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0 Introduction

This course is primarily a course in group theory. We will start from scratch,
even giving the definition and elementary properties of a group. However,
the material in the undergraduate group theory course will be reviewed
rather quickly and at times using an approach more sophisticated than that
used in the first course. After the review, more advanced topics in group
theory will be covered. If time permits, topics from module theory will be
included.

The course contains an introduction to category theory, which is playing
an ever-increasing role in mathematical discourse. I do not intend to suggest
that category theory is a major focus of the course (it is not), but I do want
to take a moment to say a little bit about what it is in case you are unfamiliar
with the idea.

Your experience with mathematical constructs to date has most likely
been confined to an inspection of internal structure. For instance, in group
theory you have studied things like the order of an element, the cyclic sub-
group generated by an element, the cosets of a subgroup, and so forth. In
topology (or analysis) you have studied things like limit points, interiors of
sets, boundaries of sets, least upper bounds, and so forth.

In category theory, one looks at the bigger picture. Taking the case of
groups, for example, the groups themselves become the elements as one steps
back and views the collection of all groups as a new mathematical construct,
a “category.” Information is obtained by studying the structure preserving
maps (homomorphisms) running between the groups. The standard visu-
alization is that of a directed graph, which is roughly an array of points
together with various arrows joining the points. The points represent the
groups and an arrow from one point to another represents a homomorphism
between the corresponding groups.

As a simple example of this new way of thinking, take the trivial group.
Using the internal viewpoint, one characterizes the trivial group as the group
having a single element (one has to look inside the group to see that it has
only one element). In category theory, all groups look alike (they are all
points) except for the array of arrows (homomorphisms) going out of them
and coming into them. So how is one even to recognize the trivial group
in the vast collection of all groups? A little reflection reveals that it is the
only group with a single arrow going to each other group. (I have taken the



liberty of identifying isomorphic groups here.)

One can form other categories as well, like the category of all rings, or
the category of all topological spaces, or the category of all differentiable
manifolds. Then one can step back even further and view these categories
as points themselves with structure-preserving maps (functors) represented
by arrows between them. For instance, each pointed topological space gives
rise to a certain group, namely, its fundamental group at the distinguished
point. This correspondence defines a functor from the category of all pointed
topological spaces to the category of all groups.

By seeing how a mathematical construct interacts with other mathe-
matical constructs through functors one gains insights beyond those made
possible by an isolated study.



1 Definition of group and examples

1.1

Definition

A group is a pair (G, *), where G is a set and x is a binary operation on G
satisfying the following:

(i) x*x(y*xz) = (xxy)*z for all z,y,2z € G,

(i) there exists e € G such that zxe =2 and exx =z for all z € G,

(iii) for each x € G there exists y € G such that zxy =e and yxx = e.

If (G, ) is a group, we say that G is a group under x (or just that G is a
group, when the binary operation is clear from the context). Part (i) says
that * is associative. An element e satisfying (ii) is an identity element.
An element y satisfying (iii) is an inverse of x.

1.2

1.3

Examples: Z, Q, R, C

Z, Q, R, and C are all groups under addition. In each case, an identity
element is 0 and an inverse of z is —x.

Q*, R*, and C* are all groups under multiplication. (The symbol
x signifies that the element 0 is omitted.) In each case, an identity
element is 1 and an inverse of x is 1/x.

Nonexamples

Z, Q, R, and C are not groups under multiplication; the number 1 is
an identity element (and the only candidate for such), but the element
0 has no inverse.

Z*, Q*, R*, and C* are not groups under addition. In fact, they are
not even closed under addition since, for instance, they contain 1 and
—1 but not the sum 1+ (—1) = 0.

Z* is not a group under multiplication; the number 1 is an identity
element (and the only candidate for such), but 2 has no inverse.



1.4 Example: Integers modulo n

Let n be a positive integer and put Z,, = {0,1,...,n — 1}. Define a binary
operation + on this set by putting x + y = r, with r being the remainder
upon division by n of x + y (usual sum). For instance, if n = 5, then
4 + 3 = 2. This binary operation is addition modulo n. (Z,,+) is a
group, the group of integers modulo n.

The check that + is associative is not difficult, but it is tedious because
it requires that one check cases. (See Section 2.13 for a proof of associativity
that avoids this checking of cases.)

1.5 Example: R"

Let n be a positive integer. The set R" = {(z1,x2,...,2,)|z; € R} is a
group under componentwise addition.

1.6 Example: General linear group

Let n be a positive integer. Denote by GL,,(R) the set of all n x n matrices
with entries coming from R and having nonzero determinant. (GL,(R), -)
is a group, where - is usual matrix multiplication. It is the general linear
group of degree n over R.

1.7 Example: Symmetric group

Let X be a nonempty set. A bijection from X to itself is a permutation
of X. Denote by Sym(X) the set of all permutations of X. (Sym(X),o) is
a group, where o is function composition. It is the symmetric group on
X. The identity element of this group is the identity mape =1y : X - X
given by e(z) = x (z € X). It is customary to use juxtaposition to denote
the composition of functions, so for o,7 € Sym(X) one writes o7 to mean
ogoT.

For n € N, the symmetric group of degree n (or the symmetric
group on n elements) is Sym(X), where X = {1,2,...,n}. This group is
denoted S,,.

It is convenient to identify an element o of S,, with the 2 x n matrix that
displays the numbers 1 to n in the top row and each corresponding image

directly beneath:
! 2 ... n
77 \o) 0@ - om)

10



1.8 Example: Circle group

Let U denote the set of those complex numbers that have modulus one: U =
{z € C||z| = 1}. Writing the complex number z in the form a + bi, we have
|z| = Va? + b2, so U identifies with the unit circle under the correspondence
a + bi <> (a,b) between the set of complex numbers and the points in the
plane. U is closed under multiplication of complex numbers and it is a group
under this binary operation, the circle group.

1.9 Example: Group of nth roots of unity

Let n be a positive integer. An nth root of unity is a complex number
z satisfying 2" = 1. Let U, be the set of all nth roots of unity. Under the
correspondence a+ bi <> (a,b) this set is identified with n points on the unit
circle spaced evenly and including (1,0). More precisely,

Up={e¥""0<j<n(jec2)}
= {cos(2mj/n) + isin(27j/n) |0 < j<n (j € Z)}.

U, is closed under multiplication and it is a group under this binary opera-
tion, the group of nth roots of unity.

1 — Exercises

1-1 Put G = R\{-1}. For a,b € G, put a*b = a+ b+ ab. Prove that
(G, %) is a group. (Note: You need to show that * is a well-defined binary
operation on G.)

1-2 Let X be a set and for subsets S and T of X put S—T ={s e S|s ¢
Tand S+7T = (S—T)U (T — S). Prove that (P(X),+) is an abelian
group, where P(X) denotes the power set of X (i.e., the set of all subsets
of X).

HINT: Associativity of + can be shown using an elementary (but tedious)
argument. Consider instead using the (modular) characteristic function yg :
X — Zy of S € P(X) given by

() 1, ifzes,
€Tr) =
XS 0, itzgs.

Note that for S,T € P(X) we have S = T if and only if ys = x7.

11



2 Elementary notions

2.1 Multiplicative notation

In the definition of a group (1.1) the symbol * is used to emphasize the fact
that the notation for the binary operation can be anything (e.g., +, -, o).
However, when referring to a group in general we will always denote the
binary operation by -, write x - y simply as zy, and call this the product of
z and y.

2.2 Abelian group

A group G is abelian if its binary operation is commutative, that is, if
zy = yx for all x,y € G. A group is nonabelian if it is not abelian.

The general linear group (GL,(R),-) is nonabelian if n > 2, and the
symmetric group Sym(X) is nonabelian if | X| > 3. All of the other groups
in Section 1 are abelian.

2.3 Generalized associativity

The assumption of associativity (1.1(i)) implies that when indicating the
product of three group elements it is unnecessary to use parentheses. A
routine proof by induction shows that this is true of a product of more than
three group elements as well.

For instance, let G be a group and let x,y, z,u,v € G. The expression

TYZUV

can be computed as
(((zy)z)u)v
or as

((zy)(zu))v,

or using any of the other possible groupings, and the result will be the
same (provided that the order of the factors remains the same). This is
the generalized associativity property. Even though parentheses are
unnecessary, they are often used, nonetheless, to draw the reader’s attention
to particular groupings.

12



2.4 Unique identity, unique inverse

Let G be a group.

THEOREM.
(1) There is a unique identity element in G.
(ii) Each element of G has a unique inverse.

Proof. (i) If e and ¢’ are identity elements of G, then e = ee’ = ¢'.
(ii) Let « € G and let y and z be inverses of z. Then y = ye = y(zz) =
(yr)z = ez = z. O

It now makes sense to speak of the identity of the group G; it is denoted e.

Similarly, if z € G it makes sense to speak of the inverse of x; it is denoted

x~1. (For some specific groups other notations are more customary. For

instance, when the binary operation is +, one writes 0 for e and —z for
r71)
2.5 Left and right cancellation
Let G be a group and let z,y, z € G.
THEOREM.
(i) If xy = xz, then y = z.
(ii) If xz = yz, then x = y.

Proof. (i) If zy = xz, theny =ey=a lay =z 'oz = ez = 2.

(ii) Similar. O

(i) and (ii) are the left and right cancellation properties, respectively.

2.6 Properties of inverse
Let G be a group and let x,y € G.

THEOREM.

(1) If Ty = ¢, then Yy = ;[j_l and © = y—l'

(i) @) =,

(i) (ay)~L =y Lo L.

13



1

Proof. (i) Assume that zy = e. We have zy = e = za™", so by left cancel-

lation (2.5) we get y = x~!. Similarly, z = y~!.

(ii) Since 7'z = e, the inverse of 7! is = (by part (i)), that is,
@ =2,

(iii) Since
(51?3/)(3/_11‘_1) = m(yy_l)x_l —gex =gz ! = e,

the inverse of xy is y~'z~! (by part (i)), that is (zy)~! =yt~ L O

2.7 Solving equations

Let G be a group.

THEOREM. For any a,b € G, there exist unique x,y € G such that axr = b
and ya = b.

Proof. Let a,b € G. We have ax = b, where z = a~'b. Moreover, if also
2’ € G satisfies ax’ = b, then

1

=er' =a tax' =a"'b = 2.

The statements involving y are proved similarly. O

(Cf. Exercise 2-2.)

2.8 Power of element

Let G be a group and let 2 € G. Define 2° = e and for a positive integer
n, define 2" = zx ---x (n factors) and 2" = (z~1)". This defines the nth
power z" of the element = for every n € Z.

THEOREM. For all m,n € Z,
(i) a7 = (a") 7",
(ii) a™Ma™ = g™,
(iii) (™)™ = ™.
Sketch of proof. The proofs of these formulas are carried out using induc-
tion. Various cases, depending on the signs of m and n, are treated sepa-

rately. As an aid to remembering the formulas, it is worthwhile to keep in
mind the case of positive m and n. For instance, in this case

22" = (zx---x) (e -x) = 2™,
o —~
m factors n factors
which proves (ii) (albeit without the rigor of an inductive proof). O

14



If G is an additive group (meaning that the binary operation is denoted
+), then the power z" (n € N) really means z +x + - - - + x (n summands),
and so it is written nx.

2.9 Order of group, order of group element

Let G be a group. The order of G, denoted |G| is the cardinality of the
set G. The group G is a finite group if |G| is finite; otherwise, G is an
infinite group. If GG is finite, then the order of G is simply the number of
elements in G.

Let x € G. If 2™ = e for some positive integer n, then the least such
positive integer is the order of z, denoted o(x). If no such integer exists,
then the order of z is defined to be Xy (the cardinality of the set of integers),
and one says z has infinite order. (Cf. 3.9.)

For instance, the element « = 3 of the group Zj2 has order 4, since lx =
3,2 = 6,3z = 9,4z = 0 (see Section 2.8), while the element z = 2 of the
group Q* (under multiplication) has infinite order, since 2™ = 2" # 1 =¢
for all n € N.

THEOREM. If x € G has finite order, then ™ = e if and only if o(x)|m
(m e Z).

Proof. Let x be an element of G of finite order n and let m € Z. Assume
that ™ = e. By the division algorithm, there exist integers ¢ and r with
0 < r < n such that m = gn +r. Now

so r = 0 due to the minimality property of order. Thus, m = ¢n and
o(x) = n|m, as desired.
Conversely, if o(x) | m, then m = o(x)q for some integer ¢, whence

g™ = 20 = (2207 = 1 = ¢,
as desired. O

2.10 Direct product of two groups

Let G; and G4 be two groups. The set G1 x Go = {(z1,22)|z; € G} is a
group under componentwise multiplication:

(w1, 22)(y1, y2) = (T1Y1, T2Y2).

15



It is the direct product of G; and Gbs.

If the symbol + is used for the binary operations in both G; and G2, then
the direct product is written GG1 @ G2 and it is called the direct sum of G
and Ga. In this case, the binary operation is componentwise addition:

(x1,22) + (y1,92) = (x1 + Y1, 22 + Y2).

A more general notion of direct product (of which R is an example) is
given in Section 16.1.

2.11 Operation table

Let G be a finite group. The operation table of G is the table with rows
and columns labeled with the elements of G (in a fixed order, usually with
e coming first) and with the product xy displayed in the row labeled = and
the column labeled y (z,y € G).

For example, the operation table of Z4 is

+]0 1 2 3
0[0 1 2 3
1|1 2 3 0
212 3 0 1
3/3 0 1 2

2.12 Isomorphism

A binary structure is a pair (5, %) with S a nonempty set and * a binary
operation on S. A group is an example of a binary structure. As with groups
we refer to a binary structure (.9, *) by just S when no confusion can arise.

Let (S,*) and (T,0) be two binary structures. An isomorphism from
S to T is a bijection ¢ : S — T satisfying the homomorphism property:

p(xxy) = (@) o p(y) for all z,y € 5.

S and T are isomorphic, written S = T, if there exists an isomorphism
from S to T'. (This definition appears to be asymmetrical, but in fact S =T
if and only if "= S by Exercise 2-3.)

Assume that S and T are isomorphic and let ¢ : S — T be an isomor-
phism. We can view ¢ as a “renaming function”; it takes an element z in S
and renames it ¢(x) in 7. Since ¢ is injective, no two elements of S end up
with the same name after renaming, and since it is surjective, every name
in T' gets used. Moreover, since ¢ satisfies the homomorphism property, the
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binary operation o in T' acts on the renamed elements in exactly the same
way the binary operation * in S acts on the elements before renaming.

In short, the renaming function ¢ accomplishes nothing but a change
in the notation for the elements of S and a change in the symbol for the
binary operation. This means that the binary structures (S, *) and (7', 0)
are exactly the same aside from notational choices.

As an illustration, we have that (Zg, +) = (Uy, -). Indeed, ¢ : Zy — Uy
by

0 1
1 — )
2

— -1
3 — =
is an isomorphism (Exercise 2-4). This renaming function transforms the

operation table of Z4 to that of Uy and therefore effects nothing more than
a change of notation:

+]0 1 2 3 I
0(0 1 2 3 1 1 i -1 —i
11230 — il i -1 —i 1
212 3 0 1 1| -1 —i 1

313 01 2 —i| =i 1 i -1

2.13 Example

Since two isomorphic binary structures are identical, except possibly for
the notation used for their elements and the symbol used for their binary
operations (Section 2.12), it follows that if one has a property expressible
entirely in terms of its elements and its binary operation, then the other
must also have that property. Here is an illustration of this principle:

THEOREM. Let (S, *) and (T,0) be binary structures and assume that S = T.
If x is associative, then so is o.

Proof. Assume that x is associative. Let 2/,1y/,2 € T. Since S = T, there
exists an isomorphism ¢ : S — T'. Since ¢ is surjective, there exist x,y,z € S
such that o(x) = 2/, p(y) = ¢/, and ¢(z) = 2/. Therefore,

2 o (y 02) = p(x)o(p(y) op(2)) = p(x) 0wy x 2) = p(x * (y * 2))
= ((xxy)*2) =@ *y)op(z) = (p(z) o p(y)) o w(z)

— (I'/Oy/)ozl,

which proves that o is associative. ]
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Recall that we refrained from proving, due to the unpleasantness of
checking cases, that the associative property holds for (Z,,+). We now
have a way around this checking of cases. By Exercise 2-4 (and Exercise
2-3), (Un, ) = (Zn,+). Now the elements of U, are complex numbers,
and it is well-known that multiplication of complex numbers is associative.
Therefore, the theorem says that + (addition modulo n) is associative as
well.

If you know a given binary structure has a certain property and you wish
to conclude that a binary structure isomorphic to that binary structure has
the same property, then it is usually safe to skip this formalism of a theorem
and proof and simply draw the conclusion. For instance, assuming a group
G is isomorphic to a group H, it is customary just to assert: if G is abelian,
then so is H; if G is finite, then so is H; if G has an element of order two,
then so does H; and so on.

2 — Exercises

2-1 Let G be a group. Assume that 22 = e for every x € G. Prove that
G is abelian.

2—2 Let G be a nonempty set on which an associative binary operation
- is defined. Assume that for any a,b € G there exist x,y € G such that
ar = b and ya = b. Prove that G is a group (cf. Theorem of 2.7).

~

2—-3 Prove that the property of being isomorphic (%) is an equivalence
relation (i.e., reflexive, symmetric, and transitive) on the class of all binary
structures.

2—-4 Prove that (Z,,+) = (U, -) (n € N).

2-5 Let X be a nonempty set, let S be the set of all functions X — X,
let G be a subset of S that is closed under composition o of functions, and
assume that (G, o) is a group.

(a) Show by example that it is possible to have |G| > 1 and G € Sym(X).

(b) Prove that if G contains an injection, then G C Sym(X).
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2—6 Prove that a group of even order has an element of order two (called

an involution).

2—T7 Let G be a group and let a and b be elements of G of finite order.
(a) Prove that if ab = ba, then ab has finite order.

(b) Give an example to show that it is possible for ab to have infinite order.

. 0 -1 0 1
HiNT: For (b) consider [1 0] and [_1 1].

2—8 Let G be a group, let p be a prime number, and let ¢ be an element
of G of finite order m such that p|m. Prove that if b € G and b? = a, then
b has order pm.

2-9 Let G be a group. Assume that for each three-element subset {x,y, z}
of G, either xy = yx, xz = zx, or yz = zy. Prove that G is abelian.
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3 Subgroup

3.1 Definition
Let G be a group. A subset H of G is a subgroup, written H < G, if
(i) e€ H,
(ii) x,y € H implies zy € H,
(iii) = € H implies x~! € H.

In (i), e denotes the identity of G. Part (ii) says that H is closed under
the binary operation of G. Part (iii) says that H is closed under inversion.

If H is a subgroup of GG, then H is a group in its own right with binary
operation being that obtained by restricting the binary operation on G to
H.

3.2 Proper subgroup, trivial subgroup
Let G be a group. G is a subgroup of itself. If H is a subgroup of G, but
H # G, then H is a proper subgroup, written H < GG. The singleton set
{e} is a subgroup of G, the trivial subgroup. (Authors tend to disagree
in their use of the terms “proper” and “trivial.”)
3.3 Examples

e Z < Q <R (under addition).

e For any integer n, we have nZ < Z, where nZ = {nm|m € Z}.

e Although R* is a group under multiplication and R* C R it is not

the case that R* is a subgroup of the group R under addition.
3.4 Subgroups of the symmetric group
Let X be a nonempty set and let Y C X. Let
CY)={oceSym(X)|o(y) =y foralyecY}

and let
SY)={oceSym(X)|o(Y)=Y}.

Then C(Y) < S(Y) < Sym(X).
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3.5 Subgroups of the general linear group
Let n be a positive integer. Let

U = {[cij] € GL,(R) | ¢;j =0 for all ¢ > j},
the set of upper triangular nonsingular matrices. Let

D = {[c;ij] € GL,(R) | ¢;; = 0 for all i # j},

the set of diagonal nonsingular matrices. Then D < U < GL,(R).

3.6 Centralizer of a set; Center

Let G be a group and let S be a subset of G. The centralizer of S in G
is the set Ci(S) = {g € G|gx = zg for all x € S}. Cg(S) is a subgroup of
G. When S is a singleton set {z} it is customary to write C({z}) simply
as Cg(x).

The center of G, denoted Z(G), is the centralizer of G in G, that is,
Z(G) = Cg(G). Thus, Z(G) = {g € G| gz = xg for all x € G}, the set of
all elements of G that commute with every element of G. An element of the
center is a central element.

3.7 Intersection of subgroups is a subgroup
Let G be a group and let {Hy}aer be an indexed family of subgroups of G.
THEOREM. (,c; Ha is a subgroup of G.

Proof. Exercise 3-9. O

3.8 Subgroup generated by a subset

Let G be a group and let S be a subset of G. Denote by (S) the intersection
of all subgroups of G containing 5"

(S)y= () H

H<G

HDS
By 3.7, (S) is a subgroup of G, the subgroup generated by S. It is the
smallest subgroup of G containing S in the sense that if H is a subgroup of
G containing S, then (S) C H.

It is convenient to have a description of the elements of (S). In the

following theorem the empty product (i.e., the case n = 0) is interpreted to
mean e, the identity of G, and S~! = {z7! |z € S}.
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THEOREM. (S) = {z122---2n|n € NU{0},2; € SUS™1}

Sketch of proof. The set on the right hand side of the equality is a subgroup
of G containing S, so it contains (S). On the other hand, every subgroup of
G that contains S must contain this set because of the closure properties,
so this set is contained in the intersection of all such subgroups, which is

(S). O

So the subgroup of G generated by S consists of all products of finitely
many elements of G each of which either lies in S or has inverse lying in S
(with “products” including the case of no elements, meaning e, and the case
of one element z1, meaning x1).

3.9 Cyclic subgroup generated by an element

Let G be a group and let ¢ € G. The cyclic subgroup of G generated by
g is the subgroup of G generated by the singleton set {g} (see 3.8). It is
customary to write this subgroup as (g) instead of ({g}).

THEOREM.

(i) {9) ={g'li € Z}.
(i) If o(g) = No, then the elements g* for i € Z are distinct.

(iii) If o(g) = n € N, then the elements g' for 0 < i < n are distinct and
(9)={g'l0<i<n}={eg.g* ...g" '}

(iv) o(g) = [{g)!-

Proof. (i) This follows immediately from Section 3.8.

(ii) Assume that o(g) = Ng. If g* = ¢7 for integers i < j, then j —i > 0
and ¢/~% = ¢/g" = e, implying that j —i = 0, that is, i = j.

(iii) Assume that o(g) = n € N. If g' = ¢/ for integers 0 < i < j < n,
then 0 < j —i < n and ¢~" = ¢/g" = e, implying that j — i = 0, that
is, i = j. This proves that the elements ¢’ for 0 < i < n are distinct. Let
x € (g). According to (i), z = g™ for some integer m. By the division
algorithm, there exist integers ¢ and r with 0 < r < n such that m = nqg—+r.
We have z = g™ = g"1"" = (¢")%g" = eg” = g". This shows that (g) C
{g*|0 <i < n}. The other inclusion follows from (i).

(iv) This follows immediately from (i), (ii), and (iii). O
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3 — Exercises

3—-1 Let G be a group and let H and K be subgroups of G. Prove that
H U K is a subgroup of G if and only if either H C K or K C H.

3—2 (Dedekind law) Let G be a group. For subsets U and V' of G, define
UV = {w|u € Ujv € V}. Let V C Gand U C W < G. Prove that
ovnw=UlVnw).

3—-3 Let G be a finite group and let C be a nonempty subset of G that is
closed under the binary operation of G. Prove that C' is a subgroup of G.

3—4 Let G be a group that has precisely two subgroups. Prove that the
order of G is prime.

1%

3-5 Let X be a set and let Y be a proper subset of X. Prove that C(Y)
Sym(X\Y) (see Sections 3.4 and 2.12).

36 Let A= | 1 andaB=|° ‘|, where 2 = —1. Let H =
-1 0 1 0

({A, B}) < GLy(C). Prove that H has order 8.
HINT: BA = A*B.

3—7 Let G be a group that has only finitely many subgroups. Prove that
G is finite.

3-8 Let n be a positive integer. Define SL,,(R = {A € GL,(R) | det(A) =
1}, the special linear group of degree n over R. Prove that SL,(R) is a
subgroup of GL,,(R).

3—9 Prove Theorem 3.7.
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4 Generators of a group

4.1 Definition

Let G be a group. If G = (S) for some subset S of G, then we say that G
is generated by S and we call the elements of S generators of G. G is
finitely generated if G = (S) for some finite set S.

Of course, G is always generated by the set G itself, but it is often useful
to have a small subset of G that generates G (see Examples 4.2, 4.3).

4.2 Example: General linear group

Let n € N. Denote by I the identity matrix: I = [;;] (d;j; = Kronecker
delta). For 1 <1i,j5 < n, let e;; denote the n x n matrix with 1 in the (7, j)
position and zeroes elsewhere and for A € R define b;;(\) = I + Xe;j. For
0 € R define ds = I + (6 — 1)eq; (the matrix obtained from I by replacing
the first diagonal entry by ¢).

The proof of the following theorem requires some preliminaries from
linear algebra, which we now discuss.

Let a be an nxn matrix. The matrix b;;(\) corresponds to an elementary
row (or column) operation. Multiplying a on the left by this matrix has the
effect of adding A times the jth row of a to the ith row of a. Similarly,
multiplying a on the right by this matrix has the effect of adding A\ times
the ith column of a to the jth column of a.

For 1 <i,j <nand A € R%, put

wij(N) = bji(=A")bi;(Mbji(=A71)

=1—e€;— ejj + )\eij . )\716]‘@'
if i # j, and put z4(\) = I (identity matrix). In the case i # j, x;;()\)
is the matrix obtained from the identity matrix by applying the following
sequence of row operations: multiply the ith row by —A~!, multiply the jth
row by A, interchange rows ¢ and j. Therefore, multiplying the matrix a
on the left by x;;(\) effects these row operations (in the same order) on a.
Multiplying a on the right by z;;(\) effects the same corresponding column
operations.

THEOREM. The general linear group GL,(R) is generated by the set

{bij(N),ds|1<i,j<n,i+#j, AeR,6 € R*}.

24



Proof. Let a = [a;;] € GLp(R). Set
B=DB,={bjj\|1<ij<ni#j eR) and D={ds|d € R*}.

We claim that there exist b,b' € B such that bab’ € D. The proof is by
induction on n. If n = 1, then a € D so we can let b and b’ both be the
identity matrix.

Assume n > 1. Since a has nonzero determinant, there exist 1 < 1,5 < n
with either ¢ # n or j # n such that a;; # 0. The sets B and D are
closed under transposition of matrices so, by replacing a by its transpose if
necessary, we may (and do) assume that A := a;; # 0 for some 1 <4,j <n
with j # n. The matrix

a = zpi(1)azj, (A1) € BaB

has (n,n) entry equal to 1. Multiplying a’ on the left and on the right by
suitable elements of B (effecting row and column operations as described
above) produces a matrix a” of the form

x -+ % 0
ad' =" REEE € BaB.
0o --- 01

The (n — 1) x (n — 1) matrix represented by the «’s is in GL,,—1(R), which
we view as a subgroup of GL,(R) by appending to matrices the indicated
bottom row and right column. By the induction hypothesis, there exist
matrices by and 0] in B,—1 C B such that b1a”’b] € D (noting that these
multiplications by b; and b alter neither the bottom row nor the right
column of a”) . Since a” € BaB, we conclude that there exist matrices b
and b’ in B such that bab’ = d for some d € D. Hence, a = b~'db'~!, which
is in the subgroup (S), where S is the set in the statement of the theorem.
Thus, GL,,(R) C (S) and the theorem follows. O

Note that the set of generators is closed under inversion since b;;j(A) ™1 =
bij(—A) and d; ' = ds-1. Therefore every matrix in GL,(R) can be written
as a product of the indicated generators (since, in the application of 3.8,
SuS—t=29).

4.3 Example: Dihedral group

Let n be an integer with n > 3. Let P, C R? be the regular n-gon with
vertices v; = (cos(j—1)a, sin(j—1)c), j =1,2...,n, where a« = 27/n. Then
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Pj is an equilateral triangle, Py is a square, and so forth. Denote by Do, the
set of all symmetries of P,, that is, the set of all distance-preserving maps
o : R? — R? satisfying 0(P,) = P,. (Dan,0) is a group, the dihedral
group of order 2n. (That Dy, indeed has order 2n is shown below. We
point out that some authors write D,, instead of Ds,, and call it the dihedral
group of degree n.)

Let 0 € Do,. Since o preserves distances, it maps line segments to
congruent line segments, and hence maps the set of vertices of P,, onto itself
sending adjacent vertices to adjacent vertices. We identify each vertex v;
with its index j and thereby view o as an element of S, (so o(i) = o(j)
when o(v;) = 0(v;)). In the 2 x n matrix representation of o the entries in
the bottom row either increase by one from left to right or they decrease by
one from left to right (interpreting n + 1 as 1 and 0 as n).

Put
12 - n—-1n
p‘(z 3 . n 1>€D2"

(counterclockwise rotation through « radians) and

1 2 3 BRI )
T_(l n n—1 --- 2>€D2"

(reflection through z-axis).
THEOREM.
(i) The dihedral group Day, is generated by the set {p,T}.

(ii) The elements p’, p’7 for 0 < j < n are distinct and
Doy ={p, 710 < j <n}.

(ii) |Dan| = 2n.

Sketch of proof. From the geometrical descriptions of p and 7, we see that
these are both elements of Ds,,. The elements p/, 0 < j < n, are precisely the
permutations having the property that, in their 2 x n matrix representations,
the bottom rows increase by one from left to right. Similarly, the elements
P71, 0 < j < n, are the permutations having bottom rows that decrease
by one from left to right. Moreover, these 2n elements are distinct. The
theorem follows. O
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4.4 Cyclic group

Let G be a group. G is cyclic if G = (g) for some g € G. From Theorem
3.9(i) it is clear that a cyclic group is abelian.

Z is cyclic because Z = (1). Similarly, Z,, is cyclic for each n € N. In
fact, these are the only cyclic groups in the sense that any cyclic group is
isomorphic to one of these as will be shown in Section 9.2.

THEOREM. FEvery subgroup of a cyclic group is cyclic.

Proof. Let G be a cyclic group and let H be a subgroup of G. Since G is
cyclic, there exists g € G such that G = (g).

If H={e}, then H = (e) and H is cyclic. Now suppose H # {e}. Since
every element of GG, and hence H, is a power of g, it follows that ¢ € H
for some nonzero integer n. If n < 0, then g™ = (¢")~! € H, so we may
(and do) assume that n is positive and that it is the least positive integer
for which ¢g" € H.

We claim that H = (¢"). Let h € H. We have h = g™ for some integer
m. By the division algorithm, there exist integers ¢ and r with 0 < r < n
such that m = ng + r. Therefore,

g =9g""""=g"(¢") 1€ H,

which implies, due to the minimality of n, that » = 0. Thus, h = ¢" = ¢"? =
(g™ € (g"™). This proves that H C (g") and, since the other inclusion is
immediate, the theorem follows. ]

Since Z is cyclic, every subgroup of Z is cyclic and hence of the form
(n) = nZ for some n € Z.

4 — Exercises

4—1 Prove that the multiplicative group of positive rational numbers is
generated by the set {1/p|p is a prime number}.

4-2 Prove that the group Q is not finitely generated. (Conclude that Q
is not cyclic.)

4-3 Let G beagroup, let x € G, let C C Z(G), and assume G = ({z}UC).
Prove that G is abelian.
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4-4 Find the center of the dihedral group Dy,.

HinT: In order to facilitate computations, subtract one from all of the
entries in both p and 7 to obtain functions from Z,, to Z,, and find formulas
to express these functions.
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5 Coset

5.1 Definition

Let G be a group, let H be a subgroup of G, and let @ € G. The left coset
of H determined by a is

aH = {ah|h € H},
and the right coset of H determined by a is
Ha = {ha|h € H}.

Note that, since e € H, these sets each contain a.

If the notation for the binary operation of GG is other than -, then the
notation for a coset is adjusted accordingly. For instance, if the binary
operation is +, then aH is written a + H (= {a+ h|h € H}).

5.2 Example
Let G =7, H = (3) = 3Z. Then
0+H={...,-6,-3,0,3,6,.

)
1+H={..,-5-2147..1},
24+ H=1{.,6-4,-1,2,58,...}

= H,

Y

3+ H=0+H,4+H=1+H, 5+H=2+H,....

5.3 Example

Let G = Dg (the dihedral group of order 8) and let the notation be as in
Example 4.3. If H = (1) = {1, 7}, then

pH = {p,pr} # {p,p’7} = {p, 70} = Hp,

which shows that left and right cosets determined by an element need not
coincide.
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5.4 Equality of cosets

Let G be a group, let H be a subgroup of G, and let a,b € G. As Example
5.2 shows, it is possible to have aH = bH with a # b. Here is a useful
criterion for equality of cosets:

THEOREM.
(i) aH = bH if and only if a='b € H,
(i) Ha = Hb if and only if ab~! € H.

Proof. (i) Assume that aH = bH. Then b = be € bH = aH so b = ah for
some h € H. Thus, a 'b=h € H.

Now assume that a='b € H. Then, for any h € H we have bh =
a(a='bh) € aH, implying bH C aH. Since b~'a = (a='b)~! € H, this
argument shows that aH C bH as well, giving equality.

The proof of (ii) is similar. O

For example, it was observed in 5.2 that if H = 3Z < Z, then 4 + H =
1+ H and we check that —4 + 1 = —3 is indeed in H in agreement with (i)
(noting that a~1b in additive notation is —a + b).

5.5 Congruence modulo a subgroup

Let G be a group and let H be a subgroup of G. Define a relation =; on
G by putting a =; b if a='b € H. Then =; is an equivalence relation on
G (Exercise 5-4), called left congruence modulo H. Denote by [a]; the
equivalence class of a € G relative to =;. Thus, [a]; = {b € G|a = b}.

Similarly, right congruence modulo H is the equivalence relation =,
on G obtained by putting a =, b if ab~' € H. The equivalence class of
a € G relative to =, is denoted [a],.

a =; b is written a =; b mod H if the subgroup H is not clear from the
context, and similarly for =,.

THEOREM. Fora € G
(i) [a]l = aH7

(i) [a], = Ha.
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Proof. (i) Let x € G. Then

z € =a=x
salzeH
S o eaH.

Thus, [a]; = aH.

The proof of (ii) is similar. O
5.6 Cosets partition the group
Let G be a group and let H be a subgroup of G.

THEOREM. The set of left cosets of H forms a partition of G. More precisely,

(1) G = UaEG aH’
(i) if a,b € G and aH NbH # 0, then aH = bH.

Proof. 1t is shown in set theory that any equivalence relation on a set gives
rise to a partition of the set with the equivalence classes being the cells.
Therefore, the theorem follows from Section 5.5. For the instructional value
it provides, we give an elementary proof as well:

(i) If z € G, then x = we € xH C |J,cqaH, so G C J,cqaH. The
other inclusion is immediate.

(ii) Let a,b € G and assume that aH NbH # (). Then there exists
x € aH NbH and we have x = ah and x = bk for some h, k € H. Therefore,
ah = x = bk, so that a='b = hk~' € H. By 5.4(i), we have aH = bH. [

(The set of right cosets of H also forms a partition of G.) Example 5.2
provides an illustration of this theorem with G = Z and H = 3Z. The set
of left cosetsis {a + H|a € Z} = {0+ H,1 + H,2+ H}. Z is the union of
0+ H,1+ H, and 2 + H, and these cosets are pairwise disjoint.

5.7 Cosets have same cardinality

Let G be a group and let H be a subgroup of G.
THEOREM. For all a € G,

(i) laH| = |H],

(ii) |Ha| = |H]|.
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Proof. (i) Let a € G. The function f : H — aH given by f(h) = ah
is surjective by the definition of the coset aH and it is injective by the
cancellation property. Therefore, f is a bijection and we conclude that
laH| = |H|.

The proof of (ii) is similar. O

In particular, every left coset has the same cardinality as every right coset.

5.8 Index of subgroup

Let G be a group and let H be a subgroup of G. The set of left cosets of
H and the set of right cosets of H need not be the same, but at least they
have the same cardinality:

THEOREM. |{aH |a € G}| = |{Hal|a € G}|.

Proof. Let L ={aH,|a € G} and R = {Ha|a € G}. Define f : L — R by
f(aH) = Ha™'. For a,b € G we have

oH=bH & ao'beH & a0 Y 'eH & Hoa'=Hb!,

where we have used Section 5.4. This shows that f is well defined and
injective. If Ha € R, then a 'H € L and f(a~'H) = Ha, so f is surjective.
Therefore, f is a bijection and the claim follows. O

The index of H in G, denoted |G : H|, is the cardinality of the set of
left cosets of H in G, that is, |G : H| = |{aH |a € G}|. According to the
theorem, |G : H| is also the cardinality of the set of right cosets of H in G.

For example, in view of 5.2, we have |Z : 3Z| = 3.

5.9 Lagrange’s theorem
Let G be a group and let H be a subgroup of G.
THEOREM. |G| = |G : H|- |H]|.

Proof. Let A be a complete system of representatives for the left cosets
of H in G. Thus G = (J,cyaH, and for a,a’ € A, aHNdH # 0 if
and only if @ = d/ (such an A exists by 5.6). Define f : Ax H —» G
by f((a,h)) = ah. Since G is the union of {aH |a € A}, f is surjective.
Let (a,h),(a’,h') € A x H and assume that f((a,h)) = f((a’,h’)). Then
ah = d'l/, so that ah € aH Na’H. This implies that @ = @’ and, in turn,
h =1, so that (a,h) = (a’, h’). Therefore, f is injective. Since f is bijective,
we have |G| = |Ax H| =: |A|-|H| = |G : H| - |H]|, as claimed. O
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For instance, if G = Z12 and H = (3) = {0, 3,6,9}, then the set of left
cosets of Hin Gis {0+ H,1+ H,2+H},s0 |G| =12=3-4=|G: H|- |H|
in agreement with the theorem.

If G is finite, the theorem says that the order of H divides the order of
G and cl

5.10 Corollaries of Lagrange’s theorem

Let G be a finite group.
COROLLARY. If the order of G is prime, then G is cyclic.

Proof. Assume that the order of GG is prime. Since a prime is at least two, G
has a nonidentity element a. The order of the subgroup (a) generated by a
is greater than one and divides |G| by Lagrange’s theorem (5.9). Therefore,
|{(a)| = |G| and we have G = (a). Thus, G is cyclic. O

COROLLARY. The order of each element of G divides the order of G.

Proof. The order of an element equals the cardinality of the cyclic subgroup
generated by that element (see 3.9), so the claim follows immediately from
Lagrange’s theorem (5.9). O

COROLLARY. For each x € G we have z!Cl = e.

Proof. Let © € G. By the previous corollary, |G| = o(z)n for some n € N.
Thus z/¢l = (z°@))" = e = e, O

5 — Exercises

5-1 Let GG be a group and let H and K be subgroups of G. For =z € G,
put HxK = {hxk | h € H,k € K} (called the (H, K) double coset of G
determined by z).

(a) Define a relation on G by putting z ~ y if x = hyk for some h €
H and k € K. Prove that ~ is an equivalence relation and that
the equivalence class of x € G relative to this equivalence relation is
precisely HxK. (Conclude that the distinct (H, K) double cosets of
G are disjoint and form a partition of G.)
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(b) Prove that for each x € G, the double coset HzK is a union of right
cosets of H and the cardinality of the set of these cosetsis |[K : KNH"|,
where H® = 'Hx = {7 'hz | h € H}.

HiNT: For (b) find a bijection from the set of right cosets of H in Hz K to
the set of right cosets of K N H* in K.

5-2 Let G be a group and let H and K be finite subgroups of G having
relatively prime orders (i.e., gcd(|H|,|K|) = 1). Prove that H N K = {e}.

5-3 Let G be an abelian group of order 2n with n odd. Prove that G has
precisely one element of order 2 (cf. Exercise 2-6).

5-4 Let G be a group and let H be a subgroup of G. Prove that =; (that
is, =; mod H) is an equivalence relation relation on G. (An equivalence
relation is a relation that is reflexive, symmetric, and transitive.)

5-5 Let G = (g) be a cyclic group and let m be an integer. Prove that g™
is a generator of G if and only if ged(m,o(g)) = 1.

HINT: If a,b € Z, then ged(a,b) = 1 if and only if aj + bk = 1 for some
integers j and k.
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6 Normal Subgroup

6.1 Conjugation

Let G be a group. For z,g9 € G define 29 = g 'zg, the conjugate of z
by ¢g. The notation x9 is convenient because it obeys some familiar laws of
exponents:

THEOREM. For x,y,9,h € G,
(i) z¢ ==,
(ii) (z9)" = 29",

(iii) (xy)? = x9y9.

Let z,y € GG. The element x is conjugate to the element y if 29 = y
for some g € G. The relation ~ on G obtained by putting z ~ y if z is
conjugate to y is an equivalence relation on . The equivalence class of
x € G relative to this equivalence relation is ¢ = {29 |g € G}, called the
conjugacy class of z.

More generally, for S C G and g € G define S9 = {z9|x € S}, the
conjugate of S by g. The theorem remains valid if one replaces z,y € G
with S, T C G. If H is a subgroup of G and g € G, then HY is a subgroup
of G.

6.2 Example: Conjugation and change of basis

The notion of conjugation arises in linear algebra when one considers the
effect of a basis change on the matrix of a linear transformation.

Let n be a positive integer, let T : C™ — C" be an invertible linear trans-
formation, and let B = (v1,va,...,v,) be an ordered basis of C". The ma-
trix of T' relative to B is the matrix A = [a;;] defined by T'(v;) = >_; a;;v;.
Invertibility of 7" implies that A € GL,,(C). Let C' = (wy,ws, ..., wy,) be
another ordered basis of C". Writing v; = ., pjjw; (1 < j < n), we get the
change of basis matrix P = [p;;] € GL,(C). The matrix of T" relative to
C is the conjugate P~1AP.

It is natural to ask whether there is a basis of C" relative to which the
matrix of T is particularly simple, say, a diagonal matrix. This is the same
as asking whether A is conjugate to such a matrix. The next theorem says
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that A is conjugate to a matrix that, if not diagonal, is at least almost
diagonal.

For A € C and a positive integer m, the corresponding Jordan block
matrix is the m x m matrix

A1 0 0 0
0 A 1 0 0
Dm =1 1 .o
000 --- X1
00 0 -+ 0 A
THEOREM (Jordan Canonical Form). There exist nonzero A1, A, ..., s € C
and positive integers my, ma, ..., ms such that A is conjugate to the block

diagonal matriz
diag(J)\hml, J)\z,mza BRI J)\mms)'

The Jordan blocks Jy, m,; are uniquely determined up to order.

This theorem follows from a very general theorem about finitely gener-
ated modules over a principal ideal domain.
6.3 Definition of normal subgroup

Let G be a group. A subgroup H of G is a normal subgroup, written
H <« G, if H9 = H for all ¢ € G. There are various characterizations of
normality, each of which proves useful in some situations:

THEOREM. Let H be a subgroup of G. The following are equivalent:
(i) H<G;

(i) Hg = gH for all g € G;

(iii) H9 C H for all g € G;

(iv) h9 € H for allh € H,g € G.

Proof. For g € G,
HY=H < ¢ 'Hg=H <= Hg=gH,
so (i) and (ii) are equivalent.
That (iii) and (iv) are equivalent is immediate, as is the fact that (i)

implies (iii).
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Therefore, a proof that (iii) implies (i) will establish the proof. Assuming
(iii), we have for every g € G

HYCH and H=(HY )?CHY,
implying HY = H. The proof is complete. O

Another useful characterization is given in Theorem 6.4(ii).

The equivalence of (i) and (iii) suggests that it might be the case that,
for any g € G, we have the equality HY = H if and only if HY C H. This
does not hold in general (see Exercise 6-1), but it does hold if G is finite.

Let H<G and let g € G. In view of (i)=(ii) we can drop the terms “left”
and “right” in referring to cosets of H and define the coset of H determined
by g to be either gH or Hg.

We record a few simple observations about normal subgroups:

e G and {e} are both normal subgroups of G.

e If H is a subgroup of G contained in the center Z(G) of G, then H is
normal. In particular, Z(G) is a normal subgroup of G.

e If G is abelian, then every subgroup of G is normal.

6.4 Normalizer of a set

Let GG be a group and let S be a subset of G. The normalizer of S in G is
the set Ng(S) = {9 € G|S? =S}. Ng(S) is a subgroup of G.

THEOREM. Let H and K be subgroups of G.
(i) HaNg(H).
(il) H <G if and only if Ng(H) = G.

(iii) If H< K, then K C Ng(H).

Proof. Since H is a normal subgroup of itself, it follows that H C Ng(H).
The remaining parts of the theorem are immediate from the definitions. [

It follows from parts (i) and (iii) that Ng(H) is the largest subgroup of
G having H as a normal subgroup.
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6.5 Product of subgroup and normal subgroup

Let G be a group. For subsets S and T' of G, define the product ST =
{st|se S,teT}.

THEOREM. Let H, K < G and assume that H C Ng(K).
(i) HK = KH,
(i) HK < G,

(i) (HUK) = HK.

In particular, if H <G, then (1)-(iii) hold.

Proof. (i) For each h € H, we have hK = hK" = Kh. Thus HK = KH.
(ii) First, e = ee € HK. Next, using (i) we have

(HK)(HK) = H(KH)K = HHK)K = (HH)(KK) C HK,

so HK is closed under multiplication. Finally, (HK)™! = K 1H™! C
KH = HK, so HK is closed under inversion. Thus, HK < G.

(ili) H=He C HK and K = eK C HK, so HK contains HU K. Since
HK is a subgroup of G (by (ii)) we have (H U K) C HK. On the other
hand, every subgroup of G containing H U K must contain H K by closure.
Therefore, the other inclusion follows as well. O

6.6 Index two subgroup is normal

Let G be a group and let H be a subgroup of G.

THEOREM. If |G : H| = 2, then H < G.

Proof. Exercise 6-2. O
(See Exercise 13-2 for a generalization of this theorem in the case where

G is finite.)

6.7 Normality is not transitive

Let G be a group. If H < K < (G, then H < G, so the property of being a
subgroup is transitive. However, it is not true in general that if H < K < G,
then H 1 G, as the following example shows.
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e Let G be the dihedral group Dg of order 8. Let
N =(p*) ={e,p’} and H=(r)={e,7}

with notation as in Section 4.3. One easily checks that p?, and hence
N, is in the center of G so that IV is normal. Therefore,

K =NH = {g,T, pQ,pzT}

is a subgroup of G (see 6.5) and it contains H.

The listed elements of K are distinct (see 4.3), so K has order 4. We
have |G : K| =2 and |K : H| =2, so H < K <G by Section 6.6.

However, as was shown in Section 5.3, a left coset of H need not equal
the corresponding right coset, so H is not a normal subgroup of G
(using 6.3).

This example shows that, in general, normality is not transitive. (Cf. Exer-
cise 6-3.)

6 — Exercises

6—1 Give an example to show that it is possible to have a subgroup H of
a group G satisfying both of the following:

(a) There exists an element g of G such that g ¢ Ng(H) but HY C H.

(b) {x € G| H* C H} is not a subgroup.

HiNT: Consider G = GL2(R), H = {[(1) ﬂ |ne Z}, g= [162 (1)]

6—2 Let G be a group and let H be a subgroup of G with |G : H| = 2.
Prove that H is normal.

6—3 Let G be a group. A subgroup H of G is a characteristic subgroup,
written H char G, if p(H) C H for every isomorphism ¢ : G — G. Prove
that if H and K are subgroups of G with H char K <G, then H <« G.
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7 Quotient Group

7.1 Definition

Let G be a group and let N be a normal subgroup of G. Denote by G/N
the set of all (left) cosets of N in G:

G/N = {aN |a € G}.

In the following theorem, (aN)(bN) denotes the product of the subsets aN
and bN of G (see Section 6.5).

THEOREM.

(i) For aN,bN € G/N we have (aN)(bN) = abN € G/N. In particular,
this product defines a binary operation - on G/N.

(ii) (G/N, -) is a group. Its identity element is eN (= N) and for aN €
G/N we have (aN)™! =a!N.

Proof. We first observe that NN = N. Indeed NN C N by closure and, if
n € N, then n = ne € NN giving the other inclusion as well.

If aN,bN € G/N, then (aN)(bN) = abN’N = abNN = abN using
normality of N. This gives part (i). Associativity of coset multiplication
now follows immediately from the associativity of multiplication in G. Also,
that eN is an identity and that = 'N is an inverse of aN € G/N are
immediate, so (ii) follows. O

(G/N, -) is the quotient group (or factor group) of G by N. The nota-
tion G/N is read “G modulo N” or “G mod N”.

The normality assumption on N is essential here. In fact, if H < G is
not normal, then the set of left cosets of H in G is never closed under set
multiplication (see Exercise 7-1).

7.2 Example: Z/3Z

Let G=7Z and N = (3) = 3Z. Then N <G (since G is abelian). The group
G/N ={0+ N,1+ N,2+ N} has operation table

+ |0+N 14N 24N
0+N[0+N 1+N 2+N
1+N|1+N 24N 0+N
24N |24+N 0+N 1+N
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7.3 Quotient by commutator subgroup

Let G be a group. For a,b € G define [a,b] = a~1b~ab, the commutator
of a and b. The commutator subgroup (or derived subgroup) of G,
denoted G, is the subgroup of G generated by the set of all commutators.
In symbols

G =([G,G)),
where [G,G] = {[a,b] |a,b € G}.

According to Theorem 3.8, every element of GU) is a product of ele-
ments each of which is either a commutator or the inverse of a commutator.
Since [a,b]™! = [b,a], the inverse of a commutator is also a commutator.
We conclude that every element of G can be expressed as a product of
commutators.

Let NV be a normal subgroup of G.

THEOREM. G/N is abelian if and only if N D G,
Proof. For a and b in G,
(aN)(bN) = (bN)(aN) <= abN = baN
— (ba)"l(ab) €N
> [a,b)=a"'blabe N.
The claim follows. O
Since G is normal (Exercise 7-3), the theorem says that it is the small-
est normal subgroup of G for which the corresponding quotient is abelian.
7.4 Simple group
Let G be a group. Since G and {e} are both normal subgroups of G one can
form the corresponding quotients:

e G/G is the one element group {G},

o G/{e} is the group {a{e}|a € G} = {{a}|a € G} with binary oper-
ation given by {a}{b} = {ab}, so it is isomorphic to G with {a} — a
defining an isomorphism.

G is simple if it is nontrivial and G and {e} are its only normal subgroups.
For example, Z, is simple for each prime number p. Indeed, since the
order of a subgroup must divide the order of the group (5.9), {0} and Z,

41



are the only subgroups of Z, (and hence the only normal subgroups). On
the other hand, if n is not prime, say n = ning with 1 < n; < n, then Z, is
not simple, since o(n;) = ng implying (n;) is a proper, nontrivial (normal)
subgroup of Z,,.

The reason for the term “simple” is the fact that a simple group has only
the trivial group and itself as quotients, as seen above. It is also due to the
fact that finite simple groups are the building blocks of all finite groups (in
a sense to be made precise in Section 10.5).

7 — Exercises

7—1 Let G be a group and let H be a subgroup of G. Prove that if the set
of left cosets of H in G is closed under set multiplication, then H is normal.

7—2 Let G be a group and let H be a subgroup of the center Z(G) of G
so that, in particular, H <G. Prove that if G/H is cyclic, then G is abelian.

7-3 Let G be a group. Prove that the commutator subgroup G of G is
normal.

7—4 Let G be an abelian group and let n be a positive integer._Let N be
the subgroup of G generated by the set {a" |a € G} and put G = G/N.
Prove that the order of every element of G divides n.

7—5 Let G be a finite abelian group and let p be a prime number. Prove

that if p divides the order of G, then G has an element of order p.

HinT: Use induction on the order of G as well as Exercise 3-4.
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8 Homomorphism

8.1

Definitions

Let G and G’ be groups. A homomorphism from G to G’ is a function
¢ : G — G satistying ¢(xy) = ¢(x)p(y) for all z,y € G.

e A monomorphism is an injective homomorphism.

e An epimorphism is a surjective homomorphism.

e An isomorphism is a bijective homomorphism.

e An automorphism is an isomorphism from a group to itself.

“Isomorphism” was defined earlier in Section 2.12. Recall that two

groups G and G’ are isomorphic, written G = G, if there exists an isomor-
phism from one to the other. In this case, the groups G and G’ are identical
as far as their group properties are concerned.

8.2

Examples

The exponential function ¢ : (R, +) — (R™, ) given by p(z) = e* is
a homomorphism. In fact, it is an isomorphism, so (R,+) = (R™*, -).

The determinant function det : GL,(R) — R* given by A — det(A)
is an epimorphism.

Let n be a positive integer. The function ¢ : Z — Z,, given by p(m) =
r, where r is the remainder of m upon division by n, is an epimorphism
called reduction modulo n.

Let G be a group and let N be a normal subgroup of G. The function
m: G — G/N given by 7(x) = N is an epimorphism, the canonical
epimorphism.

Let G' be a group and let g € G. The function ¢4, : G — G given by
tg(z) = 29 is an automorphism of G, the inner automorphism of G
determined by g.

43



8.3 Elementary properties

Let ¢ : G — G’ be a group homomorphism and let ¢’ denote the identity
element of G'.

THEOREM.
(i) p(e) =
(ii) ¢(z71) = @(x)~! for each z € G.
(iii) If H < G, then p(H) < G', where p(H) = {¢(h) |h € H}.
(iv)
Proof. (i) We have

If H <G, then o~ (H') < G, where o~ (H') = {x € G| p(x) € H'}.

pe)ple) = p(ee) = p(e),

so cancellation gives p(e) = €'.
(ii) Let x € G. Using part (i) we have

p(@)p(e!) = plza™!) = p(e) = ¢,
s0 p(z71) = p(z) .

(iii) Let H < G. By (i), ¢ = ¢(e ) € ¢(H). For h,k € H, we have
p(h)p(k) = @(hk) € p(H) and p(h)™ = p(h™") € p(H) (using (ii)), so
©(H) is closed under both multiplication and inversion. Therefore, (H) <
G

(iv) Let H' < G'. By (i), p(e) = € € H', so e € p~Y(H'). Let x,y €

“L(H"), so that ¢(x),p(y) € H'. We have p(xy) = ¢(x)p(y) € H' and
oz = p(x)~t € H' (using (ii)), so zy,x~1 € o 1 (H'). This shows
that ¢~ !(H’) is closed under both multiplication and inversion. Therefore,
e Y(H) <G. O

8.4 Kernel and image

Let ¢ : G — G’ be a homomorphism. Associated with ¢ are two important
subgroups:

e kerp = p 1({e'}) = {z € G| p(x) = €}, the kernel of ¢,

e imp = p(G) = {p(z) |z € G}, the image of ¢.
The kernel of ¢ is a subgroup of G by Theorem 8.3(iv) with H' = {¢’}. The
image of ¢ is a subgroup of G’ by Theorem 8.3(iii) with H = G.
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8.5 Kernel same thing as normal subgroup

Let G be a group. The following theorem says that the notions “kernel of a
homomorphism from G” and “normal subgroup of G” amount to the same
thing.

THEOREM. If ¢ : G — G’ is a homomorphism, then ker ¢ is a normal
subgroup of G. Conversely, if N is a normal subgroup of G, then N is
the kernel of a homomorphism from G, namely the canonical epimorphism

m:G— G/N.

Proof. Let ¢ : G — G’ be a homomorphism. It was observed in 8.4 that
ker ¢ is a subgroup of G, so it suffices to check normality, for which we use
the condition given in (iv) of 6.3. Let k € ker ¢ and g € G. We have

/

o(k9) = (g~ kg) = o(g7)p(k)p(g) = v(g) "eplg) = ¢,

which says that k9 € ker . Thus, ker ¢ is a normal subgroup of G.
Now let N be a normal subgroup of G and let 7 : G — G/N be the
canonical epimorphism (see 8.2). If g € G, then

gekerm < 7(g9)=N
< gN=N
< g€ N,

so kerm = N, as claimed. ]

8.6 Homomorphism is injective iff kernel is trivial
Let ¢ : G — G’ be a homomorphism.
THEOREM. ¢ is injective if and only if ker ¢ = {e}.

Proof. Assume that ¢ is injective. Let k € keryp. Then p(k) = ¢/. But
also, ¢(e) = € by Section 8.3. So p(k) = ¢(e) and injectivity of ¢ gives
k = e. This shows that ker ¢ C {e}. Since a kernel is a subgroup, the other
inclusion is immediate.

Now assume that kerp = {e}. Let x,y € G and assume that p(z) =
©(y). Then p(zy~!) = p(x)e(y)~! = ¢, implying that zy~! € ker ¢ = {e}.
Thus, zy~' = e, that is, 2 = y. Therefore, ¢ is injective. O

As a practical matter, we observe that, in order to show that a homo-
morphism ¢ is injective, it suffices to show that ker ¢ C {e}, since the other
inclusion always holds (ker ¢ is a subgroup).
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8.7 Fundamental Homomorphism Theorem
Let ¢ : G — G’ be a homomorphism.

FUNDAMENTAL HOMOMORPHISM THEOREM. If N is a normal subgroup of
G with N C ker ¢, then there exists a unique homomorphism @ : G/N — G’
such that pm = ¢, where m : G — G/N 1is the canonical epimorphism. The
function @ is given by B(aN) = ¢(a).

Proof. Let N be a normal subgroup of G with N C kery. As in the
statement of the theorem, let ¥ : G/N — G’ be the function given by

?(aN) = p(a).

If aN = bN (a,b € G), then a='b € N C ker ¢, so that ¢(a) lp(b) =
©(a=tb) = ¢, implying ¢(a) = (b). Thus, P is well defined.

For aN,bN € G/N, we have

?((aN)(bN)) = p((ab)N) = p(ab)
= ¢(a)p(b) = P(aN)p(bN),

so  is a homomorphism.
For a € GG, we have

(em)(a) = @(m(a)) = P(aN) = ¢(a),
giving pm = .

Finally, let ¢ : G/N — G’ be a homomorphism such that ¥)m = ¢. Then
for any aN € G/N we have

Y(alN) = (n(a)) = (¥7)(a) = p(a) = B(alN),
so that ¢ = P, thus establishing uniqueness. ]

The condition N C ker ¢ is a necessary condition for the function @
given in the theorem to be well defined, as the reader can check.

8 — Exercises

81 Let G= { [é ﬂ la € R} viewed as a group under matrix multipli-
cation. Prove that G = R.
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82 Let G and G’ be groups, let ¢ : G — G’ be an epimorphism, let N
be a normal subgroup of GG, and assume that N Nker ¢ = {e}. Prove that
o(Cq(x)) = Cer(p(x)) for all z € N. (See Section 3.6 for notation.)

8-3 Let G and G’ be groups and let ¢ : G — G’ be a homomorphism.

(a) Prove that if N’ is a normal subgroup of G’, then ¢ ~!(N’) is a normal
subgroup of G.

(b) Prove that if N is a normal subgroup of G and ¢ is surjective, then
¢(N) is a normal subgroup of G.

(¢) Give an example to show that without the assumption of surjectivity
in the previous part, (V) need not be a normal subgroup of G'.

84 Let G and G’ be groups with G finite, let ¢ : G — G’ be an epimor-
phism, let p be a prime number, and let ¢’ be an element of G’ of order p"
for some nonnegative integer n. Prove that there exists an element g of G
of order p™ for some nonnegative integer m such that ¢(g) = ¢'.
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9 Isomorphism Theorems

9.1 First Isomorphism Theorem

Let ¢ : G — G’ be a homomorphism. By Theorem 8.5, ker ¢ is a normal
subgroup of G so the quotient group G/ ker ¢ is defined.

THEOREM (First Isomorphism Theorem).
G/ ker p = im .

Proof. Put N = ker . By Section 8.7, the function ¥ : G/N — G’ given by
®(aN) = ¢(a) is a well-defined homomorphism. By restricting the codomain
to im ¢ we obtain an epimorphism G/N — imp, which we continue to
denote by ©@.

Let aN € kerp. Then ¢(a) = @(aN) = €', so that a € ker p = N. Thus,
aN = N. This shows that kerg C {N} so that @ is injective (see 8.6).

Therefore,  : G/N — im ¢ is an isomorphism and G/kerp = G/N =
im . O

9.2 Example: Classification of cyclic groups

Let G be a cyclic group.

THEOREM. If G is infinite, then G = Z. Otherwise, G = Z/nZ, where
n=|G|.

Proof. Since G is cyclic, we have G = (a) for some a € G. Define ¢ : Z — G
by ¢(m) = a™. For m,m’ € Z, we have

m-+m/ m_m'

p(m+m') =a =a"a™ = p(m)p(m),
so ¢ is a homomorphism. By Section 3.9, G = {a™ | m € Z} so ¢ is surjec-
tive.

Since Z = (1) is cyclic, so is ker ¢ by 4.4, and therefore, ker ¢ = (n) = nZ
for some integer n, which we can (and do) take to be nonnegative. By the
First Isomorphism Theorem (9.1), we have Z/nZ = G.

If n=0, then Z/nZ =7Z/{0} = Z. If n > 0, then Z/nZ = {0+ nZ,1 +
nZ,...,(n — 1)+ nZ} and, since these cosets are distinct, Z/nZ has order
n. The theorem follows. O
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9.3 Quotient same thing as homomorphic image

Let G be a group. The following theorem says that the notions “quotient of
G” and “homomorphic image of G” amount to the same thing.

THEOREM. If G/N (N < G) is a quotient of G, then G/N is isomorphic to
a homomorphic image of G, namely the image under the canonical homo-
morphism 7 : G — G/N. Conversely, the image ©(G) of G under a homo-
morphism ¢ : G — G’ is isomorphic to a quotient of G, namely G/ ker .

Proof. There is nothing to prove in the first statement once it has been
checked that the canonical map 7 : G — G/N is indeed an epimorphism,
and this was observed in Section 8.2. The second statement is given by the
First Isomorphism Theorem (9.1). O

9.4 Second Isomorphism Theorem

Let G be a group and let H and N be subgroups of G with H C Ng(N)
(this latter being the case if N is normal, for instance). By Theorem 6.5,
HN is a subgroup of G. It contains N as a normal subgroup so the quotient
group HN/N is defined. Also, H N N is a subgroup of H and it is normal
(which is easily checked, although it is a consequence of the proof below),
so the quotient group H/H N N is defined.

THEOREM (Second Isomorphism Theorem).
H/HNN = HN/N.

Proof. Define ¢ : H— HN/N by ¢(h) = hN. Then ¢ is a homomorphism
(it is simply the restriction to H of the canonical epimorphism HN —
HN/N).

For h € H we have

hekerp <= ¢(h)=N < hN=N <= he HNN,

sokero=HNN.
Let z € HN/N. Then © = hnN = hN for some h € H and n € N, and
we have p(h) = hN = z, so p is surjective.
By the First Isomorphism Theorem (9.1),
H/(HNN)=H/kerp =imp = HN/N,

and the proof is complete. O
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9.5 Third Isomorphism Theorem

Let G be a group and let M and N be normal subgroups of G with M O N.
Then M/N is a normal subgroup of G/N (as is easily checked), so the
quotient group (G/N)/(M/N) is defined.

THEOREM (Third Isomorphism Theorem).
(G/N)/(M/N) = G/M.

Proof. Let ¢ : G — G /M be the canonical epimorphism. Since N C M =
ker ¢, the Fundamental Homomorphism Theorem (8.7) says that the func-
tion ¢ : G/N — G/M given by ¢(aN) = ¢(a) = aM is a well-defined
homomorphism. It follows from the indicated formula that ¢ is surjective.

We claim that ker o = M/N. Let aN € G/N. We first observe that if
aN € M/N, then aN = bN for some b € M, implying a = bn € M for some
n € N. Using this observation to supply the direction < of the final step,
we have

aN €kerp <= p(aN)=M < aM =M
< a€M <= aN € M/N,

so the claim is established.
By the First Isomorphism Theorem (9.1),

(G/N)/(M/N) = (G/N)/ker o = ime = G/M,

and the proof is complete. O

9.6 Correspondence Theorem

Let ¢ : G — G’ be an epimorphism. Let

S= {H| kerp C H < G},
S'={H'|H <G'}.
THEOREM (Correspondence Theorem).

(i) The map S — S’ given by H — p(H) is a bijection. Its inverse map
S' — S is given by H' + @1 (H').

(ii) For HHK € S, p(H) C ¢(K) if and only if H C K, and in this case
p(K) : p(H)| = |K : H].
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(ili) For H,K € S, p(H) <@(K) if and only if H< K, and in this case
p(K)/o(H) = K/H.

Proof. (i) By 8.3, if H is a subgroup of G, then ¢(H) is a subgroup of G’
so the map is well defined. By this same section, if H' is a subgroup of G’,
then o~ '(H') is a subgroup of G, and this latter subgroup contains ker ¢
since p(k) =€’ € H' for all k € ker . Therefore, the indicated inverse map
is also well defined. It suffices to show that both compositions of these two
functions yield the respective identity maps on S and S'.

Let H € S. We need to show that ¢~ !(p(H)) = H. Let g € o~ (p(H)).
Then ¢(g) € p(H), implying that ¢(g) = ¢(h) for some h € H. Therefore,

e(gh™") = p(g)p(h) ' =¢

so that gh™! € kerp C H. Tt follows that g € H. This gives ¢~ (p(H)) C
H. The other inclusion is immediate.

Let H' € S'. We need to show that (o1 (H')) = H'. Let i’ € H'. Since
 is surjective, there exists g € G such that p(g) = h’. But this last equation
says that g € o 1 (H'), so ' € p(¢~1(H")). This gives H' C p(¢ 1 (H")).
The other inclusion is immediate.

(ii) Let H, K € S. If p(H) C p(K), then, using (i), we have

H=¢ " ¢(H)) C o e(K)) =K,

and the other implication is immediate.

Assume that H C K, so that ¢(H) C ¢(K). We claim that the map
Fo{kH |k € K} = {o(h)p(H) |k € K} given by f(kH) = o(k)p(H) is a
well-defined bijection. For k, k' € K, we have

EH=KH= k"% c H= pk)pk) = p(k ') € p(H)
= p(k)p(H) = o(K)e(H),

so f is well-defined. Let k, k" € K and suppose that f(kH) = f(k'H). Then
p(k)p(H) = p(k')p(H), implying that o(k™'k') = @(k)"'p(k') € @(H).
Therefore, k~1k" € o1 (p(H)) = H, and so kH = k'H. This shows that f
is injective. That f is surjective is immediate, so the claim that f is bijective
is established. We conclude that the domain and the codomain of f have
the same cardinality, that is, |K : H| = |@(K) : p(H)|.

(iii) Let H,K € S. Denote by ¢ the restriction of ¢ to K, so that
vr : K — ¢(K) is a well-defined epimorphism. Assume that ¢(H) < p(K).
Applying part (i) of this theorem to ¢k and then using Exercise 8-3(a) we
get

H = o (ox(H)) = o (o(H)) < K.
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Conversely, if H < K we get p(H) = ¢ (H) <p(K) by Exercise 8-3(b).
Assume that H < K, so that ¢(H) < p(K). Put

¥ =mpr K5 o(K) 5 o(K)/e(H),

where 7 is the canonical epimorphism, and note that v is an epimorphism.
We have

kertp = ¢! (ker ) = i (@(H)) = ot (o (H)) = H,

the last equality due to part (i) applied to ¢x. By the First Isomorphism
Theorem (9.1)

K/H = K/kert =imy = p(K)/o(H)

and the proof is complete. ]

9.7 Quotient is simple iff normal subgroup is maximal

Let G be a group. A maximal normal subgroup of G is a normal sub-
group N of G satisfying

() N #G,
(ii) f NG N'<G, then N' =G.
Let N be a normal subgroup of G.

THEOREM. The quotient G/N s simple if and only if N is a mazimal normal
subgroup of G.

Proof. Let m: G — G/N be the canonical epimorphism. According to the
Correspondence theorem (9.6), the map N’ — 7(N’) = N'/N sets up a
one-to-one correspondence between the normal subgroups of G containing
N and the normal subgroups of G/N.

The quotient G/N is simple if and only if it is nontrivial and its only
normal subgroups are G/N and {N} (which equals N/N). So, by the Cor-
respondence theorem, G/N is simple if and only if N # G and the only
normal subgroups of G containing N are G and N, which holds if and only
if NV is maximal. O
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9.8 Group with operator domain

Let © be a set. An Q-group (or group with operator domain Q) is a
group G together with a function G x 2 — G denoted (g, w) — ¢ satisfying

(gh)” = ¢g“h® for each g,h € G, w € Q.

Note that any group can be viewed as an Q-group with = (3, so the notion
of “Q-group” generalizes the notion of “group.”

An example of an 2-group is a vector space V over R (or, more generally,
an R-module where R is a ring). Indeed, V' is a group under vector addition,
and if we let Q = R and define v* = av (v € V,a € R), then V is an Q-
group, since

(v+w)* =av+w)=av+aow=v"+w*

(v,weV,aeR).

Let G be an Q-group. An -subgroup of G is a subgroup H of G
satisfying h* € H for all h € H, w € Q.

Let G’ be another Q-group. An Q-homomorphism from G to G’ is
a group homomorphism ¢ : G — G’ satisfying ¢(g¥) = (¢(g))* for each
ge G, we.

Note that in the vector space example an 2-subgroup is a subspace and
an {2-homomorphism is a linear transformation.

Let N be a normal Q-subgroup of G (i.e., a normal subgroup that is also
an {2-subgroup). The quotient group G/N is an Q-group with the definition
(aN)¥ =a“N (a € G, w € Q).

The general results proved so far involving the notions of group, sub-
group, and homomorphism remain valid if one replaces these terms with
Q-group, -subgroup, and 2-homomorphism, respectively. In particular,
the Fundamental homomorphism theorem, the three Isomorphism theorems,
and the Correspondence theorem are all valid in the Q-group setting. In par-
ticular, these results apply to vector spaces over R (and, more generally, to
modules over any ring).

9 — Exercises

9-1 In the additive group R?, let
D={(ttt)|[te R} and P ={(u,v,—u)|u,veR},
both normal subgroups of R3. Use the second isomorphism theorem to prove

that R3/D = P.

93



9-2 Let ¢ : G — G’ be a group homomorphism with G’ abelian. Prove
that if H is a subgroup of G with H D ker ¢, then H is normal.

HiNT: Consider the Correspondence theorem (9.6).

9-3 Let n be a positive integer. Prove that
SL,(R)<GL,(R) and GL,(R)/SL,(R)=R*.

(See Exercise 3-8.)

9-4 Let G be a group and let H and K be normal subgroups of G such
that G = HK. Prove that

G/(HNK) = (G/H) x (G/K).

9-5 Let G be a group and let H be a subgroup of G. Prove that
Ng(H)/Ca(H)

is isomorphic to a subgroup of the group Aut(H) < Sym(H) of all automor-
phisms of H. (See Sections 3.6 and 6.4 for notation.)
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10 Composition series

10.1 Definition

Let G be a group. A subnormal series of G is a tuple

(G;) = (Go, Gh,...Gy),

where
o Go = G,
o G, ={e},

e Gi1<G;forall 0 <i<r.

Thus, a subnormal series of GG is a finite descending sequence of subgroups
of G starting at G and ending at {e} with each term normal in the preceding
term.

Let (G;) = (Go,Gh,...,Gy) be a subnormal series of G. The factors
of (G;) are the quotient groups G;/Gi+1, 0 < i < r (or any list of r groups
isomorphic to these quotient groups). The length of (G;) is the number of
its nontrivial factors.

If every factor of the subnormal series (G;) of G is simple (7.4), it is a
composition series.

In view of 9.7, (G;) is a composition series of G if and only if G;11
is a maximal normal subgroup of G; for each i. A group need not have
a composition series (Z has none for example). However, if G is finite
and nontrivial, then it has a composition series since, for instance, one can
be constructed by starting with Gg = G and recursively choosing G;11 to
be a maximal normal subgroup of G; (this process necessarily ending with
G, = {e} for some r since the orders of the subgroups strictly decrease).

10.2 Example: Zg

The group Zg has as composition series (Zg, (3),{0}). The factors are Z¢/(3)
and (3)/{0}, which are isomorphic to Z3 and Zs, respectively.

This group also has as composition series (Zg, (2),{0}). Its factors are
Zg/(2) and (2)/{0}, which are isomorphic to Zy and Zs, respectively.

For one thing, this example shows that a group can have more than one
composition series. But is also suggests that any two composition series of
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a group have the same factors (except possibly for the order in which they
occur). This is indeed the case as will be shown in Section 10.5.

10.3 Zassenhaus butterfly lemma

Let G be a group and let Ay, Ao, By, By be subgroups of G with As <Ay and
By <1 B;. By 6.5, each of the products

is a subgroup of G. Moreover, A12 < A11 and Boy < By, as is revealed in the
proof of the next result.

LEMMA (Zassenhaus butterfly lemma).
A11/A12 = By1/Bo.
Proof. The lemma is proved by establishing the isomorphisms
A1 /A12 = (A1 N By1)/D = By1/Bay,

where D = (Al N BQ)(AQ N Bl>.
Since A1 N B; C Ng(Ai2), the Second Isomorphism Theorem (9.4) gives

A11/A12 = (AL N By)Aja/A12 = (A1 N By)/[(A1 N By) N Ayo]
= (A1 NBy)/D,

the last equality from the Dedekind law (see Exercise 3-2). The second
isomorphism above is proved similarly. O

10.4 Schreier refinement theorem

Let G be a group and let (G;) be a subnormal series of G. A subnormal
series (R;) of G is a refinement of (G;) if for each i we have G; = Rj;
for some j(i) (so (R;) can be thought of as being obtained from (G;) by
inserting terms).

Two subnormal series of G are equivalent if there exists a one-to-one
correspondence between their nontrivial factors such that corresponding fac-
tors are isomorphic.

Let (4;) and (B;) be two subnormal series of G.
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THEOREM (Schreier refinement theorem). There ezist refinements of (A;)
and (B;), respectively, such that the refinements are equivalent.

Proof. For each i and j (for which the indicated subgroup is defined), put

Then A = A; and Byj = Bj for each i and j, so (A;;) (ordered lexi-
cographically according to the double index) is a refinement of (A;) and
(Bij;) (ordered reverse lexicographically according to the double index) is a
refinement of (B;). Moreover, by the lemma of Zassenhaus (10.3),

Aij/Aij+1 = Bij/Biti,;
for each ¢ and j. Therefore, these refinements are equivalent. O

10.5 Jordan-Holder theorem

Let G be a group.

Let (G;) be a composition series of G and let (R;) be a refinement of
(G;). Since G;y1 is a maximal normal subgroup of G; for each i (see 10.1),
it must be the case that each term in the series (R;) equals some term in
the series (G;). In particular, the nontrivial factors of (R;) are precisely the
factors of (G;), so that (R;) is equivalent to (G;).

This observation, together with the Schreier refinement theorem (10.4),
gives the following theorem.

THEOREM (Jordan-Hélder theorem). Any two composition series of G are
equivalent.

Proof. By the Schreier refinement theorem, any two composition series of
G have equivalent refinements, each of which is equivalent to the series it
refines by the preceding remarks. O

Assume that G has a composition series (which is the case if G is finite
and nontrivial, for instance). The composition factors of G are the fac-
tors of any composition series of G. This notion is well-defined due to the
theorem.

For example, the composition factors of Zg are Zo and Zs.
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10.6 Example: Fundamental theorem of arithmetic

Let n be a natural number with n > 2.

THEOREM (Fundamental theorem of arithmetic). The number n is a product
of prime numbers and these prime numbers are uniquely determined up to
order.

Here is a proof of this well-known theorem using the Jordan-Holder theo-
rem. The group Z, is finite, so it has a composition series (Go, G1, ..., Gy).
Each G; is cyclic (4.4), and a quotient of a cyclic group is cyclic (easy
proof), so each factor G;/G; 1 of the series is cyclic and simple and hence
isomorphic to Z,, for some prime number p; (see 7.4). By repeated use of
Lagrange’s theorem we have n = pop; - - - pr—1. Finally, given a prime fac-
torization of n, a proof by induction using Exercise 7-5 shows that Z, has
a composition series with composition factors having the prime factors as
orders, so the uniqueness statement follows from the uniqueness statement
in the Jordan-Holder theorem.

10.7 Classification of finite simple groups

Let G be a nontrivial finite group. According to the Jordan-Hé6lder theorem,
G determines a unique (up to permutations of terms and isomorphisms)
list of simple groups Si,959,...,95,, namely, its composition factors. By
Lagrange’s theorem, its order is the product of the orders of these simple
groups:

|G| = |S1]|S2] -+ [Sy .

In the special case G = Z,,, these observations yield the Fundamental theo-
rem of arithmetic (10.6) where the orders of the simple groups turn out to
be the prime factors of n.

Therefore, this way of associating to a given finite group a list of simple
groups can be viewed as a generalization of the associating to a given natural
number its list of prime factors. Just as we regard prime numbers as building
blocks of all numbers, we can regard simple groups as building blocks of all
finite groups. Due to the pivotal role finite simple groups play, much effort
has been expended in their determination, and this is now complete:

THEOREM (Classification of finite simple groups). A finite simple group is
isomorphic to one of the following:

(i) a cyclic group Z, with p prime,
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(ii) an alternating group A, with n >5,
(iii) a simple group of Lie type,
(iv) a sporadic group.

The cyclic groups Z, with p prime are simple due to Lagrange’s theorem.
They are the only abelian finite simple groups.

The alternating group A, is an index two subgroup of the symmetric
group S, defined in 11.6. Its simplicity for n > 5 is discussed in 14.6.

The simple groups of Lie type are certain groups constructed from ma-
trix groups over finite fields. An example of one is the projective special
linear group PSL, (F'), which is the quotient by its center of the group of
determinant one n X n matrices over the finite field F.

The sporadic groups are 26 simple groups not accounted for among the
infinite families in (i)-(iii). The largest is the Monster. Its order is

246,320 59 . 76.112.13%.17.19-23-29.31-41-47-59-71 ~ 8- 10°3,

10.8 Extension problem

In 10.7 an analogy was drawn between the composition factors of a finite
group and the prime factors of a natural number. The analogy is not per-
fect, for, given a list of prime numbers, there is only one natural number
having those primes as factors, but given a list of finite simple groups, it is
possible to have two nonisomorphic groups both having those simple groups
as composition factors.

Indeed, Z,4 is not isomorphic to Zo @ Z- since the first is cyclic and the
second is not, but these groups have composition series (Z4, (2),{0}) and
(Zo ® Z9,((1,0)),{(0,0)}), respectively, both of which have factors Zy and
Zs. Intuitively speaking, Z4 and Zo @ Zo are composed of the same building
blocks, but the blocks are not stacked the same way in the one group as in
the other. This example leads one to consider the “extension problem.”

Let NV and @ be groups. A group G is an extension of N by @ if it has
a normal subgroup isomorphic to N with corresponding quotient isomorphic

to Q.

EXTENSION PROBLEM. For finite groups N and QQ with QQ simple, determine
all (isomorphism classes of) extensions of N by Q.

A solution to this problem would allow for a recursive determination of
all finite groups: The groups with one composition factor are known—they
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are the simple groups. Assuming the groups with n composition factors are
known, they can play the role of IV in the extension problem and a solution
would yield all groups with n + 1 composition factors.

The extension problem has not been solved, nor does it appear that a
solution is on the horizon. However, many results involving special cases
have been worked out. We mention one such result.

Assume that N is abelian. It has been shown that there is an abelian
group H?(Q, N) (called a “cohomology group”) having elements in natural
one-to-one correspondence with (equivalence classes of) extensions of N by
@ with N contained in the center. There is always one such extension,
namely G = N x Q. It corresponds to the identity of H?(Q, N). Taking the
case N = Zs and Q = Zo, it turns out that H*(Q, N) = Zy = {0,1}. The
group Zs @ Zso corresponds to 0, while the group Z4 corresponds to 1.

10 — Exercises

10-1 Let G be a group and assume that G has a composition series. Prove
that if H is a normal subgroup of G, then G has a composition series (G;)
with G; = H for some i.

10—2 Let G be a nontrivial abelian group. Prove that G has a composition
series if and only if the order of G is finite.

10-3 Let G be a finite group and let NV be a normal subgroup of G. Prove
that if N has composition factors Si,...,S, and G/N has composition
factors 11, ...,T,, then G has composition factors

S1yee S Th, - Th.

10-4 Determine the composition factors of the group Dg x Zjs. (Com-
pletely support your claims by, for instance, exhibiting a composition series,
or invoking theorems and/or exercises.)
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11 Symmetric group of degree n

11.1 Definition

Let n be a positive integer. Recall (Section 1.7) that S,, denotes the sym-
metric group of degree n, which is the group of all permutations of the
set {1,2,...,n}, with binary operation being function composition (written
using juxtaposition).

An element o of S,, has a 2 X n matrix representation

7= (ot o) - otm):

Since each such representation is completely determined by its bottom row
(and different bottom rows correspond to different permutations), the num-
ber of permutations of {1,2,...,n} is simply the number of arrangements
of these numbers. Thus |S,| = n!.

11.2 Cycle

Let n be a positive integer and let i1,12,...,%, be distinct integers with
1 <ij < n. Let o be the element of S), that satisfies

. Z."‘rl .7< r,
G(Zj) - {Zjl j=r

and o(k) = k for all k& ¢ {i1,i2,...,4,}. This permutation is written o =
(i1,12,...,%,). It is called an r-cycle (or a cycle of length r) and we write
length(o) = r.

For example, (1,5,2,4) € S5 is a 4-cycle. Using the 2 x n matrix repre-
sentation of a permutation, we have

12345
(1’5’2’4)_(5 431 2)'

Note that a cycle is invariant under (unchanged by) any cyclic permutation
of its entries. (A cyclic permutation of a list is the moving of any number
of its elements from the end to the beginning without changing their order.)
For instance:

(1757274) = (47 ]‘? 57 2) = (2747 175) = (5’ 27 47 1)'
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It is easy to check that the inverse of a cycle is obtained by writing the
entries in reverse order. For example,

(1,5,2,4)"" = (4,2,5,1).

A transposition is a 2-cycle. The transposition (i1,42) transposes (in-
terchanges) the two numbers i; and is and fixes every other number.

A l-cycle (a1) is the identity since it fixes a; as well as every other
number.

11.3 Permutation is product of disjoint cycles

Two cycles (i1, 12, ...,4) and (k1, ke, ..., ks) are disjoint if {i1,ia,... i} N
{ki,ka,...,ks} = 0. Since a cycle moves only those numbers appearing,
disjoint cycles commute.

Let
(12 3 4
773 789

We can write o as a product (meaning composition) of (pairwise) disjoint
cycles as follows:

5678 9\ g
5 4 2 1 6 9

e Start with 1. We have o : 1 — 3 — 8 — 1 (back to where we started).
This completes the cycle (1, 3, 8).

e Pick the smallest number not yet appearing, namely, 2. We have o :
2 +— 7+ 2. This completes the cycle (2,7), which we compose with
the cycle above to get (1,3,8)(2,7).

e Again, pick the smallest number not yet appearing, namely, 4. We
have 0 : 4 — 9 — 6 — 4 giving the cycle (4,9,6), so we now have
(1,3,8)(2,7)(4,9,6).

e Only 5 remains, and since o : 5 — 5 we get the cycle (5) producing
(1,3,8)(2,7)(4,9,6)(5).

The proof in the following theorem formalizes this algorithm and shows
that o equals the resulting composition of cycles:

o=(1,3,8)(2,7)(4,9,6)
(we usually suppress 1-cycles as we have done here with (5) since a 1-cycle

is the identity and composing with the identity has no effect).
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Both sides of this equation should have the same effect on each number
1,2,...,9. Let’s use 7 as a test. Looking at the definition of o we see that
o(7) = 2. On the other hand, the composition applied to 7 is:

[(1,3,8)(2,7)(4,9,6)] (7) = [(1,3,8)(2,7)](7) (4,9,6) fixes 7
= [(1,3,8)](2) (2,7) sends 7 to 2
= 2 (1,3,8) fixes 2,

as desired. (Note that the cycles in the composition were constructed left
to right, but they are applied right to left. Since the cycles are disjoint, the
order of the factors is irrelevant.)

In the statement of the theorem the word “product” has the usual broad
meaning (any number of factors, with the case of a product of one factor
meaning that element itself).

THEOREM. Any element of S, can be written as a product of disjoint cycles.
Moreover, any two such factorizations are the same except possibly for the
order of the factors (provided cycles of length one are omitted).

Proof. Let o € S,,. Put F, = {i|o(i) = i}, the set of fixed points of . We
use reverse induction on |F;| to show the existence of a factorization of o as
a product of disjoint cycles. If |F,;| = n, then o is the identity map and can
therefore be written o = (1), which is a product of disjoint cycles according
to our convention.

Assume that |F,| < n. Then there exists i; such that o(i1) # 1.
Recursively define ij.1 = o(i;). There is a least positive integer r for
which o(iy) = 45 € {i1,i2,...,0}. If 1 < j < r, then ;1 is defined
and o(ij—1) = i; = o(i,), which, since i;_; # i,, violates injectivity of o.
Therefore, we conclude that o(i,) = ;.

Let o1 denote the cycle (iy,42,...,7,) (defined since the i; are distinct
by construction) and put o’ = o] Lo

We claim that F,y O F,. Let ¢ € F;. Then ¢ # i; for all j, so that
01(i) = i. Therefore, o’(i) = o' (i) = oy (i) = i, showing that i € F,/
and establishing the claim.

For each j, o' (i;) = oy ‘o (ij) = 07 ' (ij41) = i; (interpreting the sum j+1
modulo 7), so i; € F,. On the other hand, o(i1) # i1 (by the definition of
i1), so i1 € Fy/\F,. We conclude that |F,/| > |F,|. Therefore, the induction
hypothesis applies to ¢’ and ¢/ = 0903 - - - 04, a product of disjoint cycles.

Fix 1 < j <r and assume that ¢; appears in one of the cycles 09,03, ...,
o¢. Then it appears in precisely one of the cycles and, since disjoint cycles
commute, we may (and do) assume that it appears in o2. As we have seen,
o’ fixes i;, s0 i; = 0'(ij) = 02(ij). Thus o9 has length one.
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Therefore, 0 = o010’ = o0109---0; and, after removing any cycles of
length one in this product (a harmless act, since each such is the identity),
we are left with a product of disjoint cycles.

Next we turn to the uniqueness statement. Let

o=o0102---0¢ and o0 =pip2---ps

be two factorizations of o as a product of disjoint cycles. We argue again
by reverse induction on |F,|. If |F,;| = n, then o is the identity so that the
cycles o; and p; each have length one, and the uniqueness statement follows
(in light of the agreement to ignore cycles of length one).

Assume that |F,| < n. Then o(k) # k for some k. Now k must appear
in one of the o; and also in one of the p;. Since disjoint cycles commute, we
may (and do) assume that k appears in o1 and also in p;. For each positive
integer m we have

o1 (k) = o™ (k) = pi" (k).

In particular, since the length of o1 is characterized as the least positive
integer r for which o7 (k) = k, the cycle p; must also have this same length
r and

01 = (ka 0'1(]{),0'%(]{?), s 70{_1(k)) = (kapl(k)ap%(k)7 s 7p§_1(k)) = p1-
Put o’ = 07 'o and note that o’ = p; 'o as well. Then
o' =0903---0; and o = pap3---ps.

By an argument similar to that given in the first part of the proof, |F,/| >
|F,|, so the induction hypothesis applies to ¢’ and, after a relabeling to
reflect any rearrangement of factors or deletions of cycles of length one, we
have t = s (with the possibility that this common number is 1, implying no
factors at all) and o; = p; for all i. O

Although it is customary to suppress cycles of length one when expressing
an element of .S, as a product of cycles, there are times when it is convenient
not to do so. A complete factorization of ¢ € S, is a factorization
0 = 0102 - - - 04, where the ¢; are disjoint cycles and each 1 < k < n appears
in at least one (and hence precisely one) cycle o;.

For example, o = (1, 3,8)(2,7)(4,9,6)(5) is a complete factorization of
the permutation o defined at the first of the section.

It follows from the theorem that every element of S,, has a complete
factorization.

64



11.4 Permutation is product of transpositions

Let n be a positive integer. In the statement of the theorem, the case n =1
is included by allowing the possibility of a product with no factors, which
is interpreted to be the identity. (This is necessary since S; = {¢} has no
transpositions at all.)

THEOREM. Any element of S, can be written as a product of transpositions.

Proof. By Section 11.2 it suffices to show that every cycle can be written as
a product of transpositions. Let o = (i1,12,...,1,) be a cycle. We proceed
by induction on r. If » = 1, then o is the identity, which, according to our
convention, is a product of transpositions with no factors.

Assume that r > 1. We claim that (i1, i2)0 = o/, where o’ = (i9, i3, ..., 4,).
We have,
(i1,42)0(i1) = i1 = o' (41),
(i1,12)0 (i) = ia = o’ (ir),
(i1,12)0(ij) = ij31 = 0'(i5), 1<j<m,
(i1,12)0(k) =k =0o(k), k#i1,i2,...,0r,

so the claim is established. Now the cycle ¢’ has length r — 1, so the in-
duction hypothesis says that it is a product of transpositions. Therefore,
o = (i1,i2)0’ is a product of transpositions as well. O

The proof of the theorem provides an algorithm for writing a given el-
ement of S, as a product of transpositions: write as a product of disjoint
cycles and then write each cycle (i1, 2, ...,1,) as the product

(ilv iQ)(iQa i3)(i3a Z4) o (Z.T'fb 27')
of transpositions. For example,

1 23456789
<4 1 3 6 9 2 5 8 7>_(1747672)(5,9,7)

=(1,4)(4,6)(6,2)(5,9)(9,7).

It is important to note that an element of S,, can be written as a product
of transpositions in more than one way. For instance, if o = (1,2, 3), then

o=(1,2)(2,3),

o=(2,3)(1,3),
o=(1,3)(2,3)(1,2)(1,3),
o=(1,3)(2,3)(1,2)(1,3)(1,2)(1,2),



as is easily checked. However, in any two such factorizations the parity (i.e.,
even or odd) of the number of factors will always be the same (see Section
11.5).

11.5 Even permutation, odd permutation

Let n be a positive integer. An element of 5, is even if it can be written
as a product of an even number of transpositions. An element of S, is odd
if it can be written as a product of an odd number of transpositions.

By Theorem 11.4 an element of S, is either even or odd, but possibly both
for all we know at this point. Choosing to apply these terms to permutations
would be a bad idea if a permutation could be both even and odd. However,
this is not the case:

THEOREM. An element of S, is not both even and odd.

Proof. Let 0 € S,,. Let ¢ = o109---0¢ be a complete factorization of o
(11.2). Define N (o) = >, (length(o;) — 1) (well defined by the uniqueness
statement of 11.2). Let 1 < a,b < n with a # b. Any cycle in which a and
b appear can be written (a,cy,...,cp,b,d1,...,d;) (after applying a cyclic
permutation to the elements, if necessary). For such a cycle, a routine check
verifies the equation

(a,b)(a,c1,. .. cp,b,dy, ... dg) = (b,dy, ... dg)(a,c1,. .. cp).
Multiplying both sides of this equation by (a,b)™! = (a,b) gives

(a,b)(b,dy,...,dg)(a,c1,...,cn) = (a,c1y. .. cp,bydyy .. dy).
It follows from these equations that

N(o)—1, if a and b appear in the same o,
N(o)+1, otherwise.

N((a,b)o) = {

Indeed, assuming that a and b both appear in o; for some ¢, we may
(and do) assume that i = 1 (since disjoint cycles commute) and o7 =
(a,c1y. .. cpyb,dy, ..., dg), so that, writing o/ = o9 - - - 0y,

N((a,b)o) = N((a,b)o1) + N (o)

=k+h+ N(o)
= N(o1) — 1+ N(d')
= N(o) — 1,
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and similarly for the other case. In particular, N((a,b)o) and N (o) always
have opposite parities (i.e., if one is even, then the other is odd).

Let 0 = 719 -+ - 75 be a factorization of ¢ with each 7; a transposition.
Then 75751710 = €, 80 N(757s—1---110) = N(¢) = 0, which is an even
number. By repeated application of the observation above, we find that
N(o) is even or odd according as s is even or odd. This is to say that the
parity of the number s of factors in our factorization o = 79 --- 75 is the
same as the parity of the number N (o). Since this latter depends only on
o the proof is complete. O

11.6 Alternating group

Let n be an integer greater than 1. Let A, be the set of all even permutations
in Sp:
Ay, ={o € S,]|0is even}.

THEOREM.

(i) Ap < Sy,

(i) S0 Au| =2,
(iii) |An| = nl/2.

Proof. The function ¢ : S, — Zs given by

(o) 0, o even
g) =
4 1, o odd

is well defined by 11.5, it is an epimorphism (as is easily checked), and its
kernel is A,. Since kernels are normal subgroups, this proves (i). By the
first isomorphism theorem,

Sn/An = Sp/ker o = im @ = Zs.

Therefore, |S, : An| = |Sn/An| = |Z2] = 2, giving (ii). By Lagrange’s
theorem, |A,| = |Sn|/|Sn : An| = n!/2, which gives (iii) and completes the
proof. O

A, is the alternating group of degree n. We show in 14.6 that this group
is simple if n > 5.
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11.7 Conjugacy classes in the symmetric group

Let n be a positive integer and let 0 € S,,. Let 0 = o109 - - - 04 be a complete
factorization of o (11.2). Assume that the o; are ordered in nonincreasing
order according to length, so that i < j = length(o;) > length(o;). The
cycle structure of ¢ is the tuple

[length(oq),length(og), ..., length(oy)].
For example, the cycle structure of
o= (1,4)(2,3,8)(5,9) = (2,3,8)(1,4)(5,9)(6)(7) € S

is [3,2,2,1,1]. For the sake of brevity, exponential notation is often used to
indicate repeated entries, so this cycle structure is also written [3,22,12].

A partition of n is a nonincreasing sequence [a1, as, ..., a| of positive
integers with ) .a; = n. The cycle structure of an element of S, is an
example of a partition.

THEOREM.

(i) Two elements of Sy are conjugate if and only if they have the same
cycle structure.

(ii) There is a one-to-one correspondence between the set of conjugacy
classes of Sy, and the set of partitions of n defined by mapping a conju-
gacy class to the cycle structure of one (and hence all) of its elements.

Proof. (i) Let o and ¢’ be two elements of S,,. Assume that ¢’ is conjugate
to 0. Then ¢’ = o for some p € S,,. Let 0 = 0102 --- 04 be a factorization
of o as a product of disjoint cycles. We have

I _p_ PP p
o =of =oloy---0}.
. -1 . .
By Exercise 11-2, of = * 0; is a cycle having the same length as o;.

Therefore, o’ has the same cycle structure as o.

Now assume that o and o’ have the same cycle structure. Let o =
o109 - -+ 0 be a complete factorization o with factors in nonincreasing or-
der according to length and write o; = (ai1, a2, ..., air,). Then the cycle
structure of o is [ry,79,...,r4]. Since ¢’ has this cycle structure as well,
there is a complete factorization of o’ of the form o' = ojo}--- o}, with

/ /

o; = (ajy, ajy, - -, a;,. ). The formula p(a;;) = aj; defines an element p of S,.
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Using Exercise 11-2 again, we see that o = Po = o ', so o’ is conjugate
to o.
(ii) By part (i) the indicated map is well defined and injective. If a =

l[a1,az,...,a4] is a partition of n, then o = o102 - -0y, where o; is the a;-
cycle with jth entry j + Z;C_:ll ar, is an element of S,, with cycle structure
a, so the map is surjective as well. O

For example, the group S; has 5 conjugacy classes since the partitions
of 4 are [1%], [2,17], [2,2], [3, 1], and [4].

11 — Exercises

11-1 Let o be an element of S,, (n € N) and let ¢ = 0109---0; be a
decomposition of ¢ as a product of disjoint cycles. Prove that the order of
o is the least common multiple of the lengths of the cycles o;, 1 <17 < ¢.

11-2 Let p be an element of S,, (n € N) and let o = (i1,42,...,4,) € Sy
be an r-cycle. Prove that o = (p(i1), p(iz), . .., p(i;)), where Po := pop~L.

11-3 Let n be an integer greater than one. Prove that
Sp=1((1,2),(1,2,...,n)).

HiNT: Exercise 11-2.
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12 Group action

12.1 Definition

Let G be a group. A (left) G-set is a pair (5, - ), where S a set and - is a
function G x S — S, denoted by (g,s) — g - s (or just gs) satisfying

(i) e-s=sforall se S,
(ii) (gh)-s=g-(h-s)forall g,h e G, seS.

There is a corresponding notion of a right G-set.
Let (S, -) be a G-set. We say that G acts on S and call - the action.
When the action is clear from the context we just say S is a G-set.

12.2 Example: Natural action of symmetric group

Let X be a nonempty set. The symmetric group Sym(X) acts on X with
action given by o -z = o(x) (0 € Sym(X), x € X). This is the natural
action of Sym(X) on X.

12.3 Example: Left translation

Let G be a group. G acts on itself with action given by g-z = gz (g9,2 € G),
where the product on the right is the product of group elements. This action
is left translation.

Let H be a subgroup of G. G acts on the set {aH |a € G} of left cosets
of H with action given by ¢g-aH = (ga)H (g,a € G). This action is also
called left translation.

12.4 Example: Conjugation

Let G be a group. G acts on itself with action given by g-x = 9z (g,x € G),
where 92 = gxg~'. This action is conjugation. Conjugation of x by g as
defined in Section 6.1 defines a right action of G on itself: z-g = 29 = g 'ag
(9, € G). The two exponential notations for conjugation are related by
the formula 29 = 9 'z.

G acts on the set {H | H < G} of all subgroups of G with action given
by g- H=9H (g € G). This action is also called conjugation.
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12.5 Permutation representation

Let G be a group. A permutation representation of G is a homomor-
phism from G to a symmetric group Sym(S) (S, a set). The following the-
orem says that G-sets and permutation representations of GG are essentially
the same things.

THEOREM.

(i) If S is a G-set, then the map p: G — Sym(S) given by p(g)(s) =g - s
is a permutation representation of G.

(ii) If p : G — Sym(S) is a permutation representation of G, then S is a
G-set with the action given by g-s = p(g)(s) (g € G,s € 9).

Proof. We begin with a general observation. Let S be a set and let S°
denote the set of all functions from S to S viewed as a binary structure under
composition of functions. Let p: G — S% and G x S — S, (g,5) — ¢ - s, be
maps with p(g)(s) =¢-s for all g € G and s € S. For any ¢,h € G,

p(gh) = p(g)p(h) <= p(gh)(s) = [p(g)p(R)|(s) Vs€S
<= p(gh)(s) = p(g)(p(h)(s)) Vse€ S
< (gh)-s=g-(h-s) VseS.

Assume that S is a G-set under the given map (g, s) — g-s. Forall s € S,
we have p(e)(s) = e-s =s, so p(e) is the identity map € on S. Let g € G.
Using the above observation, we have p(g)p(g~!) = p(gg~!) = p(e) = € and
similarly p(¢~!)p(g) = e. Therefore, p(g) is a bijection and hence an element
of Sym(S). This shows that p : G — Sym(S) is well defined. By the above
observation, p is a homomorphism, and hence a permutation representation
of G. This proves (i).

Now assume that the given p is a permutation representation. Then, for
all s € S we have e-s = p(e)(s) = €(s) = s, so the first property of a G-set is
satisfied. By the above observation, the second property is satisfied as well.
This proves (ii). O

In (i), p is the permutation representation of G afforded by the G-set
S. In (ii), S is the G-set affording the permutation representation p.

12.6 Cayley’s Theorem

THEOREM (Cayley). Every group is isomorphic to a subgroup of a symmetric
group.

71



Proof. Let G be a group. View the set G as a G-set with the action being
left translation and let p : G — Sym(G) be the permutation representation
afforded by this G-set. If g is in the kernel of p, then e = £(e) = p(g)(e) =
ge = g. Therefore, the kernel of p is trivial, which implies that p is injective.
We conclude that G is isomorphic to im p, which is a subgroup of Sym(G).

O

12.7 Orbit
Let G be a group and let S be a G-set. For s and ¢ in S put

s~t < s=g-tfor some g € G.
THEOREM.
(i) ~ is an equivalence relation on S.

(ii) Forse€ S, we haves = G-s ={g-s|g € G}, where 5 is the equivalence
class of s relative to ~.

(i) {G-s|s e S} is a partition of S.

Proof. (i) If s € S, then s =e-s, so s ~ s and ~ is reflexive. Let s,t € §
and assume that s ~t. Then s = g - t for some g € G. We have

t=e-t=(g"'g)-t=g" (g-t)=9g"""5,

so that ¢t ~ s. Therefore, ~ is symmetric. Let s,t,u € S and assume that
s~tandt~wu. Then s=g¢g-tand t = h-u for some g,h € G. We have

so that s ~ u. Therefore, ~ is transitive. This proves that ~ is an equiva-
lence relation.
(ii) Let s,t € S. We have

tes < t~s < t=g-sforsomege G < tcG-s,

and the claim follows.

(iii) This is immediate from (ii) and the fact that given any equivalence
relation on a set, the collection of equivalence classes forms a partition of
the set. O

For s € S, the set 5 = G - s is the orbit of s under the action of G.
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12.8 Example: Orbits of a permutation

Let n be a positive integer and let ¢ € S,. Put G = (o) and S =
{1,2,...,n}. Then S is a G-set relative to the natural action. Let

g = (i117i127 ce. )ilrl)(i21)i227 .. 7i2T2) te (itluit27' . 'ait’rt)

be a complete factorization of o (see 11.2). The orbits in S under the action
of G are the sets

{ill,ilg, . ,ilrl}, {igl,igg, - ,igrz},. cey {itl,itg, R ,itrt}.

For example, if o = (1,4,6,2)(5,9,7) € Sg, then o = (1,4,6,2)(5,9,7)(3)(8)
is a complete factorization of o and the orbits are

{1,4,6,2},{5,9,7},{3},{8}.

12.9 Stabilizer
Let G be a group and let S be a G-set. For s € S define
Gs={9eGlg-s=s},

the stabilizer of s.
THEOREM.

(i) G is a subgroup of G for each s € S.

(ii) |8| = |G : Gg| for each s € S.

(iii) If S is finite, then |S| = >_i" | |G : Gs,|, where 51,52,...,5, are the

distinct orbits in S.

Proof. (i) Let s € S. Since e-s = s, we have e € G5. Let g,h € G5. Then
(gh)-s=g-(h-s)=g-s=3s,50gh€Gs. Alsogl-s=g1 (g-5)=
(g7'g)-s=e-s5s=s5,50 g~ € Gs. Therefore, G, is a subgroup of G.

(ii) Let s € S and let C be the set of left cosets of G5 in G. Define
f:C—G-sby f(gGs) =g-s. For g,h € G,

gGs =hG, — g 'heGy, — g lh-s=5 < g-s=h-s,

so f is well defined and injective. It is immediate that f is surjective.
Therefore, f is bijective, whence |5| = |G - s| = |C| = |G : G4.

(iii) This is immediate from (ii) and the fact that S is the disjoint union
of the orbits 3;. O
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12.10 Example: Coset is orbit

Let G be a finite group and let H be a subgroup of G. View G as an H-set
relative to left translation. The orbit of a € G is a = Ha, the right coset of
H determined by a. So the distinct orbits are the distinct right cosets, say,
Hay,Hao,...,Ha,. Note that for each i, the stabilizer H,, is the trivial
subgroup {e}. By Theorem 12.9(iii), we have

n n
G| =) |H:H,| =) |H|=n|H|=|G: H|H|,
=1 =1

which is Lagrange’s Theorem (5.9) in the special case of finite G.

12.11 Class equation

Let G be a finite group. Recall that the center of G is Z(G) = {x € G| gz =
xg for all g € G}. Let Z1,Z2,...,Z, be the distinct conjugacy classes of G
not contained in the center.

THEOREM (Class equation).

Gl =12(G)| + |G : Calas)l.

=1

Proof. View the set G as a G-set with the action being conjugation. The
orbit of z € G under this action is G - x = “x, which is precisely the
conjugacy class x. For each z,g € G,

gEG, «= g x=12 + Yr =0 < grg ' =2
— g =gr < g€ Cg(z),
so that G, = Cg(z). If z € Z(G), then the orbit of x is the singleton set
{z} and G, = Cg(z) = G. Since the orbits in G are {z}, x € Z(G), and Z;,
1 <14 < n, Section 12.9 gives

Gl= Y |G: G|+ |G: Gyl =12(G) + ) |G : Co(wi),

z€Z(Q) i=1 i=1

as claimed. O

74



12 — Exercises

12-1 Let G be a group of odd order and let ¢ € GG. Prove that if g is
conjugate to g_l, then g =e.

HinT: Consider an orbit under the action of conjugation.

122 Let X be a set and let n be a positive integer. For ¢ € S, and
T = (21,22,...,7,) € X" define 0z = (T,-1(1), To-1(2)s - - - s Tg—1(r) ). PrOVE
that X™ is an S,-set with this action. (S, is said to act on X" by place
permutation.)

12-3 Let G be a group and assume that G has an element that has pre-
cisely one conjugate other than itself. Prove that G is not simple.

12—4 Let G be a group and let S be a G-set. Assume that for each pair
s,t € S there exists g € G such that g-s =t (the action of G on § is said to
be transitive). Prove that the one-point stabilizers form a single conjugacy
class. More precisely, prove that for any s € S, one has Gy = {G, | t € S},
where G5 denotes the orbit of G5 under the (left) conjugacy action of G on
the set of its subsets.
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13 p-Group

13.1 Definition

Let p be a prime number. A finite group G is a p-group if its order is a
power of p, that is, if there exists a nonnegative integer n such that |G| = p™.

(There is a more general notion of p-group that does not require the
group to be finite (see Section 13.5) and, since some of the statements about
p-groups made below fail to hold if the group is infinite, we have considered
it prudent to insert the word “finite” in those cases.)

13.2 Fixed points of p-group action

Let p be a prime number, let G be a (finite) p-group, and let S be a finite
G-set. Define
So={s€S|g-s=sforall ge G},

the set of fixed points of S under the action of G.
THEOREM. |Sp| = |S| mod p.

Proof. By assumption, |G| = p™ for some nonnegative integer n. The set
Sp is precisely the union of the singleton orbits of S under the action of
G. Let §1,89,...,8, be the orbits of S not contained in Sy. For each 1,
|G : Gs,;] = 15i| > 1 and, since |G : G| is a divisor of |G| = p", we conclude
that p| |G : Gs,|. By Section 12.9,

S| =[S0l + D _1G : Gy, | = [So| mod p,

)

and the proof is complete. O

13.3 Center of nontrivial p-group is nontrivial

Let p be a prime number and let G be a (finite) p-group. Recall that Z(G)
denotes the center of G.

THEOREM. If H is a nontrivial normal subgroup of G, then H N Z(G) is
nontrivial. In particular, if G is nontrivial, then Z(QG) is nontrivial.
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Proof. Let H be a nontrivial normal subgroup of G. By Lagrange’s theorem
and the fact that G is a p-group, we have |H| = p” for some positive integer
n. Now G acts on S = H by conjugation and, in the notation of Section
13.2, So = H N Z(G). By the theorem of that section,

[HNZ(G)| = |So| =S| = |H|=0 mod p,

so H N Z(G) has at least p elements and is therefore nontrivial. Putting
H = (G gives the second statement. O

The second statement also follows directly from the class equation (12.11).

13.4 Cauchy’s theorem
Let G be a finite group and let p be a prime number.

THEOREM (Cauchy). If p divides the order of G, then G has an element of
order p.

Proof. (This proof is due to J. H. McKay.) Assume that p divides the order
of G. By Exercise 12-2, the symmetric group S, acts on the set GP by
place permutation and hence so does the subgroup H = (o) of S, where
oc=(1,2,...,p).

We claim that the subset

S ={(a1,a2,...,ap) € G’ |ajaz---a, =€}

of GP is closed under the action of H. If a = (a1, az,...,ap) € S, then

1_ -1 _
= apea, =e,

apa1asg - ap—1 = ap(a1az - - ap_1ap)a, o

p

80 0a = (Ag-1(1), - -+ Ao-1(p)) = (ap,a1,02,...,ap-1) € S. Since H is gener-
ated by o, the claim follows and S is an H-set.

The tuple (a1,a2,...,a,) is in S if and only if a, = (a1az - 'ap_l)_l,
so the map S — GP~1 given by (a1,as,...,a,) + (a1,az,...,ap-1) is a
bijection.

Applying Section 13.2 to the H-set S (valid since |H| = p), we get

1So| = |S| = |GP"' =0 mod p.

Now Sp = {(z,x,...,x) € GP| 2P = e}. Since this set contains (e,e,...,e),
it is nonempty, and it therefore has at least p elements by the above con-
gruence. In particular, Sy contains some tuple (z,z,...,x) with a # e, and
x is the desired element of order p. O
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Recall that Lagrange’s theorem says that if H is a subgroup of G, then
its order divides the order of G. The (full) converse of Lagrange’s theorem
would read “If the natural number n divides the order of GG, then G has a
subgroup of order n.” This statement does not hold in general. However,
according to Cauchy’s theorem, if n is prime, then the statement is true
(since the element of order n guaranteed by the theorem generates a sub-
group of order n). Because of this, Cauchy’s theorem can be viewed as a
partial converse to Lagrange’s theorem.

13.5 Element characterization of p-group

Let G be a finite group and let p be a prime number. To say an element ¢
of G has order a power of p is to say that there exists a nonnegative integer
n such that o(g) = p".

THEOREM. The group G is a p-group if and only if every element of G has
order a power of p.

Proof. Assume that G is a p-group so that |G| = p" for some nonnega-
tive integer n. Let g € G. By a corollary of Lagrange’s theorem (5.10),
o(g9) | |G| = p™, so g has order a power of p.

Assume that every element of G has order a power of p. Let g be an
arbitrary prime divisor of |G|. By Cauchy’s theorem (13.4), G has an ele-
ment of order ¢g. But, by our assumption, this order must be a power of p.
Therefore, ¢ = p. It follows that |G| is a power of p. O

In the literature a (not necessarily finite) group is called a p-group if each
of its elements has order a power of p. According to the present theorem, this
is in agreement with our definition of p-group in the case where the group
is finite. It should be emphasized that several properties of finite p-groups,
including Theorems 13.3 and 13.6, fail to hold for infinite p-groups.

13.6 Normalizer of p-subgroup

Let G be a finite group, let p be a prime number, and let H be a p-subgroup
of G (meaning, H is a subgroup of G and H is a p-group).

THEOREM.
(i) |Ng(H): H| = |G : H| mod p.
(ii) If p divides |G : H|, then Ng(H) # H.
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(iii) If G is a p-group and H # G, then Ng(H) # H.

There is an argument in the proof that we will need in the next section
as well, so we separate it out in the form of a lemma (and state it in general
enough terms to handle both applications). In the statement, Sy is as defined
in Section 13.2. The proof is Exercise 13—4.

LEMMA. Let G be a group and let H and K be subgroups of G. Let S =
{gK | g € G}, the set of all left cosets of K in G. Regard S as an H -set with
the action being left translation: h-gK = hgK (h € H, gK € S). Then
So={g9K|9K D H}.

Now we prove the theorem.

Proof. (i) View the set S = {gH |g € G} of all left cosets of H in G as an
H-set by left translation. By the above lemma (with K = H), we have

So={gH € S|9HDOH}={gH € S|g€ Ng(H)} = N¢(H)/H,
where Sy is as in Section 13.2. By that same section,
|Na(H) : H| = |[No(H)/H| = |So| = [S| = |G : H] mod p,

as claimed.

(ii) Assume that p divides |G : H|. By part (i), p divides |[Ng(H) : H|.
Since |[Ng(H) : H| is not zero, it must be at least p. Therefore, Ng(H) # H.

(iii) Assume that G is a p-group and H # G. By Lagrange’s theorem,
|G : H| is a divisor of |G| and is therefore a power of p. Since H # G,

this power of p is not p°. Hence, p divides |G : H| and part (ii) gives
Ne(H) # H. 0

13 — Exercises

13-1 Prove that a group of order p?, with p prime, is abelian.

HiNT: Exercise 7-2.

13—2 Let G be a nontrivial finite group and let p be the smallest prime
divisor of the order of G. Prove that if H is a subgroup of G of index p,
then H is normal.

HINT: Assume otherwise and let G and H be a counterexample with |G| as
small as possible. Since H is not normal, it has a conjugate K with K # H.
Use Exercise 5-1 to prove that |[K : KN H| =pand |[H : HN K| = p.
Conclude that HN K <G and |G : HN K| = p? and derive a contradiction.
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13—-3 Use the proof of Cauchy’s theorem (13.4) to establish Fermat’s (lit-
tle) theorem: If p is a prime number, then n? = n (mod p) for every integer
n.

HINT: First assume that p does not divide n and prove that nP~! = 1
(mod p) by letting G be Z,, (or indeed any group of order n) in the proof of
Cauchy’s theorem.

13-4 Let G be a group and let H and K be subgroups of G. Let S =
{9K | g € G}, the set of all left cosets of K in G. Regard S as an H-set with
the action being left translation: h-gK = hgK (h € H, gK € S). Prove
that So = {gK € S |9K D H}, where Sy is as defined in Section 13.2.
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14 Sylow theorems

14.1 Definition

Let G be a finite group and let p be a prime number. A Sylow p-subgroup
of G is a subgroup of G of order p”, where p™ is the greatest power of p that
divides the order of G.

e Let G = Zys. Then |G| =223, so

(3) ={0,3,6,9} is a Sylow 2-subgroup,
(4) ={0,4, 8} is a Sylow 3-subgroup,

and {0} is a Sylow p-subgroup if p # 2, 3.

By Lagrange’s theorem, a Sylow p-subgroup of G is necessarily a maximal
p-subgroup of G (meaning, not properly contained in another p-subgroup of
Q).

Denote by Syl,(G) the set of all Sylow p-subgroups of G. Although it is
not immediate that Syl,(G) is nonempty, this is in fact the case, as is shown
in Section 14.2.

14.2 Sylow existence theorem

Let G be a finite group and let p be a prime number. Let p™ be the greatest
power of p that divides the order of G. Then |G| = p™m for some m € N
with p ¥ m.

THEOREM (Sylow existence theorem). G has a Sylow p-subgroup. In fact,
for each 0 < i < n, there exists a subgroup of G of order p', and each

subgroup of order p'~' is normal in some subgroup of order p'.

Proof. The case i = n of the second statement shows that G has a Sylow
p-subgroup, so it suffices to prove the second statement, and this we do by
induction on 4. If i = 0, then {e} is a subgroup of order p’, and there is no
subgroup of order p'~!, so the second part is vacuously true.

Let 0 < ¢ < n. By the induction hypothesis, G has a subgroup of order
p'~!. Let H be an arbitrary such subgroup. We have H < Ng(H) and

INo(H)/H| = |Ng(H) : H = |G : H =p" "'m =0 mod p,
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by Section 13.6. Therefore, by Cauchy’s theorem (13.4), the group N (H)/H
contains an element of order p and hence a subgroup A of order p.

Put H; = 7 Y(A), where 7 : Ng(H) — Ng(H)/H is the canonical
epimorphism. Then H; is a subgroup of Ng(H) (and hence a subgroup of
G) and it contains H. Since H is normal in Ng(H) it is normal in H; as
well. Moreover, Hi/H = A by the Correspondence theorem (9.6), so

|Hi| = |Hy : H||H| =p-p"~ ! =7,

and the proof is complete. O

14.3 Sylow conjugacy theorem

Let G be a finite group and let p be a prime number. G acts on the set of
its subsets by conjugation:

g-S=95 (ge€G,SCQq).

Let P € Syl,(G). Denote by P the orbit of P with respect to this action, so
that P ={9P|g € G}.

THEOREM (Sylow conjugacy theorem).
(i) If H is a p-subgroup of G, then 9P 2O H for some g € G.
(i) P =Syl (G).

Proof. (i) Let H be a p-subgroup of G. Let S = {gP|g € G}, the set of
all left cosets of P in G. This set is an H-set with the action being left
translation. By Lemma 13.6, (with K = P), we have Sy = {gP € S|9P D
H}, where Sp is as in Section 13.2. By that same section, |Sp| = |S| # 0
mod p, so Sy is nonempty. Hence, there exists g € G such that 9P DO H.

(ii) Every conjugate of P has the same order as P and is therefore a
Sylow p-subgroup of G. This gives the inclusion P C Syl,(G).

If @ € Syl,(G), then part (i) with H = Q gives g € G with 9P 2 Q. Since
both of these sets have the same cardinality, we get Q = 9P € P. Therefore,
Syl,(G) € P. With the earlier inclusion we get the desired equality. O

Part (ii) of the theorem says that a conjugate of a Sylow p-subgroup is
a Sylow p-subgroup and that any Sylow p-subgroup is conjugate to every
other Sylow p-subgroup.

Since a conjugate of a Sylow p-subgroup is a Sylow p-subgroup, part (i)
implies that every p-subgroup of G is contained in a Sylow p-subgroup.

If there is only one Sylow p-subgroup P, then P = SylL,(G) = {P}
implying that P is normal.
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14.4 Sylow number theorem

Let G be a finite group and let p be a prime number. Let p™ be the greatest
power of p that divides the order of G so that |G| = p"m with p { m. The
factor p" is the p-part of |G| and the factor m is the p’-part of |G].

The following theorem says that the number of Sylow p-subgroups of G
is a divisor of the p’-part of |G| and that it is congruent to one modulo p.

THEOREM (Sylow number theorem).
(1) ISyL,(G)| divides |G|/p".
(ii) |Syl,(G)|=1 mod p.

Proof. (i) According to the Sylow conjugacy theorem (14.3) the set Syl,(G)
of Sylow p-subgroups is an orbit, say Syl,(G) = P, relative to the action of
G on its subsets by conjugation. The stabilizer Gp of P contains P, so

|G : P|

—||G: P| = |G|/p",
WL\ pi= (61

ISYL(G)| = |P| = |G : G| =
as claimed.

(ii) Retaining the notation of the last paragraph, view S = P as a P-set
by restricting the action.

We claim that Sy = {P}, where Sy is as in Section 13.2. Since a - P =
*P = P for all a € P, we have {P} C Sy. Let QQ € Sp. We have *Q =a-Q =
Q foralla € P,so P C Ng(Q). As a consequence of Lagrange’s theorem, p"
is the greatest power of p that divides the order of Ng(Q), and, since P and
Q@ both have order p™, they are both Sylow p-subgroups of Ng(Q). By the
Sylow conjugacy theorem (14.3) @ = 9Q = P € {P} for some g € Ng(Q).
Therefore, Sy C {P} and the claim is established.

By Section 13.2,

|SyL,(G)| = |P| = |S| = |So| = [{P}| =1 mod p,

as claimed. ]

14.5 Example: Group of order 28 not simple

Let G be a group of order 28. By Theorem 14.4(i), the number | Syl;(G)| of
Sylow 7-subgroups of G divides |G|/7 = 4 and is therefore 1, 2, or 4. But
by (ii) of the same theorem, this number is also congruent to 1 modulo 7
eliminating the possibilities 2 and 4. Therefore, G has exactly one Sylow
7-subgroup. This subgroup is normal by Section 14.3, and it is nontrivial
and proper since its order is 7. Therefore, G is not simple.
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14.6 Alternating group is simple

The proof we give here of the simplicity of the alternating group relies heavily
on the theory of group actions and on Sylow theory; it provides a nice
illustration of the power of these theories.

THEOREM. The alternating group A, is simple for n > 5.

Proof. The proof is by induction on n > 5. Put G = A,, and first assume
that n = 5. Let N be a nontrivial normal subgroup of G. We need to show
that N = G.

We first argue that || is divisible by either 3 or 5. Suppose otherwise.
Then, since |G| = 5!/2 = 60 = 22 - 3 - 5, it follows from Lagrange’s theorem
that |N| is either 2 or 4.

Suppose that |[N| = 2. Then N = {¢,0} with o an element of order 2.
The cycle structure of o is [22,1], so o fixes some s € {1,2,3,4,5} =: S,
whence N C G, where Gy is the stabilizer of s relative to the natural action
of G on S. Since N is normal, it is contained in each conjugate of G5 and
therefore in each one-point stabilizer Gy (t € S) by Exercise 12-4. (This
exercise applies since G contains the element (1,2,3,4,5) and hence each
power of this element so the action of G on S is transitive.) But this implies
that o fixes each element of S, so that o = ¢, a contradiction.

Therefore, |[N| = 4 and N is a Sylow 2-subgroup of G. Since N is normal,
it contains every 2-subgroup of G (see 14.3) and hence every element with
cycle structure [22,1]. There are more than 4 such elements (in fact, 15
such), so this is a contradiction.

This establishes the claim that |N| is divisible by either 3 or 5. Suppose
that |N| is divisible by 3. Then N contains a Sylow 3-subgroup of G. By
the Sylow conjugacy theorem (14.3), N contains every Sylow 3-subgroup of
G and hence every 3-cycle, of which there are 20. Now NV also contains the
identity, so its order is at least 21. Since the order of N divides the order
of G, this forces |N| to be either 30 or 60. In either case, |N| is divisible by
5. Thus, N contains a Sylow 5-subgroup of G and hence every 5-cycle, of
which there are 24. We conclude that |N| = 60, so that N = G as desired.
The case |N| divisible by 5 is handled similarly.

Now assume that n > 5 and let N be a nontrivial normal subgroup
of G. There exists ¢ € N with ¢ # . By relabeling the elements of
S ={1,2,...,n} if necessary we may (and do) assume that the complete fac-
torization of o begins (1,2)(3,4)---or (1,2,3,...)---. Put p=(3,5,6) € G.
Using Exercise 11-2, we see that o equals (1,2)(5,4)--- or (1,2,5,...) -,
respectively. In either case, Po # o and 0~ ! - Po € N fixes the element 1.
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By the preceding paragraph, N N G1 # {¢}. Now G; is isomorphic
to A,_1, which is simple by the induction hypothesis. Since N N Gy is
a nontrivial normal subgroup of Gy, it follows that N contains G; and
hence every conjugate of G;. By Exercise 12-4, N contains every one-point
stabilizer G5 (s € S). (The exercise applies since A4,, contains (1,2,...,n) if
n is odd and both (1,2,...,n—1) and (2,3, ...,n) if n is even.) The product
of any two transpositions moves at most four elements and hence lies in G
for some s. Since the set of all such products, a subset of N, generates G,
we conclude that N = G. This completes the proof. O

14 — Exercises

14-1 Let G be a group, let H be a finite normal subgroup of G, let p
be a prime number, and let P be a Sylow p-subgroup of H. Prove that
G = HNg(P).

HinT: Let ¢ € G. Consider 9P in light of the Sylow conjugacy theorem
(14.3).

14—2 Let P be a Sylow 2-subgroup of the symmetric group Sg. Prove that
P= Dg X Zis.

HinT: {1,2,3,4,5,6} = {1,2,3,4} U {5,6}.

14-3 Let G be a finite group, let p be a prime number, and let P be a
Sylow p-subgroup of G. Prove that Ng(Ng(P)) = Na(P).

14—4 Prove that a group of order 12 is not simple.

14-5 Let G be a simple group of order 168. Find the number of elements
of G that have order 7.
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15 Category

15.1 Definition

A category C consists of the following;:
e a class obj(C) of objects;
e a class mor(C) of morphisms;

e two functions s, : mor(C) — obj(C), such that for every pair (A, B)
of objects, the class mor(A, B) of all morphisms f with source s(f)
equal to A and target ¢(f) equal to B is a set (for such an f we write

f:A—> Bor A i) B and say f is a morphism from A to B);

e a function mor(A, B) x mor(B,C) — mor(A4,C) for each triple
(A, B,C) of objects, denoted by (f,g) — g o f, the composition
of f and g;

satisfying two axioms:
(i) if A L B4 D are morphisms, then ho(go f) = (hog)o f,

(ii) for each object A there exists a morphism 14 : A — A such that for
any morphisms f : A - B and g: B — A we have foly = f and
lyog=y.

Part (i) is the associative property of morphisms. A morphism 14 as in
(ii) is unique (same proof as that for uniqueness of group identity). It is the
identity morphism of the object A.

15.2 Examples

e Set denotes the category of sets. The object class is the class of all sets.
The morphisms are functions (maps) between sets and composition
of morphisms is usual function composition. The identity morphism
of an object is the identity function on that set which sends each
element to itself. (In the remaining examples, composition and identity
morphisms are as defined here unless stated otherwise.)

e Grp denotes the category of groups. The object class is the class of
all groups. The morphisms are homomorphisms between groups.
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Ab denotes the category of abelian groups. The object class is the class
of all abelian groups. The morphisms are homomorphisms between
abelian groups.

Vecr denotes the category of vector spaces over the field F' (for ex-
ample, ' = R). The object class is the class of all vector spaces over
F'. The morphisms are linear transformations between vector spaces.

Top denotes the category of topological spaces. The object class is the
class of all topological spaces. The morphisms are continuous maps
between spaces.

Q-Grp denotes the category of Q2-groups with (2 a set. The object class
is the class of all Q2-groups. The morphisms are 2-homomorphisms
between (2-groups.

G-Set denotes the category of G-sets with G a group. The object
class is the class of all G-sets. The morphisms are G-maps between
G-sets. (A G-map from a G-set S to a G-set T is a function f : S — T
satisfying f(g-s) =g f(s) forallg e G, s € S.)

PO(S) denotes the category associated with the partially ordered set
S (S has an order < that is reflexive, transitive and antisymmetric,
this last term meaning s < ¢,t < s = s = t). The object class is the
set of elements of S (so obj(PO(S)) = S). For objects s and ¢

{s 2t} ifs=t,
0 if s A ¢,

where {s < t} is interpreted as a singleton set with the indicated
string of characters as its sole element. For morphisms f = s <t and
g =t < u the composition g o f is s < u (well-defined by transitivity
of <). The identity morphism of the object s is s < s (well-defined
by reflexivity of <). (Note that antisymmetry is not required for this
construction.)

mor(s,t) = {

C(G) denotes the category associated with the group G. The object
class is a singleton set {-}. The morphisms are the elements of the
group G (so mor(C(G)) = mor(-, -) = G ). For morphisms g,h : - — -
the composition h o g is the product hg of the group elements. The
identity morphism (for the sole object -) is the identity element e of
the group G. (Note that the existence of inverses in the group is not
required for this construction.)
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15.3 Equivalence

Let ¢ : G — G’ be a group homomorphism, that is, a morphism in the cat-
egory Grp. A check to see whether ¢ is an isomorphism requires—using the
current definition (8.1)—an inspection of group elements to see whether ¢ is
bijective (i.e., injective and surjective). This makes the definition unsuit-
able for the category setting since in Grp one has available only objects and
morphisms. The following characterization of group isomorphism remedies
this problem since it uses only category-theoretic notions. It also provides
a model for an appropriate generalization of isomorphism to an arbitrary
category.

THEOREM. The homomorphism ¢ : G — G’ is an isomorphism if and only
if there exists a homomorphism ¢ : G' — G such that ¢ o o = 1g and

potp=1lg.

Proof. Assume that ¢ is an isomorphism. Define ¢ : G’ — G by ¢¥(¢') = g,
where g € G satisfies ¢(g) = ¢’. (Since ¢ is surjective, there exists at least
one such g; since ¢ is injective, there exists at most one such g. Therefore,
1 is well defined.) It is immediate from the definition of ¢ that ¢ o ¢ = 1¢4
and po1) = 1g. For ¢', )/ € G’ we have

e((g'h") = g'h'" = p((g) e (h) = p(¥(g )Y (h"),

and, since ¢ is injective, we get ¥(g'h') = ¥(g’)(R), implying that 1 is a
homomorphism.
Now assume that there exists a homomorphism ¢ : G’ — G such that

Yop=1gand o) =1g. If p(g9) = w(h) (g,h € G), then

implying that ¢ is injective. If ¢’ € G’, then 9(¢') € G and ¢(¥(¢')) =
1 (g') = ¢, so p is surjective as well. Therefore ¢ is an isomorphism. This
completes the proof. O

Let C be a category. A morphism f: A — B in C is an equivalence if
there exists a morphism g : B —+ A such that go f =14 and fog=1g5. In
this case, such a ¢ is an inverse of f.

Two objects A and B of a category are equivalent, written A =2 B, if
there exists an equivalence from one to the other. The property of being
equivalent is (not surprisingly) an equivalence relation on the object class
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of the category and each cell of the corresponding partition consists of ob-
jects that are identical to each other in regard to how they relate through
morphisms to other objects in the category.

In the category Set, an equivalence is the same as a bijection. In the
categories Grp, Vecr, )-Grp, and G-Set, an equivalence is the same as a
bijective morphism (called an isomorphism in each case). In Top, an equiv-
alence is a homeomorphism, which is not the same as a bijective morphism
(e.g., the identity function R — R is bijective and continuous if the first R
has the discrete topology and the second has the usual topology, but it is not
a homeomorphism). The equivalences in PO(S) are precisely the identity
morphisms s < s (due to antisymmetry) and in C(G) every morphism is an
equivalence.

15.4 Motivation for definition of product

If category theory is to be of use in the study of groups there needs to
be a way to identify standard constructions by just looking at objects and
morphisms. For instance, given two groups, G; and G2, we seek a way of
singling out among all of the objects of Grp the one we called the direct
product P of G} and Gy (i.e., P = G x Gg) by just looking at how objects
and morphisms relate to G1 and Go.

The first thing we note is that there are two very natural homomorphisms
m : P — Gp and my : P — G2 (namely, the ones given by m1((g1,92)) = ¢1
and m2((g1, 92)) = g2). Next, we note that if G is any group that also admits
homomorphisms f; : G — G; (i = 1,2), then there exists one and only one
way to define a homomorphism f : G — P such that m; o f = f; (i = 1,2).
(Suppose such an f does exist. Let g € G and write f(g) = (g91,92). Then

g1 = m1((91,92)) = m1(f(g)) = (710 f)(g) = f1(9),

and similarly g2 = fa(g), so f is forced to satisfy f(g) = (f1(g9), f2(g)). One
easily checks that f so defined is indeed a homomorphism.)

So we have identified features of the direct product that can be expressed
entirely in terms of morphisms and objects. It turns out that these features
uniquely determine P (up to isomorphism) as we will see once we generalize
what we have so far to an arbitrary category and an arbitrary family of
objects.

15.5 Product

Let C be a category and let {4;};cr be a family of objects of C. A product
of the family is a pair (P, {m;}), where P is an object and m; : P — A;, i € I,
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are morphisms having the property that if A is any object and f; : A — A;,
i € I, are any morphisms, then there exists a unique morphism f : A — P
such that m; o f = f; for all i € I.

Products are unique up to equivalence in the following strong sense.

THEOREM. Let (P,{m;}) and (P',{m,}) be products of the family {A;}icr.
There exists a unique equivalence f : P — P’ such that w,o f = m; for all i.
In particular, P = P'.

Proof. Since (P, {m;}) is a product of the family, putting (A4, {f;}) = (P, {7.})
in the definition, we get a unique morphism g : P’ — P such that m;0g = =,
for all 4. Similarly, since (P’,{7.}) is a product of the family, putting
(A, {f:}) = (P,{m;}) in the definition, we get a unique morphism f : P — P’
such that 7)o f = m; for all i. Combining, we find that go f : P — P satisfies

mio(gof)=(mog)of=mof=m

for all i. But also 1p : P — P satisfies m; o 1p = m; for all i. Using the
uniqueness statement in the definition of product, this time with (P, {m;})
as the product and (A, {f;}) = (P, {m}), we conclude that go f = 1p.

A similar argument yields f o g = 1p/. Thus f is an equivalence and
P = P'. The uniqueness claim follows from the fact that f : P — P’ is the
unique morphism satisfying =/ o f = m; for all 7. O

Warning: The theorem says only that if two products exist, then they must
be equivalent; it does not address the issue of existence. In fact, there are
categories and families of objects for which no product exists. For instance,
if S = {s,t} and one defines a relation < on S by declaring only s < s and
t < t, then the family {s, ¢} in the category PO(.S) has no product (s cannot
be the object part of a product since there is no morphism s — t to play
the role of 7, and similarly for ¢). There are less trivial examples as well.

If a product of the family {A;};cr exists, its object part (or rather the
equivalence class of its object part) is denoted I—lie 1 Ai (or Ay AM---MA,
if I={1,2,...,n}).

In the categories Set, Vecp, :-Grp, G-Set, and Top, a product of two
objects is obtained, much as we did for Grp, by forming their Cartesian
product (endowed with the relevant structure in a natural way) and using
for {m;} the maps defined above. In 16.1, by generalizing the construction
of a direct product of two groups, it is shown that a product exists for any
family of objects in the category Grp.
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15.6 Coproduct

A nice thing about the category point of view is that every construction
involving morphisms, which we think of as arrows, can be dualized simply
by reversing the direction of the arrows. If one construction is useful, then
one expects its dual construction to be useful as well.

The dual of a product is called a “coproduct.” (This follows the custom
in the naming of dual constructions of prefixing co- to the name of the
original construction.)

Let C be a category and let {A;}icr be a family of objects of C. A
coproduct of the family is a pair (C,{:;}), where C' is an object and ¢; :
A; — C, i € I, are morphisms having the property that if A is any object
and f; : A; = A, i € I, are any morphisms, then there exists a unique
morphism f : C' — A such that fo; = f; forall i € I.

One obtains a proof of the uniqueness of a coproduct by “turning the
arrows around” in the proof of the corresponding theorem about products.

THEOREM. Let (C,{u;}) and (C',{i}}) be coproducts of the family {A;}icr.
There exists a unique equivalence f : C — C" such that f o, = f; for alli.
In particular, C = C".

If a coproduct of the family {A4;};cr exists, its object part (or rather the
equivalence class of its object part) is denoted | |;c; A; (or A1 UAzLI---UA,
if I={1,2,...,n}).

In the categories Set, G-Set, and Top, a coproduct of two objects is
obtained by forming their disjoint union (see 15.7), with the maps ¢; and
to2 taken to be the inclusion maps. In Vecr and Ab the direct product
(together with the natural injection maps) is a coproduct of two objects; in
general the direct sum is a coproduct of a family of objects (see 16.2).

In the category Grp (and similarly for Q-Grp), a coproduct of two
objects G1 and (GG9 exists and is called their free product, denoted G * Go.
Here is a rough description of this group. First, it is assumed that the sets
G and Gq are disjoint (which can be arranged for by a simple renaming of
elements if necessary). As a set, Gy * G consists of all “reduced words,”
which are formal strings z1z9-- -z, (n > 0, x; € G1 U G2) where no factor
is an identity and no adjacent factors lie in the same group. The product of
two reduced words is defined to be juxtaposition followed by reduction: if
the factors on the joined ends lie in the same group, they are multiplied; if
that product is the identity, then it is removed; if this leaves adjacent factors
in the same group then they are multiplied; if that product is the identity,
then it is removed; this process is repeated until a reduced word is obtained.
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For i € {1,2} the map ¢; : G; — G1 * G2 sends an element of G; to itself
regarded as a word with a single factor.

15.7 Example: Coproduct of sets is disjoint union

Let S7 and Ss be disjoint sets. Put C = S1US5 and define maps ¢ : S1 — C
and 19 : Sg — C by t1(s1) = s1 and t2(s2) = s2 (the inclusion maps). We
claim that (C, {¢;}) is a coproduct of the family {51, S2} in the category Set.
Let A be a set and let f; : S; — A (i = 1,2) be maps. Define f : C' — A by

B file) ifce Sy,
f()_{fg(c) if c € 8.

Then for s; in S; we have

(fou)(si) = f(u(si)) = f(si) = fi(si),

so fou = fi (i =1,2). Also, f as defined is easily seen to be the unique
map satisfying these two identities. Therefore, (C,{¢;}) is a coproduct of
the family as claimed and we can write S1 L .Sy = .51 U Ss.

If the sets S; and S are not disjoint and the functions f; and fy do
not agree on the intersection, then clearly we cannot define f as above.
Nevertheless, in this case we can make disjoint copies of S; and S5 and then
argue that their union is (the object part of) a coproduct of Sy and Ss, the
so-called “disjoint union” (see Exercise 15-1).

15 — Exercises

15-1 Let {S;}ies be a family of sets. For each ¢ put S, = {(s,i) | s € S;}.
Prove that there exists a coproduct of the family {S;}icr in the category
Set having object part |J;c; S; (called the disjoint union of the family

{Si}ier)-

15—2 For groups G1 and Gs let ¢; : G; — G1 X G be the injections defined
by t1(g1) = (91, e2) and t2(g2) = (e1, g2). Prove that (G1 x Ga2,{t}) is not,
in general, a coproduct of the family {G;} in the category Grp.

HINT: Let G be a nonabelian group and take G; = G (i = 1,2). In the
definition of coproduct, let A be G and let f; = 1¢ (i = 1, 2).
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16 Direct product and direct sum

16.1 Definition: Direct product

Let {Gi}icr be an indexed family of groups. Denote by [[,.; Gi (or just
[1G;:) the set of all functions a : I — |J; G; such that a; = a(i) € G; for
each i € I. For a,b € [[G; define ab € [[G; by (ab); = a;b;. With this
binary operation [ [ G; is a group, the direct product of the family {G;}ic;.
(See the theorem below for the category interpretation.)

Consider the special case I = {1,2}. Here, an element a of [[G; can
be represented by a pair (a1, a2) with the image of 1 occupying the first
position and the image of 2 occupying the second position. Note that for a
and b in [[ G; the product ab is represented by the pair (a1b1, azbe). Thus,
the group ] G; identifies with the direct product G; x Gy of G; and G as
defined in 2.10.

Similarly, if I = {1,2,...,r} for some positive integer r, then [[G;
identifies with the group

G1 x Ga x -- x Gy ={(a1,az,...,ar) | a; € Gi}

with componentwise binary operation. The general definition of direct prod-
uct given above is needed to handle the case of an arbitrary (possibly infi-
nite) indexing set I. However, when the indexing set is {1,2,...,7}, it is
customary to use the tuple notation for elements.

For each i € I, define 7; : [[ G :—= G by m;i(a) = a;.

THEOREM. ([[Gi,{mi}) is a product of the family {G;}icr in the category
Grp.

Proof. Put P = [[G;. For i € I, we have, for a,b € P, m;(ab) = (ab); =
a;b; = mi(a)m;(b), so m; is a homomorphism.

Let G be a group and let f; : G — G; (i € I) be homomorphisms. Define
f:G— Pby f(g9); = fi(g). If g,h € G, then, for each i € I, we have

f(gh)i = fi(gh) = fi(g)fi(h) = f(g9)if(h)i = (f(g)f(R))i,

so f(gh) = f(g)f(h). Therefore, f is a homomorphism.
For each g € G and i € I, we have (m;o f)(g9) = mi(f(g9)) = f(9): = fi(9),
som; o f=f;.
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Finally, if f’ : G — P is a homomorphism that satisfies m; o f/ = f;
for all ¢ € I, then for each g € G and i € I, we have f'(g); = m(f'(g9)) =
(mio f)(g) = fi(g) = f(9)i, so that f' = f, demonstrating uniqueness.

This completes the proof. O

16.2 Definition: Direct sum

Let {G,}ier be an indexed family of abelian groups (with additive notation).
Denote by >, ; G; (or just > G;) the subset of [ G; consisting of all a for
which [{i € I'|a; # 0}| < co. Thus, Y G; is the set of all elements of [[ G;
that map all but finitely many elements of I to the identity element of the
corresponding group. It is easily checked that > G; is a subgroup of [[ G;.
It is the direct sum of the family {G;}icr. If I = {1,2,...,r}, this group
is also denoted G1 & Ga ® - - - ® G,..

Note that [[G; = > G if I is finite.

For each i € I, define ¢; : G; — Y G by 1,(g); = d;5(g), where ;5 : G; —
G is the Kronecker delta function, which is the identity map if ¢« = j and
the zero map if 7 # j.

THEOREM. (> G;,{ti}) is a coproduct of the family {G;}icr in the category
Ab.

Proof. Put C =5 G;. Let i € I. For g,h € G;, we have
Li(g+h)j = 6ij(g + h) = 0ij(g) + 6ij(h) = vi(g); + ti(h);
(¢i(g) + ti(h));

for each j, so t;(g+ h) = ti(g) + ti(h). Therefore, ¢; is a homomorphism.

Let A be an abelian group and for each ¢ € I let f; : G; — A be a
homomorphism. Define f : C — A by f(c) = >, fi(¢;) (this possibly infinite
sum being regarded as a finite sum by ignoring each term with ¢; = 0). For
c,d € C, we have

C—|—d Zfz C+d Zfz Cz+d Z[fz(cz)"_fz( Z)]
—Zfzcz JFZfl i) = f()

so f is a homomorphism.
Let i € I. For each g € G;, we have

foulg) = ij Li(g ij i ( fi(9),
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SO f Ool; = fz

Finally, let f' : C — A be a homomorphism that satisfies f' o ¢; = f;
for each i. Let ¢ € C. For each j, we have ¢; = Y. 6;j(c;) = >, ti(ci); =
(>, ti(ci))j, so that ¢ =, 1i(¢;). Therefore,

f’(c):f/ZLZ Cz Zf Lz cz :Zf/OLi(Ci)
—Zfz i) = )

so that f' = f, demonstrating uniqueness.
This completes the proof.

16.3 Internal direct product/sum

Let G be a group and let Ny, Na,..., N, be normal subgroups of G. The

group G is the internal direct product of Ny, Na,..., N,, written G =
[TV if

(i) G=NiNy--- N, ={ning---n,|n; € N;,1 <i <r},
(i) N; N (NiNg---N;---N,) = {e} for each 1 <4 <7,

where N; signifies that the ith factor is omitted. If G is an additive group
and these conditions are met (with the appropriate translation to additive
notation), it is the internal direct sum of Ny, Ny, ..., N,, written G =
ZNi (or G = N1+Nao+---4+N,). In the notations for direct product and
direct sum, the dot can be thought of as indicating the trivial intersection

property (ii).
LEMMA. Let 1 <1i,5 <r.
(i) If Nyn N; = {e}, then the elements of N; commute with those of Nj.

(ii) If G satisfies (ii) in the definition above and i # j, then the elements
of N; commute with those of Nj.

Proof. (i) Assume that N; N N; = {e}. For n; € N; and n; € N;, we have
ningn; n Le NynN; = {e},

as can be seen by grouping the first three factors and using the normality
assumption, and then doing the same with the last three factors. Therefore,
n;n; = njn; and the claim follows.
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(ii) Assume that G satisfies (ii) in the above definition and that i # j.
Then N; N N;j € N; N (N1Na---N;---N,) = {e}, so the claim follows from
part (i). O

THEOREM. G = HNi if and only if each a in G can be expressed uniquely
as a product a = ning - - - n, with n; € N; for each i.

Proof. Assume that G = HNZ Let a € G. By (i) of the definition, a =
ning - - N, with n; € N;.

Now suppose that also a = mims---m, with m; € N;. Then we have
ning - N,y = Mmims - --m,, and for each ¢,

m;lni = Hn;lmj € N;N(N1Ny--- Nz -« Np) ={e}
J#i

by (ii) of the definition (and the lemma). Therefore, n; = m;. This shows
uniqueness of the expression.

Now assume that each a in G can be expressed uniquely as a product
a = ning---n, with n; € N;. Then (i) of the definition is satisfied. Fix 4
and let n; € N; N (N1 Ny - <N - -+ N;). Then n; = ning -+ nj—1Miy1 Ny
for some n; € N;. This equation can be written

66"'6”7;6"'6:n1n2"'ni_1eni+1"'nr7

so the uniqueness assumption says that n; = e. This shows that N; N
(N1N2---Nj---N,) = {e}, which is (ii) of the definition. The proof is
complete. ]

16.4 Internal direct product is isomorphic to direct product

Let G be a group and let Ny, No, ..., N, be normal subgroups of G.

THEOREM. If G = [[N;, then G = [ N;.

Proof. Assume that G = HNz Define ¢ : [[ N; — G by
o((n1,na,...,ny)) =ning- - ny.

This function is bijective by 16.3.
For n,m € [[ N;, we have

p(nm) = e((nimi,nome, ...,nymy)) = Hnlml = an I_ImZ
i i

i

= w(n)e(m),
where we have used the lemma in Section 16.3. Therefore, ¢ is a homomor-
phism and hence an isomorphism. This proves that G = [[ ;. O
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16.5 Example: Vector space

Let V be a finite dimensional vector space over R and let vy, vo,...,v, be a
basis of V. For each i, put

N, =Rvy; = {Oz’Ui|Ol € R}

Then each N; is a normal subgroup of the additive group V. The spanning
property of a basis implies that V' = Nj + Ny + - -+ + N,., which is (i) in the
definition of internal direct sum (16.3).

Let v € Niﬂ(N1+-~-+Ni+--~NT). Then v = o;v; and also

V=101 + 0+ 101 + 01Vip1 0 Uy

for some o;j € R (1 < j < r). The linear independence property of basis
then implies that a; = 0 for each j so that v = 0. This gives (ii) in the
definition of internal direct sum. Thus V = Z:NZ

By 16.4, V' = " N;. Since each N; is isomorphic to R as groups we
get the well-known isomorphism V' = "' | R = R" (shown here to be an
isomorphism of groups, but in fact this is an isomorphism of vector spaces
as well).

16 — Exercises

161 Let A, B, and C be (additive) abelian groups, let f : A — C be a
monomorphism, and let g : C' — B be an epimorphism, and assume that
im f = ker g.

(a) Assume that there exists a homomorphism h : C — A such that
hof=14. Prove that C =2 A® B.

(b) Assume that there exists a homomorphism h : B — C such that
goh =1p. Prove that C 2 A® B.
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17 Group decomposition

17.1 Definition

A group is decomposable if it is the internal direct product of two (or
more) of its proper normal subgroups. A group is indecomposable if it is
nontrivial and not decomposable.

In view of 16.4, a group is decomposable if and only if it is isomorphic
to a direct product (or sum if additive) of two groups neither of which is
trivial.

17.2 Example: Normal Sylow p-subgroups

Let G be a finite group and let p1, pa, ..., p, be the (distinct) prime divisors
of the order of G. Assume that for each i, G has a normal Sylow p;-subgroup
P;. By Section 14.3, this assumption is equivalent to the assumption that
G has a unique Sylow p;-subgroup P; for each q.

THEOREM. G = Hsz

Proof. By Section 6.5, H := PP --- P, is a subgroup of G. We claim that
H is the internal direct product of its normal subgroups P; (1 < i < r).
Part (i) of the definition is immediate.

Let 1 < 4,7 < r and assume that ¢ # j. It follows from Lagrange’s
theorem that P; N P; = {e} since this intersection is a subgroup of both
P; and P;, which have relatively prime orders. By the lemma of 16.3, the
elements of P; commute with those of P;.

Fix i and let g € PN (P Py - o -+ P.). We have g = H#igj for some
gj € Pj. Let n =[], n;, where n; = |P;|. Using the previous paragraph,

we get
" =) =119} =e
J#1 J#i

which implies that the order of g divides n. But g is an element of P;, so its
order divides |P;| as well. Since n and |P;| are relatively prime, we conclude
that g = e. Therefore, part (ii) of the definition of internal direct product
holds and the claim is established.

By 16.4, H is isomorphic to the direct product [[, P;, so |H| =[], |P;| =
|G|. We conclude that G = H = Hsz O
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17.3 Example: Finite cyclic group

Let m and n be positive integers and denote by ged(m,n) the greatest
common divisor of m and n.

THEOREM.
(1) Zpmn = Zpy @ Zy, if and only if ged(m,n) = 1.

(ii) Z, is indecomposable if and only if n = p* for some prime number p
and some k € N.

Proof. (i) Assume that Z,, = Z,, ® Z,. Let (a,b) € Z,, ® Z,, correspond
to 1 € Zpy, under an isomorphism. Let k be an arbitrary multiple of both
m and n, so that &k = m/m and k = n'n for some integers m’ and n’. We
have

k(a,b) = (ka, kb) = (m'ma,n'nb) = (m'e,n’e) = (e, e),

so that mn = o((a, b)) | k. This shows that mn is the least common multiple
of m and n, which in turn implies that ged(m,n) = 1.

Now assume that ged(m,n) = 1. Since Z,,, is abelian, its Sylow p-
subgroups are normal, so Section 17.2 applies. By reason of order, the sum
P, of the Sylow p-subgroups of Z,,, with p dividing m has order m, and
it is cyclic (4.4) and therefore isomorphic to Z,,. Similarly, the sum P,
of the Sylow p-subgroups with p dividing n is isomorphic to Z,. By 17.2,
Z,,,, is the internal direct sum of P,, and P,, and is therefore isomorphic to
Phn®P, =22, DZ,.

(ii) Assume that Z,, is indecomposable. Since an indecomposable group
is nontrivial, n is not 1 and is therefore divisible by some prime number p.
By part (i), n is divisible by at most one prime number. We conclude that
n = p" for some k € N.

Now assume that n = p* for some prime number p and some k € N. Let
A and B be subgroups of Z,, and assume that Z,, is the internal direct sum
of A and B. By Section 4.4, A and B are both cyclic, so that A = Z; and
B =2 Z,, for some positive integers [ and m. Then Z,, = Z; ® Z,, by Section
16.4, implying that ged(l,m) = 1 by part (i). But [ and m are divisors of
n by Lagrange’s theorem and hence powers of p. Therefore, either [ = 1 or
m = 1, that is, either A is trivial or B is trivial. We conclude that Z,, is
indecomposable. O
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17.4 Krull-Remak-Schmidt theorem

Let G be a group and assume that G has a composition series. The following
theorem says that G' can be decomposed into a direct product of indecom-
posable groups and done so in an essentially unique way. In the statement,
the term “direct product” has the usual broad meaning, which includes the
possibility of only one factor.

THEOREM (Krull-Remak-Schmidt).

(i) G is isomorphic to a direct product of finitely many indecomposable
groups.

(i) If G =2 Hy x -~ x H, and also G = Ky X --- X K with each H; and
K indecomposable groups, then r = s and there exists a permutation
o € Sy such that H; = Ky for each 1 <14 <.

Proof. Omitted. O

17.5 Fundamental theorem of finite abelian groups

Let G be a nontrivial finite abelian group.
THEOREM (Fundamental theorem of finite abelian groups).

(i) There exist unique prime numbers p1 < py < --- < pp and unique
positive integers ki1 < kg < -+ < ki, 1 <4 < n, such that

Y
G=Y 7.,
1,3 !

(ii) There exist unique positive integers my|ma|...|my such that
G2 i,
i

Proof. (i) The uniqueness statement follows immediately from the Krull-
Remak-Schmidt theorem (17.4) and (ii) of Section 17.3, so we turn to the
existence statement. By Section 17.2, we may (and do) assume that G is a
p-group for some prime number p.

Let C = (¢) be a cyclic subgroup of G of greatest possible order. We
claim that there exists a subgroup H of GG such that G is the internal direct
product of C' and H. Once this is established, the desired decomposition
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will follow, since a proof by induction on the order of G will show that G is
isomorphic to a direct product of cyclic groups, each of order a power of p.

We prove the claim by induction on n = |G|/|C|. If n =1, then C = G
and we can let H = {e}. Assume that n > 1, so that C' # G. There exists
an element a € G with a ¢ C. Assume that a has been chosen with minimal
order. Now o(aP) < o(a) (since a # e), so that a? € C. If aP were to
generate C, we would have |(a)| = p|C| > |C|, contrary to the choice of C.
Therefore, a? does not generate C, so, by Exercise 5-5, we have a? = c¢P*
for some integer k. Hence, ac™* is an element of order p not in C. By the
choice of a, a too has order p.

Put A = (a) and G = G/A, and let 7 : G — G’ be the canonical
epimorphism. The kernel of 7 is A, which intersects C trivially, so  restricts
to an isomorphism C — 7(C) =: C’. Since a homomorphic image of an
element has order at most the order of the element, it follows that C’ is a
cyclic subgroup of G’ of greatest possible order.

Now |G'|/|C"| = |G|/(p|C|) < n so the induction hypothesis applies to
guarantee the existence of a subgroup H' of G’ such that G’ = C'H’ and
C’'N H' = {€'}. By the correspondence theorem (9.6), H' = w(H) for some
subgroup H of G with H D A. Now 7n(G) = G' = C'"H' = n(C)n(H) =
m(CH), so, again by the correspondence theorem, G = CH. Also,

7(CNH)Cn(C)na(H)=C'NH = {€},
so C'N H C kerm = A. Therefore,
CNHCAN(CNH)=(ANC)NH ={e}NH=/{e}.

Thus, G is the internal direct product of C' and H. In light of the earlier
remarks, we see that this completes the proof of part (i).

(ii) This claim is proved by exhibiting an algorithm for computing such
my, ma, ..., my from the decomposition in part (i) (establishing existence),
as well as an algorithm for going the other way (establishing uniqueness).
Rather than presenting the general algorithms, we illustrate in Section 17.6
how they are carried out for a specific group. O

The prime powers pfij (1 <i<n,1<j<my) appearing in (i) are the

elementary divisors of G. The positive integers m; (1 < i < t) appearing
in (ii) are the invariant factors of G.
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17.6 Example

Let G = Zyo ® Zss ® Zsg @ Zgs. Using 17.3(i) as well as associativity and
commutativity of direct sum, we get

G =210 D Z35 D Zg D Zog
= (Zo ®Zs)© (Zs @ Zr) ® Zoys @ (Zo © L)
2ZoDZyPZLos BDLs D ZLs DLy ZLp,
so the elementary divisors of G are 2,2,23,5,5,7,72.

Note that if these prime powers are arranged in rows with the greatest
powers forming the bottom row,

2
2 5 7
28 5 72,

then each row product divides the next: 2|70/1960. Using 17.3(i) again, we
get

G=2Zy® (Zy®Zs®Zr) D (Zos ®Zs D Zp2)
= Zo ® Ziro D Zgeo,

so the invariant factors of G are 2,70,1960. Conversely, if one begins with
these invariant factors, then, by displaying their prime power factorizations
as above, one obtains the elementary divisors.
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18 Solvable group

18.1 Definition

Let G be a group. A subnormal series (G;) = (Go,G1,...,G,) of G is a
solvable series if each of its factors G;/G;41 is abelian. The group G is
solvable if it has a solvable series.

For example, an abelian group is solvable. (Indeed, if G is an abelian
group, then (G, {e}) is a subnormal series of G with a single factor (isomor-
phic to) the abelian group G.) Therefore, the notion of “solvable group”
generalizes the notion of “abelian group.”

The term “solvable” is due to a theorem involving solutions of polynomial
equations. This theorem says that if p(x) is a polynomial over Q (or more
generally over any field of characteristic zero), then the equation p(z) = 0 is
solvable by radicals over Q (meaning roughly that the (complex) solutions
can all be expressed using only Q and the operations +, —, X, +, 1 ) if and
only if a certain group connected to p(x), its Galois group over Q, is solvable
as defined above.

18.2 Example: Dihedral group is solvable

Let n be a positive integer. Recall (4.3) that the dihedral group Da, is
generated by the set {p,7}. In cycle notation we have p = (1,2,...,n), so
(p) is a cyclic subgroup of Da, of order n. Since Da, has order 2n, this
subgroup has index 2 and is therefore normal. Thus, (D2, (p),{c}) is a
subnormal series of Dy,. Since the factors of this series are (isomorphic to)
Z> and Z,, both of which are abelian, the dihedral group is solvable.

18.3 Derived series

Let G be a group. Recall that the commutator of two elements a and b of
G is [a,b] = a~'b~'ab and the commutator subgroup of G is

aW = ([G.q)),

where [G, G| = {[a,b] |a,b e G}.
The derived series of G is the sequence of subgroups G0, G, G2 .
defined recursively by

o GO =g,
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o GO = (G (i >0).

So the derived series of G starts with G and each remaining term is the
commutator subgroup of the preceding term.

THEOREM. G is solvable if and only if G™ = {e} for some n.

Proof. Assume that G is solvable. There exists a solvable series (G, G,
...,G,) of G.

We claim that G; D G for each 0 < ¢ < r. The proof is by induction
on i. The case i = 0is Gp = G = G, so it holds. Assume that i > 0.
Using the induction hypothesis, we have

GO = ([GED, GEV]) C([Gion, Gia]) = G

Now G;_1/G; is abelian, so Section 7.3 and this inclusion give G; 2 G-i)l )
G, as desired.

Since {e} = G, D G, we have G(") = {e}, so the condition is satisfied
with n =r.

Now assume that G(™ = {e} for some n. For each 0 < i < n, put
G; = G, We have G; = (G(i_l))(l) = G(l)1 for each 0 < i < n. By Section

1—

7.3, (Go,G1,...,Gy) is a solvable series of G. Therefore, G is solvable. []

18.4 Subgroup and homomorphic image
Let G be a group.
THEOREM.

(i) If G is solvable and H < G, then H s solvable.

(i) If G is solvable and ¢ : G — G’ is a homomorphism, then imy is
solvable.

(iii) If N<G, then G is solvable if and only if N and G/N are both solvable.

Proof. The proof continually uses, with no further indication, the charac-
terization of solvable group given in 18.3.

(i) We begin by making the observation that for any subgroups H and
K of G with H C K,

HW = ([H, H]) C (K, K]) = K.
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Let H < G. We claim that H® C G® for each i. The proof is by
induction on 4. Since H® = H C G = G(9, the claim holds for i = 0.

Assume that ¢ > 0. By the induction hypothesis and the observation
made above, we have

HO = (H-DYO) ¢ (Gi-D)D = G,

so the claim is established.

Assume that G is solvable. We have G(™) = {e} for some n, so that
H™ C G™ = {e}. Therefore, H™ = {e} and H is solvable.

(ii) Let ¢ : G — G’ be a homomorphism. We begin by making the
observation that for any subgroup H of G,

p(H)W = ([o(H), p(H)]) = (p([H, H]))) = o(([H, H])) = o(HW).

We claim that o(G)® = p(G®) for each i. The proof is by induction
on i. Since p(G)?) = (@) = p(G), the claim holds for i = 0.

Assume that ¢ > 0. By the induction hypothesis and the observation
made above, we have

P(6) = (p(G)) D = G(GI D = (G D) = p(GW),

so the claim is established.
Assume that G is solvable. We have G = {e} for some n, so that
o(G) ™ = p(GM™) = p({e}) = {¢'}. Therefore, im p = ¢(G) is solvable.
(iii) Let N <G. If G is solvable, then N is solvable by part (i) and G/N
is solvable by part (ii), using the canonical epimorphism 7 : G — G/N.
Assume that N and G/N are both solvable. We have (G/N)(™ = {N}
for some m. By the established claim in the proof of part (ii),

{N} = (G/N)"™ = =(G)™ = n(G™),

implying that G(™ C N. By part (i), G is solvable, so that G(m+7)
(Gm)(™) = ¢} for some n. Therefore, G is solvable.

Ol

18.5 S,, not solvable for n > 5

THEOREM. The symmetric group Sy is not solvable for n > 5.

Proof. Let n > 5. Since a subgroup of a solvable group is solvable (18.4) it
is enough to prove that the alternating group G = A, is not solvable. Since
G is simple (14.6), GO is either G or {e}.
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Suppose that G() = {e}. Then the quotient G/G() is isomorphic to G,
which is nonabelian since, for instance, the cycles (1,2,3) and (3,4,5) are
elements of G and

(1,2,3)(3,4,5) = (1,2,3,4,5) # (1,2,4,5,3) = (3,4,5)(1, 2, 3).

But this contradicts Section 7.3.

Therefore, G = @G, and it follows that G = G # {e} for all n.
We conclude from Section 18.3 that G is not solvable. This completes the
proof. O

It is shown in Galois theory that the Galois group over Q of the quintic
polynomial z° — 4x + 2 is S5. In view of the remarks in 18.1 and the present
theorem, the equation x® — 4z + 2 = 0 is not solvable by radicals over Q.
In particular, there is no generalization of the quadratic formula that gives
the solutions of a general fifth degree polynomial equation.

18.6 A group of odd order is solvable

The following result, known as the Odd Order theorem (also the Feit-
Thompson theorem), was a major step toward the eventual proof of the
classification theorem of finite simple groups (see 10.7). The proof, pub-
lished in 1963 and occupying 255 journal pages, built on pioneering work of
Michio Suzuki.

THEOREM (Feit-Thompson). A group of odd order is solvable.
18 — Exercises

18-1 Let Hy, Ho,...,H, be groups and put G = Hy x --- X H,. Prove
that G is solvable if and only if H; is solvable for each 1 < i < n.

18—2 Let p and g be prime numbers. Prove that a group of order pq is
solvable.

HINT: Reduce to the case p # ¢ and then use Sylow theory.
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19 Nilpotent group

19.1 Definition

Let G be a group. A central series of G is a tuple (Ng, N1, ..., N,), where
(i) N; <G for all i,
(ii) Nj—1 C N;forall0 < i <,
(iii) N;/Nij—1 C Z(G/N;—) for all 0 < i < r.

G is nilpotent if it has a central series (Ng, N1, ..., N;) such that Ny = {e}
and N, = G.

e If G is abelian, then it is nilpotent since ({e}, G) is a central series.

19.2 Upper central series

Let G be a group. The upper central series of G is the sequence Zy, 77,
Zs, ... of subgroups of G with Z; = Z;(G) defined recursively by

(1) Zo = {e},
(i) Z; = 7 YZ(G/Z;_1)) for i > 0,

where 7 : G — G/Z;_; is the canonical epimorphism. Since 7 is surjective
we have for each ¢ > 0

Z,‘/Zz'_l == W(ZZ) == 7T(7T_1(Z(G/Zl‘_1))) == Z(G/Zz_l)

This formula shows that (Zy, Z1,...,Z,) is a central series of G for each
nonnegative integer r.

19.3 Lower central series

Let G be a group. The lower central series of GG is the sequence Lg, L1,
Lo, ... of subgroups of G with L; = L;(G) defined recursively by

(i) Lo =G,
(11) L, = <[G, Li_1]> for i > 0,

107



where [G, L;—1] = {[g,z]|g € G,x € L;_1}.

For each positive integer r, (L, Ly—1, ..., Lg) is a central series of G (see
Exercise 19-1).

There is a transparent relationship between the lower central series of
G and the derived series G, GV, G@) .. of G (see 18.3 for the definition):

THEOREM. G() C L; for each i > 0.

Proof. The proof is by induction on i. Since G = G = Ly, the case i =0
holds.
Assume that i > 0. We have

GO = (G, GUI)) C ([Li—1, Lin1]) € ([G, Li1]) = L;

where the first inclusion is due to the induction hypothesis. O

19.4 Upper/lower central series characterization of nilpotent

Let G be a group.
THEOREM. The following are equivalent:
(i) G is nilpotent;
(ii) L, = {e} for somer;
(iii) Z, = G for some r.

Proof. (i) implies (ii): Assume that (i) holds, so that there exists a central
series (No, N1,...,N;) of G with Ny = {e} and N, = G.

It is enough to prove that L; C N,_; for each i, for then L, = N,_, =
No = {e}. We proceed by induction on i. Since Ly = G = N,_q, the case
i = 0 holds.

Assume that ¢ > 0. For n € N,_;41 and g € G, we have, using the
definition of central series, [g,n]N,—; = [gN,—i,nN,—;] = N,_;, so that
[9,n] € N,_;. This shows that [G, N,_i+1] € N,_;. Therefore,

Li =([G, Li—1]) € ([G, N, —(i-1)]) € Nr—,

where the first inclusion is from the induction hypothesis. This completes
the proof of this implication.
(ii) implies (iii): Assume that (ii) holds, so that L, = {e} for some r.
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It is enough to prove that Z; O L,_; for each 4, for then Z,. D L,_, =
Lo = G. We proceed by induction on i. Since Zy = {e} = L,_g, the case
i = 0 holds.

Assume that ¢ > 0. Let [ € L,_; and g € G. Using the definition of the
lower central series and the induction hypothesis, we have

[9,0] € Li—iy1 = Lyp_(i—1) € Zi—1,

so that [gZZ-_l, lZZ‘_l] = [g, Z]Zi_l = Z;_1. It follows that [Z;_1 € Z(G/Zz_l)
Therefore, Z; = 7~ Y(Z(G/Z;—1) 2 L,_;, where 7 : G — G/Z;_1 is the
canonical epimorphism. This completes the proof of this implication.

(iii) implies (i): Assume that (iii) holds, so that Z, = G for some 7.
From the equation Z;/Z;_1 = Z(G/Z;_1) (see 19.2), it follows that (Z;) is
an upper central series of G. Since Zy = {e} and Z, = G, G is nilpotent.
This completes the proof. O

19.5 Nilpotent group is solvable
Let G be a group.

THEOREM. If G is nilpotent, then G is solvable.

Proof. Assume that G is nilpotent so that L, = {e} for some r, where (L;)
is the lower central series of G (see 19.4). By Section 19.3, G C L, = {e},
so that G is solvable by Section 18.3. O

The converse of this theorem does not hold (see Section 19.9 below).

19.6 Finite p-group is nilpotent
Let p be a prime number.
THEOREM. A finite p-group is nilpotent.

Proof. Let G be a finite p-group. By Section 19.4, it is enough to show that
Z, = G for some r, where (Z;) is the upper central series of G. If i > 0
and Z; # G, then the quotient G/Z; is nontrivial and it is a p-group (using
Lagrange’s theorem), so Section 13.3 gives Z;11 = 7 1(Z(G/Z;)) 2 Zi,
where m : G — G/Z; is the canonical epimorphism. Since G is finite, we
must have Z, = G for some r (else, the upper central series would be a
strictly increasing sequence of subgroups). O
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19.7 Subgroup and homomorphic image

Let G be a nilpotent group.
THEOREM.
(i) If H is a subgroup of G, then H is nilpotent.
(ii) If ¢ : G — G’ is a homomorphism, then im ¢ is nilpotent.

Proof. (i) Let H be a subgroup of G. By Section 19.4, it is enough to prove
that L;(H) C L;(G) for each 14, for then, since L,(G) = {e} for some r,
we would have L,(H) = {e} as well. We proceed by induction on i. Since
Lo(H) = H C G = Lo(G), the case i = 0 holds. Assume that i > 0. We
have

Li(H) = ([H, Li—1(H)]) C ([G, Li-1(G)]) = Li(G),

where the inclusion is from the induction hypothesis. This completes the
proof of this part.

(ii) Let ¢ : G — G’ be a homomorphism. By Section 19.4, it is enough
to prove that L;(¢(G)) C ¢(L;(G)) for each 4, for then, since L,(G) = {e}
for some r, we would have

Ly(ime) = Ly (0(G)) € o(Lr(G)) = o({e}) = {€}

as well. We proceed by induction on i. Since Ly(¢(G)) = ¢(G) = ¢(Lo(G)),
the case ¢ = 0 holds. Assume that ¢ > 0. We have

Li(p(G)) = ([p(G), Li—1(0(G))]) € ([p(G), p(Li-1(G))])
C (G, Li-1(G)]) = »(Li(GQ)),

where the first inclusion is from the induction hypothesis. This completes
the proof. ]

19.8 Product is nilpotent iff factors are
Let G1,Go,...,G, be groups and put G = Gy X Gg X - -+ X Gy,
THEOREM. G is nilpotent if and only if G; is nilpotent for each 1 <1i < n.

Proof. Assume that G is nilpotent. For each 1 <i <mn,themapm; : G — G;
given by m;((a1,az,...,a,)) = a; is an epimorphism, so G; is nilpotent by
part (ii) of 19.7.
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Assume that G; is nilpotent for each 1 < ¢ < n. By Section 19.4, it is
sufficient to prove that L;(G) C Lj(G1) x --- x L;j(Gy,) for each j, for then,
since, for each i, there exists r; such that L, (G;) = {e;}, we would have

L.(G) C Ly (G1) x -+ x Ly(Gyp) € Ly, (G1) X -+ X Ly, (Gp)
= {er} x - x{en} = {e},
where r is the largest of the r;. We proceed by induction on j. Since

Lo(G) =G =Gy x - x Gy =Lo(Gy) x -+ x Ly(G,,), the case 7 = 0 holds.
Assume that 7 > 0. We have

Li(@) = (G, L] 1( 0
C([G1 x -+ x Gy, Lj—1(G1) ~1(Gn)))
= ((G1, Lj1(G1)]) x -+ x ([G LJ 1( n)])

Lj(G1) x -+ x Lj(Gp),

where the inclusion is from the induction hypothesis. The proof is complete.
O

19.9 Finite group nilpotent iff product of p-groups

Let G be a finite group.
THEOREM. The following are equivalent:

(i) G is nilpotent;

)
(ii) If H is a proper subgroup of G, then No(H) 2 H;
(iii) G has a normal Sylow p-subgroup for each prime number p;
)

(iv) G is isomorphic to a direct product of p-groups for various prime num-
bers p.

Proof. (i) implies (ii): Assume that (i) holds, so that Z, = G for some r,
where (Z;) is the upper central series of G (see 19.4). Let H be a proper
subgroup of G. Since Zy = {e} C H and Z, = G ¢ H, there exists a largest
m for which Z,, C H. By this choice of m, there exists some element a of
Zm+1 that is not in H.

Let h € H. From the definition of Z,,, 11, we have [h,a]Zm, = [hZm, aZm)
= Zm, so that [h,a] € Z,,. Therefore, h®* = h(h~'a"'ha) = hlh,a] € H,
which implies that a € Ng(H)\H and (ii) follows.
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(ii) implies (iii): Assume that (ii) holds. Let p be a prime number and
let P be a Sylow p-subgroup of G (such exists by the Sylow existence theorem
14.2). Suppose that Ng(P) # G. Since G is finite, Ng(P) is contained in
some maximal (proper) subgroup H of G. By our assumption, Ng(H) 2 H,
so that Ng(H) = G. Therefore, H is normal. By the Frattini argument (14—
1), we have G = HNg(P) C H, contradicting that H is proper. Therefore,
N¢g(P) = G, so that P is normal giving (iii).

(iii) implies (iv): Assume that (iii) holds. By Section 17.2, G is the
internal direct product of its Sylow p-subgroups for various primes numbers
p, so (iv) now follows from Section 16.4.

(iv) implies (i): This implication is immediate from Sections 19.8 and
19.6. O

A nilpotent group is solvable (19.5), but a solvable group need not be
nilpotent. Indeed, S3 is solvable since (S3, Az, {€}) is a subnormal series
of S3 having abelian factors Zo and Zs, but it is not nilpotent because its
Sylow 2- and 3-subgroups are isomorphic to Zo and Zs, respectively, and
the direct product of these groups is abelian (while Sj is not).

19 — Exercises

19-1 Let G be a group and let (L;) be the lower central series of G. Prove
that, for each nonnegative integer r, (L, L,_1,..., Lg) is a central series of

G.

19-2 Let G be a group, let (Ny, N1,...,N,) be a central series of G with
No = {e}, and let (Z;) be the upper central series of G. Prove that Z; O N;
for each 0 <7 <.
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20 Free object of concrete category

20.1 Motivation for definition of free object

Let V be a vector space over a field F. A subset B = {vy,va,...,v,} of V
is a basis for V if

e B generates V (meaning, V = (B) = intersection of all subspaces of
V containing B),

e B is linearly independent (meaning ), a;v; = 0, with «; € F, implies
a; = 0 for all 7).

Note that (B) = {>_, asv;|a; € F}, since this latter set is a subspace
containing B (as is easily checked) and it is contained in every subspace of
V' that contains B by the closure properties of a subspace. Therefore, to
say that B generates V is the same as saying that every vector in V' can
be written as a linear combination of the vectors vy, vg, ..., v, (which is the
spanning property of a basis one learns in elementary linear algebra).

The two defining properties of a basis given above are convenient for
checking whether a given subset of V' is a basis, but the following character-
ization is more useful.

e B is a basis for V if and only if every vector v in V' can be written
uniquely in the form v =), a;v;.

(=) If B is a basis, then every vector v € V can be written v = ), a;v; in
at least one way by the generating (spanning) property, and if v =), Bv;
as well, then the sums must be equal giving ) .(o; — 8;)vi = 0, whence
«; = B; for all ¢ since the coefficients must be 0 by linear independence.

(<) If the unique expression property holds, then B clearly spans (gen-
erates) V and if ), a;v; = 0 then, since ), Ov; = 0 as well, uniqueness says
«; = 0 for all 3.

The idea of a basis is so useful in the study of vector spaces (as one
knows from linear algebra) that it makes one wonder whether an analogous
concept might be available in categories besides Vecp. Such a concept for
a general category would have to be defined entirely in terms of objects and
morphisms since these are all we have in an arbitrary category. As an aid
to our search for a suitable generalization, we look for a characterization
of vector space basis that avoids the inspection of elements required in the
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characterizations given above. The following well-known characterization is
a first attempt.

e B is a basis for V if and only if given any vector space W and any
vectors wy, wa, ..., wy, in W there exists a unique linear transformation
T :V — W such that T'(v;) = w; for all 4.

The direction (=) says that for any vector space W, we can arrange for a
linear transformation T : V' — W that has any effect we wish on the basis
vectors, that is, we are free to pick the images T'(v;) (since the vectors w; are
arbitrary) and, once these images are chosen there is a (unique) extension
of T to a linear transformation.

This characterization is a step in the right direction since it involves the
linear transformation 7', which is a morphism in the category Vecr. How-
ever, it falls short of our goal due to the continued dependence on elements.
Here is a slight reworking that will serve as a second attempt:

e B is a basis for V if and only if given any vector space W and any
function f : B — W, there exists a unique linear transformation
T :V — W such that T'(v;) = f(v;) for all 4.

In this version, we have expressed the choice of basis vector images using
the more categorical function f : B — W. Although this is not a morphism
in the category Vecp, it is a morphism in the category Set provided we
forget that W has the structure of a vector space and just think of it as a
set.

This leads us to the idea of characterizing the notion of a basis by using
two categories, Vecr and Set, and the fact that one can associate to any
vector space W its underlying set, which we denote o(W). In order to clearly
delineate statements made in Set from those made in Vecy we introduce a
new set X = {x1,22,...,2,} and put ¢(z;) = v;, thus defining an injection
t: X — o(V), which is a morphism in Set. The preceding characterization
now reads

e ((X) is a basis for V if and only if given any object W of Vecp and
any morphism f : X — o(W) in Set, there exists a unique morphism
T:V — W in Vecp such that o(T) o = f.

The notation o(T') signifies that 7" is to be viewed simply as a map of sets,
o(T) : o(V) — o(W), which is what is required for o(T) o ¢« = f to make
sense as an equation involving morphisms in Set.

In 20.4, the category Vec will be replaced by an arbitrary category C for
which there is a suitable way to associate to each object A of C a set o(A),
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and then the fact that V and ¢ : X — o(V) satisfy the above condition will
be expressed by saying that the pair (V) is “free” on X. The association
o : C — Set we need is an example of a “functor,” the definition of which
is given in 20.2.

20.2 Functor

Let C and D be categories. A functor from C to D, written F': C — D,
is a function

. {obj(C) — obj(D)
mor(C) — mor(D)

satisfying the following:

o A% Bin Cimplies F(4) ™9 F(B) in D,

—

e F(1a) = 1p(a) for each A € obj(C),
e F(go f)=F(g)oF(f) for all f,g € mor(C) with ¢(f) = s(g).

Another way of saying the first condition is that if f € mor(C), then
F(s(f)) = s(F(f)) and F(t(f)) = t(F(f)), so that F respects the source
and target maps. Intuitively, F' maps all arrows (morphisms) from one ver-
tex (object) to another to arrows from the image of the first vertex to the
image of the second vertex. There is another useful notion of functor that
reverses the direction of the arrows (see Exercise 2).

A functor F' : C — D is faithful if for each pair (A, B) of objects of
C the restriction of F' to mor(A, B) is injective. A full functor is defined
similarly with “surjective” replacing “injective.”

A concrete category is a pair (C, o), where C is a category and o :
C — Set is a faithful functor. If (C, o) is a concrete category and it is clear
what o is intended to be, we say that the category C is concrete.

20.3 Examples of functors

e The forgetful functor o : Grp — Set sends a group (G, %) to its
underlying set G and a homomorphism to itself (just viewed as a map
of sets). There are forgetful functors for the categories Ab, Vecp,
Q-Grp, G-Set, and Top as well. These categories paired with their
forgetful functors are all concrete.
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e The power set functor P : Set — Set sends a set to its power
set (set of subsets) and sends a morphism f : X — Y to the map
P(f): P(X) — P(Y) defined by P(f)(S) = f(S) for S C X.

e Let C be a category and let A be an object of C. The (covariant)
mor functor induced by A is the functor Fy : C — Set that sends
an object B to the set mor(A, B) and a morphism f : B — B’ to the
map f, : mor(A, B) — mor(A, B') defined by f.(g9) = fog.

e The fundamental group functor is the functor 7 : PTop — Grp
from the category of pointed topological spaces to the category of
groups that sends a pointed space to the fundamental group at the
distinguished point and a morphism to the induced homomorphism.

o If ¢ : G — G is a group homomorphism, then a functor C(y) :
C(G) — C(G) is obtained by defining C(¢)(-) = - and C(¢)(g) =
v(9) (9 € G).

20.4 Free object

Let (C,0) be a concrete category and let X be a set. A free object on X
in C is a pair (F,¢) with F' an object of C and ¢ : X — o(F) a map with
the property that given any object A of C and map f : X — o(A) there
exists a unique morphism f : F — A in C such that o(f) o = f.

If (F,.) is a free object on X, one sometimes just says that F' is free on
X.

A free object on X, if it exists, is unique up to equivalence in the following
strong sense.

THEOREM. Let (F,t) and (F' /') be free on X in C. There exists a unique
equivalence f : F — F' such that o(f) ot =1 In particular, FF = F’.

Proof. Letting (F’, ) play the role of (A, f) in the definition of free object,
we get a unique morphism ¢/ : F' — F' satisfying o(+/)or = «/. Similarly, with
(F, 1) now playing the role of (4, f), we get a unique morphism 7 : F/ — F
satisfying o(z) o/ = +. Using the fact that a functor respects compositions
of morphisms, we have

o(to)or=0(D)oo(/)or=0(1) ot =1

But also o(1p) ot = 15y ot = ¢. From the uniqueness statement in the
definition of free object, we conclude that 2o/ = 1p. Similarly, /or = 1p.

Therefore, f =4/ : F — F’ is an equivalence, and it is the unique morphism
such that o(f) ot =" as noted above. O
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20.5 Free group
Let X be a set.

THEOREM. There exists a free object on X in the category Grp.
Proof. Omitted. O

In lieu of a proof, we give a rough description of a construction of such a
free object (F,¢). A first attempt is to let F' be the set of all formal products
122 - Ty (x; € X) with multiplication defined to be concatenation. The
empty product (i.e., the indicated product with n = 0) serves as an identity.
However, there are no inverses, so this does not quite work. We fix this
problem by inventing inverses: Let X! be a set in one-to-one correspon-
dence with X and with X N X! = (). For z € X, denote the corresponding
element of X~ by 27! and call it the inverse of z. Let F be the set of all
formal products ujusg -+ u, (u; € X U X*I), in which an element of X and
its inverse do not appear side by side. Such a formal product is a reduced
word on X. Define multiplication in F' to be concatenation followed by
reduction: if the factors on the joined ends are an element of X and its in-
verse, then they are removed; if this produces a juxtaposition of an element
of X and its inverse, then these factors are removed as well; this process is
continued until a reduced word is obtained. Finally, ¢ : X — o(F’) is defined
by sending x € X to the word x.

We need to check that (F,¢) satisfies the definition of free object. Let A
be a group and let f: X — o(A) be a map. For x € X, put f(u(z)) = f(x)
and f(u(x)~!) = f(2)~! and for a reduced word w = wjus---u, € F put
fw) = f(ur)f(uz)--- f(u,). Then for = f and it follows easily that
f: F — Ais a homomorphism. Moreover F' = (1(X)), so if f is to satisfy
these conditions it has to be defined as above, and uniqueness follows.

The group F' is called the free group on X. It is sometimes written
F(X).

COROLLARY. Fvery group G is a homomorphic image of a free group on a
set X, and this set can be chosen to be any generating set for G.

Proof. Let G be a group and let X C G be a set of generators of G. By the
theorem, there exists a free object (F,¢) on X in the category Grp. Taking
f:X = o(G) to be the inclusion map in the definition of free object, we

get a homomorphism f : F' — G such that o(f) or = f. We have

im f 2 f(u(X)) = (o(f) 0 )(X) = f(X) = X,
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and since im f is a subgroup of G, it follows that im f O (X) = G, that is,

f is surjective, as desired. O

20.6 Initial/Terminal object

The reader might have been struck by the similarity among the statements
(and proofs) of uniqueness up to equivalence of products, coproducts, and
free objects (see 15.5, 15.6, 20.4). In this section, we discuss the unifying
notions of initial and terminal objects, of which these constructions are
examples.

Let D be a category. An object I of D is an initial object if for each
object A of D there exists a unique morphism I — A. An object T'of D is a
terminal object if for each object A of D there exists a unique morphism
A — T. (Initial objects and terminal objects are sometimes referred to
collectively as “universal objects” with the former being called universally
repelling and the latter being called universally attracting.)

THEOREM.

(i) If I and I' are two initial objects of D, then there erists a unique
equivalence I — I'.

(ii) If T and T are two terminal objects of D, then there exists a unique
equivalence T — T".

Proof. (i) Let I and I’ be two initial objects of D. Since I is an initial
object, there exists a unique morphism f : I — I’, and since I’ is an initial
object, there exists a unique morphism ¢ : I’ — I. This gives a morphism
gof:I — I Butl;: I — I is also a morphism. By the uniqueness
statement in the definition of initial object, we get g o f = 1;. Similarly,
fog=1p. Therefore, f : I — I’ is an equivalence. As noted earlier, f is
the unique morphism from I to I’, so it must be the unique equivalence as
well.

The proof of (ii) is similar. O

Here we show the connection with free objects. Let (C, o) be a concrete
category and let X be a set. Form a new category D:

e objects are pairs (A, a) with A € obj(C) and o : X — 0(A) a map,

e morphisms from the object (A, ) to the object (B, 3) are morphisms
f:+A— Bin C such that o(f)oa = p,
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and composition is the same as the composition in C. It is trivial to check
that this is indeed a category.

Let (F,.) and (F’, /) be free objects on X in C. By the definition of free
object, these are both initial objects of D. Therefore, the theorem says that
there exists a unique equivalence (F,:) — (F”,:/) in D, which is the same
as saying that there exists a unique equivalence f : F' — F’ in C such that
o(f)orv=1" (cf. 20.4).

This point of view has the advantage of consolidating the two things
that make up a free object, an object F' and a map ¢, into a single object
(F,1). Of course, we pay the price of having to work in the category D,
which is more complicated than the category C. However, one can argue
that, as far as the notion of freeness on the set X is concerned, D is the
correct category to work in. For instance, when we said earlier that free
objects were unique up to equivalence we had to say “in a strong sense” to
refer to the fact that there is a unique equivalence that is compatible with
the related maps. However, just ordinary equivalence (of initial objects) in
the category D entails this strong sense automatically.

One can mimic the construction of the category D above to create a cat-
egory in which a coproduct (C,{¢;}) is an initial object, and then appeal to
the theorem on uniqueness of initial objects to get the strong sense of unique-
ness of coproducts stated in 15.6 (see Exercise 6). A similar construction
can be done for products; they end up being terminal objects.

Initial and terminal objects are ubiquitous throughout mathematics.
They can be discovered almost anywhere it makes sense to talk about an
optimal thing. For instance, the greatest common divisor of a finite set
of natural numbers is an optimal choice from among all divisors of every
number in the set. A greatest common divisor is a terminal object in an
appropriate category. Here is a short list of other notions that can be char-
acterized as either initial or terminal objects in appropriate categories:

e least common multiple of a finite set of natural numbers,
e supremum of a subset of R,

e infimum of a subset of R,

e cmpty set,

e trivial group,

e quotient group,
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closure of a subset of R",

interior of a subset of R",

universal covering space of a locally connected topological space,
universal enveloping algebra of a Lie algebra,

tensor product of modules,

completion of a metric space.

20 — Exercises

. For a group G, put F(G) = G/GW, where GW) is the commutator

subgroup of G. Define F(p) for ¢ a homomorphism in such a way
that F': Grp — Ab becomes a functor.

A contravariant functor is defined just like a functor, except with
conditions

e Al BincC implies F'(B) ) F(A) in D,
e F(1a) = 1p(4) for each A € obj(C),

o F(gof)=F(f)oF(g) for all f,g € mor(C) with t(f) = s(g),

S0 a contravariant functor reverses the direction of arrows. An ordinary
functor is called a covariant functor if it needs to be distinguished
from a contravariant functor.

Modify the definition of the power set functor (see 20.3) to obtain a
contravariant functor Set — Set.

Let C be a category and let B be an object of C. By analogy with
the covariant mor functor of 20.3, define a contravariant mor functor
FB . C — Set induced by B and verify the axioms.

. For a vector space V over a field F, put V* = mor(V, F) (= set of

morphisms in Vecp). Define a contravariant functor D:Vecp — Vecp
with object map V +— V*. (Hint: See Exercise 3.)

Let (C, o) be a concrete category, let X be a set, and let (F,¢) be free
on X in C. Assume that there exists an object A of C with |o(A)| > 1.

(a) Prove that ¢ is injective.
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(b) Give an example to show that ¢ need not be injective if no such
object A exists.

6. Let {A;}icr be a family of objects of a category C. Construct a cate-
gory D in which a coproduct of the family is an initial object.

7. Let S be a finite set of natural numbers. A greatest common divisor
(ged) of S is a natural number g having the properties:

e g|sforallse S,
e if d € N has the property that d|s for all s € S, then d]|g.

Construct a category in which a ged of S is a terminal object and use
uniqueness up to equivalence of terminal objects to prove uniqueness
of a ged.

8. Let G be a group and let N be a normal subgroup of G. Construct a
category in which G/N (or rather G/N paired with a certain homo-
morphism) is an initial object. (Hint: Fundamental Homomorphism
Theorem.)
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21 Group presentation

21.1 Motivation

We begin with a simple example. Let F' = (g) be an infinite (multiplicative)
cyclic group. It is easy to see that F' is free on the set {g} (with ¢ taken to
be the inclusion map). Let N = (¢°) and for x € F, let T denote the image
of x under the canonical epimorphism F — F//N =: F. Then

°=¢N=N-=¢,

so, intuitively, the effect of passing to the quotient F/{g®) is to make ¢°
equal to the identity. We express this by writing

F={(g]g°=e).

and by saying that I has the presentation (g|g% = e).

The group F is the most general group with one generator having sixth
power the identity in the sense that any other such group is a homomorphic
image of F. (This follows from von Dyck’s theorem (21.4), which follows
almost immediately from the Fundamental Homomorphism theorem.) Since
F is isomorphic to Zg this fact provides one way (albeit too fancy) of seeing
that there are epimorphisms Zg — A for A = Zg, Zs, Zo, and {e}.

21.2 Generators and relations

Let X be a set and let F' = F'(X) be the free group on X. Let R be a set of
reduced words relative to X as in 20.5 and let N be the normal subgroup
of F generated by R (so N is the intersection of all normal subgroups of F
containing the set R). We define

(X|R =e) := F/N,

where R = e denotes the set of all expressions r = e (r € R). This is the
group with generators X and relations R = e.
For example, given a natural number n,

(a,b]a™ = e, b*> = e, abab = e)

denotes the quotient of the free group on {a,b} by the normal subgroup
generated by {a™, b?, abab}. It turns out that this group is isomorphic to the
dihedral group Dy, of order 2n (see Exercise 1).
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This group is also sometimes written
(a,b|a™, b* aba = b~1).

The convention for notations appearing to the right of the bar (|) is that all
equations are to be viewed in the form r = e by applying standard group
operations (so aba = b~! means abab = €), and any expression not involving
an equality sign is understood to equal e (so a™ means a™ = e and b? means
b2 =e).

It should be pointed out that considerable collapsing can occur. For
instance, in the group (a,b|ab~! = e) we have a = b (meaning aN = bN),
so the two distinct (reduced) words a and b collapse to the same group
element after passing to the quotient F/N. The “word problem” is the
problem of finding a general algorithm for deciding when two words collapse
to the same group element. It was shown by Novikov in 1955 that the word
problem is unsolvable-even when both X and R are assumed to be finite.

21.3 Presentation of a group

Let X be a set and let R be a set of reduced words on X. A group G has
presentation (X |R=¢) if G = (X |R =¢).

(We draw a distinction between the ordered pair (X |R = e) and the
group (X | R = e) while most authors use one or the other of these notations
to mean simultaneously the ordered pair and the group.)

THEOREM. Fvery group has a presentation.

Proof. Let G be a group. By Section 20.5, if F' is the free group on any
generating set X (e.g., X = G) of G, then there exists an epimorphism
¢ : F'— G. For any set R of generators of ker ¢ (e.g., R = ker ¢) we have

G=imp = F/kerp=(X|R=c¢),
so that G has presentation (X | R = e). O

The generating sets X and R are generally chosen to be as small and
natural as possible.

21.4 Von Dyck’s theorem

Let X be a set, let R be a set of reduced words on X, let H be a group, and
let f: X — H be a map. We say that the relations R = e are satisfied
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in H relative to f if f(r) = e for all » € R, where f : F(X) — H is the
homomorphism induced by f. More simply put, the relations R = e are
satisfied in H if they are valid after replacing each z € X by its image
f(z) € H (and replacing the identity e of F'(X) by the identity e of H).

THEOREM (von Dyck). Let G be a group with presentation (X |R = e).
If the relations R = e are satisfied in H relative to f : X — H, and
H = (f(X)), then there exists an epimorphism G — H.

Proof. Assume that the relations R = e are satisfied in H relative to f :
X — H, and that H = (f(X)). With ¢ : X — F(X) =: F denoting the
natural inclusion, we have f o: = f. Therefore, im f D f(1(X)) = f(X),
and, since f(X) generates H, it follows that f is surjective.

Now ker f is a normal subgroup of F containing R, so ker f O N, where
N is the normal subgroup of F' generated by R. By the fundamental homo-
morphism theorem (8.7), there exists a homomorphism ¢ : F/N — H such
that ¢ o = f, where 7 : F' — F/N is the canonical epimorphism. Since f
is surjective, ¢ is as well. Finally, since G has presentation (X | R =€), we
have G = (X |R =€) = F//N, so ¢ can be composed with an isomorphism
to get an epimorphism G — H, as desired. O

21 — Exercises

1. Prove that the dihedral group Dsg, has the presentation (a,b|a"™ =
e,b?> = e,abab = ¢). (Hint: Prove that every element in this presenta-
tion can be written in the form a'b’ with 0 < i < n,0 < j < 2. Use
the theorem of von Dyck.)
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Appendix

A Writing proofs

A.1 Strings of relations

In a string of relations, the main news value should appear at the ends of
the string and all of the intermediate steps should be easily verifiable.

o Ifr>2 thenr?>+7r—6=(r+3)(r—2) >0 (r € R).

The point being made is that if r is greater than 2, then 72 +r — 6 is
positive. The equality r24+r—6 = (r43)(r—2) is verified by multiplying
out the right hand side; the inequality (r + 3)(r —2) > 0 follows from
the fact that both factors are positive under the assumption r > 2.

e (2+3)2=52=25#£13=4+9=22+32
This says that (2 + 3)% # 22 + 32.
1,2 _1_6 , 8 _ 3 _11

*sf3—i=ntn n-nfs
This says that %Jr % - % is not an integer. It is confusing to the reader
if this point ismadebywriting% :%—l—%—%: %+§—i¢z.
In working from left to right, he can easily check each step except for

the last, %—i— % - % ¢ Z. For this, he has to work backwards to see that

1,2 1 11t .
5 + 5 — 7 equals 35 which is not an integer.

A.2 If P, then Q.

To prove a statement of the form “If P, then Q” (which is the same as “P
implies Q)”), assume that P is true and show that @ is true.

o Leta,byceR. Ifa <b and c <0, then ca > cb.

Proof: Assume that a < b and ¢ < 0. Since a < b, we have a — b < 0.
Therefore, ca — cb = ¢(a — b) > 0. Hence, ca > cb, as desired. O

A.3 P if and only if Q

A statement of the form “P if and only if )7 is a combination of the two
statements “If P, then @7 and “If @, then P,” so it is often written with
a double implication symbol: “P < @.” To prove such a statement, take
each implication separately and proceed as in A.2.
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o Forr ¢ R, r2—2r = —1if and only if r = 1.
Proof: Let r € R.
(=) Assume 72 — 2r = —1. Then (r — 1) = 72 — 2r + 1 = 0, which
implies » — 1 = 0. Hence, r = 1.
(<) Assume 7 = 1. Then r? — 2r =12 — 2(1) = —1. O
It is common to use (=) and (<) as above to introduce the particular
implication being proved. Incidentally, you should convince yourself that

(<) corresponds to the statement “P if Q" while (=) corresponds to the
statement “P only if ).”

A.4 Counterexample

To show that a statement involving “for every” is false, provide a single,
explicit counterexample.

e For every positive real number r, we have r3 > r2.

This statement is false, for if r = %, then % = % - % =r2,

I could also have said that the statement is false, for if r is any real
number less than 1, then 73 — 72 = r2(r — 1) < 0, whence r® < 2. However,
the explicit counterexample above is preferable to this argument in that it
is easier to understand and it says just what needs to be said.

A.5 Showing “there exists”

To prove a statement involving “there exists,” just exhibit a single such
object and show that it satisfies the stated property.

o There exists an r € R satisfying r> +1r — 12 = 0.
Proof: Let » =3. Then, 1> +r —12=32+3-12=0.

Note that I did not tell the reader how I came up with an r that works. There
is no obligation to reveal the thought process that leads to the insight. In
fact, doing so risks confusing the reader since it is unexpected. Also, I did
not include that r = —4 also works since exhibiting a single r sufficed.
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A.6 Showing “for every”

To prove a statement involving “for every,” start with an arbitrary such
object and show that it satisfies the given property.

e For every r € R with r > 3, we have r2 — 2r +1 > 4.

Proof: Let 7 € R with 7 > 3. Then 72 —2r+1= (r—1)2 > (3—1)? =
4. O

The first sentence of the proof means “Let r denote an arbitrary (i.e.,
any old) real number greater than or equal to 3.”

A.7 Proof by contradiction

There is a method for proving a statement called “Proof by contradiction”
which is sometimes useful. To use this method, one assumes that the given
statement is false and then proceeds to derive a contradiction. The con-
tradiction signals the presence somewhere of an invalid step. Therefore,
provided all the other steps are valid, one can conclude that the initial as-
sumption was not correct, which is to say that the given statement is in fact
true.

e There are infinitely many prime numbers. (A prime number is an
integer greater than 1 that is evenly divisible by no positive integers
except 1 and itself (e.g., 2,3, 5,7, 11, ...).)

Proof: Suppose the statement is false. In other words, suppose there
are only finitely many primes. We may enumerate them: py,po, ..., pn.
Consider the number s := pips---p, + 1. Now s is an integer greater
than 1, so it must be divisible by some prime, say p;. This means
that s = p;m for some integer m. But then, 1 = s — pipa---p, =
pi(m — pip2 -+ - p; - - - pp) where the symbol p; means “delete p;.” The
expression in the parentheses is just some integer and, since it is not
possible to multiply the prime p; by another integer and get 1, this
is an obvious contradiction. Hence, our original assumption is wrong,
that is, there are infinitely many prime numbers. O

This is essentially Euclid’s famous proof of the infinitude of primes.

A.8 Contrapositive

A statement of the form “If P, then Q" is logically equivalent to the state-
ment “If not ), then not P” meaning that the first statement is true if and
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only if the second statement is true (you should be able to convince yourself
that this is the case). This second statement is called the contrapositive
of the first. Sometimes, proving the contrapositive of a statement is easier
than proving the statement itself.

o Ifr+#s, then2r+3#2s+3 (r,s € R).

Proof: We prove the contrapositive: If 2r + 3 = 2s + 3, then r = s.
Assume 2r 4+ 3 = 2s 4+ 3. Subtracting 3 from both sides and dividing
through by 2 gives r = s, as desired. O

Occasionally, people give a proof by contradiction (see A.7) of a statement
that can be established more directly by proving its contrapositive. For
example, to prove the above statement by contradiction, we would start off
assuming that there exist r,s € R such that r # s and 2r + 3 = 2s + 3.
Then, as above, we would obtain r = s, contradicting that r # s. This
proof is valid, but it is not as direct as the first proof. When a proof by
contradiction ends up contradicting one of the initial assumptions, as in this
case, it can usually be recast using the contrapositive. (Note that this was
not the case in the example worked for A.7.)

A.9 Negation

In order to formulate the contrapositives of statements or to give proofs by
contradiction, one needs to be able to negate statements. Usually, this is
eagy; for instance, the negative of @ = b is a # b. However, more complicated
statements require some thought. Logicians have formal rules that can be
used to accurately negate extremely complex statements, but since most
statements occurring in mathematics have very simple logical structures,
mathematicians tend not to use the formulas relying instead on their own
reasoning. Statements involving “for every” sometimes cause problems, so
here is an example.

e ab = ba for every a,b € G.
The negative is “There exist a,b € G such that ab # ba” (not “ab # ba

for every a,b € G”).
A.10 Variable scope

The “scope” of a variable in a proof refers to the portion of the proof that
starts where the variable is introduced and ends where the variable no longer
has meaning.
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Generally, if a variable x is introduced with “If z...” or “For every
x...,” then that variable (and every variable that depends on it), ceases to
have meaning at the end of the sentence. Such a variable x is said to have
“local scope.”

On the other hand, a variable x introduced using “Let z...” or “There
exists z...” has meaning all the way to the end of the proof. Such a variable
is said to have “global scope.”

e If n is an even integer, then n = 2m for some integer m. Therefore,
m=mn/2.

(Incorrect. Due to the conditional “If ...” the variable n has no

meaning past the first sentence. Since m depends on this n, it too has
no meaning past the first sentence.)

e Let n be an even integer. Then n = 2m for some integer m. Therefore,
m=n/2.
(Correct. The phrase “Let n be an even integer” fixes an arbitrary even
integer, and from that point on n refers to that fixed even integer. The
m in the next sentence is chosen to satisfy n = 2m, so it too continues
to have meaning from that point on.)

e For every odd integer n, the integer n+1 is even. Therefore, n+1 = 2m
for some m € Z.
(Incorrect. Due to the quantifier “For every,” n ceases to have meaning
past the first sentence.)

e Let n be an odd integer. Then n + 1 is even, so n + 1 = 2m for some
integer m. Therefore, m = (n+1)/2.

(Correct. Both n and m have the indicated meaning to the end of the
proof, unless the meaning is overwritten by a new statement, such as
“Let n be an even integer.”)
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