € G be an element. Then:
(i) g has finite order if and only if €, is not injective;

(ii) g has infinite order if and only if €, is injective.

Lemma 7.38. Let G be a group and let g € G be an element.
(i) If g has finite order, then (g) = Z/(ord(g)).
(ii) If g has infinite order, then (g) = Z.

Lemma 7.39. Every cyclic group is isomorphic to Z or Z/(n) for some n.

Lemma 7.40. If g has finite order, then (g) = {¢°, ¢*, ..., g°" 4@ =1} so in particular |{g)| = ord(g).
Lemma 7.41. Let G be a finite group. Then G is cyclic if and only if there exists g € G with ord(g) = |G|.
Lemma 7.42. If g has finite order, then g* is a generator of (g) if and only if ged(k, ord(g)) = 1.

Lemma 7.43. Let F be a field and let G be a finite subgroup of F*. Then G is cyclic.

X

Lemma 7.44. For any prime p € Z, the group of units (Z/(p))

Z/(p—1) =(Z/(p)*

is cyclic, i.e., there is an isomorphism

of groups.

Remark. In lemma a generator of (Z/(p))* is called a primitive root mod p because it is a root of the
polynomial zP~! — 1 whose powers generate all other roots.

Lemma 7.45. Let G be a group and let S C G be a subset. Let (S) be the set of all elements of G of the
form g = gy - - - g, where, for each i, either g; or g; ! is contained in S (if n = 0, we define g = ¢). Then (S)
is a subgroup of G.

Definition 7.46. In lemma we call (S) the subgroup generated by S.

7.7 Symmetric, Alternating Groups

Definition 7.47. For a set X and any permutation o € S(X), we define the support of o to be the (possibly
empty) subset

Supp(o) ={z € X : o(x) # z}

of X, i.e., the elements of X changed by o.
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Lemma 7.48. Let X be a set. For any permutation o € S(X), we have

o(Supp(c)) = Supp(o)
o(X \ Supp(o)) = X \ Supp(o)

in X.

Definition 7.49. We say that two permutations o,7 € S(X) are disjoint if Supp(c) N S(7) = 0, i.e., their
supports are disjoint, as subsets of X.

Lemma 7.50. Let X be a set and let 0,7 € S(X).
(i) If o, 7 are disjoint, then for any = ¢ Supp(7), we have o(7(z)) = 7(c(z)) = o(x).
(ii) If o, 7 are disjoint, then o7 = 70.

(iii) We have Supp(o7) C Supp(o) U Supp(7). If 0,7 are disjoint, then Supp(o7) = Supp(o) U Supp(7).

Definition 7.51. Let X be a set. We say that a permutation o € S(X) is a k-cycle if there exists a k-element
subset T'= {ay,...,ar} of X such that

U(al) = az,... 7U(ak—1) = 0, 0q,, = a1

and o(x) = z if © € T; in this case, we denote o = (ay - - - ax); here k is the length of o. Note that “0-cycles”
and “l-cycles” are just the identity e. If k = 2, then o is called a transposition, i.e., a 2-cycle.

Theorem 7.52. Let X be a finite set. For any o € S(X), there exist pairwise disjoint cycles 71,..., 7, €
S(X) (of possibly different lengths) such that ¢ = 71 - - - 7,,, and Supp(c) = Supp(71) U - - - U Supp(7sn,)-

Lemma 7.53. If ry,..., 7, € S, are pairwise disjoint, then

ord(ry - - T ) = lem(ord(my), . . ., ord(7,)).
Lemma 7.54. If 0 € S(X) is a k-cycle (with k& > 2) then ord(c) = k.

Theorem 7.55. If 71, ..., 7, are pairwise disjoint cycles of length k1, ..., k,,, then
ord(ry - 7)) = lem(ky, ... k).
Lemma 7.56. For any k£ > 2 and ay,...,a; € X, we have

(a1 ---ar) = (ar1a2) - - - (ap—1ax)

in S(X).

Theorem 7.57. For any o € S, there exist transpositions 71,..., 7, € S, such that ¢ = 71 - - - 73,,, that is,
every permutation is a product of transpositions.

Definition 7.58. For a permutation o € S,,, an inversion of o is a pair of indices (7, j) satisfying 1 < i <
j <nando(i) > o(j). We denote inv(c) the number of inversions of o. (Note that 0 < inv(c) < n(n—1)/2
for all o € S,,.)

Lemma 7.59. Let 0,7 € S,. If 7 is a transposition, then inv(ro) = inv(c) + 1 (mod 2).

Lemma 7.60. If 7q,..., 7, € S, are transpositions, then inv(r; - - - 7,,) = m (mod 2).
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Theorem 7.61. The function sgn : S,, — {£1} defined by sgn(c) = (—1)™¥(?) is a group homomorphism.

Definition 7.62. If sgn(o) = 1, we say o is an even permutation; if sgn(o) = —1, we say that o is an odd
permutation. The alternating group of degree n (denoted A,) is the set of even permutations in S, i.e.
A, = ker(sgn).

8 Normal Subgroups and Quotient Groups

8.1 Cosets

Definition 8.1. Let G be a group, and let H be a subgroup of G. A subset of G is called the left coset of
H if it is of the form aH = {ah : h € H} for some a € G. The set of left cosets of H in G is denoted G/H.
The index of H in G is the cardinality [G : H] = |G/H|, i.e., the number of distinct left cosets of H in G.

Lemma 8.2. Let G be a group, and let H be a subgroup of G. Every element of G is contained in a left
coset of H.

Lemma 8.3. Let G be a group and let H be a subgroup of G. If a1 H,as H are two left cosets of H, then
either a1 H NaoH =0 of a1 H = ax H.

Lemma 8.4. Let G be a group, and let H be a subgroup of G. Given elements a,b € G, the following are
equivalent:

(i) aH = bH;

(ii) aH NbH = 0;

(iii) a € bH;
) a = bh for some h € H;
(v) b-la € H.

(iv
Lemma 8.5. Let G be a group, and let H be a subgroup of G. If a1 H, asH are two left cosets of H, then
|CL1H| = |a2H\.

Theorem 8.6 (Lagrange’s Theorem). Let G be a finite group, and let H be a subgroup of G. Then we
have |G| = |H|-[G : H] in Z.

Theorem 8.7. If G is a finite group and g € G, then ord(g) divides |G].
Theorem 8.8. If p is a prime and |G| = p, then G = Z/(p).

Corollary 8.9. If |G| =4, then G=Z/(4) or G=Z/(2) x Z/(2).
Corollary 8.10. If |G| = 6, then G 2 Z/(6) or G = S3.

8.2 Normal Subgroups

Lemma 8.11. Let G be a group, and let N be a subgroup of GG. The following are equivalent:
(i) for all g € G, we have gNg=! C N;
(ii) for all g € G, we have gNg~! = N;
(iii) for all g € G, we have gN = Ng.
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Definition 8.12. If a subgroup N C G satisfies the conditions in Lemma then N is called a normal
subgroup of G.

Lemma 8.13. Let G be a finite group, and let N be a subgroup, and suppose that G/N = {g1 N, ..., gnN}.
If giNgZ-_1 C N forall:=1,...,m, then N is normal in G.

Lemma 8.14. Let G be a group, and let N be a subgroup of G of index 2. Then N is normal in G.
Lemma 8.15. If G is an abelian group, then every subgroup of G is a normal subgroup of G.
Lemma 8.16. Let G be a group. Then any subgroup N of the center Z(G) is a normal subgroup of G.

Lemma 8.17. Let ¢ : G — H be a group homomorphism. Let N C H be a normal subgroup of H. Then
the preimage ¢~ !(N) is a normal subgroup of G. In particular, ker ¢ = ¢~ !(eg) is a normal subgroup of G.

8.3 Quotient Groups

Lemma 8.18. Let G be a group, and let N be a normal subgroup of G. Then the operation aN *g /Ny bN =
abN is well-defined, and G//N is a group under *g/n. The function 7 : G — G /N defined by 7(g) = gN is
a group homomorphism, called the natural homomorphism.

Lemma 8.19. If G is abelian, then G/N is abelian.

Lemma 8.20. Let G be a group such that G/Z(G) is cyclic. Then G is abelian.

8.4 Isomorphism Theorems

Lemma 8.21. Let ¢ : G — H be a group homomorphism, and let N be a normal subgroup of GG such that
N Ckerp. Let m: G — G/N be the natural homomorphism.

(i) There exists a unique group homomorphism @ : G/N — H such that ¢ =g o .

(ii) N = ker ¢ if and only if @ is injective.

(iii) ¢ is surjective if and only if @ is surjective.

Theorem 8.22 (1st Isomorphism Theorem). Let ¢ : G — H be a surjective group homomorphism.
Then there exist a group isomorphism @ : G/ ker ¢ — H satisfying ¢ = o.

Theorem 8.23 (2nd Isomorphism Theorem). Let G be a group, and let H, N be subgroups of G. If N
is normal in G, then HN is a subgroup of G and there exists and isomorphism

p:H/(HNN)— HN/N
of quotient groups.

Lemma 8.24. Let ¢ : G — H be a surjective group homomorphism. Then there is a bijective correspondence
between the subgroups of G containing ker ¢ and the subgroups of H. Moreover, if N is a subgroup of H,
then N is normal in H if and only if ¢~!(N) is normal in G.

Theorem 8.25 (3rd Isomorphism Theorem). Let G be a group, and let N be a normal subgroup of G.
(i) Every subgroup of G/N is of the form H/N for subgroup H of G such that N C H.
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(ii) If N C H and H is normal in G, then there exists an isomorphism
¢ :(G/N)/(H/N) = G/H
of quotient groups.

Definition 8.26. A group G is simple if it does not have any proper normal subgroups, i.e., normal subgroups
N such that {e} ¢ N C G.

Remark. Given a group G, we can take a proper normal subgroup G; and study the properties of G; and
G/G1. We may split G; and G/G; further, recursing until we get a tree of subgroup relations such that the
“leaves” of the tree have no proper normal subgroups. We call the simple subgroups the composition factors
of G.

Theorem 8.27. Every finite simple group is isomorphic to one of the following classes of groups:
(i) Z/(p) for some prime p,
(ii) A, for some n # 4,
(iii) “groups of Lie type”,
)
)

(iv

(v

sporadic groups”,

“Tits group”.

Theorem 8.28. If G is a simple abelian group, then G = Z/(p) for some prime p.

8.5 Alternating Groups are Simple

Lemma 8.29. Let 0 € S,, and let (apay ---agx_1) € S, be a k-cycle. Then
o-(apay---ap_1) -0t = (o(ag)o(ar) - olar_1))

in S,.

Theorem 8.30. For n # 4, the alternating group A,, is simple.

Theorem 8.31. For n > 5, the normal subgroups of S,, are {e}, 4., S,,.

9 Topics in Group Theory

9.1 Direct Products

Remark. If G = G1 x Ga, then G has subgroups G x{e}, {e} X G2 isomorphic to G, G respectively; these are
normal subgroups. Moreover, every g € G is equal to a product (g1, ) - (e, g2) for a unique (g1,€) € Gy x {e}
and (e, g2) € {e} x Ga. In fact, these properties are enough to show that G is a product.

Theorem 9.1. Let G be a group, and suppose there exist normal subgroups Ni,..., Ny such that the
function f : Ny X+ x N — G defined by f((n1,...,nr)) = ny---ny is bijective. Then f is an isomorphism.

9.2 Finite Abelian Groups

Definition 9.2. Let G be an abelian group. For a positive integer n € Z>1, we say that an element a € G
is n-torsion if na = 0.
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Lemma 9.3. Let G be an abelian group.
(i) If a € G is n-torsion, then ma = n/ ged(m,n) for any m € Z.

(ii) If a; € G is ny-torsion and as € G is no-torsion, then a; + as is lem(ny, ng)-torsion.

Lemma 9.4. Let G be an abelian group. Let m,n € Z be positive integers such that ged(m,n) = 1.
(i) If a € G is m-torsion and n-torsion, then a = 0.

(ii) If a € G is mn-torsion, then there exists b, ¢ € G such that b is m-torsion, ¢ is n-torsion, and a = b+ c.

Definition 9.5. Let G be an abelian group. Given a prime p, we define

G(p) ={a € G :p"a=0 for some r > 0}.

Lemma 9.6. Let G be a finite abelian group of order |G| = p{* - - - pt~. Then the function f: G(p1) x - -+ x
G(pr) — G defined by f((a1,...,ar)) = a1 +--- + a, is an isomorphism.

Definition 9.7. We say that a group G is a p-group if every element of G has order p” for some r > 0.

Lemma 9.8. Let G be a finite abelian p-group, and let a € G be an element of maximal order. Then there
exists a subgroup K C G such that G & (a) x K.

Lemma 9.9. Every finite abelian p-group is isomorphic to

Z[(p™) x - X Z[(p™")

for some r > 0 and positive integers mq, > --- > m,..
Lemma 9.10. Let G, H be abelian groups. Then p(G x H) = pG X pH.
Lemma 9.11. For any m > 1, we have an isomorphism p(Z/(p™)) = Z/(p™1).

Lemma 9.12. Let G, H be abelian groups, and let f : G — H be a group homomorphism. For any prime
p, we have f(G(p)) € H(p).

Lemma 9.13. Let p, ¢ be distinct primes. If G is abelian g-group, we have G(p) = 0.
Lemma 9.14. Let G, H be abelian groups. Then (G x H)(p) = G(p) x H(p).

Theorem 9.15. Let G be a finite abelian group of order n = pi* - - - p&~. Then there exist unique partitions
€; = €;1 + -+ e, such that

rooX
¢ =TI T2/

i=1j=1

Lemma 9.16. For any positive integer n = pi* - - p¢~, the number of isomorphism classes of finite abelian
groups of order n is

N(er)---N(er)

where N (e) denotes the number of partitions of e.

9.3 Group Actions

Definition 9.17. Let G be a group and let X be a set. A group action of G on X is a function p: GXx X — X
satisfying the following:
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(i) We have
p(9192,) = p(g1, p(g2,x))
for all g1,92 € G and z € X.
(ii) We have
ple,z) ==
for all x € X.
If X is a set equipped with an action of G, we sometimes say that X is a G-set. If Xy, X5 are two G-sets,

a function ¢ : X1 — Xs is called G-equivariant if p(gz1) = gp(xy) for all 21 € X; and g € G. We will also
write “g - 2” or gx to mean p(g,z). We will say g fizes = if gz = x.

Definition 9.18. For any set X, let
Pr(X) ={5 e P(X) : | X[ =k}

be the set of subsets of X of size k. Note that we have

Pl = ()

for any 0 < k < |X]|.

Definition 9.19. Given a group G and any 0 < k < |G|, there are three natural actions on G on Py (G):
(i) The function p : G x Pi(G) = Pr(G) defined by
p(G,S)=9S={gs:s€ S}

is called the left multiplication action on G on Pr(G). If S is a left coset of some subgroup H of order
|H| = k, then so is ¢S.
(ii) The function p : G X Px(G) — Pr(G) defined by

p(G,S) =S¢~ ={sg~" :s € 5}

is called the right multiplication action on G on Pr(G). If S is a right coset of some subgroup H of
order |H| = k, then so is Sg~*.
(iii) The function p : G X Pi(G) — Pr(G) defined by
p(G,S) =gSg~' ={gsg " :s€ S}

is called the conjugation action of G on Py(G). If S is a subgroup of G, then so is gSg~!.

Remark. Let p : G x X — X be an action G on X. Given an element g € G, we can define a function
ag: X = X by ay(x) = gr. Given g1, g2 € G, we have
ag, (g, (7)) = 91(92(2)) = (9192)(x) = g, g, (),

SO

Qg O Qgy, = Qg g,

in S(X); since

Qg 0 Qg1 = (g1 0 (g = e = id,
each oy is a bijection, and moreover the function

a:G— S(X)
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defined by g — a4 is a group homomorphism.

Conversely, given a group homomorphism « : G — S(X), we can construct an action of G on X defined
by p(g,x) = a(g)(x) for all g € G and = € X, and one can show that these constructions are inverse to ecah
other, i.e., there is a bijective correspondence

{group actions G x X — X} <= {group homomorphism G — S(X)}.

Definition 9.20. Let G be a group acting on X. For any z € X, let ¢, : G — X be the function defined by
€2(g9) = gx. The orbit of x is the image

orbg(z) = €,(G) = {2’ € X : 2’ = gz for some g € G}.
The set of orbits of this action is denoted X/G. The stabilizer of x is the preimage
stabg(r) = €, ' (z) = {g € G : gv = x}.
The stabilizer of any z € X is a subgroup of G.

Lemma 9.21. Let G be a group acting on X. The stabilizer of any x € X is a subgroup of G.

Lemma 9.22. Let G be a group acting on X. Every element of X is in an orbit, and distinct orbits are
either equal or disjoint. Thus X is a disjoint union of orbits

x= | o
oex/a

and

Xl= > lo]

0ex/G
if X is finite.

Theorem 9.23 (The Orbit-Stabilizer Theorem). Let G be a group acting on X. For any x € X, there
exists a bijection
G /stabg(z) — orbg(z)

of sets. In particular, we have
|G| = [stabe ()] - [orbe ()]

if |G| is finite.

Lemma 9.24 (Burnside’s Lemma). Let G be a finite group acting on a finite set X. Then

1
| X/d] :@ZIX"I

geqG

where X9 = {z € X : gx = x} denotes the set of x € X fixed by g.

9.4 Sylow Theorems

Definition 9.25. For any action G on X, let

Fixg(X)={z € X :gz =z for all g € G}
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be the set of elements of X that are fixed by every g € G. In other words, for any x € X, we have
z € Fixg(X) <& stabg(x)=G <&  |orbg(x)| =1
where the second equivalence is by Theorem [9.23] Thus we have an equality

Fixg(X) = U o
0eX/G,|0|=1

of subsets of X.
Lemma 9.26. Let p be a prime, and suppose G is a group of order |G| = p™ acting on a finite set X. Then
|X]| = |Fixg(X)| (mod p).

Theorem 9.27 (Cauchy’s Theorem). Let G be a finite group. For any prime p dividing |G|, there exists
an element g € G with ord(g) = p.

Lemma 9.28. If G is a finite p-group, then |G| = p* for some k.
Definition 9.29. Let G be a group, let p be prime dividing |G|. Suppose |G| = p¥n where ged(p,n) = 1. A
subgroup H of G is called a Sylow p-subgroup of G if |[H| = p*. We denote by Syl (G) C P, (G) the set of

Sylow p-subgroups of G.

Theorem 9.30 (Sylow’s Theorem). Let G be a group, and let p be a prime dividing |G|, and say |G| = p*n
where ged(p,n) = 1.
(i) For any 0 < i < k — 1 and any subgroup H with |H| = p’, there exists a subgroup H’ satisfying
|H'| = p*! and H C H'. In particular, Syl,(G) # 0.
(ii) For any two Hy, Ha € Syl,(G), there exists g € G such that gHyg™' = H;.
(iii) Let n, = |Syl,(G)| denote the number of Sylow p-subgroups of G. Then n, divides |G| and n, = 1
(mod p). Furthermore, for any Sylow p-subgroup H, we have n, = [G : Ng(H)].

Lemma 9.31. Let G be a finite group, and let p be a prime dividing |G|. Then n, =1 if and only if there
is a normal Sylow p-subgroup.

9.5 Applications of Sylow Theorems

Lemma 9.32. If |G| = 63, then G is not simple.

Lemma 9.33. Let p, ¢ be distinct primes and let G be a group of order |G| = pg® for some s. If n, = ¢°,
then ng = 1.

Lemma 9.34. If |G| = 56, then G is not simple.

Lemma 9.35. Let |G| = pq for distinct primes p, g such that ptq¢—1 and ¢{p — 1, then G =2 Z/(pq).
Lemma 9.36. Let |G| = p™ for some prime p and n > 1, then the center Z(G) is nontrivial.

Lemma 9.37. If |G| = p™ for some prime p and n > 2, then G is not simple.

Lemma 9.38. If |G| = p? for some prime p, then G is abliean. Hence either G = Z/(p?) or G =2 Z/(p) xZ/(p).
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Lemma 9.39. If |G| = p?q for distinct primes p, ¢ such that ¢ Z 1 (mod p) and p? £ 1 (mod g), then either
G =1Z/(p*q) or G = Z(p) x Z/ (pq).

Lemma 9.40. If |G| = p?q for distinct primes p, ¢, then G is not simple.

10 Arithmetic in Integral Domains

10.1 Euclidean Domains

Definition 10.1. Let R be an integral domain. We say that R is a Fuclidean domain (ED) if there exists
a function
0: R\{OR} *)ZZO

satisfying
(i) if a,b € R\ {Og} and b | a, then §(b) < 6(a);
(ii) if a,b and b # Og, then there exist ¢, € R such that a = bg + r and either r = 0 or §(r) < d(b).

The function § is called a Fuclidean function for R.

Remark. If § is a Euclidean function of the integral domain R, then we can generate infinitely more Euclidean
function on R as follows: let k : Z>¢ — Z>( be any injective function which is order-preserving, i.e. if n; < ng
then k(n1) < k(ng2). Then the composition

k-6:R\{0r} — Z>
is also a Euclidean function for R. In general, we prefer the “simplest” Euclidean function.
Lemma 10.2. For any commutative ring R has any elements x1, 1, 22,92, A € R, we have
(2} — Ayd) (a3 — Ay3) = (w122 + Ayry)” — A(1y2 + 2291)°
in R.

10.2 Principal Ideal Domains

Definition 10.3. Let R be an integral domain. We say that R is a principal ideal domain (PID) if every
ideal of R is a principal ideal.

Theorem 10.4. If R is an ED, then R is a PID.

Lemma 10.5. Let R be a PID and a € R be a nonzero element. Then a is prime if and only if a is
irreducible.

Lemma 10.6. Let R be a PID and P be a nonzero prime ideal of R. Then P is a maximal ideal.

10.3 Unique Factorization Domains

Definition 10.7. Let R be an integral domain. We say that R is a unique factorization domain (UFD) if:
(i) for every nonzero non-unit a € R, there exist irreducible pi,...,p, € R (with » > 1) such that
a=pi P
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(i) if r,s € Z>y and p1,...,Dr, q1,---,¢s € R are irreducible elements such that

Pi1-Pr=4q1"""Gs
then 7 = s and there exist a permutation o of {1,...,7} such that pi,q,(;) are associates for all
i=1,...,7r.

Theorem 10.8. If R is a PID, then R is a UFD.

Lemma 10.9. Let R be a UFD and a € R be a nonzero element. Then a is prime if and only if a is
irreducible.

Theorem 10.10. Let R be a Noetherian integral domain. The following are equivalent:
(i) Ris a UFD;

(ii) every irreducible element of R is prime.
Theorem 10.11. If R is a UFD, then R[z] is a UFD.

Definition 10.12. Let R be an integral domain. Let I be the set of (nonzero) principal ideals of R. Let
Pr be the set of (nonzero) prime principal ideals of R. Let Sr be the set of functions e : Pp — Z>( such
that e1(Z>1) is finite. Let ¢g : Sg — Ir be the function

e — H pep),
PE€_1(221)

Theorem 10.13. If R is a UFD, the map ¢p is a bijection.

Definition 10.14. Let R be an integral domain, and aq,...,a, € R be elements. Let CD(aq,...,a,) be
the set of common divisors of ay,...,a,. An element g € CD(aq,...,a,) is a greatest common divisor (gcd)
of aj,...,a, if d| g for all d € CD(ay,...,a,). The ged may not exist in an arbitrary integral domain.

Lemma 10.15. Let R be an integral domain, and a1,...,a, € R be elements, and suppose g € R is a gcd
of ai,...,a,. For any ¢’ € R, we have ¢’ is a ged of ay, ..., a, if and only if g, ¢’ are associates.

Remark. Each time we enlarge the class of rings under consideration, we give up on some property of the

ged:
Property Z Flz] ED PID UFD integral domains
literally ”greatest” v X X X X X
unique v v X X X X
computable via Euclidean algorithm | v/ v v X X X
linear combination of ay,...,a, v v v v X X
exists v v v v v X

10.4 Quadratic Integer Rings

Lemma 10.16. Let d € Z be an integer which is note a perfect square We define the ring
ZWVd) = {s +tVd : s,t1Z}.

There is a norm function
N :ZVd) — 7
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defined
N(s+tVd) = (s + tVd) (s — tVd) = s> — dt?
for all s,t € Z. Given the norm function N,
(i) for all a,b € Z[v/d], N(a-b) = N(a)- N(b);
(ii) N(a) =0 if and only if a = 0;
(iil) @ € Z[V/d] is a unit if and only if N(a) = +1.

Lemma 10.17. Let Z[v/d] be the ring defined in Lemma [10.16| If d > 0 then there are infinitely many units
in Z[v/d], and if d < 0 then there are only finitely many units in Z[v/d]. In fact, if d = —1 then the units of
Z[i] = Z[\/d] are %1, +i; if d < —2 then the units of Z[v/d] = 1.

Lemma 10.18. Let Z[/d] be the ring defined in Lemma [10.16 If a € Z[/d] is an element such that N(a)
is irreducible in Z, then a is irreducible in Z[/d].

Lemma 10.19. In Z[/d], every nonunit is equal to a product of irreducible elements.

Lemma 10.20. If p € Z[i] is an irreducible element, then p is an associate of exactly one of the following:
(i) a positive prime r € Z such that r = 3 (mod 4);

(ii) r + si where r2 + 52 is a prime of Z.

10.5 Dedekind Domains

Definition 10.21. Let R be a ring and S C R be a subring.
(i) An element R € R is said to be integral (or algebraic) if there exists a monic polynomial f € S[z] such
that f(r) =
(ii) The integral closure of S in R is the subset S C R consisting of elements of R that are integral over S.
(iii) We say that S is integrally closed in Rif S = S.

Theorem 10.22. Let R be a ring and S C R be a subring. Let S be the integral closure of S in R.
(i) S is a subring of R;
(ii) S is integrally closed in R.

Definition 10.23. A ring R is called a Dedekind domain if:
(i) R is an integral domain;
(ii) R is Noetherian, i.e. every ideal of R is finitely generated;
(iii) R is integrally closed in its field of fractions;
(iv) dim(R) = 1.

Theorem 10.24. Let K be a subfield of C such that K is finite-dimensional Q-vector space, and let Og be
the integral closure of Z in K. Then Ok is a Dedekind domain.

Theorem 10.25. Let R be a Dedekind domain. Then R is a PID if and only if R is a UFD.

Definition 10.26. Let R be a ring, and let I be the set of nonzero ideal of R, and let Pr be the set of
nonzero prime ideals of R, and let Sg be the set of functions e : Pp — Z>q such that e~1(Z>1) is finite. Let
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@R : Sp — Ig be the function defined by

erte)= [ P

Pece Y (Z>1)

Theorem 10.27. If R is a Dedekind domain, then ¢ is a bijection.

10.6 Field of Fractions of Integer Domains

Definition 10.28. Let R be an integral domain. Let S = R x (R\ {0r}) and we declare that (a,b) ~ (a’,b’)
if ab/ = a’b. In this case, (a,b),(a’,V') € S are called equivalent. Check that this defines an equivalence
relation on S. The set of equivalence classes of S is called Frac(R), called the fraction field of R. Let

[a.5] = {(c;d) € S : (a,5) ~ (c,d)}
denote the equivalence class containing (a,b). The addition and multiplication on Frac(R) is defined by

[a,b] + [c,d] = [ad + bc, bd)
[a,b] - [c,d] = [ac, bd]

for all [a, b], [c, d] € Frac(R).

There is a function £ : R — Frac(R) defined by r — [r,1g] for all » € R that is an injective unital
ring homomorphism. If R is a field, then it is an isomorphism. Thus, we may identify R with the set of
elements of the form [r, 1g]. Under this identififcation, we see that the element [a,b] € Frac(R) does indeed
behave like the fraction “a/b”, in the sense that it is “an element which, multiplied by b, gives a”, i.e.,

[b7 1R} : [CL, b] - [aa 1R}'

Lemma 10.29. Given an integral domain R, a field F', and an injective unital ring homomorphism ¢ : R — F'
there exists a field embedding ¢’ : Frac(R) — F such that ¢ = ¢’ o &.

Remark. In general, suppose R is a commutative ring with identity. For any prime ideal P or R, we can
construct the residue field of P as follows: construct the quotient R/P, which is an integral domain, then
construct the fraction field Frac(R/P)

11 Field Extensions

11.1 Field Extensions

Definition 11.1. If F' is a subfield of a field K, we say that K is a field extension of F, denoted “K/F” or
“F'C K”. A field embedding is a unital ring homomorphism ¢ : F' — K, where F' and K are fields. Here
 is necessarily injective by Lemma hence ¢ induces an isomorphism F 2 ¢(F'), we often (implicitly)
identify the field embedding F' — K with the induced field extension p(F) C K.

Lemma 11.2. Let F be a field, let R be any nonzero commutative ring with identity, and let ¢ : F' — R be
a unital ring homomorphism. Then ¢ is injective.

11.2 Simple Extensions

Definition 11.3. For any commutative ring R with identity, there is a unique (unital) ring homomorphism
€r : Z — R, namely n — n - 1 (we usually abbreviate n - 1 as “n”). By the First Isomorphism Theorem,
there is an injective ring homomorphism Z/kereg — R. If F is a field, then Z/ker ep is isomorphic to a
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subring of a field, so it is an integral domain, so kerep is a prime ideal of Z. Thus ker e is of the form ()
for some nonnegative integer ¢ € Zx>( which is either 0 or a postive prime integer p; this unique nonnegative
integer ¢ satisfying ker ep = (¢) is called the characteristic of F, denoted char F.

Lemma 11.4. Let F' be a field.
(i) If char F' = 0, then F' is an extension of Q.
(ii) If char F' = p, then F is an extension of ).

Lemma 11.5. Let F, K be fields. If there exists a field embedding ¢ : F' — K, then char F' = char K.

Remark. By the previous lemma, if F, F5 are fields of different characteristic, then there is no field embedding
Fy, — Fs or Fr — F.

Definition 11.6. The degree of the extension K/F is the dimension of K as an F-vector space, and it is
denoted [K : F| =dimp K. If [K : F] is finite, we say that K/F is a finite extension.

Lemma 11.7. Let K/F be a field extension. Then [K : F] =1 if and only if F' = K.

Lemma 11.8. Let FF C K C K be field extensions.
(i) IfV ={v1,...,v,} is an F-basis for L, then U = {v;w; : 1 <1 <n,1 <j <m}is an F-basis for L.
(ii) The extension F' C L is finite if and only if F C K and K C L are finite, in which case we have an
equality
[L:F)=[L:K]K:F]

of degrees.

Definition 11.9. Let K/F be an extension, and let S C K be a subset. The intersection of all subfields of
K that contain F' and S is denoted F'(S) and called the “field obtained by adjoining S of F”.

Remark.

(i) We can write any finitely generated extension F'(uy,...,u,)/F as a composition of simple extensions:
FCF(u1) CF(up,us) €+ C F(ut, ..., un—1) C F(u1,...,uy).
(ii) The inclusion F' C F(S) is an equality if and only if S C F.
Lemma 11.10. Let K/F be an extension, let S,T C K be subsets. Then
F(S5,T) = (F(5)(T)
as subfields of K. In particular, for any uy,...,u, € K, we have

Fluy,...,un) = (F(u,... un_1))(tn))

in K.

Lemma 11.11. Let R, S be commutative rings with identity, and let o : R — S be a unital ring homomor-
phism. For any u € S, there exists a unique ring homomorphism ,, : R[z] — S satisfying ¢, (z) = .

Definition 11.12. Let K/F be a field extension, and let u € K be an element. Let

oy Flz] = K
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be the F-homomorphism sending x — wu.

(i) If ¢, is injective, we say that w is transcendental over F'.

(ii) If . is not injective, we say that u is algebraic over F.
Lemma 11.13. If u is transcendental over F', then there is a F-isomorphism F(z) & F(u).

Definition 11.14. In Definition [11.12] suppose that u is algebraic over F. Since F[z] is a PID, there exists
a unique monic polynomial
My, r € Flz]
such that
ker ¢, = (M, F)
as ideals of F[z]; this m, p is called the minimal polynomial of u over F. The degree of m,, r is called the
degree of u over F.

Lemma 11.15. Let K/F be a field extension, and let u € K be algebraic over F with minimal polynomial
my, r € Flz]. Set n = degm,, p. Then
(i) There is an F-isomorphism F[z]/(my r) = F(u).
(ii) The set {1,u,...,u" 1} is an F-basis of F(u).
(iii) We have [F(u) : F] =n.

Lemma 11.16. Let K/F be a field extension. If f € F[z] is a monic irreducible polynomial and v € K is a
root of f in K, then m, r = f.

Remark. Given an extension K/F, we often want to compute the degree [K : F]. We can reduce to computing
the degrees of simple extensions F'(u)/F. We have [F(u) : F] = degm, r so the task is equivalent to
determining the minimal polynomial m,, r. We do this in two steps:

(i) Find some monic polynomial f € F[z] such that f(u) = 0.

(ii) Prove that f is irreducible.

Lemma 11.17. Let F; C F» C K be field extensions, and let uw € K be algebraic over Fy. Then u is
algebraic over Fy, and my, r, | my r, in Falz]. In particular, deg m,, g, < degmy, p,.

Lemma 11.18. Let K/F be an extension, and uq,...,u, € K be algebraic over F. Then an F-basis for
F(uy,...,uy,)is
{uf*---uyr :0<e; <d; for1 <i<n}

where we define d; = degmy, p(u,,...u;_,) for all 1 <7 <n. Thus

[F(u177un)F]:dldn

and F(uq,...,uy,)/F is a finite extension.
Remark. If we reorder the uq, ..., u,, the F-basis that we get will in general be different; this is because the
bound d; = degmy,, ... 4, , depends on the fact that u,,...,u;—; are adjoined before u;.

Lemma 11.19. Let F be a field with char F' # 2, and let a, b € F be elements such that a, b, ab are not square
in F. For any extension, K/F containing v/a, Vb, Vab, the set {1,/a, vb,v/ab} is linearly independent over
F,ie., [F(y/a,Vb): F] = 4.

38



11.3 Algebraic Extensions

Definition 11.20. Let K/F be a field extension. We say that K/F is an algebraic extension if every element
of K is algebraic over F.

Lemma 11.21. If K/F is a finite extension, then it is an algebraic extension.

Lemma 11.22. Let K/F be a field extension, and let F' C K be the set of elements of K that are algebraic
over . Then F' is a field extension of F.

Lemma 11.23. Let F C K C L be field extensions. If FF C K and K C L are algebraic, then F' C L is
algebraic.

Remark. We say that an extension K/F is an algebraic closure of F if:

(i) K/F is an algebraically extension, and

(ii) K is algebraically closed (i.e. every nonconstant f € K[z] has a root in K).
For any field F, it is known that

(i) (existence) There exists an algebraic closure K/F of F.

(ii) (uniqueness) Given two algebraic closures K /F and Ky/F of F, there exist an F-isomorphism K; =
K.

11.4 Splitting Fields

Definition 11.24. Let F' be a field, f € F[z] be a monic polynomial, and K/F a field extension. We
say that f splits over K if there exists elements ui,...,u, € K, not necessarily distinct, such that f =
(x —up) - (x —uy) in K[z].

Lemma 11.25. Let F be a field, and let (u1,...,uy), (uf,...,u),) € F™ be n-tuples of elements such that
(=) ) = 2 =) (o= )
in F[z]. Then there exists a permutation o € S,, such that (u,...,u,) = (3;(1)’ . 7ufj(n)).

Lemma 11.26. Let F be a field, and let f € F[z] be a monic polynomial. Then there exists a field extension
F C FE such that f splits over E.

Definition 11.27. Let F be a field, and let f € F[z] be a polynomial. A splitting field of f over F is an
extension K/F such that

(i) f splits over K, and

(ii) if F C L C K and f splits over L, then L = K.

Lemma 11.28. Let F be a field, and let f € F[z] be a monic polynomial, and suppose F C E is any field
etension such that f splits over F as f = (x — uy) - - (x — u, ) for some uy,...,u, € E.
(i) The extension F(uq,...,uy)/F is a splitting field for f over F.

(ii) We have [F(u1,...,uy,) : F] <nl

Theorem 11.29. Let F be a field, and let f € F[z] be a polynomial. Then there exists an extension K/F
which a splitting field for f over F.
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Lemma 11.30. Let F be a field, f € F[z] be a polynomial, and let K/F be a splitting field of f over F.
For any field F’ such that F' C F’ C K, the extension K/F" is a splitting field of f over F”.

Lemma 11.31 (Isomorphism Extension Theorem). Let ¢ : F; — F5 be an isomorphism of fields. For
i =1,2,let K1/F; be a field extension, and let u; € K; be an element which is algebraic over F;, with minimal
polynomial my, g, € Fi[z]. If ¢(mu, p,) = Mu,.F,, there exists a unique isomorphism ¢ : Fy (u1) — Fo(us)
such that 5(”1) = uy and 5 extends ¢.

Theorem 11.32. (Splitting fields are unique) Let ¢ : F; — F5 be an isomorphism of fields. For i = 1,2, let
fi € Fi[z] be a polynomial, and let K;/F; be a splitting field of f; over F;. If fo = ¢(f1), then there exists
an isomorphism ¢’ : K1 — K, which extends ¢.

Definition 11.33. An algebraic extension K/F is a normal extension if, for every u € K, the minimal
polynomial m,, p € F[z] splits over K.

Theorem 11.34. Let K/F be a finite extension. The following are equivalent:
(i) The extension K/F is a splitting field for some polynomial f € F[x];

(ii) The extension K/F' is a normal extension.

11.5 Separability

Definition 11.35. Let F be a field and let f = Y, a;2" € F[z] be a polynomial. The derivative of f is
=, iaz""! € Flz].

Lemma 11.36. Let F be a field.
(i) Given ¢ € F and f € Fx], we have (cf) = cf’.
(ii) Given f,g € F[z], we have (f+¢g) = f' +¢ .
(iii) Given f, g € F[z], we have (fg)' + f'g + f¢ .

Lemma 11.37. For F be a field. For a polynomial f € F[x] of degree n, the following are equivalent:
(i) ged(f, ) =1
(ii) For all extensions K/F such that f splits over K, f has n distinct roots in K.
(iii) There exists an extension K/F such that f splits over K and f has n distinct roots in K.

Definition 11.38. Let F be a field. A polynomial f € F[z] is a seprable polynomial if the conditions of
the previous lemma are satisfied; otherwise, f is inseparable. Let K/F be a field extension, and let u € K
be algebraic over F. We say that u is a separable element over F if its minimal polynomial m, r € F|[z]
is a separable polynomial. An algebraic extension K/F is separable extension if every element u € K is
separable over F'.

Lemma 11.39. Let F be a field, and let f € F[z] be a monic irreducible polynomial. Then f’ # 0 if and
only if f is separable.

Lemma 11.40. Let F be a field of char F' = 0.
(i) Every irreducible polynomial f € F[z] is separable.

(ii) Every algebraic extension K/F is a separable extension.

Theorem 11.41 (Primitive Element Theorem). Let K/F be a finite separable extension. Then there
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exists some u € K such that K = F(u).

11.6 Finite Fields

Lemma 11.42. Let F' be a finite field. Then char F' = p for some prime p (hence F, C F').

Lemma 11.43. Let F be a finite field. Then |F| = p™ where p = char F' and n = [F' : F).

Lemma 11.44. Let F be a field of char F' = p. For any positive integer n, the subset
F={ueF :u" =u}

is a subfield of F.

Lemma 11.45. Let p is a prime.
(i) The polynomial " — x € F,[z] is separable.

(ii) If m | n, then 2P” — 2 | 2?" — .

Theorem 11.46. Let F be a finite field and set p = char F'. The following are equivalent:
(i) We have |F| = p".
(ii) The extension F/F, is a splitting field of 27" — x over F,,.

Theorem 11.47. Let P be a prime, and let n be a positive integer.
(i) There exists a field F' of order p™.
(ii) If Fy, Fy are both fields of order p™, then Fy = Fb.
(iii) If Fy, Fy are subfield of K of order p™, then Fy = F5.

Definition 11.48. The field of order p™ is unique and denoted F».
Lemma 11.49. We have F,m C F,» if and only if m | n.
Lemma 11.50. Let K be a field, and let G C K* be a finite subgroup. Then G is cyclic.

Theorem 11.51 (Primitive Element Theorem for Finite Fields). Let K/F be an extension of finite
fields. Then there exists some u € K such that K = F(u).

Lemma 11.52. Let p be a prime. For any positive integer n, there exists a monic irreducible polynomial
f € Fpz] of degree deg f = n.

Lemma 11.53. Let p be a prime. For any positive integer n, we have

o H f

dln,feMy

in F,[z], where “M,” denotes the set of monic irreducible polynomials of degree d in F,[z].

Lemma 11.54. Let K/F be an extension of finite fields. Then the extension K/F is normal and separable.
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12 Galois Theory

12.1 Automorphism Groups

Definition 12.1. Let K be a field. The set of field automorphisms ¢ : K — K is denoted Aut(K); this is a
group under composition called the automorphism group. Let K/F be a field extension. An automorphism
v € Aut(K) is an F-automorphism if ¢(a) = a for all a € F (we also say that ¢ fizes F'). The subset

Aut(K/F) ={p € Aut(K) : p(a) =a for all a € F}
of F-automorphism of K is a subgroup of Aut(K).

Lemma 12.2. Let F be a field, and let f € F[z] be a polynomial.
(i) Let K/F be a field extension, and let ¢ € Aut(K/F); if u € K is a root of f, then ¢(u) € K is also a
root of f.

(ii) Assume that f is monic irreducible over F' and that K/F' is the splitting field of f over F. If u,v € K
are two roots of f, then there exists some ¢ € Aut(K/F) such that ¢(u) = v.

Lemma 12.3. Let K/F be a field extension, and let S C K be a generating set for K/F (so that K = F(.9)).
If 1,2 € Aut(K/F) are two F-automorphisms such that ¢1(s) = pa(s) for all s € S, then p; = @s.

Lemma 12.4. If K/F is a finite extension, then Aut(K/F) is a finite group.

Lemma 12.5. Let F be a field, f € F[z] be a polynomial, and K/F be a splitting field of f over F. If there
are n distinct roots of f in K, there is an injective group homomorphism

Aw(K/F) — S,
where S, is the symmetric group of degree n. In particular, |Aut(K/F)| < nl.

Lemma 12.6. Let F be a field, f € F[z] be a polynomial, and K/F be a splitting field of f over F'. Then
(i) |Aut(K/F)| < [K : Fl;
(ii) if f is separable, then |Aut(K/F)| = [K : F].

12.2 Galois Theory

Definition 12.7. Let K be a field and G C Aut(K) be a subgroup. The set
K¢ ={acK:pa)=aforal ¢y € G}

is a subfield of K, called the fized field of G.

Remark. (Galois correspondence) For a field K, there are functions between the subgroups of Aut(K) and
the subfields of K defined by
F(G) = K¢ G(F) = Aut(K/F)

for any subgroup G C Aut(K) and subfield F C K.

Lemma 12.8. Let K be a field.
(i) If G; C Gy are two subgroups of Aut(K), then K% O K%,
(ii) If F; C F are two subfields of K, then Aut(K/F) 2 Aut(K/F»).
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Remark. Let K be a field. For a subfield F' of K, we have an inclusion F' C KAWKE/F) of subfields of K.
For any subgroup G of Aut(K), we have an inclusion G C Aut(K/K%) of subgroups of Aut(K).

Lemma 12.9. Let K be a field, and let ¢1,...,¢, € Aut(K) be distinct automorphisms of K. Then
{¢1,...,¢n} is linearly independent over K.

Theorem 12.10. Let K be a field, and let G be a finite subgroup of Aut(K).
(i) The extension K/K is a finite extension and its degree is [K : K] = |G].

(ii) The extension K/K% is separable and normal.

Lemma 12.11. For any finite extension K/F, we have

|Aut(K/F)| < [K : F].
Lemma 12.12. If G C Aut(K) is a finite subgroup, then the inclusion G C Aut(K/K%) is an equality.

Theorem 12.13 (Galois extension). Let K/F be a finite extension. The following are equivalent:
(i) The extension K/F is separable and normal.
(ii) The field K is the splitting field of a separable polynomial f € F[x].
(iii) The inequality |Aut(K/F)| < [K : F] is an equality.
(iv) The inclusion F C KAE/F) js an equality.

We say that K/F is a Galois extension if it satisfies the above conditions.

Theorem 12.14 (Fundamental Theorem of Galois Theory). Let K/F be a Galois extension.
(i) The correspondence between the subgroups of Aut(K/F') and the subfield of K containing F' is bijective.

(ii) Under the correspondence in (i), a subgroup G C Aut(K/F) is a normal subgroup if and only if K¢ /F
is a normal extension.

(iii) If F C F C K is an intermediate subfield such that F/F is normal, then there is an isomorphism
Aut(K/F)/Aut(K/F) =2 Aut(E/F)
of groups.
Lemma 12.15. Let K be a field, and let ¢, .. ., ¢, € Aut(K) be automorphisms and let G = (p1,...,¢,) C
Aut(K) be the subgroup generated by the ¢;. Then we have
K¢ ={acK:pja)=aforalli=1,...,n}

as subfields of K.

12.3 Solvability

Definition 12.16. Let K/F be a finite extension. We say that K/F is a radical extension if there is a
sequence of fields
FoC---CF

such that Fy = F and F; = K and for all ¢ = 1,...,¢ there exists some u; € F; and n; € Z>; such that
u;“ € F,_1 and F; = Fi,l(u).

Lemma 12.17. If F C F’ C F" are field extensions such that F”//F’" and F’/F are radical extensions, then
F"/F is a radical extension.
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Lemma 12.18. If K/F is a field extension such that K = F'(uy,...,u;) for some uy,...,u; € K and for all
1 < i <t there exists n; € Z such that ul”l € F, then K/F is radical.

Definition 12.19. Let f € F[z]. We say that f is solvable by radicals if there exists a radical extension
K/F such that f splits over K.

Definition 12.20. Let F' be a field, and let n be a positive integer. An element { € F' is called an nth root
of unity if (" =1p. Let

pn(F) ={CE€F: (" =1p}
be the set of all nth roots of unity in F'; then p, (F') is a subgroup of F'* of order at most n (hence is cylic).
We say that an nth root of unity ¢ € p,(F) is primitive if ord(¢) = n as an element of the multiplicative
group F*; equivalently, |u,(F)| = n and  is a generator of p, (F).

Lemma 12.21. Let F' be a field, and let n € Z>, be a positive integer.
(i) If |un(F)| = n, then n # 0 in F, i.e., either char F' = 0 or char F' { n.
(ii) If n # 0 in F, then there exists an extension K/F such that |u,(K)| = n.

Lemma 12.22. Let F be a field, and let K/F be an extension containing a primitive nth root of unity
¢ € K. Then F({)/F is a Galois radical extension, and Aut(F(¢)/F) is an abelian group.

Lemma 12.23. Let F be a field containing a primitive nth root of unity ¢ € F, K/F be an extension, ad
u € K be an element such that u™ € F for some n € Z. Then F(u)/F is a Galois radical extension, and
Aut(F(u)/F) is an abelian group.

Lemma 12.24. Let F be a field of char F' = 0, and let K/F be a radical extension. Then there exists an
extension L/K such that L/F is a Galois radical extension.

Definition 12.25. A finite group G is said to be a solvable group if there is a sequence

of subgroups of G such that Gy = {e} and G,, = G and for all i = 1,...,n, the group G;_1 is a normal
subgroup of G; and the quotient G;/G;_1 is abelian.

Lemma 12.26. Let G be a solvable group.
(i) For any subgroup H C G, we have that H is a solvable group.
(ii) For any group homomorphism f : G — H, we have that f(G) is a solvable group.

Lemma 12.27. If G is a finite, simple, non-abelian group, then G is not solvable.
Lemma 12.28. For any n > 5, the symmetric group S, is not solvable.

Theorem 12.29. Let F be a field of char F' = 0, and let K/F be a Galois radical extension. Then Aut(K/F)
is a solvable group.

Definition 12.30. Let f € F[z] be a polynomial and K/F be a splitting field of f over F. The Galois group
of f is the automorphism group Aut(K/F).

Theorem 12.31 (Galois’ criterion). Let F' be a field of char ' = 0, and let f € F[z] be a polynomial.
The following are equivalent:
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(i) f is solvable by radicals;
(ii) the Galois group of f is a solvable group.

Theorem 12.32. Let n > 5 and f € Q[z] be a polynomial of deg f = n. If the Galois group of f is Sy, then
f is not solvable by radicals.

Lemma 12.33. Let G be a subgroup of S,, that contains a 2-cycle (ajas2) and an n-cycle (ajas - - - ay,). Then
G=28,.

15 Geometric Constructions
Let P = (zp,yp),Q = (zg,yq) € R? be distinct points. Let

L(P,Q) = {(z,y) € R?: (x — zp)(yq — yr) = (y — yp)(zq — =p)}

denote the line passing through P and Q. Let

C(P,Q) ={(z,y) eR*: (z —zp)’ + (y — yp)* = (zq —2p)* + (yo —yp)*}

denote the circle whose center is P and passes through . We can use a straight edge to constrct L(P,Q),
and a compass to construct C(P, Q).

Definition 15.1. We say that a point P € R? is a constructible point if there exists a finite sequence of
points Py, Py, ..., P, € R? such that Py = (0,0), P = (1,0), and P, = P, such that for all i > 2, there exists
indices 0 < i1,12,13,44 <4 — 1 (not necessarily distinct) such that at least one of the following is true

(i) we have P; € L(P;,,P;,) N L(P,,, P;,) and L(P;,, P;,) # L(P;,, P.,), or

iz
(ii) we have P, € C(P;,, P;,) NC(P;,, P;,) and P;, # P,,, or
(iii) we have P; € L(P;,, P;,) N C(Pi,, P;,).
We say that r € R is a constructible if (r,0) € R? is a constructible point. The set of constructible numbers
is denoted % .

Lemma 15.2. Let ¥ € R be the set of constructible numbers.
(i) A point (z,y) € R? is constructible if and only if z,y € €.
(ii) The set ¥ is a subfield of R (hence contains %).

(iii) If r € Ryp and r € ¥, then /r € €.

Lemma 15.3. Let P; € (7;,;) € R? be points for 1 < i < 4 such that P, # P, and P3 # Py; let F be a
subfield of R containing {z;,y;}1<i<4, and let P = (z,y) € R? be a point.
(i) If P € L(Py, P) N L(Ps, Py) and L(Py, P,) # L(Ps, Py), then z,y € F.
(ii) If P € L(P1, P,) N C(Ps, Py), then there exists some u € F such that z,y € F(y/u).
(iii) If P € C(P1, P) N C(P3, Py) and Py # Ps, then there exists some u € F such that z,y € F(y/u).
In particular, the degree [F(x,y) : F] is either 1 or 2.

Theorem 15.4. For a real number r € R, the following are equivalent:
(i) The number r is a constructible number.

(ii) There exists a sequence of extensions Fy C --- C Fy where Fy = Q and r € Fy and [F; : F;_1] = 2 for
all 1 <4 </.
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Lemma 15.5. If char F # 2 and K/F is an extension of degree [K : F] = 2, then K = F(u) for some u € K
such that u? € F.

Lemma 15.6. If P;, P, € R? are constructible points, then the distance || Py P,|| is a constructible number.
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