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Introduction

These are lecture notes for a year long graduate course in abstract alge-
bra given at the University of Oregon in 2002-2003. The text is Advanced
Modern Algebra by J. Rotman. I will greatly appreciate if you will let
me know of any misprints or errors you can find in these lecture notes.

This is a difficult course to take and to teach: there is a lot of material
to cover. As a result, it is difficult to get into things in a deep way, so
the course might sometimes even seem boring.

The homework assignments will be given weekly on Mondays and
collected also on Mondays. Only part of the problems will be graded.
The assignment will usually include sections from the textbook or these
lecture notes to read. This part of the assignment should never be
ignored! Sometimes I might assign sections which were not explained in
class.

The midterm will be on Wednesday of the 6th week of each term,
from 6 to 8:15 p.m., if possible. Final during the finals week according
to schedule.

I will assume that the material usually covered in 500 Algebra courses
has been mastered.

Finally, never fear! I am there to help.



Groups

1.1 Things known

Throughout the course I will assume some maturity in linear algebra

(vector spaces, bases, linear transformations, bilinear forms, duals, ...)

As far as groups are concerned we assume that sections 2.1-2.5 and
parts of section 2.6 in Rotman are well understood, as these matters are
covered in detail in 500 Algebra.

Among other things, these sections discuss the following important
topics (which T will skip):

2.2

2.3

24

2.5

2.6

Symmetric group as an interesting example of a finite group. You
need to understand symmetric and alternating groups very well,
as these will occur throughout the course as main examples of
finite groups.

Formal definition of a group and more examples: cyclic groups,
dihedral groups, general linear groups, etc. All of them should be
your friends, just like symmetric groups.

Subgroups, cosets, Lagrange’s Theorem, Fermat’s Theorem, Sub-
groups generated by subsets.

Homomorphisms and automorphisms, kernels, images, conjuga-
tion, normal subgroups, center.

Quotient groups.

1.2 Cyclic groups

We will review some useful properties of cyclic groups. Most of the
proofs are omitted. The cyclic group of order n is denoted by C,,, and the
infinite cyclic group is denoted by Co, (or Z if we use additive notation).



1.8 Simplicity of A, 3

Lemma 1.2.1 Let C,, = (g). For each divisor d of n, C,, has exactly
one subgroup of order d, namely (g"/%) = {h € C,, | h% = 1}.

Lemma 1.2.2 Let C,, = (g). FEvery automorphism of C, has form
a(g®) = g** for a fized k with (k,n) = 1. Hence Aut(C,,) = (Z/nZ)*,
the multiplicative group of the residue ring Z/nZ.

Remark 1.2.3 Note that Aut(C,,) does not have to be cyclic. What is
Aut(Cs)?

Lemma 1.2.4 If an abelian group G has elements of orders k and I,
then it has an element of order LCM(k, 1)

Proof Let g and h have orders k and [, respectively. If (k,1) = 1 it
is easy to see that the order of gh is kl. Otherwise let d = (k,[), and
consider the elements g and h'/¢. |

The following nice result is used very often.

Lemma 1.2.5 Let F be a field, and G be a finite subgroup of the mul-
tiplicative group F*. Then G is cyclic.

Proof First observe that, for every d € Z~, there are at most d solutions
of the equation 2% = 1 in F*—indeed, the polynomial 2¢ —1 has at most
d roots.

Now let g be an element of G having a maximal possible order n.
We claim that G = (g). Otherwise, pick an element h € G\ (g).
By the choice of g, the order k£ of h is at most n. If & = n, then
1,9,6°,...,9" 1, h are n+ 1 solutions of 2" = 1, giving a contradiction.
So we have k < n. Now, k divides n, for otherwise Lemma 1.2.4 yields an
element of order LCM(k, n) > n, giving a contradiction. Finally, we get
a contradiction anyway, as now 1,¢"/%, ¢27/k . gE=1n/k pboare k41
solutions of z* = 1. O

1.3 Simplicity of A,
Recall that a group is called simple if it has exactly two normal sub-
groups (which then have to be {1} and G itself). Just to start our
course somewhere, in this section we will prove the classical result that
the alternating group A, is simple for n > 5. Simple groups are very
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important in group theory, and A, was historically the first example of
a simple group.

Lemma 1.3.1 Let n > 5. Then all 3-cycles are conjugate in A,,.

Proof Let i,j,k,l,m,,... be arbitrary (distinct) numbers from
{1,2,...,n}.

We can conjugate (1,2, 3) to (4, j, k) using the permutation ¢ which maps
1to i, 2 to j, and 3 to k, and leaves 4,5, ... invariant. If o happens to
be odd, then use (I, m)o instead. O

Lemma 1.3.2 Let n > 3. Then A, is generated by the 3-cycles.

Proof Any element of A, is a product of an even number of transposi-
tions. Consider a product of two transpositions (i, j)(k, ). If all numbers
i, 7, k,l are distinct, then

Otherwise the product looks like (i, 7)(4, k), which equals (7, j, k). The
lemma follows. ]

If g, h are two elements of a group G, we write [g, h] for the element
ghg~th™1, called the commutator of g and h. This terminology comes
from the fact that g and A commute if and only if their commutator is 1.

Theorem 1.3.3 Let n > 5. Then A,, is simple.

Proof Let {1} # H < A,. By the lemmas above, it suffices to show
that H contains a 3-cycle. Take o € H \ {1}.

Let us suppose first that n = 5. Then either ¢ = (¢,7)(k,l) or 0 =
(4,4, k,1,m). In the former case take 7 = (4,7)(k,m). Then (m,l,k) =
[1,0] € H. In the latter case, take 7 = (4,4, k). Then (i,4,1) = [1,0] €
H. We are done in both cases.

Now, let n = 6. If o fixes some i € {1,2,...,6}, then o belongs
to a subgroup As; < Ag permuting the remaining 5 symbols. Thus,
o € HN As. Therefore H N As is a non-trivial normal subgroup of
As. As we already know that As is simple, this implies H > As. In
particular, H contains a 3-cycle, and we are done. So assume ¢ does not
fix any element. Then either o = (i, 7)(k,l,m,r) or o = (¢, 7, k)(l,m,r).
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In the first case, 1 # 02 € H fixes i (and j), and we are reduced to the
case already considered above. In the second case take 7 = (j, k,1). We
have again (k,i,m)(j,l, k) = [o,7] € H fixes r.

Finally, let n > 7. There exist ¢ # j with o(i) = j. Chose a 3-cycle
« which fixes ¢ but moves j. Then ao # oa, as the two elements differ
on i. Hence 7 := [, 0] is a non-trivial element of H. But ca~lo™! is
a 3-cycle. So v is a product of two 3-cycles. Hence it moves at most
6 elements, say, i1,...,ig. Let FF = Ag be the alternating group on
{i1,...,i6} considered as a subgroup of A,. Then v € H N F, whence

H > F by simplicity of F', and so H contains a 3-cycle. 0

Example 1.3.4 A permutation of the set {1,2,... } is called finitary if it
fixes all but finitely many points. Denote by A, the finitary alternating
group, i.e. the group of all even finitary permutations. Using the fact
that A = Up>14,, it is easy to see that A, is simple, giving us an
example of an infinite simple group.

1.4 Isomorphism and Correspondence Theorems

Theorem 1.4.1 (First Isomorphism Theorem) If f : G — H is a
homomorphism of groups, then K :=ker f <G, and the map

f:G/K —imf, gKw f(g)

18 an tsomorphism.

Proof It is routine to check that K is normal, that f is a well-defined
homomorphism (the most important part, so make sure you understand
this), and that f is surjective and injective. |
Example 1.4.2 The cyclic group C,, of order m is isomorphic to Z/mZ.
Example 1.4.3 Let S' be the group of all complex numbers of abso-
lute value 1. Then considering the map R — S', z — e>™ gives an

isomorphism R/Z =2 S!.

Example 1.4.4 The determinant map det : GL,(F) — F* yields an
isomorphism GL,,(F)/SL,(F) = F*.

Example 1.4.5 The sign map S,, — {£1} shows that S, /A, = C>.
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Example 1.4.6 If d | n then C,,/Cy = C,, 4.

Example 1.4.7 For any group G, we have G/Z(G) = Inn(G), where
Z(Q) is the center of G, and Inn(G) is the group of the inner automor-
phisms of G.

Example 1.4.8 Let p be a prime, and Cp < C* be the group of all
p"th roots of 1 for all n > 0. Considering the map z — 2P yields an
isomorphism Cpes /C}, = Cpes. It can be proved that actually any non-
trivial quotient of Cpeo is isomorphic to Cpe. Another curious property
of this group is that any finitely generated subgroup of it is cyclic, even
though it is not cyclic itself.

Example 1.4.9 Let p be a prime Q,) be a subgroup of (Q,+) which
consists of all numbers of the form m/p™ for m,n € Z. Considering the
map Q) — Zp, m/p" e2mm/P" vields an isomorphism Qpn/Z =
Lo

Theorem 1.4.10 (Second Isomorphism Theorem) Let H < G,
K <(G. Then H]QHK <G, HNK < K, and the map

p:K/(HNK)— HK/H, k(HNK)— kH
18 an isomorphism of groups.

Proof Things to check: (1) HK < G, (2) H < HK, 3) HNK < K,
(4) ¢ is a well-defined homomorphism, (5) ¢ is surjective and injective.
All are routine. For example, for (1): given elements hi,hs € H and
ki,ko € K,

haiki(hoka) ™" = hikiky 'hy' = hihgkiky ' € HE,

where hs = kiky 'hy *(kiky 1) ™! € H, as H is normal. O
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Remark 1.4.11 The following picture might help you to remember
what the Second Isomorphism Theorem is saying.

G
HK
K H
HNK
1

Example 1.4.12 Let V;, V5 be finite dimensional subspaces of a vector
space V. Then the map in the Second Isomorphism Theorem gives
an isomorphism (of groups, but actually vector spaces) Vi/(Vi N Vy) =
(V1 + Va)/Va, which implies the well-known dimension formula

dim(V; + V) = dim V; 4+ dim V5 — dim(V; N V%).

Theorem 1.4.13 (Third Isomorphism Theorem) Let H, K < G,
K < H. Then L := {hK | h € H} C G/K is a normal subgroup
isomorphic to H/ K, and the map
G/K
L

s an isomorphism of groups.

— G/H, (9K)Lw~— gH

Proof Apply the First Isomorphism Theorem to the map f : G/K —
G/H, gK — gH. O

Remark 1.4.14 Slightly informally, the Third Isomorphism Theorem
claims that the following cancellation rule is true:
G/K

/K ~ G/H.

The following theorem is used very often, and so you need to make
sure that you understand what it says, and how the proof is ‘obvious’
or ‘routine’.

Theorem 1.4.15 (Correspondence Theorem) Let K < G and 7 :

G — G/K be the natural projection. Then:

(i) For any subgroup S of G containing K, K is a normal subgroup
of S.
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(ii) 7(S) is a subgroup of G/K isomorphic to S/K.

(iii) The maps ™ and 71 establish a bijection between the subgroups
of G containing K and the subgroups of G/ K.

(iv) The bijection respect inclusions and indexes, i.e. T < S if and
only if 7(T) < w(S), in which case [S : T] = [x(S) : w(T)].

(v) The bijection respects normality and quotients, i.e. T < .S if and
only if m(T) < w(S), in which case S/T = w(S)/n(T).

Proof (i) is obvious. (ii) follows from the First Isomorphism Theorem.
(iii) is clear because 7w and 7! induce mutually inverse maps between
our two sets of subgroups. The first part of (iv) is obvious and the second
is a routine exercise with cosets representatives. Finally, (v) follows from
the Third Isomorphism Theorem. |

Example 1.4.16 We have SL,(F5) <GL,(F5), and
GL,(F5)/SL,(F5) 2 FX = Cy.

So there is only one subgroup strictly between SL, (F5) and GL,(Fs):
the group of matrices with determinant +1.

1.5 Group Actions and First Applications

Group actions are a very powerful tool for studying groups themselves.
A special case of this is when a group acts with linear transformations
on a vector space. Such actions are a subject of group representation
theory, a very important and active area of mathematics. However, we
start from groups acting on sets:

Definition 1.5.1 Let X be a set and G be a group. We say that G acts
on X or X is a G-set, if there is a function

GxX—-X, (g,2)—g-x
such that

(i) (gh) -z =g-(h-z) forall g,h € G, z € X;
(ii) 1-z =z for all z € X.

Two G-sets X and Y are isomorphic if there is a bijection f: X — Y
satisfying f(g-z) =g f(z) for all g € G and = € X.
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Remark 1.5.2 Having an action of G on X is equivalent to having a
homomorphism G — S(X), where S(X) is the group of bijective maps
from X to itself.

Definition 1.5.3 Let X be a G-set. An orbit of x € X, denoted G-z or
O(z), is the set {g-x | g € G}. An orbit of G on X is an orbit of some
x € X. If G has only one orbit on X we say that G acts transitively on
X. The stabilizer of x € X is the subgroup G, :={g € G | g -z = z}.
The kernel of the action is the subgroup {g € G | g-z = x for all z € X}.
The action is called faithful if the kernel is trivial. If the action of G
on X is faithful we also say that G is a permutation group on X. In
this case, if G acts transitively on X we also say that G is a transitive
permutation group on X.

We first prove some simple general results on group actions and then
consider examples.

Proposition 1.5.4 Every G-set is a disjoint union of the G-orbits.

Proof The relation z = y if and only if there exists g € G with g-z =y
is an equivalence relation, and equivalence classes are orbits. 0

Theorem 1.5.5 Let X be a G-set, and x € X. The map
G/Gy — G-z, 9gG,—g-x

is a well-defined bijection. In particular, if [G : G| is finite, then [G :

G, =G z|.

Proof Routine. ]

Lemma 1.5.6 Let X be a G-set, v € X, and g € G. Then Gy, =

9GLg7L.

Proof Pretty obvious. |

The interesting exaples of permutation groups abound. Here are some
illustrations.

Example 1.5.7 Regular action of G on itself, i.e. g-h = gh. Note that
the homomorphism G — S(G) corresponding to this action according
to Remark 1.5.2, is injective. This proves that any finite group is a
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subgroup of the symmetric group S|g|, the fact usually referred to as
Cayley’s Theorem. The regular action is transitive, and stabilizers of all
elements are trivial: Gy = {1}.

Example 1.5.8 If H < G is a subgroup, we have the action of G on
G/H given by g - (¢’H) = gg’H. This gives a homomorphism of G
into Sig.g). The action is again transitive, and for the stabilizers we
have: Gyy = gHg™ .
fact, the kernel is NgeqgHg™*. Actions of groups on the left cosets are

The kernel of the action is contained in H. In

very important because every transitive action is isomorphic to such one.
Indeed Theorem 1.5.5 shows that any transitive G-set X is isomorphic
to the G-set G/G,, for any z € X.

Example 1.5.9 Action of G on the elements of a normal subgroup
H<G by conjugation, i.e. g-h = ghg™!. The action is transitive only
if H= {1}, as G-1 = {1}. Let H = G (which is the most important
special case). Then the orbits are called the conjugacy classes of G. The
conjugacy class of z is denoted by 2“. The stabilizer G, is called the
centralizer of x in G and denoted Cg(z). Theorem 1.5.5 in this case
reads:

|29 =[G : Cg(x)). (1.1)

The conjugacy class of z consists of only one element if and only if z
belongs to the center

Z(G) :={z€ G| zg = gz for any g € G}.

Now (1.1) together with Proposition 1.5.4 give what is called the class
equation of a finite group G:

Gl =12(G)] +Z[G : Ca(q)], (1.2)

where one z; is selected from each conjugacy class having more than one
element.

Example 1.5.10 Action of G on the set of its subgroups by conjugation,
ie. g-H = gHg™ "' for g € G,H < G. There is a special name and
notation for the stabilizer G g: it is called the normalizer of H in GG and
denoted Ng(H).
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Example 1.5.11 By definition, Dg acts naturally on the vertices of the
square. The action is transitive, the stabilizer of any point x is {1, r},
where r is the (unique) reflection in Dg, which leaves x invariant.

Example 1.5.12 By definition, the group G of rotations of cube acts on
the four diagonals of the cube. It is easy to see that the action is faithful.
Moreover, for every pair of diagonals there exists a rotation swapping
them and leaving the other two diagonals invariant. This shows that
G=8,.

Example 1.5.13 By definition, GL(V') acts naturally on the elements
of V. There are two orbits: the origin {0} and V' \ {0}.

Example 1.5.14 The action of GL, (F) on all matrices M, (F) by con-
jugation. If the ground field F is algebraically closed then the orbits are
parametrized by the Jordan normal forms of matrices.

Example 1.5.15 The natural action of GL(V) on the set P(V') of the
lines in V' is transitive.

Example 1.5.16 The natural action of GL(V') on the bases of V is
transitive. The stabilizer of any element is trivial. Assume that V = Fy,
where F is a field with g elements. Theorem 1.5.5 implies that |G L, (F,)|
equals the number of bases in V. This number is easy to calculate!
Indeed, for the first element of a basis we can take any non-zero element,
and so we have (¢ —1) options. After the first element has been chosen,
we can choose from (¢" — ¢) elements of V' which do not belong to the
line spanned by the first element. When the first two elements have
been chosen, we may choose the third element from any of the (¢™ — ¢?)
elements of V', which do not belong to the plane spanned by the first
two elements, and so on. Thus,

IGLn(Fo)l = (¢" = 1)(q" —q) ... (¢" —¢" ")

1.3
=" Vg -1 - 1) (@" - D). )

Therefore using Example 1.4.4, we get
SLn(Fg)| = ¢ V2 (¢* = 1)(¢* = 1)... (¢" = 1). (1.4)

Example 1.5.17 The natural action of the symmetric group S,, on the
set {1,...,n} is transitive with the stabilizer of any element isomorphic
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to S,,_1. This action induces a transitive action on the ordered k-tuples
of distinct elements from {1,...,n}, whose stabilizers are isomorphic to
Sn—k (here k < n).

Example 1.5.18 Let us use group actions to prove that Ss is the only
non-abelian group of order 6. Let G be such a group. Then there must
be an element ¢ € G of order 3 and an element s € G of order 2 (the fact
that there is an element of order 2 follows by considering pairs {g, g~ '},
and the fact that not every element is of order 2 follows as G is not
abelian). Now, (¢) <G, as a subgroup of index 2 is always normal. Let
scs™t = ¢ for i € {0,1,2}. Then i can only be 2, as s and ¢ do not
commute. Now consider the action of G on the cosets G/(s). The kernel
of the action is contained in (s). But s is not in the kernel, as otherwise
sc(s) = c(s), hence ¢!
the kernel is trivial, and so we have constructed an embedding of G into

sc = s, i.e. sc = cs, giving a contradiction. Thus
S3. As both groups have order 6 they must be isomorphic.

Example 1.5.19 Let H, K < G be two subgroups. We can restrict the
action on left cosets G/H from G to K. Orbits of this K-action are
called (K, H)-double cosets of G. A (K, H)-double cosets is thus the set

KgH ={kgh | k€ K, h € H}.

By Proposition 1.5.4, G is a disjoint union of double cosets. There
is one important difference between single and double cosets: all single
cosets have the same cardinality, while double cosets might have different
cardinalities (find an example!) Theorem 1.5.5 yields

K| H|

KgH| = — =121
K gH| lgHg ' N K|

Example 1.5.20 The Klein 4-group is defined to be

Vi = {1, (12)(34), (13)(24), (14)(23)}. (1.5)

This is a transitive subgroup of S, isomorphic to Cy x Cy. It can be
shown that any transitive subgroup of Sy is either (i) Sy, (ii) Ay, (iii) Vi,
(iv) cyclic group of order 4, or (v) D4 acting on the verices of the square.

We now obtain some more applications of group actions.
Let p be a prime. Recall that a finite group is called a p-group if the
order of GG is a power of p.



1.5 Group Actions and First Applications 13

Theorem 1.5.21 The center of a non-trivial p-group is non-trivial.

Proof Consider the class equation (1.2) of our p-group G. By assumption
|G| and all [G : Cq(z;)] are divisible by p, so the same must be true for
1Z(G)I. O

Corollary 1.5.22 Let p be a prime. Every group of order p? is abelian.

Proof In view of the previous theorem we may assume that |Z(G)| = p.
Then G/Z(G) = C,,. Take any element g € G\ Z(G). Then any element
of G\ Z(@) looks like g*z for some k and some z € Z(G), so g commutes
with any such element. As g also commutes with the elements of Z(G),
it follows that g € Z(G), giving a contradiction. O

Remark 1.5.23 The result above does not generalize to groups of order
p>. Indeed, the group of all strictly upper triangular 3 by 3 matrices over
[, is a non-abelian group of order p>.

We now prove the important Cauchy’s Theorem. First we deal with
the abelian version.

Lemma 1.5.24 If G is a finite abelian group whose order is divisible by
a prime number p, then G contains an element of order p.

Proof Apply induction on |G|, starting from |G| = p, when G = Cp,
and so the result holds. Now let |G| > p. Let g # 1 be any element of
G, and k be the order of g. If p divides k then the order of ¢*/? is p.
Otherwise, consider G/{g). By inductive assumption there is an element
h{g) € G/{g) of order p. Let h have order m. Then (h{g))™ = (g) in
G/{g), so p|m, and we can take h™/P. O

Theorem 1.5.25 (Cauchy’s Theorem) If G is a finite group whose
order is divisible by a prime number p, then G contains an element of
order p.

Proof Let |G| = pm. We apply induction on m. If m =1 then G = C),
and the result is true. Let m > 1. Consider the class equation (1.2).
If p divides some |Cg(x;)|, we apply the inductive hypothesis to the
subgroup Cg(x;). So we may assume that p {|Cq(z;)| for every i. Hence
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p | [G: Cg(z;)] for every i, whence p | | Z(G)|. Therefore, we may assume
that G is abelian, and apply Lemma 1.5.24. |

Corollary 1.5.26 If |G| = p¢, then G has a normal subgroup of order
" for every k < e.

Proof Apply induction on e > 1, the induction base being clear. For
the inductive step, we know by Theorem 1.5.21 and Lemma 1.5.24 that
G has a normal subgroup of order p. Now the result follows from the
inductive hypothesis and Correspondence Theorem. |

Corollary 1.5.27 An abelian group is simple if and only if it has a
prime order.

Proof Follows immediately from Lemma 1.5.24. U

Example 1.5.28 Let G be a finite group with g ~ g% for every g € G.
Then G = {1}. Indeed, let p be the smallest prime dividing |G|, and
take ¢ € G of order p. As g?> = hgh™! for some h € G, we have
h{g)h=* = (g*) < (g). Hence h(g)h~! = (g),i.e. h € Ng({g)). Moreover
h & Ca({g)). In particular, Ng({g))/Cc(g) is non-trivial. Note that
Ne((9))/Ca(g) embeds into Aut((g)) = Cp-1, so [Na({g)) = Calg)]
divides p — 1. Take a prime smaller than p dividing [Ng({(g)) : Ca(g)].
This prime should also divide |G|, which gives a contradiction.

The following beautiful qualitative result is another application of
group actions.

Theorem 1.5.29 (Landau) For each positive integer k there exists a
bound B(k) such that a finite group having exactly k conjugacy classes
satisfies |G| < B(k).

Proof Let G has k conjugacy classe of sizes ¢; = 1,¢a,...,c,. Write
|G|/ci =n; € Zsg. Then 1 = (1/n1)+---+(1/ng). Note that n; = |G|,
so it suffices to prove that the equation

1:7+...+7
I T

has only finitely many solutions in positive integers, which is left as an
exercise. |
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Remark 1.5.30 For further reading on permutation groups we recom-
mend [Ca] and [Wi].

1.6 Direct and Semidirect Products

(Semi)direct product is a building tool: it allows you to form new groups
from old ones. This construction occurs very often in ‘real life’. We start
from direct products.

Definition 1.6.1 Let G1,Gs,...,G, be groups. The direct product
Gy X G x -+ X Gy, is the cartesian product G; x G2 X - -+ X G,, (whose
elements are all n-tuples (g1, go, ... gn) such that g; € G, for 1 <i <n),
with the component-wise multiplication.

Example 1.6.2 Let m,n be positive integers relatively prime to each
other. Then, by Lemma 1.2.4, we have C,,, = C,, x C,. Conversely,
Cm x Cy, is cyclic only if (m,n) = 1.

Clearly, the subset

Gg::{(glv--wgn)EG(lX'”XG”|91:'”:gi_1
:giJrl:.”:g’n:]-}

is a normal subgroup of Gy X --- x GG, isomorphic to G;. Observe that
the elements of G} and G’; commute whenever i # j, every element
g € Gy X --- x Gy, can be written uniquely as a product ¢ = ¢1...9,
in which g; € Gj for all i, and G1G5...G; NG}, = {1} for all i < n.

The following theorem shows how such properties actually characterize
direct products.

Theorem 1.6.3 Let Gy, ...,G,, be subgroups of a group G.

(i) Assume that g; € G; and g; € G; commute whenever i # j, and
that every g € G can be written uniquely as a product g = g1 ... gn
in which g; € G; for alli. Then the map

Gy x - xG,—G, (qg1,--,9n) — g1---9n

s an isomorphism of groups.
(ii) Assume that G; QG for all i, that G1Gy...G; NG = {1} for
all i <n, and that G = G1Gsy...G,. Then G =2 Gy X -+ X G,
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Proof (i) is a simple check. We prove (ii) by showing that the subgroups
G, satisfy the assumptions of (i). Let g; € G;, g; € G, and, say, ¢ < j.
Then, using the normality of G; and G, we see that the commutator
[9i,9;] belongs to G, NG; C (G1...Gj—1) N G; = {1}, so g; and g;
commute. By assumption, every g € G can be written as a product
g1 ---9n with g; € G;, and it remains to prove that such presentation is
unique. Well, assume there is another such presentation: g = hy ... h,.
Then

gnh;1 = (gl .. ~gn71)71(h1 o hnfl)'

Now, using the commuting property which we just proved, we see that
gnhyt € G,N(Gy...Gn_1) = {1}. Thus g, = h,. Now, we use a
similar argument to prove that g, 1 = h,_1, etc. ]

Now we study a generalization of a direct product called a semidirect
product.

Definition 1.6.4 Let G and H be two groups, and ¢ : H — Aut(G)
be a (group) homomorphism. Denote (¢(h))(g) by h-g. The semidirect
product of G and H (relative to ) is the cartesian product of G and H
with multiplication

(9,0)(g' W) = (g(h-g'),hb") (9,9 € G, bW € H).

The semidirect product of G and H is denoted by G x H or, if one wants
to emphasize which ¢ is used, by G x, H.

Having a homomorphism ¢ : H — Aut(G) is equivalent to having an
action of H on G by group automorphisms. This is why it is convenient
to use the notation h - g for (¢(h))(g). In particular,

]’Ll'(hg'g)z(hlhg)'g (h1,h2€H7 gEG). (16)

One needs to verify that G x H is a group. It is easy to see that
(1,1) € G x H is the identity element, and (g,h)~! = (h=1. g7 1, h71).
The associativity boils down to the property (1.6).

Note that H' := {(1,h) € G x H | h € H} is a subgroup of G x H,
isomorphic to H, and G’ := {(¢9,1) € G x H | g € G} is a normal
subgroup of G x H isomorphic to G. Moreover, G' N H' = {1} and
G x H = G'H'. These properties characterize G x H uniquely:

Theorem 1.6.5 Let K be a group, and G, H be two subgroups of K.
Suppose that GAK, GNH = {1}, and K = GH. Then K ~ G x H.
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Proof First of all, define the homomorphism ¢ : H — Aut(G) via
(¢(h)(g) = hgh™" (g€ G, h e H).

We claim that G is isomorphic to the semidirect product G x H taken
relative to this homomorphism. Consider the map

0:GxH—K, (g9,h)— gh (g€ G, heH).

It follows from the definitions that 6 is a group homomorphism, and

assumptions imply that 6 is surjective and injective in the usual way.
O

Example 1.6.6 Let D,, be the dihedral group of order 2n, generated
by the rotation = and by the reflection y. Thus 2" =1, y?2 =1, yry ! =
271 Let C,, = (x) and Cy = (y). By the theorem above, D,, = C,, xCs.
It is also true that Dg = (Cy x C2)xCs (make sure you believe it!).
Finally, Z := (2?) is normal subgroup of Dg, and Dg/Z = Cy x Cs, but

it is not true that Dg = Cyx(Cs X C3).

Example 1.6.7 We have C;/Cs = Co, but Cy ¥ CoxCs. In fact,
abelian group is a semidirect product H x K if and only if it is a direct
product H x K.

Example 1.6.8 Let Qg be the quaternion group, i.e.
Qs = {£1, +i, +75, £k} < H*.

Let z = ¢ and y = j. Then the following relations hold:

=1, 2?2=4% wyay l=2"l
Observe that C4 := {c) is a normal subgroup of Qs, and Qg/Cy = Cs.
However, Qg % Cy;xCy. Indeed, it suffices to notice that —1 = 2?2 is
the only element of Qg of order 2 and the subgroup (—1) is contained in
every subgroup of (Jg isomorphic to Cy. In fact, Qg cannot be presented
as a non-trivial semiderect product.

Example 1.6.9 S, & A, xCs.

Example 1.6.10 Let V be a finite dimensional vector space over a field
F. The affine group of V is defined to be the semidirect product

AGL(V) := VxGL(V),
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where the action of GL(V) on V is taken to be natural. Elements of
AGL(V) are called affine transformations of V.

Example 1.6.11 Let p and g be primes, and p =1 (mod ¢). Then there
exists a non-abelian group of the form C,xCy. Indeed, Aut(C),) = Cp_1,
and, since ¢|(p — 1), there is an embedding C;<—Aut(C),). This allows
us to define the semidirect product which is not commutative.

Remark 1.6.12 If H<G, and G/H = K, we say that G is an extension
of H by K. For example, Dg, Qg, Cg, and Cyq x C5 are extensions
of C4y by Cs5. Given H and K, the extension problem is to classify all
extensions of H by K. This problem leads naturally to group cohomology
to be studied later.

As for the extensions of Cy by Cs, our list in the previous paragraph
is complete and irredundant. This follows from from Lemma 1.11.17.

1.7 Sylow Theorems

The following results are important and surprising. If you don’t think
they are surprising, try to generalize them along the following lines: if
k is a divisor of |G|, then there is a subgroup of G of order k. You will
find out that Sylow goes about as far as one can go in this direction in
the generality of any finite group. In fact, there aren’t so many deep
results valid for any finite group. Sylow theorems are perhaps the most
important of these. Sylow p-subgroups provide us with a powerful tool
for studying finite groups. Let us state the theorems.

Theorem 1.7.1 (First Sylow Theorem) If G is a finite group of
order p®m with (m,p) = 1, then every p-subgroup of G is contained in
a subgroup of order p°. In particular, subgroups of order p° exist.

Definition 1.7.2 Subgroups of order p¢ in the First Sylow theorem are
called Sylow p-subgroups of G. In view of the theorem, they can also be
defined as maximal p-subgroups of G.

Theorem 1.7.3 (Second Sylow Theorem) Sylow p-subgroups of G
are conjugate to each other.

Theorem 1.7.4 (Third Sylow Theorem) The number r of Sylow
p-subgroups of G is a divisor of |G|, and also satisfies r =1 (mod p).
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We now prove Sylow theorems. Notice how group actions come into
play in a crucial way again. When we speak of a maximal p-subgroup
below we mean maximal with respect to inclusion, not size. In the end
these will turn out to be equivalent though.

Lemma 1.7.5 Let P be a mazimal p-subgroup of a finite group G.

(i) Bwvery conjugate of P is also a mazximal p-subgroup.
(ii) [Ng(P) : P] is prime to p.
(iii) If g € G is a p-element, and gPg~' = P then g € P.

Proof (i) is clear, and (iii) follows from (ii). Let us prove (ii). If p
divides [Ng(P) : P] then, by Cauchy’s theorem, Ng(P)/P contains an
element gP of order P. By the Correspondence theorem, this yields a
subgroup S of Ng(P) with S/P = C,,, which contradicts the maximality
of P. U

Theorem 1.7.6 Let G be a finite group.

(i) All mazimal p-subgroups are conjugate in G.
(ii) The number r of mazimal p-subgroups divides |G| and satisfies
r =1 (mod p).

Proof Let P be a maximal p-subgroup of a finite group G, and let
X ={P =P, P,,...,P.} be set of its conjugates. Now, P acts on X
by conjugation. By Lemma 1.7.5(iii), there is only one orbit of size 1,
namely {P}. All other orbits must have lengths divisible by p, and so
r =1 (mod p). Moreover, considering X as a G-set, we have r = [G :
Ng(P)], so r divides |G].

Finally, let @ be any maximal p-subgroup in G. It acts on X by
conjugation. As 7 = 1 (mod p), there must be a Q-orbit of size 1, say
{P;}. By Lemma 1.7.5(iii), @ < P;, hence Q = P;. O

Theorem 1.7.7 Let G be a finite group of order p®m with (m,p) = 1.
If P is a mazimal subgroup of G, then |P| = p°.
Proof 1Tt suffices to prove that p f[G : P]. Well,

[G: P]=|G: Ng(P)|[Ng(P) : P],

and [G : Ng(P)] =1 (mod p) by Theorem 1.7.6, while [Ng(P) : P] is
prime to p thanks to Lemma 1.7.5(ii). O
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Note that Theorems 1.7.6 and 1.7.7 imply the three Sylow theorems.
In what follows we denote by 7,(G) the number of Sylow p-subgroups
of G.

Example 1.7.8 The order of the Sylow 2-subgroup of Sy is 8. On the
other hand, Dg is a subgroup of Sy, because it acts faithfully on the
four vertices of the square. It follows that Sylow 2-subgroups of Sy are
isomorphic to Dg.

Example 1.7.9 It follows from (1.3) that the group of upper unitrian-
gular n by n matrices is a Sylow p-subgroup of GL,,(Fyn), where Fyn is
a field with p™ elements.

Example 1.7.10 Sylow 3-subgroup of Sy is isomorphic to (C5 x C5 x
C5)xC3, where the generator ¢ of Cs acts on (C5 x C3 x C3) as follows:
c¢-(c1,c9,c3) = (c3,¢1,c2). Think what a Sylow 3-subgroup of Sa7 might
look like...

Example 1.7.11 There is no simple group of order 120. Assume for
a contradiction that G is such a group. Then are exactly 6 Sylow 5-
subgroups. The conjugation action on the Sylow 5-subgroups yields an
embedding of G into Sg. By simplicity of G, we have G < Ag, and
[A6 : G] = 3. But Ag does not have subgroups of index 3, as it is simple
and therefore cannot act on a three element set. A contradiction.

Here are some easy consequences of Sylow theorems. These are the
first example of how one might apply Sylow p-subgroups of G to studying
a group structure of G.

Proposition 1.7.12 Let G be a finite group.

(i) Let P be a Sylow p-subgroup of G. Then G has a unique Sylow
p-subgroup if and only if P<G.

(ii) All Sylow p-subgroups of G are normal if and only if G is a di-
rect product of its Sylow p-subgroups. In particular, every finite
abelian group is a direct product of its Sylow p-subgroups.

Proof (i) follows immediately from Sylow theorems.

(ii) The ‘if’ part is clear. We prove the ‘only if part’. Let |G| =
P ps? . ..p;", and let G; be the unique Sylow p;-subgroup of G, see (i). In
view of Theorem 1.6.3(ii), it suffices to prove that (a) G = G1G2...Gt,
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and (b) G;NG1Gy...G;—1 = {1} for all 1 < i < t. But (a) holds because
every p;* divides the order of the group G1Gs ... G;. For (b), note first
of all that the elements of G; and G}, commute as long as j # k. Now
pick an element g € G;NG1G5 ... G;—1. On one hand, g is a p;-element.
On the other hand, g = ¢1...¢;—1 for g; € G;. As the elements g;
commute, g is a p’-element, i.e. its order is prime to p. It follows that
g=1. 0

Lemma 1.7.13 Let p be a prime, G be a finite group, and |G| = p°m
with (p,m) =1, p¢ f(m — 1)!. Then G is not simple.

Proof In view of Theorem 1.5.21, we may assume that m > 1. Let P be a
Sylow p-subgroup of G. The action og G on G/ P gives a homomorphism
from G to S,,, with the kernel contained in P, see Example 1.5.8. If G
is simple, this implies that the kernel is trivial, whence p*m divides m/!,
or p¢ divides (m — 1)!, giving a contradiction. O

Corollary 1.7.14 A is a non-abelian simple group of minimal possible
order.

Proof As has order 60. Now, 30, 40 and 56 are the only numbers
between 2 and 59, which are not primes and which cannot be rules out
using Lemma 1.7.13.

Let 7, = rp(G). If G is simple, then r, > 1 for every p, as otherwise
the Sylow p-subgroup is normal, see Proposition 1.7.12(i). We will also
use repeatedly that r, divides G and 7, =1 (mod p).

Assume |G| = 30. Then the order of the Sylow 5-subgroup is 5, and
r5 = 6. It follows that the union of Sylow 5-subgroups has 24 non-trivial
elements. The order of the Sylow 3-subgroup is 3, and r3 = 10. So the
union of Sylow 3-subgroups has 20 non-trivial elements. Contradiction.

Let |G| = 40. Then 75 = 1. Contradiction.

Finally, let |G| = 56. Then r7=8. So the union of Sylow 7-subgroups
has 48 non-trivial elements. Moreover, ry > 1, so we get at least 9 more
elements. Contradiction. |

We now obtain further general properties of Sylow p-subgroups.

Proposition 1.7.15 Let P be a Sylow p-subgroup of G, and H be a
subgroup of G containing Ng(P). Then Ng(H) = H.
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Proof Let g € Ng(H). Then P and gPg~! are both Sylow p-subgroups
of H. By the Second Sylow Theorem applied to H, there exists h € H
with hgPg=*h=! = P. So hg € Ng(P) < H, whence g € H. O

The above proposition should be contrasted with:

Proposition 1.7.16 Let H be a p-subgroup of a finite group G, which
is not a Sylow p-subgroup. Then Ng(H) > H.

Proof By assumption p divides [G : H]. If p does not divide [G : Ng(H)]
then clearly Ng(H) > H, and we are done. So we may assume that
pPllG : No(H)].

Let O be set of subgroups conjugate to H. Then |O] = [G : Ng(H)].
The group H act on O by conjugation, and has a trivial orbit {H}. As
all orbits of H have sizes powers of p, we now see that there must be at
least p trivial orbits. Let {K} # {H} be another trivial orbit. We have
H < Ng(K), so N¢(K) > K. As H and K are conjugate, this implies
Ng(H) > H. O

Corollary 1.7.17 In a p-group, mazimal proper subgroups have index
p, and every subgroup of index p is normal.

Example 1.7.18 There is no simple group of order 23 - 33 - 11.

Indeed, let G be such a simple group. By the Third Sylow Theorem,
r11(G) = 12. Let Pi; be a Sylow 11l-subgroup, N = Ng(P11), and
C = Cg(P11). Then |[N| = 2-3%2-11. Moreover, N/C embeds into
Aut(Py1) = Cyp, see Lemma 1.2.2. As 5 is not a divisor of |G|, it follows
that |N/C| =1 or 2. In particular, 32 divides |C|.

Let P be a Sylow 3 subgroup of C, and H := Ng(P). We have
|P| = 3%. Note that P;; < Cg(P) < H. So |H| is divisible by 11.
Next, let P3 be a Sylow 3-subgroup of G containing P. In view of
Corollary 1.7.17, we have P < P3, and so P3 < H. Hence 3% divides |H]|.
It follows that the index of H in G is at most 8. Thus, G embeds into
Sy for n < 8, which contradicts the fact that 11 is a divisor of |G]|.

Example 1.7.19 Let us classify groups of order pqg, where p and ¢ are
primes. If p = ¢, then the group is abelian in view of Corollary 1.5.22.
Then the group is either Cp2 or C}, x C), (to see this, consider two cases:
when G has an element of order p?, and when all non-trivial elements
have order p). Solet p > ¢, say. By the Third Sylow Theorem, the Sylow
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p-subgroup of G is normal. Moreover, if p Z 1 (mod ¢), the Sylow ¢-
subgroup is also normal, and so G' = C, xC;; = C)pq by Proposition 1.7.12
and Example 1.6.2.

Finally, let p = 1 (mod ¢). Of course, it is still possible that G =
Cp x Cy = Cp,. However, we have already seen in Example 1.6.11
that there also exists a non-abelian group of order pg. In fact, the group
described in that example is the only one up to isomorphism. Indeed, the
First Sylow Theorem and Theorem 1.6.5 imply that G = C,xC,. But
we need to be careful about the following problem: semidirect product
H % K in principle depends on the action of K on H. However, we claim
that in our situation this dependence is not essential in the sense that
any two choices of non-trivial actions lead to isomorphic semi-direct
products (and the choice of the trivial action leads, of course, to the
direct product, which is the abelian case already taken care of). As
Cp—1 has only one subgroup of order g, there are exactly ¢—1 non-trivial
homomorphisms from C, to Aut(C)) = Cp,_1, all with the same image,
the last fact being the key. Therefore, if ¢ : C; — Aut(C)) is one such
homomorphism, then any other looks like ¢; : C; — Aut(C,), ¢ — ¢(c?)
for some 1 < j < ¢. Now, the desired isomorphism C, x,. Cy — C},x,C,
is given by the formula (d,¢) — (d, ).

1.8 Jordan-Holder Theorem

Definition 1.8.1 A normal series of a group G is a finite sequence of
subgroups

G=Gy>G,>--->G, ={1}

such that G;<G for all i. A subnormal series of a group G is a finite
sequence of subgroups

G=Gy>G,>--->G, ={1}

such that G;1<G; for all i. The factor groups of the subnormal series
above are the groups Go/G1,G1/Ga,...,Gp_1/Gy. The length of a sub-
normal series is the number of non-trivial factor groups. A composition
series is a subnormal series, all of whose non-trivial factor groups are
simple. The non-trivial factor groups of a composition series are called
composition factors of G.

Remark 1.8.2 An infinite group might not have a composition series,
as the example of the infinite cyclic group Co, shows. However:
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Theorem 1.8.3 (Jordan-Hdlder) FEvery finite group G has a com-
position series. Moreover, any two composition series have the same
composition factors up to the order of their appearance. In particular,
the length of a composition series is an invariant of G.

We will skip the proof of this theorem, as it is a little technical. Later
in the course we will prove a similar result for modules.

Example 1.8.4 The Fundamental Theorem of Arithmetic follows from
Jordan-Holder theorem applied to G = C,.

Example 1.8.5 Non-isomorphic groups can have the same composition
factors: consider Cy x Cy and Cy. This is really the extension problem
again, cf. Remark 1.6.12.

Example 1.8.6 Sy > Ay >V > Cy > {1} is a composition series of Sy
with composition factors Cs, C3, Cs.

Example 1.8.7 The group Cg = C5 x C3 has two composition series:
Cg > C3 > {1} and Cg > Cy > {1}

Example 1.8.8 It follows from Corollary 1.5.26 that all composition
factors of a p-group are isomorphic to C,,.

Example 1.8.9 We claim that GLy(F4) > SLy(F4) > {1} is a compo-
sition series of GL3(F4). We just have to show that SLy(Fy) is simple.
We claim that in fact

SLoy(Fy) & As.

Well, in view of (1.4), the order of SLs(FF4) is 60 = |A5|. So it suffices
to embed SLs(Fy) into As. This embedding comes from the action of
SLy(F4) on the five lines of the 2-dimensional space F3. It is easy to
see that the action is faithful, for to act trivially on all lines, the matrix
must be scalar, but there are no non-trivial scalar matrices in SLq(Fy).
There are many ways to see that SLo(IF4) acts on the lines with even
permutations. The easiest one is to notice that As is the only subgroup
of S5 having 60 elements.
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1.9 Solvable and Nilpotent Subgroups

There is an awful lot of groups. It is impossible to imagine a classifi-
cation of all groups and even all finite groups. Jordan-Hoélder theorem
shows that any finite group can be built out of simple ones using group
extensions. In some sense this reduces the study of finite groups to, first,
understanding finite simple groups, and, second, trying to understand
the building process, or extension problem. Both are extremely hard
tasks. Simple groups are only simple by name, but at least they can
be classified, which we will discuss a little later. The extension problem
in full generality really seems to be out of reach, as is indicated by the
following circumstance. Let us consider only the groups whose composi-
tion factors are as easy as possible, namely cyclic groups of prime order.
One might expect to get some benign class of groups. However, it turns
out that the class of groups obtained in this way is very rich and com-
plicated. For example, there seems to be no chance that such groups
can be classified.

Definition 1.9.1 A finite group is called solvable if all its composition
factors are cyclic (of prime order).

Lemma 1.9.2 FEvery quotient group and every subgroup of a solvable
group is solvable. Every extension of a solvable group by a solvable group
is solvable.

Proof The result for extensions follows from the Correspondence Theo-
rem.

Let N<G, and we have to prove that G/N is solvable. Choose a
composition series for G/N, lift its terms to subgroups containing N,
using Correspondence Theorem, then choose a composition series for IV,
and join the two series to get a composition series for G. We know that
composition factors for G are cyclic. Now, by uniqueness of composition
factors, composition factors of G/N are also cyclic.

Let H be a subgroup of G, and

G=Go>G>-->Gy={1}
be a composition series of G. Consider the series
H:HﬂGozHﬂG12~-~2HﬂGt:{1} (17)

Then H NG;<H NG;_1, and, using the Second Isomorphism Theorem,
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we get

HﬂGi_l HﬂGi_l ~ Gi(HﬂGi_l) C Gi—l

HNG; (H NG;—1 N Gl) G; - Gy ’

So the factors groups of the series (1.7) are either trivial or cyclic. [
Example 1.9.3 By Example 1.8.8, any p-group is solvable.

Example 1.9.4 Let B be the subgroup of all upper triangular matrices
in GL,(F,) (here diagonal entries do not have to equal 1). Then B is
solvable, as it is an extension of the p-group U of all upper unitriangular
matrices by the abelian group Fy x -+ x F.

Example 1.9.5 In view of Example 1.8.6, A4 is solvable.

Definition 1.9.6 If H and K are subgroups of a group G, we denote
by [H, K] the subgroup of G generated by all commutators [h,k] =
hkh='k=! for h € H, k € K. The commutator subgroup G’ of a group
G is defined to be [G, G].

The following result show that G’ can be characterized as the smallest
normal subgroup of G such that G/G’ is abelian.

Proposition 1.9.7 Let G be a group.

(i) G'AG, and G/G’ is abelian.
(ii) If HSG and G/H is abelian, then G' < H.

Proof (i) follows from the properties

-1

(2,97 = [y 2], glz,ylg"" =9z ", gyg "],

in G and the property [zG’,yG'] = [z,y]G" in G/G.
(ii) If H is as in the assumption, then [x,y] € H for any z,y € G. [

Example 1.9.8 (i) If G is a non-abelian simple group then G’ = G.
(ii) If G is abelian then G’ = {1}.
(iii) S = A,.
Definition 1.9.9 The derived series of G is
G=ag0 ZG(I) ZG@) > ... ZG(i) >,

where G(©) := G, and GOV = (GOW)Y for i > 0.
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Every G is clearly a characteristic subgroup, i.e. a subgroup invari-
ant with respect to every automorphism of G. So G <G.

The following proposition may be thought of as the statement that
solvable groups are in some sense close to abelian groups. In this respect
the non-abelian simple groups show a completely opposite behavior, see
Example 1.9.8(i).

Proposition 1.9.10 A finite group G is solvable if and only if G =
{1} for some n.

Proof If G is solvable, it is easy to see that G(Y) < G; for any com-
position series G = Gy > G > .... Conversely a finite derived series
ending on {1} is a normal series with abelian factor groups. Such series
can be refined to a composition series with cyclic factor groups using
Correspondence Theorem. |

Remark 1.9.11 There are two remarkable theorems on solvable groups,
which should be mentioned at this point:

(i) Burnside’s p®¢® Theorem says that if p and ¢ are two primes and
G is a group of order p®q®, then G is solvable. As the example of Aj
shows the theorem cannot be improved to three primes. This theorem
will be proved using group representation theory later in this course.

(ii) The Odd Order Theorem of Feit and Thompson says that a group
of odd order is solvable. This is equivalent to the fact that a non-abelian
simple group has even order (why?). The Odd Order Theorem is very
hard to prove (the proof takes a whole volume of the Pacific Journal of
Mathematics, and has not been dramatically simplified since it originally
appeared in 1963). It has played a crucial role in the classification of
finite simple groups.

Example 1.9.12 Here is a special case of Burnside’s Theorem which
we can treat with bare hands. Let p and ¢ be primes. Then any group
of order p?q is solvable.

Well, if p = q we are done by Example 1.9.3, and if p > ¢, then there
exists only one Sylow p-subgroup by the Third Sylow theorem, which
is normal. Let p < ¢. By the Third Sylow Theorem, r, = 1 or p?. If
ry = 1, we are done. If r, = p?, then the Sylow g-subgroups comprise
p?(q¢—1)+1 elements, whence the remaining p? — 1 elements are exactly
the p-elements of our group. It follows that there is only one Sylow
p-subgroup.
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Example 1.9.13 A key fact established in the proof of the general
Burnside’s Theorem is that no conjugacy class in a finite simple group
has order a prime power > 1. Given this fact, it is not difficult to finish
the proof.

Indeed, apply induction on a+b to prove that a group G of order p®q®
is solvable. If a +b = 1, we are fine. Let a +b > 1. We may assume
that a > 1 and b > 1 in view of Example 1.9.3. If G has a non-trivial
proper normal subgroup N, then apply inductive hypothesis to N, G/N
and use Lemma 1.9.2.

So we may assume that G is simple. Consider a Sylow p-subgroup
P < @G. It has a non-trivial center. Let z be a non-trivial element of this
center, and set C := Cg(z). Clearly P < C. So [G : C] is a power of
q. But [G : (] is the size of the conjugacy class of x, so by the key fact
mentioned above, we have C = G. Tus z € Z(G), which contradicts the
simplicity of G.

Now we work to introduce an important subclass of solvable groups,

called nilpotent groups.

Definition 1.9.14 The descending central series of a group G is
G=%(G)Z2n(G) >...,

where v;+1(G) = [1:(G), G| for any ¢ > 1. We say that the descending
central series terminates if v,(G) = {1} for some n.
A group is called nilpotent if its descending central ceries terminates.

Clearly, nilpotent groups are solvable, but there exist solvable groups
which are not nilpotent.

Example 1.9.15 (i) Consider the group B of upper triangular matrices
over F, from Example 1.9.4. Assume g > 2. Then v1(B) = [B,B] = U,
where U is the group of upper unitriangular matrices. On the other
hand v2(B) = [U,B] = U. So 7,(U) = U for any n > 1, and so B is
solvable but not nilpotent.

(ii) S4 is solvable but not nilpotent, as [Sy, A4] = A4.

There exists another central series of G-

Definition 1.9.16 The ascending central series of a group G is

{1} = Z0(G) < Z1(G) < Zo(G) < ...,
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where Z; 1 is defined from Z,;11(G)/Z;(G) = Z(G/Z;(G)). We say that
the ascending central series terminates if Z,(G) = G for some n.

It is easy to see that descending and ascending central series are nor-
mal series. Terminating descending and ascending central series are
special cases of a general terminating central series:

Definition 1.9.17 A finite normal series

(1} =Gy <G < <Gy =G,
such that G;/G;—1 < Z(G/G;—1) for all 1 < i < nis called a terminating
central series of G.

It turns out that nilpotent groups can be defined in terms of various
central series:

Lemma 1.9.18 The following condition on a group G are equivalent:

(i) The descending central series of G terminates.
(ii) The ascending central series of G terminates.
(iii) G has a terminating central series.

Proof In this proof we will write Z; for Z;(G) and ~; for v;(G). It is
easy to see that (i) implies (iii) and (ii) implies (iii). We now assume
that

is a terminating central series of G.

(iii) = (ii) It suffices to show that G; C Z; for i = 0,1,...,n. Apply
induction on i, the case i = 0 being clear. Assume i > 0 and G;_1 C
Z;_1. Then we have a natural surjection

m:G/Gio1 — G/Z; 4
with 7(G;/Gi—1) = (G;Z;-1)/Z;—1. Moreover, note that
Gi/Gi—1 C Z(G/Gi-1),
and so its image under the surjective homomorphism 7 is central:
(GiZi1)]Zi1 < Z(G)Zi1) = Zi) Zi-1.

It follows that G;Z;_1 < Z;, whence G; < Z;.
(iii) = (i) It suffices to show that v, C G,—; for i = 0,1,...,n.
Apply induction on i, the case i = 0 being clear. Assume ¢ > 0 and
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Yi—1 € Gpoit1. Let z € Gand y € v;—1 C Gp—j+1. Then [z,y] € Gy,
since in G/G,,—; we have [2G,,_;,yG,_;] = 1. As ; is generated by all
[x,y] as above, we have v; C G,_;. O

Corollary 1.9.19 Every non-trivial nilpotent group has a non-trivial
center.

Proposition 1.9.20 Every subgroup and quotient group of a nilpotent
group s nilpotent. Direct product of nilpotent groups is nilpotent. More-
over, if NJZ(G) and G/N is nilpotent then G is nilpotent.

Proof Let H < G. Tt is clear that v;(H) < 7(G). So the result on
subgroups follows. For the quotient G/K, it suffices to observe that
7 (G/K) = (7:(G)K)/K. For direct products note that +;(G x H) =
W(G) X 7i(H).

Finally, let NIZ(G) and G/N be nilpotent. Define Z; > N from
Z;(G/N) = Z;/N. By assumption, Z,(G/N) = G/N for some n. Now,

is a terminating central series of G. |

A rich source of nilpotent groups is provided by the following:
Proposition 1.9.21 Fvery finite p-group is nilpotent.

Proof Induction on |G|, using Theorem 1.5.21 and Proposition 1.9.20.
O

Example 1.9.22 If n is a power of 2, then D,, is a 2-group, and hence
nilpotent. However, in all other cases D,, is not nilpotent. This follows
from the fact that the center of D,, is trivial when n/2 is odd, while
Dy/Z(Dy) = D,/ when n/2 is even.

Using Proposition 1.9.20 we can construct lots of nilpotent groups by
forming direct products of p-groups. It turns out that all finite nilpotent
groups are obtained in this way:

Theorem 1.9.23 For a finite group G the following conditions are equiv-
alent:

(i) G is nilpotent.

(i1) Every Sylow p-subgroup of G is normal.
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(iil) G is a direct product of p-groups.

Proof (ii) and (iii) are equivalent thanks to Proposition 1.7.12(ii).

(i) = (ii) Let G be nilpotent. First we show that Z;(G) < H < G
implies Z;11(G) < Ng(H). Let z € Z;11(G) and h € H. As 2Z; €
Z(G/Z;), we have hzZ; = zhZ; or h™ 127 hz € Z; < H, whence 2 'hz €
H. Therefore z € Ng(H).

Now let P be a Sylow p-subgroup of G. Then Ng(P) = Ng(Ng(P))
by Proposition 1.7.15. We have {1} = Zy(G) < Ng(P). By the previous
paragraph, Z;(G) < Ng(P) for all i. Taking ¢ sufficiently large, we get
Ne(P) = G.

(iii) = (i) by Propositions 1.9.21 and 1.9.20. O

We finish this section with several agreeable properties of nilpotent
groups. None of this holds even for solvable groups.

Corollary 1.9.24 If G is a finite nilpotent group and d is a divisor of
|G|, then G has a normal subgroup of order d.

Proof Follows from Theorem 1.9.23 and Corollary 1.5.26. U]

Proposition 1.9.25 If N is a non-trivial normal subgroup of a nilpotent

group G, then NN C(G) # {1}.

Proof As Z,,(G) = G for some m, there exists m > 1 with Z,,(G)NN #
{1} and Z,,—1(G) N N = {1}. Take some non-trivial z € Z,,(G) N N.
Then for any g € G we have [g,2] € Z,,-1(G), [g,2] € N (as N is
normal). Hence [g,2] = 1, i.e. z € Z(G). O

Here is another characterization of nilpotent groups:

Proposition 1.9.26 A finite group is nilpotent if and only if every
mazximal proper subgroup of G is normal.

Proof Let M be a maximal subgroup of G. By Theorem 1.9.23, G =
Sp X -+ x 8, a direct product of p-groups. Let |S;| = p;*. If P; is the
Sylow p;-subgroup of M, then P; < S;. It follows that M = P; x--- X P,.
Now the ‘only-if’ part follows from the analogous property for p-groups
proved in Corollary 1.7.17.

Conversely, let every maximal proper subgroup of G' be normal. Con-
sider a Sylow p-subgroup P < G. In view of Theorem 1.9.23, it suffices
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to prove that N := Ng(P) = G. If N < G, then there exists a max-
imal proper subgroup M < G containing N. By assumption we have
Ng(M) = G, which contradicts Proposition 1.7.15. O

1.10 More on simple groups: projective unimodular groups

The only simple groups we have seen so far are cyclic groups of prime
order and the alternating groups A,, for n > 5. We will now show that
certain groups of matrices are also simple.

Let F' be an arbitrary field. Consider the group SL, (F) of all n by n
matrices over F' with determinant 1. The most important case will be
when F' = F is a finite field.

Definition 1.10.1 The (4,j) matriz unit E; ; is the matrix with 1 in
the position (i, j) and 0’s elsewhere. We write I,, for the identity n x n
matrix. A transvection is a matrix of the form

t;j(a) =1, +aE;; (aeF, 1<i#j<n).
Proposition 1.10.2 The group SL, (F) is generated by transvections.

Proof This is essentially equivalent to Gaussian elimination. One just
needs to observe that multiplying an n x n matrix A on the left by ¢;;(a)
leads to the elementary row transformation which adds to the ith row
of A the jth row of A multiplied by a, and multiplying A by ¢;;(a) on
the right leads to a similar elementary column transformation. But be
careful, as the operation of multiplying rows or columns with scalars is
not available! O

Lemma 1.10.3 The center of SL,(F') consists of the scalar matrices

in SLy(F).

Proof The scalar matrices are clearly central. Conversely, let A €
Z(SLy(F)). Then At;;(1) = t;;(1)A or, equivalently, AE;; = E;;A.
However, E;;A is the matrix whose ith row coincides with the jth row
of A and other rows are zero, while Ae;; is the matrix whose jth column
coincides with the ith column of A and other columns are zero. This
implies that a;; = a;; and that all other elements in the 7th row and jth
column of A are zero. O
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Definition 1.10.4 The group
PSL,(F) = SL,(F)/Z(SLo(F))

is called a projectuve unimodular group.
Lemma 1.10.5 We have |[PSL,(F,)| = ¢"=Y/2 [T, (¢"~1)/(n, q—1).

Proof In view of (1.4) and Lemma 1.10.3, we just have to observe using
Lemmas 1.2.5 and 1.2.1 that the number of solutions of equation 2™ =1
in F is (n,q —1). O

Example 1.10.6 We have |PSLy(Fs)| = 6, so PSLy(F3) is solvable
(why?). Also, |PSL2(F3)| = 12, so PSLy(F3) is solvable (why?). How-
ever, we will soon prove that all other projective unimodular groups are
simple.

The following property will play an important role in proving simplic-
ity of PSL,,(F,).

Proposition 1.10.7 Let G = PSL,(F,). Then G' = G, unless n = 2
and q < 3.

Proof It will suffice if we prove the result with SL in place of PSL.
Denote by diag(bs,...,b,) the diagonal matrix with entries by,...,b,
down the diagonal. It is easy to check that

ij(ab) (1,7, k all distinct), (1.8)

[tir(a),tr; (b)) = tij(a
[tij(a),diag(by, ..., bn)] = ti(abi/bj —a) (i # ) (1.9)
for all a,b € F, by,...,b, € F*. By (1.8), G’ contains all transvections

for n > 2. Now from (1.9) we see that G’ also contains all transvections
if n =2 and ¢ > 3. It remains to use Lemma 1.10.2. |

In order to establish the simplicity of PSL,(F,) (in most cases), we
are going to use somewhat more advanced properties of permutation
groups.

Definition 1.10.8 Let X be a set and G be a transitive permutation
group on X. The group G also acts on the subsets of X. A partition

X = Uier X;
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of X is called a partition into imprimitivity blocks if G permutes the sub-
sets X, i.e. for every g € G and ¢ € I there exists j € I with gX; = X.
Of course, there always exist two trivial partitions into imprimitivity
blocks: the partition with just one block X and the partition with the
one-element blocks. If there are no non-trivial partitions into imprimi-
tivity blocks, the permutation group is called primitive. Otherwise it is
called imprimitive.

Remark 1.10.9 The idea behind the notion of primitivity is that many
questions about permutation groups can be reduced to primitive groups,
so primitive groups are in some sense building blocks for arbitrary per-
mutation groups. Indeed, let us start from an arbitrary permutation
group G on a finite set X. First of all ‘we may assume’ that G is transi-
tive because otherwise we just split X into the G-orbits and then study
each of them separately. Further we often ‘may assume’ that G is primi-
tive because otherwise the action of G can be understood from its action
on the set of imprimitivity blocks on one hand, and the action of the
stabilizer Gx, of any block X; on the elements of X; on the other hand.
Both actions are on smaller sets, so we can repeat this argument until
we reach primitive permutation groups.

Example 1.10.10 (i) The action of S,, on {1,2,...,n} is primitive.

(ii) Dg acts imprimitively on the vertices of a square: the blocks of
imprimitivity are pairs of opposite vertices.

(iii) Let m,n € Zs1, and X = {1,2,...,mn}. Consider the partition
X =01, X;, where X; = {mi+1,mi+2,...,m(i+1)}. Let G be the
subgroup in S,,, which consists of all permutations g preserving this
partition—this means that gX; = X; for every 7. By definition, G is
imprimitive with imprimitivity blocks X3,..., X,,. This groups is called
the wreath product of S, with S,, and denoted 5,, 1 S,,. We have

S USp = (Spy X -+ X Spy) XSy,
N——

n copies

with S,, acting on the n-tuples in S, X - -+ X S;;, by place permutations.

The following fact is fundamental:

Theorem 1.10.11 Let G be a transitive permutation group on X. Then
G is primitive if and only if G, is a mazimal subgroup for any x € X.
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Proof Assume that G is imprimitive. Let H be the stabilizer of an
imprimitivity block X;. As G is transitive, H is a proper subgroup of
G. Take z € X,;. Clearly, G, < H. Moreover, GG, must be strictly
contained in H—otherwise we would never be able to move = to other
elements of X;, contrary to the transitivity again.

Conversely, assume that G, is not maximal. Let G, < H < G. Write
G=gHU---UgH, and define X; := {g;h -z | h € H}. We claim
that X = uﬁlei. Indeed, X = Uélei by transitivity. On the other
hand, if g;h - = g;h’ - z, it follows that h='g; 'g;h’ € G, < H, whence
g;lgj € H, and so i = j. Now, G obviously permutes X;’s, and so it
just remains to notice that the blocks are non-trivial. |

We will also need the following easy observation:

Lemma 1.10.12 FEvery non-trivial normal subgroup N of a primitive
group G is transitive.

Proof Note that the N-orbits are permuted by G. |

Definition 1.10.13 Let G be a permutation group on X. The group
is called k-transitive if for every pair of k-tuples of distinct elements
(x1,...,7x) and (y1,...,yk) in X* there exists g € G with g-2; = y;
forall 1 <i<k.

Of course 1-transitive is the same as transitive. On the other hand,
the properties of being 2-transitive, 3-transitive, and so on, show how
‘rich’ the permutation group is in a certain sense.

Lemma 1.10.14 If G is 2-transitive on X then it is primitive on X.

Proof If G is imprimitive, take a pair (z1,z2) with x1,z2 being in the
same imprimitivity block, and a pair (y1,y2) with 1,22 being in differ-
ent imprimitivity blocks. Now G cannot ‘move’ (z1,z2) into (y1,y2), so
it is not 2-transitive. |

Example 1.10.15 (i) The group SL,(F,) acts naturally on the lines
of the vector space Fy. It follows from linear algebra that this action is
2-transitive, and so it is primitive by the above lemma.

Finally, note that under our action the center of SL,,(F,) acts trivially,
see Lemma 1.10.3. So the action factors through to a primitive action
of PSL,(F,).
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(ii) Let 1 < m < n — 1, and G be the symmetric group S, acting
on the m-element subsets of {1,...,n}. Then G is not 2-transitive.
Indeed, take a pair of subsets (X7, X3) such that |X; N X = m —1
and a pair of subsets (Y7,Y2) such that |Y; NY3] = m — 2. Then G
cannot move (Xi,X5) into (Y1,Y2). On the other hand, the action
is primitive, unless m = n/2, as the point stabilizer is the maximal
subgroup Sy, X Sp_m < Sp.

The following technical proposition will be used to verify simplicity of
PSL,(F,).

Proposition 1.10.16 Let G be a permutation group with the following
properties:
(i) G is primitive;
(il) G=G;
(ili) the stabilizer G, of some element x € X contains an abelian
normal subgroup A such that its conjugates generate G.

Then G is simple.

Proof Let N # {1} be a normal subgroup of G. We have to show
that G = N. Note first that G = NG, as N is transitive in view of
Lemma 1.10.12.

Now, we claim that G = NA. Indeed, by the assumption (iii), every
g € G can be written as

g= (glalgl_l)...(glalgl_l) (9: € G, a; € A).

As G = NG, = G.N and A<G,, we may assume that every g; belongs
to N. Now the claim follows, as AN = NA.

Finally, let a1,a2 € A and ny,ny € N. Then using the normality of
N and commutativity of A,

~1, -1 -1 -1
[n1a1,m2a2] = niaingazal nyag Mg

= (n1)(aingai ") (agny 'ay ") (ny ') € N.

So [NA,NA] < N, which completes the proof, since G = [G,G] =
[NA, NA] by (ii) and the previous paragraph. O

Now we can achieve our goal:

Theorem 1.10.17 The group G = PSL,(F,) is simple unless n = 2
and ¢ < 3.
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Proof We verify the conditions (i)-(iii) of Proposition 1.10.16. According
to Example 1.10.15(i), G acts primitively on the lines in Fy. This gives
us (i), and (ii) comes from Proposition 1.10.7.

For (iii), take x to be the line in ) spanned by the vector (1,0, ...,0).
The stabilizer G, consists of all the cosets gZ(G) where g € SL, (F,) is
a matrix with entries (¢;;)1<i,j<n such that g;1 = 0 for any i > 2. These

(7; AZ) 7 (1.10)

where M is an arbitrary non-degenerate (n—1) x (n—1) matrix, 0 stands
for a column of zero entries, m = (det M)~!, and * stands for a row of
arbitrary entries. Now, take A to be the subgroup of G, which consists
of (the cosets of) all the matrices of the form (1.10) such that M is the
identity matrix. It is easy to see that A is abelian and normal in G,. It

matrices look like

remains to prove that the conjugates of A generate G.

In view of Lemma 1.10.2, it suffices to show that any ¢;;(a) is conjugate
to some t1x(a) in SL,(F,). If ¢ = 1, we are done. Let ¢ > 1, and
{e1,...,en} be the standard basis of ;. Note that ;;(a) maps e; to
ej + ae; and leaves ej, invariant for k£ # j. Now consider the new basis

/ / — /
{e},... e}, where €] = ¢, €]

= —e1, and ¢} = ¢; for j # 1,i. Then,
tij(a) maps €’ to €’ +ae} and leaves e) invariant for k # j. So the matrix
of our transvection in the new basis looks like ¢1,(a). By linear algebra,
this means that in the group GL,(F,) we have gt;;(a)g~! = t1,(a),
where g is the change of basis matrix. But g has determinant 1, and so

we are done. 0

Apart from PSL,(q), one can construct roughly three more families
of finite simple groups which are labelled by two parameters n and ¢. In
fact, just like PSL,,(FF,), these are described roughtly as some groups of
n x n matrices over the field F,. Moreover, there are five more families of
simple groups of matrices labelled only by a parameter ¢, which means
that the sizes of the matrices is fixed in these cases. All such simple
groups of matrices belong to the class of finite Chevalley groups.

Are there any finite simple groups other than alternating groups and
finite Chevalley groups? Yes, five more examples were known since 19th
century—these are Mathieu grous My1, My, Mos, Mas, and Msyy. The
index k in M}, indicates that Mj is constructed as a permutation group
on k symbols. (Note, by the way, the typical situation that the groups
do not come from thin air, but appear either as groups of linear transfor-
mations/matrices or as permutation groups). Mathieu groups are quite
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small, for example |Mj;| = 7920. It took 100 years to discover more
finite simple groups. Between 1965 (Zvonimir Janko) and 1982 (Robert
Griess) various people discovered 21 new simple groups. Thus we have
26 ‘exceptional’ finite simple groups, known as sporadic simple groups.
The largest one discovered by Griess is enormous: it has order

808, 017,424, 794, 512, 875, 886, 459, 904,
961, 710, 757, 005, 754, 368, 000, 000, 000

and is aptly called the Monster (there also exists a Baby Monster). What
is even much more exciting, people were able to prove the Classification
Theorem, which claims that the groups described above are actually all
finite simple groups! This magnificent result is of great importance for
mathematics. But is extremely difficult to prove. In fact the proof itself
is monstrous: it takes 500 articles and about 15,000 journal pages. At
the moment, a revision program is under way. This will eventually result
in having the proof checked and written neatly in 10 or so book volumes.

1.11 Generators and Relations

How can we describe a group. So far we mainly had groups appearing
either as groups of permutations (symmetric and alternating groups)
or as groups of matrices (general linear groups, special linear groups).
Dihedral groups might look different, but they too have an explicit geo-
metric realization. So we can say that most groups we have seen so far
come as symmetry groups of certain known objects or systems. For ex-
ample, permutation groups are symmetry groups of sets (on which they
operate), linear groups are symmetry groups of vector spaces, dihedral
groups are symmetry groups of geometric objects (n-gons). Perhaps
only cyclic groups are different. Of course, they too can be described as
groups acting somewhere as symmetries, but originally we just defined
them as ‘abstract groups’ by ‘multiplication properties’ we want them
to satisfy (one generator g, other elements look like ¢, and g™ = 1, or
something like this). In this section we will make this philosophy precise
by studying groups described in an abstract fashion using generators
and relations.

The notion of a free group turns out to be the key. The free group on
the set X may be thought of as the group given by generators X and
no relations.

Definition 1.11.1 If X is a subset of a group F, then F' is a free group
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on X if for every group G and every map f : X — G, there exists a
unique group homomorphism f : F' — G with f(z) = f(z) forall z € X,
see the diagram below.

=

Remark 1.11.2 It is not so obvious that a free group on X exists.
However, it is clear from the definition that if a free group on X exists,
then it is wnique (‘up to unique isomorphism’): if F and F’ are free
groups on X, then there exists a unique isomorphism % from F to F’
which is identity on X. Slightly more generally, let X and Y be two sets
and ¢ : X — Y be a bijection. If F(X) is a free group on X and F(Y) is
a free group on Y then there exists an isomorphism ¢ : F(X) — F(Y),
extending .

Now we work to construct a free group on X. We assume that X is
non-empty (interpreting the free group on @ as the trivial group {1} for
convenience). Let X! be a set bijective to X but disjoint from it. Pick
a bijection between X and X!, and denote the image of z € X under
this bijection by z~!. Thus,

X t={a7'|2zec X}
Definition 1.11.3 If n € Z+(, we define a word on X of length n to be

a function w : {1,2,...,n} — XU X' If w(i) = 2’, where x; € X,
g; = %1 (1 <i<n), we write

En

— €1
w=xy ... T,

and we denote the length n by |w|. We allow the empty word, denoted

1, whose length is 0 by convention. A subword of a word w = z{* ... z5"
is either the empty word or a word of the form zrz; "' .. 25 for 1 <
r < s < n. The inverse word of w = z7* ... 25" is w™ =z, ...z

A word w is reduced if w = 1 or w has no subwords of the form zz !

or 71z for x € X. Any two words can be multiplied by juxtaposing
them (writing one after another, if you prefer normal English): if w =
25t afr and w = yi' .. y0, then wu = x5 .. xSyl .y, We
interpret lw = wl = w.
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Example 1.11.4 Let X = {z,y}. Then w = z lzy is a word of
length 3 on X (even if you believe it is more logical to think that its
length is 1). The word w is not reduced. For the inverse word we have

1

w™! =y~ 'z~ 'z. The subwords of length 2 are 'z and zy. Note that

x~ 1y is not a subword.

Now, the free group on X should be something like the group gen-
erated by X with as few relations as possible (‘free’ is for ‘free from
relations’!). So the elements of the group will be words on X with
multiplication given by juxtaposition and the empty word 1 being the
identity element. Of course, relations like zz—! = 1 hold in every group,
so we will have to tolerate those as necessary evil. Thus, we must iden-
tify the words which differ by erasing or inserting subwords of the form
zz~! and 27 a.

Definition 1.11.5 Let v and v be words on X (possibly empty), and

1 1

w = wv. An insertion is changing w to uxxz™ v or uz~‘xv. A deletion

Ly or uz~'zv to w. By an elementary operation we

is changing uxz™
mean insertion or delition. We write w — w’ if w’ is obtained from w
by an elementary operation. Two words u and w on X are equivalent,
written u ~ w, if we can transform one into another using finitely many

elementary operations. The equivalence class of a word w is denoted [w].

Proposition 1.11.6 Let F(X) be the set of equivalence classes of words
with respect to the equivalence relation ~. The multiplication on F(X)
given by [u][w] := [uw] is well-defined. It gives F(X) the structure of a
group with idenity element [1] and inverse [w]~ = [w™1].

Proof Note that v’ ~ v and w’ ~ w imply that v'v’ ~ uv, which takes
care of ‘well defined’. The axioms of group are now obvious. 0

Proposition 1.11.7 Let i : X — F(X), x +— [z]. For every group
G and map f : X — G there exists a unique group homomorphism

f:F(X) — G such that f(i(z)) = f(z).

Proof Uniqueness of f is clear. For existence just set f([z5!...25"]) =

f(z1)er ... f(zn)e. By definition of F(X), the map f is a well-defined
group homomorphism, which clearly has the desired property. O

The two propositions above got us very close to proving that F(X)
is the free group on X. It just remains to check that the map ¢ is an
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embedding. As for every x € X, [z] is a reduced word, the required fact
follows from the following natural

Proposition 1.11.8 FEvery equivalence class of words on X contains a
unique reduced word.

Proof Let w be a word on X. Let us apply consecutive deletions of
the rightmost subword of the form zx ™! le. After finitely many
steps we will reach a reduced word p(w) ~ w. We make a number of

or r—

observations:
(1) pluv) = p(up(v)) (obvious).
(2) p(zfx~%v) = p(v) (follows from (1)).
(3) p(uzfx~v) = p(uv). Indeed, using (1) and (2), we have

pluztz™v) = plup(z®z="v)) = p(up(v)) = p(uv).

Now let u ~ v be two reduced words. By definition, there exists a
sequence of words u = uy,us,...,u; = v, in which u; ;1 is obtained from
u; by an elementary operation. In view of (3), p(u;) = p(uiy1). As
p(u) = u and p(v) = v, this implies that u = v. O

Remark 1.11.9 The properties (1)-(3) proved in Proposition 1.11.8
imply that

p(uwv) = p(p(u)p(v)). (1.11)

Indeed, apply the induction on |ul|, the induction base |u| = 0 being
quite clear. Let |u| > 0. If w is reduced, then everything is again
clear. Otherwise, u = uyz°zr “up. Now, using (2), (3) and inductive
hypothesis, we obtain

p(uv) = p(urzz ™ uzv) = p(p(u1)p(z°z~ “uzv))
= p(p(u1)p(uzv)) = p(uruzv) = p(p(uruz)p(v))
= p(p(urz®z™ uz)p(v)) = p(p(u)p(v)).

Now Proposition 1.11.8 and (1.11) yield another definition of the free
group F(X): its elements are reduced words on X and the multiplica-
tion is given by uv = p(uv). Of course we could have tried to use this
construction of the free group instead of our approach with equivalence
classes. But then it would be hard to prove associativity of multiplica-
tion.
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Corollary 1.11.10 Let G be a group and X C G be a subset. Then X
is free on X if and only if each element g € G can be uniquely written
in the form

g=uai'...a}", (1.12)

where z; € X, e; 20 and x; # x;41.

Proof If G is free on X, we may assume that G = F(X), where F'(X)
has been explicitly constructed above. Now instead of each z{* we write
the word z;...z; (e; times) if ¢; > 0, and 2; ...z, " (|e;| times) if
e; < 0. The resulting word of length |e1| + - - - + |e;] is reduced, and so
the uniqueness of the presentation (1.12) follows from Proposition 1.11.8.

Conversely, assume that every element of G can be written uniquely
in the form (1.12). Let F(X) be the free group on X. By the universal
property of F(X), the embedding f of X into G induces a surjective
homomorphism f : F(X) — G, and our assumption guarantees that f
is injective, thanks to Proposition 1.11.8 again. |

Now we can proceed to describe groups given by generators and re-
lations. Let G be a group generated by some set X of its elements.
By the universal property of free groups, there is a natural surjection
m: F(X)— G, [xr] — z. Let S be the kernel of 7. Elements of S are
called relations of the presentation 7. If R is a subset of S such that S
is the minimal normal subgroup containing R, we say that G is given by
(the set of) generators X and (the set of) relations R and write

G=(X|R).

Of course this entirely describes G as the quotient of F'(X) by the min-
imal normal subgroup containing R. If R = {[r1],[r2],...,[r]} is finite
we also write

G=(X|ri=Lrp=1,...,mp=1).

A group G is called finitely generated (vesp. finitely presented) if it has
a presentation G = (X | R) with X finite (resp. both X and R finite).

The following result is a universal property of G = (X | R). Note that
if G = (X | R) then we have a natural map ¢ : X — G (which does not
have to be an embedding).

Theorem 1.11.11 (von Dyck’s Theorem) Let G = (X | R). Let
f:X — H be a map of X into another group H. Assume that for every
r=[27"...2]'| € R, we have f(x1)** ... f(x;)® =1 in H. Then there
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exists a unique group homomorphism f : G — H such that f(i(z)) =
f(z) forallz e X.

Proof By the universal property of the free group F(X), there ex-
ists a surjective homomorphism ¢ : F(X) — H with g(z) = f(2)
for every x € X. It follows from the assumption that the kernel K
of this homomorphism is at least as large as the minimal normal sub-
group S generated by R. Now, we can construct f as the natural map
F(X)/S — F(X)/K =img C H. Finally, uniqueness of f is clear as
the elements of i(X) generate G. O

Example 1.11.12 The dihedral group Ds, is given by generators and
relations as follows:

Dy, = (a,b | a™ = 1,0 = 1,bab™ " = a™1). (1.13)

1 we should

Note first of all that, strictly speaking, instead of bab™! = a~
have written bab~'a = 1, but this meaning is clear. You should be aware
that it is typical to see such rewritten relations if people think that in
the rewritten form the reation looks nicer.

Now we prove (1.13). Let x be a rotation by 360/n degrees and y be
a reflection in Ds,,. Then it is easy to see that 2" =1, y> =1, yay ' =
2~ 1. By von Dyck’s Theorem, there exists a surjective homomorphism
from the group G := (a,b | a® = 1,b% = 1,bab~! = a~!) onto Ds,,, which
maps a to z and b to y. So it remains to prove that |G| = |Da,| = 2n.
This will follow if we can show that every element of G can be written
in the form a™b™, which is clear from defining relations (which allow us
to pull all a’s past b’s to the left).

We leave it as an exercise that Ds,, also has another useful presentation

Dy, = <$17$2 ‘ S% = 1783 =1, (8132)n = 1>' (114)

Example 1.11.13 Define the generalized quaternion group
Quam = {(a,b] a®™ =1,a™ =b*,bab~ ' = a™1).

We claim that the order of Q4 is 4m. First of all |Q4m| < 4m because
every element of it can be written in the form a’’ for 0 < i < 2m and
j € {0,1} (use the relations). How to prove that the order is exactly
4m? This is usually the hard part, and a typical trick is to find a
group of order at least 4m generated by two elements which satisfy the
same relations as defining relations of Qy4,,. Application of von Dyck’s
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Theorem then completes the proof. Well, let us construct the required
group. Let H=R-1®&R-i®R-j ARk be the algebra of quaternions.
Let  := e™/™ and y := j. It is easy to check that z2™ = 1, 2™ = y?,
and yxy !
Now it is easy to see working explicitly in H that the elements z'y’ with
0<i<2mandj€ {0,1} are all distinct which completes the proof.

It is easy to check that Z(Qum) = {1,a™}, and Qum/Z(Qam) = Dap,.
So Q4. is solvable. It is nilpotent if and only if m is a power of 2.

=271, Let G be the subgroup of H* generated by = and y.

Example 1.11.14 The symmetric group S, has the following presen-
tation:

Sn = <517527' <y Sn—1 |
s2=1(1<i<n), (1.15)
S8iSi+18; = 8i+18i81‘+1(1 <i<n-— 1)7

sis; =858 (1 <4d,j <m, |i —j|>1)).

Let G be the group given by generators and relations as in the right hand
side of (1.15). Note that the elements (1,2),(2,3),...,(n—1,n) generate
S, and satisfy the same relations as s1, so, ..., s,—1. Therefore, by von
Dicks’s Theorem, there exists a surjection from G onto .S,, mapping s;
to (j,7+1) for 1 < j < n, and it suffices to show that |G| < n!. For this
we apply induction on n, the cases n = 1,2 being clear. For inductive
step, consider H < G generated by si,...,8,—2. It follows from the
inductive hypothesis that |H| < (n — 1)!, so it is enough to prove that
[G : H] < n. This will follow if we can show that G = K, where

K:=HU Sn_lH U Sn_gsn_lH U---Usisg... Sn_lH.

The equality G = K is equivalent to the property gK = K for every g €
G, which is in turn equivalent to s; K = K for every 1 < i < n. Consider
5i(sj...8n—1H). If i =j —1 or j, then clearly s;(s;...s,-1H) C K. If
1< j—1, we get

5i(Sj...Sn—1H)=5j...5n_15H =5;...8,_1H C K.
Finally, if ¢ > j, we have

Si(Sj ce Sn_lH) =S85... Si—Q(SiSi—lsi)si-i-l ce Sn—lH
=S85... 87272(81'7182'82'71)81'4»1 . Snle =S85... Snflsile

ZSj...Sn_lHCH.
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Remark 1.11.15 The presentations (1.14) and (1.15) can be generalized
as follows. Let r be a positive integer. For every pair 1 <14,j <r fix a
parameter m;; € Zo U {oo} such that m;; =m,; >2for1 <i#j<r
and my;; = 1 for 1 < ¢ < r. Consider the group generated by si,...,s,
subject to the relations

(si85)™7 = (1<i,j<r).

This group is called a Coxeter group. The parameters m;; can be visu-
alized conveniently using the corresponding Coxeter graph. The vertices
of the graph are labelled by 1,2,...,7. There is no edge between the
vertices ¢ and j if either ¢ = j or m;; = 2, there is an edge without label
between ¢ and j if m;; = 3, and there is an edge with label m; ; between
¢ and j otherwise. For example, for the presentation (1.15) of Sy the
Coxeter graph is

*—o—o

The most remarkable is the following classification theorem: a Coxeter
group is finite if and only if its Coxeter graph is a finite disjoint union of
graphs appearing in Figure 1.1. If you are stunned (and I bet you are!)
by the beauty of this result, read more about it, for example in [Hu].
This result is a beginning of Lie theory.

Remark 1.11.16 Besides Lie theory, we have touched another large
and beautiful area of mathematics: combinatorial group theory. This
theory investigates what can be said about a group given by generators
and relations, and turns out to be closely related with topology and
geometry. One of the prominent results is the unsolvability of the word
problem. A group G has a solvable word problem if it has a presentation
G = (X | R) for which there exists an algorithm to determine whether
an arbitrary word on X is equal to the identity in G. We would also
like to know when two different presentations determine the same group
(we saw that it is indeed possible to have different presentations for the
same group). Another important problem is to determine whether a
group determined by a presentation is finite or infinite. If you want to
read about these matters, we recommend, for example, [O]].

To conclude the section, we classify groups of order < 16. In view
of Example 1.7.19, we understand groups of order pq, so the only in-
teresting cases are groups of order 8 and 12. Abelian groups can be
easily understood using the Fundamental Theorem on Finitely Gener-
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Fig. 1.1. Coxeter graphs of finite Coxeter groups

ated Abelian Groups, to be studied later. So here we concentrate on
non-abelian groups.

Lemma 1.11.17 Qg and Dg are the only non-abelian groups of order 8.

Proof Let G be a non-abelian group of order 8. Not every element of
G has order 2, so there must be an element a € G of order 4. The
subgroup A := (a) in G is of index 2, hence normal. Pick b € G\ A.
Then G = (a,b), and b> € A. Hence, either b?> = 1 or b> = a>—otherwise
b has order 8. Also, bab~! = a3, as it must be an element of order 4 and
cannot be a—otherwise G is abelian. Now von Dick’s theorem implies
that G is a homomorphic image of Dg or s, and the result follows by
comparing orders. O

Lemma 1.11.18 Up to isomorphism, there are three non-abelian groups

of order 12: A4, D12, and Q15.
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Proof The three groups have, respectively, 3, 7, and 1 elements of order
2, so they are non-isomorphic. Now let G be a non-abelian group of
order 12, and let P = {c) be a Sylow 3-subgroup of G. The action on
G /P provides a homomorphism G — S;. Let K be the kernel of this
homomorphism.

If K = {1}, then G is isomorphic to a subgroup of Sy of order 12.
Such subgroup must be contained in S) = Ay, so G = Ay.

If K # {1}, then K = P, and P < G. By the Sylow Theorems, P is
the only subgroup of order 3. Hence ¢ and c? are the only elements of
order 3 in G. Hence ¢ has one or two conjugates, and so |Cg(c)| = 6 or
12. So C¢(c) contains an involution d. Let a = cd. Then a has order 6,
and so A := (a) is a normal subgroup of order 6.

Take any b ¢ A. Then G = (a,b). Observe that bab~! € A is of order
6, and bab~! # a, as G is not abelian. Hence bab~! = a~!. Finally, b?
belongs to A and commutes with b, whence either b2 = 1 or b = a3.
Now application of von Dick’s Theorem completes the proof. O

1.12 Problems on Groups

Problem 1.12.1 True or false? Let G be a group such that any finitely
generated subgroup of G is cyclic. Then G is cyclic.

Problem 1.12.2 Let G be a finite group with |G| > n. Then G is
isomorphic to a transitive subgroup of S,, if and only if G contains a
subgroup H of index n such that neither H nor any proper subgroup of
H is normal in G.

Problem 1.12.3 Let G be a finite group. We choose an element g €
G randomly. Then replace it and make another random choice of an
element h € G. Prove that the probability that g and A commute equals
to k/|G|, where k is the number of conjugacy classes in G.

Problem 1.12.4 Any infinite group has infinitely many subgroups.

Problem 1.12.5 Let G be a finite group. The Frattini subgroup ®(Q)
is the intersection of all maximal subgroups of G. An element g € G is
called a non-generator if whenever (X, g) = G, we have (X) = G for
subsets X C G. Show that ®(G) is the set of non-generators of G.
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Problem 1.12.6 True or false? Aut(Cs) = Cy.

Problem 1.12.7 Let G be a finite group and p be a prime. Show
that there exists a normal p-subgroup O,(G) such that H < O,(G)
for any normal p-subgroup H in G. Show that there exists a normal
subgroup O,/ (G) of order prime to p such that H < O, (G) for any
normal subgroup H in G whose order is prime to p.

Problem 1.12.8 Let G be a finite group and p be a prime. Show that
there exists a normal subgroup OP(G) such that G/OP(G) is a p-group,
and H > Op(G) for any normal p-subgroup H in G such that G/H is
a p-group. Show that there exists a normal subgroup Op/(G) such that
|G/OP (@)| is prime to p, and H < O, (G) for any normal subgroup H
in G with |G/H| prime to p.

Problem 1.12.9 True or false? If G is a finite nilpotent group, and m
is a positive integer dividing |G|. Then there exists a subgroup of G of
order m.

Problem 1.12.10 A non-trivial group G has a proper subgroup H
which contains every proper subgroup of G. What can you say about
G? (Another version: Let G be a finite group such that for all subgroups
H K <G we have H C K or K C H. What can you say about G?)

Problem 1.12.11 Let G be a finite group. For each prime p dividing
|G|, let Sp(G) denote the set of all p-subgroups of G. Suppose for each
p dividing |G|, that S,(G) is totally ordered by inclusion (i.e. we have
HCK or K CH for any H, K € §,(G)). Prove that G is cyclic.

Problem 1.12.12 True or false? If G is a group with even number of
elements, then the number of elements in G of order 2 is odd.

Problem 1.12.13 True or false? If IV is a normal subgroup of G and
N and G/N are nilpotent, then G is nilpotent.

Problem 1.12.14 True or false? If X is a normal subgroup of Y and
Y is a normal subgroup of Z, then X is a normal subgroup of Z.

Problem 1.12.15 Let G be a finite group and N<G. If (|N|,[G : N]) =
1, prove that N is the unique subgroup of G having order |N]|.
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Problem 1.12.16 Let G be a group and H, K < G be subgroups. Then
HK is a subgroup of G if and only if HK = KH.

Problem 1.12.17 If H, K are subgroups of G, then [H : H N K] <
[G: K]. If [G: K] is finite, then [H : H N K] = [G : K] if and only if
G=HK.

Problem 1.12.18 If H, K are subgroups of finite index of a group G
such that [G : H] and [G : K] are relatively prime, then G = HK.

Problem 1.12.19 True or false? All subgroups of (Jg are normal.
Problem 1.12.20 The center of S,, is trivial for n > 3.

Problem 1.12.21 If N <G, |N| is finite, H < G, [G : H] is finite, and
([G: H],|N|) =1, then N < H.

Problem 1.12.22 (Q, +) does not have subgroups of finite index.

Problem 1.12.23 If H and K are finite index subgroups in G, then so
is HNK.

Problem 1.12.24 If H is a proper subgroup of a finite group G, then the
union UgeggHg™! is not the whole G. (See 1.12.25 for a more general

problem)

Problem 1.12.25 If H < G is a proper subgroup of finite index, then
the union UgeggHg™! is not the whole G.

Problem 1.12.26 Let G be a finite group G, and g1, ..., gx be repre-
sentatives of the conjugacy classe of G. Then G = (g1,...,q1).

Problem 1.12.27 The group GL, (F,) has an element of order ¢" — 1.

Problem 1.12.28 Let H be a subgroup of a group G. Let
C:={g€G|HnNgHg " has finite index in both H and gHg™'}.

Show that C is a subgroup of G.

Problem 1.12.29 Suppose that a finite group G has exactly three Sylow
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2-subgroups. Show that every permutation of these Sylow subgroups can
be obtained by conjugation by some suitable element of G.

Problem 1.12.30 Prove that any infinite simple group G has no sub-
group of finite index.

Problem 1.12.31 Prove that there is no simple group of order 120.
Problem 1.12.32 The group of order 2% - 72 is not simple.
Problem 1.12.33 Prove that there is no simple group of order 150.

Problem 1.12.34 Show that a group of order 80 must have a non-trivial
normal subgroup of order a power of 2.

Problem 1.12.35 Prove that the group of upperunitriangular 3 x 3
matrices over Fy is isomorphic to Dsg.

Problem 1.12.36 Let G be a finite group with g ~ g2 for every g € G.
Prove that G = {1}.

Problem 1.12.37 Suppose that a finite group G has exactly two con-
jugacy classes. Determine G up to isomorphism.

Problem 1.12.38 True or false: S;/Vy & Ss.

Problem 1.12.39 True or false: every subgroup of order 5 of S5 is
transitive.

Problem 1.12.40 True or false: if p and ¢ are primes, then a group of
order pq is nilpotent.

Problem 1.12.41 A group G is called metabelian if there exists a normal
subgroup N of G with N and G/N both abelian. Prove that every
subgroup of a metabelian group is metabelian. Prove that every quotient
of a metabelian group is metabelian.

Problem 1.12.42 True or false: If P is a Sylow p-subgroup of the finite
group G, then Ng(P) contains just one Sylow p-subgroup of G.

Problem 1.12.43 If H < G are finite groups, then r,(H) < r,(G).
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Problem 1.12.44 Let H < G be finite groups, P be a Sylow p-subgroup
of H, and Ng(P) C H. Then P is a Sylow p-subgroup of G.
Problem 1.12.45 If |G| = pqr, show that G is not simple.

Problem 1.12.46 Let |G| = p(p + 1), where p is prime. Show G has
either a normal subgroup of order p or a normal subgroup of order p+ 1.

Problem 1.12.47 Let a finite group G have a cyclic Sylow 2-subgroup.
Show that G has a subgroup of index 2.

Problem 1.12.48 Let n # 6. Then every automorphism of Sg is inner.

Problem 1.12.49 The group Ss has an automorphism mapping the sta-
bilizer of a point in Sg to a transitive subgroup. No such automorphism
can be inner.

Problem 1.12.50 Let G be a finite group. Then G is nilpotent if and
only if N¢(H) > H whenever H < G.

Problem 1.12.51 True or false: D,, is nilpotent.

Problem 1.12.52 Let ¢ : G — H be a surjective homomorphism of
finite groups. If P is a Sylow p-subgroup of G, then ¢(P) is a Sylow
p-subgroup of H. Conversely, every Sylow p-subgroup of H is the image
of a certain Sylow p-subgroup of G.

Problem 1.12.53 Let G be a finite group, N <G, and P a Sylow p-
subgroup of G for some prime p. Show that PN/N is a Sylow p-subgroup
of G/N and PN N is a Sylow p-subgroup of N.

Problem 1.12.54 If a group G contains an element having exactly two
conjugates, then G has a non-trivial proper normal subgroup.

Problem 1.12.55 Any finite group is isomorphic to a subgroup of A,
for some n.

Problem 1.12.56 True or false? As contains no subgroup of order 15.

Problem 1.12.57 Find the smallest n such that A,, contains a subgroup
of order 15.
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Problem 1.12.58 True or false? Let G be a finite group, and let P be
its Sylow p-subgroup. If P< N 4G, then P<@G.

Problem 1.12.59 Let G be a finite p-group, and N < G be a normal
subgroup of order p. Then N is in the center of G.

Problem 1.12.60 If G is a finite p-group, N <G, and N # {1}, then
NNZ(G) #{1}.

Problem 1.12.61 Let H, K, N be non-trivial normal subgroups of a
group G, and suppose that G = H x K. Prove that N is in the center of
G or N intersects one of H, K non-trivially. Give an example where N
is in the center and does not intersect either H or K non-trivially. Give
an example where N is not in the center but intersects both H and K
non-trivially. Give an example when N is in the center and intersects
both H and K non-trivially.

Problem 1.12.62 Let Ny <G4, Ny <Gy. True or false?
(a) IfGlgGg,and ngNQ then Gl/ngGQ/NQ.
(b) If Gy 2G5 and Gl/Nl gGg/Ng then N1 & Ns.
(C) IfN1 gNQ and Gl/Nl gGQ/NQ then Gl gGQ.

Problem 1.12.63 Let G be a finite group. If G is solvable, then G
contains a non-trivial normal abelian subgroup. If G is not solvable
then it contains a normal subgroup H such that H' = H.

Problem 1.12.64 Let p be a prime. Find the number of subgroups of
Cp x Cp (counting {1} and itself).

Problem 1.12.65 Let G be a group, and suppose |Aut(G)| = 1. Prove
that G has at most two elements.

Problem 1.12.66 True or false: every group of order 18 is nilpotent.

Problem 1.12.67 Let (G; and G2 be finite groups. Is it true that every
subgroup of G; x Gy is of the form H; x Hy, where H; < (G; and
H; < Gy. What if we assume, additionally, that (|G1|, |Gz2|) = 1?7

Problem 1.12.68 True or false: Any element of order p in a finite
p-group is central.
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Problem 1.12.69 Let p be a prime and G be a finite simple group
having a subgroup H of index p. Find the isomorphism type of a Sylow
p-subgroup of G.

Problem 1.12.70 Classify the groups of order 175.

Problem 1.12.71 Let F be a free group with basis X = {x1,...,2,}.
Then F/F' = Cy X -+ X Cy (n copies).

Problem 1.12.72 Let X C Y. Show that FI(X) < F(Y).

Problem 1.12.73 Find the group of rotations and the full group of
symmetries of a regular tetrahedron.

Problem 1.12.74 Describe the conjugacy classes of A5 and Ss.
Problem 1.12.75 True or false? Dqs = S35 x Cs.

Problem 1.12.76 Let p be prime g be any p-cycle in S, and h be any
transposition in S,. Prove that (g, h) = S5,.

Problem 1.12.77 Let D5, be the dihedral group of order 2n. For which
value of n:

(a) The center of Dy, is trivial?

(b) All involutions in Dy, are conjugate to each other?

(¢) Day, is a direct product of two proper subgroups?
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2.1 Things known

We assume that material reviewed in sections 3.1-3.5 and parts of section
3.8 of Rotman is well understood. Among other things, these sections
discuss the following topics:

3.2. Definition of a commutative ring (with 1), basic examples; do-
mains, zero divisors, divisibility theory; definition of a field, field
of fractions of a domain, the field F,,.

3.3. Polynomials; rational functions.

3.4. Division algorithm for polynomials; roots of polynomials; GCD
and LCM for polynomials; irreducible polynomials; Euclidean al-
gorithm; Unique Factorization Theorem for polynomials; alge-
braic integers;

3.5. Ring homomorphism and isomorphism; ideals; PID’s; UFD’s;
GCD and LCM in UFD’s.

3.8. Quotient rings, First Isomorphism Theorem for rings.

We want to emphasize the following fundamental universal properties:
Theorem 2.1.1 (Universal Property of Polynomials) Let R and
S be commutative rings, ¢ : R — S be a ring homomorphism, and s € S
be an arbitrary element. Then there exists a unique homomorphism

@ : Rlx] — S, which maps x to s and r -1 to p(r) for any r € R.
Moreover, for general ro + mx + -+ + rpx™ € k[x] we have

@(ro+rw+ - +rax”) = @(ro) + ¢(ri)s + -+ p(rn)s™.

Theorem 2.1.2 (Universal Property of Fraction Fields) Let R
and S be commutative rings and ¢ : R — S be a ring homomorphism.

o4
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Assume that R is a domain and that ¢(r) is invertible in S for any
r # 0. Let Q(R) be the quotient field of R. Then there exists a unique
homomorphism ¢ : Q(R) — S, which maps r/s to o(r)e(s)~L.

Make sure you know how to prove the theorems above.

2.2 More on irreducible polynomials

Apart from what is explained in sections 3.3 and 3.4 of the textbook,
we will need some more facts on irreducible polynomials.

Lemma 2.2.1 Let f € Z[z] be a polynomial which cannot be written
as a product of two polynomial in Z[x] of positive degrees. Then f is
irreducible when considered as an element of Q[z].

Proof Assume that f is reducible in Q[z], i.e. f = gh for polynomials
g, h € Q[x] of degrees smaller than deg f. Multiplying by the product of
denominators of coefficients of g and h, we get nf = g’h/, where n € Z
and ¢’'h’ € Z[z]. We now show that one can cancel prime factors of n
one by one without going outside Z[x].

Suppose p is a prime factor of n. We claim that either p divides all
coeflicients of ¢’ or else p divides all coefficients of A’. Otherwise let ¢ and
j be the minimal possible such that p does not divide the i¢th coefficient
of ¢’ and jth coefficient of h'. It follows that p does not divide the
(i + j)th coefficient of ¢’h’, giving a contradiction. Now cancel by p and
continue this way until n = 1. |

Theorem 2.2.2 (Eisenstein’s Criterion) Let (x) = ag + a1z + -+
ant™ € Zlx]. Suppose that there is a prime p such that

(1) p does not divide ay,,
(2) p divides a; for 0 <i<mn,
(3) p? does not divide ag.

Then f is irreducible as an element of Q[z].

Proof By Lemma 2.2.1, it suffices to show that f is irreducible in Z[z].
Suppose for a contradiction that f = gh, where g = by +biz+---+b.x"
and h = ¢y + c1x + -+ - + csx® are integral polynomials of degrees less
than n. Then ag = bocp, so by (2), p|bp or p|cg. By (3), we may assume
that p|bg and p fco. If all coefficients b; were divisible by p then a,, would
be divisible by p, contrary to (1). Let b; be the first coefficient of g not
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divisible by p. Note that ¢ < n. Then a; = byco + --- + bgc; is not
divisible by p, giving a contradiction. O

Example 2.2.3 f(z) = 22° + 22" 4+ 2% + § € Q[a] is irreducible if and
only if 9f(x) = 22° + 152* + 923 + 3 is irreducible, which is the case by
the Eisenstein’s criterion with p = 3.

Example 2.2.4 Eisenstein’s criterion does not apply to the polynomial
f(z) =23 -3z —1=0. But f(z) is irreducible if and only if f(z+ 1) is
irreducible. Now f(z 4 1) = 23 4 322 — 3 is irreducible by Eisenstein’s
criterion.

Example 2.2.5 Let p be a prime. Then the polynomial f(z) = 1+
x + --- + 2P~ ! is irreducible. Indeed, consider f(x + 1) instead. As
flx) = (2 = 1)/(x — 1), we have f(z +1) = ((x + 1)» — 1)/z, and
Eisenstein’s criterion applies.

There is another method to verify irreducibility. By the Universal
Property of Polynomials, the natural homomorphism Z — Z/nZ extends
to a homomorphism Z[z] — (Z/nZ)[z], f — f. Now, assume that the
top coefficient of f is not 0 modulo n. Then clearly f is irreducible if
f is irreducible (the converse is not necessarily true). Now, verifying
if f is irreducible is a ‘finite problem’, as there are only finitely many

polynomials of bounded degree over Z/nZ.

Example 2.2.6 We claim that f(z) = z* + 1523 + 7 is irreducible.
Modulo 5 we have f = z* +2. If f has a factor of degree 1 then it has a
root in Z/5Z, which is not the case. Let f have two factors of degree 2:

2t +2 = (2% + ax + b) (2% + cx + d).

Then a+c¢=0,ac+b+d =0, bd =2. So b+ d = a?, which can take
only the values 0, 1, 4, since these are the only squares in Z/5Z. Hence,
either —b% = 2 or b(1 —b) = 2 or b(4 — b) = 2. Trying all possible values
for b we see that none of these equations can hold.

Finally, one more useful trick:

Lemma 2.2.7 Let f(x) = ap + a1z + - + apa™ € Zlz]. If £ € Q with
(r,s) =1 is a root of f then r|ap and s | ay,.
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Proof As f(r/s) =0, we have

n n—1
aps™ = T(Z(fai)rlfls"ﬂ) and —apr" = Z rign il
=0

i=1

which implies the required result. |

Example 2.2.8 Lemma 2.2.7 implies that the polynomial 23 —3z+1 €
Q[z] does not have rational roots and hence is irreducible over Q as it
has degree 3.

2.3 First steps in fields

Let F be a field. If k; C F, i € I is a family of subfields, then N;crk; is
also a subfield. This implies that every field F' has the smallest subfield,
which is just the intersection of all its subfields.

Definition 2.3.1 The smallest subfield of a field F' is called the prime
subfield of F' and denoted Fj.

It turns out that for an arbitrary field F, we have Fy = Q or F,
for some prime p. Indeed, consider the ring homomorphism y : Z —
F, m+— m-1p. We have two cases:

(1) x is injective. Then Z = im x is a subring of Fy. By the universal
property of fraction fields, the field of fractions of Z, which is Q, is
a subfield of Fy, so Fy = Q. In this case we say that characteristic
of F is 0, written char F' = 0.

(2) kerx = (p) for a prime number p. Then F, = Z/pZ = imy is a
subfield of Fy. So Fy = F,. In this case we say that characteristic
of F is p, written char F' = p.

Remark 2.3.2 We have char F =p >0 < p-a =0 for any a € F
< p-1lp =0, where p-a means a+- - -+ a (p summands). This implies
the following nice property which holds in any field F' of characteristic p
and is sometimes called ‘Freshman’s Dream’:

(a+b)P =a” + (a,b e F).

Definition 2.3.3 If k£ is a subfield of another field K, we say that K is
a field extension over k, written K/k.
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For any field extension K/k, we may consider K as a k-vector space
in a natural way.

Proposition 2.3.4 If F is a finite field then |F| = p™ for some prime
p and some n € Zg.

Proof Consider I' as a vector space over Fj. |

We will later prove that for any prime p and any n € Z~( there does
exist a field with p™ elements, and, moreover, such field is unique (up to
isomorphism).

The following is a very useful result on degrees of finite extensions.

Proposition 2.3.5 (Tower Law) Let K/E/k be field extensions with
K/E and E/k finite. Then K/k is finite, and [K : k] = [K : E][E : k].

Proof 1f {ai,...,an} is a basis of E over k and {by,...,b,} is a basis
of K over E, it is easy to see that {a;b; | 1 <i<m, 1 <j<n}isa
basis of K over k. O

Definition 2.3.6 (i) Let K/k be a field extension. The extension is
called finite if dimy K < 0o. The dimension dimy, K is called the degree
of K/k and denoted [K : k.

(ii) An element a € K is called algebraic over k if it is a root of some
non-zero polynomial f(z) € k[z]. Otherwise « is called transcendental
over k. The extension K/k is called algebraic if all elements of K are
algebraic over k. Otherwise the extension is called transcendental.

Lemma 2.3.7 If K/k is a finite field extension, then it is algebraic.

Proof Let dimy K = n. Take any o € K, and consider n + 1 elements

1,a,02,...,a" They must be linearly dependent over k, so there exist
agp,ai,...,a, € k, not all zero, with ag + a1 + - - - + a,a™ = 0. This
shows that « is algebraic. |

The following simple theorem is of fundamental importance. It is the
key tool in constructing field extensions.

Theorem 2.3.8 If k is a field, p € k[z], and I = (p) < k[z], then
k[x]/I is a field if and only if the polynomial p is irreducible. Moreover,
dim k[z]/I = degp.
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Proof Let n = degp. It is easy to see that {1,z,...,2" 1} is a basis
of k[z]/I, whence dim k[z]/I = n. If p = fg is not irreducible, then the
quotient k[z]/I has zero divisors: (f + I)(g + I) = 0+ I; in particular,
k[x]/I is not a field.

Now, let p be irreducible. Then 141 # 0+ I is clear. Moreover, take
f+I#0. As f ¢ I, we have (f,p) = 1, whence 1 = af + bp for some
a,b € k[z]. Hence a + I is the inverse of f + I in k[x]/I. Thus, k[z]/I is
a field. U

Remark 2.3.9 Let k is a field, p € k[z] be an irreducible polynomial,
and set K := k[z]/(p). Then K D k is a field extension, and z+ (p) € K
is a root of p in K. So sometimes we refer to the passage from k to
k[x]/(p) as ‘adjoining a root of an irreducible polynomial p to k’.

Definition 2.3.10 Let K/k be a field extension and a € K. The
smallest subfield of K containing k& and « is called the subfield of K
obtained by adjoining o to K. This subfield is denoted k(). If K =
K (a) for some o € K we say that K is a simple extension of k.

More generally, if X C K be a subset, then k(X) denotes the smallest
subfield of K containing k and «. If X = {a1,...,a,} we also write
kE(ai,...,ay) for k(X).

Remark 2.3.11 An extension may be simple without appearing to be.
Consider K := Q(i,/5). As written, it appears to require adjunction of
two elements. But in fact K = Q(i 4 v/5). To prove this it is enough to
show that i and v/5 belong to Q(i + v/5). Well, Q(i + v/5) contains

(i +V5)? = 4+ 2iV/5.
So it also contains
(i +V/5)(4 + 2iV/5) = 16,

whence it contains i and /5.

Theorem 2.3.12 Let K/k be a field extension, and a € K be an el-
ement algebraic over k. Then there exists a unique monic irreducible
polynomial p € k[x] having a as a root. This polynomial can be charac-
terized as the monic polynomial of minimal possible degree having o as a

root. Finally, there is an isomorphism k(o) = k[z]/(p) which is identity
on k.
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Proof Consider the ring homomorphism ¢ : k[z] — K, f(z) — f(«a).
As k[z] is a PID, we have ker ¢ = (p) for some unique monic polynomial
p(z). Moreover, p is irreducible, as otherwise k[z]/(p) C K has zero
divisors. Moreover, p is the only monic irreducible polynomial of (p)
and the unique monic polynomial in (p) of minimal possible degree.
Now observe that the ideal (p) consists precisely of all the polynomials
in k[z] which have « as a root. For the last part of the theorem, note
that k(o) = im ¢. O

Definition 2.3.13 The irreducible monic polynomial p € k[z] intro-
duced in Theorem 2.3.12, is called the minimal polynomial of o over k
and denoted irr (a; k).

Remark 2.3.14 Theorem 2.3.12 shows that adjoining elements, as in
Definition 2.3.10, and adjoining roots of irreducible polynomials, as in
Remark 2.3.9, are closely related. The difference is that when adjoining
elements, we already have a larger field K given, and we construct k(«)
as a subfield of K, while when we adjoin roots of irreducible polynomials,
we are building a larger field ourselves. However, once the new field
K = k[x]/(p) 2 k is constructed, we can write it in the form K = k(«)
where @ = z + (p). At any rate the field we get is the same up to
isomorphism identical on k.

If ¢ : k — k' is a field homomorphism and f(z) = ag+a1z+- - -+apz”
is a polynomial in k[z], we write ¢(f) for the polynomial p(ag)+p(ar)x+
ot plan)x™ € Kz

Theorem 2.3.15 Let K/k and K'/k' be field extensions, and ¢ : k — k'
be a field isomorphism. Let a € K and o € K’ be elements alge-
braic over k and k', respectively. Then there exists a field isomorphism
@ kla) — k() extending ¢ and sending o to o' if and only if
irr (o/; k') = (p(irr (o k:))

Proof 1f ¢ : k(o) — k'(c’) is an isomorphism extending ¢ and mapping
a to o/, then the monic polynomial p(irr (a; k)) clearly annihilates o/
To see that p(irr (a; k)) is of minimal possible degree among polynomials
annihilating o/ use $~1.

Conversely, by Theorem 2.3.12, we have k(«) = k[z]/(irr (a; k)) and
E (o) = K'[x]/(irr (/5 k")), with @ and o corresponding to the cosets
2+ (irr (o k)) and x + (irr (/s k'), respectively. Now use the universal
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property of polynomials to see that there is a ring isomorphism
klz] — K'[z]/,

extending the map ¢ : & — k’ and mapping = to z. It induces an
isomorphism ¢ of fields

kla]/ (i (o k) — K'[2]/(p(irr (s K))),
mapping & + (irr (a; k)) to = + (¢(irr (o k))) and extending ¢. O

Let K = k() be a simple extension. If « is algebraic, we saw in The-
orem 2.3.12 that K = k[x]/(irr (a; k)). The following result investigates
the case where « is transcendental.

Theorem 2.3.16 Let K = k(«) with « transcendental over k, and k(x)
be the field of rational functions in x. Then there exists an isomorphism
k(x) = k(a), which is identity on k and maps x to «.

Proof By the universal properties, there exists a homomorphism ¢ :
k(x) — k(a), which maps f(x)/g(z) to f(a)/g(a). Tt is non-zero, so
injective. It is surjective, as all elements of the form f(a)/g(«) (with
non-zero g) form a subfield of K containing k and a. U

Combining Theorems 2.3.12 and 2.3.16 we get

Corollary 2.3.17 Let K/k be a field extension and o € K. Then « is
algebraic over k if and only if [k(«) : k] is finite.

Theorem 2.3.18 Let F/K/k be field extensions. If F/K and K/k are
algebraic then F/k is algebraic.

Proof Let a € F and irr (; K) = 2™ + a, 12" ' + --- + ap. Then

« is algebraic over k(ao,...,a,—1). Now using Corollary 2.3.17 we see
that [k(o, ag,...,an-1) : k(ag,...,an—1)] < oo and [k(aog,...,an_1) :
k] < oo. By the tower law [k(«,ag,...,an—1) : k] < oo, whence « is
algebraic. ]

Example 2.3.19 There exist algebraic extensions which are not finite.
For example, let A be the set of all complex numbers which are algebraic
over Q. We claim that A is an algebraic extension of Q of infinite degree.

First of all we need to see that A is a field. Note by Corollary 2.3.17
that o € C belongs to A if and only if [Q(a) : Q] < co. Let a,3 € A.
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Note that Q(«, 8) = Q(a)(8), and ( is algebraic over Q, hence over
Q). So [Q(a,B) : Q(a)] < oo. Therefore [Q(c, 8) : Q] = [Q(e, f) :
Q()][Q(a) : Q] < 0o. As Q(af™1),Q(a — B) C Q(a, 3), these fields
also have finite degrees over Q, and so a3, a — 8 € A, which shows
that A is a field. By the way, the argument just given works in larger
generality—it shows that given a field extension K/k, the set L of all
elements of K which are algebraic over k£ form a subfield of K.

To show that [A : Q] = oo, it suffices to prove that there exists an
irreducible polynomial in Q[z] of arbitrarily large degree. Now take

p+pr+--+pz" T +a"

and use Eisenstein’s criterion.

Example 2.3.20 If the extension K/k is algebraic and k is countable
then K is also countable. This follows from the fact that there are only
countably many polynomials in k[x]. It follows that R/Q and C/Q are
not algebraic, and A C C.

2.4 Ruler and compass

First we formalize the intuitive idea of a ruler and compass construction.
Given a set Py of points in R?, consider operations of the following two
kinds:

(1) (Ruler) Through any two points of Py draw a straight line.
(2) (Compass) Draw a circle whose center is a point in Py, and whose
radius is equal to the distance between some pair of points in P.

Definition 2.4.1 The points of intersection of any two distinct lines or
circles, drawn using operations (1) or (2), are called constructible in one
step from Py. A point r € R? is constructible from Py if there is a finite
sequence r1,...,7, = 7 such that for each i = 1,...,n, the point r; is
constructible in one step from the set Py U {ry,...,r_1}.

Fields enter in the following natural way. Let K be the subfield of R
generated by the 2- and y-coordinates of the points in Py. If r—(z;, y;)
then inductively define K; = K;_1(z;, y;).

The following observation is crucial.

Lemma 2.4.2 With the above notation, z; and y; are zeros in K; of
quadratic polynomials over K;_1.
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Proof Write F := K;_1. There are three cases to consider: line meets
line, line meets circle, and circle meets circle. Let us consider the z-
coordinates, the y-coordinates being similar.

Case 1. Let (x;,y;) be the intersection point of the lines AB and CD
for points A, B,C,D in F?. Tt is clear that (x;,v;) is a solution of a
linear system whose coefficients belong to F', so z; and y; also belong to
F. Now z; is of course a solution of the quadratic equation (z —x;)? = 0.

Case 2. Let (x;,y;) be an intersection of the line through A =
(a1,a2), B = (b1,by) € F? and the circle with the center C' = (¢1,¢a) €
F? of radius s. As s is the distance between the two points with coor-
dinates in F, we have s? € F. The equation of the line AB is

T —a Yy —a

b1 — a - I)Q—(IQ7
and the equation of the circle is
(x—c1)? + (y — c2)? = 5%

Solving these two equations, we obtain

2
(x—c1)® + ((b2 _bcjzz(zl_ a1) +ag — 02> = 52,

which is a quadratic equation for x.
Case 1. Let (x;,y;) be an intersection point of the circles with equa-
tions

@l +@-cf =5 (-d)+(y-d) =1

We will use greek letters to denote constants in F'. From the first equa-
tion we have

(y—da)* = (y—ca+t(c2—da))’
= (y—)’+aly—c)+p
= 52—90—01 +ayvs?—(r—c1)?+p
= —(r—c1) +am+’y

Substitute this to the second equation to get

(x—dl) (xr—c1) —i—om/é (x—c1) —|—’y—t2—0

which can be rewritten in the form

ex+ay/o—(x—c1)24+ k=0,

and so we again get a quadratic equation on . |



64 Fields

Theorem 2.4.3 If r = (x,y) is constructible from a subset Py of R?,
and if Ko is the field generated by Q and the coordinates of the points
in Py, then the degrees [Ko(x) : Ko] and [Ko(y) : Ko] are powers of 2.

Proof We will use notation introduced earlier in this section. By
Lemma 2.4.2 we have [K;_1(x;) : K;_1], [K;—1(y;) @ K;—1] € {1,2}.
By the Tower Law, [K;_1(z;,y:;) : Ki—1] € {1,2,4}. By induction,
[K,, : K] is a power of 2. As [Ky(x) : Ko] and [Ky(y) : Ko] are divisors
of [K,, : Ko], they must also be powers of two. O

Corollary 2.4.4 The cube twice the volume of a given cube cannot
constructed using rules-and-compass constructions.

Proof We may assume that Py = {(0,0), (1,0)} so that Ky = Q. If we
could duplicate the cube then we could construct the point (0, ), where
a3 = 2. Therefore, by Theorem 2.4.3, [Q(«) : Q] would be a power of 2.
But #3 — 2 is irreducible over Q, so [Q(«) : Q] = 3. O

Corollary 2.4.5 The angle w/3 cannot be trisected using ruler-and-
compass constructions.

Proof To construct the angle trisecting 7/3 is equivalent to construct-
ing the point (cos(7/9),0) given (0,0) and (1,0). From this we could
construct (2cos(n/9),0). Denote § = 2cos(7/9). Now the formula
cos(30) = 4 cos®(0) — 3 cos(#) with § = 7/9 implies that 3% —35—1 = 0.
So [Q(B) : Q] = 3, as the polynomial f(z) := 2*—3z—1 = 0 is irreducible
by Example 2.2.4. It remains to apply Theorem 2.4.3. 0

In the following result we use the known fact that « is not algebraic
over Q.

Corollary 2.4.6 The circle cannot be squared using ruler-and-compass
constructions.

Proof Such a construction is equivalent to one of the point (0,+/7)
from {(0,0),(1,0)}. So /7 is algebraic, whence  is algebraic, giving a
contradiction. |
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2.5 What is Galois theory?
We begin with a definition:

Definition 2.5.1 Let K/k be a field extension. An automorphism of K
is called k-automorphism if it fixes the subfield k element-wise.

It is clear that the set of all k-automorphisms forms a group.

Definition 2.5.2 The Galois group Gal(K/k) is the group of all k-
automorphisms of K.

Example 2.5.3 (i) Gal(C/R) = Cy with the only non-trivial element
given by complex conjugation. Indeed, let o be an R-automorphism of
C. Set j = o(i). Then j2 = —1. Hence j = i or —i. It is easy to
see that in the first case 0 = id, and in the second case ¢ is complex
conjugation. Finally, it is easy to check that complex conjugation is
indeed an R-automorphism of C.

(ii) Gal(Q(¥/2)/Q) = {1}. Indeed, any element o of the Galois group
must clearly move /2 to a primitive third root of 1 in C. However, /2
is the only such root in Q(+/2), so 0(\?/5) = /2. Tt follows that o = id.

The main idea of Galois theory is that under certain natural as-
sumptions there is a one-to-one correspondence between subgroups of
Gal(K/k) and intermediate subfields of the extension K/k, i.e. subfields
L of K containing k. This correspondence has many nice properties and
is constructed as follows. To each intermediate subfield L we associate
the subgroup

L* := {0 € Gal(K/k) | o(a) = a for every a € L} < Gal(K/k).

Clearly, L* is nothing but Gal(K/L), and L C M implies L* > M*.
Conversely, to each subgroup H of Gal(K/k) one associates the subfield

H :={a€eK|o(a)=aforeveryocc H} C K.

It is easy to check that H* is an intermediate subfield of the extension
K/k, and that H < E implies H* D E*. Finally, the following inclusions
are also clear from definitions:

H < (H', LC(L)".

The extra conditions needed for Galois theory to work are separabil-
ity and normality. They will be studied in the next section. Already
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now you can see that something may go wrong if you look at Exam-
ple 2.5.3(ii).

2.6 Normality and separability

We start from the notion of a splitting field which is closely related to
the idea of normality.

Definition 2.6.1 Let K/k be a field extension and f € k[z] be a poly-
nomial. We say that f splits over K if over K it can be written as a
product of linear factors:

fl@)=a(z —a1)...(c—ay) (a,01,...,0p € K).

Definition 2.6.2 Let k be a field and f € k[z]. A field K D k is called
a splitting field for f over k if f splits over K and K = k(aq,...,q,)
where aq,...,a, are the roots of f in K.

Example 2.6.3 (i) The polynomial 2® — 1 € Q[z] splits over C:
22— 1= (z—1)(x — /3 (x — /3.
(ii) The field Q(i,/5) is a splitting field for f(x) = (z% + 1)(z? — 5).
Note using the Tower Law that [Q(i,v/5) : Q] = 4.

Example 2.6.4 Let p be a prime. The polynomial f(z) = 2P —2 € Q[z]
is irreducible by Eisenstein’s criterion. It has one real root 2. We have
[Q(%/2) : Q] = p. Let w be a primitive pth root of 1. It is easy to see that
{w'Y2] 0 <i < p} are exactly all the roots of f. Thus, Q({/2,w) is a
splitting field for f. We want to find the degree [Q(¥/2,w) : Q]. By the
tower law, it is divisible by both p = [Q(¥/2: Q] and p — 1 = [Q(w) : Q)
(see Example 2.2.5). So [Q(¢/2,w) : Q] > p(p — 1). On the other hand,
[Q(w)(¥/2) : Q(w)] < p. This proves that [Q(/3,) : Q] = p(p — 1).

Example 2.6.5 f(z) = 2% — 1 factorizes as
fx)=(z -1 (2> +2x+1)(z+1)(z* -z +1).
If w is a root of x2 + x + 1 then
f@)=(z =@ - w)(z - w)(@+ 1)@ +w)(r+w?)
It follows that Q(w) is a splitting field for f and [Q(w) : Q] = 2.
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Our next goal is to prove that for any polynomial splitting field exists
and is in some sense unique. The proof of existence is obtained by
successive adjoining of roots of irreducible polynomials in the sense of
Remark 2.3.9:

Theorem 2.6.6 If k is any field and f € klx] is any polynomial then
there exists a splitting field for f over k.

Proof We use induction on deg f. If deg f < 1, there is nothing to prove
for f splits over k. Let deg f > 1. If f does not split over k, it has an
irreducible factor f; of degree > 1. Adjoin a root of f; to k to get a
field k(o) = k[z]/(f1), see Remark 2.3.14. Then in k(ay)[z] we have
f = (z — a1)g(x). By induction, there is a splitting field F' for g over
k(aq). Now note that F is a splitting field for f over k. O

We need the following lemma to prove uniqueness of splitting fields.

Lemma 2.6.7 Let ¢ : k — k' be an isomorphism of fields, f € klx], and
let K D k be a splitting field for f over k. If K! D k' is a field extension
of k' such that ¢(f) splits over K' then there exists a monomorphism
@ : K — K', which extends ¢.

Proof Induction on n := deg f. Over K we have

fl@)=alz —aq)...(x — ag).

Set g := irr («1;k). Then g is an irreducible factor of f. It follows that
©(g) is an irreducible factor of ¢(f). Moreover, ¢(f) can be written over
K’ as a product of linear factors: ¢(f) = b(z—p31)...(x—0,). It follows
that ¢(g) is a product of some (x — ;). Without loss of generality we
may assume that (z— 1) is a factor of ¢(g). Then p(g) = irr (61; k). By
Theorem 2.3.15, there is an isomorphism ¢ : k(ay) — &/'(51), extending
©. Now, K is a splitting field of the polynomial f(x)/(z—aq) € k(ay)[z].
By induction, there exists a homomorphism ¢ : K — K’ extending .

O

Now we are ready to prove the desired uniqueness theorem for splitting
fields.

Theorem 2.6.8 Let ¢ : k — k' be a field isomorphism. Let K be a split-
ting field for f € klx] over k and K' be a splitting field for ¢(f) € k'[x]

over k'. Then there exists an isomorphism ¢ : K — K', extending .
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Proof By Lemma 2.6.7, there exists a monomorphism ¢ : K — K’,
extending ¢. Moreover ¢(K) C K’ are both splitting fields for ¢(f), so
p(K) = K'. O

Example 2.6.9 The same field can be a splitting field for two different
polynomials. For example, Q(v/3) C C is a splitting field for 22 — 3 and
22 — 2z — 2 over Q.

We now arrive to the notion of normality.

Definition 2.6.10 An extension K /k is normal if every irreducible poly-
nomial over k which has at least one zero in K splits over K.

Example 2.6.11 (i) C/R is normal as every polynomial in R[z] splits
over C (Fundamental Theorem of Algebra).

(ii) Q(¥/2)/Q is not normal, as it contains the root /2 of the irre-
ducible polynomial 23 — 2 € Q[z], but does not contain the other two
roots of the same polynomial.

Compare Example 2.6.11 with Example 2.5.3. The ‘bad’ behavior
of the Galois group Gal(Q(+/2)/Q) occurs because the extension is not
normal.

The following result explains the close connection between normal
extensions and splitting fields and provides us with a wide range of
normal extensions.

Theorem 2.6.12 An extension K/k is normal and finite if and only if
K is a splitting field for some polynomial over k.

Proof Suppose K/k is normal and finite. Write K = k(aq,...,a,) for
algebraic elements «; over k. Let f; = irr (ay; k), and f = f1... fn. By
normality, f splits over K, so K is a splitting field for f.

Conversely, let K be a splitting field for g € k[z]. The extension K/k
is then obviously finite. To show that it is normal, take an irreducible
polynomial f € k[z] with a root in K. Let F' O K be a splitting field
for f over K.

Suppose that o1 and as are two roots of f in F. We need to prove
that a; € K implies as € K. This will follow if we can show that

[K(a): K] = [K(a2) : K]. (2.1)
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Indeed, if oy € K, then [K(ay) : K] =1, so by (2.1), [K(a2) : K] =1,
and hence as € K.

For the proof of (2.1), consider several subfields of F' whose inclusions
are illustrated by the following diagram:

F

For i = 1,2, we have
[K(ay): K|[K : k] = [K() : k] = [K () : k(ag)][k(as) 1 K] (2.2)

As irr (ag;k) = irr (ag; k) = f, there is an isomorphism ¢ : k(ay) —
k(as). Moreover, K(«;) is a splitting for g over k(a;), so by Theo-
rem 2.6.8, ¢ extends to an isomorphism ¢ : K(ay) — K(asg). In partic-
ular, [K(aq) : k] = [K(a2) : k]. Now (2.1) follows from (2.2). O

Corollary 2.6.13 Let F/K/k be finite field extensions, K/k be normal,
and F/K be a splitting field over K of a polynomial f(x) € Klz] all of
whose coefficients belong to k. Then F/k is normal.

Proof We just need to apply Theorem 2.6.12 twice. Indeed, as K/k
is normal it is a splitting field of a polynomial g € k[z]. Now F' is a
splitting field over k of the polynomial fg € k[z]. O

Example 2.6.14 It is not true in general that being normal is transitive;
that is if F/K/k and F/K, K/k are normal, then F/k need not be
normal. For a counterexample consider Q(+v/2)/Q(v/2)/Q.

Now we define the second important property needed for the Galois
theory to work well.

Definition 2.6.15 An irreducible polynomial f over a field k is called
separable over k if it has no multiple roots in a splitting field. Otherwise
f is called inseparable.
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An arbitrary polynomial over a field £ is called separable over k if all
its irreducible factors are separable over k.

If K/k is a field extension, then an algebraic element o € K is called
separable over k if its minimal polynomial over k is separable over k.

An algebraic extension K/k is called separable if every o € K is
separable over k.

In view of the uniqueness of splitting fields, the notion just defined
does not depend on which splitting field is used.

Example 2.6.16 We give an example of an inseparable polynomial. Let
p be a prime, and k = Fy,(u), the field of fractions of Fp[u], where u is an
indeterminate. Consider the polynomial f(z) := 2P — u € k[z]. Let K
be a splitting field of f over k, and « € K be a root of f. Then o = u,
hence (z — )P = aP — o = f(x), using the ‘freshman’s dream’. This
shows that all roots of f are equal.

We now prove that f is irreducible over k. Indeed, assume that f = gh,
where degrees of g and h are lower that the degree of f. By the previous
paragraph, we must have g(z) = (z — a)? for 0 < d < p. Hence the
constant coefficient a? € k. As d is prime to p, we can write 1 = rd + sp,
and it follows that o € k, i.e. a = a(u)/b(u) for some a,b € F,ul.
Therefore a(u)?/b(u)? = u or a(u)? = b(u)Pu, which is impossible.

Let k be an arbitrary field and f(x) = ag + a12 + a2 + - - - + apa" €
k[x]. The formal derivative of f is the polynomial

fi=a1 + 20z + - + na,z"

It is easy to see that the formal derivative has the following familiar
properties:

(f+9)' =f+d, (fg) =Ffg+fd.

Lemma 2.6.17 Let k be any field. A non-zero polynomial f € k[z] has
a multiple Toot in a splitting field if and only if f and f' have a common
factor of degree > 1 as polynomials over k.

Proof Suppose that f has multiple roots in a splitting field K, so that
over K we have f(x) = (v — a)?g(x). Then

fl(@) = (z = a)(29(z) + (z — a)g (2)).

So f and f’ have a common factor (z — «) over K. Now, the minimal
polynomial irr (c; k) must divide both f and f’ over k.
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Conversely, suppose f has no repeated roots. We show by induction
on the degree of f that f and f’ are coprime over K, hence also over
k. If deg f = 1 this is obvious. Otherwise f(z) = (x — a)g(x) where
(x — ) fg(x). Then

f'(z) = (x = a)g'(z) + g(2). (2.3)

Now, (z — ) does not divide f’. So, if h is a common factor of f and f’,
h must divide g. By (2.3), h also divides ¢’. By inductive assumption,
g is a scalar. |

Proposition 2.6.18 Let k be a field and f be an irreducible polynomial
over k. Then f is inseparable over k if and only if k has a positive
characteristic p and f(z) has the form ag + ajx? + - - 4+ ajz'?.

Proof Using irreducibility of f, Lemma 2.6.17 implies that f is insepa-
rable over k if and only f' = 0. O

The following result shows that separability ‘carries over to interme-
diate fields’.

Lemma 2.6.19 Let K/L/k be field extensions with K/k being (alge-
braic) separable. Then L/k and K/L are (algebraic) separable.

Proof For L/k this is clear. Let a € K. Then irr (o; L) | irr (o; k), and
the result follows. U

The converse of this theorem is also true. We prove it later in a special
case of finite extensions, see Theorem 2.7.20 below.

The Fundamental theorem of Galois theory applies to finite extensions
which are normal and separable. It is convenient to give the following

Definition 2.6.20 We say that a field extension is Galois if it is finite
normal and separable.

2.7 The Fundamental Theorem

The following result is quite amazing.

Lemma 2.7.1 (Dedekind’s Lemma) If K and L are fields then every
set of distinct monomorphisms from K to L is linearly independent over
L.
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Proof Let n be the smallest number such that n distinct monomorphisms
A,y An : K — L are linarly dependent, i.e. there exist a1,...,a, € L,
all non-zero, such that

ar A (z) 4+ -+ agAy(z) =0 (x € K). (2.4)

As A1 # A\, there exists y € K with A\ (y) # A, (y). Such y is clearly
non-zero. Now, equation (2.4) holds with yx in place of z, so

al/\l(y))‘l(x) et anAn(y)/\n(z) =0 (117 € K) (25)

Multiply equation (2.4) by A;(y) and subtract equation (2.5) to get
an equation of the form (2.4) with fewer terms. This contradicts the
minimality of n. |

Corollary 2.7.2 Let K /k be a finite extension. Then Gal(K/k) is finite.

Proof Let d = [K : k]. Then the dimension of the vector space of k-linear
maps from K to itself is d2. So any n? + 1 elements of Gal(K/k) are
k-lineary dependent, hence K-linearly dependent. But this contradicts
Dedekind’s Lemma. |

Theorem 2.7.3 Let G be a finite subgroup of the group of automor-
phisms of a field K, and let k be the fized field of G. Then [K : k] = |G|.

Proof Let n:= |G|, and let 1 = 01,09,...,0, are the elements of G.
Suppose first that [K : k] =: m < n, and let {aq,..., @} be a basis
for K over k. The system

n
> oilaj)zi=0  (1<j<m) (2.6)
i=1
of m linear equations with unknowns x1, ..., x,, has a non-trivial solution

(B1,---,0n)- Let a be any element of K. Then a = a1y + -+ - + @
with a; € k. Using (2.6), we obtain

Y ooi@)Bi =Y (D aj05)8: =D a;»y 0i(a;)B; =0.
=1 =1 J=1 j=1 =1

Hence distinct monomorphisms o1, ..., 0, are linearly dependent, con-
trary to Dedekind’s Lemma. Therefore m > n.

Next suppose that m > n. Then there exists a set of n + 1 elements
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{ai,...,anq1} of K linearly independent over k. The system
n+1
> oja)zi=0  (1<j<n) (2.7)
i=1
of n linear equations with unknowns x4, ..., 2,41 has non-trivial solu-
tions. Let (51, .., Bn+1) be a non-trivial solution with minimal possible
amount of non-zeros. By renumbering (’s and «’s, we may assume that
By Br 0 and Brpqg = -+ = Bpy1 = 0. Then (2.7) gives
> oi(e)Bi=0 (1<j<n). (2.8)
i=1

Operating on (2.8) with o € G yields

> ooi(i)o(B) =0  (1<j<n).
i=1

As{oo; |1 <j<n}={c;|1<j<n}, this system is equivalent to
S ojla)e(B) =0 (1<j<n). (2.9)
i=1

Multiply the equation (2.8) by o(/51) and subtract the equation (2.9)
multiplied by (1 to get

S oj(a)(o(B)Bi — a(B)B) =0 (1<j<n).
=2

This is a system of linear equation like (2.7) with 7 — 1 terms. This gives
a contradiction with the choice of r unless all solutions o (51)8; — o (5;)51
are zero. If this happens then 3,37 = o(3;8; ") for all 0 € G, i.e. b; :=
BiBy" € k. Thus (2.8) with j = 11is >./_, ;b1 =0 or >i_ bia; =0
As all b; are non-zero, this contradicts the linear independence of the
«;. Therefore m < n. [}

Corollary 2.7.4 Let K/k be a finite extension and G = Gal(K/k). If
H < G is a subgroup then |H|[H* : k] = [K : k].

Proof By Theorem 2.7.3, |H|[H* : k] =[K : H*][H* : k] =[K : k]. O
Definition 2.7.5 Let K/k and L/k be two field extensions. Then a

k-monomorphism of K into L is a field monomorphism K — L which is
identity on k.



74 Fields

Example 2.7.6 Let £ = Q, K = Q(4/2), and L = C. Note that
any k-monomorphism ¢ of K into L must map /2 to a cubic root of 2.
Moreover, ¢ is uniquely determined by the choice of ¢(¥/2). So there are
at most three different k-monomorphisms of K into L. In fact, there are
exactly three, as all cubic roots of 2 have the same minimal polynomial,
and so Theorem 2.3.15 applies.

In general if L/K/k are field extensions then any k-automorphism of
L restricts to a k-monomorphism from K to L. We are interested in
when the process can be reversed.

Theorem 2.7.7 Let N/K/k be field extensions, and suppose that N/k
1s finite and normal. Then any k-monomorphism 7 of K into N can be
extended to a k-automorphism of N.

Proof By Theorem 2.6.12, N is a splitting field over k of some polynomial
f over k. Hence N is a splitting field of f over both K and 7(K), and
7(f) = f. It remains to apply Theorem 2.6.8. O

Proposition 2.7.8 Let N/k be a finite normal extension, and o, 3 € N
be roots of the same irreducible polynomial over k. Then there exists

o € Gal(N/k) such that o(a) = 5.
Proof Follows from Theorems 2.3.15 and 2.7.7. U

Definition 2.7.9 Let K/k be an algebraic extension. A normal closure
of K/k is an extension N/K such that (1) N/k is normal, and (2) if
N/L/K is an intermediate extension with L/k normal then L = N.

Informally speaking, the normal closure is obtained by adjoining all
the ‘missing’ roots.

Theorem 2.7.10 If K/k is a finite extension then there exists a normal
closure N of K/k with N/k finite. If M is another normal closure of
K /k then the extensions N/k and M/k are isomorphic.

Proof Let aq,...,aq be a basis of K over k and let f; = irr (ay; k) for
every i. Let N be a splitting field for f = fifa...fs. Then N/k is
normal and finite by Theorem 2.6.12. Suppose that N/L/K and L/k is
normal. Each polynomial f; has a root o; € L. So by normality f splits
in L. Since N is a splitting field for f, we have N = L.
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Now suppose N and M are both normal closures. The above polyno-
mial splits in both M and N, so each M and NN contains a splitting field
for f over k. These splitting fields contain K and are normal over k, so
must equal to M and N respectively. The uniqueness of splitting fields
now says that M/k and N/k are isomorphic. O

Example 2.7.11 The extension Q(4/2)/Q is not normal. Consider the
field N := Q(f/ﬁ,ww,w%) where w = €2™/3. Then N is a normal
closure of Q(4/2)/Q. Indeed, N is normal, because it is a splitting field
for the polynomial 2 — 2, and clearly no intermediate field extension is
normal.

Lemma 2.7.12 Suppose that F/N/K/k are field extensions, with K/k
finite and N a normal closure of K/k. Let T be any k-monomorphism
from K into F. Then 7(K) C N.

Proof Let o € K. Applying 7 to irr (o; k)(«) = 0, we see that 7(«) is a
root of irr (a; k). So 7(«) lies in N. O

Theorem 2.7.13 For a finite extension K/k the following are equiva-
lent:

(i) K/k is normal;
(ii) there exists a normal extension N of k containing K such that
every k-monomorphism T from K into N is a k-automorphism
of K.
(i) for every extension F of k containing K every k-monomorphism
T from K into F is a k-automorphism of K.

Proof (i) = (iii) If K/k is normal then K is a normal closure of K/k so
by Lemma 2.7.12 we have 7(K) C K, whence 7(K) = K by considering
dimensions.

(iii) = (ii) Take N to be a normal closure of K/k.

(ii) = (i) Let f € k[z] be an irreducible polynomial with a root in
K. Then f splits over N by normality, and if 8 is any root of f in N
there exists o € Gal(N/k) such that o(a) = 3, see Proposition 2.7.8.
By hypothesis, o|x € Gal(K/k), so 8 = o(a) € K, and hence f splits
over K. Therefore K is normal. |
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Theorem 2.7.14 Let K/k be a finite separable extension of degree d.
Then there are precisely d distinct k-monomorphisms of K into a normal
closure N and hence into any given normal extension M containing K.

Proof Induction on d, the case d = 1 being clear. Let d > 1. Let
a € K\ kand f:=irr(ask). If r := deg f then [k(a) : k] = r. Now
f is a separable irreducible polynomial in the normal extension N, so f
splits in NV and its roots a = a1, as, . .., . are distinct.

Let s := [K : k(a)] = d/r. By induction, there are precisely s distinct
k(a)-monomorphisms p1,...,ps : K — N. By Proposition 2.7.8, there
are r distinct k-automorphisms 71,...,7,. of N, such that (o) = «;.
The maps ¢;; = 7;p; give rs distinct k-monomorphisms K — N.

Now let ¢ : K — N be a k-monomorphism. Then () is a root of
f in N, so that ¢(a) = a; for some i. The map o = 7, *¢ is a k(a)-
monomorphism K — N, so by induction ) = p; for some j. Hence
© = @ij. O

Corollary 2.7.15 If K/k is a separable normal extension of degree
d < oo then |Gal(K/k)| = d.

Proof Use Theorem 2.7.14 and 2.7.13. |

Theorem 2.7.16 If K/k is a Galois extension with Galois group G then
k is the fized field of G.

Proof Let K be the fixed field of G and [K : k] = d. By Corollary 2.7.15,
|G| = d. By Theorem 2.7.3, [K : Ky] = d. It remains to notice that
k C K. O

Theorem 2.7.17 Let K/L/k be field extensions with [K : k] < oo and
[L : k] = n. Then there are at most n k-monomorphisms of L into
K. Moreover, if L/k is not separable there are strictly less than n k-
monomorphisms of L into K.

Proof Let N be a normal closure of K/k. Then N/k is finite and ev-
ery k-monomorphism of L into K is also a k-monomorphism of L into
N. We now argue by induction on [L : k] as in the proof of Theo-
rem 2.7.14, except that we can now only deduce that there are s k(«)-
monomorphisms L — N, where s’ < s (by induction) and there are r’
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distinct k-automorphisms of N where 7 < r (since the roots of f in N
need not be distinct). The rest of the argument goes through.

Finally, if L/k is not separable then r’ < 7, and the second claim of
the theorem follows. ]

The following result is converse to Theorem 2.7.16. It shows that
we have to consider normal and separable extensions if we want Galois
theory to ‘work well’.

Theorem 2.7.18 If K/k is a finite extension with Galois group G such
that k is the fized field of G then K/k is Galois.

Proof By Theorem 2.7.3, [K : k] = |G| = n, say. There are exactly n
distinct k-monomorphisms K — K, namely the elements of the Galois
group. By Theorem 2.7.17, K/k is separable.

Let N be a normal extension of K containing k. By Theorem 2.7.17,
there are at most n k-monomorphisms from K to N, and so they are
just the k-automorphisms of K (followed by the embedding of K into
N). By Theorem 2.7.13, K/k is normal. O

The results obtained above can be obtained to deduce some useful
facts about separable extensions.

Lemma 2.7.19 Suppose we have a chain k = kg C k1 C ... of field
extensions where k; = k;—1(ay) for a; € k; that is algebraic over k;_;
and whose minimal polynomial over k;_1 is separable. Then k;/k is
separable for all i.

Proof Proceed by induction on 4, the case ¢ = 0 being trivial. Consider
k;/k assuming inductively that k;_i/k is separable. Let f; = irr (a;; k),
g =12,...  and f = irr (a;;ki—1). Let K D k; be a splitting field
for fy ... f; over k. By inductive hypothesis and Theorem 2.7.14, there
are exactly [k;—1 : k] k-monomorphisms k;_; — K. Take any of these,
7, say. Note that f | f; and f; splits in K, so f and 7(f) split in
K. By separability of f we know that the number of roots of 7(f)
equals deg f = [k; : k;—1]. So by Theorem 2.3.15 there are [k; : k;_1]
extensions of 7 to a monomorphism k; — K. Hence in total there are
[ki : k] = [ki : ki—1][ki—1 : k] k-monomorphisms k; — k. This implies by
Theorem 2.7.17 that k;/k is separable. U
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Theorem 2.7.20 (Transitivity of Separable Extensions) If F//K
and K/k are finite separable field extensions then so is F/k.

Proof Write F' = K(ay,...,a,) and K = k(api1,...,0m). Set k; =
k(aq,...,a;). Then each irr (a;; k;—1) is separable. Indeed, for i < n we
use the fact that irr (a;;k;—1) | irr (ay; k) and for ¢ > n we use the fact
that irr (ay; k;—1) | irr (ay; K). Now we can apply Lemma 2.7.19. O

We are now in a position to establish the fundamental properties of
the Galois correspondence. Let K/k be a field extension with Galois
group G. Let F be the set of intermediate fields F' in K/k, and G be
the set of all subgroups H < G. In §2.5 we have defined two maps

2 F—¢G, F— F*, *:G—F, H— H". (2.10)

Theorem 2.7.21 (Fundamental Theorem of Galois Theory) Let
K/k be a Galois extension of degree n with Galois group G. Then

(i) |G| =mn;

(ii) The maps (2.10) are mutual inverses; they set up an order-

reversing one-to-one correspondence between F and G.

(iii) If F € F then [K : F] = |F*| and [F : k] =[G : F"*].

(iv) F € F is a normal extension of k if and only if F* < G.

(v) If F € F is a normal extension of k then Gal(F/k) = G/F*.

Proof (i) is proved in Corollary 2.7.15.

(ii) Let F' € F. By Lemma 2.6.19, the extension K/F' is separable
and from Theorem 2.6.12 it is normal. Therefore by Theorem 2.7.16, F'
is the fixed field of F'*, i.e.

(F*)* =F. (2.11)
Now, let H < G. Tt is clear that H < (H*)*. Moreover ((H*)*)* = H*
by (2.11). So applying Theorem 2.7.3 twice we have
[H| = [K: H*] = [K : (H*)")"] = [(H")"],

hence H = (H*)*.
(iii) We have proved above that K/F is Galois. By Corollary 2.7.15,
[K : F] = |F*|, and the other equality follows immediately.
(iv) First observe that for any o € G and F € F we have
o(F)* =o(F*)o L. (2.12)

Now, if F/k is normal then o(F) = F for any ¢ € G thanks to
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Theorem 2.7.13. So F* is normal by (2.12). Conversely, suppose F*<G.

Let 7 be a monomorphism F' — K. By Theorem 2.7.7, there is 0 € G

such that o|p = 7. By (2.12), o(F*)o~! = F* implies o(F)* = F*. By

(ii), o(F) = F, hence 7(F) = F. Now, F/k is normal by Theorem 2.7.13.
(v) We define a group homomorphism

¢: G — Gal(F/k), o~ o|F,

using Theorem 2.7.13. By Theorem 2.7.7, ¢ is surjective, and its kernel
is obviously F™*. ]

2.8 Galois group of a polynomial

Definition 2.8.1 Let f € k[z] be a polynomial and K/k be its splitting
field. The Galois group Gal(f;k) of f over k is defined to be Gal(K/k).

By ‘uniqueness’ of splitting fields, Gal(f; k) is well defined up to iso-
morphism. Note also that Gal(f; k) is naturally a permutation group on
the set of the roots of f in the splitting field K. Indeed, it is clear that el-
ements of Gal(f; k) permute the roots and that an element o € Gal(f; k)
gives a trivial permutation if and only if o = 1. In fact, if f is irreducible
then Gal(f;k) is a transitive permutation group, as follows from Theo-
rems 2.3.15 and 2.7.7.

In general it is difficult to calculate explicitly Galois groups of polyno-
mials and field extensions. Here is a ‘baby’ example of such calculation.

Example 2.8.2 Let f(z) = 2 — 2 € Q[z]. Choose a splitting field K
of f so that K C C. Let G = Gal(K/Q). Denote o = v/2. Then over C

f(z) = (z— a)(z+ a)(z —ia)(x +ia).

So K = Q(a«,4). As characteristic is 0, K is separable, and K is normal
because it is a splitting field. Finally, K/Q is finite. So Galois theory
applies.

First we determine [K : Q]. We have [K : Q] = [K : Q(a)][Q(«) : Q].
As f is irreducible be Eisenstein’s criterion, [Q(«) : Q] = 4. Moreover,
[K : Q(a)] > 1 and i satisfies the equation 2% + 1 = 0 of degree 2, so
[K : Q(a)] = 2. Thus, [K: Q] =8.

We claim that there are 0,7 € G such that

(i) =1, o(a) =iq, 7(i) = —i, 7(a) = .

For example, let us show that there exists o. By Theorem 2.3.15,
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there exists a Q-isomorphism & : Q(«) — Qi) with &(a) = ia. As
irr (Q(«); ) = irr (Q(éc);4), the same theorem now implies that there
exists an automorphism ¢ of K extending & and mapping ¢ to i.

By looking at the images of the elements « and i we see that

{o"77]0<i<3,0<j<1}

are distinct elements of G. It follows that G = Dg. The subgroup
structure of Dy is represented by the following picture:

G

{1}
Here the subgroups of order 2 are
D = (o%7), B= (1), A= (0%, C = (o7), E = (0°T),
and subgroups of order 4 are
T = {(0%7), S= (o), U= {02 01)

Under the Galois correspondence we obtain the intermediate fields

K ={1}*

We now describe these intermediate fields explicitly. It is clear that



2.8 Galois group of a polynomial 81

Indeed, the fields have degree 2 over 2, and are clearly fixed by the
corresponding subgroups.

Now let us find C*. Any element of K can be uniquely expressed in
the form

T =a9+aa+ asa® + a3a3 + a4t + asia + agiOzQ + a7ia3 (a; € Q).
Then

or(x) = aog+ajia— asa’® — azia® — agi + asa + agia® — ara’
= ag+ asa — as0® — ara® — agi + aria + agia® — azia®.
Therefore z is fixed by o7 if and only if as = ag = 0, a1 = a5, and
as = —ar, i.e.

or(x) = ap+a(14i)a+agia® +az(l —i)a®
3

= ao+ar((1+)a) + F((L+i)a)" = Z((1+1)a)”,

which means that C* = Q((1 + 7)«).

Similarly we get
A = Q(la \/i)a B* = Q(Ol), D" = Q(ZOL), E* = Q((l - Z)Oé)

The normal subgroups of G are G, S, T, U, A, {1}. The correspond-
ing fields are normal by the Fundamental Theorem. It is easy to see it
directly, as the corresponding fields are splitting fields for the polynomi-
als ¢, 22 4+ 1, 22 — 2, 22 + 2, 2% — 22 — 2, 2% — 2, respectively. On the
other hand, for example B* is not normal, as « is a root of z* — 2 in B*,
but does not split in B*.

As another illustration, note that G/A = Cy x C3. By the Funda-
mental Theorem we must have Gal(A4*/Q) = Cy x Cy. This is indeed
the case, as A* = Q(i,1/2), and the four automorphisms send (i, v/2) to
(+i,+/2).

Remark 2.8.3 The inverse Galois problem asks for existence and an
explicit construction of the extension K/Q whose Galois group is a
given group G. For example, how to construct the extension K/Q with
Gal(K/Q) = GL,(F,) (or does it even exist)? The positive solution of
the inverse Galois problem for solvable groups was obtained by Shafare-
vich (1954). If you want to learn about this difficult area of mathematics,
we recommend [MM] or [Vo]
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2.9 Discriminant

Suppose that f is a separable irreducible monic cubic polynomial in k[z].
Then Gal(f) is transitive on the three roots of f, so it must be either
Az or S3. How can we determine which it is? This is a special case of a
more general problem.

Let f be an arbitrary polynomial over a field k, and aq,...,a, be
roots of f in a splitting field K for f (repeated according to multiplicity).
Define the disriminant of f to be

A= H (Oéi —aj)2.

1<i<j<n

A priori, A is the element of K. However, it turns out that A € k.
Indeed, if f has multiple roots then A = 0. Otherwise f is separable,
and the result follows from Galois theory since A is clearly Gal(K/k)-
invariant.

Theorem 2.9.1 Let k be a field of characteristic # 2, f € k[z] be a
polynomial without multiple roots, K be a splitting field for f over k, and
A be the discriminant of f. Consider the Galois group G = Gal(K/k)
as a permutation group on n roots of f. Then G < A, if and only if A
has a square oot in k. Moreover, if A has no square root in k, it has a
square root § in K, and k(0) is the fixed field of GN A,.

Proof Let aq,...,a, € K be the roots of f. Set

= J] (vi—-ajek (2.13)

1<i<j<n

It is clear that ¢§ is a square root of A in K, and A has a square root
in k if and only if § € k. By Galois theory, § € k if and only if  is G-
invariant, which in turn is equivalent to G < A,,. Finally, if 6 ¢ k then
it is of course fixed by GN A,,, which has index 2 in G. As [k(0) : k] = 2,
we must have k() = (G N A,)* by Galois theory. O

The following trick is useful for calculating discriminants.

Lemma 2.9.2 Let ay,...,0, be roots of a polynomial f. Set p; =
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S ol forj>1. Then

n Pr - Pn-1

p1 p2 ... Pn
A= P2 p3s -+ DPn+i
Pn—1 Pn s Pon—2

Proof Note that § defined in (2.13) is nothing but the Vandermonde
determinant: § = det A, where

1 1 o 1
a1 [e%) Qp
A =
ap™t g ap!
Now it remains to note that A = 62 = det AA?. O

This result is useful because the quantities p; can be expressed in
terms of the coefficients of f, and so we can calculate A. This will be
explained in general in §2.15. Right now we will only consider some
examples.

Example 2.9.3 (i) Let f(z) = 22 + a1 + ap be a monic polynomial
of degree 2. Then in terms of the roots ay, as, we have ap = ayas and
a1 = —a1 —ag. So p; = —aq and py = a% — 2ap. By Lemma 2.9.2,

A = a? — 4ay.

(i) Let f(z) = 2® + a2 4+ a1z + ag be a monic polynomial of degree
3. A tedious exercise using Lemma 2.9.2 gives

A = —dagas + afa3 + 18agaray — 4a’ — 27a3. (2.14)

Example 2.9.4 (i) The polynomial 2® — 3z + 1 € Q[z] is irreducible
by Example 2.2.8. Its discriminant equals 81, which is a square in Q, so
the Galois group is As.

(ii) Consider the polynomial z® +3z% —z —1 € Q[x]. Consider g(x) =
f(xz—1) = 23 —4x+2. Tt is irreducible by Eisenstein and the discriminant
is 148, which is not a square in Q. So the Galois group is Ss.
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Solving Qubic Equations

Assume that g(y) = y> + azy® + a1y + ag is an irreducible monic poly-
nomial of degree 3. Assume for simplicity that the characteristic of the
ground field & is not 2 or 3, so that f is separable. We can simplify the
expression for f by setting © = y + as/3. Then

9(y) = f(z) = 2° + pr +q.
Let K/k be a splitting field for f over k. By (2.14), f has discriminant
A = —4p® — 274°.

Let 6 € K be a square root of A.

Let us try to solve f by radicals. For this it is convenient to work in
a splitting field L O K for the plolynomial 23 — 1 over K. The field L
contains a cube root w # 1 of 1, and actually L = K(w). In L we set

B = a1 +was + wlaz, 7= +w?as +was.
Then
By = a? + a% + a% + (w+ w2)(a1a2 + aras + azas)
= (a1 + ag + a3)? — 3(araz + ajas + asas)
= —3p.
Then 3342 = —27p3. Moreover,

B2+~ = (a1 + wag + w2a3)3 + (o1 + Wwlag + wa3)3

+(a1 + a2 + ag)®
= 3(ad +ad + ad) + 18ajazas3
= 727(]7

using that oy + ag + a3 = 0, which in turn implies that of + a3 + a3 =
3ajasaz. Thus,

(x — B (x —>) = 2% + 27qx — 27p°.
The discriminant of this quadratic equation is
(27¢)? +4 - 27p® = —27A.
So
27 3

27 3
{877 = =Fa+ V=30 = —Zqd S (2w +1)0.
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Now, we can obtain 3 by adjoining a cube root of say 277q + %(2w +1)6
to L, and then v = —3p/8. Finally,

a1 =(B+7)/3, az=(WB+wy)/3, az=(wB+wy)/3.

Solving Quartic Equations

Suppose that g(y) = y* + asy® + azy® + a1y + ag be an irreducible
monic quartic in k[z]. We continue to suppose that chark # 2,3. The
substitution = y + a3 /4 reduces g to the form

f(z) = 2* 4+ pz® + qz + .

Let K/k be a splitting field for f over k, and let oy, as, a3, ay be the
roots of f in K. Let G = Gal(K/k) considered as a subgroup of Sy
permuting the roots. If V4«5 is the Klein 4-group then H := V;NG<G.
Let M = H*. By the Fundamental Theorem, Gal(K/M) = H and
Gal(M/k) =2 G/H. Now, in view of Example 1.5.20, H = C3 or H =
Vi, =2 C5 x Cy. We first determine the intermediate field M. Let
b:=a1+a, v:=a+az, §:=a+ay.
Then
3% = —(o1 + a2) (a3 + ),
7 = —(a1 + ag)(as + aa),
6% = —(011 + 044)(042 + 043).

Consequently 32,742,862 € M. So k(3?,~72,6%) C M. On the other hand,
it is easy to check that if o € S, fixes 32,72, 6% then o € V. Hence

Gal(K/k(B%,~2,6%)) < H = Gal(K/M),

and so k((3%,~%,0%) D M. Thus k(3?,~72,62) = M. Tedious calculations
show that

B2+ 2462 = —2p,
ﬁ272 +B262 +’72(52 :pQ — 4y
pyo = —q.
Thus k(32,~2,62) is a splitting field for
23 4 2px? + (p? — 4r)x — @2

This cubic is called the cubic resolvent for f. By the previous results on
the cubics we can construct 52, v2, 2 by adjoining square roots and cube
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roots. We can then construct (3,7, 0 by adjoining square roots (choosing
those so that 8vd = —¢q). Then

Notice now that K = k(53,7,9).
Which are possible Galois groups of an irreducible quartic

f=a*+pa® +qx+r € klx]?

Let K be a splitting field for f over k. The answer is given by the
following table, where

g =+ 2px® 4 (p* — 4r)x — ¢

is the cubic resolvent for f, and M is a splitting field for g in K.

Discriminant g f Gal(f; k)
No square root Irreducible g
in k over k *
Has square root Irreducible A
in k over k *
Has square root Factorizes

. . V4
in k in k[z]

No square root Factorizes Factorizes

. . . Cy
in k in kz] in M|x]

No square root Factorizes Irreducible D
in k in k[z] over M 8

Indeed, if g is irreducible over k, G/H is Az or S3 depending on
whether G is contained in A4 or not. This explains the first two lines.
Now, let g factorize in k[z]. If the disciminant has a square root in
k the Galois group must be Vy, as this is the only remaining group
contained in A4. Otherwise we have to distinguish between Cy and Dg.
Note that if f is irreducible over M then [K : M| = 4. So in this
case we have |H| = 4, and so G must be Dg. Conversely, if G = Dg,
then Gal(K/M) = H = V, is transitive, so the polynomial f must be
irreducible over M, see Problem (2.17.13).
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Note that in the five cases above the Galois group of g over k is Ss,
Cs, {1}, Cs, and Cy, respectively. So everything is uniquely determined
in terms of the cubic resolvent except for one ambiguity.

Example 2.9.5 The polynomials in Q[z]
(i) 2 + 4z +2;
(ii) z* + 8z + 12;
(iii) z* + 1;
(iv) 2t + a3 + 2% + 2 + 15
(v) 2* -2

provide examples of the cases described in the tables above.

2.10 Finite fields

In this section we give a complete classification of finite fields. It turns
out that a finite field is determined up to isomorphism by its order, that
the order is a prime power and that all prime powers occur.

Lemma 2.10.1 Let k be a field of characteristic p > 0. Then the map
Fr:k—k, a—d?

s a field monomorphism. If k is finite, Fr is an automorphism.
Proof Follows from the Freshman’s Dream. |

Definition 2.10.2 The map Fr defined in the previous lemma is called
the Frobenius morphism.

Theorem 2.10.3 Let p be a prime and ¢ = p™ for some n € Z~g. A
field F has q elements if and only if it is a splitting field for f(x) = z9—x
over the prime subfield Fy = F,.

Proof Suppose that |F| = ¢. Then F* = Cy_4, see Lemma 1.2.5. It
follows that all elements of F' are roots of f. Therefore f splits in F,
and its roots generate F' over Fj.

Conversely, let K be a splitting field for f over F,. As f' = —1 is
prime to f, f has exactly ¢ roots. Using Lemma 2.10.1 one easily checks
that this set of roots is a subfield of K, hence the set equals K. Therefore
|K|=gq. O
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As splitting fields are unique up to isomorphism, we deduce using
Lemma 2.3.4:

Theorem 2.10.4 A finite field must have ¢ = p™ elements where p is a
prime number and n is a positive integer. For each such q there exists
precisely one field with q elements up to isomorphism. This field can be
constructed as a splitting field for x¥ — x over Fp,.

Let F,, be the prime subfield of F,. It is clear that F,/F, is normal.
It follows from Corollary 2.10.5 below that it is also separable.

Corollary 2.10.5 All polynomials in Fy[x] are separable.

Proof As Frobenius morphism on F, is an automorphism, every element
of F, is a pth power. Let f € F,[z] be irreducible. By Proposition 2.6.18,
f is not separable only if f(z) = g(2P) = ag+a12P 4+ -+ ap_ 12" VP +
™. Now every a; is a pth power, i.e. a; = b for some b; € k. So
f(x) = (bo+brx + -+ 2™)P, a contradiction. O

Corollary 2.10.6 Any extension of finite fields is Galois.

Proof Separability follows from Corollary 2.10.5 and normality from
Theorem 2.10.4. |

Example 2.10.7 We have seen that we can construct fields of all prime
power orders p" by constructing splitting fields for 22" — z over F,. The
polynomial 2P" — z is of course not irreducible. In certain circumstances
we obtain more information by considering splitting fields of irreducible
polynomials. Let us illustrate this by considering fields of order pP.

Consider the polynomial g(z) := a? —x — 1 € F,[z]. Note that
g(a) = —1 for every a € F,,. In particular g has no roots in F,,. Let K
be a splitting field for g over F),, and o be a root of g in K. It is easily
checked using ‘Freshman’s Dream’ that o+ a is also a root of g for any
a € F,. So the roots of g are precisely {a+a | a € F,}.

Next we show that g is irreducible over F,. Suppose that g = g1g,
where g1, g2 are monic with 1 < d:=degg; < p. Let

A={aeF,|a+aisaroot of g1 }.

Then the coefficient of 247! in g1 is — Y. . 4 (@ +a) = —da+ b for some
b € F,. It follows that o € I}, giving a contradiction.
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This means that [K : Fy] = p, and so |K| = pP. So we can think
of the field F,» as the field obtained from F, by adjoining a root of
the irreducible polynomial 2P — x — 1, which is of course much more
convenient than splitting field for " — z. Note by the way that as a
by-product we obtain that z” — z — 1 divides 2P — . Finally note that
a similar argument applies to any polynomial 2¥ —z — a with a € F in
place of 2P —x — 1. This easily implies that 27" —z = Haer (2P —x—a).

Theorem 2.10.8 Let ¢ = p™ for a prime p. Then
Gal(F,/F,) = {id = I°, Fr, F*?, ... Fy" '} 2 C,,.

Proof In view of Corollary 2.10.6, we can apply the Fundamental Theo-
rem of Galois Theory. It tells us that the Galois group has order n. By
Lemma 2.10.1, powers of the Frobenius morphism are elements of the
Galois group. It just remains to show that the first n powers are distinct
automorphisms of F,. To see that, apply these powers to a generator of
the cyclic group F* = Cy_; (cf. Lemma 1.2.5). O

Now the Fundamental Theory of Galois Theory and the subgroup
structure of cyclic groups described in Lemma 1.2.1 imply

Corollary 2.10.9 Let p be a prime. Then the field Fpn contains exactly
one subfield isomorphic to Fpa for each d|n, and there are no other
subfields in Fyn. Moreover,

Gal(Fyn /Fpa) = {id = B, e, 2 |/ = ¢

Corollary 2.10.10 Let q be a prime power and m,n > 1 be integer.
Then m | n if and only if ¢" — 1 divides ¢" — 1.

Proof If m divides n then we clearly have that the polynomial ™ — 1
divides the polynomial ™ — 1. Conversely, if ¢ — 1 divides ¢" — 1, then
the cyclic group Cpn_1 = an contains a subgroup H of order ¢ — 1.
Now, each of the ¢™ elements of H U {0} is a solution of 24" — z = 0.
So this polynomial splits over Fg». The corresponding splitting field is
isomorphic to Fym and is contained in F,», whence m | n. 0

2.11 Cyclotomic Polynomials

In this section we consider splitting fields and Galois groups of polyno-
mials of the form 2™ — 1 over a field k. We comment right away on a
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technical point. Assume that char k = p|m. Write m = p"q where p fq.
Then in k[z] we have 2™ —1 = (27 —1)P". Thus a splitting field for 29 —1
is a splitting field for 2™ — 1. For this reason in this section we assume
that char k does not divide m. In this case (2™ — 1) = maz™~! # 0, and
so ™ — 1 has m distinct roots in a splitting field.

Suppose that K/k is a splitting field for ™ — 1 over k. As ™ — 1 has
m distinct roots, the extension K/k is Galois. The set of roots R C K
clearly forms a groop under multiplication, and so R is a cyclic group of
order m, see Lemma 1.2.5. An element € € R is called a primitive mth
root of 1 if it generates R. For example in C only ¢ and —¢ are primitive
4th roots of 1. Note that if € is a primitive mth root of 1 then K = k(e).

We now define the mth cyclotomic polynomial ®,, to be

O (2) = [J (2 —2), (2.15)

€

where the product is over all primitive mth roots of 1. Observe that

2™ =1 =[] ®al2). (2.16)
dlm
Also note that deg ®,, = ¢(m), where p(m) is the Euler function defined
to be the number of natural numbers which are less than m and are prime
to m.
A priori, @, are polynomials in K (), but in fact much more is true.

Theorem 2.11.1 We have ®,,, € ko[x], where ko is the prime subfield
of k. Moreover, if chark = 0, then ®,, € Z[x].

Proof As 2™ —1 = [],,,, ®a(z), the theorem follows by induction from
the following lemma. ]

Lemma 2.11.2 (i) If K/k is a field extension, q¢ € K|x], and there exist
non-zero f,g € klx] such that f = qg, then q € k[z].

(ii) Suppose that K is the field of fractions of an integral domain R,
q € Klz], and there exist monic f,g € Rlx] such that f = qg. Then
q € R[z].

Proof (i) Let ¢ = ag + a1z + -+ + ama™, g = bg + byz + - -+ + bpa™,
f=cotcix+-- +cp,@™™, where am,bn, Cman # 0. AS amby = Cgn,
we have a,, € k. Now, amnbn—1 + a@m-1bn = ¢min—1, whence a,,—1 =
(cman—1 — @mbn—1)/b, € k, and so on.

(ii) In this case b, = 1, and the same induction goes through. O
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Theorem 2.11.3 For each m the polynomial ®,, is irreducible over Q.

Proof Suppose ®,, is not irreducible. By Lemma 2.2.1, we can write
®,, = fg, where f,g € Z[z] and f is irreducible monic with 1 < deg f <
deg @,,,. Let K/Q be a splitting field for ®,, over Q.

We first show that if € is a root of f in K and p is a prime which does
not divide m, then €P is also a root of f. Suppose not. Note that ¢ is a
primitive mth root of 1, and hence so is ¢P. Thus, P is a root of ®,,, and
so g(eP) = 0. Let h(z) = g(aP) € Z[z]. As h(e) =0 and f = irr (¢;Q), it
follows that f|h in Q[z]. By Lemma 2.11.2(ii), we can write h = fe for
e € Z[z]. Now we consider the quotient map Z — Z/pZ, n — 7, and
the induced map Z[z] — Z/pZ[x], d — d. We have using Freshman’s
Dream

f(@)e(z) = h(z) = g(a?) = (3(x))".

Let g be any irreducible factor of f in Fp[z]. Then g divides g?, and so
g divides g. Therefore ¢> divides fg = ®,,. So ®,, has multiple roots
in a splitting field extension of IF,. But this is not so since p does not
divide m.

Now let n be a root of f, and let 6 be a root of g. As n and 6 are
both primitive roots of 1 there exists r such that § = ", where r and
m are relatively prime. Write r as a product of primes and apply the
previous paragraph several times to see that 0 is a root of f. As ®,, has
no multiple roots, f = ®,,. Contradiction. |

Remark 2.11.4 The statement of the theorem is wrong in positive
characteristic. For example ®3(x) = 2% 4+ 2 + 1 is reducible over F; (but
not over Fs!).

Theorem 2.11.5 Let ®,, be a cyclotomic polynomial over k. Then
Gal(®,,; k) is a subgroup of (Z/mZ)*. Moreover, ®,, is irreducible over
k if and only if Gal(®p,; k) = (Z/mZ)*.

Proof Let K = k(e) be a splitting field for ®,, over k where ¢ is a
primitive mth root of 1. We can write the primitive mth roots of 1 as
g™, e, ..., e, where ny,ng,...,n, are the positive integers less than
m which are prime to m. Now, for any ¢, there exist integers a and b
such that an; + bm = 1. So in the ring Z/mZ we have that 7; is a unit.
Conversely, if 71 is a unit in Z/mZ then n and m are relatively prime.
Thus {71, ...,7,} = (Z/mZ)*.
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Now, let 0 € Gal(K/k). As K = k(e), o is determined by its action
on e. As o(e) is also a primitive mth root of 1, we have o(e) = o™i
for some 1 < i(0) < ¢. If 7 is another element of the Galois group, it
is easy to check that nj(ro) = N(r)Ni(s), SO the mapping o — 74 is a
group embedding of Gal(K/k) into (Z/mZ)*.

Further, |Gal(K/k)| = ¢ if and only if the group acts transitively on
the roots of ®,,, and this happens if and only if ®,, is irreducible, see
Problem 2.17.13. |

We complete this section with proving the theorem of Wedderburn
which says that the only finite division rings are commutative.

Lemma 2.11.6 Let m > 1. Then |®,,(x)| > x — 1 for all real x > 2.

Proof Since x > 1, the point on the unit circle closest to x is 1. It follows
that |z —e| > |z —1| for every non-trivial complex roots of unity €. Since
®,,(x) is a product of ¢(m) factors of the form = — ¢, it follows that
|®,, ()| > |z — 1]*™) >z — 1, where the last inequality holds because
r—1>1. O

Definition 2.11.7 A ring R is called a division ring if every non-zero
element in R is invertible.

Lemma 2.11.8 Let D be a division ring and a € D. Then the centralizer
C(a) :={x € D | za = ax} is a subring of D and the center Z(D) =
{z € D|xy =yx for ally € D} is a subfield.

Proof Easy exercise. ]

Theorem 2.11.9 (Wedderburn) Let D be a finite division ring. Then
D is commutative (and thus is a finite field).

Proof Let Z = Z(D), so that Z = F, for some prime power ¢. For
each a € D, we have Z C C(a), which makes C(a) into a Z-vector
space. Writing d(a) for dimy C(a) we deduce that |C(a)| = ¢*®). In
particular, |D| = ¢", where n = d(1).

Now, D* is a finite group. Let S be the set of representatives of
non-central conjugacy classes in D*. Of course we want to show that
S = @. Let us assume that S # @. If a € S, then the conjugacy class
K, of a contains exactly [D* : Cpx (a)] = (¢" —1)/(q™*) — 1) elements,
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and we have

n
*—1=|D*| = |ZX|+Z\Ka\ :(q—1)+zqgm)7_11.
a€s acsS
As (¢"—1)/(q™®) —1) is an integer, d(a) divides n by Corollary 2.10.10.
Because d(a) < n, we deduce from the irreducibility of cyclotomic poly-
nomials that ®,, divides (2™ — 1)/(z%® — 1), and so each % is a
multiple of ®,(g). Also ¢" — 1 is a multiple of ®,,(g). So it follows that
®,,(q) divides ¢ — 1. Hence |®,(q)] < ¢ — 1. By Lemma 2.11.6, n = 1,
and thus D = Z. O

2.12 The theorem of the primitive element

In this section we give an application of Galois theory to the following
problem: if K/k is an algebraic extension, under what circumstances is
K a simple extension of k.

Theorem 2.12.1 (Steinitz) An algebraic extension K/k is simple if
and only if there are only finitely many intermediate fields.

Proof First suppose there are only finitely many intermediate fields. In
this case K must be finitely generated over k, say K = k(ay,aq, ..., q;).
Thus K/k is finite. Moreover, we may assume that |k| = oo, as exten-
sions of finite fields are clearly simple. Let r be the minimal amount
of generators of K over k. We want to prove that r = 1. If r > 2, let
L = k(aq,as). For each a € k, let F, = k(aq + aas). As k is infinite
and there are only finitely many intermediate fields there exist a # b in
k with F,, = F,. But then (a1 + bas) — (aq + aas) = (b — a)as € Fy,
and so ag € Fp. Also a1 = (a7 + bag) — bas € Fy, so that k(ay, as) C
k(ay + basg). Consequently K = k(ag + bas, as, ..., ap), contradicting
the minimality of r.

Conversely, suppose that K = k(a). Let f = irr (a; k). Note that f
has only finitely many monic divisors g1, g2, ..., gm, say, in K[z]. Let
L be an intermediate field and gy, = irr (o; L). Then g |f in L[z], and
hence in K[z]. But this means that g, = g; for some i. The proof
will therefore be complete if we can show that g determines L. Let
gr, = ap+a1x+---+a", and let Ly = k(ag,a,...,a,—1). Then Ly C L,
and so gy, is irreducible over Lg. Thus gy, = irr (a; Lg). As K = Ly(a),
we have [K : Lg] = r. Similarly [K : L] = r, so L = Lg. In particular
gr, determines L. |
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The theorem is of course false for transcendental extensions as the
example of k(x)/k shows.

Theorem 2.12.2 (Theorem of the primitive element) Suppose that
K/k is finite and separable. Then K/k is simple.

Proof Let K = k(aq,...,ap). Let f = [[i_,irr(a;;k). Then f is
separable over k. Let IV be a splitting field of f over K. Then N is also
a splitting field for f over k. Thus N/k is Galois. By the Fundamental
Theorem, there are only finitely many intermediate subfields, and it
remains to apply Theorem 2.12.1. |

Corollary 2.12.3 If K/k is a finite normal separable field extension,
then there exists an irreducible polynomial f € k[x] such that K is a
splitting field for f over k.

Example 2.12.4 We demonstrate that the assumption of separability in
Theorem 2.12.2 is necessary. Let u,v be indeterminates, k = F,(u?, vP),
and K = F,(u,v). It is easy to check that [K : k] = p? and o € k for
any « € K. It follows that K/k is not simple.

2.13 Solution of equations by radicals

In this section we give a condition which must be satisfied by an equation
soluble by radicals, namely the associated Galois group must be a solv-
able group. We then construct a quintic polynomial whose Galois group
is not solvable, which shows that the quintic equation is not solvable by
radicals. Solvability of the Galois group is also a sufficient condition for
an equation to be solvable by radicals. We give the necessary definitions.

Definition 2.13.1 Let K/k be a field extension. An element o € K is
called radical over k if a? € k for some positive integer d.

The extension K/k is called radical if K = k(a, ..., qn) where o; is
radical over k(aq,...,q;1) for all 1 <i < m.

A polynomial f € k[z] is called solvable by radicals if there exists a
radical extension K/k in which f splits into linear factors.

We want to characterize radical extensions in terms of Galois groups.

Lemma 2.13.2 Let K/k be a radical extension and N be a normal
closure of K/k. Then N/k is radical.
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Proof Let «; be as in Definition 2.13.1. Then N is a splitting field of the
polynomial []", irr (a;; k). For every root f;; of irr (a;; k) in N there
exists a k-isomorphism o : k(a;) — k(8;;) by Theorem 2.3.15. Since o
is radical over £, so is f3;;. |

The next two lemmas show that certain Galois groups are abelian.

Lemma 2.13.3 Let k be a field of characteristic 0, and K be a splitting
field of the polynomial ™ — 1 over k. Then Gal(K/k) is abelian.

Proof As (z™ — 1) = ma™"!, the polynomial 2™ — 1 has no multiple
roots in K. Clearly the roots form a group under multiplication. By
Lemma 1.2.5, this group is cyclic. Let € be its generator. Then K = k(e).
So any o € Gal(K/k) is determined by its effect on ¢, and o(g) must be
of the form . The result follows. O

Lemma 2.13.4 Let k be a field of characteristic 0 in which x™ — 1 splits
into linear factors. Let a € k and K be a splitting field of " — a over
k. Then Gal(K/k) is abelian.

Proof Let @ € K be a root of ' — a. By assumption, any root of
" — a in K looks like ea, where ¢ is root of ™ — 1 in k. It follows that
K = k(a), so any o € Gal(K/k) is determined by its effect on «, and
o(a) must be of the form ea. The result follows. O

Lemma 2.13.5 If K/k is a normal and radical field extension and k
has characteristic 0, then Gal(K/k) is solvable.

Proof Suppose that K = k(aq,. .., q,) with af(i) € k(aq,...,a;—1) for
all 7. Inserting extra elements «; if necessary we may assume that all
d(i) are prime. Set p := d(1). We prove the result be induction on m,
starting from the trivial case m = 0.

We may assume that a; € k, as otherwise K = k(as,..., ;) and
induction applies. Hence f := irr (aq; k) has degree at least 2. As K/k
is normal, f splits over K. Since chark = 0, K/k is separable, and so
f does not have multiple roots. Let 8 # a3 be another root of f. Then
€:= a1 37! satisfies e? = 1. As € # 1, the elements 1,¢,€2,...,eP~! are
distinct roots of ? — 1 in K. Therefore P — 1 splits in K.

Let M = k(). Then we have field extensions K/M («;)/M/k. Ob-
serve that K /k is Galois, hence so is L/M. As aP — 1 splits over M and
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of € M, M(ay) is a splitting field of P — o} over M. Thus M (ay)/M
is normal. By Lemma 2.13.4, Gal(M (a;1)/M) is abelian. By the Fun-
damental Theorem of Galois Theory applied to the extension K/M, we
have

Gal(M(a1)/M) = Gal(K/M)/Gal(K/M(a)).

Now K = M(aq)(a,...,qn) and K/M(ap) is normal, so by induc-
tion Gal(K/M (ay) is solvable. Finally, Gal(M/k) is abelian in view of
Lemma 2.13.3, and M/k is normal, so the Fundamental Theorem gives

Gal(M/k) = Gal(K/k)/Gal(K/M).
By Lemma 1.9.2, Gal(K/k) is solvable. O

Theorem 2.13.6 If F/K/k are field extensions, chark = 0, and F/k
is radical, then Gal(K/k) is solvable.

Proof Let L be the fixed field of Gal(K/k), and N/L be a normal closure
of F/L. We have field extensions N/F/K/L/k. By Lemma 2.13.2, N/L
is radical, and so Gal(IN/L) is solvable thanks to Lemma 2.13.5. By
Theorem 2.7.18, K/L is normal. So the Fundamental Theorem yields

Gal(K/L) = Gal(N/L)/Gal(N/K).

Now Gal(K/L) is solvable by Theorem 1.9.2, and it remains to observe
that Gal(K/k) = Gal(K/L). O

Corollary 2.13.7 Let [ be a polynomial over a field k of characteristic
0. If f is solvable by radicals then the Galois group of f over k is solvable.

We want to exhibit a polynomial whose Galois group is not solvable.

Lemma 2.13.8 Let p be a prime and | € Q[x] be an irreducible polyno-
mial of degree p. Suppose that f has precisely two non-real roots in C.
Then Gal(f; Q) = S,,.

Proof By the Fundamental Theorem of Algebra, C contains a splitting
field K for f. Let G = Gal(f;Q) considered as a permutation group on
the roots of f in K. If « is a root of f, then [Q(a) : Q] = pso [K : Q] is
divisible by p. By the Fundamental Theorem of Galois Theory, p divides
|G|, so G contains a p-cycle.

Complex conjugation induces an element of G which leaves the p —
2 real roots of f invariant while transposing the two non-real roots.
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Therefore G contains a 2-cycle. But it is easy to see that a 2-cycle and
a p-cycle generate Sy, see problem (1.12.76) from §1.12. 0

Example 2.13.9 The polynomial f(z) = 2° — 6z + 3 € Q[x] is not
solvable by radicals. Indeed, by Eisenstein’s Criterion f is irreducible
over Q. In view of Lemma 2.13.8, it suffices to show that f has exactly
three real roots, each with multiplicity 1. But this is an easy exercise
from Calculus (sketch the graph!).

In §2.14 for any n we will demonstrate a polynomial whose Galois
group is S,,. The only drawback of that construction will be that the
polynomial will have coefficients not in Q but in a rather ‘large’ field.
Now we want to obtain a converse to Corollary 2.13.7.

Definition 2.13.10 Let K/k be a finite normal extension with Galois
group G. The norm of an element o € K is defined to

N(a) =o01(a)oz(a)...on(@)
Where G = {01,09,...,0,}.

It is easy to see that N(a) lies in the fixed subfield of G, so if the
extension is also separable then N(«) € k, see Theorem 2.7.16.

Theorem 2.13.11 (Hilbert’s Theorem 90) Let K/k be a finite nor-
mal extension with cyclic Galois group G = (). Then o € K has norm
N(a) =1 if and only if « = B/c(B) for some 8 € K*.

Proof We have N( (ﬁﬁ)) = %:2((6,3)) Oa%(lé)ﬁ) = 1. Conversely, sup-

pose that N(a) = 1. Let v € K and define §; = o7(v) I[Tj=o ol ()
for 0 < ¢ < n. Note that d;41 = ac(d;) for 0 < i < n — 2, and
Spn—1=0""Yy)N(a) =" 1(y). Set 3= E;L:_Ol 0;. Note that

—

n—

n—1 n—1
(@)=Y o) =c"(M)+a ' > si=a"'> 5 =p/a
i=1 =0

=0

So the result will follow if we can choose = in such a way that § # 0.
Suppose on the contrary that 8 = 0 for all choices of v, i.e.

S ([[F@)oi) =0 (<)
1=0

Jj=1
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But this means that the distinct automorphisms o are linearly depen-
dent over K, contrary to Dedekind’s Lemma. U

Theorem 2.13.12 Suppose that K/k is a finite separable normal exten-
sion with Galois group G isomorphic to C, for a prime p. Assume that
chark is O or prime to p, and that = — 1 splits in k. Then K = k(«)
where a is a root of an irreducible polynomial of the form xP — a over k.

Proof Let G = (o). The roots of 2P — 1 form a cyclic subgroup of k*.
Let ¢ be a generator of this group. As ¢ € k, we have o¢(g) = ¢ for any i,
and so N(¢) = &P = 1. By Hilbert’s Theorem 90, € = a/o () for some
a € K. Tt follows that o(a) = e ta, 0%(a) = e 2a, etc. So a := aP is
fixed by G, hence lies in k.

The roots of the polynomial 27 — a are of the form ac?, so k(o) is a
splitting field of 2 —a over k. The k-automorphisms 1,0,...,07~! map
« to distinct elements, so they give p distinct elements of Gal(k(«)/k).
By the Fundamental Theorem, [k(«) : k] > p. But [K : k] = |G| = p,
so K = k(a). Moreover 2P — a is irreducible, for otherwise the minimal
polynomial of « over k has degree less than p and [k(«) : k] < p. O

Theorem 2.13.13 Let K /k be a finite normal extension and char k = 0.
If Gal(K/k) is solvable then there exists an extension F/K such that F/k
is radical.

Proof Note that all extensions are separable as we are in the charac-
teristic 0 case. Set G := Gal(K/k). We use induction on |G|, the case
|G| =1 being clear. Let |G| > 1. As G is solvable, it has a normal sub-
group H with G/H = C,, for a prime p. Let N be a splitting field over K
of the polynomial 27 — 1. Then N/k is normal by Corollary 2.6.13. The
group Gal(N/K) is abelian by Lemma 2.13.3, and by the Fundamental
Theorem, Gal(K/k) = Gal(N/k)/Gal(N/K). Tt follows that Gal(N/k)
is solvable, see Lemma 1.9.2.

Let M be the subfield of N generated by k£ and the roots of P — 1.
Clearly M/k is radical, so the desired result will follow if we can find an
extension F' of N such that F/M is radical.

We claim that Gal(IN/M) is isomorphic to a subgroup of G. Let us
map any o € Gal(N/M) to o|kg. As K/k is normal, o|x € G. So
we have a well-defined group homomorphism Gal(N/M) — G, which
is injective as K and M generate N. Let J < G be the image of this
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embedding. If J is a proper subgroup of G then by induction there is a
required extension F/N.

Now assume J = G. Then H < J yields a normal subgroup I <
Gal(N/M) of index p. By the Fundamental Theorem, [I* : M] = p, and
I*/M is normal. By Theorem 2.13.12, I* = M(a) where o? = a € M.
But N/I* is a normal extension with solvable Galois group of order less
than |G|, so by induction there exists an extension F'/N such that F/I*
is radical. But then F'/M is radical and we are done. U

Corollary 2.13.14 Over a field of characteristic 0 a polynomial is solv-
able by radicals if and only if it has solvable Galois group.

As Sy and all its subgroups are solvable, Corollary 2.13.14 implies that
polynomials of degree < 4 can be solved by radicals. We can use our
insight into the structure of the symmetric group to find out how.

2.14 Transcendental extensions

Definition 2.14.1 Let K/k be a field extension and A = {ay,...,a,}
be a finite subset of K. We say that A is algebraically dependent over
k if there exists a non-zero polynomial f € k[z1,...,x,] such that
flag,...,a,) =0. Otherwise A is called algebraically independent.

An infinite set is called algebraically dependent if it has a finite subset
which is algebraically dependent and algebraically independent other-
wise.

Denote by k(z1,...,z,) the field of rational functions in variables
Z1,...,2Tn, which is the quotient field of the ring k[z,...,z,]. The
following result is an analogue of Theorem 2.3.16 and is proved similarly.

Theorem 2.14.2 Let K/k be a field extension and A = {a1, g, ..., an}
be a subset of K algebraically independent over k. Then there erists a
unique isomorphism k(z1,...,x,) > k(aq, ..., an), which is identity on
k and maps x; to oy for every 1.

The next result gives a useful practical criterion for a set to be alge-
braically independent.

Theorem 2.14.3 (The Main Criterion) Let K/k be a field exten-
sion and oy, Qs,...,q, be distinct elements of K. Let kg = k, k; =
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klaq,...,a;) for 1 <i<n. Then A= {aq,qq,...,a,} is algebraically
independent over k if and only if c; is transcendental over k;_1 for every
1<t <n.

Proof Suppose that «; is algebraic over k;_1, i.e. there is a non-zero
polynomial

f(@)=ao+arx+---+ax" € k;_y[7]

with f(a;) = 0. We can write each a; as

aj = pj(al, ey ai,l)/qj(al, ey 041;1)
for p;,q; € k[z1,...,z;-1]. We clear denominators. Let
=pi [[am (0<j<n).
mj
Then each I; € k[z1,...,2,-1] and g = lo + lyz; + --- + [z} is a non-
zero element of k[z1,...,z;—1,2;] with g(ay,...,a;) = 0, whence A is

algebraically dependent.
Conversely, assume that A is algebraically dependent. There is j such

that {a1,...,a;_1} is algebraically independent and {a1, ..., a;} is not.
Thus there is a non-zero f € k[zq,...,z;] with f(a1,...,¢;) = 0. We
can write f = ag +ayz; + - + a,x} where a; € klzy,...,z;_1]. Let
g=ao(ar,...,aj1)+ai(oq,...;a;_1)z+ - +ar(ar,...,05-1)z".
Then ¢ is a non-zero polynomial of k;_1[z], as a1,...,a;_1 are alge-
braically independent. As g(«;) =0, «; is algebraic over k;_;. O

You may have noticed an analogy between algebraic and linear de-
pendence. We now push this analogy further.

Definition 2.14.4 Let K/k be a field extension. A transcendence basis
of K over k is a subset A C K which is algebraically independent over k
and is maximal (with respect to inclusion) in the set of all algebraically
independent subsets of K.

Lemma 2.14.5 For any field extension K/k a transcendence basis ex-
ists. Moreover, if C C K is an algebraically independent subset then

there exists a transcendence basis B of K over k containing C.

Proof Follows from Zorn’s Lemma. |
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Lemma 2.14.6 Let K/k be a field extension and B be a subset of K.
Then B is a transcendence basis of K over k if and only if B is alge-
braically independent over k and K/k(B) is algebraic.

Proof Suppose that B is a transcendence basis of K over k. If a €
K \ k(B) then by the maximality of B, B U {a} is algebraically depen-
dent. So there exist distinct by, ...,b, € B such that {b1,...,b,,a} are
algebraically dependent. Now « is algebraic over k(b, ..., b,) and hence
over k(B) thanks to the Main Criterion.

Conversely, suppose that B is algebraically independent and K/k(B)
is algebraic. If @ € K\ B, then « is algebraic over k(B), so there exists
a non-zero g = ag + a1x + - -+ + ;2 € k(B)[z] annihilating . Each
coefficient of g involves only finitely many elements of B, so there exists
a finite subset {b1,...,b,} C B such that a; € k(by,...,b,). Thus « is
algebraic over k(by,...,by), and so {by,..., by, a} is algebraically depen-
dent by the Main Criterion. Hence B U {a} is algebraically dependent,
and B is maximal. |

Corollary 2.14.7 Let K/k be a field extension, A be a subset of K
with K/k(A) algebraic, and C be a subset of A which is algebraically
independent over k. Then there exists a transcendence basis of K over
k satisfying C C B C A.

Proof Use Zorn lemma to choose a maximal element among the al-
gebraically independent subsets B satisfying C' C B C A. Then by
the Main Criterion, every element of A is algebraic over k(B), hence
k(A)/k(B) is algebraic, and so K/k(B) is algebraic by transitivity of al-
gebraic extensions. Now Lemma 2.14.6 implies that B is a transcendence
basis. U

Corollary 2.14.8 If K = k(A) then there exists a subset B C A which
s a transcendence basis of K over k.

Proof Take C'= @ in Corollary 2.14.7. |

Theorem 2.14.9 Let K/k be a field extension, C = {c1,...,¢,} be a
subset of K (with r distinct elements) which is algebraically independent
over k, and A ={ay,...,as} be a subset of K (with s distinct elements)
such that K/k(A) is algebraic. Then r < s and there exists a set D with
C CDCAUC and such that |D| = s and K/k(D) is algebraic.
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Proof Induction on r. If r = 0 take D = A. Suppose the result is true
for r — 1. As the set Cy := {ec1,...,¢r—1} is algebraically independent,
there exists a set Dy with Cy € Dy C AU Cy and such that |Dg| = s
and K/k(Dy) is algebraic. By relabeling A if necessary we may assume
that

DO = {017'-'707‘717047‘7017‘«%1;"-7&8}'

As K/k(Dy) is algebraic, ¢, is algebraic over k(Dg). As {c1,...,¢} is
algebraically independent, ¢, is transcendental over k(cy,...,cr.—1) see
the Main Criterion. Thus s > r. By the same theorem,

E:= {C17 sy Cr—1,Cry Qpy Qg 1,y - - '70'5}

is algebraically dependent. Using the Main Criterion once more we con-
clude that there exists ¢ with » < ¢ < s such that a; is algebraic over
k(ci, ... Crypy. .. ai—1). Set

D:={c1,...,cr ... a1-1, 0041, - - -, s}
Then a; is algebraic over k(D), and so K(E)/K (D) is algebraic. As E D

Dy, K/k(FE) is algebraic, and so K/k(D) is algebraic. This completes
the proof. ]

The theorem easily implies

Corollary 2.14.10 Let K/k be a field extension. If B and C are two
transcendence bases of K over k then either B and C are both infinite
or B and C have the same number of elements.

This result shows that the following notions are well-defined.

Definition 2.14.11 If K/k is a field extension we define its transcen-
dence degree, denoted tr.deg(K/k), to be infinity if there exists a tran-
scendence basis of K over k£ with infinitely many elements. If there
exists a transcendence basis B with finitely many elements, we define

tr.deg(K/k) = |B|.

Our next goal is to prove the analogue of tower law for transcendental
extensions.

Proposition 2.14.12 Let F/K/k be field extensions. If A C K is
algebraically independent over k and B C F is algebraically independent
over K then AU B is algebraically independent over k.
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Proof Let C be a finite subset of AU B. We can write
C= {(Xla"'aa’r'aﬂlv"'7ﬂs}

where a; € A, 3; € B. By the Main Criterion, every «; is transcendental

over k(o ..., a;—1) and every (3 is transcendental over K (31, ..., 5;-1).
So B; is transcendental over k(au,...,ar, B1,...,08j—1). Thus C is alge-
braically independent by the Main Criterion. |

Theorem 2.14.13 Let F/K/k be field extensions. If A is a transcen-
dence basis for K over k and B is a transcendence basis for F over K
then AU B is a transcendence basis for F' over k.

Proof By Lemma 2.14.6 and Proposition 2.14.12, it suffices to prove that
F/k(A U B) is algebraic. We know that K/k(A) is algebraic, whence
K (B)/k(AU B) is algebraic, see Problem 2.17.43 from §2.17. Moreover,
F/K(B) is algebraic, so F//k(AUB) is algebraic by Theorem 2.3.18. [

Corollary 2.14.14 (Tower Law For Transcendence degree) If
F/K/k are field extensions then the transcendence degree of F/k is the
sum of the transcendence degrees of F/K and K/k.

2.15 Symmetric functions and generic polynomials

Let K be a field, z1,...,z, € K and consider polynomial

flx)=(x—x1)(x —22)...(x —xp) € K[z].

If we write
flx)=a" —ex" '+ 4 (=1)",

then

€1 =21+ + Tp,

€9 = E xixj,

1<i<j<n

€np = T1T2...Tp.

The expressions e,, considered as elements of Z[z1,...,x,] are the ele-

mentary symmetric functions in n variables. When necessary, they can
also be considered as elements of k[x1,...,x,] for any field k.
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Now let K = k(x1,...,z,) where x1,...,x, are algebraically indepen-
dent. Then ey, ..., e, can be considered as polynomials in k[z1,...,x,)
and as elements of K. Note that the symmetric group S,, acts on K by
k-automorphisms permuting the variables: if o € S,, then

U(f(xl, o) /g(x, .. ,xn))
= f(x(,(l), o ,xg(n))/g(aca(l), .. .,a?g(n)).
Let L be the fixed field
L:=8; =K.

By Theorems 2.7.3 and 2.7.18, and the Fundamental Theorem, K/L is
a Galois extension with Galois group 5.

Theorem 2.15.1 In the above notation, the elementary symmetric poly-
nomials ey, ...,e, € K are algebraically independent over k, and L =
k(er,...,en).

Proof First of all, it is clear that k(ei,...,e,) C L, and [K : L] =
n!. Therefore to establish the equality L = k(eq,...,e,), it suffices to
prove that [K : k(e1,...,en)] < n!l. But this follows from the fact that
K/k(e1,...,en) is a splitting field extension for f, when f is considered
as an element of k(e,...,e,)[z].

By Corollary 2.14.8, ej,...,e, contains a transcendence basis for
k(e1,...,en) over k. Moreover, K/k(eq,...,ey) is algebraic, so this basis
will be a basis for K over k (use Lemma 2.14.6 twice). As tr.deg(K/k) =
n, this basis must be the whole of {e1,...,e,}. O

Theorem 2.15.2 Let K/k be a field extension with K = k(aq,...,a,),
and ay,...,ay, be algebraically independent over k. Let
g(x) =2 —ax"  + -+ (=1)"a, € K[z].

~

Then g is irreducible and separable. Moreover, Gal(g; K) = S,,.

Proof In view of Theorem 2.15.1, there is a k-isomorphism
k(ay,...,an) > k(er,...,en),

which maps a; to e; for every ¢. This isomorphism transforms our poly-
nomial g to the polynomial f from Theorem 2.15.1. Now everuthing
follows from the remarks preceding Theorem 2.15.1. |
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2.16 The algebraic closure of a field

Definition 2.16.1 A field K is called algebraically closed if every f €
K[z] splits over K. An extension field K C k is called an algebraic
closure of k if K/k is algebraic and K is algebraically closed.

Thus the fundamental theorem of algebra states that C is algebraically
closed. Note that the only possible algebraic closure of an algebraically
closed field K is K itself.

Example 2.16.2 C is an algebraic closure of R. However, C is not an
algebraic closure of Q as C/Q is not algebraic, see Example 2.3.20.

The next theorem gives two useful characterizations of an algebraic
closure:

Theorem 2.16.3 Suppose that K/k is a field extension. Then the fol-
lowing are equivalent:

(i) K is an algebraic closure of k.
(ii) K/k is algebraic and every f € k[x] splits over K.
(iil) K/k is algebraic and if L/K is algebraic then L = K.

Proof (i) = (ii) is clear.

(ii) = (iii) By Theorem 2.3.18, L/k is algebraic. Suppose « € L. By
hypothesis, and irr («; k) splits over K, whence « € K.

(iii) = (i) Let f € K[z]. Let L be a splitting field of f over K. The
extension L/K is algebraic, so, by hypothesis, L = K. Thus f splits
over K, and so K is algebraically closed. |

Corollary 2.16.4 Suppose K/k is a field extension and K be alge-
braically closed. Let k be the field of all elements of K which are algebraic
over k. Then k is an algebraic closure of k.

In particular, A is an algebraic closure of Q, see Example 2.3.19.

Proposition 2.16.5 Let K/k be an algebraic extension. Then every
homomorphism o of k into an algebraically closed field F' can be extended
to K.

Proof Let S be the set of all pairs (L,v), where k¥ C L C K and
v : L — F is a field homomorphism which extends ¢. Order & by
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(L1,91) < (La,2) if and only if L1 C Ly and 91 = ts|r,. By Zorn’s
Lemma, S has a maximal element (M, pu). Assume M # K. Let a €
K\ M and f = irr(a; M). As F is algebraically closed, p(f) has a
root in F, so u can be extended to M(a) by Theorem 2.3.15, which
contradicts the maximality of M. |

Theorem 2.16.6 Let k be any field. Then there exists an algebraic
closure of k. Moreover any two algebraic closures of k are k-isomorphic.

We will not prove this theorem in these notes. If you are interested,
please read the proof in section 6.4 of Rotman (Theorems 6.58 and 6.62).

2.17 Problems on Fields

Problem 2.17.1 True or false? The Galois group of Q(+/2) over Q has
order 3.

Problem 2.17.2 If the extension K/k is algebraic and k is countable
then K is also countable.

Problem 2.17.3 The field A is countable.

Problem 2.17.4 True or false? If F//K/k are field extensions with F//K
and K/k algebraic then F/E is also algebraic.

Problem 2.17.5 True or false? The extension Q(i,/5) is simple.

Problem 2.17.6 Let p be prime. Then the polynomial 1+ x 4 --- +
xP~1 € Q[x] is irreducible.

Problem 2.17.7 True or false? If F//K/k are field extensions with F'//K
and K /k normal then F/k is also normal.

Problem 2.17.8 True or false? Q(i) and Q(v/2) are isomorphic fields.

Problem 2.17.9 If 3 is algebraic over k(«) and [ is transcendental over
k then « is algebraic over k(3).

Problem 2.17.10 True or false? If K/k is algebraic and D is an integral
domain such that k € D C K then D is a field.



2.17 Problems on Fields 107

Problem 2.17.11 Let K/k be a field extension. This extension is alge-
braic if and only if for every intermediate field F every k-monomorphism
of F is in fact an automorphism of F.

Problem 2.17.12 A field F is called perfect if every irreducible poly-
nomial over F' is separable. Show that a field F' of characteristic p is
perfect if and only if every element of F' has a pth root in F'. Show that
every finite field is perfect.

Problem 2.17.13 Let f € k[z], K/k be a splitting field for f over k,
and G = Gal(K/k). Show that G acts on the set of the roots of f.
Show that G acts transitively if f is irreducible. Conversely, if f has no
multiple roots and G acts transitively then f is irreducible.

Problem 2.17.14 Prove that if F' is an infinite field, then its multi-
plicative group F'* is never cyclic.

Problem 2.17.15 Let K/k be a normal field extension and f be an
irreducible polynomial over k. Show that all irreducible factors of f in
K|[z] all have the same degree.

Problem 2.17.16 True or false: Gal(k(z)/k) = {1}.

Problem 2.17.17 Construct subfields of C which are splitting fields
over Q for the polynomials z2 — 1, z* — 522 +6, 25 — 8. Find the degrees
of those fields as extensions over Q.

Problem 2.17.18 Which of the following extensions are normal?

(a) Q(z)/Q;

(b) QV-5)/Q;
(c) Q(V/5)/Q.

(d) Q(V5, V/5)/Q(V5);
(e) R(V=T)/R.

Problem 2.17.19 Let K /k be a splitting field for a polynomial f € k[z]
of degree n. Show that [K : k] divides nl.

Problem 2.17.20 True or false: if K/k is a field extension then every
k-monomorphism K — K is an automorphism.
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Problem 2.17.21 Determine Galois groups of the following extensions:
(a) Q(V2,v3)/Q;

(b) Q(V/3,¢™/%) /Q;

(c) Q(V2,v2)/Q;

(d) Q(V2,v2,e*™/%) Q.

Solution. (a) C2 x Cq, see more difficult Problem 2.17.48.
(b) Denote a := /3, € := 2™/ Note that Q(/3,e*™/%) is a
splitting field of the irreducible polynomial 2° — 3, whose roots are

3

a, ae, a2, ag3, ac*, so the Galois group G is a transitive permutation

group on the roots. Moreover,
|G| = [Q(V3,¢*™/%) : Q(V3)[[Q(V3) : Q] < 45 = 20.

(one can see that the index [Q(¥/3,e2™/5) : Q] is exactly 20 as both 5
and 4 divide it, but this will follow anyway). Now, as in Example 2.8.2,
one checks that there are elements 0,7 € G with o(a) = ae,o(e) = ¢
and 7(a) = a,0(e) = €2. Note that in terms of permutations on five
roots, o is the 5-cycle (1,2,3,4,5) and 7 is the 4-cycle (2,3,5,4). These
two cycles generate a subgroup of S5 of order 20, which must be the
Galois group. This group can be described by generators and relations
as follows:

1

G= (07|’ =1t=1,7""or =0%).

(Alternatively, one may deduce as noted above that G is a transitive
subgroup of S5 of order 20, and then show that C5xCjy is the only such
(up to a conjugation).)

(c) /2 is the only root of 2% — 2 € Q[z] contained in Q(¥/2,v/2), so
any element of the Galois group G fixes the subfield Q(+/2), whence
G = Gal(Q({3, v2)/Q(Y)) = Cs.

(d) Cy x S3 (using the Problem 4.17 from Rotman).

Problem 2.17.22 Prove that the quotient ring R := F3[z]/(z2+1) is a
field of order 9. Exhibit an explicit generator for R* (which should be
the cyclic group of order 8).

Problem 2.17.23 True or false: if F' is a field of characteristic p, a € F,
then F' contains at most one p*th root of a.

Problem 2.17.24 True or false: every finite normal extension of C is
normal over R.
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Problem 2.17.25 Let F be a field, and F(x) be the field of rational

functions over F. Prove that F(z)/F (;%) is a simple extension. Find

its degree and the minimal polynomial irr (z; F(;—jl))

Solution. Let K := F(sz:) It is clear that F'(x) = K(z). Moreover,

the polynomial
3 23

— e K
3:—|—1y z+1 vl

clearly annihilates . We claim that this polynomial is irreducible over
K, which implies that [F(z) : K] =3 and f = irr (z; K).

To prove the claim, note that deg f = 3, and so it is reducible over K
if and only if it has a root in K. Over F(z) we can decompose

72

).

So if f has a root in K, this root is either x or is a root of

f(y):(y—x)(y2+:vy+x+1

.’172

x+1

9(y) = y* +ay+

Note that non-zero rational functions in z has a well-defined notion
of degree: if r(z) = p(x)/q(x) is such a function we define degr =
degp — degq. Next, observe that all elements of K has even degree.
Now, x ¢ K as it has degree 1. Moreover, let r € K be a root of
g. Then r? has even degree, zr has odd degree, and ij1 also has odd
degree. It follows that zr 4 f—jl =0 and r? = 0, whence r = 0, which
leads to a contradiction.

The problem is a special case of claim (*) proved in Problem 2.17.42.
Problem 2.17.26 True or false: if [K : k] = 2 the K/k is normal.

Problem 2.17.27 For extensions F/ K /k, if F//K and K /k are separable
then F/k is separable.

Problem 2.17.28 Let p be a prime. Then there are exactly (¢ — q)/p
monic irreducible polynomials of degree p in F,[z] (¢ is not necessarily
a power of p).

Solution. Consider the field extension Fg» /F,. Let o € Fgo \ Fy. The
extension F,» /F, has no non-trivial intermediate fields (as p is prime),
so Fy(a) = Fyr, whence degirr (a;F;) = p. Moreover, irr (o;F,) has p
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distinct roots in Fyr, as the extension Fy»/F, is normal and separable.
Therefore considering the minimal polynomials of the elements of F» \F,
yields (¢” — ¢)/p distinct irreducible monic polynomials over F,,.

It remains to show that any irreducible monic polynomial f € Fy[x]
of degree p has form irr (o;; IF,) for some element o € Fg» \ F,. Note that
the field F' obtained from I, by adjoining a root a of f has degree p
over Fg, so it has ¢” elements. By uniqueness of finite fields, we know
that F' is F4-isomorphic to Fy», and the result follows.

Problem 2.17.29 Let ¢ = p" and d|n. Then F, contains exactly one
subfield with p? elements. Conversely, if F,a is a subfield of Fy» then
d|n.

Problem 2.17.30 If K/k is a finite normal separable field extension,
then there exists an irreducible polynomial f € k[z] such that K is a
splitting field for f over k.

Problem 2.17.31 True or false? Every finite field extension is simple

Problem 2.17.32 If F' is a finite field and a,b € F' are not squares then
ab is a square.

Problem 2.17.33 Let F'/K/k with K /k finite separable and F//K sim-
ple. Then F/k is simple.

Problem 2.17.34 Suppose that f € k[z] with roots aq,...,a, in a
splitting field for f. Show that A = &, [[;~, f'(«;), where &, = 1 if
n=0or 1 (mod 4), and &, = —1 otherwise.

Problem 2.17.35 True or false? There is an irreducible polynomial of
degree 4 over Q whose splitting field has degree 6 over Q.

Problem 2.17.36 Let ¢ be the Euler function.

(i) Prove that ¢(ab) = p(a)p(b) providing (a,b) = 1.

(ii) Prove that ¢(m) = m[[,, pp%l, where the product is over all
prime divisors of m.

(iii) Prove that m =3_,,, ¢(d).

Problem 2.17.37 Let m > 3, ¢ be the Euler function, and € € C be a
primitive mth root of 1. Prove that [Q(e +¢71) : Q] = ¢(m)/2.
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Solution. Tt suffices to prove that [Q(¢) : Q(e+&71)] =2. Ase+e 1 eR
and Q(g) € R, we have [Q(¢) : Q(¢ +&1)] > 2. The converse inequality
follows from the fact that the quadratic polynomial 22 — (e +e 1)z +1 €
Q(e + e71)[z] annihilates &.

Problem 2.17.38 Let m > 1 be an odd integer. Show that ®o,, () =
D, (—x).

Solution. Note that if £ is a primitive mth root of 1 then —¢ is a
primitive 2mth root of 1. Therefore ®,,(—x) divides Po,,(x) over Q,
see Lemma 2.11.2(i). As both polynomials are irreducible and monic, it
now follows that they are equal.

Problem 2.17.39 If p is prime then ®pn(z) =1 dP" g
(p=1)p" !
x

Problem 2.17.40 True or false? For f € k[z], if Gal(f;k) acts transi-
tively on the roots of f then f is irreducible over k.

Problem 2.17.41 True or false? Let K/k be a field extension. If
ai,...,a, € K are algebraically independent over k, and a ¢ k is the
element of k(aq,...,a;,), then « is transcendental over k.

Solution. True

Problem 2.17.42 Let k& be a field and x be transcendental over k.
Describe the group Gal(k(z)/k).

Solution. Let f/g € k(x) with f/g ¢ k and f, g relatively prime in k[z].
Denote z := f/g. We first prove the following claim:

(*) The element z is algebraic over k(z) and
() : k(2)] = max(deg f, deg g).
Note that z is a root of

o(y) = zg9(y) — fy) € k(2)[y]

of degree max(deg f,deg g). So it remains to prove that ¢ is irreducible.
Note that z is transcendental over k, as otherwise k(x)/k(z)/k would be
algebraic. In order to prove that ¢(y) is irreducible over k(z) it suffices
to check that it cannot be decomposed over k[z] (this is a version of
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Lemma 2.2.1 generalized to k[z] instead of Z and k(z) instead of Q
but the proof is the ‘same’). Well, the degree of z in ¢ is 1, so if
o(y) = v1(y)p2(y) in k[z][y], then z appears in the coefficients of only
one of ¢1, o, say of p1. Then we can write

1 = (ag + zbo) + - -+ + (an +0p2)y", Y2 =g+ +any™,
whence

2g(y) — f(y) = (bo + -+ + by ) (o + - + ay™)z
F(ao+ -+ +any™)(ao + -+ amy™).

Therefore g(y) = (bg + -+ + bpy™)(ap + -+ + apy™) and —f(y) =
(ag + -+ + any™)(ao + -+ + apy™), which contradicts the fact that
(f,g9) = 1. The claim (*) is proved.

Now, let o be an k-automorphism of k(x). If o(z) = f/g, it follows
from (*) that max(deg f,degg) = 1. So we can write f(z) = (ax +
b)/(cx + d). Remember that we have (f,g) = 1, so the determinant

. b\ . o
of the matrix <a d> is non-zero. Note however, that the matrix is
c

uniquely defined only up to a scalar. So to each o € Gal(k(x)/k) we have
associated an element of g(o0) € PGLy(k). Moreover, it is easy to see
that g(o71) = g(o)g(7). It follows that g : Gal(k(z)/k) — PGL2(k) is a
group homomorphism. It is now easy to check that g is an isomorphism.

Problem 2.17.43 Let F'/K/k be a field extensions and A C F be a
subset. If K/k is algebraic then K(A)/k(A) is also algebraic.

Problem 2.17.44 True or false? If G is a finite group of automorphisms
of a field K and k = K¢ is the fixed field of G, then K/k is Galois and
Gal(K/k) = G.

Problem 2.17.45 True or false? If k is a field, f € k[z], and K/k is a
splitting field for f over k then [K : k] < (deg f)!.

Problem 2.17.46 True or false? If k is a field, f € k[z], K/k is a
splitting field for f over k, and [K : k] = (deg f)!, then f is separable
and irreducible.

Problem 2.17.47 Calculate Gal(R/Q).

Problem 2.17.48 Calculate Gal(Q(v/2,v/3,v5)/Q).
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Solution. Consider

We claim that the containments are strict and of dimension 2. We will
prove even more: all extensions

QcQ(Vp1) € Q(Vp1,vp2) C ..

are strict for p; < ps < ... being all the primes. Induction on n starting
from Q(v2)/Q. If \/pns1 € Q(\/P1,---,/Pn), then \/Ppi1 = a+ by/Pn,
where a,b € Q(\/P1,---,/Pn-1).- Then pny1 = a* + 2ab\/pn + b*pn,
whence /P, € Q(\/p1,--.,/Pn_1), a contradiction.

Now 1,v2,v3,v6,v5,v10,v15,/30 is a basis for K over Q. De-
fine three automorphisms from Gal(K/Q) by requiring that they negate
exactly one of v/2,v/3,v/5 and fix the other two. Then (01,09,03) &
CQ X CQ X 02.

Problem 2.17.49 Let K/k be a Galois extension, and L, M be inter-
mediate fields. Denote by LM the minimal subfield of K containing L
and M.

(1) Prove that (L N M)* = (L*, M*).
(ii) Prove that (LM)* = L* N M*.
(iii) Assume that L/k is normal. Prove that

Gal(LM/M) = Gal(L/(L N M)).

Solution. (1) (L*, M*) is the smalles subgroup containing both L* and
M*. By the Fundamental theorem, (L*, M*)* is the largest subfield
contained in both L and M, i.e. (L*, M*)* = LN M. Hence (LNM)* =
((L*, M*)*)* = (L*, M*). The proof of (ii) is entirely similar.

(iii) Let 0 € Gal(LM/M). Then o(L) C L, as by assumption L
is generated over k by the roots of a certain polynomial over k. So
restriction yields a well-defined homomorphism ¢ : Gal(LM/M) —
Gal(L/(L N M)). The kernel of ¢ is clearly trivial. To show that ¢
is surjective, let 7 € Gal(L/(LNM)). As LM /M is normal, so it suffices
to show that the second group has the order not exceeding the order of
the first group. Note that both LM /M and L/(L N M) are Galois, so
we just need to show that [LM : M| > [L : LN M]. Well, using the
fundamental theorem, (i), (ii), and the second isomorphism theorem, we
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have
[LM : M| =[M":(LM)*] =[M*/(L* N M")]
=[L*"M*/L*]=[L:LnNM].

Problem 2.17.50 Let k be a subfield of R and f € k[z] is irreducible
cubic with discrininant D. Then

(i) D > 0 if and only if f has three real roots.

(ii) D < 0 if and only if f has precisely one real root.

Problem 2.17.51 Let chark # 2 and f € k[z] is a cubic whose dis-
criminant has a square root in k, then f is either irreducible or splits in

k.

Problem 2.17.52 Let f be an irreducible separable quartic over a field
k and « be a root of f. There is no field properly between k and k(«)
if and only if the Galois group of f is either A4 or Sj.

Problem 2.17.53 Every element in a finite field can be written as a
sum of two squares.

Solution. Let our field F have p™ elements. If p = 2, the map x — 2 is
a bijection, and so every element is a square (+02). Let p > 2. Then the
multiplicative group F* = Cpn»_; has even order, and so exactly half
of its elements are squares. As 0 is also a square, there are (p™ + 1)/2
squares in F'. Now, let o € F be any element. Consider the sets X =
{a —s | s € Fisasquare} and S = {s € F | s is a square}. As
|X| 4+ |S] > p™, we have X NS # &. So o minus a square is a square,
and the result follows.

Problem 2.17.54 Determine the Galois group of 2% + 11 over Q, deter-
mine all subfields of its splitting field, and decide whether these subfields
are normal over Q. Describe at least two of the subfields by their gen-
erators.

Solution. The discriminant D = —27 - 112 does not have square root in
Q, so the Galois group G is S3 acting on the three roots

{—V11,—eV11, —£2V/11},

where ¢ = e There are four non-trivial proper subgroups in G:
G1 = ((12)), G2 = {((13)), Gs = ((23)), G4 = A3, only the last of

2mi/3
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which is normal. The corresponding fixed fields are the only proper non-
trivial intermediate subfields, of which only G} is normal. Moreover, G}
is generated by v/D, so G = Q(iv/3). Finally, (23) is the complex
conjugation, G% = Q(v/11).

Problem 2.17.55 Let K be a splitting field for £ —2 over Q. Determine
Gal(K/Q). How many subfields does K have of degree 2 over Q.

Problem 2.17.56 Find all subfields of the splitting field of 23 — 7 over
Q. Be sure to justify your assertions. Which of the subfields are normal
over Q7

Solution. The splitting field K = Q(¥/7,w) where w is a primitive cube
root of 1. Then [K : Q] = [K : Q(V/7)][Q(/7) : Q] = 6. So the Galois
group is S3. The proper subfields correspond to the proper subgroups
((123)), ((12)), ((13)), ((23)). The corresponding fixed fields are the
fields obtained by adjoining w, and the different roots of 2% — 7.

Problem 2.17.57 Let K be a splitting field for 2* + 622 + 5 over Q.
Find all subfields of K.

Solution. We have z* +6x2+5 = (22 +1)(22+5). And the Galois group
is Cy x C5 by the Problem 4.17 in Rotman (or directly).

Problem 2.17.58 Let K be a splitting field for 2% — 3 over Q(4) (where
i =+/—1 € C). Find the Galois group of K over Q(i).

Solution. We claim that the group is Cy. Indeed, it suffices to note that
[K : Q(i)] = 4 and the Galois group is transitive. That the degree is
4 follows by considering the tower K/Q(v/3)/Q (see Example 2.8.2 for
more details). That the Galois groups is transitive follows from the fact

that K = Q(i)(v/3).

Problem 2.17.59 Let € € C be a primitive 7th root of 1. Determine
the minimal polynomial of ¢, the structure of the Galois group of Q(g)
over Q, and the proper subfields of Q(¢) by giving field generators.

Problem 2.17.60 Let K = Q(i,e?™/3), where i = v/—1 € C. Find
[K : Q] and determine Gal(K/Q).

Problem 2.17.61 Let K be a splitting field over Q of the polynomial
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(x3 — 5)(22 + 1). Describe the Galois group Gal(K/Q). How many
subfields does K have with extension degree 2 over Q.

Problem 2.17.62 Find the Galois groups of z* 4+ 1 and z® + 1 over Q.

Problem 2.17.63 Let K be a splitting field for z° — 2 over Q and
let G = Gal(K/Q). Compute the order of G and prove that G is not
abelian.

Problem 2.17.64 Show that the Galois group of ° — 2 over Q has a
normal Sylow 5-subgroup.

Problem 2.17.65 True or false? The Galois group of the polynomial
23 — 5 over Q is abelian.

Problem 2.17.66 Let K be a finite field with a prime field k.

(a) Prove that Gal(K/k) is cyclic.

(b) Prove that if L is an arbitrary subfield of K then Gal(K/L) is
cyclic.

Problem 2.17.67 Let K = Fy[z]/(2°+2+1) and o = .+ (2®+2+1) €
K.

a) Prove that the polynomial % 4+ x + 1 is irreducible over Fs.

b) Prove that o # 1 for i =1,2,3,...,22.

¢) Find irr (o; F2).

d) Show that the mapping a +— a
e) Find irr (a*; Fy).

f) Show that {0,a”, a'®, a?7,a36 a*® a4 a3} is a subfield of K.

4 is an automorphism of K.

A~ N N N S

Problem 2.17.68 True or false? Let chark = p. Then k contains
exactly one p™th root of 1 for any natural number m.

Problem 2.17.69 Prove that the quotient ring R = Fs[z]/(x? + 1) is
a field of order 9. Exhibit an explicit generator for the multiplicative
group R*.

Problem 2.17.70 True or false? A field of order 27 is a Galois extension
of a field of order 9.

Problem 2.17.71 True or false? If p is a prime and n is a positive
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integer, then a field of order p™ contains a subfield of order p™ for each
integer 1 <m < n.

Problem 2.17.72 True or false? If F is a finite field and f € Flx] is
irreducible then f’ # 0.

Problem 2.17.73 True or false? If F' and K are finite fields whose
additive groups are isomorphic then F' and K are isomorphic as rings.

Problem 2.17.74 True or false? If F and K are finite fields whose
multiplicative groups are isomorphic then F and K are isomorphic as
rings.

Problem 2.17.75 True or false? Fg; has exactly three subfields count-
ing itself.

Problem 2.17.76 True or false? There is a Galois extension of Fg with
Galois group Cy x Cs.

Problem 2.17.77 True or false? There is a Galois extension of a5
with the Galois group Cg.

Problem 2.17.78 True or false? Every Galois extension of C is Galois
over R.

Problem 2.17.79 True or false? Let k be a finite field. Then for every
prime p, k has a finite Galois extension with Galois group isomorphic to
the symmetric group Sp.

Problem 2.17.80 Let k be a subfield of an algebraically closed field K
such that the transcendence degree of K over k is finite. Prove that if
¢ : K — K is a ring homomorphism, which is identity on k, then ¢ is
an automorphism of K.

Solution. First of all ¢ is injective. Now, let B be a (necessarily finite)
transcendence basis. Then p(B) is algebraically independent over k and
has the same order as B. So ¢(B) is also a transcendence basis for K
and for ¢(K). Thus K is algebraic over k(¢(B)), and hence over ¢(K).
But ¢(K) is algebraically closed, so ¢p(K) = K.
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Problem 2.17.81 True or false? A field with exactly 16 elements has
a unique subfield with exactly 8 elements.

Problem 2.17.82 True or false? A field with exactly 16 elements has
a unique subfield with exactly 4 elements.

Problem 2.17.83 True or false? Let f € F,[z] such that f' = 0. Then
the splitting field for f over F, is not separable over F,,.

Problem 2.17.84 True or false? A field of order 243 contains exctly
one proper subfield.

Problem 2.17.85 True or false? Let K/F, be a finite extension, and
L, M be two intermediate subfields. Then either L C M or M C L.

Problem 2.17.86 True or false? In a finite extension of a finite field
every intermediate field is stable (with respect to the Galois group).

Problem 2.17.87 Let K/k be a finite Galois extension and L be an
intermediate field. Prove that L/k is Galois implies GL C L.

Problem 2.17.88 True or false? The field extension Q(z)/Q(x%) is a
Galois extension.

Problem 2.17.89 Let K/k be a finite field extension and L, M be
intermediate fields. Prove [LM : k] < [L : k|][M : k] and show by
example that a strict inequality is possible even if LN M = k.

Solution. We know that [LM : k] = [LM : L][L : k], so it suffices to
show that [LM : L] < [M : K]. Let {aq,...,a,} be a basis of M over
k. Then, as LM = L(oy,...,an) = L]og, ..., ay), whence any element
of LM is an L-linear combination of elements in M, and so the «; span
LM over L. An example is provided by K, the splitting field of 2% — 2
over k = Q. Let w and 7 be distinct complex roots of 3 — 2. Let
Qw)=Land Q(7) =M. Then [L: k] =[M : k] =3 andso LNM =k
but LM = K, and [K : k] = 6.

Problem 2.17.90 True or false? The splitting field K for 23 — 5 over
Q has exactly three automorphisms.

Problem 2.17.91 Let k be a field, p(z) be an irreducible polynomial
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in k[z] of degree n, and let K be a Galois extension of k containing a
root a of p(x). Let G = Gal(K/k), and G,, be the set of all 0 € G with
ola) = a.

(a) Show that G, has index n in G.

(b) Show that if G, is normal in G, then p(x) splits in the fixed field
of G.

Solution. Note that G acts transitively on the roots of p. Moreover, p
must be separable as a belongs to the separable extension K of k, and
so p has n roots. This proves (a). Note further that G, = k(a). If G,
is normal it follows from the fundamental theorem that k() is normal,
which implies (b).

Problem 2.17.92 Let k(«)/k be an field extension obtained by adjoin-
ing a root « of an irreducible separable polynomial f € k[z]. Then there
exists an intermediate field &k C F' C k(«) if and only if the Galois group
Gal(f; k) is imprimitive. If the group is imprimitive then the subfield F'
can be chosen so that [F' : K] is equal to the number of imprimitivity
blocks.

Solution. We proved in Problem 2.17.91 that k(a) = Gi. Moreover a
transitive permutation group G = Gal(f; k) on the roots is primitive
if and only if the point stabilizer G, is maximal. This proves the first
claim, thanks to the Galois correspondence. If GG is imprimitive, we can
choose an overgroup H which is maximal and [G : H| equals the number
of the imprimitivity blocks (choose H to be a stabilizer of the block B
containing «). Now take F' = H*.

Problem 2.17.93 Let K/k be a Galois extension and p be a prime
number.

(a) Prove that K has an intermediate subfield L such that [K : L] is
a prime power.

(b) Prove that if Ly and Lo are intermediate subfields with [K : L],
[K : Ly] both p-powers, and [L; : k], [L2 : k] both prime to p, then L;
is k-isomorphic to Lo.

Problem 2.17.94 True or false? Let K/k be a field extension with
1< [K : k] < oo. Then |Gal(K/k)| > 1.

Problem 2.17.95 True or false? The Galois group Gal(Q(v/5)/Q) is
cyclic of order 3.
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Problem 2.17.96 True or false? tr.deg(C/Q) is infinite.

Problem 2.17.97 Show that F' is algebraically closed if and only if F
has no proper algebraic extensions.

Problem 2.17.98 There exist field extensions E/k that do not have an
intermediate field K with K/k algebraic and E/K purely transcenden-
tal.

Solution. An example of such is given by C/Q. Indeed, assume that K
is an intermediate field such that K/Q is algebraic. Then K C C. As C
is algebraically closed, the result now follows from the following claim:
purely transcendental extension is never algebraically closed. To prove
the claim, consider a purely transcendental extension F(B)/F for any
field F. Here B is a transcendence basis of F(B) over F. Let x € B.
Then the polynomial y*> —x € F(B)[y] does not split in F'(B): otherwise
there is an element p/q = p(z, z1,...,2,)/q(z, x1,...,2,) € F(B) with
(p/q)* = x or p?> = x¢?, which is a contradiction because the degree of
the left hand side with respect to x is even and the degree of the right
hand side with respect to x is odd.



Modules

3.1 Definition and the first properties

The idea of a module is similar to that of a group acting on a set, except
that there is more structure. Roughly speaking, a module is a ‘ring
acting on an abelian group’. As usual we assume that all rings have 1.

Definition 3.1.1 Let R be a ring.
A left R-module is an abelian group V' together with a map

RxV =V, (r,v)—rv

(called the left action of R on V or left R-module structure on V') such
that
(i) r1(rqv) = (ryre)v for all v, 79 € R, v € V;
(ii) r(vy +v2) =71v1 + 1V for all r € R, v1,v9 € V;
iii) (rq +re)v=riv+rovforall ri,ro € R,vEV;
)
T

(
(iv) lv=vforallveV.

A right R-module is an abelian group V together with a map
VxR—V,(rov)—vr

(called the right action of R on V or right R-module structure on V)
such that

(i) (vr1)rg =v(rire) for all ri,7y € R, v € V;

(ii)) (v1 +wv2)r =vir+wver for all r € R, v1,v3 € V;

(iil) v(ry +r2) = vry +vrg for all 1,70 € R, v €'V

(iv) vl=vforallveV.

If S is another ring, and V is both left R-module and right S-module,
such that r(vs) = (rv)s for all r € R, s € S, and v € V, then we say
that V' is an (R, S)-bimodule. If R =S, we speak of an R-bimodule.

121
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If we want to emphasize that V is a left R-module (resp. right R-
module, resp. (R, S)-bimodule) we write gV (resp. Vg, resp. rVs).

Even before we consider the first examples, some informal remarks
are in order. First of all, informally speaking there is not much differ-
ence between left and right modules. To be more precise, the following
construction construction ‘reduces’ right modules to left modules. If R
is a ring, the opposite ring R°P has the same underlying abelian group
as R and the opposite multiplication r * s = sr. Now, given a right
R-module V' we can define the left R°P-module V°P via rv = vr. It is
not hard to believe that V" and V°P have the ‘same properties’ (this will
be made precise later when we understand what kind of properties are
of interest). Note that if R is commutative, R = R°P, and ‘there is no
difference’ between left and right R-modules. So in this case we will just
speak of R-modules.

Here are the first examples.

Example 3.1.2 (i) If F'is a field, the F-module is the same as F-vector
space.

(ii) The notion of an abelian group is equivalent to the notion of a
Z-module (make sure you agree).

(iii) If R is a ring, the ring multiplication defines on R the structure
of a left R-module (resp. right R-module, resp. R-bimodule) called the
reqular (bi)module. The notation is g R, Rg or gRg, respectively. More
generally, if R C S is a subring, then ring multiplication defines on R the
structure of a left S-module (resp. right S-module, resp. S-bimodule).

(iv) If I is a left ideal in R then R/I is naturally a left R-module.

(v) If V is an F-vector space and 0 is a linear transformation of V, V
becomes an F[z]-module where x acts as 6.

The following properties follow immediately from the definition.

Lemma 3.1.3 Let V be a left R-module. Then
r0=0, ov=0, rlv—w)=rv—rw, (r—sjv=rv—sv
forallr,se R, vyweV.

We note that like with group actions on sets, there is another way to
think about left R-modules: having an R-module structure on an abelian
group V is equivalent to having a ring homomorphism R — End(V),
where End(V) is the ring of all group homomorphisms from V' to itself.
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The kernel of this homomorphism is called the annihilator of V', denoted
Ann(V) or Anng(V). In other words,

Am(V)={re R|rv=0 for any v € V}.

The module V is called faithful if Ann(V) = 0. If S is any subset of V/
we denote by Ann(S) the set of all » € R which annihilate every element
in S. Note that Ann(S) is a left ideal in R. We need more definitions.

Definition 3.1.4 Let V,W be two left R-modules. A homomorphism
from V' to W (also called R-homomorphism) is a homomorphism

p: VW

of abelian groups such that ¢(rv) = ro(v) for all r € R and v € V. The
set of all homomorphisms from V' to W is denoted by Hompg(V, W). It
has a natural structure of an abelian group.

Surjective (resp. injective, resp. bijective) homomorphism is called
monomorphism (resp. epimorphism, resp. isomorphism).

A homomorphism from V to V is also called an endomorphism of V.
The set of all endomorphisms of V' is denoted by Endg(V, W). It has a
natural structure of ring.

Definition 3.1.5 Let V be a left R-module. A subgroup W C V is
called a submodule (or R-submodule) if rw € W for all » € R and
weW.

Note that it follows from this definition that a submodule contains
0 € V and so it is a non-empty subset.

Example 3.1.6 Note that submodules of g R (resp. rRpg, resp Rg) are
precisely left (resp. right, resp. two-sided) ideals of R.

The following is easy to check:

Lemma 3.1.7
(i) If p: V — W is a homomorphism of left R-modules, then ker ¢ C
V and imp C W are R-submodules.

(ii) Intersection of submodules is a submodule, union of a non-empty
ascending chain of submodules is a submodule.

Let X be a subset of an R-module V. The minimal submodule of V'
containing X is called the submodule generated by X and denoted (X).
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It is clear that (S) consists of all finite linear combinations of the form
rixy + -+ rpx, with 7, € Ryz; € X. An R-module V' is called cyclic
if it is generated by a single element: V = (v) for some v € V. In this
case we also write R = Rv. An R module is called finitely generated if
V = (v1,...,v,) for some vy,...,v, €V.

If {V;}icr is a family of R-submodules in V', their sum is defined as

Z Vi = (UierVi)-

i€l

It is easy to see that Ziel V; consists of all sums > _._;v;, where v; € V;

and all but finitely many v;’s are zero.

iel

The notion of a quotient module is defined in an obvious way and we
leave it as an exercise. Another standard (and highly recommended!)
exercise is to state and prove the three isomorphism theorems and the
correspondence theorem.

Lemma 3.1.8 A left R-module is cyclic if and only if it is isomorphic
to R/I for some left ideal I in R. If V = Rv then V = R/Ann(v). If R
is commutative then Ann(Rv) = Ann(R).

Proof The module R/I is cyclic because it is generated by the coset
1+ 1. On the other hand, if V' = Ruv, then the map rRR — V,r — rvis a
surjective R-module homomorphism, whose kernel is Ann(v), so by the
First Isomorphism Theorem, we have V' = R/Ann(v). The rest is clear.

O

3.2 Direct sums and products

Definition 3.2.1 Let {V;};cs be a family of left R-modules.

The direct product of the this family of modules is defined to be the
cartesian product of the corresponding sets, i.e. the set [[,.; V; of all
families (v;);er such that v; € V; for all ¢ € I, with the pointwise opera-
tions:

(vi)ier + (wi)ier = (Vi + wi)icr, 7T(Vi)ier = (1V4)icr-

If I = & then the product is interpreted as (0). If I = {1,2,...,n} we
also write Vi x -+ X V.
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The direct sum of the family {V;};cs is the submodule
EBVi = {(v;)ier € HW | v; = 0 for almost all i} C HW.
il iel iel
IfI1={1,2,...,n} we also write V1 @ --- ® V.
Of course, there is no difference between finite direct products and

direct sums: Vi @ ---®V,, = V] x --- x V,,. This is not the case for the
infinite families.

The direct product [];.; Vi comes with natural projections
ﬂ'i:H‘/'L*)Viv (vi)ier v (i €1),
i€l
and the direct sum ), _; V; comes with natural injections
Li:‘/i_)®‘/iv (161)3
i€l

where ¢;(v;); = v; if j =4 and 0 otherwise. The following follows easily

Lemma 3.2.2 Natural injections ¢; : V; — @,c; Vi, (1 € I) are
indeed injective. Moreover everyv € @,.; Vi, (1t € I) can be written
uniquely in the form v =73, t;(v;), with almost all v; = 0.

We have the following important universal properties:

Theorem 3.2.3

(i) Let V be a left R-module and {p; : V — Vi}ier be a family of
R-module homomorphisms. Then there exists a unique R-module
homomorphism ¢ : V — [],c; Vi such that the following diagram
commutes for every i € I:

(ii) Let V be a left R-module and {p; : V; — V}ier be a family of

R-module homomorphisms. Then there exists a unique R-module
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homomorphism ¢ : ;. Vi — V such that the following diagram
commutes for every i € I:

Proof We prove (ii). Define
@ @Vi =V, (vi)ier — Z@z(vz)
il iel
Note that this definition makes sense and the map has the desired prop-

erties. On the other hand if ¢ o ¢; = ; for all ¢ then ¢ must be given
by this formula. O

Corollary 3.2.4 Let {V;}icr be a family of left R-modules, and V' be an-
other left R-module. Then there exists natural isomorphisms of abelian
groups
Homp(EP Vi, V) = [ [ Homp(Vi, V)
= il
and
Homp(V, [ [ Vi) = [ Homg(V, V).
i€l il
In particular, if Vi,..., Vi, and Wy, ..., Wy, are left R-modules, we have
a natural isomorphism

Homp (P Vi, P W;) = &b Hompg (V;, Wj).
i=1 j=1

1<i<n, 1<j<m

Note that a family of module homomorphisms {p; : V; — W;}ier
induces natural module homomorhisms
oo TIv— T wd o BVi— BV
iel iel iel iel iel iel
The map P, ; @i should not be confused with the map »,_; ¢; which

appears in the following circumstances. Given a family of module ho-
momorphisms {p; : V. — W},cr, such that for every v € V we have



3.2 Direct sums and products 127

vi(v) = 0 for almost all 4, we have the map
Z@¢:V—>VV, U»—»Z(pi(v).
icl iel

We give another characterization of direct sums.

Lemma 3.2.5 Let V,{V;}icr be left R-modules. Then V = @

and only if there exist homomorphisms V; “5 V 25V such that

ier Vi if
(i) piopi =idy,;

(if) pi o pj =0 whenever i # j;

(ili) for each v €V, pj(v) =0 for almost all i;

(iv) > iermiopi =idy.

Proof fV = @,¢;
and p; to be the standard projections.

V; then we can take p; to be the standard injections

Conversely, by Lemma 3.2.3(ii), there exists a homomorphism 6 :
@,c; Vi — V such that 0 o 1; = p;. Moreover, 0((vi)icr) = D ;e ; ti(vi)-
If 0((v;)icr) = 0, then for every j, using (i) and (ii), we have

0= Pj(z 1i(vi)) = vj,
iel
whence 6 is injective. If w € V, then v := ((pi(w))ier) € @;c; Vi by
(iii), and (iv) yields w = ;. pi(pi(w)) = 0(v). So 0 is surjective. [

The most important special case of the lemma is given by

Corollary 3.2.6 A left R module X is isomorphic to a direct sum of
left R-modules V& W if and only if there exist homomorphisms

Iz p
V < > X - - W

T v

such that mop =idy, pov =idw, mov =0, pou =0, and pom+vop =
idx.

Direct sums can also be characterized in terms of submodules rather
than homomorphisms. The following result is a converse to Lemma 3.2.2.

Lemma 3.2.7 Assume that {V;}icr is a family of R-submodules in a
left module V. If every element v € V' can be written uniquely in the
form v =3, v; with v; € V; for all i and v; = 0 for almost all i, then

V@ Vi
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Proof The inclusion homomorphisms V; — V induce a homomorphism
0 : P,c; Vi — V such that 0((vi)icr) = > ;e vi for every (vi)icr €
@,c; Vi- The hypothesis shows that 6 is bijective. |

Definition 3.2.8 A left R-module V is the internal direct sum of sub-
modules {V;}ier if every element v € V' can be written uniquely in the
form v = 3, v; with v; € V; for all 4 and v; = 0 for almost all 4, then

V = @ie[ Vz

The notation €, ; Vi is also used to denote internal direct sums,
which is justified by Lemma 3.2.7.

Proposition 3.2.9 A left R-module V 1is the internal direct sum of
submodules {V; }icr if and only if

(1) Vin (32,2 Vi) =0 forallieI;
(i) V=2 e, Vi

Proof “ =71t is clear that V' = >, , V. If v; € N(3_,,; V;) then
v; = Zﬁéi v; can be written in this form in two ways, unless v; = 0.

“ <7 By (ii) every element v € V' can be written in the form v =
Y icr Vi with v; € V; for all 4 and v; = 0 for almost all 4. If 3, ;v =
> _ier wi then for each i we have v;—w; = ., (w;—v;) € ViN(32, . Vi),
which is 0 by (i). O

Corollary 3.2.10 A left R-module X is the internal direct sum of its
submodules V- and W if and only if VAW =0 and V + W = X.

3.3 Simple and Semisimple modules

The following notion of a simple module is very important. It is similar
to the notion of a simple group in the sense that simple modules are
building blocks for more complicated modules, just like simple groups
are building blocks for all finite groups.

Definition 3.3.1 A left R-module V is called simple (or irreducible) if
V # 0 and V has no submodule different from 0 and V.

Example 3.3.2 (i) If F is a field, we saw that an F-module is the same
as F-vector space. Such module is simple if and only if the corresponding
vector space has dimension 1.
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(ii) We saw a Z-module is the same as an abelian group G. Tt is
irreducible if and only if the group is non-trivial and has no subgroups
except {1} and itself. So the module is irreducible if and only if G = C,,
a cyclic group of a prime order.

The easiest (but not the only!) way to build more general modules
out of simple modules is by taking direct sums. The modules obtained
by this method are called semisimple.

Definition 3.3.3 A left R-module V is called semisimple (or completely
reducible) if for any submodule W C V there is a submodule X C V
such that V =W & X.

Lemma 3.3.4 Any submodule and factor-module of a semisimple mod-
ule is semisimple.

Proof Let V be a semisimple module and W C V. Now, let Y be a
submodule of W. As Y is also a submodule of V' there is a submodule
Z C Vsuchthat V =Y @Z. Then it is easy to see that W = Y@(ZNW).
Moreover, V=W @ X for some submodule X C V, and V/W = X so
the result for quotient follows from the result on submodule. O

Theorem 3.3.5 Let V be a left R-module. Then the following are equiv-
alent:

(i) V is semisimple;
(ii) V is a direct sum of simple submodules;
(iii) V is a sum (not necessarily direct) of simple submodules.

Proof We may assume that V' # 0—otherwise the theorem is obvious.

(i) = (ii) We first show that any nonzero submodule W C V contains
a simple submodule. For a fixed element w € W \ {0} consider the set
of all submodules W’ C W such that w € W’. This set is non-empty,
as it contains the zero submodule. By Zorn’s Lemma, there exists a
submodule Wy which is a maximal element of this set. By Lemma 3.3.4,
W is semisimple, so W = Wy @ W7 for some submodule W; C W.
We claim that Wy is irreducible. Indeed, if W5 is a proper submodule
of Wy, then Wy = Wy @ W3, and W = Wy & Wy & W3. Moreover,
(Wo + Wa) N (Wo + W3) = Wy, so either w & Wy + Wy or w & Wy + Wi,
which contradicts the maximality of Wj.

Now, let {X,}aca be the set of all simple submodules of V. By
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the previous paragraph this set is non-empty. Let B be the set of all
subsets B C A such that the sum ZaeB
check the conditions of Zorn lemma to deduce that there is a maximal
element By € B, and we just have to verify that V =W':= 3" 5 X,.
Well, otherwise write V.= W’ @ W" and pick an irreducible submodule
Xg C W”. Then the sum Xz + ZQEBO X, is direct which contradicts
the maximality of By.

(ii) = (iii) is obvious.

(i) = (i) Let W C V be a submodule. Choose W/ C V to be a
maximal among submodules Y C V such that Y N W = 0. We just
need to prove that V = W + W’. Well, otherwise there is an element
v eV \ (W+W’'). By assumption (iii), we may write v = vy + - - + vy,
where v; is an element of a simple submodule V; CV. Asv g W + W',
we must have v; € W+W' for some v;. Hence V;N(W+W') = 0. Hence
W' C W' +V;and (W' +V;)NW = 0. This contradicts the maximality
of W'. OJ

X, is direct. It is easy to

3.4 Finiteness conditions

To develop a reasonable theory of modules we often have to assume that
they are not too large in such or another sense. There are different ways
to make this formal, and these are studied in this section.

Definition 3.4.1 Let V be a left R-module.
(i) We say that V satisfies A.C.C. (or V is noetherian) if every as-
cending sequence

MWWcWwhc...cvC...
terminates, i.e. there exists n such that V; =V, for all i > n.

(ii) We say that V satisfies D.C.C. (or V is artinian) if every descend-
ing sequence

VidVh2---DViD...

terminates, i.e. there exists n such that V; =V, for all i > n.

Definition 3.4.2 Let R be a ring. We say that R is left noetherian
(resp. left artinian) if so is the left regular module gR.

Remark 3.4.3 (i) One can also define the obvious notions of right
noetherian and right artinian. If the rings are commutative, there is
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of course no difference, and we just speak of noetherian and artinian
commutative rings. In the non-commutative case however, there are
examples of rings which are left artinian and left noetherian but not
right artinian or right noetherian, see Problem 3.17.1 from §3.17.

(ii) In case of the rings one should not consider the conditions of being
artinian and noetherian as somehow opposite to each other. Indeed, it
will turn out that every artinian ring is also noetherian (quite amazing,
isn’t it?).

Lemma 3.4.4 Let V be a left R-module.

(i) V satisfies A.C.C. if and only if every non-empty subset of sub-
modules in V' has a mazimal element (by inclusion).

(ii) V satisfies D.C.C. if and only if every non-empty subset of sub-
modules in V' has a minimal element (by inclusion).

Proof Obvious. ]

Lemma 3.4.5 Let V be a left R-module and W C V' be a submodule.
Then

(i) V satisfies A.C.C. if and only if W and V/W do.
(ii) V satisfies D.C.C. if and only if W and V/W do.

Proof We prove (i) and leave (ii) as an exercise. If V satisfies A.C.C.
then it is clear that W does. To see this for V//WW use the correspondence
theorem. Conversely, assume that both W and V/W satisfy A.C.C.
Let V1 C V5 C ... be an ascending chain of submodules in V. Then
WnVy CWnV, C... is an ascending chain of submodules in W, and
(Vi+W)/W C (Vo+W)/W C ... is an ascending chain of submodules
in V/W. Since both sequences terminate, there exists n such that V,, N
W =V, "W and (V,, + W)/W = (V,,, + W)/W for all m > n. Then
Vo +W =V, + W for all m > n. This implies that V,, = V,,, for all
m>n: ifveV,thenveV, + W=V, +W,sov=x+wforz eV,
andw eW. Now,w=v—z eV, "nW=V,NnWCV,. Thusv € V,.

U

We prove two more facts about noetherian modules.

Proposition 3.4.6 A left R-module V' satisfies A.C.C. if and only if
every submodule of V' is finitely generated.
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Proof If the module does not satisfy A.C.C. there is an infinite strictly
increasing chain of submodules:

VigVaC V...

Let W = Ug2,V;. This is a submodule of V. Assume W = (vq,...,vp).
Then there is N such that all v; € Vi, and so (v1,...,v,) C Vv C W,
giving a contradiction. The argument is easily reversed. 0

Theorem 3.4.7 Let R be a left noetherian ring and V be a left R-
module. Then V is noetherian if and only if it is finitely generated.

Proof By Proposition 3.4.6 we only have to prove the ‘if’-part. Now,
if V= {(vy,...,0), let V; = (vq,...,v;). Then for every i, V;/V;_1 is
cyclic, so is a quotient of g R, and so noetherian by Lemma 3.4.5. Now
V' is noetherian using induction and Lemma 3.4.5 again. 0

3.5 Jordan-Ho6lder and Krull-Schmidt

Definition 3.5.1 A composition series of a left R-module is a finite
chain of submodules

V=VvyoVvio>V¥>---DV,,=0

such that the quotients V;/V;y; are simple for all ¢ = 0,1,...,m — 1.
The simple modules V;/V; 1 are called its composition factors.

Of course a composition series for a module V' does not have to exist
(consider 7). If it does, we say that V has finite length.

Theorem 3.5.2 A left R-module V' has a finite length if and only if it
satisfies A.C.C. and D.C.C.

Proof Let V satisfy A.C.C. and D.C.C. Then by Lemma 3.4.4, in the
set of all proper submodules of V' there exists a maximal element V;.
Now, either V4 = 0 or in the set of all proper submodules of V] there
exists a maximal element V5. As V satisfies D.C.C, this process must
stop after finitely many steps, providing us with a composition series.

The converse follows using Lemma 3.4.5 and induction. 0
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Let

V:leXQD"'DXm+1:O,
V=Y120Y:D ---DY,41=0

be two composition series of V. We say that they are equivalent if m = n
and there is a permutation o € S, such that Y;/Yii1 = X,/ Xo@)+1
forall 1 <i<n.

Theorem 3.5.3 (Jordan-Hdlder) Let V' be a left R-module of finite
length. Then any two composition series of V are equivalent.

Proof Chose two composition series:

V=Xg2X;D2XsD---DX,, =0, (31)
V=Y%DY1DY; D ---DY, =0, (3.2)

and apply induction on n. If n = 1 then V is simple, and the result is
clear. Let n > 1. If X7 = Y7, then just apply the inductive assumption.
Otherwise we have X7 +Y; =V, and

V/X1 = (Xl +Y1)/X1 = Yl/(Xl ﬂYl),

(3.3)
V/iYi= (X1 +Y1)/Y1 =2 X /(XinY).

Choose a composition series of X7 NY7:
XinNY1=2yD>2Z1D>Zy>--D Z,=0.
Then we have two different composition series for V:

V=X X1iDX1NY1=20D21D>7ZyD---DZ;, =0, (3.4)
V=YyoWnhoXinY1=2pD221DZyD---DZ;, =0, (35)

which clearly have the same set of composition factors up to permuta-
tion. Now, by induction, (3.1) and (3.4) are equivalent, in particular
k =n—2. So we can apply induction to deduce that (3.2) and (3.5) are
equivalent. Hence (3.1) and (3.2) are equivalent, as required.

The following picture illustrates the main idea of the proof:
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Xo Xs —...— X, —0
/
X1
v/xy/ /1
1% xinYyYy, — 2, — ... — Z — 0
V/Yl\ /V/xl
1
AN
Yo Y — ... — Y, —0

O

There is another way to approach a notion of a building block for an
R-module.

Definition 3.5.4 A left R-module V is called indecmposable if V +#
0 and it cannot be presentaed as a direct sum of its two non-trivial
submodules.

It is clear that irreducible modules are indecomposable, but the con-
verse does not have to be true. For example Z/47Z is indecomposable
but not irreducible Z-module.

The role of indecomposable module is explained by the fact that any
finite length module can be decomposed as a direct sum of finitely many
indecomposable modules, and the latter are defined uniquely up to an
isomorphism:

Theorem 3.5.5 (Krull-Schmidt) Let V' be a left R-module of fi-
nite length. Then V can be decomposed as a finite direct sum of its
indecomposable submodules. Moreover, if V. = X1 & --- & X,,, and
V=Y1®---8&Y, are two such decompositions, then m = n and there
is a permutation o € Sy, such that X; = Y,y for all 1 <i<n.

We skip the proof of this theorem (sorry!)

3.6 Free modules

Of all modules, free modules are most like vector spaces. On the other
hand, they have universal properties like those enjoyed by free groups.



3.6 Free modules 135
Definition 3.6.1 Let V be a left R-module and X be a subset of V.

(i) X is linearly independent (over R) in case ) .y
re € R and almost all r, = 0, implies r, = 0 for all x.

rx = 0, with

(ii) A basis of V' is a linearly independent subset which generates V.
(iii) We say that V' is free on X if X is a basis of V. We say that V'
is free if it has a basis.

It is clear that V is free on X if and only if every element v € V' can be
written uniquely as a linear combination v = )
and almost all 7, = 0.

zex Tz where 7, € R

The following proposition classifies free R-modules.

Proposition 3.6.2 Let R be a ring.

(i) A left R-module is free if and only if it is isomorphic to a direct
sum @,;c; rR (for some I) of reqular modules.

(ii) A left R-module has basis X if and only if it is isomorphic to
D.cx rR. Conversely, for any set I, the module @, ; rR is
free on the set {e;}icr where e; has components (e;); = 1 and

(ei); =0 for j #i.

Proof Of course (i) follows from (ii). It is clear that @, ; rR is free on
{e;}icr. For the converse, let V' have basis X. The universal property
of a direct sum yiels a map 0 : @,cx rRE =V, (rz)zex ¥ D cx T2,
which is an isomorphism by the properties of bases. |

Corollary 3.6.3 For every set X there exists a free left R-module with
basis X, and it is unique up to isomorphism.

Theorem 3.6.4 (Universal property of Free Modules) Let F be a
left R-module free on X. Then for every left R-module V' and every map
f: X =V, there exists a unique R-module homomorphism f F -V
with f(z) = f(z) for all x € X, see the diagram below.
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Proof The homomorphism f must preserve linear combinations, and so
send Y rpx to rpf(z). Since X is a basis for F, there exists a unique
such map f, which clearly is a module homomorphism. O

Corollary 3.6.5 A left R-module which generated by a subset X is a
homomorphic image of the free left R-module on X.

Just like for groups, we can use free modules to describe arbitrary
modules by generators and relations. We do not pursue this here.

Instead, let us note that, unlike vector spaces, the notion of ‘dimen-
sion’ of a free module is not well-defined in general. For example the
regular module pR has basis, which consists of just one element {1}. On
the other hand, it might happen for some rings that gz R also has a basis
with two elements, see Problem 3.17.5. However, this does not happen if
the free module has an infinite basis (use a cardinality argument). An-
other important case when the ‘dimension’ happens to be well-defined
is that of a commutative ring:

Theorem 3.6.6 If R is commutative, then all bases of a free R-module
have the same number of elements.

Proof Let F be a free R-module with a basis X. Let I be a maximal
ideal of R, and k := R/I. Then k is a field. Note that IF' consists of
all elements of the form ) _ r,@ such that all r, € I. Consider F'/IF
as a k-vector space. It is easy to check that {x + IF | x € B} is a basis
of this vector space. As we know that dimensions of vector spaces are
well-defined, the theorem follows. |

Yet another important case where all bases have the same cardinality
is when R is a division ring. This is proved in the same manner as for
the vector spaces over fields.

When all bases of a free left R-module have the same number of ele-
ments, that number is called the rank of the module. For example, every
free abelian group has a rank.

3.7 Modules over PID’s

In this section we recall some basic facts about PID’s and then study
finitely generated modules over PID’s. Throughout the section we as-
sume that R is a PID. Here is a list of facts which I assume you know:
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e The definition of a PID.

e Examples of PIDs: Euclidean domains, such as integers Z, poly-
nomials over a field F[z], Gaussian integers Z[i] (There are PID’s
which are not euclidean, but examples are rather technical). Ex-
amples of domains which are not PID’s: Z[z], Flz,y].

e Any PID is noetherian.

e An element r of a PID is irreducible if and only if it is prime if
and only if (r) is a non-zero maximal ideal (a non-zero, non-unit
element of a domain is called irreducible if it can not be written
as a product of two non-units; a non-zero, non-unit element p
of a domain is called prime if p | ab implies p | a or p | b or,
equivalently, if (p) is a prime ideal).

e PID is a UFD. This means two things: (a) in a PID every non-zero
non-unit is a product of irreducible elements; (b) if two products
of irreducible elements p1ps...pm = q1g2...q, are equal, then
m = n, and up to a permutation we have (p;) = (¢;)-

e The notion of the LCM and GCD in PID’s. If d = (a,b) is the
GCD of a and b (defined up to a unit) then (a) + (b) = (d).
If a = pi*...p% and b = pﬁl ...p% are decompositions into

irreducible factors, then (a,b) = pi* ...pS where ¢; = min(ay, b;)

for all 7 (note the equalities are up to a unit).

Lemma 3.7.1 Let R be a PID, and V be a free R-module with finite
basis {v1,...,vn}. Every submodule W of F is free and rank W < n.

Proof Induction on n, starting from n = 0. Let n > 0. Every element
w € W can be written uniquely in the form w = ryvy + - - - +7r,v, where
r; € R. The set of all coefficients r; when w runs over W is an ideal
I'aR. As R is a PID, there exists s € R such that I = (s). Then
wy = svy + -+ + ryv, for some wy € W. Set V! = Rvs @ --- ® Ru,.
By induction, the submodule V/ N W has a basis wa, ..., w,, for some
m < n. Moreover, it is clear that {wy,wa,...,w,} is a basis of W
(except for the case s = 0 when the element w; is absent). U

For a converse to Lemma 3.7.1, see Problem 3.17.14.

The study of finitely generated R-modules is closely related with the
theory of invariant factors of rectangular matrices over R. The matrices
appear as follows. Let {v1,...,v,} be a basis of V. For a matrix X =
(xij) € M,(R) (the ring of n by n matrices with entries in R), define
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the elements v},...,v], € V via
(V] yvh) = (v1y. oy 00) X,

le. v} = 2?21 xj;v;. It is easy to see that {v],...,v],} is a basis of V' if
and only if the matrix X is unimodular, i.e. there exists Y € M, (R) such
that XY =YX = I,, which is equivalent to the fact that det X € R*
(R* denotes the units in R).

Now let W C V be a submodule, and {wy,...,w,} be a basis of W.
We know that m < n. We can write

(Wi, .., W) = (v1,...,0,)A,

for some A € M,, ,»(R) (n x m matrices over R). Assume that we have
new bases in V' and W:

(V] vh) = (v, on) X, (W, wl) = (w1, wy)Y
for unimodular matrices X € M, (R) and Y € M,,(R). Then
(wy,...,wh) = (v],..., v, )X LAY

rn

Our first goal is to show that the matrices X and Y can be chosen so
that X ' AY = diag(ry,...,7m), the matrix in M, ,,(R) with r1,... 7,
on the main diagonal, and zeros elsewhere. In fact, this can be done in
a careful way so that certain division properties hold and then we can
even say something about uniqueness of the resulting diagonal matrix,
see Theorems 3.7.3 and 3.7.7 below.

Definition 3.7.2 Two matrices A and B in M, ,,(R) are called equiv-
alent, written A ~ B, if there exist unimodular matrices X; € M, (R)
and Xy € M,,(R) such that B = X; AX5.

Theorem 3.7.3 Let R be a PID. Every matriz A € M, n(R) is equiva-
lent to a matriz of the form diag(d,...,0d,0,...,0), where §; € R\ {0},
0; divides 6;41 for all 1 <i < k.

Proof We will demonstrate an effective method of reducing any matrix
to the required form using elementary transformations with rows and
columns. Let X;; be the unimodular matrix obtained from the identity
matrix I (of appropriate size) by permuting rows ¢ and j. Note that for
B € M, m(R), the matrix X,;B is obtained from B by permuting rows
¢ and J, while BXy; is obtained from B by permuting columns k and
l. Now for i # j, let Y;;(r) = I + rE;; be a transvection matrix (of an
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appropriate size). Again Y;;(r) is unimodular, and Y;;(r)B is obtained
from B by adding the jth row multiplied by r to the ith row, while
BY},(r) is obtained from B by adding the kth column multiplied by r
to the lth column.

We assume by induction that the theorem is proved for all (n — 1) x
(m — 1) matrices over R and that A # 0. Consider the following cases.

Case 1. Some element a;; of A divides all other elements. Then
multiplying A on the right and on the left by the matrices of the form
X, we will get a matrix B ~ A with by; dividing all other entries. Now
we can use multiplication on the left and on the right with matrices of
the form ¥;1(r) and Y7,(r) to get a new matrix C' ~ A of the form

b11 0
0 C;

and all elements of C; are divisible by b1;. By induction, there are
unimodular matrices X; and Y; such that Y1C;X; has the required

form. Let
1 0 1 0
(%) 7=l w)

- b11 0
c ycx(o Y101X1>.

Then

Moreover, it is easy to see that by; divides the first diagonal element of
the diagonal matrix Y1C7X;. Thus, YCX has the required form.

Case 2. None of the elements a;; of A divides all other elements.
Let a € R be an entry of the matrix A with the minimal number k of
irreducible factors. As a is not a unit, £ > 0. It suffices to show that
A ~ B where B contains an element which has less than k irreducible
factors. We may assume that a = aq1. If aj; divides all elements of the
first row and the first column, then, as in the case 1,

ai1 0
A ~J B =
(s 5):
and ay1 fb for some element b of the matrix By. Then adding to the first
column of B the column of B containing b, we get a matrix equivalent
to A in which a;; does not divide some element of the first column.
So we may assume from the beginning that a;; does not divide some

element of the first row or column. Assume for definiteness that aqq
does not divide an element of the first column. We may assume, passing
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if necessary to an equivalent matrix, that a1y fas;. Let d = (a1, a21).
Then (d) = (a11) + (a21), so d = c1a11 + c2a2; for some ¢, co € R with
(c1)+(c2) = R. So there are elements dy,ds € R such that dycy —dace =
1. Then the matrix
1 C2
X = dQ dl
0 I

is unimodular, and the matrix XA has an element d in the position
(1,1). It remains to note that d has less than k irreducible factors. [

The elements §; in the theorem above are called invariant factors of
the matrix A. It will follow from Theorem 3.7.7 that they are defined
uniquely up to units in R.

We make some remarks on torsion in R-modules. Let V be an R-
module and v € V. We have Ann(v) = (r) for some element r € R
defined up to a unit. We say that r is the order of v or (r) is the
order ideal of v. If the order ideal of v is non-zero we say that v is
a periodic element; otherwise v is aperiodic. The module V is called
torsion module if all of its elements are periodic; V is torsion-free if
all non-zero elements of V are aperiodic. The following lemma follows
easily from the definitions.

Lemma 3.7.4 Let R be a PID, and V be an R-module. The set T
of all periodic elements of V is a torsion submodule of V, and V/T is
torsion-free.

The submodule T consisting of all periodic elements of V' is called the
torsion of V.

Now we make an important step to proving uniqueness of invariant
factors.

Lemma 3.7.5 Let R be a PID, § be a non-zero non-unit element of R,
and § = my ...7,, where the elements w; are powers of irreducible factors
of 6 (up to units). Then we have an isomorphism of R-modules

R/(8) = R/(m) ®--- ® R/(7n),
and the modules R/(m;) are indecomposable.

m

Proof We first prove that R/(m;) is indecomposable. Let m; = p
for an irreducible element p € R. Note that submodules X C R/(p")
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are in one-to-one correspondence with the ideals of R containing (p™).
Hence they form a chain. In particular R/(p™) has a unique minimal
submodule, whence R/(m;) is indecomposable.

Let ¢; = H#i mj, 1 <i <mn, and denote

G =G+ (5) € R/(6).

As GCD((y, ..., ¢n) = 1, there exist elements &; such that 1 = Y7 | &¢;.
It follows that

R/(8) = R¢i + -+ + RGy.

[ass

Moreover, R(; & R/(m;), and so it just remains to show that the sum is
direct. Assume 7;(; = P n;¢;. There are o, B € R with am;+3¢; = 1.
As m;¢; = 0, we have

miGi = (1 — am)niC; = B¢ Zﬂjfj =0.
i
U

Lemma 3.7.6 Let R be a PID, and 61|02 ... |0, 61|05 ... |0}, be non-
zero non-unit elements of R such that

R/(61)® - ®R/(5k) X V/W 2 R/(6))® -+ ® R/(5},).

Then k = k' and 6; = 6, up to a unit for all 1 <i <k.

Proof Decompose each §; and 6} into the products of powers of distinct
irreducible elements:

/

_ . L !
0i = M1« oMy, O3 =Tiq .. T

Then by Lemma 3.7.5,

D R/(mim) = D R/(7i ),

1<i<k, 1<m<j; 1<i<k!, 1<m<j]

with all the summands being indecomposable. Let X := {m;,, | 1 <
i<k 1<m<j}and {n,, [1<i<Fk, 1<m<j}= X" Then
Krull-Schmidt’s Theorem implies that X = X’ (some elements might
appear in both sets several times, and we do have that the corresponding
multiplicities are the same).

We claim that the elements 0; (resp. d;) can be recovered from X (resp.
X"). Indeed, note that d is the LCM of the elements of X, dx_1 is the

LCM of the elements of X, which do not appear in the decomposition
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of 0y, etc. The same algorithm works for X’. As X = X', we are done.

O

Theorem 3.7.7 Let R be a PID, V be a free left R-module of finite
rank, and W C V be a non-zero submodule. Then there exists a basis
{vi,...,vn} of V and non-zero elements d1,...,0, € R (1 < k < n)
such that 0;]0;41 (1 < i < k) and {61v1,...,0kv} is a basis of W.
The elements §; are called invariant factors of the pair (V,W) and are
defined uniquely up to units in R.

Proof The existence of the basis {v1,...,v,} and the elements 41, ..., 0y
follows from Theorem 3.7.3. Assume that {v{,...,v)} and d7,...,d}
also have the desired properties (k is the same as the rank of W is
well-defined). Note that

R/(61)® - ®R/(0k) XV/W X R/(6}) @ ® R/(5},).

Now, apply Lemma 3.7.6. Ul

Theorem 3.7.8 Let R be a PID, and V be a finitely generated R-module.
Then

V= (rR)®™ @ R/(01)® - & R/(81)

where 81 |92 | ... | Ok are non-zero non-unit elements of R. Moreover, the
number m is defined uniquely and the elements §; are defined uniquely
up to units.

Proof Let V.= > | Ru;, and let F = @ Rf; be a free module
with basis {f1,..., fn}. Then there exists a surjective homomorphism
O:F —V, 3" rifi— > rv;. Let W =kerf. Then V = F/W.
If W =0, then V is free. Let W # 0. By Theorem 3.7.7, there is a
basis {e1,...,e,} of F' and non-zero non-unit elements d; | d2 | ... | Jx of
R such that W = Rdie1 & -+ @ Répey, for some k < n. Now it is easy
to see that F/W = R/(61) & - & R/(0k) & (rR)®"F.

For uniqueness, note that T := R/(61) ® --- ® R/(dx) is the torsion
of V, and that V/T = (rR)®™. Now the uniqueness statement follows
from Lemma 3.7.6 and the fact that the rank of free R-modules is well-
defined. U]

We can decompose the torsion part of the module further:
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Theorem 3.7.9 Let R be a PID and V be a finitely generated torsion
R-module. Then

= ®?:1R/(7Ti)v

where the m; are prime powers in R. Moreover, the m; are defined
uniquely up to units.

Proof Everything follows from Lemma 3.7.5, Theorem 3.7.8, and Krull-
Schmidt. 0

Applying the above results to the case R = Z gives

Theorem 3.7.10 (Fundamental Theorem of Abelian Groups) Let
G be a finitely generated abelian group. Then

G2 (Cx) ™ xCs x -+ xCs,

where 01|02 | ... |0k are positive integers greater than 1. More-
over, the numbers m and the 6; are defined uniquely.

where the m; are prime powers. Moreover, m and the m; are
defined uniquely.

3.8 Normal forms of a matrix over a field

In this section we apply the theory developed for modules over PIDs
to obtain canonical forms of matrices over a field F. Let V be a finite
dimensional vector space over F', and ¢ : V' — V be a non-zero linear
operator. We want to find a basis of V' in which the matrix of ¢ has a
particularly nice form. The link with the theory of modules comes from
the following easy observation: the vector space V is a module over the
polynomial ring F[z] via the action fv:= f(p)v forv €V, f € Flx].
As the dimension of the space End(V) is finite, the elements id =
WY o, 0%, ..., 0N are linearly dependent for sufficiently large N. This
means that there is a non-zero polynomial g € F[x] such that g(¢) = 0.
So the annihilator of the module V' is a non-trivial proper ideal in F[z].
This annihilator is the principal ideal generated by some polynomial
m(z) defined uniquely up to a unit. Hence the additional requirement
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that this generator m(x) is monic defines m(z) uniquely. Clearly, an-
other way to characterize m is to say that this is the monic polynomial
of minimal possible degree annihilating ¢. Such polynomial is called the
minimal polynomial of .

The discussion above shows that the F[z]-module V is torsion. The
discussion above shows that the F[z]-module V is torsion. By Theo-
rem 3.7.8, we can decompose V as a direct sum

V=i ---aV,

where each Vj is isomorphic to F[z]/(d;), where d1 | 2| ... | O are monic
polynomials of positive degree. Moreover, these polynomials are unique.

For any monic polynomial f(z) = 2% + ag_1297 + - -- + ao define its
companion matriz C(f) to be the matrix of the left multiplication by x
in the vector space F[z]/(f) with respect to the basis {1,z,..., 2% 1}:

00 - 0 —a
10 - 0 -a
01 - 0 —a
C(f) =
00 -« 0 —ag-
00 - 1 —ag

Note that we have identified the action of ¢ on V; with action of z in
F[z]/(d;). So we have

Theorem 3.8.1 (The First Canonical Form) If ¢ is a linear trans-
formation in a finite dimensional vector space V' over an arbitrary field
F, then there exists a basis of V with respect to which the matriz of
¢ has a block diagonal form diag(C(d1),...,C(0r), where 61 |d2| ... |k
are monic polynomials over F of positive degree. Moreover, such pre-
sentation is unique.

Similarly, Theorem 3.7.9 implies

Theorem 3.8.2 (The Second Canonical Form) If ¢ is a linear
transformation in a finite dimensional vector space V' over an arbi-
trary field F, then there exists a basis of V with respect to which the
matriz of ¢ has a block diagonal form diag(C(pi'),...,C(p%m)), where
pit, ..., pm are positive powers of irreducible polynomials over F. Such
presentation is unique up to a permutation of blocks.
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If p € F[z] is of degree d, consider the following basis of F[z]/(p®):
{pa717xpa71, o ’mdflpa717pa727xpa72’ o ’[Edflpaf?, o
Lz,... o1,

In this matrix the multiplication by z has the following matrix

Clp) M 0o ... 0 0
0 Cp) M ... 0 0
J(p, a) = )
0 0 0 Clp) M
0 0 0 0 C(p)

where M is the m x m matrix with 1 in the (1,m) position and zeros
elsewhere. We will call this matrix a generalized Jordan block.

Theorem 3.8.3 (Generalized Jordan Normal Form) If ¢ is a lin-
ear transformation in a finite dimensional vector space V over an ar-
bitrary field F, then there exists a basis of V with respect to which the
matriz of ¢ has a block diagonal form diag(J(p1,ai1),...,J(Pm,am)),
where p1,...,Pm are irreductble polynomaials over F', and a1, ..., a, are
positive integers. Such presentation is unique up to a permutation of
generalized Jordan blocks.

Of course, if the field F is algebraically closed then the only irreducible
polynomials are linear, and so the theorem above boils down to the usual
Jordan normal form result.

Finally we are interested in an algorithm for finding the canonical
forms of linear operators. Let A be the matrix of our linear operator ¢
in some basis. The matrix A—xI can be considered as a matrix over the
polynomial ring F[x]. The proof of Theorem 3.7.3 provides us with the
algorithm for finding invariant factors d1,...,d; and hence elementary
divisors pit,...,p%m of A — zI. Tt is not hard to see that these are the

m
ones appearing in the canonical forms of .

3.9 Algebras and Modules over Algebras

Many of our favorite rings are actually more than just rings. For example
the ring F'[z] of polynomials over a field F' has the additional structure
of a vector space over F. This leads us to the idea of an algebra.



146 Modules

Definition 3.9.1 Let R be a commutative ring. An R-algebra (or an
associative R-algebra or an associative algebra over R) is a ring A (as
usual with identity) with an additional structure of an R-module such
that a(ab) = (wa)b = a(ab) for all a,b € A, a € R.

Remark 3.9.2 Every ring is automatically a Z-algebra. The most ‘pop-
ular’ algebras are algebras over fields. These are rings with additional
structure of a vector space over a field F' such that the natural axiom of
Definition 3.9.1 is satisfied.

Remark 3.9.3 In this course we will only consider associative algebras,
i.e. those whose multiplication is associative, and so we will just call
them algebras. However, not only associative algebras are interesting.
A very important class of non-associative algebras is that of Lie algebras.
A typical example of a Lie algebra is the vector space of all n xn matrices
over F' with multiplication given by [A4, B] = AB — BA.

Note that the field F' is itself an F-algebra, and every F-algebra has
F' as a subalgebra: consider the set of all scalar multiples of 1 € A. Note
that this subalgebra is central.

If A is an F-algebra, we can speak of A-modules because A is a ring
to start with. Note, however, that any A-module is now naturally an
F-vector space, because the subalgebra F' C A acts on it. This allows
us to speak of the dimension of an A-module for example.

3.10 Endomorphism Ring of a Module
Recall that if V' is a left R-module then Endg (V') has a structure of a
ring: if 6,7 € Endg(V) then (6 £7)(v) = 0(v) £ n(v) and On = Gon. If
R is an F-algebra then Endgr(V) is also an F-algebra.
The following is an easy exercise:

Lemma 3.10.1 There is an isomorphism of rings Endr(grR)°? = R
which assigns to each x € R the endomorphism r — rx. If R is an
F'-algebra then the map above is an isomorphism of algebras.

Lemma 3.10.2 (Schur’s Lemma) Let V and W be simple left R-
modules.

(i) A module homomorphism from V to W is either 0 or isomor-
phism. In particular, Endg(V') is a division ring.
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(ii) If R is an F-algebra and F is algebraically closed then Endr (V) =
{cidy |ce F} = F.

Proof (i) If § € Homp(V, W) \ {0} then kerf # V and im 6 # 0. Hence
ker§ = 0 and im § = W by simplicity of V and W.

(i) Now, let R be an F-algebra and F = F. Then any 6 € Endg(V)
is a linear operator on V. Let ¢ € F be its eigenvalue. Then 6 — cidy €
Endg(V), and 6 — cidy has a non-trivial kernel (the c-eigenspace of 0).
It follows from (i) that  — cidy =0, i.e. 6 = cidy. O

Let V be a left R-module and E := Endg(V)°P. Then V becomes a
right F-module via evaluation: v = 6(v) for v € V, 8 € E. Now we
want to address the natural question: what do we know about Endg(V)?
Of course we always have a ring homomorphism

R — Endg(V),r — 6,, where 6,.(v) =rv (v eV). (3.6)

If R is an algebra the map (3.6) is a homomorphism of algebras.
In the special case where V = pR Lemma 3.10.1 implies

Lemma 3.10.3 If V = grR then the map (3.6) is an isomorhism.

For a semisimple V' the image of the map (3.6) is ”large” or ”dense”
in Endg (V) in the sense of Theorem 3.10.6 below. To prove Jacobson
Density Theorem we need to do some preliminary work. Let V be a left
R-module. We denote by V¥™ an (outer) direct sum of n copies of V.
If f: V — V is a map we denote via f®" the map V®® — V®" which
maps (v1,...,0,) to (f(v1),..., f(vn)).

For any ring F, let M, (E) be the ring of n by n matrices over E.
Then, if V is a right E-module, V®" is a right M, (E)-module in a
natural way: if A = (a;5)1<ij<n € Myp(F), then

(V1. y00) A= (w1,...,wy),

where w; = 377 via;; for all i = 1,2,...,n.

Lemma 3.10.4 Let E be a ring, D = M,(E), and V be a right E-
module. Then

a:Endp(V) — Endp(VO"): f fO0

18 a Ting isomorphism.
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Proof First of all, if f € Endg(V), it is clear that f®" € Endp(V®").
Now it is also easy to see that « is an injective ring homomorphism. To
see that « is surjective, let g € Endp(V®™). Denote by ¢; : V — V®" the
ith natural injection and by m; : V®" — V the jth natural projection.
Then

gij ==mjogou :V —V €Endg(V).

Denote e € D the (j, k)-matrix unit. Then e, acts on V" as ¢ o .
So

g((v1, - vn)Gik) = g((v1, - -+, vn)) Gk

implies gj, = 0 for j # k. Moreover, for every element o € S,, we have
an element p, € D, which maps (vi,...,vn) t0 (Vo(1),- -+, Vs(n)). The
fact that g commutes with p, now implies that g;; = gir for all j, k.
Thus g = f®", where f = g;;. To see that f € Endg(V), pick any n € E
and use the fact that f®" = g commutes with diag(n,...,n) € D. [

Corollary 3.10.5 Let V' be a left R-module, E = Endg(V)°, and
D = Endg(V®™)°P. Then f — fO" is a ring isomorphism

Endg(V) = Endp (V).

Proof We can identify D with M, (F) using Corollary 3.2.4. So every-
thing follows from Lemma 3.10.4. Ul

Theorem 3.10.6 (Jacobson Density Theorem) Let V be a semisim-
ple left R-module and E = Endg(V)°P. For every f € Endg(V) and
V1,...,0n €V there exists r € R such that f(v;) = rv; for all i.

Proof Let f € Endg(V) and v € V. As V is semisimple, we have
V = Rv@ W for some submodule W. The projection 7 : V' — Ruv along
W is an element of E. So f(v) = f(vr) = f(v)w, whence f(v) € Ro.
This proves the theorem in the case n = 1.

In general, let D = Endg(V®")°P. Then V%" is a semisimple left R-
module. By Corollary 3.10.5, f®" € Endp(V®™). By the case n =1 for
each (vq,...,v,) € VO there exists r € R such that f€"((vy,...,v,)) =
r(vi,...,0p). O

Example 3.10.7 (i) Assume that R is an F-algebra, F is algebraically
closed, and V is a finite dimensional simple R-module. By Schur’s
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Lemma, F = F, and the Density Theorem implies that for any f €
Endp(V) there is r € R with f(v) =rv for allv € V.

(ii) Assume that R is a division ring and V is a finite dimensional
R-vector space with basis {v1,...,v,}. Then V is semisimple R-module
and E = M, (R°?) = M, (R)°P. Now the Density Theorem implies that
the center of M, (R) consists of the scalar matrices {cI,, | ¢ € Z(R)}. Of
course, it is easy to see this directly.

3.11 The Wedderburn-Artin Theorem

The main result of this section is a fundamental structure theorem for
semisimple rings. The class of semisimple rings is very important: it
includes for example group algebras of finite groups over fields of char-
acteristic 0.

Definition 3.11.1 A ring R is called left semisimple if every left R-
module is semisimple.

Remark 3.11.2 More standard terminology here is semisimple artinian.
To gain right to use this terminology we will need to prove that any
left semisimple ring is right semisimple (i.e. all right R-modules are
semisimple) and also is both left and right artinian. Once these facts
are established we will switch to the standard terminology.

We will have lots of equivalent reformulations of the notion of left
semisimple. The following lemma provides us with the first two. Recall
that an element e € R is called an idempotent if e? = e.

Lemma 3.11.3 For a ring R the following properties are equivalent:

(i) R is left semisimple.
(ii) The left regular module g R is semisimple.
(iii) Ewvery left ideal of R is generated by an idempotent.

Proof Obviously (i) implies (ii). Moreover (ii) implies (i) as every mod-
ule is a quotient of a free module, and a quotient of a semisimple module
is semisimple.

(ii) = (iii) Let I be a left ideal of R. By assumption, R = I & J for
some left ideal J. Then 1 =e+ f for e € I and f € J. We claim that
e is an idempotent and I = Re. Clearly, Re C I. Conversely, if x € I,
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then z =z -1 = xe + = f, which implies z = ze (and zf = 0). It follows
that e is an idempotent and I C Re.

(i) = (ii) Let I = Re be a left ideal. We claim that RR =1 & J
where J = R(1—e). Indeed, each r € R can be written as r = re+r(1—
e), whence gR = I+J. To see that the sum is direct, let r € ReNR(1—e).
Then r = xze = y(1 — e) implies r = ze = xzee = y(1 — e)e = 0. O

Note that a left ideal of a ring R is minimal (non-zero) if and only if
it is simple as a left R-module. Thus a ring is left semisimple if and only
if it is a direct sum of minimal left ideals.

The following result gives an important family of left-semisimple rings:

Theorem 3.11.4 (Maschke’s Theorem) Let G be a finite group and
F be a field of characteristic p > 0. Then the group algebra FG is
semisimple if and only if p does not divide |G)|.

Proof If p||G| it follows from Problem 3.17.7 that F'G is not semisimple.
Now, let p [|G|, and W C V be left FG-modules. We need to show that
there is a submodule X CV with V =W ¢ X.

Let Y be an F-subspace of V with V.= W @ Y. The projection
¢ :V — W is a linear transformation. We define a map ¢ : V.— V by
the formula

o(v) Z g 'm(gv) (veV).
IGI =
It is clear that ¢ is linear. We claim that ¢ is actually an F'G-module

homomorphism. To check this fact it suffices to verify that ¢(hv) =
he(v) for all h € G,v € V. Well, we have

p(hv) g 'm(ghv)
|G\ 2.

geG

|G\ Z hh~ g lw(ghv)

geG
= @h Z h g7 n(gho)
geG
|G‘hzg '7(gv) = hep(v).
geG

As W is a submodule we have imp C W. We claim that actually
imp = W. This follows from the fact that ¢(w) = w for any w € W.
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Indeed, note that 7(w’) = w’ for any w’ € W, so

1 1
e(w) = & > g m(gw)

geG
1
= @ > g lgw
geG
1
geG

By a standard argument we now have a module decomposition V =
W @ ker . ]

Proposition 3.11.5 Let R be a left semisimple ring.

(i) Let V' be a simple left R-module and I be a minimal left ideal of
R. IfV#1 then IV = 0.

(ii) Every simple left R-module is isomorphic to a minimal left ideal
of R.

Proof (i) Assume IV # 0. Then Iv # 0 for some v € V. As V is simple,
V = Iv. Thus we have a non-zero homomorphism = — zv from I to V.
By Schur’s Lemma, it is an isomorphism.

(ii) Let V be a simple R-module. As R is a sum of minimal left ideals,
there is a minimal left ideal I of R with IV # 0. Now V = I by (i). O

We now produce examples of left semisimple rings, which will turn
out to be ‘general enough’...

Proposition 3.11.6 Let D be a division ring. Then R = M,(D) is
a direct sum of n minimal left ideals. All simple left R-modules are
faithful, isomorphic to each other, and have dimension n over D.

Proof Let I; be the set of all matrices in R, in which all entries are
zero outside of jth column. It is readily checked that I; has dimension
n over D, is a minimal left ideal of R, and is faithful when considered as
a left R-module. As R=11 ®---® I,,, R is left semisimple. It remains
to observe that I; = I for any j, k and use Proposition 3.11.5. 0

The following result follows from the definition of left semisimple rings.

Proposition 3.11.7 If rings Ri,...,R,, are semisimple, then so is
R DR,
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It follows from the previous two propositions that any ring of the form
M, (D1)® - -®M,,, (D,,) is semisimple. The fundamental Wedderburn-
Artin Theorem which we will prove by the end of this section claims that
all left semisimple rings look like this.

Lemma 3.11.8 Let R= R1®---® Ry, be a direct sum of rings. The left
(resp. right, resp. two-sided) ideals of R; coincide with the left (resp.
right, resp. two-sided) ideals of R contained in R;. The minimal left
(resp. right, resp. two-sided) ideals of R; coincide with the minimal left
(resp. right, resp. two-sided) ideals of R contained in R;.

Proof A left ideal of R which is contained in R; is obviously a left ideal
of R;. Conversely, a left ideal of R; is a left ideal of R. The lemma for
the left ideals follows. For other ideals the argument is similar. OJ

Definition 3.11.9 A ring R is simple if R has no two-sided ideals but
0 and R.

Remark 3.11.10 In spite of what the terminology might suggest it is
not true that simple ring is necessarily left semisimple, although this is
true under the assumption that the ring is left artinian.

Let R be an arbitrary ring. We will say that two left ideals I, J of R
are isomorphic if they are isomorphic as left R-modules.

Theorem 3.11.11 Let R be a left semisimple ring and (Cy)qca be the
family of isomorphy classes of minimal left ideals of R. For each class

C, let R, be the sum of all minimal left ideals I € C,.

(i) A is finite. In particular, there are only finitely many non-
isomorphic simple R-modules.
(ii) Any two-sided ideal of R equals ®pecpRy for some B C A. In
particular, each R, is a minimal two-sided ideal of R.
(iii) R is isomorphic to the direct sum of finitely many rings R,.
(iv) Each R, is a simple ring and a left semisimple ring. Moreover,
all simple R,-modules are isomorphic.

Proof Since R is left semisimple, we have pR = ), R4, see Theo-
rem 3.3.5. Each R, is a left ideal of R. By Proposition 3.11.5,

R,Ry, =0 whenever a #b. (3.7
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Hence R,R = R, ZGGA R, = R,R, C R,, and R, is a two-sided ideal
of R.

Now, let J be any non-zero two-sided ideal of R. Then J is a semisim-
ple left R-module and contains a simple submodule, that is a minimal left
ideal I of R. Say, I € Cy, and let I’ € Cy. Since I is a direct summand
of R, composing the projection R — I, the isomorphism I = I’, and the
embedding I’ — R yields an endomorphism 7 of g R. By Lemma 3.10.3,
there exists r € R such that I’ = n(I) = Ir C J. It follows that R, C J.
Now, let J’ be the sum of all R, contained in .J. As R is left semisimple,
we can write J = J' @ J” where J” is a left ideal of R. If J” # 0 then
it contains a minimal left ideal I’, and as above R, C J if I’ € C}. So
I' C R, C J and so J'NJ"” = 0 leads to a contradiction. We have
proved that any two-sided ideal J looks like a direct sum of some R,.
This gives (ii).

Since R =), 4 Ra, wehave 1 =3 _,
for almost all a. If r € Ry, then 7 =7 -1 =%, re, = re,, in view
of (3.7). Similarly r = e,r. Thus e, is the identity of R,, and R, is a
ring. Moreover, since C, # &, we have R, # 0. Therefore ¢, # 0 for all
a € A proving (i).

€q, Where e, € R, and e, =0

We have R, N (Zbia Ry) = 0, as r € R, implies r = e,r and © €
> _bza I implies eqr = 0. Moreover, using (3.7) we deduce that

O ra)O s) =D Tasa  (Ta,sa € Ra).

acA beA acA

This proves (iii).

By Lemma 3.11.8 and (ii), R, is a simple ring. Also, the minimal
left ideals of R, coincide with the minimal left ideals of R contained in
R,. So R, is a sum of minimal left ideals of R,, hence left semisimple.
Moreover, the minimal left ideals of R, are all in C,, hence they are
all isomorphic as R-modules, and so they are also all isomorphic as R,-
modules. O

Corollary 3.11.12 A left semisimple ring R is simple if and only if all
simple left R-modules are isomorphic. In particlular, M, (D) is simple
and left semisimple for every division ring D.

Theorem 3.11.13 A ring is both simple and left semisimple if and only
if it is isomorphic to a ring of n X n matrices over a division ring.
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Proof The ‘if’-part is contained in Corollary 3.11.12. Conversely, let R
be simple and left semisimple. Then R is a direct sum R = @G4cal, of
minimal left ideals. Now 1 = > _,
eq=0.Ifrely, thenr=r-1=7%" _,req € Dacal, implies r = rey.
Therefore e, # 0. It follows that A is finite. By Corollary 3.11.12,
rR =2 VO™ for some irreducible R-module V' and some m > 0.

eq, where e, € I, and almost all

By Schur’s Lemma, D := Endg(V) is a division ring. Moreover, it is
easy to see that Endg(V®™) = M,, (D). Finally,

R Endp(rR)* = Endp(V®™) = M, (D),
whence R = M,,(D)°? = M,,(D°P). O
Theorems 3.11.11 and 3.11.13 now yield:

Theorem 3.11.14 (Wedderburn-Artin) A ring is left semisimple if
and only if it is isomorphic to a direct sum M, ,(D1)® -+ & M,, (Dm)
of finitely many finite dimensional matrix rings over division Tings.

Corollary 3.11.15

(i) A ring is left semisimple if and only if it is right semisimple.
(i1) A left semisimple ring is left and right artinian.

Proof (i) By definition R is right semisimple if and only if R°P is
left semisimple. Now observe that M, (D)°? = M, (D°P), using the
transpose map. So the Wedderbur-Artin theorem implies that R is left
semisimple if and only if R°P is left semisimple if and only if R is right
semismiple.

(ii) By Proposition 3.11.6 and Wedderburn-Artin, a left semisimple
ring R is a direct sum of finitely many minimal left ideals, so it is left
artinian for example by Lemma 3.4.5. Now using (i) we see that R is
also right artinian. ]

As agreed in the beginning in the section, from now on we will speak
of semisimple artinian rings instead of left semisimple rings.

Remark 3.11.16 Let R be a semisimple artinian ring which is also an
algebra. Then we know that the division rings D1, ..., D,, appearing
in the Wedderburn-Artin theorem are actually division algebras over F":
just recall from the proof that the D;’s arised as endomorphism rings
of simple R-modules. If F' is algebraically closed then Schur’s Lemma
implies that every D; is just F, and we get the following version of
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the Wedderburn Artin theorem for algebras: every semisimple artinian
algebra R over an algebraically closed field F is a direct sum of finite di-
mensional matrix algebras over F; in particular, R is finite dimensional;
moreover, R is simple if and only if it is of the form M, (F). If F is not
algebraically closed then of course it is not true that the D’s have to
equal F. However, if R is a finite dimensional F-algebra, the D,’s are
finite dimensional division algebras over F'. For example, in this case, if
F is a finite field, then the D;’s will have to be finite fields too, thanks
to Wedderburn’s Theorem 2.11.9.

We finish this section with a uniqueness statement for Wedderburn-
Artin theorem.

Proposition 3.11.17 Let
My, (D1) & -+ & My, (D) = Mn’l (Dll) - Mn’m(D/ )
Then m = m’, and up to a permutation,

! ! / !
ny =n,, D1 =Dy, ..., nym =n,,, Dy = D,,.

The proposition follows from the following two lemmas.

Lemma 3.11.18 Let R = ©[2,J; be a semisimple artinian ring written
as an inner direct direct sum of simple subrings J;. Then every two-sided
ideal of R is of the form J;, & --- @ J;, for some 1 <iy < --- <ip <m.
In particular, Jy,...,J, can be characterized as the minimal non-zero
two-sided ideals of R.

Proof Follows from Theorem 3.11.11. |

1%

Proposition 3.11.19 Let C and D be division rings. If M,(C)
M, (D) then m =n and C = D.

Proof Let V. = C™ be the natural M,,(C)-module and W = D™ be
the natural M, (D)-module. We know that R has only one simple mod-
ule up to an isomorphism, see Proposition 3.11.6. As isomorphic mod-
ules have isomorphic endomorphism rings, we have C' = Endg(V)°P
Endr(W)°P = D.

It remains to prove that M,,(C) = M, (C) implies m = n. For that
observe that the right action of C' = Endg(V)°P on an irreducible R-
module V' = C™ comes from the left action of C' on C™. So the R-
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isomorphism between the irreducible modules C™ and C" should be an
isomorphism of C-vector spaces, which implies m = n. 0

3.12 The Jacobson Radical

In the previous section we studied (left) semisimple rings, that is the
rings over which every (left) module is semisimple. Of course, not every
ring is semisimple and we now set to study Jacobson’s radical of a ring
which in some sense ‘measures’ how far a ring is from being semisimple.

Definition 3.12.1 The Jacobson radical J(R) of a ring R is the inter-
section of all maximal left ideals of R.

Remark 3.12.2 Strictly speaking we should have called J(R) the left
Jacobson radical. However it will turn out later that J(R) is also the
intersection of the maximal right ideals, and so there is no need in this
‘one-sided’ terminology.

The following result is one of many equivalent descriptions of Jacobson
radical. Informally speaking, it says that J(R) is the part of the ring
which ‘does not see’ simple (and hence semisimple) modules.

Proposition 3.12.3 J(R) is the intersection of the annihilators of all
simple left R-modules. Hence J(R) is a two-sided ideal.

Proof Let I be a maximal left ideal of R. Then V = R/I is a simple
left R-module, and Ann(V') C I. Hence the intersection of all Ann(V)
is contained in J(R). Conversely, let r € J(R) and V' be a simple left
R-module. Take any v € V' \ {0}. We need to prove that rv = 0. We
have Rv = V, hence pR/Ann(v) = Rv is simple, and so Ann(v) is a
maximal left ideal of R. Therefore r € Ann(v). O

Here is another description of J(R):

Proposition 3.12.4 x € J(R) if and only if 1 + rx has a left inverse
for every r € R.

Proof If x € J(R) and r € R, then rz belongs to every maximal left
ideal of R and 1+ rz belongs to no maximal left ideal of R, as otherwise
1 would belong to a maximal left ideal. It follows that R(1 + rxz) = R
for otherwise we would find a maximal left ideal containing the left ideal
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R(1 4 rz) using Zorn’s lemma, and 1 + rz would lie in this maximal
ideal.

Conversely, if € J(R), then z ¢ I for some maximal left ideal I,
whence I + Rx = R, and 1 = y+ rz for some y € I, € R. Now, 1 —rx
does not have a left inverse. O

And one more description:

Proposition 3.12.5 J(R) is the largest two-sided ideal J of R such that
14z is a unit in R for every x € J.

Proof Let € J(R). Then 142 has a left inverse y by Proposition 3.12.4.
Then y = 1 — yx has a left inverse z. But y already has a right inverse
1+ . Hence z = (1 + z) has a right inverse y.

Conversely, let J be a two-sided ideal of R such that 1 + x is a unit
for every x € J. If z € J, then 1 4 rz is a unit for every r € R, and
x € J(R) by Proposition 3.12.4. Thus J C J(R). O

As the previous proposition describes J(R) in a ‘side-independent’
manner, we have the following pleasant fact, which means that all the
left-handed descriptions of J(R) give the same object as the right-handed
ones.

Corollary 3.12.6 J(R) = J(RP).
Proposition 3.12.7 J(R/J(R)) = 0.

Proof Follows from the definition of Jacobson radical and the corre-
spondence theorem for ideals. ]

Definition 3.12.8 An element r € R is called nilpotent if v = 0
for some positive integer n. A left, right, or two-sided ideal I € R is
called nilpotent if there exists a positive integer n such that I™ = 0, i.e.
T1...0, =0forall xq,...,2, € I.

Proposition 3.12.9 J(R) contains all nilpotent ideals of R.

Proof In view of Corollary 3.12.6, it suffices to prove the result for left
ideals. Let N be a nilpotent left ideal of R, say N™ = 0. We just need
to show that NV = 0 for any simple R-module V. Well, if NV = 0 then
V =NV = N2V =... = NV = (, giving a contradiction. O
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Corollary 3.12.10 If R is commutative then J(R) contains all nilpotent
elements of R.

Proof Let r € R be nilpotent. Then the principal ideal (r) is nilpotent,
and so r € (r) C J(R) by Proposition 3.12.9. O

Lemma 3.12.11 (Nakayama’s Lemma) Let V be a finitely generated
left R-module. If W is a submodule of V- and W + J(R)V =V, then
wW=V.

Proof First consider the case W = 0.Assume that J(R)V = V. Since
V' is finitely generated, it has a minimal generated subset X, which is
finite. Then V' =}y Rz implies V = J(R)V = _\ J(R)z. So, if

y € X, then
1= 3 v
rzeX

for some r, € J(R), or
1-ryy= Z Ty,
zeX, z#y
By Proposition 3.12.5, (1 — ry) is invertible, so we have
Y= Z (1—ry) " trpz.
zeX, z#y
Therefore V is generated by X \ {y}. This contradiction shows that
X =0, ie V=0

In the general case apply what has just been proved to the module
V/W. U]

3.13 Artinian Rings

Artinian rings form an important class of rings containing for example
all finite dimensional algebras.

Lemma 3.13.1 If R is left artinian then J(R) is nilpotent. In particu-
lar, J(R) is the largest nilpotent two-sided ideal of R.

Proof Let J := J(R). The sequence J O J2 D J3 D ... stabilizes
at some J". Assume J" # 0. As J"J = J" # 0 and the ring is
artinian, Lemma 3.4.4(ii) shows that there exists a left ideal L minimal
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with respect to the property that J®L # 0. Then J"z # 0 for some
x € L\ {0}, so J"x is a nonzero left ideal contained in L. Moreover,
J(J"x) = J"x # 0, so by the minimality of L, J"x = L. Hence rz = x
or (1 —r)z = 0 for some r € J" C J. By Proposition 3.12.5, z = 0,
giving a contradiction.

The second statement now follows from Proposition 3.12.9. O

Lemma 3.13.2 If R is left artinian then J(R) is the intersection of
finitely many maximal left ideals of R.

Proof Let S be the set of all intersections of finitely many maximal left
ideals of R. By Lemma 3.4.4(ii), S has a minimal element J. Then .J is
contained in every maximal left ideal L as J N L C J is not possible. It
follows that J = J(R). O

Theorem 3.13.3 A ring R is left semisimple if and only if R is left
artinian and J(R) = 0.

Proof Let R be left artinian and J(R) = 0. By Lemma 3.13.2, there exist
maximal ideals Ly,...,L, with Ly N---N L, = 0. Then the map R —
R/L; ®---® R/L,, induced by the projections R — R/L; is injective.
Thus gR is a submodule of a semisimple module R/Ly & --- & R/L,,
whence R is left semisimple.

Conversely, let R be left semisimple. By Corollary 3.11.15(ii), R is left
artinian. Moreover, in view of Wedderburn-Artin and R is isomorphic
to My, (D1)® -+ ® M, (D). But it is easy to see that in such ring
the intersection of maximal left ideals is zero. |

The rings R with J(R) = 0 are usually called semiprimitive. The
theorem above shows that under the assumption that R is artinian this
property is equivalent to being semisimple artinian, see §3.11. So the
terminology ‘semiprimitive’ is usually reserved for non-artinian rings.

Lemma 3.13.4 Let R be left artinian and V' be a left R-module. Then
V is semisimple if and only if J(R)V = 0.

Proof Let J := J(R). By Proposition 3.12.3, JV = 0 for a semisimple
module V. Conversely, assume that JV = 0. Then the structure of the
left R-module on V factors through to give a structure of the left R/J-
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module. As R/J is semisimple by Proposition 3.12.7, this R/J-module
is semisimple. Hence the original module V is also semisimple. 0

Theorem 3.13.5 Every left artinian ring is left noetherian.

Proof By Lemma 3.13.1, pR has a descending sequence
R=J'2J2J°2---2J"=0.

Every J*¥ C rR is an artinian R-submodule, hence every J* /J k+1is an
artinian R-module. Also, J*/J¥*! is semisimple by Lemma 3.13.4. Tt
follows that J*/J**! is a direct sum of finitely many simple modules
and hence noetherian. It remains to apply Lemma 3.4.5. O

3.14 Projective and Injective Modules

Projective and injective modules are classes of modules which possess
nice (categorical) properties.

Definition 3.14.1 A left R-module P is projective if for any two left R-
modules V' and W, any homomorphism ¢ : P — W and any surjective
homomorphism 7 : V' — W there exists a homomorphism ¢ : P — V
such that ¢ = mo:

P
¥ o
.‘ <p
.
V—W  —0

A left R-module [ is injective if for any two left R-modules V' and
W, any homomorphism ¢ : W — I and any injective homomorphism
t: W — V there exists a homomorphism ¢ : V' — I such that ¢ = o

<
v }
.. QO

14 W = 0

L

Remark 3.14.2 (i) The ‘weird’ arrows involving 0 indicate that 7 is
surjective and ¢ is injective. The origin of this notation will become clear
later.
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(ii) Observe that the notions of projective and injective are dual to
each other in the sense that one is obtained from another by ‘inverting
the arrows’.

The proof of the following proposition is left as an exercise:

Proposition 3.14.3

(i) A direct sum @;erV; of left R-modules is projective if and only if
each V; is projective.
(ii) A direct product [[,.;
if each V; is injective.

Vi of left R-modules is injective if and only

The following theorem describes some pleasant properties of projective
and injective modules.

Theorem 3.14.4

(i) A left R-module P is projective if and only if any R-module epi-
morphism 7w : V. — P splits, i.e. there exists a homomorphism

Y : P —V such that mo = idp:

(ii) A left R-module I is injective if and only if any R-module monomor-
phism . : I — V splits, i.e. there exists a homomorphism v : V —
I such that ¢ o =idy:

Proof We prove (i), the proof of (ii) is dual. Assume that P is projective
and consider the diagram
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to see that 7 splits. Conversely, consider the diagram
P

®

»

V—W —0

Define a submodule X C V & P by setting
X =A{(v,p)eVaP|r(v)=wrp)}
and the maps
pv:X =V, (v,p)—v,  pp:X =P (v,p)—p

Note that the diagram

PP P

X
PVL ®

V—/G W

is commutative. Moreover, pp is surjective, because 7 is surjective. So
pp splits: there exists a : P — X with pp o a = idp. If we take
1Y = py o «, then

ToY =mopyoa=poppoa=poidp = ¢,

as required. ]

Remark 3.14.5 (i) Theorem 3.14.4(i) can be restated as follows: a
module P is projective if and only if P 2 V/W implies that W is a direct
summand of V, i.e. there exists a submodule P’ CV with V =P o W.
In this case we necessarily have P’ = P.

Indeed, if V = P’ @ W then we can take 1 to be the isomorphism
from P to P’. Conversely, if we know that the natural epimorphism
m:V — V/W = P splits with the splitting map ¢ : P — V|, then
we can decompose V = W @ im. To check the last equality first pick
v € V and write it as

v=(v—(n(v) + Y(r(v)).

As (v — (mw(v))) = 0, it follows that v — (7 (v)) € W, and so V =
W +im. On the other hand, if v € W Nim, then v = ¢ (p), for some
p € P,and 0 = n(v) = 7(¢p(p)) = p, whence v = 0.
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(ii) Similarly, Theorem 3.14.4(ii) can be restated as follows: a module
I is injective if and only if 7 C V implies that I is a direct summand of
V, i.e. there exists a submodule J CV with V =1® J.

We now explain yet another way to characterize projective and injec-
tive modules.

Definition 3.14.6 A sequence of R-maps and R-modules

; Sit1
V= Vi — .

is called exact if ker ;11 = im §; for all 7. An exact sequence of the form
0—x 2%y Lz o (3.8)
is called a short exact sequence.

Thus the sequence (3.8) is eact if and only if the following three condi-
tions are satisfied: (1) « is injective; (2) im o = ker 3; (3) [ is surjective.

If X and Z are R-modules, it is easy to construct the stupid exact
sequence of the form (3.8): namely, take Y to be X & Z with o = 1x the
natural embedding and § = 7wz the natural projection. Such ‘stupid’
short exact sequences are called split:

Definition 3.14.7 A short exact sequence (3.8) is called split if there
exists a homomorphism ¢ : ¥ — X & Z which makes the following
diagram commutative:

0 ~ X ~Y ~ 7 ~ 0

id x P idz

0 X 2> Xz 2>z 0

Note that in the definition above ¢ will automatically have to be an
isomorphism. The following is easy to check:

Lemma 3.14.8 The following conditions on a short exact sequence (3.8)
are equivalent:
(i) The sequence is split.
(ii) The monomorphism « splits.
(iii) The epimorphism (3 splits.

Now, it is clear that Theorem 3.14.4 can be restated as follows:
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Theorem 3.14.9

(i) An R-module P is projective if and only if any short exact se-
quence of the form

0-X—-Y—>P—>0

splits.
(ii) An R-module I is projective if and only if any short exact se-
quence of the form

0—-I1I—-Y—-272—0
splits.

The following characterization of projective modules does not have an
analogue for injective modules.

Theorem 3.14.10 A module is projective if and only if it is isomorphic
to a direct summand of a free module. In particular every free module
18 projective.

Proof Let P be projective. By Corollary 3.6.5, P is a quotient of a free
module F', and by Remark 3.14.5(i), P is a direct summand of F.

Next, we prove that every free module is projective. Let F' be a free
module with basis (f;)ier, and consider the diagram

F
v o
.. <p
.

V—— W -0

As 7 is surjective, there is for each i € I some v; € V such that
m(v;) = ¢(f;). By the universal property of free modules, there is a ho-
momorphism ¢ : F' — V with ¢(f;) = v; for all i. Then 7((f;)) = ¢(fi)
for all ¢, whence mo ¢ = .
Finally, if P is a direct summand of a free module F, then P is pro-
jective by Proposition 3.14.3.
]

We know that all modules over a division ring are free, hence pro-
jective. On the other hand, we know that a submodule of a finitely
generated free module over a PID is again free. It can be proved that
this result is true even without assuming that the free module is finitely
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generated. It follows that every projective module over a PID is free.
The converse is of course not true in general. For example consider an
irreducible module module over M,, (D) and use the following

Proposition 3.14.11 For a ring R the following conditions are equiv-
alent:

(i) R is semisimple artinian;
(ii) Ewvery left R-module is projective;
(iii) Every left R-module is injective

Proof Assume that R is semisimple artinian. Then every left R-module
is semisimple. In particular, every short exact sequence of R-modules
splits. So every R-module is projective and injective by Lemma 3.14.9.

Assume that every left R-module is projective or that every every left
R-module is injective. By Lemma 3.14.9, every short exact sequence of
R-modules is split, which implies that every R-module is semisimple,
whence R is semisimple artinian. |

We now turn to some properties specific for injective modules.

Proposition 3.14.12 (Baer’s Criterion) For a left R-module I the
following conditions are equivalent:
(i) I is injective;
(ii) Every R-module homomorphism of a left ideal of R into I can be
extended to rR.

Proof (i) implies (ii) by definition of an injective module. To see that
(ii) implies (i), consider the diagram

I
<
%o
-' (P

Var—W+~—0

Let F be the family of all R-module homomorphisms 6 : X — I where
im¢e € X CV and € ot = . Note F is non-empty, as it contains
@or™t 1im¢ — I. Partially order F by 6 < @’ if and only if the domain
of 0 is contained in the domain of 8’ and 6 is the restriction of 6" to
the domain of §. By Zorn’s lemma, there exists a maximal element
¥ : X — I in F. We just need to prove that X = V. Otherwise, take
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v € V\ X and consider the left ideal L = {r € R | rv € X}. The
map L — I given by r — ¢ (rv) is an R-module homomorphism. By
hypothesis, there exists an R-homomorphism « : gR — I such that
a(r) =¢(rv) for any r € L. Let w = a(1g) and consider the map

V:X+Rv— I, x+1rve ¢(x)+ rw.

We claim that 1[1 is well-defined. Indeed, if x1+7r1v = zo+1r2v € X + Ruv,
then 7 — 29 = (re — r1)v € X N Ru. Hence ro — r; € L and

Y1) — P(x2) = (@1 — 22) = P((r2 — r)v) = a(ra — 1)

= (rg —r1)a(lg) = (re — r)w = row — rqw.

Therefore

1[)(x1 +7r1v) = Y(z1) + mw = Y(x2) + row = 1[)(x2 + 7rov).
Finally, it is easy to see that 1/3 is an element of F. This contradicts the
maximality of ¢. Therefore X = V. |

Definition 3.14.13 A left R-module V is called divisible if rV =V for
all € R\ {0}.

Corollary 3.14.14 If R is a PID, an R-module is injective if and only
if it is divisible.

Proof Let I be injective, v € I, and r € R\ {0}. There is a module
homomorphism ¢ : Rr — I, sr — sv. As I is injective, ¢ may be
extended to a module homomorphism ¢ : RR — I. Then there exists
w € I such that ¢(s) = sw for all s € R. Then

v =) = §(r) = rw,

hence [ is divisible.

Conversely, let I be divisible. Any ideal of R looks like Rr. Let
¢ : Rr — I be a module homomorphism. In view of Baer’s criterion, it
suffices to prove that ¢ extends to a homomorphism rR — I. If r =0
just extend to the zero homomorphism. Otherwise, let v = ¢(r) € I. As
I is divisible, we have v = rw for some w € I. Now, define the desired
extension to be ¢(s) = sw. a

Example 3.14.15 In view of the previous corollary, Q is an injective
Z-module. By the way it is not projective, because it is clearly not free,
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and we noted above that all projective modules over a PID are free (also
see Problem 3.17.102).

Another example of a divisible Z-module is Cpe, see Example 1.4.8
(check that it is indeed divisible!). In fact it can be shown that a Z-
modue is divisible (equivalently injective) if and only if it is a direct sum
of copies of Q and C,e.

On the other hand, the regular module zZ is not divisible and hence
not injective.

We know that every module is a quotient of a projective (and even
free) module. We now want to prove the dual statement that every
module is a submodule of an injective module. This turns out to be
much harder to prove. First we prove this for Z-modules:

Lemma 3.14.16 FEvery Z-module may be embedded in a divisible Z.-
module.

Proof Let V be a Z-module. We know that V is an epimorphic image
of a free Z-module F' with kernel K. Since F' is a direct sum of copies
of Z and Z C Q, F may be embedded in a direct sum D of copies of Q.
It is clear that D is divisible. Now, the embedding ¢ : FF — D induces
an embedding F/K — D/i(K). It remains to notice that a quotient of
a divisible module is again divisible, and so by Baer’s criterion we have
embedded V = F/K into an injective module D/i(K). O

If V is a Z-module, the abelian group Homgz (R, V') can be considered
as a left R-module via

(r0)(s) = 6(sr) (6 € Homy(R,V), r,s € R).

Lemma 3.14.17 If I is an injective Z-module then Homy(R,I) is an
injective left R-module.

Proof We will use Baer’s criterion. So, let L be a left ideal of R and
¢ : L — Homg(R,I) be an R-homomorphism. The map

WL — Ir— [p(r)(1g)
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is a Z-homomorphism. As I is an injective Z-module, the diagram

I
bt
R<~—/—L~+~—0
where ¢ is an embedding L C R, yields an extension 1[1 : R — I of 9.
Define ¢ : R — Homg (R, I), r +— (r), where ¢(r) : R — I is the map
given by [@(r)](s) = ¥(sr) (s € R). It is routine to check that each
@(r) € Homz(R,I), and that ¢ is Z-linear. We next check that ¢ is

R-linear. Indeed,

[p(tr)](s) = P(str) = [p(r)](st) = [ta(r)](s)  (r,s,t € R),

as required.

Finally, we check that ¢ is an extension of ¢. Suppose r € L and
s € R. Then sr € L and

(r)(s) = 9 (sr) = (sr) = [p(sr)](1r)
= [se(r)](1r) = [o(r)](1rs) = [#(r)](s),

as required. O

Theorem 3.14.18 Every R-module V' may be embedded in an injective
R-module.

Proof As a Z-module we may embed V into a free Z-module I, see
Lemma 3.14.16. This induces an R-module embedding Homgz (R, V) —
Homyz (R, I) (see more about it in §3.15). Moreover, V = Hompg(rR, V)
embeds into Homy (R, V) as an R-module (again, if this is confusing,
read §3.15 and in particular Lemma 3.15.8). Thus we embedded V into
the R-module Homy (R, I), which is injective by Lemma 3.14.17. O

Remark 3.14.19 The result about embedding any R-module into an
injective module can be made more precise. Let us say that a submodule
V of a module W is essential if V N X # 0 for every submodule X C W.
It can be proved that every module V' can be embedded in an essential
way into an injective module Iy, and this injective module Iy is defined
uniquely up to isomorphism. [y is called the injective hull of V.
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The dual object, called the projective cover of V' does not exist in
general, but its existence for every module is guaranteed under very
reasonable assumptions on the ring R.

3.15 Hom and Duality

In this section we will give perhaps the most important characterization
of projective and injective modules in terms of Hom-functors.

Let V., W, X be R-modules, and f : V — W be an R-module homo-
morphism. It induces homomorphisms of abelian groups

fo = X : Homg(X,V) — Homg(X, W), 8+ fob, (3.9)
= f%x : Homr(W, X) — Homg(V, X), 6 — 6o f. (3.10)

If g: Y — V is another R-module map, then we have the following
obvious properties:

(fog)s=fsogs, and (fog) =g of". (3.11)

Recall from Definition 3.14.6 that the sequence of R-modules and R-
module homomorphisms

0—U-Lv-Lw
is called exact if f is injective and ker g = im f.
Theorem 3.15.1 The sequence of R-modules and R-module homomor-
phisms
0—v-Lv Lw (3.12)
1s exact if and only if the corresponding sequence
0 — Homp(X,U) = Homp (X, V) 2 Homp(X, W)  (3.13)

of abelian groups is exact for every R-module X.

Proof Assume that (3.12) is exact. We need to show that f, is injective
and im f, = ker g,.

To see that f,. is injective, assume that f.(6) = 0 for some 6 €
Hompg(X,U). Well, that means fof = 0. But f is injective, so fof =0
is only possible if § = 0.
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To see that im f, = ker g,, note first of all that im f, C ker g.. Indeed,
im f. C ker g, is equivalent to g. o f. = 0, which is true in view of (3.11):

g«ofi=1(gof)s=0,=0.

Finally, we prove that im f, D ker g,.. Let 6 € ker g,, i.e. gof = 0. Hence
imf C kerg =1im f. As f is a monomorphism, the map f: U — im f is
an isomorphism. Define the map ¢ € Homg(X,U) as the composition

XLimegkerg:imf;U.

Note that f.(¢) = 0, so that § € im f., as required.

Conversely, assume that (3.13) is exact. To see that f is injective take
X = ker f and apply f. to the embedding ker f — U. Next take X = U.
As g.(f«(idy)) = 0, we have go f = 0, i.e. im f C ker g. Finally, let X =
kerg and 6 : X — V be the inclusion map. Note that g.(0) = go 8 =0,
i.e. 6§ € ker g, = im f,, i.e. there exists ¢ € Hompg(X,U) with § = fo .
Therefore for every v € kerg, we have v = 0(v) = f(p(v)) € im f, as
required. |

The following dual statement to Theorem 3.15.1 is left as an (ex-
tremely useful) exercise.
Theorem 3.15.2 The sequence of R-modules and R-module homomor-
phisms
v-Lv w0 (3.14)
1s exact if and only if the corresponding sequence
0 — Hompg(W, X) AN Hompg(V, X) EAN Hompg (U, X) (3.15)
of abelian groups is exact for every R-module X.

It is not true in general that a short exact sequence of modules induces
a short exact sequence of Hom’s. However, the following three theorems
show that this is true in some important situations.

Theorem 3.15.3 The following conditions are equivalent:

i)o — U TV W —0isa split exact sequence of R-
modules.

(ii) 0 — Homp(X,U) = Homp(X, V) 2> Homp (X, W) — 0 is
a split exact sequence of abelian groups for every R-module X .



3.15 Hom and Duality 171

(iii) 0 — Homp(W, X) <= Homp(V, X) 2= Homp(U, X) — 0 is
a split exzact sequence of abelian groups for every R-module X .

Proof We prove (i) < (iii). The proof of (i) < (ii) is similar. By
Lemma 3.14.8, if (i) holds, there exists a homomorphism h : V. — U
such that hf = idy. Then f*oh* = (foh)* = (idy)* = idHom (v, x)-
Hence f* is an epimorphism. Now, Theorem 3.15.2 and Lemma 3.14.8
imply that the sequence in (iii) is split exact.

Conversely, take X = U. Then by surjectivity of f* there exists
0 € Hompg(V, X) such that 6 o f = f*(0) = idy. Hence f is injective,
and the sequence in (i) is split exact thanks to Theorem 3.15.2 and
Lemma 3.14.8. |

Theorem 3.15.4 The following conditions on an R-module P are equiv-
alent:

(i) P is projective;
(ii) For any short exact sequence

0—U-Lv-ZLw_—o0
of R-modules the corresponding sequence
0 — Homp(P,U) L Homp(P, V) 2= Hompg(P, W) — 0

of abelian groups is ezxact.
(iii) For any epimorphism g :V — W of R-modules the map

g« : Homp(P,V) — Hompg (P, W)
is an epimorphism.
Proof (ii) < (iii) is clear by Theorem 3.15.1. As for (i) < (iii), note
that the surjectivity of g, is a restatement of Definition 3.14.1. 0

The proof of the following theorem is dual:

Theorem 3.15.5 The following conditions on an R-module I are equiv-
alent:

(i) I is injective;
(ii) For any short exact sequence

0—U-L v w—o
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of R-modules the corresponding sequence
0 — Homp(W, I) 2= Homp(V, I) L= Homp(U,I) — 0

of abelian groups is exact.
(iii) For any monomorphism f:U — V of R-modules the map

f* :Hompg(V,I) — Hompg(U, I)

is an epimorphism.

Remark 3.15.6

(i) If X is not projective, it is not in general true that for a surjective
homomorphism g : V. — W, the corresponding homomorphism
g+« : Homp(X,V) — Hompg(X, W) is also surjective. Indeed con-
sider the natural projection of Z-modules

g:7Z —7J2Z
and take X = Z/2Z. Then
Homg(Z/2Z,7) = 0 # Homz(Z/2Z,7Z/2Z) # 0,

so g. cannot be surjective.
(if) If X is not injective, it is not in general true that for a monomor-
phism f: U — V, the corresponding homomorphism

f* :Hompg(V,I) — Homp (U, I)
is surjective. Indeed consider the monomorohism of Z-modules
f:Z—Z, m—2m

and take X = Z/2Z. Check that f* is the zero map between two
modules isomorphic to Z/2Z.

We now explain an important construction concerning Hom spaces.
If V is a left (R,T)-bimodule and W is an (R, S)-bimodule, then the
Hom-space Hompg(V, W) inherits a structure of (T, S)-bimodule:

(0s)(v) = 0(v)s,  (0)(v) = O(vt)

for all # € Homp(V,W), v eV, s€ S, and t € T. A special case of this
construction yields a structure of a right R-module on the Hom-space
in the following definition.
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Definition 3.15.7 Let V be a left R-module. The right module

V* :=Homg(V, RRR)
is called the dual module of V.

Similarly, if V' is a right R-module the corresponding left module V*
can be defined.

As expected, there is a natural (R-module) homomorphism V' — V**,
A module V is called reflexive if this homomorphism is an isomor-
phism. An example of a reflexive module is given by a free module
with a finite basis and a finitely generated projective R-module, see
Problems 3.17.116 and 3.17.117.

We finish the section with the following useful lemma:

Lemma 3.15.8 Let V be a left R-module. Then there is an isomorphism
of left R-modules

HOIIIR(R_RR7 V) = ‘/, 60— 9(11{)

Proof Exercise. |

3.16 Tensor Products

Tensor products (just like Hom) is a very useful basic construction in-
volving modules. Recall that to a pair of left R-modules gV and gW
we have associated an abelian group Hompg(rV, gW). Moreover, if, ad-
ditionally V' was an (R, S)-bimodule and W was an (R,T)-bimodule,
then Homp(gVs, RkWr) has a natural structure of an (S, T)-bimodule.
This construction is fundamental for module theory. In this section we
describe another fundamental construction, called the tensor product,
which associates to a right R-module Vi and the left R-module g the
abelian group

Vr ®r rW.
Moreover,
sVr @r RWr
will turn out to have a natural structure of an (S,T)-bimodule. Of

course, most of the time we will drop the indices from the module nota-
tion and just write

VeorW.
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We are usually not going to drop the index from the symbol ® g though,
just like for the Hom-notation.

The abelian group V ® g W may be defined by a universal property or
by explicit construction. It is important to understand both. We start
from the universal property.

Definition 3.16.1 Let V be a right R-module, W be a left R-module,
and A be an abelian group. A map ¢ : VxW — A is called R-biadditive
if the following three conditions are satisfied:

(i) p(v1 +v2,w) = p(v1,w) + @(ve,w) for all v1,v, € V, w € W;
(ii) p(v, w1 +w2) = @(v,w1) + p(v,we) for all v € V, wy,wy € W;
(iii) p(vr,w) = @(v,rw) for allv e V, w e W, r € R.

We now define V ®g W via the universal property.

Definition 3.16.2 Let V be a right R-module and W be a left R-
module. The tensor product of V. and W is a pair (V ®r W, 1) where
V®grW is an abelian group, ¢ : VW — V®@rW is an R-biadditive map,
which is universal among all R-biadditive maps from V x W to abelian
groups in the following sense: for any R-biadditive map V x W — A
there exists a unique map ¢ : V®r W — A such that ¢ = ¢ o¢. The
situation is described by the following diagram:

/ X (3.16)

Remark 3.16.3 You need to get used to people being sloppy and just
referring to the abelian group V ®@pr W as the tensor product of V and
W. That is, the map ¢ is not mentioned, but it is there!

The first lemma is standard for things defined by universal properties:
it claims that if the universal object exists then it is unique.

Lemma 3.16.4 Assume that the pairs (VQrW, 1) and (V QR W, ) both
satisfy the universal property of Definition 3.16.2. Then there exists a
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unique isomorphism ¢ : V. @g W SV QR W such that por=1':
VxW

VeorW i V @y W

Proof A standard exercise, which by now should be a piece of cake for
you. 0

We now deal with the existence of tensor product. Thus we give an
explicit construction of the pair (V ® g W, ¢) which satisfies the required
universal property. Let F be a free abelian group (equivalently, free Z-
module) on the set V' x W. Let K be the subgroup of F' generated by
all elements of the form:

(i) (v1 4 va,w) — (v1,w) — (vg,w) for all v, v € V, w € W;
(ii) (v,w1 +ws2) — (v,w1) — (v,ws) for all v € V, wy,we € W,
(iii) (vr,w)— (v,rw) forallv e V, w e W, r € R.

Denote V@rW = F/K, v®@w := (v,w)+ K for all v € V;w € W, and
set

LV XW = VerW, (v,w) —v®w.

Theorem 3.16.5 The pair (V ®g W, 1) is the tensor product of V and
W in the sense of Definition 3.16.2.

Proof First of all observe that the map ¢ is indeed R-biadditive. More-
over, note that every element of V ®p W is a finite sum of elements of
the form v ® w.

Now, consider the diagram (3.16). In view of the previous remark, if
@ exists, it is unique, because it must send v ® w to ¢((v,w)).

To show the existence of @, first define ¢ : F — A as the homomor-
phism of abelian groups with ¢((v, w)) = ¢((v,w)). Such ¢ exists by the
universal property of free abelian groups (equivalently, free Z-modules).
Now, it is not hard to see that ¢ annihilates K. So it factors through to
give the map ¢ : V@r W = F/K — A, which is the one we are looking
for. U]

Remark 3.16.6 Informally, people think of the tensor product V @z W
as sums of pure tensors v ® w, which are objects having the following
properties:
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(i) (m4v)@w=v1@wW+vy@w for all v1,v3 € V, w € W;
(i) v® (w1 +wa) =v@w; +v@wsy for all v €V, wy,ws € W;
(iii) vrew=v@rwforallve V,we W, r € R.

Observe there is no mentioning of ¢ althought it is of course there: it
maps (v, w) to v ® w. Also, in the notation for pure tensors v ® w it is
customary to drop the index R.

‘We now consider what happens if V' and W have more structure than
descrihan they did in Definition 3.16.2.

Proposition 3.16.7 Assume that V is an (S, R)-bimodule and W is an
(R, T)-bimodule. Then V @g W is an (S,T)-bimodule with the action
on elementary tensors given by

s(v @ w)t = (sv) @ (wt)

forallse S;iteT,veV,weW.

Proof Read the following proof carefully, especially if you think that
everything is clear and there is nothing to prove here.

We prove for example that there is an S-action on V ®p W given by
s(v@w) = (sv) ® w. Everything is indeed more or less clear, except the
fact that for every s € S there exists a homomorphism of abelian groups

as : VOrW = VerW, v®@w— (sv) ®w,

the problem being that there are relations between pure tensors, such as
(111 +U2) Rw = v W+ v ®w, and we cannot just define a map on pure
tensors by sending them wherever we like. Well, having said that, it’s
not a big deal to show that « exists—just use the universal property
for the following diagram

where the map o : (v,w) — sv ® w needs to be checked to be R-
biadditive.

Now, that we’ve got as, it is easy to check that it defines the structure
of the left S-module on V ®@r W via sx = a,(z) for any x € V@p W
(verify all the axioms!). The structure of a right T-module on V®@g W is
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defined similarly. Finally, one checks that the two structures commute.

O

Note that if R is commutative then any R-module can be considered
as an an (R, R)-bimodule. So in this case the tensor product of two
R-modules is again an R-module in a natural way: we have

rlv@w) = (rv) w=vQ (rw) (veV,weW,reR),

In particular, tensor product of two F-vector spaces is again an F-vector
space.

The following pleasant property of tensor products is reminiscent of
Lemma 3.15.8.

Lemma 3.16.8 Let V' be a right R-module and W be a left R-module.
Then there exist isomorphisms of modules

Vor RrR=V, v@r—or,
RRIr W SW, r@w — rw.

Proof We sketch the proof for the first isomorphism. First, use the
universal property of tensor products to convince yourself that there
exists amap a: V®g R — V of right R-modules, which on pure tensors
works as follows:

a(lver)=or.
Now, define the map 3:V — V ®g R via
Bv) =v®1.

Note (the pleasant fact) that we do not need to check that 3 is well-
defined! What one needs to check (and this is very easy) is that g is
a homomorphism of right R-modules, inverse to a. So « is an isomor-
phism. 0

Another important fundamental fact on tensor products:
Lemma 3.16.9 Let V.V’ be right R-modules and W, W' be left R-

modules. Suppose f : V. — V' and g : W — W’ are module homo-
morphisms. Then there exists a homomorphism of abelian groups

f@g:VRrW = V' @p W', v@wr f(v)® g(w).
Moreover, if V is an (S, R)-bimodule, W is an (R, T)-bimodule, and f, g
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respect these additional structures, then f ® g is a homomorphism of
(S, T)-bimodules.

Proof As usual, everything is routine, except for the existence of f ®
g, which, also as usual, follows from the universal property of tensor
products:

VxWw
R
VRrW -ooovee f@? ...... V' @r W

Compare the following result with Theorems 3.15.1 and 3.15.2.

Theorem 3.16.10 (Right Exactness of Tensor Product) The se-
quence of left R-modules and R-module homomorphisms

v-Lv w0 (3.17)
1s exact if and only if the corresponding sequence
XopU' X8 X, v E% X g, w —0 (3.18)
of abelian groups is exact for every right R-module X .
Proof In view of Lemma 3.16.8, the sequence (3.18) with X = Rp is
isomorphic to the sequence (3.17), so the ‘if’ part follows (check the
details—everything is not as obvious as I am trying to present here).
For the ‘only-if’ part, assume (3.17) is exact. As g is surjective, every

pure tensor x ® w belongs to the image of idx ®g, whence idx ®g is
surjective. Moreover,

(idx ®g) o (idx ®f) = idx ®(go f) =0,

ie. imidy ®f C keridx ®g.
The difficult part of the proof is to establish the converse inclusion.
For that it suffices to show that the natural map

is an injection. But  is injective if and only if a := v o 3 is, where

v: X QrV/(keridy ®g) — X @p W



3.16 Tensor Products 179

is the natural isomorphism which maps the coset of x ® v to x ® g(v).
Thus, we are after proving that the map

a: X@rV/(imidy ®f) > X 9r W, m(z ®v) — z ® g(v)
is injective, where
mT: XQrV - X ®gV/(imidx ®f)
is the natural projection. Define a map
O X xW — X ®gV/(imidy ®f), (z,w) — m(r @ v),

where v € g~ (w). Note that ¢’ is well-defined: if g(vi) = g(v2) = w,
then g(v; —v3) =0, and so v1 — v2 = f(u) for some u € U, hence

Tz @v) —m(xQu2) =7(z Qv —x @) =7(x @ (v1 — v3))

=m(z® f(u) = 7((idx ®f)(z ®u)) = 0.

Also, it is clear that ¢’ is R-biadditive. Considering the diagram

XQpW ool - X@RV/(im idX®f)

we get a homomorphism ¢, which maps (z,w) to m(x ® v), where v €
g~ H(w). Now,
pla(r(z @v))) = p(z @ g(v)) = m(z @ v),
i.e. @ is a left inverse to a, whence « is injective, as required. O
The obvious version of Theorem 3.16.10 for right modules is left as an

exercise.
Compare the following remark with Remark 3.15.6.

Remark 3.16.11 In general, it is not true that applying X ®r — to an
exact sequence yields an exact sequences, the problem being that even
if f:U — V is injective, the map idx ®f : X ® p U — X ®p V does
not have to be injective. For example, consider the injective map of
Z-modules

f:7Z — Z,mw— 2m.
Tensoring this with the Z-module Z/27Z gives the map
dRf :Z/2Z Q77 — 1.]27 R, Z,
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which is actually the zero map between two modules isomorphic to Z/2Z.
Check this.

The next definition introduces an important class of modules for ten-
sor products play a role similar to that played by projective and injective
modules for Hom’s:

Definition 3.16.12 A right R-module X is called flat if whenever
0—U-Lv-Lw-_—o
is an exact sequence of left R-modules,
0— XorU “8 X0 V'Y X @pW —0
is an exact sequence of abelian groups.

By Theorem 3.16.10, in order to check flatness we only have to worry
about injective maps going to injective maps, everything else being au-
tomatic.

Theorem 3.16.13 (Associativity of tensor product) Given Ug,
rVs, and sW, there is an isomorphism

UerV)2sW2URg(VesgW), (uev)dw—u® (vew).

Proof By now you should be good in this. So, try this one on your own.
Well, just in case, for every w € W, consider the diagram

UxV
UQRV wooeeennnnt SN > U®pr (VosW)

to get the automorphism of abelian groups
ay :UQrV - UQr(VesW), u®v—u® (vew).

Next consider the diagram

(URRV)@sW oeveenennnns USRI » URgr (Vo5 W)
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where
(O ®v),w) = aw(Yu @) Zuz (v; @ w)

This gives a map

a:(UrV)@sW =U®r(VeasW), (u@v)@w—u® (vew).
The inverse map

B:URR(VesW)—=UrV)2sW, u® (v@w) — (u®v)@w

is constructed in a similar way. |

Theorem 3.16.14 (Additivity of tensor product)

(i) Given Ug, RV, and gW, there is an isomorphism of abelian
groups

Ur(VeW) S (UQrV)S(URrW), u®(v,w) — (u®v, u®@w).

(ii) Given Ug, Vg, and gW, there is an isomorphism of abelian

groups

(UaV)QrW S (UQrW)B(VRrW), (u,v)@w — (uQ@w, v@w).

Proof We prove (i). Construct a homomorphism of abelian groups

a:UQr(VoW)—- (UegV)®d (U W),
u® (v,w) — (LR v,u®w)

using the diagram

U®R(V@W)--~-~--~--~--~--Of ............. » (UerV)® (Ug W)

The inverse map
B:(UrV)®(UrW)—-Ueg(VaeW),

(Zui®vi72uj®wj)HZui®(v“ —&—Zu] (0, w,)
i J i
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comes as a direct sum of two maps

Bi:UrV —Ucr(VOW), Y u@v— Y u® (v;,0)

and
Bp:URRW = U®r (VOW), > uj@w;— Y u; & (0,w),
J J
which, in turn, exist by the universal property of tensor products. []

Remark 3.16.15 The theorem above is actually true for a direct sum of
an arbitrary family of modules and not only a direct sum of two modules.
The ‘same’ proof works.

Theorem 3.16.16 (Commutativity of Tensor Product) If R is a
commutative ring and V., W are R-modules, then there is an R-isomorphism

VRpWSWRrV, vQwr— w®u.

Proof (By now) a trivial exercise. O
We now treat an important special case.

Theorem 3.16.17 Assume that R is commutative and V' and W are free

R-modules with bases (v;)ier and (wj)jes, respectively. Then V @r W

is a free R-module with basis (v; @ Wj)ier,jeJ-

Proof Let F be a free module on the symbols (v; ® w;);er, jes. The map
B:F=VrW, v, ®w; — v; ® w;

exists by the universal property of free R-modules. The inverse map
a:VRrW — F, v, @wj — v; ® wy

comes from the diagram

where the map o’ is defined via

o/((z TiV4, Z sjwj)) = Zrisjvi ® wj.
i J 0,J
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Remark 3.16.18 We can now show that in general not every element
of a tensor product can be written as a pure tensor. For example let V'
and W be 2-dimensional vector spaces over a field F' with bases {v1, vz}
and {wy,ws}. We claim that v1 ® wy + v ® wo can not be written as
a pure tensor. If you think this is obvious, be careful! For example,
v1 ® wy 4+ v1 ® we does not look like a pure tensor but it is equal to one:
v @ wy +v1 @ we = v1 ® (w1 + wa). So, assume that v; @ wy + vy ® wo
can be written as a pure tensor:

V1 @ W1 + V2 @ w2 =V Qw. (3.19)
Write v = cyv1 + cove and w = dywy + dows for ¢;,d; € F. Then
VW = c1di1v1 ® wy + c1davy @ wo + codivy ® w1 + codove @ wo.

By the theorem above, {v1 ® w1, v1 @ wa, v @ w1, v @ wa} is a basis of
V@r W. So (3.19) leads to a contradiction.

We now consider some useful examples of tensor products.

Example 3.16.19 Let V be a Z-module and m be a positive integer.
Then

V ®z Z/mZ = V/mV. (3.20)

Indeed, one can use the universal property to write down a homomor-
phism

a:V@zZ/mZ=V/mV, v® (n+mZ)— nv+mV,

and the inverse map is given by v + mV — v ® (1 + mZ). It is easy to
deduce from (3.20) that

Z/nZ &7 Z/mZ = 7/GCD(m,n)Z. (3.21)

For example, Z/27 ®z Z/3Z = 0. If this is hard to believe, I highly
recommend to see directly why for example a pure tensor

1®1€Z/2Z 27 7/37
is zero. Another useful exercise is to convince yourself that

Z/mZ ®zQ = 0.
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We conclude this section with another important tensor product con-
struction. If A and B are two R-algebras for a commutative ring R (see
Definition 3.9.1), then the tensor product A ® g B also has a structure
of an R-algebra with multiplication satisfying

(Cll X bl)(ag X bg) = (alag) X (blbg) (Cl1,6l2 S A, bl,bg S B)

Details are left as an exercise.

Remark 3.16.20 Explain Hopf algebra idea here...

3.17 Problems on Modules

Problem 3.17.1 Let K be an infinite extension of a field k (e.g. K =
k(x)). Let R be the ring of all 2 x 2 upper triangular matrices

G ?)

with «, 8 € K and ¢ € k. Show that R is left artinian and left noetherian
but is neither right artinian or right noetherian.

Problem 3.17.2 Let V be a left R-module and W C V be a submodule.
Then V satisfies D.C.C. if and only if W and V/W do.

Problem 3.17.3 If R is left artinian and V is a finitely generated left
R-module then V satisfies D.C.C.

Problem 3.17.4 Assume that a left R-module V is written as a finite
sum of its submodules:

Show that V' is noetherian (resp. artinian) if and only if so is every V;.

Problem 3.17.5 Let k be a field and V' be a vector space over k with an
infinite basis {eq, €1, €2, ... }, and R = Endi (V). Let , s € R be the ele-
ments defined by r(ea,) = e, r(e2n+1) = 0 and s(eant1) = €n, s(ea,) =
0 for all n. Prove that {r, s} is a basis of rR.

Problem 3.17.6 True or false? Let V =W @ X and V = WY
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be decompositions of a left R-module V' as direct sums of submodules.
Then X =Y.

Problem 3.17.7 Let G be a finite group, F' a field of characteristic p
dividing |G|, and F'G the group algebra. Consider the 1-dimensional
submodule of the left regular module pgF'G spanned by the element
> gec 9. Show that this submodule is not a direct summand of the
regular module.

Solution. Denote V := Fzgecg and assume that X is a complement
to Vin FG. Let ), .sanh € X. As X is a submodule, we have
(X gec 9)  (Xneg anh) € X. Note however that

S-S ah) = a9 eV

geG heG heG geG

As VN X = 0 it follows that ), .-an = 0. Now by a dimension
argument X must consist of all elements of the form ), . aph with
> -nec an = 0. However, if p divides the order of G, then >° 59 € X,
giving a contradiction.

Problem 3.17.8 True or false?

(a) Let R be a commutative ring and I, J < R be two ideals of R. If
the modules R/T and R/J are isomorphic then I = J.

(b) Let R be a ring and I, J be two left ideals in R. If the modules
R/I and R/J are isomorphic then I = J.

Solution. (a) This is true! Note that Ann(R/I) = I, Ann(R/J) = J
and annihilators of isomorphic modules coincide. (If you gave a coun-
terexample, please return to it and find out what was wrong).

(b) This is false. For example, the matrix algebra R = M3(C) is a
direct sum of two left ideals Iy @ I, where I; consists of the matrices
with zeros in the second column and I consists of the matrices with
zeros in the first column. Now, R/I; = I and R/I; = I;. It remains to
observe that I; = I.

Problem 3.17.9 Let R = C|[z]], the ring of formal power series over C.
Consider the submodule W of the free module V' = Rv; & Rv, generated
by

1—z) oy +(1 —2?) vy and (1 +2) toy + (1 +2%) oy
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Find a basis {v],v5} of V and elements d; |d2 € R such that W is
generated by d;v] and d2v). Describe V/W.

Solution. Note that R is a P.1.D. Applying (row 2) - (row 1)x(1+ z)~!
to the matrix

((l—ac)_1 (1+x)_1>
(T—=2*)" (1+a2%)7"

yields the matrix

<(1—x)_1 (14z)™t >

0 1+2%)"t - (14 x)72

Applying (column 2) - (column 1)x (1 — z)(1 + )~ ! yields

<(1 _096)_1 1+ a:?)—lo— (1+ x)_2> '

Thus the elementary divisors are d; = (1 +x)~! and 6 = (1 +2%)~! —
(1+ 2)~2 (note that 6; | 62 as §; is a unit. Moreover,

<(1 _Ox)_1 1 +x2)_10— (1 —|—a:)_2> - (—(1 ix)—l (1)>

(O ),

Hence

('Ulbvé) = (v1,v2) ((1 jz)—l (1)> = (Ul -(1 +37)_1’U2,U2).

Finally

VIW=R/(1-2z) HoR/(1+23) —1+2)7?)
= (0)® R/(r) = R/(x) =C.

Problem 3.17.10 True or False? Every finitely generated module over
a commutative noetherian ring has a composition series.

Solution. False: take R = Z.

Problem 3.17.11 True or False? If R is a commutative ring then any
submodule of a free module is free.

Solution. False: consider Z/37 C 7,577 /6Z.
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Problem 3.17.12 True or False? If R is a domain then any submodule
of a free module is free.

Solution. False: consider (z,y) C F[z,y] and use the fact that there is
a non-trivial relation y - —x -y = 0.

Problem 3.17.13 True or False? If R is a PID then any submodule of
a finitely generated free R-module is free.

Problem 3.17.14 True or False? If R is commutative and every sub-
module of a free R-module is free then R is a PID.

Solution. True. Clearly R is a domain. Assume that there is an ideal I
which is free R-module of rank > 1. Let {v1,vg,...} be a basis. Then
v1v9 — v = 0 is a relation, giving a contradiction.

Problem 3.17.15 True or False? If R is a PID and I is a proper ideal
in R then R/I is a PID.

Solution. False: does not have to be a domain.

Problem 3.17.16 True or False? If R is a PID then any subring of R
is a PID.

Solution. False: Z[z] C Q[x].
Problem 3.17.17 True or False? If R is a PID then R[z] is a PID.
Solution. False: take R = Z.

Problem 3.17.18 True or False? If R is artinian then R[z] is artinian.

Solution. False: take R = Q.

Problem 3.17.19 True or False? Any finitely generated torsion free
module over a PID is free.

Solution. True.

Problem 3.17.20 Let R be a PID. Calculate Hompg((R/(a), R/(b)).

Solution. The homomorphism space is isomorphic to R/(GCD(a,b)).
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This can be seen by decomposing R/(a) and R/(b) into primary com-
ponents and showing that Homg(R/(p*), R/(p')) = R/(p™"*D) for an
irreducible element p € R.

Problem 3.17.21 Let R be a PID, and V be an R-module. A sub-
module W C V is called pure ift W NrV =rW forallr € R. If Vis a
finitely generated R-module, prove that a submodule W C V is a pure
submodule if and only if W is a direct summand of V.

Solution. First of all it is clear that a direct summand of V is pure.
Conversely, let W C V be a pure submodule. Then V/W is torsion
free. So W contains the torsion T'(V') of V, and it suffices to show that
the pure submodule W/T' (V) of the free module V/T(V) is a direct
summand. Thus we may assume that V is free. Then by a theorem
there exist a basis {v1,...,v,} of V such that §v1,...,0,v; is a basis
of W. As V/W is torsion-free, it follows that all 6; = 1, and so W is a
direct summand.

Problem 3.17.22 Calculate the invariant factors of the following ma-
trices, working over the ring Z[i] of Gaussian integers:

24 1 2+

1 0 0 . .
0 1+4 0 and 161 13_1 23_.
0 0 243 !

1+ -1 243

Problem 3.17.23 Let

-4 -6 7
A= 2 2 4
6 6 15

Find unimodular matrices X and Y over Z such that ZAY has the form
diag(&l, 52, 63) with 51 ‘ 52 | (53.

Problem 3.17.24 True or false? Let R be a PID and V be a finitely
generated R-module with invariant factors 01 |da| ... | 0. Then V can-
not be generated by less than k elements.

Solution. True. If the module is generated by m < k elements then it
is a quotient of the free module of rank m. By Theorem 3.7.7, V' will
have less than k invariant factors, which contradicts the fact that the
invariant factors of a module are well-defined.
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Problem 3.17.25 Let R be a commutative ring. Is it true that the left
regular R-module is indecomposable? What if R is a PID?

Problem 3.17.26 True or false? Let R be a PID and A be ann X n
matrix over R. Then A is invertible if and only if A is equivalent to the
identity matrix.

Problem 3.17.27 Find the invariant factors and the primary decom-
position for the Z-module Z/2000Z.

Problem 3.17.28 Let p be a prime and V be a finitely generated Z-
module with p®V = 0. Suppose that v € V has order exactly p®. Show
that V = Rv @ W for some submodule W C V.

Solution. Decompose V' according to Theorem 3.7.9:
V =&l Z/(p").

It follows from the assumption p®V = 0 that all prime powers appearing
in this decomposition are indeed powers of p. Moreover, at least one of
a; must equal to a, as otherwise the module would not have elements of
order p®. Now, let v = vy +vo+- - -+v, with v; in the component Z/(p®).
As v has order exactly p°, at least one of the non-zer components v; must
correspond to a; = a. We may assume without loss of generality that it
is V3. Thus, v1 # 0 and a3 = a. Now

W= &/ Z/ (p*)
will do the job.

Problem 3.17.29 True or false? Let V be a finitely generated torsion-
free Q[z]-module, and 6 € Endg, (V') be surjective. Then 6 is injective.

Solution. True for any PID R. Indeed, the assumption implies that
V is free of finite rank m. Now consider the kernel W of 6 and use
Theorem 3.7.7 to see that either V/W has torsion or it is free of rank
smaller than m. In both cases we cannot have V/W 2 V.

Problem 3.17.30 True or false? Let V be a finitely generated torsion-
free Q[z]-module, and 6 € Endgj, (V') be injective. Then 6 is surjective.

Solution. False. Multiplication by ¢ in a free module of rank 1 is injective
but not surjective.
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Problem 3.17.31 True or false? A (not necessarily finitely generated)
torsion-free module over a PID is free.

Problem 3.17.32 True or false? Let V C W be a proper containment
of free Z-modules. Then rankz (V) < rankz(W).

Solution. False: 27 C Z.

Problem 3.17.33 True or false? If V. C W are free Z-modules of equal
finite rank, then W/V is a finite group.

Problem 3.17.34 True or false? The C|z, y]-modules C[z, y]/(z,y) and
Clz,y]/(x — 1,y — 1) are isomorphic.

Problem 3.17.35 Classify, up to isomorphism, all Q[t]-modules V/
which are annihilated by (#3 — 2)(t — 2)? and satisfy dimg V' = 5.

Solution. Let R = Q[t], X = R/(t? — 2), and W; = R/((t — 2)*) for
1 <i < 3. By the Fundamental Theorem on finitely generated modules
over a PID, the only possibilities for V are: X & Wy, X & Wy @ Wy,
Ws @& W, Ws @ Wy @ Wi, Wo ® Wa @ Wi, Wod Wy & Wy @ Wy, WE°.

Problem 3.17.36 How many abelian groups are there of order 55 - 7°
(up to isomorphism)?

Problem 3.17.37 Find the isomorphism classes of abelian groups of
order 108 having exactly 4 subgroups of order 6.

Solution. The groups are as follows: Cao7 X Cy, Co7xCox Cy, Cogx C3x Cy,
CQXC3XCQXCQ,03X03X03XC4, CgXCgXCgXCQXCQ. A
subgroup of order 6 is C5 x Cs, and C5, Cy must be in the appropriate
Sylow subgroups. Now, Cy7 has one subgroup of order 3, while Cy x C3
has four, and C3 x C3 x C3 has thirteen. Similarly, C4 has just one
subgroup of order 2, and Cs x C5 has three. Thus, the only possibility
is Cg X Cg X C4.

Problem 3.17.38 True or false? If V is a noetherian module over a
ring then any surjective endomorphism of V' is bijective.

Solution. True. Let K be the kernel of our surjective homomorphism.
Then V/K =2 V. If K # 0 we construct an infinite strictly ascending
chain of submodules, which gives a contradiction. To get the chain, we
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start with Wy = K. Then use the correspondence theorem for sub-
modules to get a submodule W7 of V' containing Wy and such that
Wy /Wy 2 K. As V/W; 2 V/K 2V, we can use the correspondence
theorem again to get Wy D W1 with W5 /W; = K. Continuing like this
we get the desired chain.

Problem 3.17.39 Let V and W be simple left R-modules. Suppose
there exist non-zero elements v € V and w € W such that (v, w) gener-
ates a proper submodule of V@ W. Then V = W.

Problem 3.17.40 If V; and V5 are non-isomorphic simple R-modules,
then the R-module V; @ V5 is cyclic.

Problem 3.17.41 If V; and V5 are non-isomorphic simple R-modules,
then Vi @ V5 has exactly four submodules: 0, 0@ V5, V1 @0, and V; ® Vs.

Solution. Let W be a non-zero submodule of V; @ V. If W is not one
of the four modules mentioned above, then W contains a vector (vy,vs)
with both v; and vs non-zero. But the module generated by (vy,vs)
has both Vi and V5 as its composition factors. (To see this, project to
V1 and V, and observe that both projections are of course non-zero.)
Hence both V; and V5 are composition factors of W. Now, W must
equal Vi @ V5 as otherwise Vi @ V5 will have more than two composition
factors.

Problem 3.17.42 True or false? Let V be a left R-module and V3 # V5
be maximal submodules. Then V/(V1 NV,) X V/Vi & V/Vs.

Problem 3.17.43 Let R be a ring and V be an R-module. Set F :=
Endg(V), the endomorphism ring of V.

(a) If V is the direct sum of two non-trivial R-submodules, show that
E contains an idempotent e # 0, 1.

(b) Suppose that all zero divisors of E lie in a proper ideal J of E.
Show that V' is indecomposable.

Problem 3.17.44 True or false? Let R be a subring of M, (Q) which
is finitely generated as a Z-module. Then R is free as a Z-module.

Problem 3.17.45 True or false? If V is a left R-module and Endg (V)
is a division ring, then V is simple.
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Solution. False. For example prove that Endz(Q) = Q.

Problem 3.17.46 True or false? Every finitely generated module over
Rlz,y, 2]/ (2? — y®,y* + 2?) is noetherian.

Problem 3.17.47 True or false? If G be a finite abelian group then the
group algebra QG is a domain.

Solution. False: if g is an element of order n, then

1-g)(l+g+--+g" ) =0.

Problem 3.17.48 True or false: A commutative ring is left semisimple
if and only if it is isomorphic to a direct sum of finitely many fields.

Solution. True by Wedderburn-Artin.
Problem 3.17.49 Prove that J(R) contains no non-zero idempotent.

Problem 3.17.50 True or false? In a ring R the set of nilpotent ele-
ments is an ideal.

Problem 3.17.51 True or false? If R is a commutative semisimple ring
and r € R with 2 = 0 then r = 0.

Solution. True. By Weddreburn-Artin (or Problem 3.17.48) R is a direct
sum of fields, and the result is clear.

Problem 3.17.52 R is a semisimple finite ring with |R| = 4. What are
the possibilities for R.

Problem 3.17.53 True or false? For every left noetherian ring R, the
Jacobson radical J(R) is the largest nilpotent ideal of R.

Problem 3.17.54 True or false? If R is a noetherian commutative ring
then R/J(R) is a semisimple ring (i.e. every R-module is semisimple).

Problem 3.17.55 Calculate the Jacobson radical of the ring Z/mZ.

Solution. Decompose m = p{*...p;* where p;’s are distinct primes
and all a; > 0. I claim that J(Z/mZ) is the principal ideal I gener-
ated by the element pips...pr +mZ. To prove this, observe that the
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ideal I coincides with the set of nilpotent elements in Z/mZ and use
Lemma 3.13.1.

Problem 3.17.56 Let ¢ € R be a non-zero idempotent. Then eRe is a
ring (with identity), and J(eRe) = J(R) NeRe

Solution. Hint: first prove that when V is a simple R-module, eV is
either zero or simple R-module. Then use Proposition 3.12.3.

Problem 3.17.57 Let R be a ring. Show that J(M,(R)) = M, (J(R)).

Solution. Hint: Observe that if V is a simple R-module, then V" is a
simple M,,(R)-module in a natural way. Then use Proposition 3.12.3.
You may also want to use Problem 3.17.56: observe that R = eM,,(R)e
where e = E .

Problem 3.17.58 Let V be a finitely generated left R-module, and  :
V — V/J(R)V be the projection. If 7(v1),...,m(vy,) generate V/J(R)V,
then vy, ..., v, generate V.

Problem 3.17.59 True or false? J(R1®---®R,) = J(R1)®---®J(Ry).

Problem 3.17.60 Let F' be a field and R = F[z]/I where I is the ideal
of F[z] generated by x? 4+ 2z + 1. What is the Jacobson radical of R.

Problem 3.17.61 Prove the following generalization of Nakayama’s
lemma: if R is an arbitrary ring, I a two-sided ideal of R contained in
the Jacobson radical of R, and V' a left finitely generated R-module such
that IV =V, then V = 0.

Problem 3.17.62 True or false? If V' is an irreducible R-module, the
center of Endg(V) is a field.

Problem 3.17.63 Say all you can about an artinian ring containing no
non-zero nilpotent elements.

Problem 3.17.64 True or false? If R is a left artinian ring with no zero
divisors, then R is a division ring.

Problem 3.17.65 True or false? Let F be a field. A finite dimensional
F-algebra without zero divisors is a division algebra.
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Problem 3.17.66 True or false? If a ring R is simple artinian then the
ring of all 2 x 2 matrices over R is simple artinian.

Problem 3.17.67 Let G be a finite group and F' be an algebraically
closed field of characteristic p. Prove the following:

(i) Up to isomorphism, that there are only finitely many irreducible
FG-modules Ly, ..., L.
(ii) Let dj = dimL;, 1 < i < k. Then Y.  d? < |G|, and the
equality holds if and ouly if p /|G|.
(iii) Is it true that the inequality Zle d? < |G| holds even if F is not
algebraically closed?

Solution. The irreducible modules for F'G are pullbacks of the irreducible
modules over F'G/J(F@G), which is a finite dimensional semisimple alge-
bra. In particular it has only finitely many irreducibles for example by
Wedderburn-Artin. This gives (i). Also by Wedderburn-Artin, we have
dim(FG/J(FQ)) = Zle d?, which gives (ii) using Maschke’s Theorem.
. Finally, (iii) is false: for example C3 has a simple module of dimension
2 over Q.

Problem 3.17.68 Let C,, be the cyclic group of order n. Decompose
the group algebra CC,, as a direct sum of simple ideals. Do the same

for QC,,.

Problem 3.17.69 True or false? Let A be a finite dimensional abelian
algebra over an algebraically closed field F'. Then all simple A-modules
are 1-dimensional.

Problem 3.17.70 True or false? Let A be a finite dimensional abelian
algebra over a field F'. Then all simple A-modules are 1-dimensional.

Problem 3.17.71 Let A be a finite dimensional algebra over an alge-
braically closed field F', and V be a simple A-module.
(i) Show that V is finite dimensional.
(ii) Let {v1,...,v,} be a basis of v, and p(a) be the matrix of a linear
transformation V' — V| v +— av with respect to this basis. Show
that for any matrix A € M, (F') there exists a € A with A = p(a).
(iii) Show that (ii) may fail if F' is not algebraically closed.

Solution. (i) follows from the fact that every simple A-module is a
quotient of A.
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(ii) Either use Schur Lemma and Jacobson’s Density Theorem or
Wedderburn-Artin for algebras over algebraically closed fields (see Re-
mark 3.11.16).

(iii) Consider C as an R-algebra and the regular C-module ¢C.

Problem 3.17.72 A finite ring with no nilpotent elements is a direct
product of fields.

Problem 3.17.73 Say all you can about a finite simple ring.

Solution. M, (F,) (by Wedderburn-Artin and Wedderburn’s theorem
that finite division rings are fields).

Problem 3.17.74 True or false? If A is a finite dimensional simple
algebra over C, then dim¢ A is a perfect square.

Problem 3.17.75 Let R be a ring and J be its Jacobson radical. Then
R/J is a division ring if and only if R has a unique maximal left ideal.

Problem 3.17.76 True or false? If R is a semisimple artinian ring with

r3 =1 for all r € R, then R is a division ring.

Problem 3.17.77 True or false? If A and B are semisimple complex
algebras of dimension 4 then A & B.

Problem 3.17.78 True or false? If A and B are semisimple complex
algebras of dimension 3 then A = B.

Problem 3.17.79 If R is a left semisimple ring with 72 = r forallr € R
then R is isomorphic to a direct product of copies of Fs.

Problem 3.17.80 True or false? If R is an artinian ring having no
non-zero nilpotent elements then R is a direct sum of fields.

Problem 3.17.81 Classify all 2-dimensional R-algebras.

Problem 3.17.82 Determine whether or not the matrices

1 3 1 0 0 -6
2 2 -1 and 1 0 1
1 1 1 0 1 4
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are similar over rationals.

Problem 3.17.83 Determine whether or not the matrices

0 1 0 01 0
0 01 and 2 3 0
-1 2 1 0 0 -5

are similar over rationals.

Problem 3.17.84 An n x n nilpotent matrix with entries in a field has
characteristic polynomial z".

Problem 3.17.85 True or false? There are exactly 3 similarity classes
of 4 x 4 matrices A over Fy satisfying 42 = 1.

Problem 3.17.86 Give a list of 2 x 2 matrices over Fy such that every
2 x 2 matrix over Fy is similar to exactly one on your list.

Problem 3.17.87 Let V be a finite dimensional vector space and let
©, 1% be commuting diagonalizable linear transformations from V to V.
Show that ¢ and v can be simultaneously diagonalized.

Problem 3.17.88 Let V be a finite dimensional vector space and let
(¢i)ier be a family of commuting diagonalizable linear transformations
from V to V. Show that ¢; can be simultaneously diagonalized.

Solution. We use induction on dim V', the induction base being dim V' =
1. Let dimV > 1. If all linear transformations are scalar, we are done.
Otherwise, pick ¢; which is not. Then V' decomposes as a direct sum
of the corresponding eigenspaces whose dimensions are less than dim V.
Each ¢; leaves those eigenspaces invariant (as ¢; commutes with ¢;),
and so we can apply inductive assumption.

Problem 3.17.89 Let V be a 7-dimensional vector space over Q.

(a) How many similarity classes of linear transformations on V have
characteristic polynomial (z — 1)*(x — 2)3?

(b) Of the similarity classe in (a), how many have minimal polynomial
(x —1)%(x —2)2?

(c) Let ¢ be a linear transformation from V to V having characteristic
polynomial (z — 1)*(x — 2)? and minimal polynomial (z — 1)?(z — 2)2.
Find dimker(7" — 2id).
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Problem 3.17.90 Exhibit a 4 x 4 matrix A with integer coefficients
such that A% =1 # A.

Problem 3.17.91 Let A, B € M5(Q) be non-zero 5 x 5 matrices over
Q such that AB = BA = 0. Prove that if A* = A and B* = B? — B,
then A + B is invertible.

Problem 3.17.92 Let V be a finite dimensional vector space over a field
F. Let 0 be a linear transformation on V. Assume that there do not
exist proper, f-invariant, subspaces Vi, Vo of V' such that V =V, @ V5.
Show that for some basis of V' the matrix of 8 is the companion matrix
of p(x)¢, where p(zx) is some irreducible polynomial in F[x].

Problem 3.17.93 Let V be a finite dimensional vector space over Q.
Let 0 be a linear transformation on V' having characteristic polynomial
(z —2)%

(a) Describe the possible Jordan normal forms for 6, and for each of
these give the minimal polynomial of 6.

(b) For each of the possibilities in (a) give the dimension of the 2-
eigenspace of 6.

(¢) Assume that 6 leaves invariant only finitely many subspaces of V.
What can be said about the Jordan normal form of 6.

Problem 3.17.94 Let R be an artinian ring. Show that J(R) is a
semisimple left R-module if and only if J(R)? = 0.

Problem 3.17.95 Suppose that R is a finite dimensional simple F-
algebra, for F a field. Show that dimr R = n%e, where ne = dimp V for
some irreducible R-module V.

Problem 3.17.96 Let F' be a field and V' be a finite dimensional F-
vector space. Let 6 € Endp (V) have minimal polynomial f € F[z]. Let
R be the subalgebra of F[f] of Endg(V'). Prove that R is semisimple if
and only if each prime factor of f in F[z] has multiplicity 1.

Problem 3.17.97 True or false? For a short exact sequence
0—-V-o>W-—-X—0,

if V and W are indecomposable then so is X.



198 Modules

Problem 3.17.98 Show that if My, M, ..., M, are distinct maximal
ideals of the commutative ring R, then each R-module R/M;, 1 <i < n,
is isomorphic to exactly one factor of the chain

ROMy DOMiNMy 2--- DM NMyN---0 Mp.

Problem 3.17.99 True or false? If R is a commutative artinian ring
then R[z] is noetherian.

Problem 3.17.100 True or false? Q is an injective Z-module.

Problem 3.17.101 Give three different definitions of projective module
and show that your definitions are equivalent.

Problem 3.17.102 Prove that Q is not projective as a Z-module by
showing that it is not a direct summand of a free module.

Problem 3.17.103 Prove that a field F' of characteristic 0 is not a
projective Z-module under the natural action.

Solution. For every element o € F'* and every non-zero integer n there
exists an element 8 € F* with nf = «. This shows that F' cannot be
a submodule of a free Z-module, and so, of course, it is not a direct
summand.

Problem 3.17.104 Let R be a PID. Which cyclic R-modules are pro-
jective?

Problem 3.17.105 Let R be commutative. True or false:

(i) Every submodule of a projective R-module is projective.
(ii) Every submodule of an injective R-module is injective.
(iii) Every quotient of a projective R-module is projective.
(iv) Every quotient of an injective R-module is injective.

Problem 3.17.106 Let n > 1. Then Z/nZ is injective Z/nZ-module.

Solution. We need only to show that if I is an ideal of Z/nZ and ¢ : I —
Z/nZ is linear, then ¢ extends to a linear map v : Z/nZ — Z/nZ. Now,
I = dZ/nZ for some d|n. Let k € Z be such that p(d + nZ) = k + nZ.
Since (n/d)(d +nZ) = 0 in I, we have (n/d)k + nZ = 0. Therefore n
divides nk/d. Tt follows that d divides k. Let e = k/d. We can define
Y(x +nZ) = ze+ nlk.
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Problem 3.17.107 True or false? Every abelian group monomorphism
Cpee — A splits.

Problem 3.17.108 True or false? Q[z, x~!] is a projective Q[z]-module.

Problem 3.17.109 Let R be a ring, and V. C W, V! ¢ W' be R-
modules such that W/V 2 W'/V' 2 gRand V 2 V' then W @ W',
Solution. True: since rR is projective, we have W X VO R =V @ R =
w’.

Problem 3.17.110 Let R be a domain and F be its field of fractions.
Prove that F' is an injective R-module.

Solution. Let L be an ideal in R, and ¢ : L — F be an R-module
homomorphism. We may assume that L # 0. Pick any r € L\ {0}
and extend ¢ to R by sending s € R to s¢(r)/r € F. To see that the
map is well-defined, note that f(rire) = r1f(re) = rof(r1) implies that
f(r1)/r1 = f(r2)/ra. It is easy to see that the map is an R-module map
extending .

Problem 3.17.111 True or false? Q is the injective hull of Z.

Problem 3.17.112 Every short exact sequence of C[z]/(x?—1)-modules
is split.

Solution. True: the ring is isomorphic to C x C, so we can apply Propo-
sition 3.14.11.

Problem 3.17.113 True or false? Every short exact sequence of Z5-
modules is split.

Problem 3.17.114 True or false? Every R[z]-module is projective.

Solution. No, torsion module over a PID is not projective.

Problem 3.17.115 True or false? Every projective module over a com-
mutative ring is free.

Solution. False: C over C x C.

Problem 3.17.116 Let F' be a free left R-module with finite basis.
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Prove that F* is a free right R-module with finite basis dual to the basis
of F. Prove that F is reflexive.

Problem 3.17.117 Let P be a finitely generated projective left R-
module. Prove that P* is a finitely generated projective right R-module.
Prove that P is reflexive. Demonstrate that both statements are false if
we drop the assumption of P being finitely generated.

Solution. Since P is finitely generated, there is a surjective map F'— P,
where F is a free module with finite basis. Then FF =< P & P/, as P
is projective. Note that F* = P* ¢ P’™*, whence P* is projective and
finitely generated, as F™* is free with finite basis by Problem 3.17.116.
Moreover, let 6 : F — F** = P** @ P"** be a canonical homomorphism,
which is an isomorphism by Problem 3.17.116 again. Then ¢(P) C P**
and O(P') C P"™**. It follows that the restriction § |p: P — P** is an
isomorphism.

As for counterexamples, take an Fo-vector space V on an infinite
countable basis. Then F5* does not have a countable basis. Finally,
consider a free Z-module F' := @©52,7Z of infinite countable rank. We
claim that F* = [[;2, Z is not projective. Well, let ¢ : F* — Zy be a
map which sends a tuple (n1,ns,...) € [[;o; Z to 1 if all n; are odd,
and to 0 otherwise. Now, if 7 : Z — Zj is the natural surjection, then
there no map ¢ : F* — Z with m oy = ¢. Indeed, if such 9 ex-
isted, then ¢((1,1,1,...)) must be odd and #((1,0,0,...)) is even, but
¥((2,1,1,...)) is even, giving a contradiction.

Problem 3.17.118 Let V be a finite dimensional vector space over a
division ring D. Prove that V is reflexive.

Problem 3.17.119 Prove that a domain R is a field if and only if every
R-module is projective.

Solution. If R is a field, we know that every R-module (i.e. a vector
space over R) has a basis. This means that every R-module is free, and
hence projective. Conversely, assume that every R-module is projective.
By Proposition 3.14.11, R is semisimple artinian. By Wedderburn-Artin
R is a field. (Another proof: take any non-zero r € R. To show that r is
invertible consider an epimomorphism 6 : kR — Rr, s — sr. As Rr is
projective, the epimomorphism splits, i.e. there exists a homomorphism
¢ : Rr — pRsuch that fop = idg,. Using the fact that R is a domain, it
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follows that ¢(r) = 1. Now, if r = 0, we have 0 = p(ar) = zp(r) = z,
as required.)

Problem 3.17.120 Let R be a subring of the ring S such that S is free
with basis (s;);c; when considered as a right R-module. If V is a left
R-module, then, as abelian groups,

SerV=EPsaV,
i€l

where s; ® V' denotes the subspace of S ®r V' generated by all pure
tensors of the form s; ® v.

Problem 3.17.121 Let V and W be Z-modules (equivalently, abelian
groups).
(i) VRzZ/mZ=V/mV.
(ii) Z/mZ @z Z/nZ = Z/kZ, where k = GCD(m,n).
(iii) Describe V @z W if V and W are finitely generated.

Problem 3.17.122 True or false? If V is a torsion module over Z then
V ®,Q=0.

Problem 3.17.123 True or false? Q ®7z Q = Q.

Problem 3.17.124 Let V be a right R-module and W be a left R-
module. True or false?

(i) There is an isomorphism of abelian groups V g W =2V @, W.
(i) fvw=v @w in VerW, then v=1" and w = w'.

Problem 3.17.125 If V' is a submodule of the right R-module V' and
W’ is a submodule of the left R-module W, then (V/V') @r (W/W') =
(V. ®@gr W)/U, where U is the subgroup of V ®r W generated by all
elements oof the form v ® w and v ® w’ where v/ € V',v € V,u' €
Wi weW.
Problem 3.17.126 If

0—U-Lv-Lw-—o

is a split exact sequence of left R-modules, then

0— X@0pU Y% Xopv X x o, W —0
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is an exact sequence of abelian groups for any right R-module X.
Problem 3.17.127 Prove that a projective module is flat.

Problem 3.17.128

(i) If I is a right ideal of a ring R and V is a left R-module, then
there is an isomorphism of abelian groups

R/I®RV = V/IV,

where IV is the subgroup of V' generated by all elements zv with
rel,veV.

(ii) If R is commutative and I, J are ideals in R, then R/I®@r R/J =
R/(I+J).

Problem 3.17.129 True or false? If f: V — V' and g : W — W’ are
surjective maps of right and left R-modules respectively, then

fRg:VRrW =V @ W'
is surjective.

Problem 3.17.130 Let R be a commutative ring and V,W be R-
modules. Show that there exists a homomorphism of R-algebras

0 :Endr(V) ®g Endg(W) — Endg(V @r W)
such that
O(f ©9))(v@w) = f(v) ®g(w)
for all v € Viw e W, f € Endg(V), g € Endg(W).

Problem 3.17.131 Suppose f : R — S is a surjective ring homomor-
phism. Let V and W be a right and a left S-modules, respectively.
Describe how to give V and W a right and a left R-module structures,
and prove

VOrW X2V s W.
If f is not a surjection, is Vg W 2V ¢ W7
Problem 3.17.132 True or false? If V and W are respectively right

and left modules over a division ring D such that V ®@p W = 0 then
either V.=0or W = 0.
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Problem 3.17.133 True or false? Let R be a commutative ring and

V be an R-module. If L ®r V = 0 for every simple R-module L then

vV =0.

Problem 3.17.134 True or false? Let V' be a left R-module. If
X®rV =0

for every right R-module X then V' = 0.

Problem 3.17.135 True or false? If V, V;, V5 are non-zero free modules

of finite rank over a commutative ring R with V®r V3 2V ®z V5, then
Vi =2V,

Problem 3.17.136 True or false? Z3 ®z (Z Q7 Zo) = Zg.
Problem 3.17.137 Find (Q ® Z7) ®z Zs.

Problem 3.17.138 True or false? Zss Qg Zs = Z.
Problem 3.17.139 Find (C ® Zg) ®y Zs.

Problem 3.17.140 True or false? Let R be a ring, V be a right R-
module and W be a left R-module. Then the additive group V ®g W
is a quotient of the abelian group V ®z W.

Problem 3.17.141 Give an example of a ring R, a right R-module V'
and a left R-module W such that V@r W %2V ®z W as abelian groups.

Problem 3.17.142 True or false? If K/Q and L/Q are finite field
extensions then K ®gq L is a semisimple ring.

Problem 3.17.143 Let K/k be a field extension, f be an irreducible
polynomial over k, and a be a root of f in some extension field of k.
Show that k(a) ®j K is isomorphic to Kz]/(f) as a k-algebra. Deduce
that if « is separable over k, then k(a) ®; K is semisimple.

Problem 3.17.144 Let A and B be finite dimensional semisimple al-
gebras over C. Prove that A ®¢ B is semisimple.

Problem 3.17.145 Let R be a ring for which every simple left R-module
is projective. Prove that R is semisimple artinian.
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Categories and Functors

Category theory unifies concepts from many parts of mathematics. At
the first glance it sounds like a boring piece of general nonsense or some
kind of naive way of thinking about mathematics in terms of dots and
arrows. In reality category theory is a very powerful tool. One of its
principal ideas is that of naturality. Everything should be a functor,
isomorphisms should be natural (or functorial), etc.

4.1 Categories

The idea of a category is that its object is characterized not as a set,
not by describing of which elements it consists, but by its relations with
other objects.

Definition 4.1.1 A category C consists of three ingredients:

e A class ObC of objects of the category.
e A set Hom(A, B) = Hom¢ (A, B) of morphisms from A to B, for
every ordered pair (A, B) of objects. If f € Hom(A, B) we often

write f : A — B or AL B and call A the domain and B the
target of f.

e A composition map
Hom(A, B) x Hom(B, C') — Hom(A,C), (f,g9) — gf,
for every ordered triple A, B, C of objects.
These ingredients should satisfy the following axioms:
(i) The Hom sets are pairwise disjoint; that is each morphism has a

unique domain and a unique target.

204
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(i) For each object A, there is an identity morphism id4 € Hom(A4, A)
such that fidy = f and idg f = f forall f: A — B.
(iii) Composition is associative, that is whenever

AL BL oD,
then h(gh) = (hg)f.

Remark 4.1.2 If you are confused by the word class in the definition
above substitute for it the word set and read remarks in the beginning
of section 7.2 of Rotman.

Example 4.1.3 (i) The category Sets of sets has all sets as its objects,
maps between sets as morphisms and usual composition of maps as
composition of morphisms.

(ii) The category Groups. Here objects are groups, morphisms are
group homomorphisms.

(iii) The category Ab. Here objects are abelian groups, morphisms
are group homomorphisms.

(iv) Top is the category of topological spaces and continuous maps.

(v) Let R be a fixed ring. The category R-Mod is the category of all
left R-modules and R-module homomorphisms. Similarly Mod- R is the
category of all right R-modules.

(vi) Let X be a partially ordered set, for example the set of all sub-
groups of a fixed group G ordered by inclusion. The category PO(X) has
all elements of X as its objects. As for morphisms, we set Hom(z,y) = @
if # £ y. On the other hand, if < y, then Hom(z,y) = {fzy}, that is
there is exactly one morphism from z to y for each pair z < y. Finally,
the composition is defined via f; foy := fz. for z <y < 2.

(vii) Let G be a monoid (a ‘group where we do not insist that ev-
ery element has inverse element’). Define the category C(G) as follows:
C(G) has only one object, call it *. Now, Home (g (*, *) := G with the
composition being the group multiplication.

It is clear how to translate the notion of isomorphism into a categorical
language.

Definition 4.1.4 A morphism f : A — B in a category C is called
an isomorphism if there exists a morphism g : B — A in C such that
gf =ids and fg = idg. The morphism g is called the inverse of f and
denoted f~1.
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Remark 4.1.5 (i) The inverse morphism is defined uniquely: if g and
g’ are both inverse to f, then multiplyng the equality fg = idg on the
left by ¢’ and using equalities id4 g = g and ¢'idp = ¢’, we get g = ¢'.

(ii) Clearly id 4 is an isomorphism for any object A.

(iii) We describe isomorphisms in the categories from Example 4.1.3:
(i) set bijections; (ii) and (iii) group isomorphisms, (iv) homeomor-
phisms; (v) module isomorphisms; (vi) id, for each z € X; (vii) in-
vertible elements of G (in particular, if G is a group then all morphisms
are isomorphisms).

You will recognize the following definitions as generalizations of direct
sum and direct product of modules.

Definition 4.1.6 Let (4;);c; be a family of objects of a category C
indexed by a set I.

(i) A coproduct of the family consists of an object [ [, ; A; and a family
of morphisms (¢; : A; — [I;c; Ai)jer such that for any object B and a
family of morphisms (¢; : A; — B);er there exists a unique morphism
¢ : [1;e; Ai — B making the following diagram commutative for each
jel:

A;
Lj Pj
[14
...... - B
i€l ®

(ii) A coproduct of the family consists of an object [],.; A; and a
family of morphisms (7; : [],c; Ai — Aj)jer such that for any object
B and a family of morphisms (p; : B — A;) cr there exists a unique
morphism ¢ : B — [],.; A; making the following diagram commutative
for each j € I:

First an expected uniqueness result:
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Lemma 4.1.7 Let (A;)icr be a family of objects of a category C indexed
by a set I.

(i) Assume that
(JT 4 (- 45 = [T Asen)
i€l i€l
and
(JT 46 (= A5 = [T Asen)
icl il
are two coproducts. Then there exists an isomorphism
e [J4= [ A
iel il

such that the following diagram is commutative for every j € I:

A; /
AN
|| Et ]

icl icl
(i1) Dual statement for products which I am lazy to type in.

Proof Usual stuff. If you are still not comfortable with that please come
to the office hours. |

What might be surprising, is that products and coproducts might not
exist in certain categories.

Example 4.1.8

(i) In the category of sets coproduct is given by disjoint union and
product by the cartesian product.

(ii) In the category of R-modules products are direct products and
coproducts are direct sums. Similar constructions work for the
category of abelian groups. As for the category of all groups,
direct product works as a categorical product, and the categorical
coproduct is given by the free product, not a direct sum! Also note
that if you try infinite families of objects in the category of finite
groups for example, you will be in trouble.
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(iii) In the category PO(X) we have z ][]y is the least upper bound
for  and y, and z [ y is the greatest lower bound of = and y, if
they exist.

(iv) In the category of fields products and coproducts do not exist:
think about what kind of field would need to exist if we wanted
it to be a product of Fy and Fj3.

Definition 4.1.9 We say that a category B is a subcategory of a category
C, written B C C, if ObB C ObC and for every pair A, B of objects
in B, we have Homp(A, B) C Hom¢ (A, B). A subcategory B C C is
called a full subcategory if in fact Homp(A, B) C Hom¢ (A, B) for every
A,B € ObB.

Note that to specify a full subcategory of C it is sufficient to specify a
subclass of objects.

Example 4.1.10 Finite groups and group homomorphisms is a full
subcategory of Groups. The category of fields is a full subcategory of
the category of rings.

4.2 Functors

If we want to ‘compare’ different categories we want to consider some
kind of maps between categories:

Definition 4.2.1 Let A, B be two categories. A covariant functor F :
A— Bis

(i) a rule that assigns to every object A € A and object F(A) € B;
(ii) a rule that assigns to each morphism f : A; — Ay in A a mor-
phism F(f): F(A1) — F(As3) in B.
These rules should satisfy the following axioms:
(a) F(fog)=F(f)oF(g) for all morphisms f, g in A for which the
composition f o g makes sense.
(b) F(ida) = idp(a) for every object A of A.
A contravariant functor F': A — B is the same as a covariant functor
except that F'(f) is now a morphism from F(As) to F(A;) (ie. F
‘inverts the arrows’) and axiom (a) becomes
(a’) F(fog)=F(g)oF(f) for all morphisms f, g in A for which the
composition f o g makes sense.
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Often I will just write ‘functor’ for ‘covariant functor’. By the way,
the difference between covariant and contravariant functors is similar
to the difference between left and right modules. We can even reduce
the study of contravariant functors to covariant functors by introducing
the notion of the opposite category C°P to the category C: it is the
same as category C, except that all arrows are turned around. Then a
contravariant functor A — B is the same as a covariant functor A —
B°P. (Boring) details are left to the reader.

Example 4.2.2 (i) The identity functor ide on a category C—guess
what it is and check the axioms.

(ii) Forgetful functor: Groups — Sets associates to every group the
underlying set and to every group homomorphism the same map between
the corresponding underlying sets. This is a covariant functor (a rather
stupid one) and you can come up with a lot of examples like that.

(iii) The duality functor D on the category F-Vect of vector spaces
over a fixed field F assigns to every vector space V its dual V*, and to
every linear map f : V — W of vector spaces its dual map f*: W* —
V*. Thus D(V) = V* and D(f) = f*. This is a very nice example of a
contravariant functor.

(iv) Let R be a ring and X be a fixed left R-module. Then we have a
covariant functor

Hompg(X,—): R-Mod — Ab
and a contravariant functor
Homp(—, X) : R-Mod — Ab.

For example, the first functor maps an R-module Y to the abelian
group Homp(X,Y) and a morphism f : Y7 — Y5 to the morphism
f« s Homp(X,Y7) — Hompg(X,Ys), see §3.15.

(v) Let R be a ring and X be a fixed right R-module. Then we have
a covariant functor

X ® —: R-Mod — Ab
which maps a left R-module Y to the abelian group X ®gr Y and a

morphism f : Y] — Y5 of left R-modules to a morphism idx ®f, see
§3.16.

Lemma 4.2.3 If ' : A — B is a functor and f : A1 — Az is an
isomorphism in A then F(f) : F(A1) — F(As2) is also an isomorphism.
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Proof If g = f~! apply F to fg =id and gf = id. U

You might think this is crazy but we not only want ‘maps’ between
categories—we also want ‘maps’ between functors! This will allow us
to consider things like a category of functors from a category A to a
category B.

Definition 4.2.4 Let F,G : A — B be two functors. A natural trans-
formation « : F — G is a rule that assigns to every object A € A
a morphism a4 : F(A) — G(A) in B such that for every morphism
f A1 — Ay in A the following diagram is commutative:

F(a) 2 p(ay)

OéAl (lA2

G(f)
G(41) — G(Ay)
A natural transformation « : F' — G is called a natural isomorphism of
functors if each a4 is an isomorphism in the category B.

Example 4.2.5 (i) Let DD be the double duality functor F-Vect and
id be the identity functor on F-Vect. For every vector space V there is
a natural homomorphism ay : V' — V**. It is easy to see that the af,s
define a natural transformation « : id — DD. Moreover, if we restrict
ourselves to the full subcategory of finite dimensional vector spaces, «
will become an isomorphism of functors.

(ii) Let id be the identity functor on R-Mod. We claim that id is
naturally isomorphic to Hompg(R, —). To check this we need to go back
to Lemma 3.15.8 and check the ‘naturality’ (make sure you understand
what this means). People would usually state the isomorphism of func-
tors using the following words: the isomorphism of left R-modules

Hompg(rRr,V) =V, 0 0(1g).

is natural or functorial.

(iii) Using the terminology explained in (ii), we can now state stronger
versions of many results above: for example for left R-modules V, W, X,
the isomorphisms of abelian groups

HomR(V S VV,X) = }IOIHR(‘/7 X) @ HOHlR(VV, X)
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coming from Corollary 3.2.4 is natural; the isomorphisms in 3.16.8 are
natural, the isomorphisms in the associativity, additivity, and commu-
tativity of tensor products are all natural.

Now we will try to come with a notion of an ‘isomorphism of cate-
gories’. Let A and B be two categories. They are called isomorphic if
there exist functors F': A — B and G : B — A such that F'o G = idg
and G o F' =id 4. I should disappoint you right away: the isomorphism
of categories is useless notion, because it almost never occurs in ‘real
life’ (I should not dare to speak about real life after the definition of a
natural transformation of functors above). For example, let us consider
the category A of finite dimensional vector spaces over a fixed field F.
Now, if there is any justice in the world, the duality functor D from Ex-
ample 4.2.2(iii) should be an isomorphism from A to A, and its inverse
should be D itself because V and V** are naturally isomorphic. How-
ever, observe that D o D is not id 4, because V is not the same vector
space as V**. This leads us to the following ‘correct’ definition

Definition 4.2.6 Two categories A and B are called equivalent if there
exist functors F': A — B and G : B — A such that F o G = idg and
GoF 2 id4. In this case we say that F' and G are quasi-inverse to each
other.

Now it is easy to see that the duality functor D on finite dimensional
F-vector spaces establishes a self-equivalence of categories with the in-
verse equivalence being D itself.

We now address the following question: given a functor F' : A — B,
when does it define an equivalence of categories. In other words, what are
the conditions on F' which guarantee the existence of the quasi-inverse
functor G?7 The answer is given in the useful Theorem 4.2.8.

Definition 4.2.7 A functor F : A — B is called faithful if the map
Hom 4 (A1, As) — Homp(F (A1), F(Az)), 6 — F(0) (4.1)
is injective, and F' is called full if the map (4.1) is surjective.

Theorem 4.2.8 A functor F': A — B is an equivalence of categories if
and only if the following two conditions hold:

(i) F is full and faithful;
(i) every object of B is isomorphic to an object of the form F(A) for
some A € Ob A.
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Proof (=) Let F be an equivalence of categories and G : B — A
be the quasi-inverse functor. Let o« : GF — idy and 8 : FG — idg
be isomorphisms of functors. First of all, for any object B of B (p :
F(G(B)) — B is an isomorphism, which gives (ii). Next, for each ¢ €
Hom 4 (A1, A3) we have the commutative diagram

Ay

GF(Al) —_— A1

GF () ®

GtAz

GF(AQ) —_— A2
Hence ¢ can be recovered from F(g) by the formula
= aa, 0 GF(p)o(aa,)" (4.2)

This shows that F' is faithful. Similarly, G is faithful. To prove that F'
is full, consider an arbitrary morphism ¢ € Hompg(F'(4;), F(Az2)), and
set

@ =an,oGW)o (aa,) " € Homa(A1, A2).

Comparing this with (4.2) and taking into account that a4, and aa,
are isomorphisms, we deduce that G(¢) = GF(p). As G is faithful,
this implies that ¢ = F(y), which completes the proof that F is a full
functor.

( <= ) Assume that (i) and (ii) hold. In view of (i), we can (and will)
identify the set Homp(F(A41), F(As)) with the set Hom4(A4;, As) for
any A;,As € ObA. Using (ii), for each object B in B we can pick an
object Ag in A and an isomorphism Op : F(Ag) — B. We define a
functor G : B — A which will turn out to be a quasi-inverse functor to
F'. on the objects we set G(B) = Ap for any B € Ob B. To define G on
the morphisms, let ¥ € Homp(B1, B2).

G(y) == 5;21 o1 o Bp, €Homp(FG(B,), FG(By))

= Hom4(G(B1),G(B2)).
It is easy to see that G is a functor, and 8 = {8} : FG — idp is
an isomorphism of functors. Further, Sp4) = F(aa) for the unique

morphism a4 : GF(A) — A. Finally, it is not hard to see that o =
{aa} : GF —id 4 is an isomorphism of functors. O
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4.3 Adjoint functors

Definition 4.3.1 Given functors F' : A — B and G : B — A, we say
that F is left adjoint to G (or G is right adjoint to F), if for each pair
of objects A € A and B € B there are bijections

a4 p: Homp(FA, B) = Homy(A, GB)
that are natural transformations in A and B.

The naturality in A in Definition 4.3.1 means that for every morphism
f € Hom4 (A1, A2) and every object B in B the following diagram is
commutative:

Hompg(F Az, B) -2+ Homs(FA,, B)

aay,B @Ay, B

s

Hom 4 (A2, GB) A Hom 4(A41,GB)

The naturality in B in Definition 4.3.1 means that for every morphism
g € Hompg(B1, By) and every object A in A the following diagram is
commutative:

Homp(FA, By) —~—+ Homg(FA, B)

@A, B, A, By

Homu(A,GBy) (Go) Hom4 (A, GB3)

Let V' be an (R, S)-bimodule. The following theorem is (a slightly
stronger version of) the statement that the functor

V ®s —: S-Mod — R-Mod (4.3)

is left adjoint to the functor
Hompg(V,—) : R-Mod — S-Mod. (4.4)
Theorem 4.3.2 (Adjointness of ® and Hom) Let R and S be rings.

Given an (R, S)-bimodule V', a left S-module U, and a left R-module
W, there exists an isomorphism of abelian groups

Hompg(V ®s U, W) = Homg(U, Homg (V, W))

natural in U and W.
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Proof This is one of the most instructive proofs in the whole course
(and, boy, does it use lots of parenthesis)! We proceed in several steps.
1. Define a homomorphism of abelian groups

a=apw : Homg(V ®s U, W) — Homg(U, Homg(V, W))
via
[a(f)(W)] () == fv@u) (ueU,veV, feHomg(VesUW)).
2. We check that a(f)(u) € Homg(V, W):
[a(f)(W)](rv) = f(ro@u) = f(r(v®u))
=rflveu) =r[a(f)(w)](v).
3. We check that a(f) € Homg (U, Homg(V, W)):
[a(f)(sw)](v) = f(v® su) = f(vs @ u)
= [a(f)(w)](vs) = (s[a(f)(w)])(v).
4. We check that a is a homomorphism of abelian groups: note that
a(fi = f2) = a(f1) — a(f2)
if and only if
a(fi — f2)(u) = a(f1)(u) — a(f2)(u)
for every u € U, which in turn holds if and only if
[a(fi = f2)(W)](v) = [a(fi)(W)](v) = [a(f2) ()] (v)

for every u € U and every v € V. Now apply the definition of «.

5. To show that « is an isomorphism we want to define the inverse
map . Let ¢ € Homg (U, Hompg(V,W)). The map

Blg) -V xU =W, (v,u) = g(u)(v)
is checked to be S-biadditive (check!). Considering the diagram

V xU

yields the homomorphism of abelian groups

B(g): VosU—W, v@ur— g(u)(v) (veV,ueW).
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6. We check that 8(g) is an R-homomorphism:
B(9)(r(v & w)) = B(g)(rv & u) = g(u)(rv) = r{g(u)(v))
3(g)(v @ u)

7. Now we define the map

B = Bu,v : Homs(U,Hompg(V, W)) — Homg(V ®s U, W), g — B(g).

It is easy to see that § is a homomorphism of abelian groups.
8. We check that foa =1id. Let f € Homg(V ®s U, W). Then

Bla(H))veu) = [a(f)(w)](v) = flveu).
9. We check that awo 8 =id. Let g € Homg(U, Hompg(V,W)). Then
[a(B(9)) ()] (v) = B(g)(v @ u) = g(u)(v).

10. We check the naturality of o in W. Let 6 : W; — W5 be a
homomorphism of left R-modules. We need to show that the following
diagram commutes:

Homp(V @5 U,W1) —+ Homp(V ©5 U, Wa)

ay,wy Ay, wy

Homg (U, Homg (V, W1)) 225 Homg (U, Homp(V, Ws))

where G = Hompg(V,—). Well, let us take f € Hompg(V ®g U, Wy).
Then 6.(f) =60 f. So

[aw,w, (0. ()] (w)(v) = 0(f (v © w)).
On the other hand
[(G0)- (awaw ()] ()(v) = (e (H] (W) () = O(F (v & u)).

11. We check the naturality of a in W. Well, why don’t you check it?
(I guarantee a lot of excitement). Ul

There is one special case of Theorem 4.3.2 which is used particularly
often. Assume that S is a subring of R, U is a left S-module and W is
a left R-module. We have the induction and restriction functors

ind & : $-Mod — R-Mod, U — R®gs U,
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which is a special case of (4.3) and
res & : R-Mod — S-Mod.

The restriction functor gives the S-structure to an R-module W by ‘re-
stricting’ the action from R to S. Now Theorem 4.3.2 gives

Corollary 4.3.3 (Adjointness of ind and res or Frobenius Reci-
procity) Let S be a subring of a ring R. Given a left S-module U, and
a left R-module W, there exists an isomorphism of abelian groups

Homp(ind 2U, W) = Homg (U, res W)

natural in U and W.

4.4 Problems on Categories and Functors

Problem 4.4.1 Work in the category of abelian groups. Prove that
the cartesian product G x H is both categorical product and categorical
coproduct.

Problem 4.4.2 In the category PO(X), z [ y is the least upper bound
for  and y, and x ][]y is the greatest lower bound of z and y, if they
exist.

Problem 4.4.3 True or false? The functor Zs ®7 — : Z-Mod — Z-Mod
is exact.

Problem 4.4.4 True or false? The functor
Homy(—, Q) : Z-Mod — Z-Mod

is exact.

Problem 4.4.5 If the functors F' : A — B and G : B — A establish an
equivalence of categories between A and B then F' is both left and right
adjoint to G.

Problem 4.4.6 In this problem I start the description of a functor. You
need to finish it by saying what the functor is on the morphisms and
check the axioms:

(a) A covariant functor from Groups to Sets that assigns to each
group the set of all its subgroups.
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(b) A covariant functor from Rings to Rings that assigns to each
ring R the polynomial ring R|x].

(c) A covariant functor from Groups to Groups that assigns to each
group G its commutator subgroup G'.

Problem 4.4.7 Let F,G : A — B be covariant functors, and o : FF — G
be a natural trasformation. Then « is a natural isomorphism if and only

if there exists a natural transformation 3 : G — F such that fa = idp
and af = idg.
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Commutative algebra

From now on, all rings are commutative unless otherwise stated (and
unital, as usual).

5.1 Noetherian rings

Theorem 5.1.1 (Hilbert Basis Theorem) If the ring R is noetherian,
so0 is the polynomial R[zx].

Proof Let I be an ideal of R[z]. We have to show that it is finitely
generated.

For each n > 0, let J,, be the set of all » € R for which there exists
a polynomial f(x) € I of degree < n in which the coefficient of 2™ is
r. It is easy to see that J, is an ideal of R, as I is an ideal in R[z].
Moreover, J, C Ju4+1, as of € I. As R is noetherian, the ascending
sequence J; C Jo C ... of ideals in R terminates, i.e. there is m such
that J; = J,, for all i > m.

Moreover, each ideal Jy, ..., J,, is finitely generated. Let Si,...,Sp,
be the corresponding generating sets. For each s € S;, let gs(z) € I be
a polynomial of degree < i in which the coefficient of z? is s. We show
that I coincides with the ideal K generated by the finite set

{9s]s€S1U---USp}.

Note that K C I, as all g5 belong to I.

Conversely, we show by induction of the degree that every polynomial
f €Iisin K. Induction starts from f = 0. Let f(z) = ap,a™ + -+ ao
have degree n > 0. Then a,, € J,.

If n < m, then a, = ris; + ...7gs, for some r1,...,7. € R and

218
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S1...,8k € Sp. Hence g(z) :==r1gs, () + -+ + rrgs, (x) € K has degree
n and leading coeffivient a,,. Then deg(f —g) <n and f —g € I. By
induction f — g € K, whence f € K.

If n > m, then J,, = J,,, and so a,, = r181 + ...7:Sk € R for some
T1,...,7g and 81 ..., 8 € Sp,. Hence g(x) := r1gs, () 4+ +71kgs,. (x) €
K has degree m and leading coeffivient a,,. As above, f—2" ™¢g(z) € K
be inductive hypothesis, and f € K. O

Corollary 5.1.2 If R is a noetherian ring, so is the ring of polynomials
Rlx1,xa,...,2x,]. In particular, if F is a field, the ring Flx1,...,2,] is
noetherian.

Proof Note that R[x1,...,zy][x,] = R[x1,22,...,2,] and apply induc-
tion on n. U

Theorem 5.1.3 If the ring R is noetherian, so is the ring R[[z]] of
formal power series.

Proof The proof is similar to the one of Hilbert Basis Theorem, but uses
order instead of degree (the order of the series Y ;= r;z’ is the minimal
i with ¢ # 0). We skip the details. O

Corollary 5.1.4 If R is a noetherian ring, so is the ring of formal
power series R[[x1,xa,...,x,]]. In particular, if F is a field, the ring
Fl[z1,...,z,]] is noetherian.

Now we prove some results which are valid for any (commutative)
ring.

Theorem 5.1.5 (Chinese Remainder Theorem) Let I,...,1, be
ideals of a ring R. If I;4+1, = R for every j # k, then the homomorphism
¢: R — R/I) x --- x R/I, induced by projections w; : R — R/I; is
surjective. In particular,

R/(IhNn---NI,) =R/ x--- X R/I,.

Proof Let Jy := Hl?ﬁk I; <« R. We claim that I, + J, = R. Otherwise
I, + Ji € M for some prime ideal P (for example a maximal ideal).
As Jp € P and P is prime, we have I} C P for some | # k. Now
I; 4+ I, € P contradicts the assumption that I; + I, = R, proving the
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claim. Tt follows that 7 (Jx) = R/I;. On the other hand m;(J;) = 0 if
1 # k. It follows that ¢(J1 +...J,) isall of R/I1 X --- x R/I,. O

Remark 5.1.6 A special case of the theorem states that if aq,...a,
are integers with (aj,ax) = 1 for every j # k, then for each n-tuple of
integers by, ..., b, there exists an integer b such that b = b; (mod a;).

Definition 5.1.7 A subset S of a commutative ring R is called multi-
plicative if 1 € S and s1s9 € S whenever s1,52 € S. A multiplicative
subset is called properif 0 &€ S.

Lemma 5.1.8 Let S C R be a proper multiplicative set. Let I be an
ideal of R satisfying I NS = &. The set T of ideals J 2 I such that
J NS =@ has maximal elements, and each mazximal element in T is a
prime ideal.

Proof That the set T' has maximal elements follows from Zorn Lemma.
Let M be such an element. Assume that 2,y € R\ M. By the choice of
M, M + Rz contains some s; € S and M + Ry contains some so € .S,
i.e. s =my + iz and so = mo + roy. Hence

s182 = (mq +rm2)(ma +r2y) € M + Ray.

It follws that M + Rxy # M, i.e. xy & M. |

Lemma 5.1.9 Let I < R be a proper ideal. The intersection of prime
ideals containing I is {r € R | ™ € I for some n > 0}. In particular,
the intersection of all prime ideals in R coincides with the set of nilpotent
elements in R.

Proof Let J be the intersection of all prime ideals containing I. If r € R
does not belong to J then r ¢ P for a prime ideal P O I. But then
x™ ¢ P for alln >0, and so 2" & 1.

Conversely, assume that r™ ¢ I for all n > 0. By Lemma 5.1.8 applied
to the multiplicative set S = {1 = 70,772 ...}, there is a prime ideal
P of R, which contains I but none of r". |

Definition 5.1.10 The radical of an ideal I < R in a commutative ring
R is the set

VI={reR|r" eI for somen >0}.
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The set /0 of all nilpotent elements in R is also sometimes call the
radical of R and denoted Rad R.

We note that the radical and Jacobson radical of a commutative ring
do not have to coincide, although we always have J(R) 2 Rad R, see
Corollary 3.12.10. This fact also follows from Lemma 5.1.9 and the
definition of the Jacobson radical, because maximal ideals are of course
prime. On the other hand, Lemma 3.13.1 shows that the two radicals
coincide providing the ring is artinian. For a noetherian ring this is
already not true, as the example of R[[z]] shows, see Problem 5.6.2.

Lemma 5.1.11 If /T is finitely generated, then (vVI)* C I for some n.

Proof Let /I = Rxy+---+ Rxyj,. Then xz;t € Iforsomen;,i=1,...,k.
Now taken=(ny — 1)+ -+ (np — 1) + 1. O

We now work to obtain an analogue of a prime decomposition in Z
for arbitrary noetherian rings, called primary decomposition.

Definition 5.1.12 A proper ideal @ < R is called primary if in the ring
R/Q every zero divisor is nilpotent. Equivalently: rs € Q and r € Q
= s€.+/0Q.

The primary ideals should play a role of powers of prime numbers in
our primary decomposition as the following example suggests.

Example 5.1.13 An ideal in Z is primary if and only if it is of the form
(p™) where p is prime and n is a positive integer. Note that 1/(p") = (p).
This illustrates the following result.

Lemma 5.1.14 If Q < R is primary then P = \/Q is prime.

Proof Let rs € P and r ¢ P. We have r"s™ = (rs)™ € @ for some n.
Note that 7™ ¢ @, hence s™ € /Q, i.e. (s")™ € Q. Therefore s € P.
O

Definition 5.1.15 Let P be a prime ideal. An ideal @ is called P-
primary (or associated with P) if it is primary and /@Q = P.

Lemma 5.1.16 The intersection of finitely many P-primary ideals is
P-primary.
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Proof Tt suffices to prove that the intersection of two P-primary ideals
@1 and @9 is P-primary. First of all, it is clear that

VQiNQsC\/Q =P

Conversely, if r € P, then r™ € Q1 and r™ € Qa, so 7™ € Q1 N Q-.
Thus /Q1 N Q2 = P.

To show that Q1 N Q2 is primary, let rs € Q1 N Q2 and r € Q1 N Qa,
then s € P = /Q1 N Q2, since @ and (), are P-primary. O

Definition 5.1.17 A proper ideal Q < R is called irreducible if I cannot
be written as the intersection I = J N K of ideals J, K D I.

Example 5.1.18 In Z the irreducible ideals coincide with primary ide-
als. Problem 5.6.3 gives an example of an ideal which is primary but
not irreducible. On the other hand:

Lemma 5.1.19 In a noetherian ring every irreducible ideal is primary.

Proof Let I be irreducible. Assume that rs € I, s ¢ v/I. We need to
prove that r € I. Let

I,={zeR|zs" €I}
Then r € I, and we have an ascending chain of ideals
ICLCLC....

As R is noetherian, there exists n such that I, = I,,. Let J = I + Rs™.
We claim that J NI, = I. Indeed, clearly I C J N 1I,. Conversely,
let x € JNI,. We can write x = t + ys™ for some t € I, y € R.
We know that xs™ = ts™ + ys®" € I, which implies that ys®" € I, i.e.
y € Iy, = I,,. But then ys™ € I, and so z € I. Now J # I, as s & /1.
As I is irreducible, we have I,, = I, whence I; = I, and sor € I. ]

Lemma 5.1.20 In a noetherian ring every proper ideal is the intersec-
tion of finitely many irreducible ideals.

Proof Assume this is false. Let S be the set of all proper ideals which
are not intersections of finitely many irreducible ideals. Since R is
noetherian, & has a maximal element M. Now M is not irreducible,
so M = J N K for some proper ideals J 2 M and K D M. By the
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choice of M, J and K are not in S, so they are both intersections of
finitely many irreducible ideals, and so is M. Contradiction. U]

It follows from the last two lemmas that every ideal I of a noetherian
ring R is the intersection I = @1 N --- N @, of finitely many primary
ideals. The primary ideals @1, ..., Q, are called a primary decomposi-
tion of 1. By throwing redundant elements out of this decomposition we
can always achieve the situation when N;;@Q; € N;@Q;, in which case we
say that our primary decomposition is irredundant. It is now clear that
every proper ideal I in a noetherian ring has an irredundant primary de-
composition. However, we can do a little better. Note by Lemma 5.1.16
the intersection of all primary ideals in our decomposition which are
associated with the same prime ideal P is again P-primary. So we can
take this intersection as one new primary ideal in a new, ‘shorter’ de-
composition. By doing this we may achieve that all primary ideals in
our primary decomposition are associated with different primes. An ir-
redundant primary decomposition Q1 N --- N @y is called reduced if for

every i # j we have v/Q; # /Q);.

Theorem 5.1.21 (Primary Decomposition) FEvery ideal of a com-
mutative noetherian ring has a reduced primary decomposition. More-
over, if

I=QiN-NQr=0Q N---NQ
are two reduced primary decompositions of I, then k = [ and, up to a

permutation, \/Q; = \/ Q.

Proof We only need to prove the uniqueness. We show that in a reduced
primary decomposition

I=Q:N---NQg

the distinct prime ideals Py = v/Q1,...,Pr = /@ coincide with the
set of prime ideals which have form

I(z) ={y€R|zyel} (x € R\I).

Such prime ideals are called the associated prime ideals of I.

For any 1 < ) < k, let J = ﬂj#in. Then I = JﬂQz g J. By
Lemma 5.1.11, P* C @; for some n. Then JP" C JNQ; =1. Let n
be minimal such that JP}* C I. Then we can take x € JP/**\ I. Note
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that x € J and = € Q;, as otherwise z € JNQ; = I. Also,
Iz)={yeR|ayecl}={yeR|xycQ;} CPF,

as @; is P-primary. On the other hand, «FP; C JP C I, whence
P, C I(x). Thus P; = I(x) for some z ¢ I.

Conversely, assume that P = I(z) is a prime ideal where x & I. Then
x & Q; for some i. Let J = ngQi Q;. Then xJ C Q); for all ¢, as either
x € Q; or J C Q;. Therefore zJ C I, i.e. J C P. As P is prime,
this implies that @; C P for some i such that z € @Q;. Then P; C P.
Conversely,

I(z) C{ye R|xyc Qi} C P,

as € @; and Q; is P;-primary. Thus P = P;. O

5.2 Rings of Quotients and Localization

The quotient field of a domain R can be thought of as a process of invert-
ing all non-zero elements of R. More generally, if R is any commutative
ring, we may try to invert only part, say S C R, of its elements to get a
ring of quotients denoted R[S~!] or S™!R. This simple idea is actually
a powerful tool which reduces many problems in commutative algebra
to problems about local rings.

We now give the formal construction. Let S be a multiplicative set
in R (see Definition 5.1.7). As a set, the ring S™'R consists of the
equivalence classes [¢] of all ‘fractions’ ¢ with @ € R and s € S. Two
‘fractions’ ¢ and % are equivalent is there exists u € S such that

u(at — bs) = 0.

We now check that this is indeed an equivalence relation. The reflex-

ivity and symmetricity are obvious, so let & ~ 922 and 92 ~ 22 So
S1 ED) 82 83

there are uy,us € S with
ui(ai1se —agsy) =0 and  wus(azss —azsy) =0

or

U1a182 = U1a2S81 and U2a9283 = U2A3S52.

Multiplying the first equality by usss and the second equality by wuqsq,
we get

U253U1A1S2 = US3U1A2S1 and U18S1U2G2853 = U1S51U2A3859.



5.2 Rings of Quotients and Localization 225

The right hand side of the first equality and the left hand side of the
second equality coincide, so

U1UQ82(G,183 — (1381) = U1U252A183 — U1U2S2aA351 — 07

proving that ’;—: ~ %7 as S is multiplicative.
Now define the operations via
b ab a b at + bs

Sl =151 El+E=1—

st st s t )
We need to check that the operations are well-defined. T will explain
this for the sum, leaving the product as an exercise. So let ‘;—i ~ ’;—,’j, ie.

u(arse —ags1) =0

for some u € S. We need to prove that for any b € R and t € S we have

a1t+b51 a2t+ bSQ
Slt SQt '

Well,
u((ayt + bsy)sat — (agt + bss)s1t) = ut?(a1se — assy) = 0.

Now, it is clear that SR is a ring with unit [}]. Moreover, it is clear
that

¢:R— ST'R, rH[g}

is a ring homomorphism. Note also that ¢(s) is invertible for any s € S.
By the way, this shows that ST'R = 0 if 0 € S. Otherwise, the two
properties above can be used to characterize S™' R as a universal object:

Lemma 5.2.1 Let S be a proper multiplicative subset in a ring R, and
¢ : R — ST'R be the canonical homomorphism. For any ring homo-
morphism f : R — R’ such that f(s) is invertible for every s € S there
exists a unique ring homomorhism f :S7'R — R’ such that f = fo ®.
Moreover, this property characterizes ST'R up to an isomorphism.

Proof Define f([2]) = f(a)f(s)~'. To check that f is well-defined, as-
sume that u(ayss —ass1) = 0. Then f(u)(f(a1)f(s2) — f(az)f(s1)) = 0.
As f(u) is invertible by assumption, we have f(a1)f(s2) — f(a2)f(s1) =
0, whence f(a1)f(s1)™" = f(az)f(s2)~".

The rest is standard. |

Example 5.2.2
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(i)

(i)

(iii)

(iv)

Commutative algebra

If R is a domain and S = R\ {0}, then S~ R is just the fraction
field F(R) of R. For general multiplicative S C \{0}, S™!R is the
subring of F(R), which consists of all fractions £ € F(R) such
that s € S.

Let f € R, and S = {1 = fO f f2 f3,...}. Then S7'R is
usually denoted by Ry. Note for example that C[z], = Clz, 2],
the ring of Laurent polynomials.

Let P be a prime ideal in R. Then S := R\ P is multiplicative.
In this case we usually write Rp for S~'R and call if localization
of R at P. Let us consider for example the prime ideal (x) in
Clz]. By part (i), C[z](,) consists of all rational functions in C(x)
which can be written in the form % with ¢(0) # 0. Such formal
rational ‘functions’ can be considered as genuine functions from
C to C defined almost everywhere (because g has only finitely
many zeros). Moreover, two such functions are considered as the
same one, if they coincide wherever they are defined.

Let R = C(R) be the ring of all real-valued continuous functions
on R, and let P < R be the maximal (and therefore prime) ideal
in R which consists of all functions such that f(5) = 0. Then Rp
can be described as the algebra of stocks of continuous functions
at the point 5. A stock at 5 is an equivalence class of continuous
functions with respect to the equivalence relation f ~ g if f = g in
a neighborhood of 5. The ring operations on stocks are inherited
from those on functions, e.g. [f][g] = [fg]-

Some easy general properties are listed below.

Lemma 5.2.3 Let R be a commutative ring, S be a multiplicative subset
of R, and ¢ : R — S™'R be a canonical homomorphism.

(i) kero ={a € R|rs=0 for some s € S}.
(ii) ¢ is an isomorphism if and only if S consists of units.
(iii) ST'R =0 if and only if0 € S if and only if S contains a nilpotent

element.

iv) If R is a domain and S is proper then S™'R is a domain and
¥

18 1njective.

Proof (i) is clear. For (ii), ¢(s) is always a unit, and so if ¢ is an

isomorphism, s should also be a unit. Conversely, if S consists of units,

then ¢ is injective by (i), and surjective, as any [Z] = o(rs™'). For (iii),
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if ST'R = 0 then [7] = 0, which implies that u -1 = 0 for some u € S,
and so 0 € S. The converse in (iii) is obvious, as is (iv). O

The notion of the ring of fractions extends to modules. Let V' be an
R-module and S be a multiplicative subset of R. The module of fractions
S~V as a set consists of equivalence classes of fractions of the form <

where v € V and s € S. The equivalence relation is given by

voow
padrli g u(tv — sw) = 0 for some u € S.
s

Moreover, S™'V is an S~!R-module with respect to the obvious op-
erations, e.g. [¢][7] = [%]. We leave it as an exercise to check that
everything makes sense. The following is a universal property character-
ization of S~'V. Note that whenever we are given an S~! R-module, it

can be considered as an R-module via a homomorphism ¢ : R — S™1R.

Proposition 5.2.4 Let V be an R-module and S be a multiplicative
subset of R. Then the map

YV — STV, UH[%]

s a homomorphism of R-modules and every R-homomorphism from V' to
an ST R-module factors uniquely through 1. Moreover, this properties
characterize STV uniquely up to isomorphism of S~ R-modules.

Proof Exercise. |

Proposition 5.2.5 Let V be an R-module and S be a multiplicative
subset of R. Then there is an isomorphism of S~ R-modules

Fleve (=]

a:ST'RerV S8V,
Proof The existence of the map « follows from the universal property of
tensor products. The inverse map is constructed using universal prop-
erty of fraction modules, see Proposition 5.2.4. |

The following result shows that if V' C W is an R-submodule then
S~1V can be considered as an S~! R-submodule of S~™'W which consists
of all fractions of the form [2] € S™'W with v € V.

Theorem 5.2.6 Let S be a multiplicative subset of R. Then S™'R is a
flat R-module.
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Proof We just need to check that for every injective map f: V — W of
R-modules, the corresponding map

de®F :ST'RQrV - ST'RQr W

is also injective. Identifying S™'R ®pr V with S™'V and ST'R®p W
with S~'W by Proposition 5.2.5, we see that we need to prove that the
map

ST STV = ST, [2] - us)

s
is injective. Well, assume that [@] = 0. This means that f(uv) =
uf(v) = 0 for some u € S. But f is injective, and so uwv = 0, whence
4] =o. =

S

Our next goal is to study relations between ideals in R and S™!R.
We have two obvious operations (which are of course available in much
larger generality, namely, whenever there is a ring homomorphism ¢ :
Ry — Ry). If I is an ideal of R, its expansion S~'I is defined to be the
ideal of S~ R generated by ¢(I). Clearly we have

S = {[g} €ST'R|zell}
If J is an ideal of ST!R, its contraction J¢ is defined to be just ¢ ~1(J).

Lemma 5.2.7 Every ideal J of ST'R is the expansion of some ideal of
R, namely of J€.

Proof We prove that S~1J¢ = J. If [£] € S7'J¢, we may assume that
x € J¢, which means that [%] € J, hence [£] = [1][%] € J. Conversely,
if (2] € J then ¢(x) = [¥] = [2][2¢] € J,sox € J®and [£] € S71J°. OJ

Corollary 5.2.8 If R is noetherian (resp. artinian), then so is ST'R.

Proof We prove the noetherian part. If J; C Jy C ... is an ascending
chain of ideals in S~'R, then J, = S}, where I}, = Jg, and the chain
stabilizes because so does I1y C I, C .... O

We record the following nice properties.

Lemma 5.2.9 Let I,J be ideals in R.
(i) ST I=S"'Rif and only if INS # 2.
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(i) STYI+J) =S+ S5, ST (InJ)=S"tNS Y, and
S=HIJ) = (S~ (S71J).

Proof This is routine. For example, let us prove that S™1(I N J) =
S7InS=1J. The inclusion S~H(INJ) = S~1INS~1J is clear. Con-

versely, assume that [£] € S™'TNS™!J. Then [£] = [¢] = [%] for some
i € I and j € J. Then there is v € S with v(iu — jt) = 0. It follows that
wiv € I'NJ. Hence [£] = [{] = [22] € S7H(I N J). O

Definition 5.2.10 A commutative ring R is called local if it has only
one maximal ideal.

The following result is a key trick which allows to reduce many ques-
tions in commutative algebra to local rings. It also explains the role of

prime ideals and the term localization at a prime introduced in Exam-
ple 5.2.2(iii).

Lemma 5.2.11 Let S be a proper multiplicative subset of R and P be
a prime ideal avoiding S. Then [¢] € ST'P if and only if a € P. In
particular P is the contraction of S™'P.

Proof If a € P then of course [¢] € S™'P. Conversely assume that
[¢] € S7'P. This means that [¢] = [2] for some p € P. Then uta =
implies a € P. |

usp € P for some u € S. Now ut ¢ P

Proposition 5.2.12 Let S be a proper multiplicative subset of R. The
expansion and contraction define a one-to-one correspondence between
the prime ideals of ST'R and the prime ideals of R avoiding S.

Proof If Q is a prime ideal of S™'R, then by Lemma 5.2.7, @ is the
expansion of Q¢ and it is clear that Q¢ is a prime avoiding S.

Let P be a prime ideal of R such that PN S = @&. In view of
Lemma 5.2.11, it suffices to prove that S~!P is prime in S™!R. As-
sume that [2][%] = [2] € S~'P. Then by Lemma 5.2.11, ab € P, so

either a or b is in P, and so either [¢] or [2] is in S™1P. O

Corollary 5.2.13 Let P be a prime ideal of R and S = R\ P. Then
Pp := S~ P is the only mazimal ideal of Rp.
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5.3 Ring extensions

Definition 5.3.1 A ring extension of a ring R is a ring A of which R is
a subring.

If A is a ring extension of R, A is a fathful R-module in a natural way.
Let A be a ring extension of R and S be a subset of A. The subring
of A generated by R and S is denoted R[S]. It is quite clear that R[S]
consists of all R-linear combinations of products of elements of S.

Definition 5.3.2 A ring extension A of R is called finitely generated if
A = R[s1,..., Sy for some finitely many elements si,...,s, € A.

The following notion resembles that of an algebraic element for field
extensions.

Definition 5.3.3 Let A be a ring extension of R. An element « € A is
called integral over R if f(a)) = 0 for some monic polynomial f(z) € R[z].
A ring extension R C A is called integral if every element of A is integral
over R.

In Proposition 5.3.5 we give two equivalent reformulations of the in-
tegrality condition. For the proof we will need the following technical

Lemma 5.3.4 Let V be an R-module. Assume that vy,...,v, €V and
ai; € R, 1 <14,5 < n satisfy Z?:1 ar;v; =0 for all1 < k <n. Then
D := det(ai;) satisfies Dv; =0 for all 1 <i < n.

Proof We expand D by the ith column to get D = ZZ:1 ax; Cri, where
Cpi is the (k, i) cofactor. We then also have >_;'_; ay;jCr; = 0 for i # j.
So

n n n
Dv; = apiCrivi = Y akiCrivi + ¥ (O arjCri)v;
k=1 k=1

j#i k=1
n n n n
= E E aijkivj = E Cki E ALV = 0.
j=1k=1 k=1 j=1

O

Proposition 5.3.5 Let A be a ring extension of R and o € A. The
following conditions are equivalent:

(i) « is integral over R.
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(ii) R[a] is a finitely generated R-module.
(iii) There exists a faithful R[a]-module which is finitely generated as
an R-module.

Proof (i) = (ii) Assume f(a) = 0, where f(z) € R[x] is monic of
degree n. Let 8 € R[a]. Then 3 = g(a) for some g € R[z]. As f is
monic, we can write g = fg+r, where degr < n. Then 8 = g(«) = r(a).
Thus R[a] is generated by 1,q,...,a" !
(if) = (iii) is clear.
(iii) = (i) Let V be a faithful R[a]-module which is generated as an
R-module by finitely many elements vy, ..., v,. Write

as an R-module.

av; = apv1 + -+ aipv, (1 <i<n).
Then
—Qi1V1 — = G i—1Vi—1 + (= @4)V — Gii1Vig1 — 0 — QinUp =0

for all 1 <i < n. By Lemma 5.3.4, we have Dv; = 0 for all ¢, where

a — aq1 —ai2 te —Qain
—az; a — a2 - —a2n
D =
—Qn1l an2 T @ — Apn

As vy,...,v, generate V', this implies that D annihilates V. As V is
faithful, D = 0. Expanding D shows that D = f(«) for some monic
polynomial f(z) € R[z]. O

Lemma 5.3.6 Let R C A C B be ring extensions. If A is finitely
generated as an R-module and B is finitely generated as an A-module,
then B is finitely generated as an R-module.

Proof 1If ay,...,a, are generators of the R-module A and by,...,b,
are generators of the A-module B, then it is easy to see that {a;b;} are
generators of the R-module B. |

Proposition 5.3.7 Let A be a ring extension of R.

(i) If A is finitely generated as an R-module, then A is integral over
R.

(ii) If A= Rla1,...,ap) and a1, ..., ay are integral over R, then A
is finitely generated as an R-module and hence integral over R.
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(i) If A = R[S] and every s € S is integral over R, then A is integral
over R.

Proof (i) Let @ € A. Then A is a faithful R[a]-module, and we can
apply Proposition 5.3.5.

(ii) Note that R[ay,...,qa;] = Rlay,...,a;—1][a;]. Now apply induc-
tion, Proposition 5.3.5 and Lemma 5.3.6.

(iii) Follows from (ii). O

Corollary 5.3.8 Let A be a ring extension of R. The elements of A
which are integral over R form a subring of A.

Proof 1If ay,as € A are integral, then oy — as and ajas belong to
Rlan, az]. So we can apply Proposition 5.3.7(ii). O

This result allows us to give the following definition

Definition 5.3.9 The integral closure of R in A D R is the ring R of all
elements of A that are integral over R. The ring R is integrally closed
in A D Rin case R = R. A domain R is called integrally closed if it is
integrally closed in its field of fractions.

Example 5.3.10 The elements of the integral closure of Z in C are
called algebraic integers. They form a subring of C. In fact the field of
algebraic numbers A is the quotient field of this ring.

We record some further nice properties of integral extensions.

Proposition 5.3.11 Let R, A, B be rings.

(i) If R € A C B then B is integral over R if and only if B is

integral over A and A is integral over R.

(ii) If B is integral over A and R[B] makes sense then R[B] is integral
over R[A].

(iil) If A is integral over R and ¢ : A — B is a ring homomorphism
then @(A) is integral over ¢(R).

(iv) If A is integral over R, then S~ A is integral over S™' R for every
proper multiplicative subset S of R.

Proof (i)-(iii) is an exercise.
(iv) First of all, it follows from definitions that S™!R is indeed a

subring of S7'A. Now, let [¢] € ST'A. As [¢] = [4][], it suffices to
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show that both [4] and [1] are integral over S™'R. But < € S7'R and
for [{] we can use the monic polynomial which annihilates a. O

It follows from Proposition 5.3.11(i) that the closure of R in A D R is
again R. In particular, if D is any domain and F is its field of fractions,
then the closure D in F is an integrally closed domain (since the quotient
field of D is also F).

We recall that a domain R is called a unique factorization domain or
UFD if every non-zero non-unit element of R can be written as a product
of irreducible elements, which is unique up to a permutation and units.

Proposition 5.3.12 FEvery UF'D is integrally closed.

Proof Let R be a UFD and F be its field of fractions. Let § € F be
integral over R. We may assume that no irreducible element of R divides
both a and b. There is a monic polynomial f(z) = 2" +7, 12" +-- -+
ro € R[z] with f($) = 0, which implies a™ +r,_1a" " *b+- - - 4 7rob" = 0.
So, if p € R is an irreducible element dividing b then p divides a™, and
hence p divides a, a contradiction. Therefore b is a unit and § € R. [

Proposition 5.3.13 If a domain R is integrally closed, then so is ST'R
for any proper multiplicative subset S of R.

Proof Exercise. |

Example 5.3.14 The ring Z[i] of Gaussian integers is Euclidean (the
degree function is d(a + bi) = a® + b%, hence it is a UFD, and so it is
integrally closed by Proposition 5.3.13. On the other hand consider the
ring Z[2i]. The quotient field of both Z[i] and Z[2i] is Q(¢), and we have
Z[2i] C Z[i] C Qli]. Clearly Z[2i] is not integrally closed, as ¢ & Z[2i] is
integral over it. It is easy to see that Z[2i] = Z[i].

Next we are going to address the question of how prime ideals of R
and A are related if A D R is an integral extension.

Definition 5.3.15 Let R C A be a ring extension. We say that a prime
ideal P of A lies over a prime ideal p of R if PN R = p.

The following lemma is a key technical trick.

Lemma 5.3.16 Let A O R be an integral ring extension, p be a prime
ideal of R, and S := R\ p.
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(i) Let I be an ideal of A avoiding S, and P be an ideal of A mazimal
among the ideals of A which contain I and avoid S. Then P is
a prime ideal of A lying over p.

(ii) If P is a prime ideal of A which lies over p, then P is maximal
in the set T of all ideals in A which avoid S.

Proof (i) Clearly, S is a proper multiplicative subset of A. So P is prime
in view of Lemma 5.1.8. We claim that PN R =p. That PN R C p is
clear as PN S = @.

Assume that PN R C p. Let ¢ € p\ P. By the maximality of P,
p+ac=s¢€ S for some pe P and a € A. As A is integral over R, we
have

O=a"+rp, 0" 4+

for some rq,...,r,—1 € R. Multiplying by ¢" yields

0=c"a" 4 crp_1c" ta" L4+ My

=(s—p)"+crp_1(s—p)" "+ + .

If we decompose the last expression as the sum of monomials, then the
part which does not involve any positive powers of p looks like

=8 "+ crp_ 18" 4+ M.

It follows that € P. On the other hand, x € R, so x € RN P C p.
Now ¢ € p implies s™ € p. As p is prime, s € p, a contradiction.

(ii) If P is not maximal in 7', then there exists an ideal I in T" which
properly contains P. As I still avoids S, it also lies over p. Take u € I\ P.
Then v ¢ R and w is integral over R. So the set of all polynomials
f € R|z] such that deg f > 1 and f(u) € P is non-empty. Take such
f(z) =" ,riz’ of minimal possible degree. We have

u" +rp "t g e PCI,
whence ro € RNI =p=RNP C P. Therefore
U o™ b ru=ww w2 4 ) € P

By the choice of 4 and minimality of deg f, u & P and u™ ' +r,_u" 2+
.-+ + 1y € P. We have contradiction because P is prime. O

Corollary 5.3.17 (Lying Over Theorem) If A is integral over P then
for every prime ideal p of R there exists a prime ideal P of A which lies
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over p. More generally, for every ideal I of A such that IN R C p there
exists a prime ideal P of A which contains I and lies over p.

Corollary 5.3.18 (Going Up Theorem) Let A O R be an integral
ring extension, and p; C po be prime ideals in R. If Py is a prime ideal
of A lying over pi1, then there exists a prime ideal P> of A such that
Py C Py and Ps lies over po.

Proof Take p =py and I = P; in Lemma 5.3.16(i). O

Corollary 5.3.19 (Incomparability) Let A O R be an integral ring
extension, and Py, Py be prime ideals of A lying over a prime ideal p of
R. Then Py C Py implies P, = P5.

Proof Use Lemma 5.3.16(ii). O

The relation between prime ideals established above has further nice
properties.

Theorem 5.3.20 (Maximality) Let A O R be an integral ring exten-
sion, and P be a prime ideal of A lying over a prime ideal p of R. Then
P is mazximal if and only if p is maximal.

Proof 1If p is not maximal, we can find a maximal ideal m 2 p. By
the Going Up Theorem, there is an ideal M of A lying over m and
containing P. It is clear that M actually containg P properly, and so P
is not maximal.

Conversely, let p be maximal in R. Let M be a maximal ideal con-
taining P. Then M N R O PN R = p and we cannot have M N R = R,
as 1p = 1g ¢ M. It follows that M N R =p. Now M = P by Incompa-
rability Theorem. O

The previous results can be used to prove some useful properties con-
cerning extensions of homomorphisms.

Lemma 5.3.21 Let A O R be an integral ring extension. If R is a field
then A D R is an algebraic field extension.

Proof Let a € A be a non-zero element. Then « is algebraic over R,
hence R[a] C A is a field, and « is invertible. Hence A is a field. O
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Proposition 5.3.22 Let A be integral over R. Fvery homomorphism ¢
of R to an algebraically closed field F' can be extended to A.

Proof If R is a field, then A is an algebraic field extension of R by
Lemma 5.3.21. Now the result follows from Proposition 2.16.5.

If R is local, then ker ¢ is the maximal ideal m of R. By Lying Over
and Maximality Theorems, there is an ideal M of A lying over m. The
inclusion R — A then induces an embedding of fields R/m — A/M,
which we use to identify R/m with a subfield of A/M. Note that the
field extension A/M O R/m is algebraic. Since kerp = m, ¢ factors
through the projection R — R/m. The resulting homomorphism ¢ :
R/m — F can be extended to ¢ : A/M — F by Proposition 2.16.5.
Now if 7 : A — A/M is the natural projection, then ¢ o7 is the desired
extension of ¢.

Now we consider the general case. Let p := kery, a prime ideal
in R, and S = R\ p. Then S~1A is integral over S~'R by Proposi-
tion 5.3.11(iv). Now ST'R = R, is local. By the universal property of
localizations, ¢ extends to a ring homomorphism ¢ : S™'R — F. By
the local case, ¢ extends to 1& : S7'A — F, and the desired extension
1 : A — F is obtained by composing 1 with the natural homomorphism
A— S1A O

Proposition 5.3.23 Fvery homomorphism of a field k into an alge-
braically closed field can be extended to every finitely generated ring ex-
tension of k.

Proof Let ¢ : k — F be a homomorphism to an algebraically closed
field F and R be a finitely generated ring extension of k, so that R =
klaa,...,ap] for some ay,...,a, € R.

First assume that R is a field. By Proposition 5.3.22, we may as-
sume that R is not algebraic over k. Let {81,...,0:} be a (necessarily
finite) transcendence base of R over k. Each a € R is algebraic over
k(B1,...,PB), i.e. satisfies a polynomial axa® + -+ + aja + ag = 0 with
coefficients ag, . ..,ap € k(B1,...,Bt), ax # 0. Multiplying by a common
denominator yields a polynomial equation

b + -+ bra+by =0

with coefficients by,...,bg € k[B1,...,0:], by # 0. Hence « is in-
tegral over k[f,..., 0, i] Applying this to ai,...,qa, yields non-
Zero C1,...,¢, € Kk[B1,...,0: such that «y,...,, are integral over
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k[ﬁl,...,ﬁt,é,...,%]. Set ¢ = ¢1...¢,. Then aq,...,q, are inte-
gral over k[f31,..., [, %], and hence R is integral over k[5,...,[Ot, %],
see Proposition 5.3.7(ii). Let ¢® be the image of ¢ under the homomor-
phism

ElBi,..., 0 2 k[xy,...,x¢] = Flx1, ..., 24

induced by ¢. As F' is infinite there exist v1,...,7 € F such that
c?(1,...,7) # 0. By the universal property of polynomial rings, there
exists a homomorphism ¢ : k[f1, ..., 8] — F which extends ¢ and sends
B1y...,0¢ to v1,...,V, respectively. The universal property of localiza-
tions yields an extension of ¢ to ring k[B1,..., B, 1] = k[B1,..., B
Now Proposition 5.3.22 extends ¢ to R, which completes the case where
R is a field.

Now, let R = klay,...,a,] be any finitely generated ring extension
of k. Let m be a maximal ideal of R and 7 : R — R/m be the natural
projection. Then R/m is a field extension of 7(k) & k generated by
m(aq),...,m(an). By the first part of the proof, every homomorphism
of m(k) into F extends to R/m. Therefore every homomorphism of
k = w(k) extends to R. O

Example 5.3.24 We describe prime ideals of Z[i] and illustrate the
Lying Over Theorem on integral extension Z C Z[i]. As Z][i] is a PID,
the ideal (a) is prime if and only if @ is irreducible. So we want to
understand what are irreducible elements in Z[i]. Recall that the degree
function for the Euclidean ring Z[i] is d(a + ib) = a® + b%. It has the
property O(zy) = 0(x)0(y), whence £1 and +i are the only units in
Zli]. Moreover, it is clear that if d(x) = p, a prime number, then z is
irreducible. This produces interesting irreducible elements when p = 1
(mod 4) in view of the following fact:

Fermat’s Two-Squares Theorem An odd prime p is a sum of two
squares if and only if p = 1 (mod 4). (Proof. Let p = a®> + V% Asp
is odd, a and b have different parities, say a = 2m, b = 2n + 1. Then
a?+b% = 4m?+4n?+4n+1 =1 (mod 4). Conversely, let p =1 (mod 4).
Then Cy is a subgroup of Cp_;. Let m be a generator of C, inside
(Z/pZ)* = Cp_y1. Then m? = —1 (mod p), and so we found an integer
m such that p | (m?+1). Then in Z[i], p | (m?>+1) = (m+1i)(m—i). On
the other hand, it is easy to see that p does not divide m + ¢. It follows
that p is not an irreducible element of Z[i], i.e. p = (a+ib)(c+ id) with
(a+1ib), (c+id) € Z[i] non-units. Then p* = (a? + b?)(c? + d?), whence
p=a®+b=c*+d%
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Now, let a = a + bi € Z[i] be non-zero non-unit. We claim that « is
irreducible if and only if £« or +ia is one of the following:

(i) a prime p € Z of the form p = 4m + 3;

(i) 1+

(i) a = bi, where ¢ = a® + b? is a prime in Z of the form 4m + 1.
First of all observe that the elements « described in (i)-(iii) are irre-
ducible since for them we have 9(«) is a prime in Z. Conversely, let «
be an arbitrary irreducible element in Z[g].

We prove that there is a unique prime p in Z with « | p in Z[i]. Indeed,
aa = O(«a) shows that o | d(«). Decomposing d(a) as a product of
prime numbers in Z, we see that « divides some prime p. If « also
divides another prime p’, then « also divides 1 = (p.p’), a contradiction.

Now, «a | p implies d(a) | d(p) = p?, so that d(a) = p or p*. If
p = 3 (mod 4), then d(a) = p cannot occur, by Fermat’s Two-Squares
Theorem. Now, « | p implies p = af3 for some 3. Then 9(a)d(3) = p?,
and hence 9(3) = 1, whence 8 is a unit, and so, up to a unit « = p. If
p = 2, then clealry a = 1 4+ ¢ up to multiplication by units. Finally, let
p =1 (mod 4). We need to rule out the case d(a) = p?. By Fermat’s
Two-Squares Theorem, we can write p = ¢? + d%. Let 8 = ¢+ di, an
irreducible element of Z[i]. Then « divides p = 3. As « is irreducible,
al divides  or 5. But (8 and § are also irreducible, so, up to unit, «
equals 3 or f3.

Now, that we know what prime ideals in Z[i] look like, it is easy to
see that for a prime p € Z of the form p = 4m + 3, exactly one prime
lies over (p). Exactly two prime ideals (1+14) and (1 —4) lie over (2). As
for primes p € Z of the form p = 4m + 3, the prime ideals of the form
(a + bi) lie over (p), for each a,b € Z such that a® + b* = p.

5.4 Krull Theorems on Noetherian Rings

Lemma 5.4.1 Let V be a finitely generated R-module. If IV =V for
some ideal I of R, then (1 —x)V =0 for some x € I.

Proof We have V. = Rvy + ... Rwv, for some vy,...,v, € V. Then
IV=Ivi+---+1Iv,. If V=1V, then

n
vi:Zaijvj (1§Z§TL)
j=1
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for some a;; € I. So the matrix I — A satisfies assumptions of Lemma 5.3.4.
So d = det(I — A) annihilates V. On the other hand, since all entries of
A belong to I, we have d = 1 — z for some x € [. |

Theorem 5.4.2 (Krull Intersection Theorem) Let R be a noethe-
rian Ting and I be an ideal of R. Let J = Ny~ol™. Then IJ = J and
(1—2)J =0 for somex € I. If I # R and either R is a domain or R
is local then J = 0.

Proof First of all, IJ C J because J is an ideal. For the converse
inclusion, let @ be a primary ideal of R which contains IJ. As IJ is
an intersection of primary ideals, it suffices to prove that @ contains J.
Let P = +/Q. By Lemma 5.1.11, P* C @ for some n. If J € @Q, then
1J C @ implies I C P, since @ is primary, and J C I™ C P C Q.
Applying Lemma 5.4.1 to the finitely generated R-module J yields
(1—z)J =0 for some x € I. If Ris a domain and I # R, then 1 —z # 0
and J = 0. Finally, if R is local then and I # R, then 1 — z is a unit
and J = 0 again. ]

Lemma 5.4.3 Let I be an ideal of a commutative ring R. Every prime
tdeal P which contains I contains a prime ideal which contains I and is
manimal with this property.

Proof Consider the set S of prime ideals which contain I and are
contained in P ordered by inverse inclusion: P; < P, if and only if
P, O P,. It suffices to show that this set satisfies the assumptions of
Zorn’s Lemma. Well, assume that we have a linearly ordered subset
{P;}ier C S. Tt suffices to prove that that N;crP; is a prime ideal,
which is easy to see. ]

Definition 5.4.4 Let I be an ideal of a commutative ring R. A prime
ideal P is minimal over I (or is isolated prime ideal of I) in case P is
minimal among all prime ideals of R which contain I.

Proposition 5.4.5 Let I be an ideal of a noetherian ring R. There are
only finitely many prime ideals of R that are minimal over I.

Proof Assume the result is false. As R is noetherian, there exists an
ideal J which is maximal with the property that there are infinitely
many prime ideals of R that are minimal over J. Then J is not prime,
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i.e. there are ideals Ji,Jo 2 J such that J;Jo C J. By the maximality
of J, there are only finitely many prime ideals of R that are minimal over
J1 and there are only finitely many prime ideals of R that are minimal
over Jy. Now, if a prime ideal P is minimal over .J, then J;Jo C J C P
whence J; C P or Jo C P, and P is minimal over .J; or over Js. Hence
there are only finitely many primes minimal over J, a contradiction. [

Lemma 5.4.6 If M is a mazimal ideal of a noetherian ring, then R/M"
is an artinian R-module for every n > 0.

Proof We show that V' = M"~1/M" is an artinian R-module for all
n > 0. Since (R/M™)/(M"™1/M™) = R/M"~1, the result will follow by
induction using Lemma 3.4.5. We have MV = 0, hence V is an R/M-
module in a natural way. Now, M™ ! is a finitely generated R-module,
hence V is a finitely generated R/M-module. Since R/M is a field, it
follows that V' is artinian R/M-module, hence an artinian R-module.

O

Definition 5.4.7 Let P be a prime ideal of R. The nth symbolic power
of P is defined to be the ideal

P™ .= {r e R|sre P" for some s € R\ P}.

It is clear that P(™ D> P+ and P D P™ for all n. Another
description of P(" is as follows:

P — (PR)°. (5.1)

Lemma 5.4.8 Let P be a prime ideal of R. Then P is a P-primary
ideal of R for any n > 0.

Proof We have VP D /Pn = P. Assume that zy € P and
x & VP, Then z ¢ P. By definition, sty € P" for some s ¢ P.
As x ¢ P, it follows that y € P, Thus P("™ is primary. It remains
to show that vV P(") C P. Well, otherwise there exists r € R\ P with
r™ € P C P, which is impossible as P is prime. |

Lemma 5.4.9 Let R be a noetherian local domain, M be its mazximal
ideal, and a € M. Assume that R/(a) is an artinian R-module. Then
the only prime ideal which does not contain a is 0.
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Proof Assume P is prime and a ¢ P. By Lemma 5.4.8, we have a
descending series P = P D P2 O .. of P-primary ideals. Let
I = Pn(a). Then P/I = (P + (a))/(a) C R/(a) is an artinian R-
module. Hence a descending series

P/I=PY/ID...2(P™ +1)/ID> (P +1)/ID...

stabilizes, i.e. there is some m > 0 such that P(™ + T = P(™) 4 T for all
n>m.

We now show that P™ = P(m) for all n > m. Let z € P, As
PM™ 4T = P 4 I, we may write x = y + ra for some y € P,
Now a ¢ P and ra =  —y € P implies r € P as P ig
P-primary. Thus z € P + P()q. Hence the finitely generated R-
module V = P /P gatisfies V = (a)V, whence V.= MV, and
V =0 by Nakayama’s Lemma (Lemma 3.12.11).

By Krull’s Intersection Theorem, applied to the local ring Rp, we have
Nn>m(Pp)” = 0. Applying contraction to the last equality and using
(5.1), we get P =5, P = 0. Hence P = VP(m =0 =0. [

Definition 5.4.10 A prime ideal P has finite length if there is an integer
n > 0 such that every strictly decrasing sequence

P=P2P 2 2Py

of prime ideals has m < n. Then the height of P is the smallest such
integer n.

Theorem 5.4.11 (Krull’s Hauptidealsatz) In a noetherian ring, a
prime ideal which is minimal over a principal ideal has height at most 1.

Proof First we consider the case where R is local and P is the max-
imal ideal of R. Assume that P is minimal over a principal ideal
(a). By Krull’s Intersection Theorem, P™ C (a) for some n > 0. By
Lemma 5.4.6, R/P™ is an artinian R-module, hence its quotient R/(a) is
also artinian. If P” C P’ C P are prime ideals, then a ¢ P’ by the min-
imality of P. By Lemma 5.4.9 applied to the domain R/P”, P’ = P",
a contradiction.

Now, let R be any noetherian ring and P be a prime ideal of R which
is minimal over a principal ideal (a). Then Rp is a local noetherian
ring with maximal ideal Pp, and Pp is minimal over the principal ideal

([£]) = (a)p, by Proposition 5.2.12. Hence Pp has height at most 1 in
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Rp, and it follows from Proposition 5.2.12 again that P has height at
most 1 in R. |

Lemma 5.4.12 Let Py,..., P. be prime ideals of a commutative ring.
An ideal I which is contained in Py U ---U P, is contained in some P;.

Proof By induction we may assume that I is not contained in the union
of any proper subset of {P;,...,P.}. Then P; € P; for any i # j. If
IN(Niz;P;) € P; for every j, then pick z; € (I N (Nix; P;)) \ Pj, and
observe that 1 +-- -+, € I\ (P1U---UP,), a contradiction. Therefore
IN(Nix;P;) C P; for some j. Then IH#j P; C P;, whence I C P}, as
P; is prime. ]

Lemma 5.4.13 Let R be a noetherian ring, Q1,...,Q, be prime ideals
of R, and

POQPIQ"'_,D._PHL

be a chain of prime ideals of R. If Py is contained in no Q;, then there
ezists a chain

Py2 P2 2P, 2Py

of prime ideals of R such that Py,..., P, _, are contained in no Q;.

Proof Induction on m, the result being trivial for m < 1. For m > 1
the induction hypothesis yields a chain Py D P{ 2 -+ 2 P} _5 D Py
of prime ideals of R such that Pj,..., P, _, are contained in no @;. By
Lemma 5.4.12, P! o < P,,UQiU---UQ,. Take

xeP, J\(PhUQiU---UQ,).

By Lemma 5.4.3, P/ _, contains a prime ideal P/ _; which is minimal
over (z) + P,,. By the choice of z, P/ _; properly contains P,, and is
contained in no Q.

It remains to prove that P! _, contains P, _; properly. Well, in the
noetherian ring R/P,,, the ideal P! _/P,, is minimal over the principal
ideal (a + P,,), so it has height at most 1 in view of Krull’s Hauptideal-
satz. On the other hand, P/ /P, has height at least 2: consider the
chain P!, _o/Py 2 Pm—1/Pm 2 Pn/Pn. O

Theorem 5.4.14 (Krull’s Finite Height Theorem) In a noetherian
ring, every prime ideal has finite height. Moreover, if P is minimal over
an ideal with v generators, then P has height at most r.



5.4 Krull Theorems on Noetherian Rings 243

Proof Let P be minimal over an ideal I = Rxy + - - - + Rz, (for the first
part of the theorem take I = P). We apply induction on 7 to prove that
P has height at most . If r =0, I =0 and P is a minimal prime ideal,
so has height 0. Let r >0 and J = Rx; + -+ Rx,—1 C I. If P is
minimal over J, we can apply inductive hypothesis. Otherwise there are
only finitely many prime ideals @1, ..., Qs that are minimal over .J, see
Proposition 5.4.5. Clearly, P O J is contained in no ();. Assume that
the height of P is m, and let

P=P2P 2 2Py

be a chain of prime ideals. Then the height of P/P,,_; is m — 1, and
the ideal (Py,—1 + J)/Pp—1 of R/P,,_1 is generated by r — 1 elements,
so it suffices to show that P/P,,_; is minimal over (P,_1 + J)/Pmn-1
and apply the inductive hypothesis.

By Lemma 5.4.13 we may assume that P, ..., P,,_1 are contained in
no Q;. In the noetherian ring R/J, the prime ideals Q1/J,...,Qs/J
are minimal over 0. Moreover, P is minimal over J + (z;,) and so P/J
is minimal over the principal ideal (x, + J) in R/J. On the other hand
P/J, is not minimal over 0, and so it must have height 1, thanks to
Krull’s Hauptidealsatz. Thus the only prime ideals of R/J properly
contained in P/J are Q;/J and 0. Next, (P,_1 + J)/J is contained
in P/J but is contained in no Q;/J. Therefore, P/J is minimal over
(Pm—1+ J)/J. Then P is minimal over P,,_; + J. Hence P/P,,_1 is
minimal over (Pp,—1 + J)/Pp—1. O

We complete this section with the notion of Krull dimension.
Definition 5.4.15 Let R be a noetherian ring. The Krull dimension (or

dimension) of R, denoted dim R, is the maximum of the heights of prime
ideals in R. (If the heights are not bounded, we write dim R = c0).

Example 5.4.16

(i) R has dimension 0 if and only if R is a field.
(ii) A PID has dimension 1, since all its non-zero prime ideals are
maximal.

The following result is an easy exercise.

Lemma 5.4.17 Let P be a prime ideal of a noetherian ring R.

(i) The height of P is the dimension of Rp.
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(ii) If P #0, then dim R > 1+ dim R/P.

Lemma 5.4.18 Let R be a domain and P be a prime ideal of Rlx]. If
PN R=0, then P is a minimal prime ideal.

Proof Let F be the field of fractions of R. Then F = S™!R, where
S = R\ {0}. Note that Q[z] = S~!R[z], and we will identify the two
rings. Let 0 # Q C P be a prime ideal of R[z]. Then by assumption
PNS=QnNS =0, and so S~'Q C S~!P are non-zero proper prime
ideals of Q[z], see Proposition 5.2.12. As Q[z] is a PID, we must have
S~'Q = S~'P, whence P = Q by Proposition 5.2.12 again. O

Theorem 5.4.19 Let R be a noetherian domain of dimension n. Then
R[x] has dimension n + 1.

Proof By Lemma 5.4.17(ii), dim R[z] > n + 1, as R & R[z]/(z). We
prove by induction on n that dim R[z] < n+1. If n = 0 then R is a field,
R[z] is a PID, and so dim R[z] = 1. Let n > 0,and P, 2 P, 2 --- 2 Py,
be a chain of prime ideals in R[z]. We need to show that m < n + 1.
Since n > 1 we may assume that m > 2. We identify R with the subring
of constant polynomials in R[x].

If P,,_1NR =0 then P,,_2NR # 0 by Lemma 5.4.18. Pick a non-zero
a € Pp_oNR. Now P,,_o has height at least 2 and is not minimal over
(a) by Krull’s Haupidealsatz. By Lemma 5.4.3, P,,,_o contains a prime
ideal P/

1, which is minimal prime over (a). Then

P02P12-~-2Pm_22P7’n_130

=

is a chain of prime ideals of R[z] in which P}, _;NR D (a) # 0. Therefore,
we may assume that P,,_1 N R # 0.

Then p = P,,_1NR is a non-zero prime ideal of R. By Lemma 5.4.17(ii),
dimR/p < dimR — 1 = n — 1. By the inductive hypothesis, we have
dim((R/p)[z]) < n. The projection R — R/p induces a homomorphism
R[z] — (R/p)[z] whose kernel P = p[z] C P,,_1 is a non-zero prime
ideal of R[z]. Then the chain

Po/P 2 Pi/P 22 Pya/P
of prime ideals of R[z]/P = (R/p)[z] shows that m —1 < n, and m <
n+ 1. U

Corollary 5.4.20 Let F' be a field. Then dim F[z1,...,z,] =n.
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5.5 Introduction to Algebraic Geometry

Algebraic geometry is the subject which studies algebraic varieties. Naively,
algebraic varieties are just algebraic sets.

Throughout this section we fix an algebraically closed ground field F'.
(It is much harder to develop algebraic geometry over non-algebraically
closed fields and we will not try to do this).

Definition 5.5.1 Let S C Flz1,...,2,]). A zero of the set S is an
element (z1,...,x,) of F™ such that f(zy1,...,2,) = 0 for all f € S.
The zero set of S is the set Z(S) of all zeros of S. An algebraic set in
F™ (or affine algebraic set) is the zero set of some set S C Flxy,..., 2],
in which case S is called a set of equations of the algebraic set.

Example 5.5.2 The straight line 2 +3 —1 = 0 and the ‘circle’ 22 +y? —
1 = 0 are examples of algebraic sets in C2. More generally, algebraic
sets in C? with a single equation are called complex algebraic curves.
Note that the curve given by the equation (z +y —1)(z?2 + 4> —1) =0
is the union of the line and the ‘circle’ above. On the other hand, the
zero set of {z+y—4, 22 +y? — 1} consists of two points (1,0) and (0, 1).
Finally, two more examples: @ = Z(1), and C? = Z(0).

Note that Z(S) = Z((5)), where (S) is the ideal of F[zq,...,xy]
generated by S. Therefore every algebraic set is the zero set of some
ideal. Since F[z1,...,2,] is noetherian by Hilbert’s Basis Theorem,
every algebraic set is the sero set of a finite set of polynomials.

Proposition 5.5.3

(i) Ewvery intersection of algebraic sets is an algebraic set; the union
of finitely many algebraic sets is an algebraic set.
(ii) F™ and @ are algebraic sets in F™.

Proof (i) Let (V; = Z(I;))jes be a family of algebraic sets, given as
zero sets of certain ideals I;. To see that their intersection is again an
algebraic set, it is enough to note that N;jesZ(1;) = Z(3_;c; 1;). For
the union, let Z(I) and Z(J) be algebraic sets corresponding to ideals T
and J, and note that Z(I)U Z(J) = Z(INJ) (why?).

(ii) F™ = Z(0) and @ = Z(1). O

The proposition above shows that algebraic sets in F™ are closed sets
of some topology. This topology is called the Zariski topology. Zariski
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toplology on F'™ also induces Zariski topology on any algebraic set in F'™.
This topology is very weird and it takes time to get used to it. The main
unintuitive thing here is that the topology is ‘highly non-Hausdorf’—its
open sets are huge. For example, on C closed sets are exactly the finite
sets, and so any two non-empty open sets intersect non-trivially.

The most important theorem of algebraic geometry is called Hilbert’s
Nullstellensatz (or theorem on zeros). It has many equivalent reformula-
tions and many corollaries. The idea of the theorem is to relate algebraic
sets in F'" (geometry) and ideals in F[x1, ..., z,]| (commutative algebra).
We have two obvious maps

Z :{ideals in Flx1,...,x,]} — {algebraic sets in F"}

and

I : {algebraic sets in F"} — {ideals in F[z1,...,z,]}.

We have already defined Z(J) for an ideal J in F[z1,...,x,]. As for I,
let V' be any subset of F'. Then the ideal I(V) is defined to be

I(V):={f € Flx1,...,xn] | f(z1,...,2,) =0 for all (z1,...,2,) € Z}.

Lemma 5.5.4 Let V be any subset of F™. Then Z(I(V)) = V, the
closure of V' in Zariski topology. In particular, if V is an algebraic set,

then Z(I(V)) =V.

Proof We have to show that for any algebraic set Z(J) containing V' we
actually have Z(I(V)) C Z(J). Well, as V' C Z(J), we have I(V) D J,
which in turn implies Z(I(V)) C Z(J). O

Note, however, that Z and I do not give us a one-to one correspon-
dence. For example, in F! we have Z((z)) = Z((2?)) = {0}, that is the
different ideals (x) and (z2) give the same algebraic set. Also, note that
I({0}) = (z) # (2?). Nullstellensatz sorts out problems like this in a
very satisfactory way.

The first formulation of the Nulltellensatz is as follows (don’t forget
that F' is assumed to be algebraically closed throughout the section):

Theorem 5.5.5 (Hilbert’s Nullstellensatz) Let J be an ideal of
Flxy,...,x,). Then I(Z(J)) =+/J.

Proof First of all, it is easy to see that v/J C I(Z(J)). Indeed, let
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f € VJ. Then f* € J. Then f" is zero at every point of Z(.J). But
this implies that f is zero at every point of Z(J), i.e. f € I(Z(J)).

The converse is much deeper. Let f € I(Z(J)) and assume that no
power of f belongs to J. Applying Lemma 5.1.8 to the multiplicative
set {1, f, f%, ...} yields a prime ideal P containing J but not f. Let
R = Flzy,...,2,]/P and 7 : Flxy,...,2,] — R be the natural pro-
jection. Then R is a domain which is generated over m(F) = F by
a1 = w(x1),. .., := 7(x,). We identify F and 7(F), and so 7 can
be considered as a homomorphism of F-algebras. Under this agreement,
y:= f(aq,...,an) = 7(f) # 0, non-zero element of R, as f & P.

By Proposition 5.3.23, the identity isomorphism F — F can be ex-
tended to a homomorphism ¢ from the subring Flaq, ..., oy, %] of the
fraction field of R to F. Then ¥ (y) # 0. So

f@lar), - p(an)) = P(f(ea, ... an)) = ¢(y) # 0.

On the other hand, for any g € J C P we have

9(¢(0€1)a s 7¢(O‘n)) = w(Q(alﬁ cee 7an)) = w(g(ﬂ-('xl)v e ,71'(.13»”)))
=(n(g(z1,...,2n))) = ¥(7(g)) = ¥(0) = 0.

Thus (¢ (a1),...,¥ (o)) is a zero of J but not of f,ie. f & I(Z(J)), a
contradiction. U

Definition 5.5.6 We say that an ideal I of a commutative ring R is
radical (or semiprime) if /T = I.

The following corollary is also often called Nullstellensatz.

Corollary 5.5.7 The maps I and Z induce an order-reversing bijection
between algebraic sets in F™ and radical ideals in Flx1,...,zy].

Proof Note that I(V) is always a radical ideal for any subset V' C F™.
Now the result follows from Theorem 5.5.5 and Lemma 5.5.4. 0

Corollary 5.5.8 Let J; and Jo be two ideals of Flxy,...,x,]. Then
Z(J1) = Z(J2) if and only if /J1 = \/Ja.

Proof Tt is clear that Z(J) = Z(v/J) for any ideal J, which gives the
‘if’-part. The converse follows from Theorem 5.5.5. |
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Corollary 5.5.9 FEvery proper ideal of Flx1,...,x,] has at least one
zero in F™.

Proof If /T = Flx1,...,xy], then I = Flzy,...,2,]. Now the result
follows from above. ]

Let a = (a1, ...,an) € F™. Denote I({a}) by M,, i.e.

M, ={f € Flx1,...,z,] | fla1,...,a,) =0}

Corollary 5.5.10 The mapping a — M, is a one-to-one correspondence
between F™ and the mazimal ideals of Flxq,...,xy].

Proof Note that the maximal ideals are radical and apply Nullstellen-
satz. U]

The following gives another strange property of the Zariski topology.

Corollary 5.5.11 The Zariski topology in F™ is noetherian, i.e. its
open sets satisfy the ascending chain condition.

Proof An ascending chain of open sets corresponds to a descending
chain of closed sets, which, by the Nullstellensatz, corresponds to an
ascending chain of radical ideals of Fz1,...,x,], which stabilizes since
F[z1,...,zy,] is noetherian. O

In the noetherian ring Flxq,...,2,] every ideal I is a reduced in-
tersection of primary ideals with distinct radicals Py, ..., P., which are
determined uniquely up to a permutation. If I is radical, then

I=VI=yQiNn---NQ.=vV/Qin---Ny/Q.=Pn---NP,, (52)

and the presentation is unique up to a permutation of the prime ideals P;.

Definition 5.5.12 An algebraic set V is called irreducible if V.= Z(P)
for some prime ideal P.

The following result reduces the study of algebraic sets to that of
irreducible algebraic sets or, equivalently, to the study of prime ideals in
F[S(Jl, N 7.%‘”].

Corollary 5.5.13 Every algebraic set is uniquely an irredundant finite
union of irreducible algebraic sets.
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Proof Let V be an algebraic set. By the Nullstellensatz, V = Z(I)
for some radical ideal I. Write I as the irredundant intersection of
primes, see (5.2). Then V = Z(PiN---NPF.) = Z(P)U---UZ(R),
and this decomposition is irredundant because of the Nulstellensatz.
Moreover, if V =V, U---U Vj is an irredundant decomposition of V as
a union of irreducible algebraic sets, then I = (V) =1(V1U---UV,) =
I(Vi)n---N1(V,) is a presentation of I as the intersection of primes,
and by uniqueness of such presentation I(V;) = P; for every i (up to a
permutation). Now, by Nullstellensatz, V; = Z(P;) for every i. O

Another description of irreducible algebraic sets, which explains the
term better, is as follows:

Lemma 5.5.14 An algebraic set is irreducible if and only if it is not the
union of two smaller algebraic sets.

Proof The ‘if’ part follows from Corollary 5.5.13. Conversely, if V' is an
irreducible algebraic set and V' = V3 U V4, a union of smaller algebraic
sets, then I(V) = I(V1)N1(V3), and the I(V;) contain I(V') properly by
the Nullstellensatz. Then I(V1)I(Va) C I(V1)NI(Va) C I(V) contradicts
the fact that I(V) is prime. O

Corollary 5.5.15 An algebraic set V is wrreducible if and only if any
open subset of V' is dense in V.

Proof If V = Z; U Z5, the union of two smaller algebraic sets, then the
open sets U; = V' \ Z; and Uy = V \ Z, do not intersect, whence U; is
not dense. Conversely, if an open set U is not dense then there is an
open set W with with UNW = @, and V = (V\U)U (V' \ W) is a union
of two smaller algebraic sets. |

Now, we will try to define the dimension of an algebraic set V. We
should be able to do it in terms of the ideal I(V). If there is jus-
tice in the world our definition should be such that dim(F™) = n and
dim(point) = 0. Also, in view of Corollary 5.5.13, we may work with
irreducible algebraic sets. The following definition will do the job (see
Definition 5.4.15, Example 5.4.16(i), and Corollary 5.4.20):

Definition 5.5.16 The dimension of an irreducible algebraic set V,
written dim V', is defined to be the Krull dimension of the domain

Flzy,...,z,)/I(V).
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The following lemma gives equivalent descriptions of dimension.

Lemma 5.5.17 Let V' be an irreducible algebraic set, d = dim V', and
P=1(V). Then

(i) d is the length of the longest chain Py 2 Py 2 -+ 2 Py = P of
prime ideals of Flx1,...,x,] containing P.

(ii) d is the length of the longest chain Vo C V3 C --- C Vg =V of
wrreducible algebraic sets contained in V.

Proof (i) follows from the definition of Krull dimension, as the quotient
Flzy,...,2,])/I(V) is a domain. (ii) follows from (i) and the Nullstel-
lensatz. U

Let V C F™ be an algebraic set. Every polynomial f € Flzy,...,x,]
defined an F-valued function on F'™ and hence on V via restriction. Such
functions are called regular functions on V. The regular functions form
a ring (even an F-algebra) with respect to the point-wise operations.
The ring is called the coordinate algebra (or coordinate ring) of V' (or
simply the ring of reqular functions on V) and denoted F[V]. Clearly,

FIV] = Flay, ..., za)/I(V).

If I is an ideal of F[V] then we write Z(I) for the set of all points a € V'
such that f(a) =0 for every f € I, and if Z is a subset of V' we denote
by I(Z) the ideal of F[V] which consists of all functions f € F[V] such
that f(z) = 0 for every z € Z. Note that closed subsets of V all look
like Z(I).

Now the Nullstellensatz and the correspondence theorem for the ideals
imply:

Theorem 5.5.18 (Hilbert’s Nullstellensatz) Let V' be an algebraic
set.

(i) If J be an ideal of F[V], then I(Z(J)) = v/ J.
(ii) The maps I and Z induce an order-reversing bijection between
closed sets in' V' and radical ideals in F[V].
(iii) Ewvery proper ideal of F[V] has at least one zero in V.
(iv) The mapping a — m, = {f € F[V] | f(a) = 0} is a one-to-one
correspondence between V' and the mazimal ideals of F[V].

Proposition 5.5.19
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(i) Let V' be an algebraic set. Then F[V] is a commutative finitely
generated F-algebra with Rad F[V] = 0. If V is irreducible, then
F[V] is a domain.

(ii) Fvery commutative finitely generated F-algebra A with Rad A = 0
is isomorphic to F[V] for some algebraic set V.

Proof (i) clear. For (ii), if A = Flay,...,ay] is an F-algebra generated
by a1,...,a,, then by the universal property of polynomial rings, A &
Flzy,...,z,)/I for some ideal I. As Rad A = 0, the ideal I is radical,
and so I = I(V) for some algebraic set V' by the Nulltellensatz. O

If V is irreducible, then F[V] is a domain. Then the quotient field of
F[V]is called the field of rational functionson V and denoted F'(V). In a
natural way, F'(V) is a field extension of F'. As F'is algebraically closed,
F(V) is purely transcendental. It can be shown that tr. deg(F(V)/F) =
dim V.

We now define morphisms between algebraic sets. Let V C F™, W C
F™ be two algebraic sets and f : V — W be a mapLet x1,...,x,
and y1, ..., Ym be the coordinate functions on F™ and F™, respectively.
Denote y; o f by f; for all 1 < i < n. So that we can think of f as
the m-tuple of functions f = (f1,..., fm), where f; : V — F, and
fla) = (fi(a),..., fm(a)) € F™. The map f : V — W is called a
morphism of algebraic sets (or a regular map from V to W) if each
function f; : V — F, 1 < i < n is a regular function on V. It is easy to
see that algebraic sets and regular maps form a category, in particular
a composition of regular maps is a regular map again.

Now, let f: V — W be a morphism of algebraic sets as above. This
morphism defines the ‘dual’ morphism f* : F[W] — F[V] of coordinate
algebras, as follows:

fYF[W] = F[V]: 660 f.

It is clear that f* is a homomorphism of F-algebras. Moreover, (fog)* =
gt o ft and id* = id, i.e. we have a contravariant functor F from the
category of algebraic sets to the category of finitely generated f-algebras
with Rad A = 0. To reiterate: F(V) = F[V] and F(f) = f* If we
restrict our attention to irreducible algebraic sets, then the functor is an
equivalence categories:

Theorem 5.5.20 The functor F from the category of irreducible alge-
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braic sets to the category of finitely generated commutative F-algebras
without zero divisors is an equivalence of categories.

Proof In view of Theorem 4.2.8 and Proposition 5.5.19(ii) we just need
to show that f — f* establishes a one-to one correspondence between
regular mappings f : V. — W and algebra homomorphisms F[W] —
F[V], for arbitrary fixed irreducible algebraic sets V. C F™ and W C F™.
Let z1,...,z, and y1, . . ., Ym be the coordinate functions on F™ and F™,
respectively.

Let ¢ : F[W] — F[V] be an F-algebra homomorphism. Set ¢; :=
yjlw € Flw], 1 < j < m. Then ¢(q;) are regular functions on V. Define
the regular map ¢y : V. — F™ as follows:

o3 = (lq1), -+, 0(qm))-

We claim that in fact ¢4(V) € W. Indeed, let @ € V and f =
Sk ckybt . yEm € I(W), where k stands for the m-tuple (ki, ..., kmn).
Then f(q1,...,¢m) = 0 in F[W], and, since ¢ is a homomorphism, we
have

fles(a)) = fp(q)(a), .., p(qm)(a))
= adela) (@) ... ((gm)(a))*

k
=o> awt* .. .ykr)(a)
k

=o(f(q1;---,qm))(a) = 0.

Thus ¢4(V) C W.

Now, to complete the proof of the theorem, it suffices to check that
(f*): = f and (¢3)* = ¢ for any regular map f : V — W and any
F-algebra homomorphism ¢ : F[W] — F[V]. Well, indeed,

(D)= (fFlar)s- - FHam)) = (fro oo fn) = -
On the other hand,
(e)") (@) = ai 0 03 = p(a:)
for any 1 <4 < m. As the g; generate F[W], this implies (p3)* = ¢.
U

Corollary 5.5.21 Two irreducible algebraic sets are isomorphic if and
only if their coordinate algebras are isomorphic.



5.6 Problems on Commutative Algebra 253

Lemma 5.5.22 Regular maps are continuous in the Zariski topology.

Proof Let f:V — W C F™ be a regular map. As the topology on
W is induced by that on F™, it suffices to prove that any regular map
f:V — F™ is continuous. Let Z = Z(I) be a closed subset of F™. We
claim that f~1(Z) = Z(J) where J is the ideal of F[V] generated by
FHI). Well, if a € Z(J), then p(f(a)) = f(p)(a) = 0 for any ¢ € I, so
fla) € Z(I), i.e. a € f~1(Z). The argument is easily reversed. O

Remark 5.5.23 Note that regular maps from V to W usually do not
exhaust all continuous maps from V to W, so the category of algebraic
sets is not a full subcategory of the category of topological spaces. For
example, if V =W = C, the closed subsets in V and W are exactly the
finite subsets, and there are lots of non-polynomial maps from C to C
such that inverse image of a finite subset is finite (describe one!).

5.6 Problems on Commutative Algebra

Problem 5.6.1 True or false? J(R[z]) = 0.

Solution. True: for every a € R the ideal I, is maximal and N,erl, = 0.

Problem 5.6.2 Let R = R[[z]]. Calculate J(R) and Rad R.

Solution. J(R) = (x), as this is the only maximal ideal in R. On the
other hand Rad R = 0, as R has no nilpotent elements.

Problem 5.6.3 The ideal (4, 2x,2?) in the ring Z[x] is primary but not
irreducible.

Solution. The elements of I := (4,2x,2%) are all polynomials f(z) =
ap + a1z + - - € Zlx] with agy divisible by 4 and a; divisible by 2. Tt
follows that /T = (2). Now, let (ag + a1z +...)(bo + brz +...) € I.
Assume that (ag+ajz+...) ¢ I. Then either ag is not divible by 4 or a;
is odd. In both cases it follows that by is even, i.e. (bg+bix+...) € I.
We have proved that I is primary. On the other hand, I = (4, z)N(2, 2?).

Problem 5.6.4 The ideal I = (22,2z) in Z[z] is not primary, but
(x)? C I C (x) and the ideal (z) is prime.

Solution. Obvious.
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Problem 5.6.5 Represent the ideal (9, 32+3) in Z[z] as the intersection
of primary ideals.

Solution. (9,3z +3) = (3) N (9,2 4+ 1). Indeed, it is easy to see that (3)
and (9,2 + 1) are primary containing (9, 3z + 3). On the other hand, if
r € (3)N(9,z + 1), then r can be written as 9(ag + a1z +...) + (z +
1)(bg+ b1z +...). The first summand clearly belongs to (9, 3z +3), and
the second one belongs to it too, because r € (3) implies that all b; are
divisible by 3.

Problem 5.6.6 Let I be an ideal of a commutative ring R such that
VT is a maximal ideal in R. Prove that I is primary.

Solution. J := /T is the intersection of primes containing I. Since J is
maximal, it is the only prime containing I. So, if z + I is a zero divisor
of the local ring R/I, then x € J, whence (z + I) is nilpotent.

Problem 5.6.7 In a noetherian ring, prove that v/T is the intersection
of the associated prime ideals of I.

Solution. VI = VO1N---NQ, = V@1 N...\/Q,, using the easily
checked fact that VI N J = VI N+VJ.

Problem 5.6.8 Let S be the set of all non-zero elements of Z,, which
are not zero divisors. Determine S™1Z,.

Solution. All non-zero divisors in Z,, happen to be units, so S™1Z,, = Z,,.

Problem 5.6.9 Let S be a multiplicative subset of R and T be a mul-
tiplicative subset of S™'R. Let S, = {r € R | [£] € T for some s € S}.
Then S, is a multiplicative subset of R and there is a ring isomorphism
S, AR~ T-YSIR).

Solution. That S* is multiplicative follows from the fact that so is T'.
It is also easy to see that S* O S. Now, the universal property of
localizations gives homomorphisms

o STIR— TSR, [E] - {[:’]],

where s’ € S is such that [5] € T', and

B8:T'(S7'R) — S, 'R, {[Z]] — [’“ﬂ
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(note that the last formula makes sense, as t € S* , s € S C S* and S*
is multiplicatively closed). Finally, it is clear that o8 = id and Sa = id.

Problem 5.6.10 True or false? If R is a local ring, then there is a
commutative ring R’ and a prime ideal P of R’ such that R = R).

Solution. We can take R’ = R and P to be the maximal ideal of R.

Problem 5.6.11 Let P be a prime ideal of R. Show that Rp/Pp is
isomorphic to the field of quotients of R/P.

Solution. Use the universal property of localizations to construct the

homomorphism f : Rp — Q(R/P), which maps [Z] to gfr? It is easy

to see that f is surjective and has Pp as its kernel.

Problem 5.6.12 True or false? The ideal (22,4) is (z,2)-primary in
Z|z].

Problem 5.6.13 Let R be a noetherian local ring with maximal ideal

M and let zy,...,2, € M. Suppose that {z; + M?,... x, + M?} is a
basis of the R/M-vector space M/M?. Show that M = Rx;+---+ Rxy,.

Solution. Let N be an R-submodule of M generated by z1,...,x,. Then
M = N+ MM. Since A is noetherian, M is finitely generated. We can
therefore apply Nakayama’s Lemma to deduce that N = M.

Problem 5.6.14 Let R be a commutative ring with a unique prime
ideal P and let r € R. Prove that z is nilpotent if and only if x € P.

Problem 5.6.15 True or false? C[z,y] is a PID.
Problem 5.6.16 True or false? C[z,y] is a noetherian ring.

Problem 5.6.17 True or false? Every subring of an artinian ring is
artinian.

Problem 5.6.18 True or false? Z[z] is a UFD.
Problem 5.6.19 True or false? Z[x,y]/(x — 2y) is a noetherian ring.

Problem 5.6.20 True or false? If R is a PID then R is noetherian.
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Problem 5.6.21 True or false? If R is a noetherian ring then every
non-zero prime ideal of R is maximal.

Problem 5.6.22 True or false? If R is a UFD then every non-zero
prime ideal of R is maximal.

Problem 5.6.23 True or false? (a) Every quotient ring of a UFD is a
UFD. (b) Every subring of a UFD is a UFD.

Problem 5.6.24 True or false? The intersection of two prime ideals of
a commutative ring is prime.

Problem 5.6.25 True or false? If R is a local ring with maximal ideal
M and V is a finitely generated R-module with (R/M) ®p V = 0 then
V=0

Solution. True: use (R/M)®@rV =2 V/MV and Nakayama’s lemma.

Problem 5.6.26 True or false? If R is an integral domain and r € R is
an irreducible element of R, then (r) is a prime ideal of R.

Problem 5.6.27 Show: if @) is a primary ideal in a commutative ring
R, then /@ is a prime ideal. Show that the converse holds if R is a
PID.

Problem 5.6.28 Let R be a domain and F' be its field of fractions.
Then r € R is a unit if and only if % € F is integral over R.

Problem 5.6.29 True or false? Let S be a proper multiplicative subset
of a commutative ring R and I # J be ideals of R. Then S~'I # S~1J.

Solution. False. Take R = Z, S = 2Z, I = 3Z, and J = 5Z. Then
S_l.[ = S_1J = Z(g)

Problem 5.6.30 True or false? Let S be a proper multiplicative subset
of a commutative ring R and I be an ideal of R. Then v/S—1I = S~1/T.

Solution. True. If a™ = [£]™ € S™'I then s;a™ € I for some s; € S,
whence s;z € VI and a = (3] € S~1V/I. Conversely if 2" € I, then
[£]" € ST for every s € S.
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Problem 5.6.31 The ring R = R[z,y] is localized at the multiplicative
set S={f € R| f(0,0) # 0}. Find all maximal ideals of S~'R and its
Jacobson radical.

Problem 5.6.32 Let R be an integral domain with a quotient field
F. Prove that for any maximal ideal M of R, Rj; can be canonically
embedded into F', and NR,; = R.

Solution. Clearly, R C NRy;. Conversely, take © € NRy;. If + &€ R set
I:={y € R|yx € R}. Then I is a proper ideal, and so [ is contained
in a maximal ideal M. Now, x € Ry means x = Z for z € R and
w€ R\ M. So zw = z € R, a contradiction, since w & I.

Problem 5.6.33 Let R be a commutative ring and V' be an R-module.
Show that V = 0 if and only if Vj; = 0 for every maximal ideal M of R.

Solution. ‘Only if’ is clear. Conversely, let v € V' be a non-zero element.
Pick a maximal ideal M containing the annihilator of v in R. Then it
follows that [7] # 0 in Viy.

Problem 5.6.34 Let R be a domain which is integral over a ring R.
Prove that A is a field if and only R is a field.

Solution. By Lemma 5.3.21, if R is a field, so is A. The converse follows
from Problem 5.6.71(i).

Problem 5.6.35 True or false? The ring Q|x, y] is integrally closed.

Problem 5.6.36 True or false? The ring Q(x)[y] is integrally closed.
Solution. True, as Q(z)[y] is a UFD.

Problem 5.6.37 True or false? The ring Z[z] is integrally closed.

Problem 5.6.38 Let R be a commutative integral domain. Prove that if
Rp is integrally closed for every prime ideal P of R, then R is integrally
closed.

Solution. By Problem 5.6.32, we have R = NRp in the ring of quotients
of R. Now R = NRp C ﬂRP =NRp =R.

Problem 5.6.39 Let R be a commutative noetherian local ring with
maximal ideal M which satisfies M2 = M. Prove that R is a field.
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Solution. By Nakayama’s Lemma, M = 0.

Problem 5.6.40 True or false? Every finite local ring is a field.

Solution. False: Zy4.

Problem 5.6.41 True or false? A local artinian ring has finitely many
prime ideals.

Solution. True. Let M be the maximal ideal of a local artinian ring R.
As R is artinian, Nakayama’s Lemma (or Krull’s Intersection Theorem)
implies that M™ = 0 for some n, in particular, all elements of M are
nilpotent. Now, if P is a prime ideal of R, then R/P is a domain, whence
P=M.

Problem 5.6.42 Let R = R[z,y],

1= (S € 71700 = 50,0 = 2 0.0 = 0),

Check that I is an ideal of R. Is it maximal, prime, primary or neither?
What are the associated prime ideals of I.

Solution. That I = (22,42, zy) is an ideal follows from Leibnitz’s rule or
by seeing directly that I = (2%, y?, zy). Clearly, the ideal is not prime
(and so not maximal). It is easy to check that I is primary and it is
clear that /T = (z,y).

Problem 5.6.43 Let M be a maximal ideal of Q[z,y, z]. Prove that
F = Qlz,y, z]/M is a finite algebraic extension of Q.

Problem 5.6.44 Let R be a domain. Then R is integrally closed if and
only if R[z] is integrally closed.

Solution. If R # R, then R C R[] implies R[z] C R[r]. Hence R[z] ¢
R[z] € R[x]. Conversely, let R = R, and take % € Q(R[z]) 2 Q(R)(x)
integral over R[x] and such that GCD(f,g) = 1. So

(55) rea (§5) " +remin=o
whence

F@)" + hy— () f(2)" " g(x) + - + ho(2)g(z)" = 0.
So g(x) divides f(x)™ (in Q(R)(x)), whence g = 1. Now need to prove
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that integrality of f implies that the coefficients are in R, which is easy
to do starting from the top coefficiant and going down.

Problem 5.6.45 Let R C A be rings with R integrally closed in A.
Suppose that h(z) is a polynomial in R[z] which factors in A[x] as the
product of two monic polynomials h(z) = f(z)g(x). Show that f and g
are each in R[z].

Problem 5.6.46 An algebraic over Q element « € C is integral over Z
if and only if irr (a; Q) € Z[z].

Problem 5.6.47 For each n € Z find the integral closure of Z[\/n] as
follows:

(i) Reduce to the case where n is square-free.

(ii) Use the fact that v/ is integral to deduce that what we want is
the integral closure R of Z in the field Q(y/n).

(iii) If @« = a+by/n with a,b € Q, deduce that the minimal polynomial
of a is #? — Trace(a)r + Norm(a), where Trace(a) = 2a and
Norm(a) = a? — b*n. Thus, using Problem 5.6.46, a € R if and
only if 2a and a? — b%n are integers.

(iv) Show that if & € R then a € 1Z. If @ = 0 show that o € R if
and only if b € Z. If a = % and o € R show that b € %Z; thus,
subtracting a multiple of y/n, we may assume b = 0 or b = %;
b = 0 is impossible.

(v) Conclude that the integral closure is Z[y/n] if n # 1 (mod 4), and
Z[5 + 3+/n] otherwise.

Problem 5.6.48 Let R = Z[v/10]. Then R is integrally closed but R is
not a UFD.

Hint: Integrally closed by Problem 5.6.47. On the other hand, 2-3 =
(4 +1/10)(4 — v/10) and the elements 2, 3,4 4+ /10 are irreducible.

Problem 5.6.49

(i) Find all prime ideals of Z[v/5] which lie over the prime ideal (5)
of Z.

(ii) Find all prime ideals of Z[/5] which lie over the prime ideal (3)
of Z.

(iii) Find all prime ideals of Z[v/5] which lie over the prime ideal (2)
of Z.
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Problem 5.6.50 Let P, ..., P, be prime ideals of a commutative ring.
Show that an ideal I which is contained in P, U --- U P, is contained in
some P;.

Problem 5.6.51 Let I be an ideal of a noetherian ring R with a reduced
primary decomposition I = Q1 N--- N Q,. Show that every prime ideal
of R which is minimal over I is the radical of some ;. Is the converse
true?

Problem 5.6.52 Let P be a prime ideal of height r in a noetherian ring
R. Show that there exists an ideal I of R with r generators over which
P is minimal.

Hint. Construct zi,...,z, € P by induction so that the prime ideals
that are minimal over Rz + --- + Rx; have height ¢, for every ¢ <r.

Problem 5.6.53 Let P be a prime ideal of R. Show that the height of
P is the dimension of Rp.

Problem 5.6.54 Let P be a non-zero prime ideal of R. Show that
dimR > 1+ dimR/P.

Problem 5.6.55 Let F' be an algebraically closed field. Show that the
minimal prime ideals of F[z1,...,z,] are the principal ideals generated
by irreducible polynomials.

Problem 5.6.56 True or false? Let F' be a field. If S is an arbitrary
subset of F[x1,...,x,], then there is a finite subset T of F[z1,...,x,)
such that Z(S) = Z(T).

Problem 5.6.57 True or false? Let F be a field. If I is any ideal of
Flz1,...,xp),then I = {f € Flz1,...,2,] | f(a) =0for each a € Z(I)}.

Problem 5.6.58 True or false? Let F' be algebraically closed and I, J
be ideals in F[zy,...,2,]. Then Z(I)U Z(J) = Z(1J).

Problem 5.6.59 True or false? Let F' be a field, and I, J be ideals in
Flzy,...,2,]). Then VINJ =+V1J.

Problem 5.6.60 Let I and J be ideals of A = C[z,y] and Z(I)NZ(J) =
@. Show that A/(INJ)= A/I x A/J.
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Problem 5.6.61 True or false? Let F' be algebraically closed. Any
decreasing sequence of algebraic sets in F™ stabilizes.

Problem 5.6.62 True or false? Let F' be algebraically closed. Any
increasing sequence of algebraic sets in F™ stabilizes.

Problem 5.6.63 True or false? Let F' be algebraically closed. Any
increasing sequence of irreducible algebraic sets in F'™ stabilizes.

Problem 5.6.64 True or false? Let F' be an algebraically closed field.
A system of polynomial equations

fl(l'l,...,(En) = 0

fm(x1,. . 2n) =0

over F' has no solutions in F™ if and only if 1 can be expressed as a
linear combination 1 = )", p; f; with polynomial coefficients p;.

Problem 5.6.65 True or false? The Zariski topology on F™t" is the
product topology of the Zariski topologies on F™ and F™.

Problem 5.6.66 Let R be any ring. Denote by Spec R the set of the
prime ideals of R. For an ideal I < R denote

Z(I):={P €SpecR|P DI}

Introduce the Zariski topology on Spec R by declaring the sets of the
form Z(I) to be closed. Define a distinguished open set of Spec R to a
set of the form

U(f) = {P eSpecR| f & P}
where f € R.

(i) Prove that this is indeed a topology.

(ii) Prove that distinguished open sets are indeed open, and moreover,
they form a basis of the Zariski topology. Show that Spec R =
U;U(f;) for some collection f; of elements of R if and only if the
ideal generated by all the f; is R.

(iii) Prove that Spec R is compact in the Zariski topology.
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Problem 5.6.67 Let F' be an algebraically closed field of characteristic
p>0,and Fr : ' — F,a — aP be the Frobenius homomorphism. True
or false:

(i) Fr is a homeomorphism in the Zariski topology.
(ii) Fr is an isomorphism of algebraic sets.

Problem 5.6.68 Describe all automorphisms of the algebraic set F'.

Problem 5.6.69 Which of the following algebraic sets over C are iso-
morphic to each other?

(i) G
(i) Z(z) C C%
(iii) Z(y — ) c C%
(iv) Z(y*—23%) C (C2
(v) Z(y? — 2% — =z )C(C2

Problem 5.6.70 Let W be an irreducible closed subset of an irreducible
algebraic set V. Then dimW < dimV and equality is attained if and
only if V =W.

Problem 5.6.71 Let A D R be an integral ring extension.
(i) If a € R is a unit in A, then a is also a unit in R.
(ii) J(R) = RN J(A).

Solution. (i) As A/R is integral, we have

(@ D"+ rp_i (@) g = 0,

for some r; € R. Npw multiply by a™ ! to get

atl=—r,_1——rpa" !t eR.

(ii) Follows from Theorem 5.3.20.

Problem 5.6.72 Let A O R be an integral ring extension. If every
non-zero prime ideal of R is a maximal ideal, then every non-zero prime
ideal of A is also maximal.

Solution. By Theorem 5.3.19, if 0 is a prime ideal of R, then the only
prime ideal of A lying over 0 is 0. Now it follows from Theorem 5.3.20
that if P is a non-zero prime ideal of A, then P is maximal, since PN R
is non-zero prime.
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