1. INTRODUCTION

In this chapter, I introduce some of the fundamental objects of algbera: binary opera-
tions, magmas, monoids, groups, rings, fields and their homomorphisms.

2. BINARY OPERATIONS

Definition 2.1. Let M be a set. A binary operation on M is a function
CMxXM->M

often written (x,y) — x - y. A pair (M, -) consisting of a set M and a binary operation - on
M is called a magma.

Example 2.2. Let M = Z and let + : Z X Z — Z be the function (x,y) — x +y. Then, + is
a binary operation and, consequently, (Z, +) is a magma.

Example 2.3. Let n be an integer and set Zs, := {x € Z|x > n}. Now suppose n > 0.
Then, for x,y € Zs,, x +y € Z>,. Consequently, Z, with the operation (x,y) — x + yis a
magma. In particular, Z, is a magma under addition.

Example 2.4. Let S = {0, 1}. There are 16 = 42 possible binary operations m : § XS — §.
Therefore, there are 16 possible magmas of the form (S, m).

Example 2.5. Let n be a non-negative integer and let - : Z, X Zs, — Zs, be the operation
(x,¥) = xy. Then Zs,, is a magma. Similarly, the pair (Z, -) is a magma (where - : ZXZ — Z
is given by (x,y) — xy).

Example 2.6. Let M;,(R) denote the set of 2 X 2 matrices with real entries. If

A= (011 6112)’ and B = (bn b12)
ar  an by by

are two matrices, define

AoB = (0111911 +apby  anbpp + a12b22)'

anbiy + anby  anbin + anby
Then (M,(R), o) is a magma. The operation o is called matrix multiplication.

Definition 2.7. If (M, -) is a magma, then M is called the underlying set and - is called the
binary operation or sometimes the multiplication.

Remark 2.8. There is a substantial amount of abuse of notation that goes along with binary
operations. For example, suppose (M, -) is a magma and m,n € M. Instead of writing m - n
we often omit the - from the notation and write mn as in Example 2.5. Moreover, when
referring to a magma (M, -), we often simply refer to the underlying set M and write the
binary operation as (x,y) — xy. That way we avoid having to write down a name for the
binary operation. So, for example, we say, “let M be a magma” when we should really say,
“let (M, -) be a magma.” We use this abuse of notation in the following definition.

Definition 2.9. Let M be a magma. We say that M is commutative if, for all x,y € M,
xy = yx. We say that M is associative if, for all x,y,z € M, (xy)z = x(yz). An element
e € S is an identity element if, for all m € M, em = me = m.

Example 2.10. There is another important product on M>(R) called the Lie bracket. It is
given by (A, B) — [A,B] := Ao B— Bo A. Itis not associative. To see this, set

00 01
A‘B‘(1 0)’C‘(o 0)'
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Then

[[A,B],C] = (8 8), but

0 O
We write gl,(R) for the set M;(R) equipped with the Lie bracket binary operation.

Remark 2.11. If M is a commutative magma, then sometimes we write the binary oper-
ation as (m,n) — m + n. We never use the symbol “+” for a binary operation which is
not commutative. Also, if the binary operation is written “+,” we never omit it from the
notation. For example, while we write 3 X 5 as (3)(5), we never write 3 + 5 as (3)(5).

Proposition 2.12. Let M be a magma. Then there is at most one identity element e € S.
Proof. Suppose e, f are identity elements. Then e = ef = f. O

Remark 2.13. If M is a commutative magma with binary operation + then it is traditional
to let the symbol “0” denote the identity element. Otherwise, it is traditional to use the
symbol “e” or the symbol “1.”

2.14. Multiplication Tables. If M = {x;,x,,...,x,} is a finite set and “-” is a binary
operation on M. The multiplication table for M is the following n X n-table of elements of
M:

XiX1  XiXo2 -0 XiXp
XpX1  XoXp ottt XpXp
XnX1  XpX2 vt XnXn

Remark 2.15. The magma (Z, +) is associative and has 0 as its identity element. The
magma (N, +) is also associative with O as its identity element. If n > 0, then the magma
(Zsy, +) 1s associative, but does not have an identity element.

The following definition is motivated by computer science.

Definition 2.16. Suppose k is a positive integer and S is a set. A word of length k in S
is a k-tuple m = (my,...,my) of elements of S. If a = (a;,...,a) and b = (by,...,b))
are two words of length i and j respectively then the concatenation of a and b is the word
ab = (al,. . .,ai,bl, .. .,bj).

Definition 2.17. Suppose M is a magma and m is a word of length k > 0 in M. We define
a set P(m) of products of m inductively as follows. If k = 1, then P(m) = {m;}. Suppose
then inductively that P(n) is defined for every word n of length strictly less than m. Then
P(n) is the set of all products xy where x € P(a),y € P(b) and n = a.b.

Theorem 2.18. Suppose M is an associative magma, and m = (my,...,my) is a word in
M of length k > 0. Then P(m) consists of a single element.

Proof. We induct on k. For k = 1 the theorem is obvious. So suppose that k > 1 and the
theorem is known for all words of length strictly less than k. Write h = (my,...,m_1)
and t = my. Then, by induction, P(h) consists of a single element u and P(t) obviously
consists of the single element my. Since m = h.t, um; € P(m). Now suppose z € P(m).
By definition, z = xy where x € P(a),y € P(b) withm = a - b. Suppose a = (m,...,m;)
and b = (mjyq,...,m). Since 1 < i < k, P(b) consists of a single element. So, setting
b’ = (mj41,...,m—1), we have y = y'my, where y’ is the unique element of P(b”). Then xy’
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is an element of P(h), so it is equal to u. So, by associativity, we have z = xy = x(y/my) =
(xy"my = umy. ]

Definition 2.19. If M is an associative magma and m = (my,...,my) is a word in M of
length k£ > 0, then we write I1(m) or simply mm, - - - my. for the unique element of P(m).

Exercises.

Exercise 2.1. Write sl,(R) for the set of all matrices

a b
c d
in gL(R) such that @ + d = 0. Show that sl;(R) is a submagma of gl,(R).

Exercise 2.2. An element / of a magma M is called a left identity if, forallm € M, Im = m.
Similarly, an element r of a magma M is called a right identity if, for all m € M, mr = m.
Suppose M is a magma having a left identity / and a right identity ». Show that [ = r and
that / is the identity element of the magma.

Exercise 2.3. The cross product on R? is the binary operation given by

(x1,¥1,21) X (x2,¥2,22) = (V122 — Y221, 21 X2 — 23X1, X1 Y2 — X2)'1)-

Show that the cross product is neither associative nor commutative. Then show that it has
no identity element.

3. HoMOMORPHISMS OF MAGMAS

Definition 3.1. Suppose M and N are two magmas. A homomorphism of magmas from M
to Nisamap ¢ : M — N such that, for all x,y € M,

P(xy) = P()P(y).

We write Homyagma (M, N) for the set of all magma homomorphisms from M to N.

Example 3.2. Recall that, if X is a set, we write idy for the function from X to itself given
by x — x. This is called the identity function. If M is a magma, then clearly id, is a
magma homomorphism.

Proposition 3.3. Let X, Y, Z be magmas and let g € Hompjagma(X, Y), f € Homyagma(Y, 2).
Then g o f € Hommagma(X, Z).

Proof. We have (g o f)(ab) = g(f(ab)) = g(f(a)f(b)) = g(f(a)g(f(D)) = (g o f)a)g o
D). O

Definition 3.4. A homomorphism f : M — N of magmas is an isomorphism if there is a
magma homomorphism g : N — M such that f o g =idy and g o f = idy,.

Recall thatamap f : X — Y of sets is an isomophism of sets if it is one-to-one and onto.
In this case, there exists a unique map g : ¥ — X such that f o g = idy and g o f = idy.
The map g is defined by setting g(y) equal to the unique x € X such that f(x) = y. The map
g is called the inverse of f.

Proposition 3.5. Suppose f : M — N is a homomorphism of magmas. Then f is an
isomorphism of magmas if and only if it is an isomorphism of sets.



Proof. Itis obvious that an isomorphism of magmas is necessarily an isomorphism of sets.

Suppose that f : M — N is a homomorphism of magmas which is also one-to-one and
onto. Let g : N — M be the inverve of f. Suppose nj,n, € N and set m; = g(n;) for
i = 1,2. Then g(niny) = g(f(m1)f(my)) = g(f(mimy)) = mumy = g(n1)g(n2). So g is a
homomorphism of magmas. Therefore, f is an isomorphism of magmas. O

Definition 3.6. Suppose M and N are magmas. We say that M and N are isomorphic and
write M = N if there exists an isomorphism of magmas f : M — N.

Definition 3.7. Let (M, ) be a magma. A subset N C M is said to be closed under multi-
plication if, for all n;,ny, € N, n; - np € N. In this case the restriction of - to N X N defines
a binary operation on N. This is called the binary operation induced from M. A subset of
N of M which is closed under multiplication is called a submagma of M.

Suppose X and Y are sets and ¥ € X. Write iyx : ¥ — X for the inclusion function.
That is, iyx(y) = y.

Proposition 3.8. Let M be a magma and N be a subset closed under multiplication. Set
i =iym. Thenthe mapi: N — M is a magma homomorphism.

Proof. Suppose ni,ny € N. Then i(nyny) = niny = i(ny)i(ny). O

Example 3.9. Let M = Z with the binary operation +, and let n be an integer. Set N = Z,,.
Then N is a submagma of M if and only if n > 0.

Proposition 3.10. Suppose M and N are magmas and f : M — N is a magma homomor-
phism. Suppose that H is a submagma of M and K is a submagma of N. Then

(1) the subset f(H) is a submagma of N;

(2) the subset f~(K) is a submagma of M.

Proof. (1): Suppose x,y € H. Then f(xy) = f(x)f(y). So f(x)f(y) € f(H).
(2): Suppose a,b € f~1(K). Then f(ab) = f(a)f(b) € K. So ab € f~1(K). O

Corollary 3.11. Suppose that f : N — M is a magma homomorphism which is one-to-
one. Then f(N) is a submagma of M and the map f : N — f(N) is an isomorphism of
magmas.

Proof. The subset f(N) of M is a submagma by Proposition 3.10. The map f : N — f(N)
is one-one, onto and it is clearly a magma homomorphism. Therefore it is an isomorphism
of magmas. O

Exercises.

Exercise 3.1. Let C denote the set of complex numbers, and let M,(C) denote the set of
2 X 2 matrices with entries in the complex numbers. Define the operation (A, B) — Ao B
of matrix multiplication on M,(C) as in Example 2.6. Let gl,(C) denote the set M,(C)
equipped with the Lie bracket binary operation (A, B) = [A,B]=Ao B - BoA.

4. ProbuCTS

Definition 4.1. Suppose [ is a set and for each i € I suppose M; is a magma. Set M =
[Tic; M;. We define a binary operation on M by setting

(m)ier(ni)ier = (Miny)jes.

We call M the product magma of the M;.
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4.2. The most important special case of Definition 4.1 is the product M; X M, of two
magmas M, and M. In this case we can write the binary operation on M = M| X M, as

(my, mp)(my,mb) = (mymy, mymy).

Proposition 4.3. Suppose f : M — N is a homomorphism of magmas. Then M Xy M is a
submagma of M X M.

Proof. Suppose (x1, x2), (y1,y2) € M Xy M. Then, by definition, f(x;) = f(x;) and f(y;) =
SO2). So fCay) = fx)f1) = fO)f(y2) = f(x2y2)- So (x1y1, X2y2) € M Xy M. o

5. QUOTIENTS

Theorem 5.1. Suppose M is a magma and R is a submagma of M X M which is an equiv-
alence relation on M. Write 1 : M — M|/R for the quotient map m — [m] sending an
element in M to its equivalence class in M/R.

(1) There is a unique binary operation on M/R such that 7 : M — M/R is a magma
homomorphism.

Q) If f : M — N is any magma homomorphism such that M Xy M D R, then there is
a unique magma homomorphism g : M/R — N such that f = g o 1.

Proof. (1): Uniqueness is obvious, because if 7 is a homomorphism of magmas and
[x], [y] € M/R, then [x][y] = m(x)n(y) = n(xy) = [xy].

To see that there is a binary operation on M/R making m into a magma homomorphism,
write Q = M/R and let I" denote the subset of (Q x Q) x Q = Q consisting of all triples of
the form ((x), m(y), m(xy)) with x,y € M. For every pair (a, b) = (n(x),n(y)) € QO X Q, the
element (a, b, n(xy)) = (m(x), 7(y), 7(xy)) € I'. On the other hand, suppose (7(x), 7(y),z) €
I'. Then there are elements x’,y’ € M such that 7(x) = #n(x’),n(y) = n(y’) and z =
n(x’y"). By the definition of M/R, it follows that (x, x"), (y,¥") € R. But then (xy, x'y") =
(x,x)(y,Y") € R. So n(xy) = m(x'y") = z. In other words, for any (m(x), 7(y)) € Q?, the
element m(xy) is the unique element z of Q such that (n(x), 7(y), z) € I'. Therefore I' is the
graph of a function * : 0> -0 satisfying n(x) * m(y) = m(xy). In other words, 7 is a
magma homomorphism from M to (Q, *).

(2): By the properties of M/R, for any function f : M — N such that M Xy M D R,
there exists a unique function g : M/R — N such that f = gon. To show that g is a magma
homomorphism, suppose m,m, € M. Then g(n(m;)n(my)) = gln(mimy)) = f(mymy) =
FOm) fmy) = grm))g(a(my)).

]

6. PROPERTIES OF MAGMAS

Example 6.1. Let M be amagma. An element m € M is central if, for alln € M, nm = mn.
The center of M is the set of all central elements of M. I write Z(M) for the center of M.

If M is associative, then the center of M is a submagma. To see this, suppose a,b €
Z(M). Then, form € M, (ab)m = a(bm) = a(mb) = (am)b = (ma)b = m(ab).

Definition 6.2. A monoid is an associative magma which has an identity element.

Example 6.3. The natural numbers form a monoid under addition. This means that (N, +)
is a monoid. The natural numbers also form a monoid under multiplication: (N,-) is a
monoid. The identity element of (N, +) is 0 and the idenitity element of (N, -) is 1.
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Definition 6.4. Let M and N be monoids. A homomorphism f : M — N of magmas
is called a homomorphims of monoids if f(1) = 1. We write Homyonoia(M, N) for the
set of all homomorphisms of monoids f : M — N. A homomorphism of monoids is an
isomorphism if it is both one-to-one and onto.

Example 6.5. The inclusion N — Z is a homomorphism of monoids with addition as the
operations. It is also a homomorphism of monoids with multiplication as the operation. On
the other hand, consider the operation (N X N) X (Nx N) — N x N given by (a,b) - (c,d) =
(ac,bd). Defineamap f : N - N X N by n + (n,0). Then f defines a homomorphism of
magmas from (N, ) to N X N, ). But f is not a homomorphism of monoids because the
identity of N X N is (1, 1), not (1, 0).

Definition 6.6. A homomorphism f : M — N of monoids is said to be an isomorphism
of monoids if there is a homomorphism g : N — M of monoids such that f o g = idy and
go f=idy.

Proposition 6.7. Suppose f : M — N is a homomophism of monoids. Then f is an
isomorhism of monoids iff f is an isomorphism of sets.

Proof. 1f f is an isomorphism of monoids, then it is clearly an isomorphism of sets. Sup-
pose, that f is an isomorphism of sets. Let g : N — M be the inverse map. We know
by Proposition 3.5 that g is a magma homomorphism. To show that g is a monoid homo-
morphism, it suffices to check that g(1) = 1. But, since f is a monoid homomorphism,
J) =1.8S0g(1) = g(f(1)) = 1. o
Definition 6.8. If M is a monoid, then a submonoid of M is a monoid N such that N ¢ M
and the inclusion map iy : N — M is a homomorphism of monoids.

Definition 6.9. Let (M, -) be a magma. The opposite magma is the magma (M, =) where
axb =b-afora,b e M. If Misamagma, we sometimes write M°P for the opposite
magma.

Proposition 6.10. Let M be a monoid and a,b € M. Suppose ab = ba = 1. Then, for
¢ € M, the following are equivalent.

(1) ac=1;
2) ca=1;
B)b=c

Proof. (iii)= (i) and (iii) = (ii) are both obvious from the hypothesis. To see that (i)=
(iii), suppose ac = 1. Then b = bl = b(ac) = (ba)c = 1c = c. To see that (ii)= (iii), apply
(i)= (iii) to M°P, |

Definition 6.11. Let M be a monoid. An element of m € M is invertible if there exists an
n € M such that mn = nm = 1. I write M* for the set of m € M such that m is invertible.

Note that, by Proposition 6.10, if m is invertible then m has a unique inverse. If M is a
commutative and the binary operaiton is written as (m,n) — m + n, then it is traditional
to denote let —m denote the inverse of m. Otherwise it is traditional to write m~! for the
inverse.

Proposition 6.12. Suppose M is a monoid. Then
(1) Ifx,y € M*, then xy € M* with (xy)™! = y~'x7!;
(2) M* is a submonoid of M;
3) if m e M* then (m™")"" = m. Moreover, (M*)* = M*, and



@) (M) = M~
Proof. O
Definition 6.13. A monoid M is a group if M = M*.
From Exercise 6.12, it follows that, if M is a monoid, M* is a group.

Example 6.14. Here are the prototypical examples of monoids and groups. Let X be a set.
Write E(X) for the set of all functions f : X — X. Equip E(X) with the binary operation
(f,g) — fog. Then E(X) is a monoid because composition of functions is associative and
idy o f = foidy = f for all f € End X. Write A(X) for E(X)*. Then A(X) is called the
automorphism group of X or the group of permutations of X.

Definition 6.15. Let M be a magma. Define amap L : M — End M by setting L(x)(y) = xy
for x,y € M. Similarly define a map R : M — End M by setting R(x)(y) = yx for x,y € M.
The map L is called the left multiplication map and R is called the right multiplication map.

Proposition 6.16. A magma M is associative if and only if L : M — End M is a magma
homomorphism.

Proof. Suppose x,y,z € M. Then (xy)z = x(yz) © L(xy)(z) = L(x)(yz) & L(xy)(z) =
L(x)L(y)(z). So M is associative iff, for all x,y € M, L(xy) = L(x)L(y). O

Definition 6.17. If H and G are groups, then a group homomorphism f : H — G is a
homomorphims of monoids. We write Homgs(H, G) for the set of all group homomor-
phisms. A homomorphism of groups is an isomorphism of groups if it is one-to-one and
onto.

Proposition 6.18. Let f : G — M be a monoid homomorphism with G a group. Then, if
g€G, f(g) e M and f(g™") = f(g)™".

Proof. We have f(g~")f(g) = f(g'g) = f(1) = L. o
Proposition 6.19. Let M be a monoid and let G be a group. Then
HomMagma(M, G) = Homyonoid(M, G).

Proof. It suffices to show that, for f € Hompaegma(M, G), f(1) = 1. To see this, note that
f) = fFOHfMfFM" = fA- DD = fFAOFD) =1. ]

A group G is called abelian if G is commutative as a magma. (Sometimes we also call
G commutative.)

Exercises.

Exercise 6.1. Let S = {0, 1}, the set with 2 elements. Of the 16 binary operations on S,
how many are associative? How many are commutative? How many are monoids? How
many are groups?

Exercise 6.2. Show that (M,(R), o) is a monoid. That is, show that it is an associative
magma with an identity element. Make sure you say what the identity element is.

Exercise 6.3. Show that M,(R)* = {(Ccl Z

the general linear group of 2 X 2 matrices. It is written GL,(R).

) € M>(R) : ad — bc # 0.}. This group is called
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Exercise 6.4. Let M be a magma. Suppose N is a subset of M which is closed under
multiplication and contains 1. Show that N with the binary operation induced from M is
a monoid and the inclusion i : N — M is a homomorphism of monoids. Thus N (with
the binary operation induced from M) is a submonoid. Conversely show that, if N is a
submonoid of M, then N is closed under the binary operation of M and contains 1. (This
should simpy be a matter of expanding out definitions.)

Exercise 6.5. Let G be a group. Show that the map G — G°P given by g — g~! is an
isomorphism of groups.

Exercise 6.6. Let M be an associative magma. Let M, = M U {e} where ¢ ¢ M. Then
define a binary operation on M, by setting

Xy, Xx,ye€M,;
Xy =4x, Yy=e;

y,  otherwise.

Show that M. is a monoid. Show that the obvious inclusion map i : M — M, is a magma
homomorphism. Moreover, show that, if N is a monoid and f : M — N is a magma
homomorphism, there exists a unique monoid homomorphsm g : M, — N such that

goi=f.

7. SuBrouPs
Recall the following definition.

Definition 7.1. Suppose G is a group with identity e. A subset H of G is a subgroup if
(1) ec H,;
(2) forall x,y € H, xy € H,
3) forallxe H, x"! € H.
A subgroup H of G is a proper subgroup if H # G. If H is a subgroup (resp. proper
subgroup) of G, we write H < G (resp. H < G).

Proposition 7.2. A subset H of a group G is a subgroup < if H is nonempty and, for every
x,y € H, xy‘1 € H.

Proof. (=) is clear. To see the converse, we need to show that H contains 1, is closed
under multiplication and also that every element of H is invertible in H. Since H is non-
empty, we can find # € H. Then 1 = hh™' € H so H contains 1. It follows that, for
every x € H, x! = 1x™! € H. Finally, suppose x,y € H. Then y~' € H. Therefore
xy=x(y HleH. O

Remark 7.3. If H is a subgroup of G then, clearly, H with the operation (x,y) > xyis a
group.

Proposition 7.4. Suppose G is a group and (H;,i € I) is a family of subgroups of G. Then
H := Ny H; is a subgroup of G.

Proof. Since H; < G for each i, e € H,; for each i. Therefore, e € H. Suppose x,y € H.
Then xy~' € H; for all i. Therefore xy~! € H. O

Definition 7.5. Suppose G is a group and S is a subset of G. The subgroup (S) of G
generated by S is the intersection of all subgroups of G containing S'.



IfS ={gi,...,gk), we abuse notation and write (g, ..., g¢) for (S), which is said to be
generated by the elements g, . .. gx. A subgroup of G is called cyclic if it can be generated
by a single element.

Proposition 7.6. Suppose S is a subgroup of a group G. Let H denote the subset of G
consisting of all elements of the form

(7.6.1) §=8182--- 8

where k is a positive integer and, for each i, one of the following holds
(1) g €S,
(2) g'es,

() gi=e. Then H =(S).

Proof. First, let’s show that H is a subgroup of G. Clearly, e € H. Suppose x = g1 ...8,
and y = hy...hs are in H where the expressions for x and y are as in (7.6.1). Then
xy = gi...gh B L k! s of the same form as (7.6.1). It follows that H < G.
Clearly, S ¢ H. So, since (S) is the intersection of all subgroups of G containing §,
(SYy<H.

Suppose K is a subgroup of G containing S. Then any element g as in (7.6.1) is in K.
Therefore any such element is in (S'). So H < (S). Therefore H = (S). O

Definition 7.7. Suppose G is a group, g € G and n € Z. If n = 0, we define g° = e. If
n = 1, we define g" = g. Then for n > 1, we define g" = gg"~! inductively. Finally, if
n < 0, we define g" = (g~')".

Proposition 7.8. Suppose G is a group, g € G and n,m € Z. Then g"™ = g"g".

Proof. First suppose n,m > 0 and argue by induction on n. If n = 0, the result is obvious.
If n = 1, we have gg” = g"*! by definition. So suppose n > 1 and the result holds as long
as the first exponent is less than n. Then, g"g" = gg"~'g" = gg"™"~! = g"*. So the result
holds as long as n,m > 0.

Now, suppose n > 0. I claim that g™"g" = e. Again, we prove this by induction on n. It
is clearif n = O or 1. If n > 1, then g7g" = g7 !(g7")"'g" 'g = g7'g = e by induction.
Therefore, g™"g" = eforalln > 0. So g™ = (g")~\.

Suppose then that 1, m > 0. If m > n, we have g7"g" = (g7")"g"g" ™" = g"™". If n > m,
we have g—ngm — (g—l)n—m(g—l)mgm — (g—l)n—m — gm—n.

O

8. THE ORTHOGONAL AND DIHEDRAL GROUPS

In this section, I write introduce a couple of examples of groups, pointing out their
subgroups.

Definition 8.1. Suppose v = (v{,v2) and w = (w;,w) are elements of R, Tv-w =
viwy + vawy for the dot product of v with w, and |[v| := +/v - v for norm or length of v.

Recall that, for a vectorve R, v =0 & [v| = 0.

Lemma 8.2. With v and w as above, we have

o w2 = vl — [wl?
> .
Proof. Expand it out. O




Recall that GL;(R) denotes the subset of M,(R) consisting of 2 X 2-matrices with real
entries and non-zero determinant. Moreover, GL,(R) is a group under the operation of
matrix multiplication. Given

a b
Tv = (avy + bvy, cvy + dvy).

Definition 8.3. Write O,(R) for the subset of M,(R) consisting of matrices T such that,
forallv e R, |Tv| = |v|.

In other words, O,(R) is the subset of matrices which preserve the norms of vectors.
Lemma 8.4. The subset O,(R) is a subgroup of GL,(R).

Proof. Suppose T is a matrix in M,(R) which is not in GL,(R). Then there is a non-zero
vector v € R? such that Tv = 0. Since v # 0, |v| # 0. Therefore [Tv| # |[v|. So T ¢ O,(R). Tt
follows that O>(R) € GL,(R).

Clearly, the identity matrix id is in O,(R). Suppose S, T € O,(R), and suppose v € R?.
Then |ST~'W)| = [T7'W)| = ITT~'(v)| = V. So ST~ € O,(R). It follows that O,(R) <
GL,(R). O

The subgroup O,(R) is called the second orthogonal group.

Definition 8.5. Suppose 0 € R, we write

RO) = (cose —sine).

sind cos@

The matrix R(6) is called a rotation in the plane through the angle 6. We write

oely )

The matrix H is called the reflection in the x-axis.
Lemma 8.6. For any 6, R(6) € O2(R). Moreover, H € O,(R).
Lemma 8.7. Suppose v = (vi,v,). Then R(6)(v) = (cos 8v; — sin Bv,, sin Ov; + cos 6v;). So
IR(O)(V)* = cos? v — 2 cos @sin Ov,v, + sin® Ov3
+ sin? v? + 2 cos @sin Oy, v, + cos® 613
= vf + v% = |v|2.
So R(0) € O,(R).
On the other hand, [HW)? = (v, —»)|? = v% + v% = v

Lemma 8.8. Suppose 6,1 € R. Then the following relations hold
(1) R(OR(m) = RO +n);
(2) RO = R(-0);
3) H'' = H;
4) H'R@O)H' = R(-1)) fori € Z.
Moreover detR(0) = 1 and det H = —1.



Proof. (1) We have

R(Q)R(n):(cosﬁ —sm0)(cosn —smn)

sinf cosf |\sinp cosn

cosfcosn —sinfsinny —cosfsinny —sinfcosn
cosfsinn+sinfcosny  cosfcosny —sinfsinyg

_[cos(@+m) —sin(@+n)
T \sin(@+1n) cos(@+n)
= RO +1m)

(2): By (1), R(O)R(—0) = R(0) = id. So R(6)~' = R(-0).
(3): It’s easy to see that H? = id.

(4): We have
1 cos —sin6\(1 0
0 (1) sin@ cosd J{0 (=1)
cos 6 —siné 1 0
(=1)'sin@ (=1) cos@/{0 (=1)
cosf —(=1)sinf
(=1)'sin@ cos 6

[ cosB —sin((-1)6)
~ \sin((=1)'9) cos @

= R(-0)

HROH' =

It is obvious that det H = 1. On the other hand, det R() = cos? 6 + sin*0 = 1.

Lemma 8.9. Suppose T € O>(R) and v,w € R%. Then Tv-Tw = v - w.

Proof. We have

v Tw |TV+TW|2 [TV = |Tw]?

2
T+ W = T — | Tw)?
- 2
v+ wi* = > = [w?

2

]

Proposition 8.10. Every element T of O>(R) can be written uniquely as T = R(6)H' for

0<0<2mandice€{0,1}.

Proof. Write e; = (1,0) and e, = (0,1). Suppose Te; = (a,b), Te; = (c,d). Since
e =0,ac+bd=Te-Te, =0. It follows that (c,d) = a(-b, aa) for some & € R. On
the other hand, a® + b*> = [Te* = |e1]* = 1. So a®> + b* = 1, and, similarly, ¢ 2+d>=1.So

1 = @?|(-b,a)]>. Thus @ = +1.
Since a® + b = 1, we can find 6 € R such that (a, b) = (cos 6, sin §). Now,

Tz(g d)

So,ifa=1,wehave T = R(0). Ifa = -1, T = R(O)H.



Finally, suppose T = R()H' = R(n)H/ with 6,5 € [0,2n) and i, j € {0, 1}. Then, since
detT = (=1)' = (=1)/, i = j. Therefore R(6) = R(1). So R(-6)R(n) = R(n — ) = id. Since
|n — 6] < 2r, it follows from the formula for R(6) that = 6. O

Corollary 8.11. For each 6 € R, set v(f) = (cos 8,sin @) € R%. Suppose T € O,(R). Then
T = R(O)H! where

(1) 6 is the unique element of [0, 21) such that Rv(0) = v(6).

2) i=0ifdetT =landi=1ifdetT = —1.
Write T = RO)H with0 <0 <2pandi € {0,1}. ThendetT = i and T(v(0)) = RH((0)) =
R((0)) = v(0).

Corollary 8.12. Let SO,(R) denote the subset of O2(R) consisting of matrices with deter-
minant 1. Then SO,(R) consists of the set of all rotations in Oy(R). Moreover, SO,(R) <
O,(R). It is called the second special orthogonal group.

Corollary 8.13. We have the following multiplication table for Q,(R).

ROH'R(mH’ = RO + (-1)'p)H™.
Proof. Using Lemma 8.8, R(O)H'R(n)H’ = ROH'R(H'H'H/ = ROH'R(H'H™/ =
ROR(~=1)mH™ = RO + (=1)p)H™*/. ]
Definition 8.14. For each positive integer set 6, = 27/n, and P,, = {(cos k6, sink6,) : k €
Z} cR2. LetD, = {g € O>(R) : g(P,) = P,).
Proposition 8.15. For each integer n > 2, D, < O(R).
Proof. Clearly, id € D,. Suppose g,h € D,. Then gh™'(P,) = gh™'(W(P,)) = g(P,) =
P,. O

Proposition 8.16. Let n > 2 be an integer. Set R = R(6,,). Then D,, = (R, H). Moreover,
every element of D, can be written uniquely as R'H’ where i and j are integers satisfying
0<i<n 0<j<1. Inparticular, |D,| = 2n.

Proof. For each integer k, set v,, = (cos k6,,sinké,). Then P, = {v; : k € Z} and R(v,)) =
Ve, R = v,_y. Tt follows that R(P,) = P, so R € D,,. On the other hand, H(v,)) = v_,.
So H € D,, as well. Therefore, E := (R, H) < D,,.

Now suppose T € D,. Since T c 0,(R), we have T = R(#)H’ with § € [0,27) and
j € {0,1}. Then T(v(0)) = v(0) € P,. So 8 = 2nxi/n for a unique integer i such that
0 < i < n. Therefore T = R'H/. The uniqueness of i and j is an easy exercise. O

Corollary 8.17. The multiplication table of D,, is
RaHhRCHd — Ra+(_1)bCHh+d
Proof. This follows directly from the multiplication table of O,(R). O

Definition 8.18. Suppose #n is an integer greater than or equal to 2. Set C, = (R) =
(R2rm/n)y < D,. Clearly, C, = {e,R,R?,...,R" '} and R" = e. So C, is a cyclic group of
order n



9. CoOSETS

Definition 9.1. Suppose G is a group (written multiplicatively) and A, B are subset of G.
We write AB := {ab : a € A,b € B}. If g € G, we write gA = {ga : a € A} and
Ag ={ag:a€A}.

Remark 9.2. 1If G is written additively, then we write A+ B = {a+ b : a € A,b € A},
g+A={g+a:aecA}

Proposition 9.3. Suppose G is a group and A, B, C are subsets. Then it is easy to see that
(AB)C = A(BC) ={abc :ac A,be B,ceC}.

Proof. This is very easy and left as an exercise. O

Recall the following definition.

Definition 9.4. If X is a set, then a partition of X is a set P of pairwise disjoint non-empty
subsets of X such that X = UgepS.

Example 9.5. P = {{1,2},{3}} is a partition of X = {1,2,3}.
If P is a finite partition of X and all of the elements of P are finite subsets of X, then
1X] = XsepISI.

Definition 9.6. Suppose G is a group and H < G. A left coset of H is a subset of G of the
form gH for g € G. A right coset of H is a subset of the form Hg. We write G/H for the
set of left cosets of H. So G/H = {gH : g € G}. We write H\G fo the set of right cosets of
H.So H\G ={Hg : g € G}.

Example 9.7. Set G = D3 and set K = (H) = {e, H}. Then we have
eK = HK = {e,H},
RK = RHK = {R,RH},
R’K = R°H = (R*,R*H).

So G/K has three elements: K, RK, R’°K.
On the other hand, we have

Ke = KH = {e,H},
KR = {R,HR) = {R,R’H} = KR’H,
KR* = {R?, HR*} = {R*,RH) = KRH.

Notice that the left cosets and the right cosets are different.

Example 9.8. Suppose # is an integer. Set nZ = {nk : k € Z}. Clearly nZ is a subgroup of
Z (viewed as a group under addition). Also clearly nZ = (—n)Z. So we always can assume
that n > 0. The left and right cosets of nZ are obviously the same, and, since the binary
operation on Z is denoted by the symbol +, we write a + nZ for the coset of a. Assuming
n > 0, the cosets are then
nZ,1+nZ,...,(n—1) + nZ.

It’s not hard to see that (n + a) + nZ = a + nZ for a € Z. It follows that Z/nZ has |n|
elements.

To give an even more specific example, suppose n = 2. Then 2Z is the set of all even
numbers, and 1 + 27 is the set of all odd numbers. So Z/2Z = {evens, odds}.
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Proposition 9.9. Suppose G is a group and H < G. Let x,y € G.
(1) xeyH @y 'xe H.
(2) xeHy e xy ' e H.

Proof. 1prove (1) and leave (2) as an exercise.
(=): Suppose x € yH. Then x = yh forsome h € H. Soy™'x = h € H.
(<): Suppose y"'x = h € H. Then x = yh. So x € H. o

Lemma 9.10. Suppose G is a group and H < G. Let x,y € G. Then
(1) xe yH = yH C xH.
(2) xe Hy= Hy C Hx.

Proof. 1prove (1) and leave (2) as an exercise.
Suppose x € yH. Then y~'x € H, and, therefore, x™'y = (y"'x)™! € H. So, suppose
z€yH. Thenz = yh with h € H. So z = xx"'yh = x(x"'y)h € xH. o

Lemma 9.11. Suppose G is a group, H < G and x,y € G. We have x € yH < xH = yH.
Similarly, we have x € Hy © Hx = Hy.

Proof. 1prove the lemma for left cosets and leave the proof for right cosets as an exercise.
Suppose x € yH. Then yH C xH. Since y € yH, y € xH. Therefore, xH C yH. So
xH = yH. O

Proposition 9.12. Suppose G is a group and H < G. Then the left (resp. right) cosets of
H form a partition of G.

Proof. 1 will prove that the left cosets form a partition and leave the proof for the right
cosests as an exercise.

Since g € gH, the left cosets are non-empty, and the union of the left cosets is G.
Suppose x,y € G. If z € xH N yH, then xH = zH = yH. This shows that the left cosets are
a partition of G. O

Proposition 9.13. Suppose G is a group, H < G and g € G. Then the map L, : H — gH
given by h — gH is an isomorphism of sets. Similarly, the map R, : H — Hg given by
h — hg is an isomorphism of sets.

Proof. Again I prove this just for left cosets. Clearly L, : H — gH is onto. On the other
hand, if Lyh = Lgk for h,k € H, then gh = gk. So, multiplying on the left by g~', we see
that i = k. O

Corollary 9.14. Suppose G is a group and G/H and H are finite. Then
|G| = |H|IG/H].
Similarly, |G| = |H||H\G|.

Proof. The left cosets form a partition of G. There are |G/H| of them, and each of them
has cardinality |H|. Therefore, the order of G is |H||G/H|. The proof of H\G is the same
and is left as an exercise. O

Corollary 9.15 (Lagrange’s Theorem). If G is a finite group and H < G, then |H| divides
|G|

If G is a group and H and K are subgroups. Then the product HK is sometimes a
subgroup and sometimes not. Here’s an easy proposition.

Proposition 9.16. If G is an abelian group and H,K < G, then HK < G.



Proof. Clearly, e = ee € HK. Suppose h; € H and k; € K for i = 1,2. Then hik, (hyko)™!
hlklkglhgl =h1h;1k1k2‘1 € HK. So HK < G. O

Example 9.17. Let G = D3 and let L = (H), M = (RH). Then LM = {e, H,RH, HRH} =
{e, H,RH, R*}. So |LM| = 4. Since 4 does not divide 6 = |Ds|, LM is not a subgroup of Ds.

Proposition 9.18. Suppose G is a group and H,K < G. Then
_ |HIK]
|HK| = .
|H N K|
(This holds whether or not HK is a subgroup of G.)

Proof. Consider the map m : H x K — HK given by (h,k) — hk. This map is clearly
surjective, so |H||K| = |H X K| = ¥ ,enx m(g)l.

Suppose h € H and k € K, define amap f,x : HN K — H X K by fj,(x) = (hx, x k).
Since hxx'k = hk, fix(H N K) c m~'(hk). 1 claim that, f,; : HN K — m~'(hk)
is an isomorphism of sets. To see that it is surjective, suppose /'k’ € m~'(hk). Then
Wk' = hk. So x := h™'W = k(k')™' e HN K, and b’ = hx,k’ = K'k™'k = x~'k. Therefore,
(W', k") = fux(x). To see that fj is injective, suppose frx(x) = fux(y) for x,y € HN K.
Then hx = hy. So, canceling s, we see that x = y.

It follows that |m‘1(g)| = |H N K| for every g € HK. So |H||K| = |HK||H N K]|. O

10. TuEe INDEX OF A SUBGROUP

Proposition 10.1. Suppose G is a group and K is a subgroup. Suppose x,y € G. Then
xK =yK © Kx!' = Kyl
Proof. (=): Suppose xK = yK. Then there exists k € K such that x = yk. So Kx™! =
Kk'y™' = Kyl

(<): Follows by the same argument. O

Proposition 10.2. Define a map ¢ : G/K — K\G by xK + Kx~'. (This is well-defined by
Proposition 10.1.) Then ¢ is an isomorphism of sets with inverse - KKx — x 'K.

Proof. The map  is well-defined by Proposition 10.1. We have y(p(xK)) = y(Kx') =
xK, and o(y(Kx)) = o(x"'K) = Kx. So ¢ and ¢ are inverse. ]

Definition 10.3. Suppose G is a group and K < G. Then the index of Kin G is [G : K] =
|G/K|. By Proposition 10.2 [G : K] = |K\G| as well.

11. CycLic Groups

Definition 11.1. Let G be a group with idenity eand g € G. Set E, :={n € Z : g" = e}
and E; := Eg N Z,. If E; = 0 then we say that g has infinite order. If Ey is non-empty,
then we say that the order of g is the smallest element of E;. We write |g| or o(g) for the
order of g.

Proposition 11.2. Suppose G = (g) is a cyclic group and i, j € Z.

(1) Iflgl=d < oo theng =g/ & i=j

() Iflgl= cothen g' = g/ & dli - j.
Proof. (1): If |g| = d, then g? = e. Soifi— j = kd, then g = g7 g/ = ghlgi = (g¥)*g/ = g/.
On the other hand, suppose g’ = g/. Write i — j = kd + r with k,r € Z and 0 < r < d. Then
e=glg7l =gl = gkd+r = (gMYkg" = g". Since r < d, g" is not equal to ¢ unless r = 0 So
dli- j.

(2): Suppose g’ = g/ with i > j. Then g"~/ = e. So g has finite order. m]
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Corollary 11.3. Ford € Z, setdZ : {dn : n € Z}. If |g| = d < oo, then E, = dZ. If|g| = oo,
then E, = {0}.

Proof. Set j = 0 in Proposition 11.2. O
Corollary 11.4. Suppose G is a cyclic group generated by g € G. Then |G| = |g|.

Proof. If |g| = d, then the elements of e, g, ..., g% ! are distinct. If g" is an element of G,
then we can write n = dk + r where r is an integer satisfying 0 < r < d. So g" = g¥g" = g'.
Sog" € le,g,...,g%"}). Therefore G = {e, g, ...,g% '} has d elements.

If |g| = oo, then g’ = g/ only for i = j. So clearly G has infinitely many elements. O

Theorem 11.5. Every subgroup of a cyclic group is cyclic.

Proof. Suppose G = (g) and let H < G. If H = {e}, then clearly H is cyclic. So suppose
H # G. Then there exists a non-zero integer i such that g' € H. Since g’ € H & g~ € H,
there is, in fact, a positive integer i such that g’ € H. By the well-ordered property, there,
there therefore, exists a smallest positive integer i such that g' € H.

Set h = g'. I claim that H = (h). Since h € H, (h) < H. Suppose k € H. Then k = g"
for some integer n. Using the division algorithm, we can write n = ai + r where a,r € Z

and0 < r <i Sog = g'g % = k(g")™ = kh™ € H. Since i was the smallest positive
integer such that g' € H, it follows that » = 0. So n = ai. Therefore k = h* € (h). The
result follows. O

11.6. Suppose a is an integer. Then aZ := {an : n € Z} is easily seen to be thee subgroup
of Z generated by a. Since every subgroup of Z is cyclic, every subgroup of Z is of the
form aZ for some a € Z. If a,b € Z, then aZ + bZ = {an + bm : n,m € Z} is a subgroup of
Z.

Theorem 11.7. Suppose a,b € Z with a and b not both 0. Then
aZ + bz = (a,b)Z.
Moreover, if d is any integer dividing both a and b, then d|(a, b).

Proof. Since any subgroup of a cyclic group is cyclic, aZ + bZ = c¢Z for some ¢ € Z. Since
not both a and b are 0, ¢ # 0. Since ¢Z = (—c)Z, we can assume ¢ > 0. Since a € aZ < ¢Z,
cla. Similarly, c|b.

Suppose d|a and d|b. Since ¢ € ¢Z = aZ+ bZ, we can find x, y € Z such that ¢ = ax+ by.
So d|c. Therefore d < c. So ¢ = (a,b), the greatest common divisor of ¢, and we have
shown that d|a and d|b implies that d|c ]

Definition 11.8. We say that two integers a, b € Z are relatively prime if (a,b) = 1. In this
case, aZ + bZ = 1Z = Z. So there exists x,y € Z such that ax + by = 1.

Lemma 11.9. Suppose a and b are two integers which are not both 0. Let d = (a, b). Then
a/d and b/d are relatively prime.

Proof. Suppose c|(a/d) and c|(b/d). Then cd|a and cd|b. So cd|(a,b). So cd|d. It follows
that c = =1. So (a/d,b/d) = 1. O

Lemma 11.10. Suppose a,b,c € Z. Suppose further that a # 0 and (a,b) = 1. Then
albc & alc.

Proof. Suppose albc. Set d = bc/a. Pick x,y € Z such that ax + by = 1. Then ¢ =
(ax + by)c = axc + byc = axc + ady = a(xc + dy). So alc. O
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Theorem 11.11. Suppose G = (g) is a cyclic group of order n < co. Then, for x € Z \ {0},
lg* = n/(x,n).

Proof. Suppose k € Z. We have (g°)F = e if and only if nlkx. And this happens if and only
if n/(x, n) divides kx/(x, n). Since n/(x, n) and x/(x, n) are relatively prime, this happens if
and only if n/(x, n) divides k. So o(g*) = n/(x, n). O

12. HOMOMORPHISMS

Definition 12.1. Suppose G and H are groups. A group homomorphism from G to H
is a homomorphism of magmas f : G — H. We write Homg,(G, H) for the set of
group homomorphisms from G to H. If it is clear from the context, we simply write
Hom(G, H) for the set of group homomorphisms. A group homomorphism f : G — H is
an isomorphism of groups if it is one-one and onto.

Proposition 12.2. Suppose f : G — H is a group homomorphism. Write eg (resp. ey) for
the identity element of G (resp. H). Then

(1) fleg) = en;

() ForgeG, f(e)™" = flg™").

Proof. (1) We have ey = f(eg)f(ec)™ = flecec)f(ec)™ = flec)f(ec)f(ec)™ = flec).

(2) We have f(g)™' = f(g)'en = f(9)™' flec) = f(9)' flgg™) = f(@) ' fla)f(g™") =
fg™. O
Definition 12.3. Suppose G is a group and g € G. Define a map ¢, : G — G by y,(h) =
ghg™". Then ¥, € AutoG.

Definition 12.4. Suppose f : G — H is a group homomorphism. The kernel of f is the
set

kerf:={geG: f(g) =e}.
In other words, ker f = f~'({e}).

Proposition 12.5. Suppose f : G — H is a group homomorphism. Let A < G and B < H
be subgroups.

(1) f7'B <G. In particular, ker f < G.

(@) fa)<H.

Proof. (1) By Proposition 12.2, ¢ € f~'(B). Suppose x,y € f~'(B). Then f(xy™!) =
JOFO™) = f0)f()" € Bsince f(x), f(y) € B.

(2) We have e € f(A) by Proposition 12.2. Suppose u,v € f(A). Pick x,y € A such
that f(x) = u, f(y) = v. Then xy™! € A and f(xy™") = wv™!. So uv™! € f(A). Therefore
f(A)<H. O

Proposition 12.6. A group homomorphism f : G — H is one-one if and only ifker f = {e}.
Proof. (=): Obvious.

(<): Suppose g1,82 € G. Then f(g1) = f(g2) © f(g)f(g) ' =e & flag;") =e e
glggl € ker f. So, if ker f = e, then f(g) = f(g2) & glggl e & g =g O

Definition 12.7. Suppose G is a group. A subgroup N < G is normal if, for every g € G,
gNg™! = N. We write N < G to indicate that N is normal in G.

Proposition 12.8. Suppose N < G. Then the following are equivalent:
(1) Foreveryg e G, gNg™' c N;



2) N<G;
(3) Forevery g € G, gN = Ng;
(4) Every left coset of N in G is a right coset.

Proof. (1)=(2): Suppose g € G. Then, assuming (1), N = gg"'Ng~'g c gNg™! c N. So
N <G.

(2)= (3): Suppose N < G and g € G. Then gNg~! = N. Multipying both sides on the
right by g, we see that gN = Ng

(3)= (4): Obvious.

(4)= (1): Suppose every left coset is a right coset. Pick g € G. Then gN = Nh for some
h e G. So g € gN C Nh. Therefore, Ng = Nh. So gN = Nh. Therefore gN = Ng. So,
multpliplying on the left by g~!, we see that gNg~' = N. o

Corollary 12.9. Suppose G is a group. Then {e} and G itself are both normal in G.
Proof. Obvious. O

Proposition 12.10. Suppose G and H are two groups and f : G — H is a group homo-
morphism. If N < H, then f~'(N) < G. In particular, ker f < G.

Proof. Suppose x € f~'N and g € G. Then f(gxg™") = f(g)f(x)f(g)"! € N since N < H.
So gxg~! € f~'N. It follows that f~'N < G. O

Theorem 12.11. Suppose ¢ : G — H is a group homomorphism with kernel K and N < G.
Write m : G — G/N for the group homomorphism given by n(x) = xN. If N C K, then there
a unique map Y : G/N — H such that ¢ = o m. Moreover, ¥ is a group homomorphism.

Proof. Suppose xN = yN. Then x™'y € N. So, since N C K, ¢(x"'y) = e. Therefore,
¢(x) = ¢(y). We can therefore define a map ¢ : G/N — H by setting Y/(xN) = ¢(x).

In fact, if ' : G/N — H is a map satisfying ¢ = i o xr, then ¢’ (xN) = ¢(7(x)) = Y(xN).
So the map ¢ is unique.

To see that ¢ is a group homomorphism, let xN, yN be two elements of G/N. Then
Y(xNyN) = Y(r(0)n(y)) = Y(r(xy)) = ¢(xy) = p(X)p(y) = Y(xN)Y(yN). o

Lemma 12.12. Suppose ¢ : G — H is a group homomorphism with kernel K and suppose
N is a normal subgroup of G contained in K. Then the kernel of the homomorphism
¥ : G/N — H given by the theorem is n(K) = K/N.

Proof. For x € G, we have y(r(x)) = e © ¢(x) = e. O

Corollary 12.13. Suppose ¢ : G — H is a group homomorphism with kernel K. Write
7. G — G/K for the group homomorphism given by x — xK. Then there is a unique map
¥ : G/K — H. Moreover, s is one-one. If ¢ : G — H is onto, then y is an isomorphism of
groups.

Proof. The map ¢ : G/K — H coming from the theorem has kernel 7(K) = K/K = {e}.
Therefore, i is one-one. Since ¢ = yom, if ¢ is onto then so is . So, if ¢ is onto with kernel
K, then ¢ : G/K — H is one-one and onto. Therefore ¥ is a group isomorphism. O

Lemma 12.14. Suppose n : G — Q is a surjective group homomorphism. If N < G, then
n(N) < Q.

Proof. Suppose g € Q and v € n(N). Since 7 : G — Q is surjective, g = m(g) for some g €
G. Similarly, v = (n) for some n € N. Therefore, since N < G, gvg™" = n(gng™") € n(N).
Son(N) < Q. O
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Theorem 12.15. Suppose n: G — Q is a surjective group homomorphism with kernel K.
Write

(1) S g for the set of all subgroups of Q;

(2) S¢. for the set of all subgroup of G containing N;

(3) N for the set of all normal subgroups of Q;

(4) Ng for the set of all normal subgroups of G containing K.
Then for H € S g, 7Y (H) e Scx and, for H € Ng, a\(H) e Ng k. Moreover, the maps
a7t So > Sgxand n7' 1 Ng — Ng are isomorphisms of sets with inverses given by
H — n(H).

Proof. Suppose H € S¢. Then {e} C H, so K = a1 (e) < 77 '(H). Therefore n7'(H) €
Scx. If He Ny, then n~'(H) is normal so 7~ (H) € Ng k.

Now suppose H € S . Then n(z~'H) < H by the definition of #~!. On the other hand,
if h € H, then, since 7 : G — Q is onto, there exists g € 7~ (H) such that 7(g) = h. So
h € n(zx~'H). This shows that 7(z~'(H)) = H. Similarly, if J € S g, then by definition
J < 7\ (x(J)). And, if g € 7' (n(J)), then n(g) = n(j) for some j € J. So n(gj™!) = e.
Therefore, gj~! € K. Since K < J, this implies that g = (gj~")j € J. So, 7~ (n(J)) = J.
This shows that the map 77! : S — S¢x is an isomorphism with inverse 7.

Now, if H € Ng g, then, by the lemma, 7(H) € Ny. The rest of the theorem is now
easy. O

Corollary 12.16. Suppose ¢ : G — Q is a surjective group homomorphism with kernel
K and N € G is a normal subgroup contained in K. Then the induced homomorphism
¥ : G/N — Q is surjective with kernel n(K).

13. Probucts

Definition 13.1. Suppose [ is a set and, for each i € I, M; is a magma. Set M = [[;c; M.
The product binary operation on M is the operation taking

(m;)(m;) = (mjm).
For example, suppose I = {1,2}. Then M = M, X M, and the operation is
(my, mo)(m'y, my) = (mymy, mymy).

Proposition 13.2. Suppose I is a set and, for each i € I, G; is a group. Set G = [];¢; Gi.
Then G is a group with the product binary operation. If e; is the identity in G;, then (e;)ies

is the identity in G. If (m;) is an element of G, then the inverse of (m;) is mi’l.

Proof. Obvious. O

13.3. The group G = [],; G; is sometimes called the external direct product of the G;.
Note that, for every j € I, we have an injective group homomorphism ¢; : G; — G
sending g € G; to the element (g;) of the product with g; = ¢; fori # jand g; = g. For
example, if i = 1,2, we have G = G| X G, and we have homomorphisms ¢; : G| - G
given by g = (g,e) and ¢, : G, — G given by g = (e, g). Since ¢; is injective, the map
G; — ¢;(G,) is an isomorphism from G; onto a subgroup of G. Moreover, it is easy to see
that ¢;(G;) 2 G.

Definition 13.4. Suppose G is a group and h,k € G. The commutator of h and k is
[h, k] := hkh~'k~'. Note that [h, k] = e if and only if hk = kh. In other words, the
commutator of / and k is the identity element if and only if 4 and k commute.
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Theorem 13.5. Suppose G is a group and H and K are normal subgroups of G such that
HNK = {e}. Then the map p : HX K — G given by p(h,k) = hk is an injective group
homomorphism.

Proof. Suppose h € H and k € K. Since K is normal in G, hkh™' € K. Therefore,
[k, k] = hkh 'k~ € K. Similarly, [k, k] € H. So, since H N K = {e}, [h, k] = e. It follows
that every element 2 of H commutes with every element k of K. So, suppose (&, k), (h', k') €
H x K. Then p(h,k)p(W', k') = hkh'k’ = hh'kk’ = p(hl',kk’) = rho((h,k)(W', k). So p is
a group homomorphism. Suppose p(h,k) = e. Then hk = e, so, h € K and k € H. So
(h,k) = (e, e) = e. It follows that ker p = {e}. So p is injective. O

Definition 13.6. Suppose G is a group and H and K are two subgroups of G. We say that
G is the internal direct product of H and K if

(1) H and K are normal in G,
(2) HNK = {e}, and
(3) HK =G.

Corollary 13.7. A group G is an internal direct product of H and K if and only if the map
p: Hx K — G given by (h,k) — hk is an isomorphism.

Proof. (=): Suppose G is an internal direct product. It follows from Theorem 13.5 that
p: HX K — G is an injective group homomorphism. Since HK = G, p is also surjective.
So p is an isomorphism.

(<): Suppose p : H X K — G is an isomorphism. Then, since H X {e} and {e} X K are
normal in H X K, H and K are normal in G. The rest is obvious. O

Example 13.8. Suppose G = D;. Set A = (R) and B = (H). Then A and B are both cyclic
groups of order 2, so they are both isomorphic to Z/2Z. We have HRH™' = R™' = R. So
H and R commute. Thus A and B are both normal. Clearly AN B = {e} and AB=G. So G
is the internal direct product of A and B. It follows that G = Z/2 X Z/2.

We can generalize the notion of internal direct product to more th

Definition 13.9. Suppose G is a group, 7 is a positive integer, and H1, .. ., H, are subgroups
of G. We say G is the internal direct product of the H; if

(1) foreachi, H; < G;

(2) foreachi> 1, H;N(HHy---H;_1) = {e};

(3) G=H|H,---H,.

Proposition 13.10. Suppose G is a group and H and K are subgroups of G. If H normal-
izes K then HK is a subgroup of G.

Proof. Clearly e € HK. Suppose hj,h, € H and ki,k, € K. To use the one step sub-
gropus test, we need to show that i k| (hoky)™' € HK. Now hik (haky)™! = hlklkz‘lh;1 =
(h1h3")(hokiky ' hyY). Since H normalizes K, hokik;'hy' € K. Therefore HK < G. O

Theorem 13.11. Suppose G is a group, n is a positive integer, and Hy, ..., H, are sub-
groups of G. Then G is the internal direct product of the H; if and only if the map
p:H xXHyx---H, > G given by p(hy,...,h,) = hihy...h, is an isomorphism.

Proof. The result is obvious for n = 1 and it it follows for n = 2 by what we have already
done. So suppose n > 2 and induct on n. Since each H; isnormal in G, K := H{H, - -- H,_;
is a subgroup of G. By induction, we see that K = H| X---X H,_;. Then by our hypotheses,
we see that G = K X H,,. It follows that G = Hy X H, X --- X H,. ]
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Theorem 13.12. Suppose H and K are groups. Set G = H X K. Suppose g = (h,k) € G.
Then |g| = [|hl, |kl]. (If either |h| or |k| is infinite, then we define the lcm to be infinite.)

Proof. We have g" = ¢ & h" = e and k" = e. This happens if and only if |A||n and |k]|n.
And this happens if and only if [|A, |k|]|n. So |g| = [|A], |k[]. O

Corollary 13.13 (Chinese Remainder Theorem). Suppose n and m are relatively prime
integers. Then C,, X Cy, = Cpyp,.

Proof. Let h denote a generator of C,, and k a generator of C,,. Set g = (h,k). Then
|g| =nm=1|C, X Cpyl. So C, X Cy, =<g>gcnm~ O

Lemma 13.14. Suppose G is a group and K is a subgroup of G of index 2. Then K is
normal.

Proof. Since K has index 2, G/K has two elements. Thus G = {K, gK} forsome g € G. O

14. Grouprs orF Low ORDER
Recall that we defined C,, as the cyclic subgroup of D,, generated by R.
Lemma 14.1. Every cyclic group of order n is isomorphic to C,,.

Proof. Suppose G = (g) where g has order n. Then there is a surjective group homomor-
phism ¢ : Z — G such that ¢(1) = g and ker ¢ = nZ. So G is isomorphic to Z/nZ. Since
C, is cyclic of order n, C, is isomorphic to Z/nZ as well. So G = C,,. O

Lemma 14.2. Suppose G is a group and, for every g € G, g* = e. Then G is abelian.
Proof. Suppose h,k € G. Then hk = hk(kh)* = hkkhkh = hhkh = kh. O

Proposition 14.3. Suppose G is a group of order 4. If G has an element of order 4 then
G = Cy4. Otherwise G = Cy X C».

Proof. If G has an element of order 4, then clearly G is cyclic of order 4. So G = Cy.
Otherwise, every element of G has order either 1 or 2. Since e is the only element of order
4, there are three elements of order 2. So let 4 and k be two distinct elements of order 2.
Set H = (h) and K = (k). Then H N K = {e}. So |[HK| = 4. Since the order of every
element divides 2, G is abelian. So H and K are normal in G. Therefore, G is the internal
direct sum of H and K. Therefore, G = C, X Cs. O

Lemma 14.4. Suppose G is a group and K is a subgroup of index 2. Then K < G.

Proof. Since K has index 2, G/K = {K, gK} for some g € G. Since G/K is a partition of
G, it follows that gK = G \ K. So G/K = {K,G \ K}. By Proposition 10.2, |[K\G| = 2 as
well. So, by the same reasoning, K\G = {K, G \ K} as well. Therefore every left coset of
K is a right coset. So K is normal. O

Proposition 14.5. Suppose G is a group of order 6. Then G is isomorphic to either Ce or
D;.

Proof. Suppose G has an element of order 6. Then G = Cs. Now, suppose that G has no
element of order 6. Then all elements of G have order 1, 2 or 3.

I claim that G has at least one element of order 3. Suppose the contrary to get a contra-
diction. Then G has 1 element of order 1 and 5 of order 2. Moreover, G is abelian. Picking
two elements /. and k of order 2 and setting H = (h), K = (k) we see that HK < G and
|HK| = 4. This contradicts Lagrange’s theorem since 4 1 6.



22

It follows that G has at least one element a of order 3. Set A = (a). Then a2 € A also
has order 3. If G has another element g of order 3, then A N {g) = {e}. So |A{g) = 9. This is
a contraction. So we conclude that G has 2 elements of order 3, 3 of order 2 and 1 of order
1.

Let b denote one of the elements of order 2, and set B = (b). Clearly, AN B = {e}. So
|AB| = 6. Therefore G = AB. Since [G : A] = 2, A < G. Therefore, either bab™! = a or
bab~' = a~'. In the first case, ba = ab s0 G = AXB = C3xC, = Cg. This is a contradiction
to our assumption that G has no element of order 6. So we conclude that bab™! = a~!.

Now, since G = AB, every element of G can be written uniquely in the form a’b’/ with
i,jwith0<i<1land0 < j< 1. Defineamap¢p:G — D3 by ¢a'b/) = RH/. Clearly, ¢
is an isomorphism of sets. Suppose that x = a’b’ and y = a*b'. Then

xy = d'bld'b = a'b/d* bbbk

T T NN
— ata( 1) kbj+k — at+( 1) kbj+k'

It follows that
tp(xy) — Ri+(—l)/kHj+k
= (R'HH)R'H") = p(x)p(y).

So ¢ is an isomorphism. O

15. RiNeGs

Definition 15.1. A ring is triple (R, -, +) constisting of a set R and two binary operations -
and + satisfying the following:

(1) (R,+) is an abelian group;

(2) (R,-)is a monoid;

(3) forall r,a,b € R, r(a+b) =ra+rband (a + b)r =ar+ br.

The third part of the definition is called the distributive law. We usually abuse notation
and say that R is a ring rather than writing out (R, -, +). If R is a ring, then we write R* for
the group of units in the monoid (R, -). These are called the units in the ring. If (R,-) is a
commutative monoid then R is said to be commutative. It is traditional to write 0 for the
unit of (R, +) and 1 for the unit in (R, -). Usually “+” is called the addition in the ring and
“.” is called the multiplication. The group (R, +) is called the underlying abelian group of
R and the monoid (R, -) is called the underlying multiplicative monoid.

Definition 15.2. If A and B are rings, then a map f : A — B is a ring homomorphism
if f is a homomorphism of abelian groups from (A, +) to (B, +) and a homomorphism of
monoids from (4, -) to (B, ). Explicitly, this means the following:

(1) Forall x,y € A, f(x+y) = f(x) + f();
(2) forall x,y € A, f(xy) = f(0)f();
@) f)=1L

Example 15.3. The set Z of integers forms a ring with the standard addition and multi-
plication. In fact, it might be fair to say that the concept of a ring is an abstraction of the
addition and multiplication in Z.

Example 15.4. Let H be an abelian group. Set Endg,s H = Homg,s(H, H) and, for brevity,
set R = Endgys H. Define an operation

+:RXR — R,
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by (f + g)(h) = f(h) + g(h). Define an operation
-:RXR—> R,
by (fg)(h) = (f o g)(h). Then R is a ring.
Example 15.5. Let (R, -, +) be a ring. Define a binary operation *s on Rby a*b = b - a.

Thus, (R, *) is the opposite monoid of (R, -). Then (R, *, +) is a ring. We write R°P of this
ring and call it the opposite ring of R.

Proposition 15.6. Let R be a ring. Then, for anyr € R, Or = r0 = 0.

Proof. Suppose r € R. Then 70 = r0+ r0 —r0 = (0 + 0) — rO = rO — 70 = 0. To show that
Or = 0 either use the opposite reasoning or use the fact the 70 = 0 in R°P. O

If we set R = {0} with the only possible addition and multiplication, then R forms a ring.
This is called the zero ring. Clearly O = 1 in the zero ring. The next proposition show that
any ring with 0 = 1 consists of a single element.

Proposition 15.7. Let R be a ring be a ring with more than 1 element. Then 1 € R* but
0 ¢ R*. In particular, 1 # 0.

Proof. Clearly 1 € R* because 1-1 = 1. To see that 0 is not in R*, suppose x is an element
of R which is not equal to 0 and assume, to get a contradiction that 0 € R*. O

Definition 15.8. A field is a commuative ring F such that F* = F \ {0}. If F and L are
fields, then a homomorphims o : L — F is a ring homomorphism.

Note that the definition implies that a field F is not equal to the O ring because, for R a
ring, R* is never empty. (It contains 1).

Proposition 15.9. Let o : F — L be a field homomorphism. Then o is one-to-one.

Proof. Suppose o(a) = o(b) fora,b € F. If a # b, then a — b # 0. Therefore we can find
x € Lsuchthat x(a—b) = 1. Butthen 1 = o(x)o(a—b) = o(x)(o(a)— (b)) = o(x)-0 = 0.
This contradicts the assumption that L is field. O

Exercise 15.1. A division algebra is a a ring D in which D* = D\ {0}. Suppose D is a
division algebra and R is a ring. Show that any homomorphism o : D — R is one-to-one.

Exercise 15.2. Let M be a monoid. Suppose m,n € M. Then m is a left inverse of n if
mn = 1. In this case, we also say that n is a right inverse of m. Suppose m € M has both a
left and a right inverse. Show that m is invertible and any left (resp. right) inverse of m is

equal to m™'.

Solution. Suppose Im = 1 = mr. Then r = (Im)r = l[(mr) = L.

Exercise 15.3. Let S be a set with two elements. Of the 16 possible magmas of the form
(S, m), how many are associative? How many are monoids? How many are groups?

16. INTRODUCTION TO CATEGORIES

In the last section, I introduced several algebraic structures of increasing complexity:
magmas, monoids, groups, rings and fields. For each structure, I also introduced a notion
of homomorphisms between the structures. In algebra, this pattern is repeated so often that
it is convenient to have a language in which to express it. The language that mathematicians
have adopted is the language of categories.
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16.1. Set theoretical considerations. In defining categories, I will use the notion of a
class from Godel-Bernays style set theory. In Godel-Bernays, we extend the standard set
theory by adding objects called classes. Every set is a class, but not every class is a set. For
example, there is a class Sets consisting of all sets. However, this class is not a set. (If it
were, this would lead to a paradox as discovered by B. Russell.) A class x is a set iff there
is a class S such that x € §'. See the appendix on set theory for more on classes.

16.2. Categories. A category C consists of a class obC called the objects of C and a class
morC called the morphisms of C together with two functions s,¢ : morC — obC X obC
called respectively source and target and one function id : obC — morC called the identity.

17. UFDs

Definition 17.1. Suppose A is a commutative ring, and a,b € A. We say alb if there exists
¢ € A such that b = ac.

Proposition 17.2. Suppose A is a commutative ring, and a,b € A. Then alb © bA C dA.

Proof. Suppose b = ac and x € bA. Then x = by for some y € A. So x = acy. So
X € aA. O

Lemma 17.3. Suppose A is an integral domain, and let a be a non-zero element of A. Then
ab=ac=b=c

Proof. ab=ac=>alb-c)=0=b-c=0=b=c. O
Definition 17.4. Suppose A is a ring. Two elements a, b € A are similar, written a ~ b if

there exists u € A* such that a = ub.

Lemma 17.5. Suppose A is an integral domain and a,b € A. Then the following are
equivalent
(1) alb and bla;
2) a~b;
(3) aA = bA.
Proof. ()= (i1): If a|b and bla then b = ax and a = by for some x,y € A. Therefore
a = axy. So xy = 1. Therefore x,y € A*. Soa ~ b.
(i)= (i): If b = au for u € A* then a = bu~", so bla and alb.
(i)e (iii): We have alb & bA C aA, and bla © aA C bA.

Corollary 17.6. Similarity is an equivalence relation on A.

Proof. Obvious. O
Example 17.7. InZ,a ~ b & |a| = |b|.

Lemma 17.8. Suppose A is a commutative ring. Then A\A* is closed under multiplication.
Proof. Suppose ab = u € A*. Then a(bu™") = 1. So a is a unit. O

Lemma 17.9. Suppose A is an integral domain. Then the set of non-zero, non-unit ele-
ments of A is closed under multiplication.

Proof. The non-zero elements are closed under multiplication by the definition of an inte-
gral domain, and the non-unit elements of A are closed under multiplication by Lemma 17.8.
So the non-zero, non-unit elements are closed under multiplication. |
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Definition 17.10. Suppose A is an integral domain. A non-zero, non-unit element a of A
is said to be irreducible if the following condition holds:

a=bc=>becA orceA”.

Lemma 17.11. Suppose A is a commutative ring, and a € A is irreducible. Then

(1) Ifa ~ b then b is irreducible.
(2) if b is irreducible and alb then a ~ b.

Proof. (i): Suppose b = auforu € AX. Thenb=xy=>a=u"'xy = u'x € AXorye AX.
But this implies that either x or y is a unit.
(ii): If b = ax with a, b irreducible, then x must be a unit. So a ~ b. m|

Definition 17.12. Suppose A is an integral domain. We say that A is a unique factorization
domain (UFD) if

(1) For every non-zero, non-unit a € A there exist irreducible elements py, ..., p, such
that

a:plpz...pn'

(2) If a is non-zero, non-unit satisfying

a=pr-Pn=4q1" " "qm
a,b € A are irreducible. Then where the p; and ¢; are all irreducible, then, n = m
and, after permuting that ¢;, we have p; ~ g; foralli=1,--- ,n.

If a satisfies (i) we say that a admits a factorization into irreducibles. If a satisfies (i) and
(i), we say that a admits an essentially unique factorization into irreducibles.

Example 17.13. The integers are a UFD. If F is a field, then F is a UDF because there are
no non-zero, non-unit elements.

Definition 17.14. Suppose A is a commutative ring. An ascending sequence of ideals is a
sequence {/;};7 , such that

LchchcCc---.

Proposition 17.15. Suppose A is a commutative ring and {I};” | is an ascending sequence
of ideals. Then I := U2 I is an ideal in A.

Proof. Clearly 0 € I since 0 = I;. Take Take x € A, y, z € I. Then there exists k, j such that
y € I,z € I;. So, setting | = max(k, j), we have y, z € ;. It follows that y — z and xy are in
I;. Soy —zand xy are in 1. O

Theorem 17.16. Suppose A is a PID and {I;} is an ascending sequence of ideals. Then
there exists N € Z,. such that Ix = Iy for all k > N.

Proof. We have I = U7 I; = aA for some a € A. Since a € I, we must have a € Iy for
some N € Z,. ButthenaA Cc Iy Cc I, c I =aAforallk > N. |

Remark 17.17. If {I;} is an ascending sequence of ideals, we say that {I;} stabilizes if there
exists, N € Z, such that [, = Iy for k > N. So the Theorem says that any ascending
sequence of ideals stabilizes.

Theorem 17.18. Suppose A is a PID. Then A is a UFD.
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Proof. For the purposes of the proof, let G denote the set of all non-zero, non-unit elements
of A admitting a factorization into irreducibles. Let B denote the complement of G in the
set of non-zero, non-unit elements of A. If x,y € G, then clearly xy € G. So, ifa € B and
a = xy with x, y non-units, then either x € B or y € B. Note that if a € B then a must not be
irreducible. So we can always find non-zero®, non-units x, y € A such that a = xy. Without
loss of generality, we can then assume that x € B. So we have aA C xA.

We want to show that B = (. To get a contradiction, suppose xo € B. Then xy = x1y;
for some x,y; with x; € B. So xpA € x;A. Since x; € B, we can continue to find x, € B
such that O

18. PermutaTION GROUPS

Suppose X is a set. Recall that the group A(X) of automorphisms of the set X is the
group of all maps f : X — X which are one-one and onto. The group A(X) is also
sometimes called the group of permuations of X and an element o € A(X) is sometimes
called a permutation.

Definition 18.1. Suppose o € A(X). We write X7 := {x € X : 0(x) = x}. An element
x € X is said to be fixed by o if x € X?. A subset S C X is said to be invariant under o if
0(S) =S. The set suppo := X \ X7 is called the support of o. If o, 7 € A(X) we say that
o and 7 are disjoint if suppo N supp 7 = 0.

Lemma 18.2. Suppose o € A(X), and S is invariant under o. Then X \ S is also invariant
under o.

Proof. Since o is one-one and o(S) € S, o(X \ S) € X\ S. Similarly, since o is onto,
o:X\S — X\S is surjective. O

Corollary 18.3. If o € A(X), then both X” and supp o are invariant under o
Proof. Tt is obvious that X is invariant and supp o is its complement. O

Proposition 18.4. Suppose o, T € A(X) are disjoint permuations. Then ot = 10 In other
words, o and T commute.

Proof. Suppose x € X. Since o and 7 are disjoint, one of the following must hold:

(1) xesuppr, x € X7,

(2) xesuppo, x e X

3B) xeX"'NX,
In case (1), we 7(x) € suppt as well since supp 7 is invariant under 7. So 7(x) € X7.
Therefore o(7(x)) = 7(x) = (0 (x)).

Similarly, in case (2), o(t(x)) = 7(0(x)). And in case (3), obviously, o(7(x)) = x =

(o (x)).

It follows that o7 = 10 O
Proposition 18.5. Suppose S c X. Write As(X) := {0 € A(X) : 0(S) = S}. Then
As(X) < A(X). Moreover, if S is finite, then Ag(X) = {o € A(X) : 0(S) C S}

Proof. Clearly e € Ag(X). Suppose o, T € Ag(X). Then o' (S) = o '7(S) = 0(S) = S.
This shows that Ag(X) < A(X).

For the last statement, suppose S is finite and o°(S) € S. Thenthe map o : S — o(S)
is one-one. So |o(S)| = |S|. Since § is finite and 0°(S) C S, this implies o(S) = S. ]

Proposition 18.6. Suppose o € X7. Then
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(1) o(X7) = X7;
(2) X7 = Xo'_l;
(3) o(supp o) = supp(o);
(4) suppo = suppo .
Proof. (1): Obvious.
(2: Wehavexe X o ocx)=xox=0c o) =c"'x) ® x e X,

3):

19. MODULES OVER A PRINCIPAL IDEAL DOMAIN

Here we deduce the structure of modules over a principal ideal domain essentially fol-
lowing the treatment in Bourbaki.

Lemma 19.1. a,b € A are irreducible. Then Let R be a ring and let M be an R-module. Let
A1 M — R be a surjective homomorphism. Let n € M be an element such that A(n) = 1.
Set M+ ={me M : A(m) = 0}. Then

(1) the restriction of A to Rm induces an isomorphism of Rm with R;

2) M =M*®Rm.

Proof. The restriction of A to Rm is an isomorphism because, for r € R, A(rm) = rA(m) = r.
This proves the first assertion.

To prove the second, suppose n € M. Then n = (n—A(n)m)+A(n)m. Since A(n—A(n)m) =
0 this proves that M = M* + Rm. But the sum is clearly direct by the first assertion. O

Definition 19.2. Let F be a free module over a PID R and let x € F. The content of x is
gcd of all the coordinates of x.

Theorem 19.3. Let R be a PID, let F be a free module over R and let M be a submodule.
Then M is free.



