MATH 101A: ALGEBRA 1
PART A: GROUP THEORY

In our unit on group theory we studied solvable and nilpotent groups
paying particular attention to p-groups. There was also a heavy empha-
sis on categorical notions such as adjoint functors, limits and colimits.
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1. PRELIMINARIES
1.1. basic structures. First, I defined semigroups, monoids and groups.

Definition 1.1. A semigroup is a set S with an associative binary
operation:

x: 9 xS — S8
written (a,b) — ab so that a(bc) = (ab)c for all a,b,c € S. A monoid is
a semigroup M with a (two-sided) identity (or neutral element). This
is defined to be an element e € M so that

re =er =ux

for all x € M. A group is a monoid G with inverses. This means
Ve e G,y € G s.t.

Ty =yr = e.
y = 2! is called the inverse of .

I gave examples similar to the following.

(1) The set of positive integers is a semigroup under addition.

(2) (Z,-) is a monoid.

(3) (2Z,+) is a group.
Definition 1.2. A homomorphism between two groups is a mapping
¢ : G — H so that

¢(ab) = ¢(a)p(b).

Theorem 1.3. Any homomorphism of groups also takes identity to
identity and inverse to inverse:

Cb(@G) = €H
¢(z7") = o(a)™!

Definition 1.4. A subset H of a group G is called a subgroup if the
following conditions hold:

(1) H # 0 (H is nonempty.)

(2) HH C H (H is closed under multiplication.)

(3) H' C H (H is closed under inverse.)

The notation for subgroup is H < G.
Here I am using the notation:
AB = {abla € A,b € B}
Conditions (2) and (3) can be combined into one condition:
HH'=H.
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Theorem 1.5. The image ¢(G) of a homomorphism ¢ : G — H is a
subgroup of H.

Proof. K = ¢(G) is nonempty since it contains ¢(eq) = ey. It also
satisfies the condition KK ! = K since

$(G) = ¢(GG™") = ¢(G)(G™') = ¢(G)(G) ™
by Theorem [1.3] O
The left cosets of H in G are the sets
aH = {ah|h € H}
The set of left cosets is written G/H. For example,
Z7]27 = {27.,27 + 1}.
Definition 1.6. A subgroup N < G is normal and we write N<G if
tNz ' =N
for all z € G.

Theorem 1.7. A subgroup N < G is normal if and only if G/N is a
group under the operation

(aN)(bN) = abN.

Definition 1.8. The kernel ker ¢ of a homomorphism ¢ : G — H is
the set of all elements of G which go to the identity of H.

Theorem 1.9. ker ¢ < G. Furthermore any normal subgroup N < G
1s the kernel of some homomorphism G — H.

The homomorphism is just the quotient map ¢ : G — G/N given by
q(a) = aN.

The rest of the discussion was focused on commutators and abelian
quotient groups.

1.2. commutators. A group G is called abelian is ab = ba for all
a,b € GG. This is the same as saying that the commutator
[a,b] .= aba™'b™"

is trivial (equal to e).
To define the commutator subgroup, I needed to recall the definition
of a subgroup generated by a subset.
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Definition 1.10. If S is a subset of a group G then the subgroup
generated by S, written (S), is defined to be the intersection of all
subgroups of G which contain S:

(S) := ﬂ H.

Definition 1.11. The commutator subgroup (also called the derived
subgroup) G' = [G, G| is the subgroup of G generated by all commuta-
tors [a, b].

In general, if A, B < G then [A, B] is defined to be the subgroup of
G generated by all commutators [a, b] where a € A and b € B.

Theorem 1.12. G' =[G, G| is a normal subgroup of G.
This follows immediately from the following two facts.
Lemma 1.13. (1) z(S)z~! = (S)
(2) z[a,blz™! = [zaz™!, zbx™1].
This lemma has a generalization:

Lemma 1.14. Gwen a homomorphism ¢ : G — H,a,b € G,S C G
we have:

(1) ¢ (S) = (6(5))-
(2) ¢la, b] = [¢(a), 6()].

Why is this a generalization of the previous lemma?
The main theorem about the commutator subgroup is the following.

Theorem 1.15. The image ¢(G) of a homomorphism ¢ : G — H 1is
abelian if and only if the kernel of ¢ contains the commutator subgroup

For this we need the following lemma whose proof is obvious.
Lemma 1.16. S is a subset of H < G iff (S) is a subgroup of H.

Proof of Theorem [1.15 The argument which we did in class is reversible,
i.e., “ift” at every step: For any a,b € G we have

[#(a), ¢(b)] = ola, b].
(@) is abelian iff the LHS is always e. But, the RHS is always equal

to e iff [a, b] € ker ¢ for all a,b € G which, by Lemma is equivalent
to saying that G’ < ker ¢. O

The theorem has the following variation as an obvious corollary:

Corollary 1.17. Suppose that N < G. Then G/N s abelian iff G’ <
N.
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2. SOLVABLE GROUPS

After doing a review of group theory at lightning speed we managed
to get to the first topic of the course on the first day: Solvable groups.

2.1. two definitions. I gave two equivalent definitions of a solvable
group. Here is the first definition.

Definition 2.1. A group G is solvable if an iterated derived subgroup
G™ is trivial for some positive integer n. Here G is defined recur-
sively as follows.

(1) GO =@
(2) G+ — (G("))/ = [G(i), G(i)].

Serge Lang uses normal towers to define solvable groups.

Definition 2.2. A normal tower for a group G is a sequence of sub-
groups:

G=Gy>G >G> >Gy, ={e}
so that each subgroup is normal in the previous one: G; < G;_;. The
quotient groups G;_1/G; are called the subquotients of the tower.

In general a subquotient of a group G is a quotient of a subgroup of
G. (This is more general than a subgroup of a quotient. Why is that?)
Here is Lang’s definition of a solvable group.

Definition 2.3. A group is solvable if it has a normal tower whose
subquotients are all abelian. Lang calls these abelian towers.

We need to show that these definitions are equivalent. One direction
is obvious. The first definition implies the second. This is because the
derived series:

G> G >G> >GW=/{e}

is a normal tower with abelian subquotients. To prove the converse,
we need one more corollary or Theorem [I.15]

Corollary 2.4. Suppose that H < G,N < G and G/N is abelian.
Then H < HN N.

Proof. Take the composition
¢:H—G— G/N.
Since ¢(H) < G/N is abelian,
H <ker¢g={ze€ H| p(x)=e} =HNN.
—

zeN
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Coming back to the equivalence of definitions, suppose that G has a
normal tower with abelian subquotients. Since G/G is abelian, G’ <
GG1. Suppose by induction that G*) < Gi. We know that Gri1 9 Gg
with abelian quotient. The corollary tells us that

(GWY = G*D <GP NGyt < Grgr.
Therefore G™ < G}, = {e} making G solvable by the first definition.

2.2. degree of solvability and examples. We say that G is solvable
of degree n if G™ = {e} and G is nontrivial.
(1) Abelian groups are solvable of degree 1 (except for the trivial
group which is solvable of degree 0).
(2) S5, the symmetric group on 3 letters is solvable of degree 2.
(3) T'(n,Z), the group of unipotent matrices with coefficients in Z
is solvable, but of what degree?

To prove that Sj is solvable, take the normal tower:
Sy > A; > {e}.

Here A3z = {e, (123),(132)} is the alternating group. This is a cyclic
group and thus abelian and S3/A3 = Z/2 is also abelian. So, Sj is
solvable of degree 2.

As I mentioned in class, unipotent means upper triangular with 1’s
on the diagonal. Any unipotent matrix can be written in the form
I, + X where [, is the n x n identity matrix and X is a strictly upper
triangular matrix, i.e.,

xi; = 0 unless j > i+ 1

Let Uy be the set of strictly upper triangular matrices X = (x;;) so
that

xiy; = 0 unless j > i+ k
Then
UjUi, € Uit
Therefore, every element of Uy, &k > 1 is nilpotent: X™ = 0. This means
that

T+X) ' =T - X+ X=X ()X =T - X(T+ X))
Let
Th={I+X|X € Up}.
Then T'(n,Z) ={I+ X | X € U;} =T1.

Lemma 2.5. 11 > Ty > T3 > --- > T, = {1} is a normal tower with
abelian subquotients.
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Proof. Take arbitrary elements I + X, I + Y in T}, T}, resp. Then
(I+X)I+Y)I+X) ' = I+ X+Y+XY)([+X) ' = [+H(Y+XY)(I[+X) !

This is an element of T} since (Y + XY)(I + X)™! € UpUy C U.
Therefore, T}, < T;.
If X,Y € Uy then expanding (I + X)™' as I — X(I + X)~! we get:

T+X)I+Y)T+X) ' =T4+Y +XY - (Y +XY)X(T+ X)L,
T+ X, I+Y]=T+(XY - (Y +XY)XUT+X)HYI+Y) " €Ty
Therefore, T,/ Ty is abelian. O

This shows that T'(n,Z) is solvable of degree < k if n < 2*.

2.3. subgroups and quotient groups. We want to know that sub-
groups and quotient groups of solvable groups are solvable.

Theorem 2.6. Fvery subgroup of a solvable group is solvable.
Proof. If H < G then H' < G’. This, in turn, implies that (H') =
H® < G® = (G"). Eventually we get H™ < G™ = {e}. So, H is
solvable of degree < n. O
Theorem 2.7. Every quotient group of a solvable group is solvable.
Proof. T claim that

G/N > G'N/N > GON/N > --- > GWN/N = {e}
is a normal tower for G/N with abelian quotients. In fact G® N/N is
the image of G*®) under the homomorphism

G® — G - G/N.
Therefore,
GPWN/N = (G/N)P .

This uses the following lemma. O
Lemma 2.8. If ¢ : G — H is an epimorphism (surjective homomor-
phism) then ¢(G®) = H®) for all k > 0.
Theorem 2.9. Suppose that N < G and N,G/N are solvable. Then

G is solvable.

Proof. We are given that N,G/N are solvable. So, we have abelian
towers

N E N1 IZ NQNn:{G}
Since subgroups of G/N all have the form H/N for some N < H < G,
the abelian tower for G/N looks like this:

G/N & Gi/N & Go/N---Gn/N = {e}
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Where G, = N. By the following lemma the abelian subquotients of

this tower are
G® /N

It~ x(k) f(k+1)
G(k“)/N =G /G

Therefore,
GGG >--->GE,=NBN >-.->N,={ce}

is a normal tower for G with abelian subquotients proving that G is

solvable of degree < n + m. O
Lemma 2.10. If N, H are normal subgroups of G with N < H then
G/N G
H/N H

Proof. Let ¢ : G/N — G/H be the homomorphism given by ¢(aN) =
aNH = aH. Then ¢ is clearly onto and ker¢ = {aN € G/N |aH =
H}. But aH = H iff a € H. So, ker¢p = H/N. The lemma follows
from the equation

domain(o)

image(¢) = — 203
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3. OPERATIONS OF A GROUP ON A SET
3.1. definition and basic properties.

Definition 3.1. If X is a set, the permutation group of X, Perm(X)
is the group of all bijections f : X — X under composition (i.e., with
composition as the group law).

For example, if X = {1,2,3} then Perm(X) = S3 is the permutation
group on three letters.

Definition 3.2. An action of a group G on a set X is a homomorphism
m: G — Perm(X)
sending every g € G' to a permutation 7, of X.
The notation is my(x) = gz.

Definition 3.3. If z € X, the orbit of x is the set

Ta(x) = {my(x) = gz |g € G}.
The stabilizer of x in G is the subgroup

G, :={g9€G|gr =z}

Theorem 3.4. (1) X is a disjoint union of orbits: X = [[ g (x;).
(2) The stabilizer of any two elements of the same orbit are conju-
gate.

Proof. 1 only proved the second part. In fact I showed that
ng = ngg_l
by the following reversible proof:
a€ Gy agr=gr < g lagr =1 & g lag e G, & a € gGug "
O

In the lecture I realized that this proof assumes the following lemma.

Lemma 3.5. Two elements x,y € X lie in the same orbit of an action
of G if and only if y = gx for some g € G.

Proof. Suppose that x,y lie in the orbit mg(z). Then they can be
written as © = hz,y = kz. So, 2 = h™'z and y = kh™'x. O

3.2. examples. I believe I gave three examples of group actions.
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3.2.1. example: left multiplication. Let H be a subgroup of a group G.
Then the group H acts on the set G' by left multiplication:

An(z) = hx.

What does it mean that this is an action? The definition says that this
must be a homomorphism

A H — Perm(QG)
and this is just one equation:
AgTh = Agh
Verification is trivial:
A An(z) = Ag(hx) = ghe = A ().

[ also pointed out that right multiplication pj,(x) = xh is not an action.
Questions:

(1) What are the orbits of this action?
(2) What is the stabilizer subgroup of g € G?

Answers:

(1) The orbits are the right cosets of H.
(2) The stabilizers are all trivial.

3.2.2. example: conjugation of elements. Let G be any group and take
the action of G on GG by conjugation:

Yg(2) = grg™".
The orbits of this action are the conjugacy classes of elements of G:
va(r) = {gzg™"|g € G}.

[ write this as C(z).
The stabilizers of the action also have a name. They are called the
centralizers of the elements of G:

Zg(z) :={g € Glgr = zg}.
For example, if G = S5 then

ra(e) = e} Ge= S
16(12) = {(12),(23), (13)}  Gug = {e,(12)}
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3.2.3. example: conjugation of subgroups. Let G be any group and let
S be the set of all subgroups of G. Then G acts on S by conjugation:

ve(H) = gHg™".
What can we say about the orbits and stabilizers of this action?
The only things I could think of were the following.

(1) A subgroup N < @ is normal if and only if its orbit under the
conjugation action is a singleton: y5(N) = {N}. (A singleton
is a set with one element.)

(2) The stabilizer subgroup of H < G is the normalizer

Ne(H):={g€ G|gHg™" = H}.
(3) The stabilizer of a normal subgroup is the whole group: Ng(N) =
N.
For example, if G = S35 then S has six elements:

{e},((12)),((13)),{(23)) , A3, S

These form four orbits: {e}, A3, S3 are normal. So, they are singleton
orbits. The other three form one orbit. The stabilizers of the normal
subgroups are the whole group. The stabilizer of ((ab)) is itself. (These
subgroups are self-normalizing.)

3.3. morphisms of G-sets.

Definition 3.6. If XY are G-sets (sets with G-action), a morphism
of G-sets is a mapping
f: X—=Y
which commutes with the action of G. This means that
f OTy =Ty O f
for all g € G. Equivalently, f(gx) = gf(z) for all g € G,z € X. You
can also write this as a commutative diagram

X vy

WQJ lw

x J.y
One example of a morphism of G-sets is given by right multiplication.

Take X =Y = G with group H acting by left multiplication. Then for
a fixed g € G right multiplication by ¢ is a morphism of H-sets since

AL © Pg = Pg © Ap.
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4. p-GROUPS AND THE CLASS FORMULA

The class formula is used to prove that p-groups are nilpotent. The
class formula in turn comes from the orbit-stabilizer formula.

4.1. orbit-stabilizer formula. This follows from the following theo-
rem.

Theorem 4.1. Suppose that G acts on a set X and x € X. Then there
is a bijection between the orbit mg(x) of x and the set of left cosets of
the stabilizer G, of x. The bijection

¢: GGy S ma(x)
is given by ¢(9G,) = gz.
When X is finite, we get a numerical formula.

Corollary 4.2 (orbit-stabilizer formula). If X is a G-set and x € X,
the size of the orbit of x is equal to the index of the stabilizer of x.

Recall that X is a disjoint union of orbits:
X =[] malx:)
x; rep

where x; € X are representatives of the orbits (i.e., one element from
each orbit).

Corollary 4.3 (orbit-sum formula). The number of elements in a finite
G-set X is given by

X| = Ime@)l = Y 1G:Gy,l.

x; rep T; rep

4.2. actions of p-groups. One example of the orbit-sum formula is
given by the action of p-groups on finite sets. If P is a p-group, with
|P| = p* then every subgroup has order a power of p. If P acts on a
finite set X then the size of each orbit is also a power of p:

|P| _pk_ k—j

Pl p
Notice that this is divisible by p except when it is equal to 1. The size
of X is given by the orbit-sum formula:

X[ =) |P: Py => pF

Now we want to separate the summands which are equal to 1 and those
which are greater than 1. If |P : P,| = 1 then P, = P and z is a fized

mp(z)| = [P Puf =
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point of the action. This means g - x = x for all ¢ € P. The other
orbits have more than one element and therefore the size of these orbits
is divisible by p. This gives the following theorem which we need later.

Theorem 4.4. Suppose that P is a p-group acting on a finite set X.
Then the number of elements in X is congruent modulo p to the number
of fixed points of the action.

The key use of this formula is the following.
Corollary 4.5. Fvery nontrivial finite p-group has a nontrivial center.

Proof. Suppose that P is a p-group with p*¥ > 1 elements. Then P
acts on P by conjugation. The theorem says that the number of fixed
points of this action is congruent to |P| = p* module p. In other words,
p divides the number of fixed points. But g € P is a fixed point of the
conjugation action if and only if g € Z(P). Therefore, p divides |Z(P)|
which implies that Z(P) has at least p elements. O

4.3. class formula. This is another example of the orbit-sum formula.
Take a finite group G acting on the set G by conjugation. Then the
orbit of x; € G is the conjugacy class of z; and the stabilizer is the
centralizer Cg(x;) of z;. This gives the following formula.

Gl =) helz) =Y |G : Cal)|
This is not the class formula. We need to separate the summands which
are equal to 1. By the orbit-stabilizer formula,

Ve(r)| =G : G| = |G : Ca(x)] =1

This means Cg(z) = G. In other words, x is central, or z € Z(G).
You can also just look at the definition:

va(x) = {grg™" | g € G}.
This is {z} if and only if grg™! = x, i.e., x € Z(G).
Every central element contributes 1 to the sum and every noncentral
element contributes a number |G : Cg(x)| # 1. This gives the following.

Theorem 4.6 (class formula). The number of elements in any finite
group G is given by

Gl =12(G)| + Y ezl = 12(G)] + ) |G : Cola)

where the x; are representatives of the conjugacy classes in G which
contain more than one element.

This formula is used to prove Corollary but we already did that.
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5. NILPOTENT GROUPS

There are two definitions of nilpotent groups. [ don’t remember
whether I proved that they are equivalent but we can do that here.

Definition 5.1. A group G is nilpotent if there is a normal tower
G=G>G >G> >G, = {e}
with the following properties for all 7.
(1) G; < G and
(2) Gi-1/Gi < Z(G/GY).
A normal tower satisfying these conditions will be called a central se-
Ties.

The smallest possible value of n is called the nilpotency class of G.
Thus G has nilpotency class 1 if and only if it is abelian (and nontrivial).
The other definition that I gave used iterated centers Z®) (@) defined
recursively as follows.
(1) ZW(G) := Z(Q).
(2) Z"*D(@) is the unique normal subgroup of G which contains
ZM(G) and so that

7 (k+1)
250G (G

A0 Z0(Q)

Notice that this recursive definition implies that

Zm(G G
(5.1) (@) _ goen (G
Z(G) Z(G)

Proposition 5.2. A group G is nilpotent if and only if G = Z™(G)
for some n. Furthermore, the smallest such n is equal to the nilpotency
class of G.

Proof. If G = Z(™ (@) then the tower
G=2M"G)>2"(G) > >Z(G) > {e}

is a central series. Therefore, GG is nilpotent of class ¢ < n.
Conversely, suppose that G is nilpotent of class ¢. Then we have a
central series:

G=Gy>G D> - >G.1>G.={e}

Claim: G._; < Z®(Q) for all k.
If this is true then, putting & = ¢, we get the that G = Z(G),
which means that ¢ > n where n is the smallest number satisfying
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G = ZM™(@G). Since ¢ > n and ¢ < n we conclude that ¢ = n. So, it
suffices to prove the claim.

The claim holds for £ = 1 by the assumption that G; form a central
series. Suppose by induction on k that G._; < Z® (@) and we have
the quotient map:

¢: GGy — G/ZP(@).

Any epimorphism has the property that it sends central elements into
central elements. Therefore,

() =0 (2(65)) =7 (o) = T

Since ¢ is the quotient map this implies that G._;_; < Z*+D(Q).
Therefore, the claim and thus the proposition holds. 0

Corollary 5.3. A nontrivial group G is nilpotent of class c if and only
if G/Z(Q) is nilpotent of class ¢ — 1.

Proof. This follows from the proposition and Equation . G is nilpo-
tent of class < ¢ if and only if Z(9(G) = G. By this is equivalent
to saying that ZY(G/Z(G)) = G/Z(G). By the proposition the
last statement is equivalent to saying that G/Z(G) is nilpotent of class
< ¢ — 1. Putting these together we get the corollary. O

Corollary 5.4. Finite p-groups are nilpotent.

Proof. If P is a p-group then |P| = p* for some k. If k = 1 then P is
cyclic and therefore abelian making it nilpotent of class 1. If £ > 1 then
P has a nontrivial center Z(P) and P/Z(P) is nilpotent by induction.
By the previous corollary this implies that P is nilpotent. O
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6. SYLOW THEOREMS
This proof is from Alperin and Bell “Groups and representations.”

Lemma 6.1. If ptm then

p

Remark 6.2. Alperin and Bell do not bother to prove this lemma. In-
stead they make the following bizarre logical argument. They show
that the truth value of Lemma is equal to the truth value of the
Sylow theorems for any group G with p*m elements. Since the Sylow
theorems are true for the cyclic group of order p*m, Lemma must
be true and therefore the Sylow theorems hold for all finite groups!!

Proof. The binomial coefficient theorem says
e (s ()
Modulo p this gives the formula (1 4+ z)? = 17 + 2 = 1 + 2. By
induction on k this gives
(1+2) =1+2"
Raising both sides of this equation to the mth power we get:

(1+a)y'™= (1 +xp’“> — 14 ma? + (T;)aﬂpk o

The coefficient of 27" on the left is (p k,in ) This must be congruent to

the corresponding coefficient on the right which is m. U

Lemma 6.3. Suppose that N is a normal subgroup of a finite group G
and p1 |G : N|. Then N contains every p-subgroup of G.

Remark 6.4. In particular this means that a p-subgroup @) of G can
normalizes a p-Sylow subgroup P only if Q < P. [Since P I N(P) and
ptIN(P): Pl]

Proof. Suppose not. Then G contains a p-subgroup P so that P #
N N P. Then

PN _ P

N NNP
is a nontrivial p-subgroup of G/N. So p divides |G/N]|. O

Lemma 6.5. Suppose that P is a p-group acting on a finite set X.
Then the number of elements of X is congruent mod p to the number
of fized points of the action of P on X.
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Proof. The size of the orbit Px of any x € X is equal to the index of
its stabilizer P, = {¢g € P |gx = 2} which must be a power of p:
1P| _ p* k—¢

P~ Pt

When z is not a fixed point this number is not 1 so it must be divisible
by p. Thus p divides the number of non-fixed points in X. The lemma
follows. U

| P = [P/P| =

Theorem 6.6 (Sylow). Suppose that G is a finite group of order p*m
where ptm. Then
(1) G contains a p-Sylow subgroup (i.e., a subgroup P of order p*)
and every p-subgroup of G is contained in some p-Sylow sub-
group of G.
(2) Any two p-Sylow subgroups of G are conjugate.
(3) The set P of p-Sylow subgroups of G has |[P| =1 mod p ele-
ments.

Proof. Let X be the set of all subsets X C G with |X| = p* elements.

Then X has
k

|X| = (p T) =m mod p
p

number of elements by Lemma Note that P C X, i.e., every

Sylow-p-subgroup is an element of X

There is a left action of G on X
N(X)={gzr|ze X} eX
The size of the orbit of X is given by the index of its stabilizer H = Gx:
lorbit(X)| = |G/H| = |G : H|
where
But
HX = |JgXx=X=|JHz

geH reX

is a union of right cosets of H so |X| = p* is a multiple of |H|. Thus
|G x| = |H| = p® where £ < k. Thus every stabilizer is a p-subgroup of
G.

The number of elements in the orbit of X is:

G k
_ 1G] _pm_mpk—é>m

orbit(X)| = = —
orbit(X)] = 1 = 2 >
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We will say that the orbit of X is small if it has exactly m element.
Otherwise it is large. Large orbits have size divisible by p.

Claim The orbit of X is small if and only if X is a right coset of a
p-Sylow subgroup of G.

Proof: For a small orbit, the stabilizer H = Gx is a p-Sylow subgroup
of G and X is aright coset of H. Conversely, if H is a p-Sylow subgroup
of G then Hg € X and G permutes these m right cosets of H. So
the orbit of H is small and H is contained in the stabilizer. But the
stabilizer is a p-subgroup of G. So, it must be equal to H.

Since each H € P gives a small orbit, |X| = (p:,in) is congruent
(mod p) to m|P|. Since m is invertible mod p this shows that |P| =1
mod p. In particular P is nonempty.

Suppose that @ is a p-subgroup of G. Then we want to find a P € P
so that @ < P. The group @ acts on P by conjugation. By Lemma [6.5
this action must have at least one fixed point P. Then () normalizes
P so @ < P by Remark [6.4]

It remains to show that the action of G on P (by conjugation) is
transitive, i.e., that P is a single orbit of the G-action. If not then
for every P € P there is a () € P which is in a different orbit, i.e.,
is not conjugate to P. But the G-orbit of P is a disjoint union of Q-
orbits each of which has no fixed points by Remark [6.4] Thus every G
orbit has a multiple of p elements and |P| is a multiple of p which is a
contradiction since it is = 1 mod p. U

Alperin and Bell point out that their proof does not use Cauchy’s
Theorem which they derive as a corollary.

Corollary 6.7 (Cauchy’s Theorem). If G is a finite group whose order
|G| is divisible by a prime p then G has an element of order p.

Proof. We know that G has at least one p-Sylow subgroup P. Take a
nontrivial element g € P. Since o(g) divides |P|, o(g) = p". So, g*""
is an element of G of order p. U

Homework 3: Due next Thursday.
(3.1) Show that every subgroup of G containing N (P) is self-normalizing.

(3.2) If K < G and P is a Sylow subgroup of K then KNg(P) = G.
[This follows from the fact that all conjugates of P lie in K]

(3.3) If each Sylow subgroup of G is normal then G is the product
of its Sylow subgroups.

(3.4) Show that T'(n,Z) is nilpotent.
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7. CATEGORY THEORY AND PRODUCTS

I want to prove the theorem that a finite group is nilpotent if and
only if it is the product of its Sylow subgroups. For this we first have
to go over the product of groups. And this looks like a good time to
introduce category theory.

7.1. categories. I gave the definition of a category and two examples
to illustrate the definition: Gps is the category of groups and Ens is
the category of sets.

Definition 7.1. A category C consists of four things: C = (Ob(C), Mor, o, id)
where

(1) Ob(C) is a collection of objects. This collection is usually not
a set. For example, Ob(Gps) is the collection of all groups and
Ob(Ens) is the collection of all sets.

(2) For any two objects X,Y € Ob(C) there is a set of morphisms

MO?“c(X, Y)

which are written f : X — Y. For example, in Morg,s(G, H)
is the set of homomorphisms ¢ : G — H and Morg,s(S,T) is
the set of all mappings f:S — T.

(3) For any three objects X,Y, Z, we have a composition law:

More(Y,Z) x More(X,Y) — More(X, Z)

sending (g, f) to g o f. Composition must be associative.
(4) Every object X € Ob(C) has an identity idx € Morc(X, X) so
that idy o f = f = foidx forany f: X — Y.

Note that there are only two assumptions about the structure. Namely,
associativity of composition and the existence of units.

The idea of category theory is to extract elementary concepts out
of difficult mathematics. We look only at composition of morphisms
and forget the rest of the structure. Then we can ask: What are
the properties that can be expressed only in terms of composition of
morphisms? One of these is the product.

7.2. product of groups.

Definition 7.2. If G, H are groups, then the product G x H is defined
to be the cartesian product of sets

GxH={(g,h)|ge G heH}
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with the group law given coordinate-wise by
(91, 11) (92, ha) = (9192, h1ho).

These are several things to notice about this definition. The first is
that G x H contains a copy of G, H which commute. By this [ mean
that there are monomorphisms (1 — 1 homomorphisms):

Jj1:G—GxH, Jjo: H—GxH

given by ji(g9) = (g,¢e),j2(h) = (e,h). These inclusion maps have
commuting images since

J1(9)ja(h) = (g,e)(e, h) = (g, h) = (e, h)(g, ) = ja(h)j1(9)

7.2.1. internal direct product.

Lemma 7.3. If ¢ : G — K, ¢ : H — K are homomorphisms with
commuting images then there is a unique homomorphism f: G x H —
K so that foj1=¢ and fojys=1.

Proof. This is obvious. f must be given by f(g,h) = j1(g)j2(h). This
is a homomorphism since [j1(G), jo(H)|] = {e}. O

Theorem 7.4. Suppose that G contains normal subgroups H, K so that
HnNK ={e}, [H,K] ={e} and HK = G. Then the homomorphism
f+HxK — G gwen by the inclusion maps H — G, K — G is an
tsomorphism.

We say that G = H x K is the internal direct product in this case.

Proof. The map is given by f(h,k) = hk. This is surjective since
HK =G. Ttis 1 — 1 since HN K = {e}. It is a homomorphism since
[H, K] = {e}. O

7.2.2. universal property. The product G x H has two other projection
homomorphisms

p G x H— G, p:GxH—H

given by pi(g,h) = g,p2(g,h) = h. These satisfy the following “uni-
versal” property which is obvious (obviously true) and which I also
explained in categorical terms.

Theorem 7.5. Suppose that G, H, K are groups and ¢ : K — G, :
K — H are homomorphisms. Then there exists a unique homomor-
phism f: K — G x H so that pyo f = ¢ and pso f = 1.

The unique homomorphism is f(x) = (¢(x), 9 (x)) and it is written
f=0ox.
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7.3. categorical product. The last theorem is categorical since it
involves only composition of homomorphism. It says that G x H is a
categorical product.

Definition 7.6. Suppose that X, Y are objects of a category C. Then
Z € C is the product of X and Y if there are morphisms p; : Z7 —
X,py : Z — Y so that for any other object W and any morphisms
¢o: W — X op: W — Y there is a unique morphism f : W — Z so

that pyo f = ¢ and pyo f = 1.

The condition can be written as a commuting diagram:
X
N
3y
N

Y

w

Z

We say that Z is the product of X,Y in the category C and we write
Z = X xY. We also call Z the categorical product of X and Y.
Theorem was written in such a way that it is obvious that the
product of groups is the categorical product.

The next point I made was that the definition of a product defines
Z = X x Y uniquely up to isomorphism.

The concept of an isomorphism is categorical:

Definition 7.7. Two objects X, Y in any category C are isomorphic
and we write X = Y if there are morphisms f: X - Yandg:Y — X
so that fog=1idy and go f =idx.

The definition of product is by a “universal condition” which forces
the object Z to be unique up to isomorphism if it exists. (If the product
does not exist, it suggests that the category is not large enough and
perhaps we should add more objects.)

Theorem 7.8. The product Z = X X Y s unique up to isomorphism
assuming it exrists.

Proof. Suppose that Z’ is another product. This means what we have
morphisms p) : Z — X,p, : Z — Y so that for any W, such as
W = Z, any morphisms W — X, W — Y (such as py,ps) there is a
unique morphism ¢ so that p} o g = p; for i = 1,2. In other words, the



MATH 101A: ALGEBRA I PART A: GROUP THEORY 21

following diagram commutes.

Similarly, since Z is the product, there is a unique morphism f : 7/ —
Z so that p; o f = p} for i = 1,2. Now, take Z and Z. We have two
morphisms Z — Z making the following diagram commute:

X
p1 P1
/ idz\
fog
N
Y

By the uniqueness clause in the definition of the product, we must have

A

Z

fog=r1idy.
Similarly, g o f = idy. So, Z = Z'. O
7.4. products of nilpotent groups. Finally, I proved the following

theorem which we need. I used three lemmas without proof. But, I am
giving the proofs here after the proof of the theorem (and retroactively

in Corollary .

Theorem 7.9. If G, H are nilpotent groups of nilpotency class c1, co
resp. then G x H is nilpotent of class ¢ = max(cq, ).

The proof is by induction on c¢ using the following lemma.
Lemma 7.10. The center of G x H is Z(G) x Z(H).
Proof. This is obvious. An element (x,y) € G x H is central if
(z,y)(g,h) = (zg,yh) = (g2, hy) = (9, h)(z,y)

for all g € G, h € H. But this is the same as saying that z € Z(G) and
y € Z(H). 0

Lemma 7.11. If A< G, B < H then
G x H
Ax B

=~ G/Ax H/B.
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Proof. 1t suffices to find an epimorphism ¢ : Gx H — G/Ax H/B with
kernel A x B. Such an epimorphism is given by ¢(g, h) = (¢gA,hB). O

Proof of Theorem[7.9. By induction on ¢. If ¢ =1 then G, H are both
abelian. Then G x H is also abelian, which is the same as being nilpo-

tent of class 1.
Now suppose that the theorem is true for c—1. Since G/Z(G), H/Z(H)
are nilpotent of class ¢; — 1, ¢y — 1, their product

G/Z(G) x H/Z(H)

is nilpotent of class max(c; —1,¢co — 1) = ¢ — 1. By the lemmas above,
this is isomorphic to G x H modulo its center. Therefore, by Corollary
G x H is nilpotent of class c. O
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8. PRODUCTS WITH MANY FACTORS

[ am giving a long explanation about why finite nilpotent groups are
products of Sylow subgroups:

G=P xP,x---xP,

So, I should explain first about products with many factors. There is a
group theoretic definition and a categorical definition and they agree.

8.1. product of many groups. A product of finitely many groups is
given by:

Gy x--xGp={(g1,"+ sgn) ]| gi € Gi fori=1,2,--- n}

If we have an infinite family of groups G, indexed by a € I then the
product of these groups is the cartesian product

HGa:{g:IHUGa]g(oz)EGQVQEI}.

ael

We write g(a) = g, and call it the « coordinate of g. Multiplication is
defined coordinatewise by

(fg)a = (fa)(goc>
This can be written as p,(fg) = pa(f)pa(g). Le., the projection maps

Po: [ Ga = Ga

are homomorphisms.

Elements of an infinite product may have infinitely many nontrivial
coordinates. This sometimes causes trouble. However, it is required
by category theory. The product as we just defined it satisfies the
following categorical condition for obvious reasons.

Theorem 8.1. Suppose that G, € I is a family of groups and H is
another group. Let f, : H — G, be arbitrary homomorphisms. Then
there is a unique homomorphism ¢ : H — [[ G4 so that p, o ¢ = f,
forall a € 1.

This means that [[ G, is the product of the objects G, of the cate-
gory of groups.

Definition 8.2. If X,,a € [ is a family of objects in a category C
indexed by the set I then Z € Ob(C) is called the product of the X, if
there are morphisms p, : Z — X, for all a € I so that for any other
object W of C and morphisms f, : W — X, there exists a unique
morphism ¢ : W — Z so that p, o ¢ = f, for all a € I.
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The product of the X,, if it exists, is unique up to isomorphism
in the category C because it is given by a universal condition. I will
explain later a rigorous definition of “universal condition” which makes
this statement obvious. What is not obvious is the definitions which
become more and more complicated.

8.2. weak product. When the index set [ is infinite we often consider
the weak product

H "Go ={(9ga)acr | go = € for all but a finite number of a}.

ael
When the groups G, are abelian, this is called the sum and written
P G,. The weak product contains a copy of each group G, via the
monomorphism

Ja:Ga— ]’ Ga
acl

which sends = € G, to the element (e,--- e, x,e,- e) with z in the
« coordinate and e everywhere else. These elements (for different «)
commute and weak product is universal with this property. Le.:

Theorem 8.3. Suppose that G, are groups indexed by I and H 1is
another group. Let f, : G, — H be homomorphisms whose images

commute, 1.e.,
fo(@) f3(y) = fs(y) fa(2)
whenever v € Go,y € Gz and o # . Then there exists a unique

homomorphism
o : H "Gy — H
aecl
so that ¢ o jo, = fo for all a € I.

Proof. An element of the infinite product (g,) has only finitely many
nontrivial coordinates ga,,Jas, " Ja,- ¢(g) must be equal to the
product

?(9) = Jor (9o )Jaz (Gan) = * Jan (Gorn)
where the factors can be multiplied in any order since they commute.
O

8.3. recognizing weak products. I decided to take a finite product.
But the same statement is true for an infinite weak product.
Suppose that Ny, Na,--- , N,, are normal subgroups of a group G so
that
(1) Ny N; = {e} for all ¢ # j and
(2) NyNy--- N, =QG.
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Then does this imply that G is isomorphic to the product Ny x---x N,,?
The following example says not.

Take the group G = Z/2 x Z/2. This has four elements e, a, b, ab.
Each of the three nontrivial elements generates a (normal) subgroup
of order 2: Ny = (a), Ny = (b), N3 = (ab). These normal subgroups
satisfy (1) and (2) but N; X Ny x N3 is not isomorphic to G since it
has 8 elements. However, condition (1) implies that the elements of N;
and NN; commute for ¢ # j. Therefore, Theorem implies that there
is a homomorphism

QSZNlXNQX"'Nn—)G
which is the inclusion on each V;. Condition (2) implies that ¢ is onto.

Theorem 8.4. Suppose that Ny, No,--- , N, are normal subgroups of
G satisfying conditions (1),(2) above. Then the homomorphism ¢ above
15 an isomorphism if and only if

N;ANNy---Nj--- N, = {e}
for all j.

Proof. This new condition is certainly necessary is G is to be the prod-
uct of the N;. To show that it is sufficient, suppose it is true. Then
¢ is a monomorphism. Otherwise, there are elements x; € N; not all
trivial so that

(b(xl;x%'” 7xn) =X1Tg Ty =€

If x; # e then it is the inverse of the product of the other x;’s contra-
dicting the new condition. 0

8.4. products of Sylow subgroups. Since p-groups are nilpotent,
Theorem implies that a product of p-groups is also nilpotent. Using
Theorem [8.4] this implies the following.

Corollary 8.5. If G is a finite group whose Sylow subgroups are normal
then G is a product of its Sylow subgroups and therefore nilpotent.

Proof. Suppose that P, P, --- , P, are the Sylow subgroups of G. If
P, < G and |P| = pfi then P; is the unique Sylow p;-subgroup of G.
Therefore the primes p; are all distinct and P, N P; = {e}. This is
condition (1). Also we must have

pjmpl...ﬁj...pn:{@}
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since any element of P; has order a power of p; and elements of P; - - - 13] e

have order prime to p;. (Use the fact that the order of ab is least com-
mon multiple of the orders of a,b when a,b commute.) Therefore,

p:PLxPyx---xPB, -G

is a monomorphism. But the two groups have the same number of
elements. So, ¢ must be an isomorphism. 0

We need two more lemmas and HW 3.1.
Lemma 8.6. Let N <G and N < H <. Then
Nen(H/N) = Ne(H)/N.

Proof. Let Ng/n(H/N) = K/N. Then H/N < K/N and we have a
quotient map K/N — (K/N)/(H/N). The composite homomorphism:
K/N

H/N

has kernel H. Therefore, H < K and K < Ng(H). Similarly,
H < Ng(H) implies that H/N < Ng(H)/N. Therefore, Ng(H)/N
is contained in the normalizer K/N of H/N. So Ng(H) < K. So, they
must be equal. O

K — K/N —

Lemma 8.7. Suppose that G is nilpotent and H is a proper subgroup
of G. Then H # Ng(H).

Proof. We have a central series
Go> G >--- > G, = {e}.

Le., G; < G and G;_1/G; < Z(G/G;). Let i be minimal so that
Gi S H. Then Gi—l f H. But

Gi_1/G; < Z(G/Gy) < Ngje,(H/Gy) = No(H) /G,

by the previous lemma. Therefore, G;_1 < Ng(H) which shows that
H # Ng(H). O

Theorem 8.8. A finite group G is nilpotent if and only if it is a product
of its Sylow subgroups.

Proof. Since p-groups are nilpotent and a finite product of nilpotent
groups is nilpotent, a group which is the product of its Sylow subgroups
must be nilpotent. Conversely, suppose that G is nilpotent. Then we
claim that every Sylow subgroup must be normal and thus G is a
product of its Sylow subgroups by Corollary To prove this claim
suppose not. Then there is a Sylow subgroup P which is not normal
in G. Then Ng(P) # G. But HW 3.1 says that H = Ng(P) is self-
normalizing. This is impossible for nilpotent groups by Lemmal[8.7, [

I
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9. UNIVERSAL OBJECTS AND LIMITS

I explained how universal constructions were all examples of initial
or terminal objects in some category. I also explained that these are
equivalent if we reverse arrows.

9.1. initial and terminal objects.

Definition 9.1. Suppose that C is a category. Then an object X, of
C is called initial if for any object Y of C there is a unique morphism
f: Xo— Y. Similarly, X, € Ob(C) is called terminal if for any object
W of C there is a unique morphism f: W — X . If X is both initial
and terminal it is called a zero object.

Example 9.2. In Ens, the category of sets, the empty set ) is initial
and any one point set {*} is terminal. In the category of groups {e} is
both initial and terminal. So, the trivial group is the zero object.

Theorem 9.3. Initial and terminal objects are unique up to isomor-
phism if they exist.

This is trivial but we went through it carefully because, as we will
see later, it implies the uniqueness of any universal object.

Proof. Suppose that there are two initial objects Xy, X;. Then

X initial = El'f : Xo— Xy
Xq initial = dlg: X7 — X
Xp initial = Any two morphisms Xy — Xy are equal.

Therefore, g o f = idx,. Similarly, f o g = idx,. Therefore, Xy = X;.
The uniqueness of terminal objects is similar (and also follows from the
next theorem). O

Definition 9.4. If C is any category, its opposite category CP is “the
same thing with arrows reversed.” By this [ mean that

(1) Ob(C°?) = Ob(C). The opposite category has the same objects.
However, we put a little “op” as a superscript to indicate that
we are considering the object as being in C?. So, if X € Ob(C)
then X is X considered as an object of C.

(2) Morcer(XP,YP) = More(Y, X). The morphism sets are equal.
But the morphism f:Y — X in C is written

fop . XOp N Yop
in C°P.
(3) idxor = (idx)?™. (Identities are the same.)
(4) fP o g? = (g o f)°?. (Composition is reversed.)
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For example, when we say that
fOp . GOp N HOp

is a morphism in Gps?, we do not mean that we have created new
objects called G? and H°P. All this means is that we have an ordinary
group homomorphism

f:H—G.
The purpose is to change the description of the objects.

Theorem 9.5. X is an initial (resp. terminal) object of C if and only
if X°P is a terminal (resp. initial) object of CP.

9.2. products as terminal objects. If X,,a € [ is a family of ob-
jects in C, I created a new category B so that a terminal object of B is
the same as the product of the objects X, in C.

The objects of the new category B consist of

(1) an object Y of C and
(2) morphisms f, : Y — X, for all « € I.

I wrote the element as: (Y, (fa)acr). If (Z, (ga)) is another object in B

then a morphism

(Y, (fa)) = (2, (9a))
is defined to be a morphism ¢ : Y — Z in C so that f, = g, o ¢ for all
a € I. In other words, the following diagram commutes for each «.

Xq

s

Y T) Z
Proposition 9.6. If (Z,(g.)) is terminal in B then Z =[] X,.

Proof. (Z,(ga)) is terminal implies ¢ : Y — Z is unique which implies
that Z = [] Xo. 0

9.3. general limits. A categorical product is the limit of a diagram
with no arrows. We need to generalize this construction to create more
general limits. We will do this now in an arbitrary category and next
week we will look in the category of groups and sets and specialize to
particular diagrams.

Definition 9.7. A diagram D is a category C is a set of objects X, a €
I and a set of morphisms between these objects.

I couldn’t think of a good way to index the arrows in general. It
depends on the diagram.
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Example 9.8. Here are some important examples of diagrams.

(1) X (2) G

A N

/i \
Y {e}
(3) D ={Xy, X2, X3} (no arrows).
(4)
Gy B G S Gy
(5) X,Y with two morphisms f,g: X — Y.

Definition 9.9. If D is a diagram in a category C then the category
of objects over D which we write as C/D has objects consisting of
(1) one object Y of C and
(2) morphisms g, : Y — X, going from Y to each object in the
diagram D so that, for any morphism f : X, — Xz in C,
f O Ga = gp-
If (Y,(g94)) is a terminal object in C/D, then Y is called the limit of
the diagram D.

Being a terminal object, the limit of a diagram is unique up to iso-
morphism if it exists. For the special case when the diagram has no
arrows, the limit is the product.
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9.4. existence of limits. I showed that limits exist in the category of
sets and in the category of groups. I also showed that the category of
sets has colimits. Colimits in the category of groups are complicated
and will be discussed next week.

Theorem 9.10. The category of sets has arbitrary limits.

Proof. This means that, for any diagram of sets, with objects X, and
morphisms f : X, — X (which I did not index the first day), there
exists a limit of the diagram. This is given by letting lim X, be the set
of all (z,) in the Cartesian product [[ X, so that f(z,) = zs for all
morphisms f : X, — Xp in the diagram. U

Theorem 9.11. The category of sets has arbitrary colimits.

Proof. Given a diagram D of sets with objects X, and morphisms
[+ Xa — Xg, the colimit or direct limit is the set

colimD = HXQ/ ~

which is the disjoint union of the sets X, modulo the equivalence rela-
tion given by x € X, ~ f(z) € Xz.
The disjoint union is the union made disjoint. Formally this is the

set

[T Xe={(e.2) e I x| JXa|z € X,}.

acl
When we say we “mod out the equivalence relation” we mean: Take the
set of equivalence classes. The fact that this is the colimit is obvious.
Given a mappings g, : X, — Y, we get a mapping on the disjoint
union. Since we require gz o f = g, the identified elements z € X,
and f(x) € X3 map to the same element of Y, so we get an induced
map of the quotient [[ X,/ ~ into Y. O

Theorem 9.12. Arbitrary limits exist in the category of groups.

Proof. This is easy. It is the same thing as in the category of sets. Given
a diagram with groups G, connected my morphisms f : G, — Gp, the
limit of the diagram is

{(g94) € H Go| f(ga) = gg for all f: G, — Gp in the diagram}

which is the same as in the category of sets. The proof of universality is
also the same. The only thing we need to check (or at least realize needs
to be checked), is that this actually defines a subgroup of the product.
Sometimes definitions have a hidden commutativity assumption.
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So, suppose that (g,), (hs) are in the inverse limit set. This means
f(9a) = gp and f(h,) = hg. We need to check that (gohs) is in the
set:

f(gochoc) = f(ga)f(ha) = gﬁhﬁ'

So, it works. Also, it is trivial. So, the proper thing would have been
to say: “It is easy to see that this is a subgroup of the product.” [

At this point I introduced the “forgetful functor” to explain what
it means that the formula for limits is the same in the two categories.
But in these notes this explanation comes later.

9.5. examples. I explained several examples to illustrate how this
works.

9.5.1. double arrow. The first example (Example [9.8]5) was in answer
to the question: What happens if there is more than one morphism
between the same two objects.

Consider the diagram in Gps with two homomorphism fi, fo : G —
H. The limit L has the property that it has maps p; : L — G,
py : L — H so that pp = fiop; for i = 1 and ¢ = 2. This implies
that fi; op; = fo 0op;. In other words, p; : L — G has image in the
subgroup

K={9€G|filg) = f2(9)}

Since K is a subset of G, the mapping L — K is unique. This means
that K is the universal object, i.e., the limit of the diagram. K is called
the equalizer of the two arrows.

9.5.2. pull-back. The second example I gave was the more standard
construction of the pull-back which is the limit of the following diagram.

G
E
H?K

Definition 9.13. Suppose that f; : G — K, fo : H — K are homo-
morphisms. Then the pull-back P is defined to be the subgroups of the
product G x H given by

P={(g.h) € Gx H| fi(g) = f2(9)}
together with the projection homomorphisms p; : P — G,py : P — H.

Proposition 9.14. The pull-back is the limit of the diagram above.
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Proof. Suppose that there is another group ) with homomorphisms
q1: Q — G, q - Q — H making the following diagram commute.

G
Q1 f1
3 p1
fffff - P K
b2
92 f2
H

Then fiq1(x) = foqa(x) for every x € Q). This is the same as saying
that ¢(z) = (¢1(x), g2(z)) € P. So, ¢ in the diagram above exists and
is unique. O

According to the formula, the limit is given by
(G — K — H) = {(g,k,h) € G x K x H| fi(g) = k = fo(h)}.

This is isomorphic to the pull-back because the coordinate £ € K is
redundant. An isomorphism P — lim(G — K « H) is given by

(9,h) — (g, fi(g), h).

9.5.3. nverse limit. The third example I gave is the diagram that most
people think of as giving the “inverse limit.”

fa f3 f2 fi

G, Go

Gs Go

We use the formula which says that the limit of this diagram is
lim D = lim G; = {(90,91,92,-+) € HGz’ | fi(g:) = gi1Vi}.

An important special case is the inverse system:

s Z/n? i Z/n* 2, Z/nt
When n = 10, the elements are sequences (n1,ns,ng, - - - ) so that each

n; is a j digit decimal whose last j — 1 digits give n;_;. For example
(4,14,014,9014,19014,---) € limZ/10°. This can be viewed as an
infinite decimal going to the left:

---19014.

There are two important differences between infinite decimals going to
the left and those going to the right.
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(1) The expression is unique. For the usual decimals, two expres-
sions can be equal. For example,

0.999999 - - - = 1.000000 - - -

But every element in the inverse limit is given by a unique
expression.

(2) Negative quantities are included. For decimal going to the right,
we need to put a negative sign in front to get the additive in-
verse. For these decimals going to the left, negatives are in-
cluded. For example,

++-99999. = —1
since, if we add 1 we get - - - 00000.

Definition 9.15. For any prime p the ring of p-adic numbers Z, is
given by

Z, :=lmZ/p'Z.

But, we constructed it as a limit of additive groups. I will go over

the ring structure later.

We figured out what the formula for the inverse is in Zs. An element

is an arbitrary infinite sequence of 0’s and 1’s:

---01101000110.

To get the negative, you change all 0’s to 1’s and all 1’s to 0’s and then
add 1.

—(---01000110) = ---10111001 + 1 = - - - 10111010.
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10. LIMITS AS FUNCTORS

I explained the theorem that limits are natural. This means they are
functors.

10.1. functors. Given two categories C and D a functor F' : C — D is
a mapping which sends objects to objects and morphisms to morphisms
and preserves the structure:

(1) For each X € Ob(C) we assign an object F'(X) € Ob(D).
(2) For any two objects X,Y € Ob(C) we get a mapping of sets:

F:More(X,Y) — Morp(FX,FY).

This sends f: X — Y to F'f : FX — FY so that the next two
conditions are satisfied.

(3) F(idx) = idpx. Le., F sends identity to identity.

(4) F(fog) = FfoFg. Le., F preserves composition.

The first example I gave was the forgetful functor
F:Gps — &Ens

which sends a group to its underlying set and forgets the rest of the
structure. Thus

F(G, e, ()Y =G.

The fact that there is a forgetful functor to the category of sets means
that groups are sets with extra structure so that the homomorphisms
are the set mappings which preserve this structure. Such categories
are called concrete. Not all categories are concrete. For example the
homotopy category H whose objects are topological spaces and whose
morphisms are homotopy classes of maps is not concrete or equivalent
to a concrete category.

10.2. the diagram category. The limit of a diagram in the category
of groups is a functor

lim : Fun(T", Gps) — Gps.

But what is the domain category?
At this point I needed to make more precise how diagrams are in-
dexed. I used the following example.

D : Xa Xd



MATH 101A: ALGEBRA I PART A: GROUP THEORY 35

The objects of the diagram are index by the set Iy = {a, b, ¢,d}. The
arrows (morphisms) are indexed by I'y = {1,2,3}. These two indexing
sets are related by two mappings called source and target

S,tIF1—>F0

This structure (I'g, 'y, s,t) is called a directed graph and is drawn as

follows.
a d
1
3
b — ¢

For any category C and any directed graph I', the diagram category
Fun(T",C) is defined to be the category whose objects are diagrams
consisting of

I:

(1) an object X, in C for every a € I'y and
(2) a morphism f; : Xy — Xy for every j € I'y.

A morphism in the category

(Xa)as (f5)5) = (Ya)a, (95)5)

consists of a morphism ¢, : X, — Y, for each a € I'y so that the
following square commutes for every j € I'y with source a and target

3.

10.3. The limit is a functor. When we say that the limit is a functor,
we mean that for any map of diagrams we should get a map of limits.
For example, suppose that the graph is

T - ° ° °

And we have two diagrams indexed by I':

D1 . e G2 G1 G(]

D2 . H2 H1 HO
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Then, a morphism from D; to Dy in the diagram category is a sequence
of vertical arrows ¢; : G; — H; making the following diagram commute.

D, Go Gy Go
(¢a)l ¢2l ¢1i ¢oi
Do ce H, H; Hy,

I explained how the universal property of the limit gave the induced
map

Go =limG; — H, = lim H;

The reason is because of the following commuting diagram.

\ f1

fo

G Gy Go
¢2J/ ¢>1\L ¢>0\L

H, " H, H

When we compose the vertical arrows we get the following diagram.

Goo

d1f1
D2 f2

H, H,y H

ho

The commutativity of the triangles (of which only one is drawn) gives,
by the universal property of lim. H;, a uniquely determined homomor-
phism

¢: G — Hyo

The explicit formula for this homomorphism is

(90, 91,92, -+ ) = (P0(g0), #1(g1), P2(g2), - - -)

This is the unique mapping which commutes with the projection map
to the nth coordinate:
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Theorem 10.1. For any directed graph I' the limit gives a functor
lim : Fun([', Gps) — Gps

from the category of diagrams in Gps indexed by I' to the category Gps.
The same holds in the category Ens.

Remark 10.2. If a category C has limits of diagrams indexed by I' we
need to assume that the category is small (i.e., the collection of objects
is a set) in order for the limit to be an actual functor. The reason is
that the limit is only defined up to isomorphism and you need to choose
one object from each isomorphism class. Most people don’t make such
a fuss. (Because if you understand the problem you probably also
understand the solution.)

Another theorem which I mentioned earlier is the following.

Theorem 10.3. Limit commutes with the forgetful functor. I.e., the
following diagram of categories and functors commutes.

Fun(T, Gps) lim Gps

FJ( J{F
Fun(T, Ens) ~2> Ens.

This theorem is a fancy way of saying that the formula for the limit
is the same in the two categories.

10.4. adjoint functors. Finally, I talked about adjoint functors. This
is yet another explanation of the concept of universality. In the defi-
nition of universality it says “There exists a unique ¢.” These words
should be reminiscent of the expressions:

(Vo) By) f(2) = v,
(Vy)(F) f(z) = y.

These say that f is a bijection between two sets. If universality is a
bijection between two sets then what are those two sets?

One set is More(Y,lim X,,). This contains the morphism ¢ : Y —
lim X,. What data do you need to give you this unique morphism?
You need morphisms ¢, : Y — X, for all @. These morphisms can be
made into a single morphism between two diagrams:
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The diagram ((Y), (id)) is the trivial diagram with Y at each vertex
and the identity morphism on Y on each edge. A morphism in the
diagram category from this diagram to the diagram ((X,), (f;)) is the
same as a family of morphisms ¢, : Y — X, so that f; o ¢.u) = dys):

Y
NN
1
Xo X1 Xo
I pointed out that this trivial diagram 7Y = ((Y), (id)) is a functor
T:C — Fun(l',C).

Definition 10.4. Two functors F': C — D and G : D — C are called
adjoint functors if there is a natural bijection

MO?“'D(GX, Y) = MOT’C'(X, FY)

for all objects X in C and all objects Y in D. F' is called the right
adjoint of G and G is called the left adjoint of F'.

Theorem 10.5. The trivial diagram functor and the limit are adjoint

functors for the category of groups and for any category that has limits
of diagrams indexed by I'. Le.,

MOTFun(Rst)(((Y)v (Zd))7 ((Xot)7 (fl))) = MOTQZB(Y? lim Xa)'
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11. CATEGORICAL LIMITS

(Two lectures by Ivan Horozov. Notes by Andrew Gainer and Roger
Lipsett. [Comments by Kiyoshi].)

We first note that what topologists call the “limit”, algebraists call
the “inverse limit” and denote by lim. . Likewise, what topologists call
the “colimit”, algebraists call the direct limit and denote lim_,.

Example 11.1. Take the inverse system
- — Cla]/(a") — -+ = Clz]/(2*) — Cla]/(2) — Cla]/ (=)

Let f € lim._ C[z]/(2") = C[[z]]. Then f = > ., an,2" is a formal
power series in x over C. -
We note that Z, = lim._,Z/p™ [is the inverse limit of]

11.1. colimits in the category of sets.

Definition 11.2. Let X, be sets indexed by o € I and let f, 3: X, —
X3 be functions with a, 5 € I. [Only for pairs (o, 3) so that o < 8
in some partial ordering of I.] Then {fa.3, Xa}aer is a directed system
of sets if, for every pair of composable morphisms f, 5 : X, — Xjg,
foy: X — X, [i.e., wherever o < 3 < 7 in I], the following diagram
commutes

and, for every «, 3 € I there exists a v € I for which there are maps
fon and fg, [i.e., a, 3 < 7] as such:

Xa _far
\ X
i

X, T

One can think of a directed system as a graph with sets as points
and arrows as edges.

We can now define the direct limit on directed systems of sets by
where, for each f, 3 and for all x € X, we set  ~ f, g(x). Informally

then, the direct limit is the set of equivalence classes induced by all
functions f, 3. That ~ is an equivalence relation follows from the
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two properties illustrated diagramatically above. [The colimit of any
diagram of sets exists. The assumption of being “directed” implies that
any two elements of the colimit, represented by say x € X,,y € Xg,
are equivalent to elements of the same set X, .]

11.2. pull-back. In the following diagram, * is a “pull-back”:

* — (F

b

H 7> K
The pull-back here is a subgroup (or subset) of G x H given by
G xx H=1{(g.h) € G x H|al(g) = B(h)}.

11.2.1. universal property of pull-back. If G’ is a group such that

N\
\\

\\

N I

H

commutes.

11.3. push-forward [push-out] of groups.
K

N

N\
H—>Gx*x H \\

T\

G
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In this diagram, if K = {e, } then G« H is the amalgamated free product
of G and H given by
G+ H = {gih1g2hs - gnhn | g: € G, h; € H}.

Note that (gihgs)™" = g5 h~'g;'. [So, the set of such products is
closed under the operation of taking inverse. So, G % H is a group.|
More generally, G xx H is the quotient group G * H/ ~ where

(ga(k)) - (B(k)~'h) ~ gh
and
hg ~ (hi(k) - (a(k)™g).
Exercise. Compute (Z/27Z) % (Z/27) and explain the computation.

11.4. direct limit of groups. In order to take the direct limit of
groups, we require a directed system of groups:

Definition 11.3. {G,, fa g} is a directed system of groups if
1) fap: Goa — Gg, f3 : Gz — G, are homomorphism then [there is
a homomorphism f, ., : G, — G, in the system and]

faﬁ
G, —Gjp

f
;;;\\\ l 7

Gy

i.e. the diagram commutes.]
ii) For every «, € I there exists v € I such that f,, f3, are
defined and

Ga _far
G7
Gy T

We then define a new object [the weak product] [T, .; Ga C [1.c; Ga:

Definition 11.4. For = {z,}s we let x € [[,; Gq if = has only

finitely many x, coordinates which are not e, € G,.

[The direct limit of a directed system of groups is then the same set
as the direct limit of sets:

lim  Go=]]Ga/~

— el
ac aecl

where, z, € G, is equivalent to xg € G if and only if

foaﬁ(xa) = f,@,v(mﬂ>
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for some v € I, with the additional structure that the product of
To € Gy, x5 € Gg is defined to be the product of their images in G,,.|
In practice, one works with lim_,,G, in the following way: [Here
Horozov says that each element of the direct limit is represented by a
single element of a single group G,. I wrote that as the definition. |

11.5. universal property of the direct limit of groups. If {G,, f. s}
is a directed system of groups and g, : G, — H are homomorphisms
such that

GQLH

|

Gg

commutes, then there exists a unique homomorphism g : lim . G, — H
such that

ha ..
Gy —lim_, G,
Jlg
Ga

H

commutes for all o € 1.

[Any element Z of the direct limit is represented by some element
of some group z, € G,. Then we let ¢g(T) = go(xs). If 5 € Gg is
another representative of the same equivalence class T then, by def-
inition, fu,(za) = fs-(x3) = x, € G, for some v € I. But then
Go(2a) = g4(z4) = gs(zg). So, g is well-defined.]

11.6. free groups. Let X be a set. The free group on X, F(X), is
defined by the following universal property: given any group G and
set map f : X — @, there is a unique ¢ : F(X) — G that is a group
homomorphism such that the diagram

X — d G
F(X)

commutes.

It remains to define F(X) and say what the map i is. Suppose X =
{1, 29, -} (note that X need not be countable; we use this subscript
notation simply for ease of use). Then the words in X, w, are all finite
sequences chosen from the set X U X!, where X' = {z7} 25", ---}
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(here the ~! notation is purely formal). If W = {w} is the set of such
word then
FX) =W/~

where ~ is the smallest possible relation so that we get a group: i.e.,
that for all i, both z;2; ! and x; 'z; are trivial.

Then each word in F(X) has a unique reduced form, in which no
further simplification induced by the above relation are possible, and
F(X) thus consists of all the reduced words.

11.7. an important example. PSLy(Z) = SLy(Z)/ £ 1. This group
acts on the upper half-plane H = {z € C |3z > 0}: A € SLy(Z) gives
a map

az+b —az—b
— = .

cz+d —cz—d

Thus, for example, 1) translates by 1, while <O

1 —1\. . .
01 1 o | isinversion.

It turns out that
PSLy(Z)=7/27 «7/3Z

This has something to do with fixed points in C under this action.
Similarly,
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12. MORE ABOUT FREE PRODUCTS
I decided to explain the example of PSLy(Z) more thoroughly.

12.1. Amalgamated products again. The free product formulas for
PSLy(Z) and SLy(Z) are an example of the following theorem.

Theorem 12.1. Suppose that G and H have isomorphic normal sub-
groups N1 <G, Ny < H. Ny 2 Ny=N. Then N I G *y H and

G*NH
N

Proof. G xy H is the push-out (colimit) of the following diagram.

= G/N « H/N.

N—G

|

H

G/N is also given by a universal property: It is the pushout of the
diagram

N G

L

{e} =1—G/N

To show that G*TNH = /N« H/N we need to show that: For any group
X and homomorphism G *y H — X which is trivial on N, there exists
a unique homomorphism G/N x H/N — X making the appropriate
diagram commute.

This condition is equivalent to the commuting diagram

NN
/

However, this commuting diagram includes the diagram

N

X

1

N—C

L

l—X
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So, there is an induced map G/N — X and similarly, there is an
induced map H/N — X as indicated in the following diagram.

A
1\HLV G/

The two morphism G/N — X, H/N — X induce a morphism from the
free product G/N * H/N — X:

N\\\\ G\\\\\\
H X
A
L ‘
!
1 G/N !
!
\ J \ ‘
\
H/N G/N x H/IN
This proves the theorem. O

I restated the theorem in terms of specific 2 x 2 matrices A, B

{0 1 o (-1 0\ _
‘4“<—1 0) A= (o —1) =k
(0 1 s (-1 1 s (-1 0\ _

So, A* = I, = BY. The statement is

This means that every element of SLy(7Z) has a unique expansion of
one of the following two forms

(1) Am"BmAB™A--- AB"™

(2) AmBmAB™A--- AB"™ A

where, in both cases, each n;, =1 or 2 and m =0, 1,2 or 3.
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Proof. By definition, elements of the amalgamated product (A) *_p,)
(B) have the form

Am1 Bn1 Amz BnQ Am3 . Amk Bnk

subject to the condition that A* = B% = I and A? = B3. This last
condition implies that, if any of the powers of A are 2 or more or any
of the powers of B are 3 or more, then we can convert it into a power
of the other letter and move it to the left. For example,

ABAB?AB* = ABAB*AB(B?*) = ABAB?*(A*)AB
= ABA(B*)B*AB = --- = (AY)ABAB*AB
The only question is whether the last letter is A or B. U

12.2. free group as adjoint functor. If S is a set, let G(S) be the
free group generated by S. This is the set of all sequences (reduced
words)
w=sysy? sk k>0

where n; € Z, n; # 0 and s; # s;41 € S. The length of w is f(w) =
> [nil.

Theorem 12.2. G : Ens — Gps is adjoint to the forgetful functor F.
Le.,

Homgns(S, FH) = HOngps(GS, H)

Proof. The bijection G sends the mapping f : S — H to the group
homomorphism G f : GS — H given by

Gf(sitsy® o) = fs1)™ fs2)" -+ flsp)™.
The inverse is the restriction map; G™'(f : GS — H) = f|S. O

12.3. actions and free products. As Ivan Horozov pointed out, we
can tell that PSLy(Z) is a free product from the way that it acts on
upper half-space. The following theorem, which is Exercise 54 on p.81,
explains how this works.

Theorem 12.3. Suppose that G1,Ga, -+ , G, < G are subgroups of G
which generate G. Suppose that G acts on a set S. Suppose there are
subsets S1, 59, ,S, C S and an element

seS\|Jsi
in the complement of the sets S; with the following property. For all
g€ Giv Gi 7£ €,
(1) g(S;) € S; for all j # i and
(2) g(s) € Si.
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Then G is the free product of the groups G;:
G=GxGax*x---xG,

Proof. By the universal property of the free product, there is a homo-
morphism
Oo: G *xGyx---xG, — G
which is the inclusion map on each G;. Since the groups GG; generate G,
this homomorphism is onto. Thus, it suffices to show that the kernel
of ¢ is trivial. So, suppose that there is an element in the kernel of ¢.
This has the form
9192 - Gk

where g; # e is an element of G, and i; # ;1.

Suppose for example that this element is ¢g,¢293 where g1 € G5, g2 €
Gg,gg € G4. Then

919293(s) € G5

since g3(s) € Si,92(g3(5)) € 92(54) S S0, 91(9295(s)) € 91(54) S Ss.
Therefore, g1g293 # e. And in general, g; - - - gi # e which implies that
¢ has a trivial kernel and is thus an isomorphism. 0

Corollary 12.4. PSLy(Z) = 7/2 % Z/3.
Proof. We apply the theorem to G = PSLy(Z),G; = (A) where A =

_01 (1) and Gy = (B) where B = (_01 i) Let S = H be the

upper half plane. Let
Si={z=z+iyecH|z <0}
Then Az = —1/z. So, A reverses the sign of the real part of z. There-
fore, A sends s = 1//4 + i and the set {z = z + iy € H|z > 0} into
Sy. Let S = X UY where
X={zeH||]z—1 <1and|z| <1}
Y={z2=z+iyecH|xz>1/2 and |2z| > 1}
Then B(X) =Y, Bs € X and B(S;) C X. Therefore, the conditions

of the theorem are satisfied and we conclude that PSLy(Z) is the free
product of the subgroups generated by A and B. 0
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S1

So
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