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Chapter O

Notation: Permutations

This very short chapter is about a convenient notation that somehow man-
aged to escape being introduced in first year.

Definition 0.1. If X is a non-empty set, we denote by Sx the set of all
bijections from X to X. A bijection from X to X is also called a permutation
of X.

We will be mostly interested in the set of all permutations of {1,...,n},
which we denote by S, for short (instead of Sgi,.. ny). So

S, =Af:A{L....n} = A{1,....,n} : f bijective}.
Two observations:
o If a € 5, it is given by its values on the elements 1, ..., n, for instance:
a(l) =ay, a(2) =ag, ..., a(n) = a,.

Since « is surjective, {ai,...,a,} = {1,...,n}, and since « is injective,
we have a; # a; if i # j. So the sequence ay, . ..a, is just the sequence
1,...,n written in a possibly different order.

e A convenient way to describe « is to write it in “array form”, i.e.,

( 1 2 -« n )

a= ,

al a2 DY an

where we write the value a; = (i) below the element i.

Example 0.2. Define a permutation o € Sy by
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In “array form”, it is given by:

(123 4
*=\2 31 4/

If o, B € S,,, the composition «wo f is also in S, (it is also a bijection from
{1,...,n} to {1,...,n}). We will drop the composition sign and write it as
a product, so aff for a o 3.

Question: How do we multiply (i.e., compose) permutations in S,,?

Answer: From right to left. Recall that the operation is the composition
of functions, and ¢ and 7 in S,, are functions. Therefore o7 = ¢ o 7, and
(o7)(x) = o o7(x) = o(r(x)) by definition of composition. So we first
compute 7(x), then feed the result into o.

1 2 3 4

Example 0.3. Let § = 413 92 1

af(1) = a(B(1)) = a(4) =4, af(2) = a(B(2)) = a(3) = 1, and so on
(finish it yourself). The result is:

). We compute af3:

5_1234 1234\ (1234
@=\2314)\4321)" 4132/
Observe that
5_1234 1234\ (1234
=4 321/\2314)7\324 1)

so that af8 # Pa.
Do a handul of examples of such computations, to make sure that you
have no problem with this.

Finally, if o € S,,, then « is bijective, so a has an inverse o~ !, which is a
bijection from {1,...,n} to {1,...,n},so a”! € S,.
How do we determine a~? Suppose for instance that « is given by

( 1 2 ... n)

a= .

a; ag - an,

Then o (ay) =1,...,a  (a,) = n. In other words, we read the array from

the bottom to the top.

Example 0.4. Let



Then, reading the table from bottom to top:

4 (1 2 3 4
“ T3 12 4)
We finish with a remark about three properties of the product (=compo-

sition of maps) in S,:

1. It is associative: (af)y = a(fy) for all a, 8,7 € S,,.

It is actually always true in general for composition of functions. How
do you prove this? This equality claims that two functions are equal.
So you can check it by applying both of them to an element z, then
computing the results. You will get the same for both.

2. The identity map id : {1,...,n} — {1,...,n} is an element of S,, and
has the property that, for all a € S,,,

aid = o and id o = a.

3. Every element of S,, has an inverse:

Va e S, 3Ja!es, such that o' =id and o ta = id.

We will come back soon to these three properties.
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Chapter 1

Group Theory

Example 1.1. Consider the set of remainders upon division by 4 under the
(binary) operation “+ mod 47, i.e., the set {0,1,2,3} and the operation

{0,1,2,3} x {0,1,2,3} — {0,1,2,3}, (a,b) — (a+b) mod 4.
For instance

(0,1) =1 since 0+1=1=1 (mod4)
(2,2) — 0 since 2+ 2 =4 =0 (mod4)
(2,3) — 1 since 2+ 3 =5=1 (mod4)

(where = means “is congruent to”). We can record the operation in a table,
called the Cayley table of this operation.

+/0 1 2 3
0j0 1 2 3
111 2 3 0
212 3 01
313 01 2

where “+” means “+ mod 4”. We call O the identity element (of this opera-
tion), because adding 0 to any other element does not do anything.

This set with the operation + is denoted (Z4,+) (we say “Z mod 4 for
Zy).

Example 1.2. Consider the set of non-zero reminders upon division by 5,
under the (binary) operation - mod 5, i.e., {1,2,3,4} with operation

{1,2,3,4} x {1,2,3,4} — {1,2,3,4}, (a,b) — (a-b) mod 5.

9
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For instance

(1,1) = 1 since 1 -1 =1=1 (mod5)
(3,3) — 4 since 3-3 =9 =4 (modb)
(2,4) — 3 since 2-4 =8 =3 (modb)

The Cayley table of this operation is

11 2 3 4
111 2 3 4
212 41 3
313 1 4 2
414 3 2 1

The element 1 is the identity element (of this operation), since multiplying 1
with any other element does not do anything.
This set with the operation - is denoted (72 ,-), where 72 := 75 \ {0}.

In general. . .

Definition 1.3. A group is a non-empty set G equipped with a (binary)
operation (that we will usually denote as a product)

GxG—G, (x,y)»x-y
such that
1.x-(y-2)=(r-y)-z foralz,y,z€G (we say that - is associative);

2. There ezists and element e € G (the identity element) such that

for all x € G;

3. For each x € G there exists y € G (called the inverse of x) such that
r-y=-eandy- -xr=e.

Remark 1.4. 1. We will use the notation (G, -) when we want to specify
at once the set and the symbol that we use for the operation (it does
not need to be -, it can be anything).

2. We write vy for x -y, and = for the inverse of .
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3. If the operation is denoted by - (as in the definition), we often denote
the identity by 1 instead of e.

If the operation is denoted by the symbol +, we will often denote the
identity element by 0 instead of e; in this case, we will also denote the
mverse of x by —x.
Example 1.5. 1. (Z4,+) is a group. The identity is the element 0.

In general (Z,,+) is a group (where n € N), the group of integers
modulo n.

2. (Z%,) is a group, its identity element is 1. Observe that 5 is prime.
In general (Zy,-) is a group (more later) when p is prime.

3. In view of the properties listed at the end of Chapter 0, (Sn,-) is a

group, with identity element the identity map id, and with operation
the composition of maps.

4. R*:=R\ {0} under - (the usual product) is a group.

5. GL,(R), the set of n x n invertible matrices with real entries, with
operation matriz multiplication, is a group (called the general linear

group).

6. SL,(R), the set of n xn matrices with real entries and with determinant
1, with operation matrixz operation, is a group (called the special linear

group).

7. In the two previous examples, GL,(R) and SL,(R), we can replace R
by Q, C, Z, (p prime). We will get groups in each case.

A particular example of group can have a operation that is not denoted
by - (we saw some examples of this). But in the general considerations about
groups we will always denote the operation by -.

Definition 1.6. A group G with the property xy = yx for all x,y € G 1is
called Abelian.

Example 1.7. (Z,,+) is Abelian, but GL,(R) is non-abelian.

Definition 1.8. The number of elements of a group is called its order. It is
an element of NU {oo}. We write |G| to denote the order of G.

Proposition 1.9. Let G be a group. Then
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1. The identity element e is unique, i.e., if € is another identity element,
then e = €.

2. If x € G, then the inverse of x is unique, i.e., if y' is another inverse

of ¢, then y' = x~ 1.

Proof. 1. By hypothesis we have x-¢’ = ¢'-x = x for every x € G. Taking
x = e we get e-e/ = e. But by the definition of e we also have e-¢’ = €.

Soe=¢.

2. If 4/ is an inverse of z, then xy’ = e. But we also have za™! = e.
So zy’ = xx~'. Multiplying both sides on the left by 27!, we get
oy =x e soey =er tand ¢y =27t O

Definition 1.10. Let G be a group. The order of an element g € G s the
smallest positive integer n such that g" = e. If no such n exists, we say that
g has infinite order. The order of g is denoted by |g|.

Note: If the operation on G is denoted by “+7, we will write ng = 0
instead of g" = e (because the identity is denoted by 0 in this case, and
gt =g-g---gis written g+ g+ - - - + ¢, which is more naturally denoted by

ng).
1.1 Disgression: Permutations

Proposition 1.11. The order of S, is n! (see exercise sheet 1).

Definition 1.12. A permutation o € S,, is called a cycle of length k if

there are elements ay, ..., a, € {1,...,n}, all different, such that
alar) = as, alag) =as,..., alag_1) = ag, alay) = ay,
and a(z) = x for all the other elements of {1,...,n} (a does not move the
other elements).
We write (ay ay - -+ ay) to denote the cycle a.
Remark 1.13. 1. Observe that (ay as---ag) = (a; @41 -+ - ag ay as -+ - a;_1)
for every i in {1,...,k} (so we can start writing the cycle where we

want, as long as we “cycle”).

2. A cycle of length one: (a), is the identity map, because it sends a to a,
and it does not move the other elements.
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3. Cycles are permutations, so they can be multiplied together or with other
permutations (recall that the multiplication here is the composition of

functions).
1 23456
Example 1.14. Suppose we have o = <2 1 46 5 3). We look at what
successive applications of a do:
1 2 3 4 6 5 )
~__“~ \_/

Using this, we can diretly check that

a=(12)(346)(5),

where the right hand side denotes the composition of the three cycles (just
compute it and write it in array form, and you will see that the result is o).
One final remark: As observed above, (5) is the identity map, so actually

a=(12)(346),

i.e., there is no need to keep the cycles of length 1 in the expression.

Example 1.15. Let

(1 2 3 4 5= 1 2 3 4
“T\2314)7 7432 1)
Then, following the example above, we have

« « ﬁ

B
1/\2/\3 4 dl/\4 2/\3
a an
N D ~__ ~__ S

o B B

so that
a=(123)(4)=(123) and 8= (14)(23).
We compute aff as usual for the composition of maps:
af(l) = a(f(1)) = a(4) = 4,
af(2) = a(p(2)) = a(3) =1,

and so on, and we obtain, in array form

aﬁz(i L ‘2‘):(142)(3):(142).
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Definition 1.16. Two cycles in S,, (a1 ay -+ ai) and (by by --- by), are
called disjoint if a; # b; for all v and j.

Example 1.17. The cycles (1 2 6) and (3 5) are disjoint, the cycles (1 3 5)
and (3 6) are not. Computing their products, we observe:

(126)(35)=(35)(126),

but
(135)(36):@ S §>:(1365)7é
(36)(135):@ S g):(1635).

Proposition 1.18. Let o and ~ be two disjoint cycles in S,,. Then oy = ~vo.

Proof. Let 0 = (aj ag ---a) and v = (by by ---by). We check that oy = yo
by checking that ovy(x) = ~o(z), i.e., we check that they always return
the same values, which mean that they are equal (they are functions). We
distinguish 3 cases:

(1) z = a;. Then o(x) = a;41 (with the convention that a; 11 = a; isi = k)

and y(x) = x (since x is not one of by,...,b;). Then ovy(x) = a;11 = yo(x).
(2) = b;. Similar.
(3) z & {a1,...,ak,by,...,be}. Also similar. O

Theorem 1.19. Every permutation in S, can be written as a cycle or as a
product of disjoint cycles.

Proof. Let o € S,,. We follow the idea of Example[l.14] Pick a; € {1,...,n}
and consider the sequence a(ay), a®(ay), a®(ay), . . ..

We claim that we must have o*(a;) = a; for some k: Since the values
of the a’(a;) are in {1,...,n} (which is finite), there must be repetitions:
there are i, k € N such that a’(a;) = o**(a;). Applying the inverse of o to
both sides, we get a; = a*(a;). We take for k the smallest integer for which
ay = af(ay).

Therefore the first cycle that we obtain is (a; ag ---ax_1), where a; =
o Hay).

Pick now b € {1,...,n}\ {ai,...,ax_1}. Similarly, we have a‘(b) = b for
some ¢ (we take the smallest possible) and the second cycle that we obtain
is (by by -+ -bp_y) where b; = a'~1(by).

We claim that the cycles (a; as ---ag_1) and (b by ---by_1) are disjoint:
If not we have a'(a;) = o/(by) for some i,j. For instance j < i (the other
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case is similar). Applying a7 to both sides, we get a7 (a;) = by, which is

impossible since by & {aq, ..., a5 1}
We then continue this process until all elements of {1,...,n} are used,
and we get
o= (al ay - ak—l)(bl by --- bé—l) . (Cl Cy +- Ct—l)- 0

In the special case of permutations in the group S,,, how do we compute
the order of «, i.e., the smallest positive integer n such that o™ = id? We
only state (and use):

Theorem 1.20. Let o € S,, be written as a product of disjoint cycles. Then
|| is the least common multiple of the lengths of the cycles.

(Recall that the least common multiple of some integers ki, ...k, is the
smallest positive integer d such that k; divides d, for i = 1,...,t.)

123 456
215 4 ¢ 3) findlal

We have o = (1 2)(3 5 6), where (1 2) has length 2 and (3 5 6) has length
3. Therefore |a| = lem(2,3) = 6

Example 1.21. Given o =

Definition 1.22. A cycle of length 2 is called a transposition.

Note that a cycle of length 2 has order 2, so is its own invers: (a b)(a b) =
id.
Theorem 1.23. Fvery permutation in S, (n > 1) can be written as a product
of transpositions.

Proof. We know that every permutation can be written as a product of (dis-
joint) cycles. Thus, it suffices to show that every cycle can be written as a
product of transpositions. Consider (a; ay ---ag).

If £ =1, (a1) is the identity, and if we pick any = € {1,...,n} \ {a1} we
have (a1) = (a1 z)(a; x).

If £ > 1, we have

(a1 ag ---a) = (a1 ag)(ar ag—1)--- (a1 az)

(to check it you can simply check that these two functions are equal: Apply
each of them to x and check that you get the same result on both sides,
considering the case x € {ay,...,ar} and the case = & {ai, aq,...,a;x}). O

Example 1.24. Decompose (1 6 3 2)(4 5 7) as a product of transpositions:
(1632)(457) =(12)(13)(16)(47)45).
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Observe that the deomposition as product of transpositions is not unique.
For instance:

(12345)=(15)(14)(13)(12) (4 transpositions)
=(54)(53)(52)(5 1) (4 transpositions)
=(54)(52)(21)(25)(2 3)(1 3) (6 transpositions).

In general, we state (for now, the proof will be given later).

)
)

Theorem 1.25. If a = fB1--- 3, = 71 ---7s where the B;’s and the ~;’s are
transpositions, then either r and s are both even or r and s are both odd.

Thus, we can make the following definition.

Definition 1.26. A permutation is called even if it can be written as a
product of an even number of transpositions. Otherwise it is called odd.
We denote by A,, the set of all even permutations of S,,.

Exercise 1.27. Prove that A, is a group. It is called the alternating group
of degree n.

!
Theorem 1.28. Forn > 1, |A,| = %

Proof. The map a + (1 2)a is a bijection from the set of odd permutations
to the set of even permutations (it is injective since (1 2)a = (1 2)5 implies
a = ( (multiply both sides on the left by (1 2) and use that (1 2)(1 2) = id);
it is surjective since 5 = (1 2)(1 2)3, using again that (1 2)(1 2) = id).
Therefore there are an equal number of even and odd permutations, and
since every permutation is either odd or ever, we must have |A,| = |S,|/2. O

1.2 Cyclic groups

Definition 1.29. A group G is called cyclic is there is an element a € G
such that

G = (a) d:ef{a”:nEZ}:{...,a’z,a’l,l,a,aQ,...}.

We say that a is a generator of G.
(We are assuming that the operation on G is -; see next Remark.)

Remark 1.30. 1. Ifn <0 we define

In| times



1.2. CYCLIC GROUPS 17

2. If the operation is denoted by + we would use the notation:
G = (a) d:ef{na nelZy={...,—2a,-1a,0,qa,2a,...}.

Here, if n <0, then na = (—a) + -+ + (—a).

N

~~
[n| times

Example 1.31. 1. We consider the group (Z,+).

2. We consider the group (Z,,+).

Zn={0,1,2,...,n—1} = (1).

Observe that Z, may have many generators. For instance (exercise,
check it):
Zg = (1) = (3) = (5) = (7).

Remark 1.32. Consider an element a € G of finite order, say |a| = n. Then
a" = e, and therefore (multiplying by a):

an-i—l =a, an—i—? — a2’
afl — a”fl, a72 — an72’
so that
_ 2 n—1
(a) ={e,a,a%,...,a" '}

The last line of this remark gives us the following result:

Proposition 1.33. Let a € G be of finite order. Then |a| = |(a)|.
In particular, if G is cyclic and generated by a, then |G| is equal to the
order of a.

Theorem 1.34. Let G = (a) be a cyclic group of order n. Then
G = (a") & ged(k,n) = 1.

Proof. (<) Since ged(k,n) = 1 there are u,v € Z such that ku + nv = 1.
Then

CLI — aku—l—m} — akuanv — aku( a® )U — aku c <ak>
Thus a € {a*), and so all powers of a are in (a*). This implies (a) C (a*).
The other inclusion is obvious, so G = (a¥).
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(=) Assume that the conclusion does not hold, i.e., ged(k,n) = d > 1.
Write k = rd and n = sd. Then

(ak>s — (ard)s — (ard)r —

=€

So |a¥| < s < n. Thus, a* is not a generator of G (cf. Proposition [1.33)), a
contradiction. O

Corollary 1.35. An integer k is a generator of Z,, if and only if ged(k,n) =
1.

We actually saw a special case of this in Example [1.31}

1.3 Subgroups

Definition 1.36. Let G be a group. A subset H C G is a subgroup of G if
it is a group under the operation of G.
We write H < G to indicate that H is a subgroup of G.

Lemma 1.37. If G is a group and H is a subgroup of G, then H has an
identity element ey (because H is a group). We have ey = e.

Proof. Since ey is the identity of H, we have egey = ey. Multiplying both
sides by the inverse of the element ey of G, we get e;IIeHeH = el}leH, SO
ey = €. UJ

Theorem 1.38 (Subgroup Test). Let G be a group and let H C G be a
non-empty subset. Then H is a subgroup of G if and only if the following
two conditions hold

1. Ifx,y € H, then xy € H (we say that H is closed under the operation).
2. Ifv € H, then ' € H (inverses exist in H).

Proof. (=) If H is a subgroup, then H is closed under the operation, because
in a group, the result of a product of two elements is again in the group. Also,
every element x € H has an inverse y in H. We just need to check that this
element y is equal to the inverse 7! of z in G-

We have xy = ey = e (using Lemma . Multiplying both sides on
the left by 27! we get x7'ay = 27 le, so y = 27 1.

(<) Suppose H C G is a non-empty subset satisfying conditions 1 and
2. Since 1 is true, - is a binary operation on H. Also, the associtivity follows
from that of G. H has inverses by 2. Finally, we check that e belongs to H:
Let x € H. By 2, wehavez™' € H, and by 1: 27 la =e € H. O
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Example 1.39. Let G be a group and let a € G. Then (a) = {a" : n € Z}
s a subgroup of G.

Check: It is of course non-empty. Let a',a’ € {a). Then a'a’ = a'™/ €
{a). Also, (a')™t =a™" € (a).

Example 1.40. Recall that a™ is written na when G is additive (i.e., when
we use the symbol + for the operation on G ).
(2) ={0,2,4,6,8} is a cyclic subgroup of (Zo,+).

Exercise 1.41. Let 0 = (1 2) and p = (1 2 3) in Ss. It is easy to check that
Sy = {ud, p, p*,0,0p,0p*} (for instance: check that they are all different, and
we know that Sz has 6 elements). The following are subgroups of S3:

{id7pap2}7 {Zda O-}a {Zdv Up}v {Zdv 0',02}.

In fact these are all the proper subgroups of Ss (proper means different from
the whole group).

Example 1.42. Let G = R* under -. Consider the set
K={reG:z>1}
If K a subgroup of G?
No, condition 2 does not hold: 2 € K but 27! = % ¢ K.
Suppose we have
H={xe€G:2x=1 orux is irrational}.

Is H a subgroup of G?
Again no: Condition 1 does not hold. Consider /2 € H. Then /2v/2 =
24 H.

Exercise 1.43 (Finite subgroup test). Let H be a finite non-empty subset
of a group G. Then H < G if and only if vy € H for every x,y € H.

In other words, the condition that H is closed under the operation implies
that if v € H, then x=' € H. To prove this, consider the set of all powers of
x, and use that since H is finite there must be repetitions.

Another important example:

Definition 1.44. The center Z(G) of a group G is the set of elements in G
that commute with all the elements of G, 1i.e.,

Z(G):={aeG:ax =zxaVr € G}.
Proposition 1.45. Let G be a group. Then Z(G) < G.

Proof. Exercise. ]
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1.4 Cosets

Definition 1.46. Let G be a group and let H < G. For any a € G, the set
aH :={ah:h € H}

1s called the left coset of H in G containing a. Also
Ha:={ha:h e H}

is called the right coset of H in G containing a. The element a is called a
representative of the coset aH (or Ha).

We use the notation |aH| to denote the number of elements of the set
aH.

Example 1.47. Let G = S3 and consider the subgroup H = {id, po} of G,
where p= (12 3) and o = (1 2). Then

e idH =H;
e oH = {coid,opc} = {0, p*} (direct computation) = p*H;
e poH = {po,id} = H (check it);
e opH = {op,p} = pH (check it).
’Oé)ferv% that there are only 3 distinct cosets of H, namely H, cH, pH, and

= =3
[H| 2

Example 1.48. Let G = Zg (with operation +) and consider the subgroup
H = (3)={0,3,6} of G.
As the operation if +, we write a + H instead of aH. Then

e 0+H=1{0,3,6}=3+H=6+H=H;
o I+ H={1,47=4+H=7+H;
e 2+ H={258=5+H=8+H.
Gl 9

Observe that there are only 3 distinct cosets, and m =3= 3.

We now look at some properties of cosets.

Lemma 1.49. Let H < G and a,b € G. Then
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. a€al;

aH=H&eac H;

aH =bH or aH NbH = 0 (identical or disjoint);

. aH =bH < a~'be H;

laH| = |H|;
al = Ha < H=aHa™!;

aH is a subgroup of G if and only if a € H (in which case aH = H ).

Proof. l.a=a-e€aH.

2.

(=) IlfaH = H,thena=a-e € aH = H.

(<) If a € H, then aH C H as H a subgroup. Also, h = a(a™'h) €
H
€

aH. So H CaH. Thus aH = H.

. Suppose aH NbH # (). Let x € aH NbH. Then there exist hy, hy € H

such that x = ahy = bhy. Thus a = xhl_l = bhghfl and

aH = b(hoh{"H) = bH.
N——

=H by 2

. Note that aH = bH < H = a'bH (check it!) < a~'b € H by 2.

Consider the function f : H — aH, f(h) = ah. We claim that f is
bijective (and the result will follow).

Injective: Suppose f(hy) = f(hsa), i.e., ahy = ahs. multiplying both
sides on the left by a=! gives hy = hs.

Surjective: By definition of aH.

. Note that aH = Ha < (aH)a ' = (Ha)a™' & aHa™' = H.

. (=) If aH < G, then e € aH. Thus aH NeH # () and by 3 we get

aH =eH = H, thus by 2, a € H.
(=) If a € H, then by 2, aH = H is a subgroup of G. O

We can now prove
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Theorem 1.50 (Lagrange’s Theorem). If G is a finite group and H is a
subgroup of G, then |H| divides |G|. Moreover

G

% = the number of distinct (left) cosets of H in G.
Proof. Let a1 H,asH, ..., a,H denote the distinct left cosets of H in G (there
are finitely many since G is finite). Then for each a € G, we have aH = a;H
for some i. Therefore a € aH = a;H. Thus every element of G belongs to
one of the a;H:

G:alHUagHU-~~UaTH.

By 3 of Lemma [1.49] this union is disjoint, thus
|G| = larH| + |apH| 4 - - - 4 a, H].

Since |a;H| = |H| by Lemma [1.49] (statement 5), we have |G| = r|H| where
r is the number of distinct left cosets of H in G. O

Observe that the same result can obtained (in the same way) for right
cosets. It only requires checking the statement corresponding to Lemma |1.49
for right cosets of H.

G
Definition 1.51. We define |G : H| := % to be the index of H in G. It
is equal to the number of distinct left cosets of H in G (or the number of
distinct right cosets of H in G).

The converse of Lagrange’s Theorem is false: If G is a group of order n
and k divides n, then G may not have a subgroup of order k.

Corollary 1.52. Let G be a finite group and let a € G. Then |a| divides
|G|. In particular a/® = e.

Proof. By Proposition [1.33] the order of a is equal to the order of (a), which
is a subgroup of G (Example|1.39). The result follows by Lagrange’s theorem.
[

We record some applications of Lagrange’s Theorem to number theory.
Lemma 1.53. Let p be a prime number. Then (Z,,-) is a group.

Proof. We need to check that the product of 2 elements of Z is still in Z7,
ie,ifx,y € {1,...,p— 1}, then zy # 0 in Z,, i.e., xy is not divisible by p.
This is because p is prime.
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The product modulo p is associative (it comes from the product in Z).

The element 1 is clearly an identity for the operation -. We now show
that for all z € Z; there exists y € Z,; such that

ry =1 (mod p). (1.1)

This means showing that there is a solution y mod p to equation . Recall
(from MATH10040): In general ay = b (mod n) has a solution if and only if
d = ged(a,n) divides b and there are d distinct solutions.

Here: a =z, b =1, n = p (note that x Z 0 (mod p)), so d = ged(z,p) =
1. Thus has exactly one solution y modulo p. In fact y # 0 (mod p)
since if y = 0 (mod p) then zy = 0 (mod p), a contradiction (since zy =
1 (mod p)). O

Exercise 1.54 (Fermat’s Little Theorem). Let p be a prime abd let a € 7
with ged(a,p) = 1. Then a?~' = 1(modp).
Hint: Use Lemma and Corollary [1.53.

We mentioned earlier that the converse of Lagrange’s Theorem is false,
i.e. that if k& divides |G|, then G may not have a subgroup of order n. Here
is an example.

Proposition 1.55. The group Ay has order 12 but has no subgroup of order
6.

Proof. We assume that it does have a subgroup of order 6 and reach a con-
tradiction.

In problem 6, Exercise sheet 2, you listed all 12 elements of A;. Check
that A4 has exactly 8 elements of order 3 (i.e. such that a # id, a? # id but
a® = id). Suppose that H is a subgroup of A4 of order 6. Let a be any of
the 8 elements of order 3 of A4. As

Ay 2 H] = % _9 (1.2)

we have two distinct left cosets of H in Ay.

We consider the three cosets H, aH,a?H (note: since a® =1, o*H = H).
By , at most two of these three cosets are distinct. Therefore, two of
the cosets are equal, which leads in all cases to aH = H (check it), so that
« € H. Thus H contains all eight elements of order 3, a contradiction.  [J
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1.5 Normal subgroups and Quotient groups

If G is a group and H < GG, we introduced, for any a € G, the left coset and
right coset:

aH :={ah:he€ H}, and Ha := {ha: h € H}.
Can these two sets be equal?

Example 1.56. 1. Let G = S3 and H = {id, (1 3)}. Let a = (1 2) € S;.
Then (do the computations):

(12)H ={(12),(132)}, H(12) ={(12),(123)}.
Thus (1 2)H # H(1 2).
2. Let G =S5 and H = {id,(123),(132)}. Leta= (12) € Ss. Then
(12)H ={(12),(23),(13)} = H(12).

Thus (1 2)H = H(1 2). Acutally, for every a € S, aH = Ha (check
this if you find the time).

We want to study when aH = Ha for every a € G

Definition 1.57. A subgroup H of a group G is called normal if aH = Ha
for every a € G. We denote this by H 1 G.

Example 1.58. H = {id, (1 2 3),(1 3 2)} <9 S;.

Theorem 1.59 (Normality test). A subgroup H of G is normal if and only
if tHx=' C H for all z € G.

Note:
vHx™ = {zha ' :h € H}.

Proof. (=) If H QG then for any x € G and h € H, there exists b’ € H
such that zh = W'z (be careful, tH = Hax does not imply xh = hz). Thus
xhx ' =h and so tHz ' C H.

(<) If eHz™' C H for all x € G, then letting x = a yields aHa™' C H,
which is equivalent to (check it) aH C Ha.

Letting © = a™! yields a™'H(a™")™" C H, i.e., a”*Ha C H, which is
equivalent to (check it) Ha C aH.

Thus aH = Ha and so H < G. O
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Note: To prove that a set H is a normal subgroup, we must prove that
it is a subgroup and that it is normal.

Example 1.60. Every subgroup H of an Abelian group G is normal. Why?
Since ab = ba for all a,b € G, we have ah = ha for a € G and h € H and
thus aH = Ha.

Example 1.61. SL,,(R) < GL,(R). Why?
We use the criterion above: Let A € GL,(R) and B € SL,(R). We want
to show that ABA™! € SL,(R), i.e., det(ABA™!) = 1.
But det(ABA™!) = det(A) det(B) det(A)~! = 1.
——

=1

Exercise 1.62. 1. Prove that Z(G) < G.

2. Consider the subgroup K = {id, (1 2 3),(1 3 2)} of Ay. Prove that K
18 not normal in Ay.

Are there other situations in which H < G? Yes!

Exercise 1.63. Prove that if H is a subgroup of G with index [G : H] = 2,
then H < (.

Hint: By Langrange’s Theorem, there are two left cosets of H: H and aH ,
and two right cosets of H: H and Hb. Show that aH = Hb (Lemmd1.49,
statement 3 give G\ H = aH, and the same result holds for right cosets) and
that Hb = Ha.

Warning: (G : H| = 2 implies H < G, but H < G does not imply [G :
H] =2.

Exercise 1.64. Let G = S3. Find a non-trivial (i.e. not {id} and not G)
normal subgroup of Ss.

1.6 Quotient Groups

Let G be a group and let H be a subgroup of G.
Idea: We want to discuss a general structure whose elements will be the
left cosets of H (where H is a subgroup).

Definition 1.65. We define
G/H :={aH : a € G},

and call it G mod H, the set of distinct left cosets of H in G.
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Example 1.66. Let G = S5 and H = {id,pc}, where p = (1 2 3) and
o= (12). Here
G/H ={H,cH,opH}.

Theorem 1.67 (Holder, 1889). Let H be a normal subgroup of G. Then
G/H, equipped with the operation

(aH)(bH) := (ab)H
15 @ group.
Before the proof, let us look again at the previous example.

Example 1.68.
(cH)(opH) . (cop)H = o*pH = pH (since 0® = id) = opH (check it).
Proof. The operation is
G/H x G/H — G/H, (aH,bH) + (ab)H.

We check the definition of group.
Associative: Let xH,yH,zH € G/H. Then

tH(yH -zH) =zH - (yz)H
=ux(yz)H
= (zy)zH since the operation on G is associative
= (xy)H - zH
= (zH-yH)zH.

Identity: We show that e = H is the identity element. For all xH &
G/H:
tH-H=xHeH = (xe)H = xH, and

H-xH =eH - -xH = (ex)H = zH.
Thus, H is the identity in G/H.
Inverses: Check that the inverse of *H is z7'H, i.e., that (zH)(z'H) =
H and (z7'H)(zH) = H:
(xH)(z'H) = (v " )H = eH = H.

The other one is similar (do it).
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Are we done? No! (We have not even used that H is a normal subgroup
yet). We need to check that the operation if well-defined. What is this?

The underlying problem is that we can have aH = bH with a # b (cf.
Lemma [1.49). So we could have aH = o'H and bH = V'H with a # d
and b # b'. But since aH = o’H and bH = b'H we must have (aH)(bH) =
(’H)(VH), i.e., abH = a'b'H. In other words: We must check that the result
does not depend on the particular way that we use to write the cosets (as
aH or o’H, or as bH or V'H):

Since aH = a'H we have o/ € «/H = aH, so a’ = ah, for some h; € H.
Similarly o = bhs for some hy € H. Thus

a't'H = ahybho H

= ahybH (since hoH = H)

= ahyHb (since bH = Hb)

= aHb (since hiH = H)

= abH (since bH = Hb). O
Example 1.69. Consider G = (Z,+) and H =47 = {...,—8,—4,0,4,8,...}.
Note that H < G (since G is Abelian, and thus every subgroup is normal).
We construct G/H = Z/AZ.

The elements of Z./AZ. are the left cosets of H, so are of the form a + H
for a € Z (recall that the operation is the sum, hence a + H instead of aH ).
So

G/H =ZJ/AZ = {a+47Z : a € L}
={0+4Z,1 + 47,2 + 47,3 + AZ}
Why is it so, why are there no other (distinct) cosets?

If a € Z then by the division algorithm, we have a = 4t + r where 0 <
r < 4. Thus:

a+47Z =4t +r + 47 = r + 4t + 47
=r+47Z

using that 4t + 47 = 47, since 4t € 47 (cf. Lemma . The result follows
sincer =0,1,2 or 3.

1.7 Homomorphisms and Isomorphisms

Definition 1.70. Let G, H be groups. A (group) homomorphism ® : G — H
is a map satisfying

®(ab) = ®(a) - ©(b) for all a,b € G. (1.3)
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Remark 1.71. 1. Observe that the map ® : G — H given by ®(g) = ey

(the identity of the group H) for every g € G, is always a homomor-
phism (the trivial homomorphism).

We check it: ®(ab) = ey = ey -eg = P(a) - (b).

2. It is important to keep track of the operation in G and H: The left hand
side of (1.3) uses the operation of G, and the right hand side uses the
operation of H, e.g,

(G,+4) and (H,") gives ®(a+b) = ®(a) - (D)

(G,-) and (H,+) gives ®(a-b) = ®(a) + ®(b)
(G,+) and (H,+) gives ®(a+b) = ®(a) + (b)

)
o

Example 1.72. 1. Consider ® : Z — Z,, ®(m) = m mod n. Then

®(a+b) = (a+b) mod n = (a mod n)+ (b mod n) = ®(a) + ®(b),

so @ is a homomorphism.

2. exp: (R,+) — (R*,.), exp(z) = e*. Then
exp(z 4 y) = " = e"e¥ = exp(x) exp(y),

so exp 18 a homomorphism.

3. ¢ : GL,(R) — (R*,.), ®(A) = det A. We have
O(AB) = det(AB) = det(A) - det(B) = ®(A) - &(B),

so @ is a homomorphism.

4. ®: (R, 4) = (R, +), ®(x) = z*. We have
O(x+y) = (x+y)* =2>+ 22y + ¢,

() + P(y) = 2° + 92

They are not equal for every x,y € R, so ® is not a homomorphism.

Lemma 1.73. Let ® : G — H be a group homomorphism. Then for all
x,y € G we have

1. ®(zy™) = () 2(y) .

2. (I)(eg) = €y.
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3. ®(y~') = o(y)~".

Proof. 1. ®(xy Hd(y ) = ®(zyly) = CD( ). Multiplying both sides on
the right by ®(y)™! we get ®(zy 1 )®(y)P(y)~t = ®(x)P(y)~', so
Oy~ ) = @(x)P(y) !

2. Take z =y in 1 to get ®(eq) = ®(2)P(x) ! = eg.

3. Take * = eg in 1 to get ®(y~') = Pleg - y™') = Pleq)®(y™!)
en®(y)~ = d(y)

Definition 1.74. Let ® : G — H be a group homomorphism. We define

Ol

Ker® :={ge€ G:P(g9) =en},
the kernel of ®, and

Im®:={he€ H:h=®(g) for some g € G}
={®(g) : g € G},

the image of ®.
Remark 1.75. 1. As sets, Ker® C G and Im® C H.
2. ® 1s surjective < ImP = H.

3. A general picture:

Im ®

€H
Ker ®

Proposition 1.76. Let & : G — H be a group homomorphism. Then
1. Ker® 4Gy

2. Imd < H.
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Proof. 1. We first check that Ker ® < GG, using the subgroup test.

Since ®(eq) = ey we have e € Ker @, which is then non-empty. Let

91,92 € Ker®. Then ®(g192) = ®(91)P(92) = emey = ey, s0 g1g2 €
Ker ®. Furthermore, ®(g;') = ®(1)™" = e = en, so g;* € Ker ®.
So Ker® < @.

We use the normality test: Let z € G and g € Ker ®. We want to show
that xgz™! € Ker®. We compute ®(zgz~!) = &(z)P(g9)®(z7') =
O(z)ep®(x) ™ = &(2)®(x) ! = ey. So z(Ker @)z~ C Ker ® for every
x € G, thus Ker ® < G.

2. We use the subgroup test. Im ® is non-empty since G is non-empty.
Let ®(g1),®(g2) € Im®. Then ®(g;)P(g2) = P(g192) € Im P, and
(1) =P(g;") € Im . O

Exercise 1.77. Check the following.

1. Consider ® : (Z,+) — (Zy,+), (m) = m mod n. Then

Ker® = (n)={k-n:keZ}.

Im® =7, (¥ is surjective).
2. exp: (R,+) = (R*,-), exp(x) = €. Then

Kerexp = {0}, and
Imexp = Ry (the positive real numbers).

3. ®: GL,(R) — (R%,.), ®(A) =det A. Then

Ker @ = SL,(R), and Im® = R"*.

4. On ezercise set 3, problem 5:
e: S, —» ({-1,1},)

given by

1 if o is even
e(o) = L
—1 if o is odd.

We have
Kere = A, and Ime = {—1,1}.
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Definition 1.78. A bijective group homomorphism is called an isomorphism.
Also, two groups G and H are isomorphic if there exists an isomorphism
®:G — H. In this case we write G = H.

Remark 1.79. 1. Intuitively, two groups are isomorphic if they are the
“same” group. The only difference is that the elements may have dif-
ferent names and the symbol used for the operation may be a different
one. The map ® gives a correspondence between the elements of G and
the elements of H (since it is bijective), and if we use this correspon-
dence to “change” the names of elements of G into elements of H, the
homomorphism property tells us that the operation behaves in the same
way.

2. (Exercise; see Problem Sheets) If ® : G — H is an isomorphism, then
sois ® 1 H — G.

Example 1.80. 1. Let G be the group:

with operation - (check this; hint: The shortest way is to show that it
is a subgroup of GLa(R)).

We claim that Z = G. Why?

1 n

Let ® : (Z,+) — G, ®(n) = (0 1

phism.

). We show that ® is an isomor-

(1) ® is clearly bijective.

(2) ® is a homomorphism:

B(m +n) = ((1) m?”) — <(1) T) (é g‘) — B(m)D(n).

2. Let G = (Q,+) and H = (Q*,-). We claim that there is not isomor-
phism between G and H.

We use contradition: Suppose ® : Q — Q> is an isomorphism. Con-
sider —1 € Q*. Since ® is surjective there is a € Q such that ®(a) =
—1. But then

a contradiction since no rational number squared is equal to —1.
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Proposition 1.81. A group homomorphism ® : G — H is injective if and
only if Ker ® = {eq}.

Proof. (=) Since ®(eq) = ey we have e¢ € Ker®. Let x € Ker®, i.e.,
O(z) = ey = P(eg). Since D is injective we deduce = = eg.

(<) Let a,b € G be such that ®(a) = ®(b). Then ®(a)®(b)~! = eg, so
P(ab™!) = ey, ie. ab™! € Ker® = {eg}. Therefore ab™! = eg and thus
a=b. O

Corollary 1.82. A group homomorphism ® : G — H s an isomorphism if
and only if Ker ® = {e¢} and Im® = H.

Given a group homomorphism ® : G — H, we have seen the normal
subgroup Ker ® of G and the subgroup Im ® of H. The next result shows
that there is a link between these.

Theorem 1.83 (First Isomorphism Theorem). Let & : G — H be a group
homomorphism. Then the map

U:G/Ker® - Im®, Y(z-Kerd):=d(z)
is an isomorphism of groups.

Proof. Let N = Ker ®. We first check that U is well-defined: Suppose xN =
yN. We want to show that ¥(zN) = U(yN). ie., ®(x) = P(y). Since
xN = yN there is n € N such that x = yn. Therefore &(z) = ®(yn) =
D(y)P(n) = (y)en = P(y).

We check that ¥ is a homomorphism: Let zN,yN € G/N. Then

We check that ¥ is injective. Suppose U(zN) = ¥(yN), i.e., D(z) = O(y).
Then ey = ®(z) ' ®(y) = ®(2~'y). So 7'y = 2 for some z € N. It follows
that y = xz and thus yN = zN.

We check that & is surjcetive: Let h € Im®, ie., h = ®(g) for some
g € G. Then by definition ®(g) = ¥(gN). O

Example 1.84. Consider ® : (Z,+) = (Zy,+), ®(m) = mmodn. We
have seen

1. ® is a homomorphism;
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2. Ker® = (n) ={kn:keZ}=nZ;
3. @ 1s surjective: Im® = Z,,.
By the first isomorphism theorem, we have
Z/Ker® =Im® =7,

so Z/(n) = 7y, (i.e., Z/nZ = Ly,).
We already saw this! Take n = 4. Then

7)(4) = ZJAZ = {0+ AZ,1 + 47,2 + 47,3 + AZ}
~ {0,1,2,3} = Z,.

Exercise 1.85. Prove that GL,(R)/SL,(R) = R*.
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CHAPTER 1.

GROUP THEORY



Chapter 2

Ring Theory

Idea: We have seen the notion of group, where we had only one opera-
tion. Now we will add more structure to a group in order to understand:
polynomial rings, ideals, quotient rings.

Definition 2.1. A ring is a non-empty set R equipped with two binary op-
erations + (addition) and - (multiplication) satisfying

1. R with + is an Abelian group (its identity is denoted 0 and the inverse
for + of an element x is denoted —zx).

2. - is associative, i.e., a-(b-c) = (a-b)-c for all a,b,c € R.

3.
a-(b+c)=a-b+a-c, and

(b+c)-a=b-a+c-a,
for all a,b,c € R.
Example 2.2. The following are rings:
e 7, R, Q, C, with their usual sum and product,
® 7, with sum and multiplication modulo n;

e M,(R), the set of all n x n matrices, with matriz addition and multi-
plication.

Note: The ring depends on how one defines + and -.

Example 2.3. Define “addition” on Z by a ®b:=a+b—1 and “multipli-
cation” on Z by a ® b :=a+ b — ab.
Check that Z with & and © is a ring.

35
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Exercise 2.4. 1. Prove that for a € R (a ring), the equation a + x = 0
has a unique solution.

We write —a for this unique solution. Thus b —a means b+ (—a).

2. Let S be the set of odd integers (with usual sum and product of integers).
Show that S is not a ring.

Definition 2.5. 1. A ring with identity (or “unity”) is a ring R that
contains an element denoted 1 such that a-1=a=1-a for all a € R.
Such a ring is also called a unitary ring.

2. A commutative ring is a ring R such that a-b="0-a for all a,b € R.

Example 2.6. 1. Z, Q, R, C are all commutative rings with identity (1
in all cases).

2. Let Ryg be the set of all positive real numbers. Define “addition” by
a®b=ab and “multiplication” by a ® b = a'°8®.

Check that this yields a commutative ring with identity.

Definition 2.7. An integral domain is a commutative ring R with identity
such that if a,b € R and ab =0 then a =0 or b = 0.

Example 2.8. Z, Q, R, C are all integral domains.
Zg is not an integral domain (here 2-3 =6 =0 (mod6), but 2 # 0 (mod
6) and 3 # 0 (mod6).

Exercise 2.9. Show that Z, is an integral domain if and only if n is prime.

Definition 2.10. A field is a commutative ring R with identity such that for
each a € R\ {0}, there is x € R such that ax = 1. This element x is called
the (multiplicative) inverse of a and is denoted by a™?.

Example 2.11. 1. If R is a field, then R is an integral domain. Check
it.

2. Q, R, Z, for p prime, C are all fields.
Z is not a field.
Theorem 2.12. 1. Fvery field F' is an integral domain.

2. If R is an integral domain and if a € R\{0}, then ab = ac in R implies
b=c.

3. Every finite integral domain is a field.
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Proof. 1. As Fis a field, it is a commutative ring with identity. Suppose
ab = 0 If a = 0 we are done. If a # 0, then a is a unit and so
a t(ab) = a0, ie., (a ta)b =0, 80 b= 0.

2. If ab = ac then ab —ac=0,s0 a(b—c¢) =0. As a # 0, then b —c =0,
ie, b=rc.

3. Recall the Pigeonhole principle: If n objects are put into n boxes in
such a way that no box receives more than one object, then each box
receives exactly one object.

Reformulated: If S is a finite set (with n elements) and f : S — S is
an injective map, then f is surjective.

Let R be a finite integral domain. To show that R is a field, we have to
show that if a € R\ {0}, then a has an inverse, i.e., there is an element
x € R such that ax = 1.

Consider the map f : R — R, f(z) = ax. By the previous item, f
is injective. By the observation, f is thus surjective. In particular
1 € Im f, i.e., there is € R such that f(x) =1, i.e., ax = 1. ]

Definition/Proposition 2.13 (Product of rings). Let R and S be rings.
Then the set

RxS:={(r,s):r€R,s €S}

with operations defined “coordinate by coordinate”; i.e.,
(11, 81) + (12, 52) = (11 + 12,51 + 52),

(r1,81) - (12, 82) = (r1 - 72, 51 - S2),

1S also a ring.
Its identity element if Ogxs = (Og,0g).

The same statement is also true for a product of more than just 2 rings, or
even an infinite number of rings, with addition and multiplication are defined
coordinate by coordinate.

Definition 2.14. If a subset S of a ring R is itself a ring under + and -
(from R), then S is a subring of R.

Example 2.15. 1. Z is a subring of Q and of C, Q is a subring of C.

2. Zli] :={a+bi:a,beZ} is a subring of C (check this).
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3. J:=40,2} is a subring of Zs, K :={0,3,6,9} is a subring of Zs.

Also, J x K is a subring of Z4 X Zyo (recall that the operations are
defined coordinate by coordinate for a product of rings).

4. {1,—1,i,—i} is not a subring of C (why?).

Definition 2.16. If a subset S of a field R is itself a field and contains 1g,
then S s called a subfield of R.

Example 2.17. 1. Q is a subfield of R.
2. Let d € Z be such that d is not a square. Then
Q(Wd) :=={a+bVd:a,beQ}
1s a subfield of C.

3. Let {E;}ier be a family of subfields of a field K. Then (o, & is a
subfield of K (check this).

Exercise 2.18 (Subring Test). Let S be a non-empty subset of a ring R such
that

1.a=-besS, Va,bes;
2. abe S, Va,beS.
Prove that S is a subring of R.

Definition 2.19. An element a in a ring R with identity is called a unit (or

invertible) if there exists u € R such that au = 1 = ua. The element u is the

multiplicative inverse of a and is denoted a™*.

Note the following:

1. The multiplicative inverse of a, when it exists, is unique (check it).
Hence the terminology the multiplicative inverse.

2. The set of units in R forms a group under multiplication and is denoted
by R* (which is not necessarilly R\ {0}, be careful...).

3. Every non-zero element in a field F' is a unit (by definition of field),
ie, F* = F\{0}.

Example 2.20. o 7, is a field when p is prime.

o Zsli] :={a+bi:a,beZs} isa field.
Note that Z3 = {0, 1,2}, so that Zsi] has 9 elements.
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2.1 Homomorphisms, Isomorphisms

Definition 2.21. Let R and S be rings. A function f : R — S is a ring
homomorphism if, for all a,b € R:

1. fla+b) = fla) + f(b);
2. f(ab) = f(a)f(b).

Example 2.22. Consider f : R — My(R), f(r) = ( 0 2) Then f is a

—r
ring homomorphism. Check:

L flr+s)= (—(r0+5) 'rJOrs) :<O 2)

2t = (0, )= (2 D (5 Y = rose,

Example 2.23. Consider f : Z — Z, f(x) = —x. Is f a ring homomor-
phism?
Check: f(—=1)f(=1)=1-1=1, but f(-1-—-1) = f(1) = —1. So no, f

s not a ring homomorphism.

+

( 0 O) — 1)+ £(5);

—S S

Definition 2.24. Let R and S be rings. A function f : R — S is a ring
1somorphism if f is a bijective ring homomorphism.
If such an f exists, we say that R is isomorphic to S and write R = S.

Exactly as in the case of groups, if f : R — S is a ring isomorphism, then

sois f71: S — R.

Example 2.25. 1. LetZ[V2] := {a+bv2: a,b € Z} and H := {(Z 2@6) :

a,b € ZY. Then Z[\/2] = H as rings.

Check that f(a + bv/2) = (Z

2b\ . : . .
. ) san isomorphism of rings.

0 0

-r T

2. Consider f: R — My(R), f(r) = ( ) Is f an isomorphism?

Injective? Yes.

Surjective? No: There is no r € R such that f(r) = Iy = (é (1))

Exercise 2.26. Let f : R — S be a ring homomorphism. Prove that
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1. f(0gr) = 0g. Hint: Consider f(Or + Og).

2. f(—=a) = —f(a) for all a € R. Hint: Recall that to check that y = —x
it suffices to check that x +y = 0.

3. fla—=0)= f(b) — f(b) for all a,b € R.
If R is a ring with identity 1g and f is surjcetive, prove that
4. S has an identity 1s and f(1g) = 1s.
5. If u is a unit in R, then f(u) is a unit in S and f(u)™' = f(u™'.
Akin to group theory, we now define.

Definition 2.27. If f : R — S is a ring homomorphism, then

Imf:={se€S:s= f(r) for somer € R}
={f(r):r € R}.

the tmage of f, and
Ker f:={reR: f(r) = 0s}
s the kernel of f.
Note that if f is surjective, then Im f = S.

Proposition 2.28. If f : R — R is a ring homomorphism, then Im f is a
subring of S

Proof. Since R is non-empty, Im f is non-empty. We use the subring test:

If f(a), f(b) € Im f, then f(a)f(b) = f(ab) € Im f and f(a) — f(b) =
fla—1b) €Imf. O

Exercise 2.29. Prove that Ker f is a subring of R.

2.2 Ideals and Quotient Rings

Definition 2.30. A subring I of a ring R is an ideal if for every r € R and
a€l, thenrael andar € 1.

Note: If R is commutative, we just need to check say ra € I.

Example 2.31. 1. For any ring R, {0} and R are ideals of R (“trivial
ideals”).
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2. Let R[X] be the ring of polynomials in X with coefficients in R (more
later about it):

f c R[X] = f(X) = aan +an71Xn71 + - +a1X+a0-

Consider S = {f(x) : f € R[X], ap = 0}. Check that S is an ideal of
R[X].

3. If A, B are ideals of a ring R, then the sum of A and B:
A+B:={a+b:a€ A, be B}
is an ideal of R (check it).

4. The set J = {(8 S) :1r € R} is not an ideal of My(R). Why not?

(cl) é) € My(R), (8 (1]) €J, but ((1) é) (8 (1)) = (8 é) ZJ.

5. Check that the subring
S:={a+bi:abeZ, biseven}
of Z[i] is not an ideal of Z[i].

Theorem 2.32 (Ideal Test). A non-empty subset I of a ring R is an ideal
if and only the following two conditions are satisfied

1. ifa,be Il thena—0beI;
2.ifre Randa €I, thenra € I and ar € I.

Proof. (=) By definition of an ideal.

(<) In view of the second conditions, we only need to check that I is a
subring of R. For this, the only property that remains to be checked is that
if a,b € I, then ab € I. But it is a special case of the second condition. [J

Corollary 2.33. Let R be a commutative ring, ¢ € R and
I:={rc:r € R}.

Then I is an ideal of R.
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Proof. We use the ideal test. If r{,79 € R and ric,roc € I, then ric — roc =
(ry —re)c € R and r(ric) = (rri)c € I (since r; — 5 and rry are in R). As
R is commutative, (ri¢)r = (rir)c € I. O

Remark 2.34. 1. The ideal I := {rc : r € R} is called the (principal)
ideal generated by ¢ and is denoted by (c).

2. In 7, the ideal {c) is the set of all multiples of c.

3. In any commutative ring R with identity, (1) = R, asr =r-1 € (1)
for every r € R.

4. Not every ideal in a ring R is principal (= generated by one element).
For instance

J o= {f(X): f(X) € Z[X], 3lao}
is an ideal of Z[X] but is not principal (check this).

Exercise 2.35 (Important, see Exercise Sets). 1. If I is an ideal of R
and I contains a unit, then I = R

2. Let R be a with identity, and let I be an ideal of R. Then
I=R&1cel.

Proposition 2.36. Let f: R — S be a ring homomorphism. Then Ker f is
an ideal of R.

Proof. We use the ideal test. Suppose that a,b € Ker f, i.e., f(a) = 05 and

f(b) =0g. Then f(a—0b) = f(a) — f(b) =05 —0g = 0g, s0 a — b € Ker f.
Now, we must show that ra € Ker f for any r € R and a € Ker f. Well,

f(ra) = f(r)f(a) = f(r)-0s = 0g, so ra € Ker f. Similarly ar € Ker f. [

Exercise 2.37. Let f : R — S be a ring homomorphism. Prove that ker f =
{0r} if and only if [ is injective.

Definition 2.38. Let R be a ring and I C R an ideal. The quotient ring
R/I is defined as follows:

1. R/I:={a+1:a € R} the set of left cosets of I in R. It is the quotient
Abelian group of the group (R,+) by the normal subgroup I (under + ).
In particular, addition in R/I is defined by

(a+ 1)+ (b+1)=(a+b)+1I).
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2. Multiplication is defined by

(a+1)-(b+1):= (ab) + 1.

We check that this multiplication is well-defined.
Suppose a +I =d +Tandb+I =V +1,soa=d +zxandb=0V+y
with z,y € 1. Then

ab+1=(d+z)b' +y)+1
=db + dy +axb + xy +I
\,3{/ ~ \’y/
el €l el
(sod'y+ab +xy e l)
=ab +1

Example 2.39.
ZJ/AZ = {0+ (4),1+ (4),2+ (4),3+ (4)}.

Addition: 2+ (4) +3+(4) =5+ (4) = .
Multiplication: (24 (4))(3+ (4)) =6+ (4) =2+ (4).

Remark 2.40. 1. If R is commutative, so is R/I. Why?

(a+D(b+1)=ab+T=ba+1=(b+I)(a+1I).
2. If R has an identity 1g, then R/I has an identity, namely 1g+1 (check
this).

Theorem 2.41 (First Isomorphism Theorem for Rings). Let f : R — S be
a ring homomorphism. Then the map

¢:R/Ker f—Imf, o(r+ Kerf):= f(r)
1s an isomorphism of rings.

Proof. We have seen in the section on groups that ¢ is an isomorphism of
abelian groups from the group (R/Ker f,+) to the group (Im f,+). So we
only have to check the multiplicative property of ring homomorphism:

o((a + Ker f)(b+ Ker f)) = ¢(ab + Ker f)

(

(ab)
(a)f(b)
(a+ker f) - ¢(b+ Ker f). ]

f
f
¢
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Example 2.42. Let S = {(8 i) ca,b,c € R} and I = {(8 8) :b e R}

Then S is a ring (with the usual sum and product of matrices), and I is an
ideal of S (check this).
Prove that S/I = R x R.

“WaL09Y] WSYdL0UL0S1

51 oyp fMpddy 1 = [ 19y ypm wsrydiouwowoy buiil 2013090uns v s1 [
2

wyp yooy) (2°0) = (<q g))f fig ¥ x ¥ < 5+ Jouyoq g emsuy

Definition 2.43. An ideal P in a commutative ring R with identity is called
prime if P # R and bc € P implies b € P or ¢ € P (for allb,c € R).

This terminology comes from the following (which is one of the main
examples):

Exercise 2.44. In Z, the ideal (n) is prime if and only if n is prime.

Definition 2.45. An ideal M in a ring R is called maximal if M # R and,
whenever J is an ideal such that M C J C R, then M = J or J = R.

(Le., the only ideal strictly larger than M is R, i.e., there is no proper
ideal strictly larger than M.)

Exercise 2.46. 1. Show that if p is prime, then (p) is mazimal in 7.

Hint: Show that if J is an ideal such that (p) G J, then 1 € J (use
that p is prime and Bezout’s identity. Deduce that J = R. Conclude.

2. Show that (2) and (3) are mazimal ideals in Zsg.

Theorem 2.47. Let R be a commutative ring with identity and let P be an
tdeal of R. Then

R/P is an integral domain < P is a prime ideal.
The key to this proof is the observation (cf. Lemma 2)
r+P=0=0+P)in R/P<recP

Proof. (=) Let a,b € R be such that ab € P. Then (a+P)(b+P) = ab+P =
0+ P = Or/p. Since R/P is an integral domain, we get a + P = 0+ P or
b+P=0+P,ie,ae PorbeP.

(<) Note that R/P is a commutative ring with identity. Suppose that
(a+P)(b+P)=0+P,ie,ab+P =0+P. Then ab € P. Since P is prime,
a€ Porbe P,and thusa+P=0+Porb+P=0+P. O
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Theorem 2.48. Let R be a commutative ring with identity, and let M be an
vdeal of R. Then

R/M is a field < M is a mazimal ideal.

Proof. (=) We show that if B is an ideal of R such that M & B C R, then
B =R.

As observed above in Exercise [2.35] it suffices to show that 1 € B. Let
b e B\ M. Therefore b+ M # 0+ M = Og/p. Since R/M is a field, there
is a € R such that (b+ M)(a+ M) =14 M, ie,ba+ M =1+ M, ie.,
1 = ba + m for some m € M. But ba € B (since b € B and B is an ideal)
and m € M C B. Therefore 1 € B.

(<) It suffices to show that if b+ M € R/M is different from O/ =
0+ M, then b+ M has an inverse. Observe first that b + M # 0+ M means
that b ¢ M. Consider the set

B:={m+br:meM, re R}

This is an ideal (check it), and it propertly contains M (since it contains b).
Since M is maximal, we must have B = R. Thus 1 € B, say 1 = m/ + bc
with m’ € M, ¢ € R. Then

1+ M=bc+m'+M=bc+M=(0b+M)-(c+ M). O

Remark 2.49. 1. Since a field is always an integral domain, it follows
that every maximal itdeal is a prime ideal.
2. But not every prime ideal is mazimal. For instance:

Consider Z[X| the ring of polynomials with one indeterminate and co-
efficients in Z. The ideal (X) is a prime ideal in Z|X|. Why?

Define @ : Z|X] — Z, ®(a, X"+ --+a1 X +ag) = ag. Then ® is a ring
hommomorphism, is surjective, and Ker ® = (X) (check this). Thus,
by the first isomorphism theorem

ZIX](X) = Z,
and so is Z[X|/(X) is an integral domain, since Z is one. Therefore,
by theorem [2.47, (X) is a prime ideal.
However, Z|X|/(X) = Z, so is not a field. which means that (X) is

not a mazximal ideal. We can also be more explicit, you can check that

(X) & (X,2) & Z[X],

where (X,2) = {rX + 12 :1,m € Z[X|} is an ideal in Z]X].
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Chapter 3

Polynomial Rings

Question: Let R be a ring. How can we think of the expression
ap+ o X + - +a, X",

where n > 0, a; € R? What is X7
Idea: The expression makes sense if the a;’s and X are elements of a
larger ring.

Theorem 3.1. If R is a ring, there exists a ring P containing an element
X not in R such that

1. R is a subring of P;
2. Xa=aX for everya € R;
3. every element of P is of the form
ap+ a; X + -+ +a, X",
for somen >0 and ag, . ..,a, € R;

4. ifn<mand ag+ a1 X + -+ a, X" =by+ 0 X 4+ -+ + b, X", then
a; =b; fori <mn and b; =0g fori>n;

5 ag+a X + -+ a, X" =0 if and only if a; = 0g for evrey i.
This ring P is denoted by R[X].

Proof. Idea of the proof: We represent polynomials by the tuples of their
coefficients:
5+6X —2X?3 becomes (5,6,0, —2) or, more precisely (5,6,0,—2,0,0,...).
-3+ 5X — X? becomes (—3,5,—1,0,0,...).

47
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In general a polynomial ay + a1 X + --- + @, X" is represented by the
infinite tuple
(ao,&l, N ,an,0,0, .. .),
such that each a; € R, and only finitely many of the coefficients of the tuple
are non-zero. The ring P is then:

{(ap,az,as,...)|a; € R, for i > 0, only finitely many a;’s are non-zero}.

And we define addition and multiplication to reflect what we want: That
they correspond to our “intuitive” knowledge of polynomials. We then need
to check that the properties of ring hold (they do, it is just long and not very
interesting to check).

The element X is represented by the tuple (0,1,0,0,...). ]

This formal construction of R[X] is just there to justify once and for all
that there is indeed a ring R[X]. We will mostly ignore it and will manipulate
polynomials as usual.

We also record the following, whose formal proof would depend (we skip
it) on the above construction of R[X].

Proposition 3.2. 1. If R is commutative, then R[X] is commutative.

2. If R has an identity 1g, then R[X] has an identity 1g;x) = 1g.

Definition 3.3. Let f(X) = a, X" + a, 1 X" '+ +a; X + ap € R[X],
with a, # 0. Then

1. ay, is called the leading coefficient of f(X), and

2. n is called the degree of f(X) (it is the largest exponent of X that
appears with a non-zero coefficient). We write deg f(X) = n.

Observe that deg f(X) = 0 & f(X) = ap for a € R\ {Og}. So the
polynomials of degree 0 are the constant non-zero polynomials.
The degree of the polynomial Oz is not defined.

Theorem 3.4. If R is an integral domain and f(X),g(X) are non-zero
polynomials in R[X], then

deg f(X)g(X) = deg f(X) + deg g(X).

Proof. Suppose f(X)=ag+ -+ a, X" and g(X) = by + - -+ + b,, X™ with
a, # Or and b, # Og. Thus deg f(X) = n and deg g(X) = m. Then

F(X)g(X) = agby + (agby + a1bg) X + - - + by X",

Since R is an integral domain, we have a,b,, # 0. Thus f(X)g(X) is non-zero
and its degree is n + m = deg f(X) + deg g(X). ]
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Corollary 3.5. If R is an integral domain, then so is R[X].

Proof. As R is a commutative ring with 1, so is R[X]. By the (proof of the)
previous theorem, the product of nonzero polynomials in R[X] is nonzero. [J

Note: For any ring R (not necessarilly an integral domain) we have
deg f(X)g(X) < deg f(X) + deg g(X).

Example 3.6. We work in Zg[X]|, with f(X) = 2X* (degf = 4), and
g(X)=1+3X? (degg=2). Then

F(X)g(X) = (2XH (1 +3X?) =2X* + 6X° = 2X*

so deg f(X)g(X) =4 < deg f +degg = 6.

3.1 The Division Algorithm

You have seen the (Euclidean) division algorithm in Z:
For any integers a and b with b > 0, there exist unique integers ¢ and r
such that
a=>bqg+r, with0<r<b.

q is the quotient and r the remainder in the division of a by b.
We would like to have something similar in the ring F'[X], where F' is a
field.

Theorem 3.7. Let F be a field and let f(X), g(X) € F[X] with g(X) # Op.
Then there exist unique polynomials q(X) and r(X) such that

f(X) = g(X)q(X) +r(X),
and either r(X) = Op or degr(X) < degg(X).

Proof. We first prove the existence of ¢(X) and (X)), and consider two cases.

Case 1: If f(X) = 0p or if deg f(X) < deg g(X). We take ¢(X) = 0 and
r(X) = f(X). Then f(X) = g(X) - 0p + f(X).

Case 2: If f(X) # Op and deg g(X) < deg f(X). We proceed by induction
on deg f(X). If deg f(X) = 0, then degg(X) = 0, hence f(X) = a and
g(X) = b, for some a,b € F'\ {0}. Since F is a field, b has an inverse, and
we can take ¢(X) = b~'a and r(X) = 0.

Assume that the result is true for deg f(X) < n (i.e., for all polynomials
f(X) of degree less than n). We want to show that it is true if deg f(X) = n.
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Write f(X) = > ,a; X" with a, # 0. Then g(X) must be of the form
9(X) = > 0" bj X7 with by, # 0 and m < n.

Since F is a field and b,, # 0, b,, is a unit. Multiply g(X) by a,b 1 X"™
to get

b X" G(X) = anb X (b X 4 -+ + b)
= CLan + anb;fbm_lX”—l + e+ anb,;lboXn_m,

As deg f(X) = n and deg a,b; X" ™g(X) = n, and since these two polyno-
mials have the same leading coefficient, we have

deg(f(X) — a,b,' X" "g(X)) < n.

. i
-~

(*)

We can apply the induction hypothesis to (x) and g(X). Thus, there exist
q1(X) and r(X) such that

FX) = anb, X" "g(X) = g(X)qu(X) + r(X),
with 7(X) = 0p or degr(X) < degg(X). Thus

F(X) = q(0) (@b, X7 + qu (X)) +7(X),

S

-~

(+%)

with 7(X) = 0 or degr(X) < deg g(X). Take ¢(X) = (xx) and we are done.

Uniqueness of ¢(X) and r(X): Exercise. You have to show that if f(X) =
g(X)t(X)+s(X) with either s(X) = 0 or deg s(X) < deg g(X), then s(X) =
r(X) and t(X) = ¢(X). O

Remark 3.8. Theorem does not necessarilly hold if we work in R[X]
with R ring. For instance, in Z|X] with f(X) =1 and g(X) = 2. Assume
there are q(X),r(X) in Z[X]| with

1 = 2(X) +r(X)

withr(X) =0 ordegr(X) < deg2. Since deg?2 = 0, we must have r(X) = 0.
So 1 =2q(X), which is not possible with q¢(X) € Z[X].

Example 3.9. Given f(X) =3X*+ X3+2X?2+1 and g(X) = X?+4X +2
in Zs[X], find q(X),r(X) € Zs[X] such that f(X) = g(X)q(X) + r(X) with
r(X) =0 ordegr(X) < degg(X).
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We simply write down the usual division, following the same algorithm:

3X?  H4X
X2 4+4X +2| 3X' +X3 42X°? +1
3X* 42X% X2
4X3  +X? +1
4X%  +X?2 3X
2X  +1

So:

3XP+ XP 42X+ 1= (X2 +4X +2)(3X% +4X) +2X + 1.
() (X)
q T

Now: What happens if 7(X) = 0 in the Division Algorithm?

3.2 Divisibility in F[X]

Definition 3.10. Let F be a field and f(X),g(X) € F[X] with g(X) non-
zero. We say that g(X) divides f(X) (or that g(X) is a factor of f(X), or
that f(X) is a multiple of g(X)) and write g(X)|f(X) if f(X) = g(X)-h(X)
for some h(X) € F[X].

Example 3.11. 1. X + 1|X? — 2X — 3 in Q[X] since X? —2X — 3 =
(X +1)(X - 3).
2. Also, 6(X + 1)|X? — 2X — 3 in Q[X] since X? —2X — 3 = 6(X +

DX -3)]

Remark 3.12. 1. If g(X)|f(X) then cg(X)|f(X) for each c € F \ {0}.
2. Suppose f(X) # 0. Then every divisor of f(X) has degree at most
deg f(X).
Why? Suppose g(X)|f(X) and so f(X) = g(X)h(X). Thus, deg f(X) =
deg g(X) + deg h(X), which gives 0 < deg g(X) < deg f(X).

Definition 3.13. A polynomial in F[X] is monic if its leading coefficient is
1.

1
Example 3.14. X2 —2X — 3 is monic in Q[X] while §X + 2 is not monic
in Q[X].
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Definition 3.15. Let F' be a field and f(X), g(X) € F[X] not both zero. The
greatest common divisor (ged) of f(X) and g(X) is the monic polynomial
d(X) of highest degree that divides both f(X) and g(X).

Question: Why do we say “the” ged?

Theorem 3.16. Let F' be a field and f(X),g(X) € F[X] not both zero.
Then there is a unique ged d(X) of f(X) and g(X). Furthermore, there
exists u(X),v(X) € F[X] such that

d(X) = f(X)u(X) + g(X)v(X).
Proof. Consider the set
S = {f(X)u(X) + g(X)v(X) : u(X),v(X) € F|X]}.

(Observe that S is an ideal in the ring F[X].)

Let T(X) be a monix polynomial of smallest degree in S. So T'(X) =
F(X)u(X) + g(X)v(X) for some u(X),v(X) € F[X].

Claim: T'(X) = ged(f(X), g(X)).

We first show that T'(X)|f(X): By the Division Algorithm, there exist
q(X) and r(X) in F[X] such that f(X) = T(X)q(X)+7r(X), with r(X) =0
or degr(X) < degT(X). So

r(X) = f(X) = T(X)q(X)
= J(X) = [F(X)u(X) + g(X)v(X)]g(X)
= fXO[ = u(X)g(X)] + g(X)[=¢(X)o(X)].
Thus, r(X) € S. So we cannot have degr(X) < degT(X) (by choice of
T(X)), which means that we must hav er(X) = 0. So f(X) = T(X)q(X).
Similarly, T'(X)|g(X).

We now show that if ¢(X) is another common divisor of f(X) and g(X),
then degc(X) < degT(X).

We have f(X) = ¢(X)w(X) and g(X) = ¢(X)s(X), so

T(X) = f(X)u(X) + g(X)o(X)
= c(X)w(X)u(X) + ¢(X)s(X)v(X)
= (X)) [w(X)u(X) + s(X)v(X)].
Thus, ¢(X)|T'(X) and dege(X) < degT(X).

We now prove the uniqueness.

Suppose d(X) is another ged of f(X) and g(X). By the above obser-
vation we have that d(X) divides T(X) and T'(X) divides d(X). Therefore
deg T(X) = degd(X) and T(X) = cd(X) for some ¢ € F'\ {0}.

But both T'(X) are ¢(X) are monic, so ¢ = 1 and T'(X) = d(X). O
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Observe that we proved a little bit more than the definition of ged, and
that we obtained
Exercise 3.17. d(X) is the ged of f(X) and g(X) if and only if
1. d(X) divides f(X) and g(X), and
2. every divisor of both f(X) and g(X) divides d(X).

Definition 3.18. Two polynomials f(X) and g(X) in F[X] are relatively
prime if ged(f(X), g(X)) = 1.

Note that by the previous theorem, if f(X) and g(X) are relatively prime,
then there exist u(X),v(X) € F[X] such that

FOOU(X) + g(X)o(X) = 1.

Question: Given two polynomials f; and f5, how do we find their ged?
Answer: Use the division algorithm algorithm until we get a zero remain-
der: Say for instance that deg f; > deg fs.

e Divide f; by f,, you get a remainder f3.
e Divide f5 by f3, you get a remainder f;.
e Keep doing this, dividing f; by f;11, obtaining a remainder f;.».
e Let d(X) be the last non-zero remainder.

If necessary: Multiply d(X) by a non-zero constant to get a monic polynomial
which is the ged.

Example 3.19. Find the ged of f(X) = 3X* + X34+ 2X?2 4+ 1 and g(X) =
X? 44X +2 in Zs[X].

We have seen

3XP+ XP 42X+ 1= (X2 44X +2)(3X% +4X) +2X + 1.
—— S~——

q(X) r(X)
We now divide X? +4X + 2 by 2X + 1:
3X  +3
2X +1| X? +4X +2
X? 43X
X  +2
X 43
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So X2 +4X +2=(2X +1)(3X +3) +4. We now divide 3X + 4 by 4:

3X +4
4] 2X +1

2X
1
1

0
So2X +1=4(3X +4)+0.
The last non-zero remainder is 4. We make it monic: 4(4) =1, so

ged(3X* 4+ X3 +2X2 + 1, X2 +4X +2) =1,
f(X) and g(X) are relatively prime.

Remark 3.20. If f(X) = ¢, X"+ - -+c¢o with ¢, # Op, what is gcd(f(X),0F) ?

Since u(X).0p = 0p, we have u(X)|0p for every w(X) € F[X]. Thus,
u(X) is a common divisor of f(X) and O if and only if u(X)|f(X). Taking
u(X) = f(X) we have a common divisor of maximal degree. Making it
monic, we get ged(f(X),0r) = ¢,  f(X).

3.3 Irreducibles

Note: In 7Z the units are 1 and —1. We have a different situation in a
polynomial ring.

Theorem 3.21. Let R be an integral domain. Then f(X) is a unit in R[X]
if and only if f is a constant polynomial that is a unit in R.

Proof. (=) By hypothesis f(X)g(X) = 1x for some ¢g(X) € R[X]|. Thus
deg f(X)+deg g(X) = deg 1g = 0. This implies that deg f(X) = deg g(X) =
0 and so f(X) =a and g(X) = b for some a,b € R\ {0}. As f(X)g(X) =1
we get that f(X) is a unit in R.

(<) If f(X) =0, baunit in R. Take g(X) =b~'. Then f(X)g(X) =1
proving that f(X) is a unit in R[X]. O

Example 3.22. Be careful if R is not an integral domain:
In Zy, 2X + 1 is a unit, as

X +1)2X +1)=4X*+4X +1=1,

but 2X + 1 is not a constant polynomial.
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Corollary 3.23. Let F be a field. Then f(X) is a unit in F[X] if and only
if f(X) is a non-zero constant polynomial.

Definition 3.24. An element a in a commutative ring R with identity is an
associate of an element b € R if a = bu for some unit u € R.

Remark 3.25. 1. Ifa is an associate of b, then b is an associate of a (as
a = bu implies b = au™" and u™' is a unit).

2. In Z, the only associates of a are a and —a.

3. By the previous Corollary, f(X) is an associate of g(X) in F[X] if and
only if f(X) = cg(X) for some c € F\ {0}.

We are interested in developping a notion similar to prime numbers, but
in F[X]. Recall:

In Z, p is prime if p # +1 (p is not a unit) and the only divisors of p are
+1 (units) and £p (associates of p).

Definition 3.26. Let F' be a field. A non-constant polynomial p(X) € F[X]
15 irreducible if its only divisors are its associates and the non-zero constant
polynomials (units). (In other words: If p(X) = r(X)s(X) then one of r(X)
and s(X) is a unit.)

A non-constant polynomial that is not irreducible is called reducible.

Example 3.27. 1. X — 1 is irreducible in Q[X].
2. X? — 3 is drreducible in Q[X] (why? We will come back to this).
3. X? + 1 is reducible in Zs[X], as X2+ 1 = (X +2)(X + 3).

Theorem 3.28. Let F' be a field and let f(X) € F[X]\ {0}. Then f(X) is
reducible in F[X] if and only if f(X) can be written as the product of two
polynomials in F[X| of (strictly) lower degree.

Proof. (=) There exist g(X) € F[X] that is not an associate of f(X) or a
non-zero constant such that f(X) = g(X)h(X) for some h(X) € F[X].

If either deg h(X) = deg f(X) or deg g(X) = deg f(X), then deg g(X) =
0 or degh(X) = 0. So either g(X) = ¢ for some ¢ € F' (contradiction), or
h(X) = b for some b € F. This gives that f(X) = ¢g(X)b, so g(X) is an
associate of f(X), contradiction.

Therefore deg g(X),deg h(X) < deg f(X).

(<) Suppose f(X) = g(X)h(X) where deg g(X),deg h(X) < deg f(X).
Then g(X)|f(X) and g(X) is not an associate of f(X) (associates have the
same degree), and ¢g(X) is not a unit (if g(X) is a unit, then deg g(X) = 0,
so deg h(X) = deg f(X), contradiction). Thus f is reducible. O
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3.4 Roots and Reducibility

Question: How can we determine if a given polynomial is irreducible in a
polynomial ring F[X]? (We often say “over F”.)

Definition 3.29. Let R be a commutative ring and f(X) € R[X]. An ele-
ment a of R is a root of f(X) is f(a) = Og.

Example 3.30. e f(X)= X?—-X € Z,[X] has roots 0 and 1, as f(0) =
02—0=0and f(1)=12-1=0.

o X*+2X?+1 has no root in Q since it is equal to (z*+ 1), which only
takes positive values.

Theorem 3.31 (Remainder Theorem). Let F' be a field, f(X) € F[X] and
a € F. Then f(a) is the remainder in the division of f(X) by X — a.

Proof. By the Division Algorithm, f(X) = (X — a)q(X) + r(X), where
degr(X) < deg(X —a) =1 or r(X) = 0. Thus, degr(X) =0 or r(X) = 0.
In either case, r(X) = ¢ for some ¢ € F. Hence f(X) = (X —a)q(X) + ¢, so
fla) = (a —a)q(a) +c=c. O

Theorem 3.32 (Factor Theorem). Let F be a field, f(X) € F[X] anda € F.
Then a is a root of f(X) if and only if X — a is a factor of f(X) in F[X].

Proof. X — a is a factor of f(X) if and only if the remainder in the division
of f(X) by X —ais 0, if and only if f(a) = 0 (by the previous Theorem), if
and only if a is a root of f(X). O

Example 3.33. X*+ X2 +1 € Z3[X] has 1 as a root: 1* +12+1=3=0.
Thus, X — 1(= X + 2) is a factor of X* + X? + 1 in Z3[X].

Corollary 3.34. Let F be a field and f(X) a non-zero polynomial of degree
n in F[X]. Then f(X) has at most n roots in F.

Proof. Suppose by contradiction that f(X) has k roots aq, . .., a; with k > n.
Therefore f(X) = (X — a1) f1(X), and as, ..., a; are roots of f1(X). Then
fi(X) = (X —ag) fo(X), as, ..., a are roots of fo(X). Observe that f(X) =
(X —a1)(X —az) f2(X). And so on (induction, really).

We obtain: f(X) = (X —a1)--- (X — ag) fe(X) Therefore deg f(X) >
k > n, contradiction. O

This result is not necessarilly true is F' is not a field. Think about Zg[X].

Corollary 3.35. Let F' be a field and f(X) € F[X] with deg f(X) > 2. If
f(X) is irreducible in F|X] then f(X) has no roots in F.
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Remark 3.36. 1. The converse is false in general if deg f(X) > 3. Con-
sider for instance X* +2X? +1 = (X? +1)? € Q[X]. It is reducible
but has no roots in Q.

2. Ifdeg f(X) = 2 or 3, then the converse is true.

Exercise 3.37. Prove that p(X) is irreducible is equivalent to:
If p(X) = r(X)s(X) thenr(X) ors(X) is a nonzero constant polynomial.

Corollary 3.38. Let F' be a field and let f(X) € F[X] be a polynomial of
degree 2 or 3. Then f(X) is irreducible in F[X] if and only if f(X) has no
roots in I

Proof. (=) See previous Corollary.

(<) We first observe that no polynomial of degee 1 is a factor of f(X).
Why Not? If f(X) = (cX + d)g(X) (with ¢ € F\ {0}), then f(—c'd) =0,
impossible.

Thus, if f(X) = r(X)s(X), then degr(X), degs(X) # 1, and so
2 or 3 =deg f(X) =degr(X)+degs(X).
e e Ve

#1 £1
Therefore, either degr(X) = 0 or degs(X) = 0, ie., r(X) or s(X) is a
nonzero constant. So f(X) is irreducible by the previous exercise. O

Example 3.39. 1. X241 is irreducible in Zs, as 0°+1=1#0, 124+1 =
2#0,224+1=2#0.

2. X% 41 is reducible in Zs as 2> +1 =15 =0, thus 2 is a root.

Observe that for f(X) € Z,[X], p prime (so that Z, is a field), and
deg f(X) = 2 or 3, we can check irreducibility of f(X) by checking that
f(X)#0for X =0,1,...,p— 1.

3.5 Irreducibility in Q

Idea: Consider f(X) € Q[X]. How can we determine if f(X) is irreducible
in Q[X]? Factoring in Q[X] can be reduced to factoring in Z[X].

Remark 3.40. 1. If f(X) € Q[X], there there exists ¢ € Z \ {0} such
that cf(X) € Z[X].

2. f(X) and cf(X) have the same roots, and (clearly) f(X) is reducible
in Q[X] if and only if cf(X) is reducible in Q[X]. Thus, we consider
polynomials with integer coefficients.
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Recall that a is a root of f(X) if and only if X — a is a factor of f(X).
So, to find linear factors, we search for roots. How can we find roots?

Theorem 3.41 (Rational Root Test). Let f(X) = a, X"+ ap 1 X" 1+ +

a1 X +ag € Z[X]. If r # 0 and the rational number C, ged(r, s) =1 is a root
s

of f(X), then r|ag and s|a,.

Proof. As " is a root of f(X), we have
s

rh n—1 r
an—+an_1—1+--~+a1—+a0:().
sn s S

Multiply both sides by s™ and rearrange to get

aps™ = —(apr™ + @p_ysT" 7+ ags"

= —1(apr™ s ags™Th.

So, r|ags™. As ged(r,s) = 1, then ged(r, s™) = 1 and thus r|ag. A similar
argument implies that s|a,. O

Example 3.42. f(X) =2X* - 5X% +3X? +4X — 6 € Q[X]. The possible
roots in Q are given by

r==+1,£2, 43,46 and s = £1, +2.

1 3
We check r_ +1,£2, +3, i6,:t§,:|:§ to see which are roots, and get that
s

the roots are —1, —.

So f(X) = (X + 1)(2X — 3)q(X), where q(X) has degree 2. We find
q(X) = X2 — 2X + 2, which is then irreducible in Q[X] (we can also check
with the quadratic formula to make sure that the roots of ¢(X) are not in Q).

Let us insist on the following:
a is a root of f(X) < X — a is a factor of f(X).
So:
f(X) has no roots in F' < f(X) has no linear factors with coefficients in F'.

But this does not necessarily imply that f(X) is irreducible in F[X] (it is
only the case when deg f = 2 or 3).
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Example 3.43. f(X) = X*+ X3 + X + 2 € Z3[X] has no roots in Z3 but
f(X)=(X2+1)(X?*+ X +2) € Z3[X].

Definition 3.44. The content of a non-zero polynomial f(X) = a, X" +
<ot ag € ZIX] is ged(an, an_1, ... ,a0). A primitive polynomial in Z[X]| is a
polynomial with content 1.

Theorem 3.45 (Gauss’ Lemma). The product of two primitive polynomials
1S primative.

Proof. Let f(X),g(X) be primitive. Suppose f(X)g(X) is not primitive,
and let p be a prime divisor of the content of f(X)g(X). Let f(X),g(X)
and f(X)g(X) be the polynomials obtained from f,g and fg by reducing
the coefficients modulo p.

Then f,g € Z,[X] and f(X)g(X) = f(X)g(X) = 0 in Z,[X] (check
this). As Z,[X] is an integral domain, f(X) = 0 or §(X) = 0. Thus, either p
divides every coefficient of f(X) or p divides every coefficient of g(X). Then
either f or ¢ is not primitive, contradiction. [

Theorem 3.46 (Reducibility over Q < Reducibility over Z). Let f(X) €
Z[X]. If f(X) is reducible in Q[X]| then f(X) is reducible in Z]X].

Proof. Suppose f(X) = g(X)h(X) where g(X),h(X) € Q[X]. We can as-
sume that f(X) is primitive (dividing f by its content if necessary). Let a be
the least common multiple of the denominators of the coefficients of g(X),
and b be the least common multiple of the denominators of the coefficients
of h(X). Then

abf(X) = ag(X) - bh(X).

where ag(X),bh(X) € Z[X]. Let ¢; be the content of ag(X) and ¢y be the
content of bh(X). Then ag(X) = c191(X) and bh(X) = cyhq(X), where both
g1 and h; are primitive. Thus

abf(X) = C1C201 (X)hl (X)

Since f is primitive, the content of abf(X) is ab. By Gauss’ Lemma, g1h; is
primitive and so the content of ¢1co0:(X)h1(X) is ¢jc2. Thus ab = ¢y and
F(X) = q1(X)h1(X) where g1(X), hi(X) € Z]X]. O

We look now at more general results on irreducibility.

Theorem 3.47 (Eisenstein’s Criterion). Let f(X) = a, X™ + a, 1 X" +
-+ a1 X + ag be a non-constant polynomial in Z[X]. If there is a prime p
such that
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e pla; fori=0,1,....n—1;
e p [ay;
o p* [ a,

then f(X) is irreducible in Q[X].

Proof. We procede by contradiction. Suppose that f(X) is reducible in Q[X].
Then by the previous theorem, f(X) is reducible in Z[X], say

f(X)=(bo+ i X+ +0X")(co+ a1 X + -+ ¢ X7),

where b;,c; € Z, v > 1, s > 1. Note that ag = bycp.

As plag, then p|bg or p|co. Without loss of generality we assume that plbg.
Since p* J ag, we have p f ¢y (otherwise plcy, so p*|ag, contradiction). We
also have a,, = b.cs. Thus p [ b, (since otherwise p|a,, contradiction). There
may exist another i such that p [ b;. Let by be the first of the b;’s such that

p A b
Then 0 < k < r < n and p|b; for i < k, and p | bs. Since

ap, = bocy, + bicg_1 + -+ + bp_1¢1 + brco,

we have
brco = a — bocy — bicg—1 — -+ — by_1c1.

As plag, and plb; for ¢ < k, then p divides the right hand side. Thus, p|bxco
and so plby or p|cg, a contradiction in either case. Thus f(X) is irreducible

in Q[X]. O
Example 3.48. 1. f(X)=3X°+15X"—20X?+10X + 20 is irreducible
in Q[X]:
By FEisenstein’s criterion with p =5: 5 f 3, 25 f 20, but 5|15, 20, 10, 20.

2. Is f(X) =21X?% — 3X? +2X + 9 drreducible in Q[X]?

Use Eisenstein? p = 3 does not work (p [ 2) and no other prime seems
to work.

Now what?

Notation: f(X) means reduce the coefficients of f(X) modulo p.

Theorem 3.49 (Mod p Test). Let f(X) = ax X* + - + a1 X + ag € Z[X]
and let p be a prime such that p )} ay. If f(X) is irreducible in Z,[X], then
f(X) is irreducible in Q[X].
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Proof. We use contradiction. Suppose f is reducible in Q[X]. By Theo-
rem [3.46] f(X) = g(X)h(X) with g(X), h(X) non-constant polynomials in
Z[X]. Since p f ay, p does not divide the leading coefficients of g(X) and
Rh(X). Thus, degg(X) = degg(X) and degh(X) = degh(X). So neither
g(X) not h(X) are constant polynomials in Z,[X].

Check that f(X) = ¢g(X)h(X) in Z[X] implies f(X) = g(X)h(X) in
Zp[X].

Thus, f(X) is reducible in Z,[X], a contradiction. O

Example 3.50. Is f(X) =21X3 — 3X? +2X + 9 irreducible in Q[X]?
Take p=2. Then f(X) = X+ X2+ 1 in Zy[X]. Is f(X) irreducidle in
Zo| X7 As deg f(X) = 3, we need only check roots in Zs.
As f(0) =1 and f(1) =1, f(X) is irreducible in Zy|X]. By the “Mod p
test”, f is irreducible in Q[X].

Remark 3.51. 1. Given f(X) € Z[X], if f(X) is reducible in Z,[X],
then we have nothing (try another p).

2. What if deg f(X) > 39 How do we show that f(X) is irreducible in
L[ X]?

Example 3.52. Is f(X) = X5 +4X* + 2X3 + 3X% — X + 5 drreducible in
QLx)? o

Take p = 3. Then f(X) = X5+ X*+2X3+2X + 2 in Z3[X]. If f(X)
irreducible in Z3|X]?

We check for roots in Zs: f(0) =2, f(1) =2, f(2) = 1. There are no
roots, i.e., no linear factors. So if f(X) is reducible, it must be a product of
two monic irreducible polynomials of degrees 2 and 3 in Zs|X].

We list all the monic irreducible polynomials of degree 2 in Z3[X| (check
this):

X241, X2+ X+2, X24+2X+2

Then we check that each one is not a factor of f(X) (how? Use the division
algorithm and check that the remainder is not 0).

Hence, f(X) is irreducible in Z3|X]|. By the “Mod 3 Test”, f(X) is
irreducible in Q[X].

Idea: We can now connect irreducible polynomials to ideals.

Definition 3.53. A principal ideal domain (PID) is an integral domain R
in which every ideal is principal (i.e., is generated by one element, cf. Re-

mark .
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Example 3.54. 1. Z is a PID. Quick proof (check the details): Let I be
an ideal of Z and let a be the smallest positive elements of 1. Recall
that (a) = {na :n € Z}. Clearly (a) C I. To show that every element
of I is in {(a), take an element t € I and consider the division of t by
a, t = aq+r. Show that r € I and that it follows that we must have
r=20.

2. Let F be a field. Prove that F[X] is a PID.
Hint: Let I be an ideal of F|X]. If I = F[X], then I = (1), so we
assume that I # F[X]|. Let f(X) be a non-constant monic polyno-

mial of minimal degree in I. Show that I = (f(X)) (use the Division
Algorithm, and the same strategqy as in the case of Z above).

Observe that if c € F' \ {0}, then
(f(X)) = {ef(X)),

in particular, we can always take f(X) monic (multiply it by the inverse
of its leading coefficient to make it monic).

Theorem 3.55. Let F' be a field and let p(X) € F[X]|. Then (p(X)) is a
mazximal ideal in F[X] if and only if p(X) is irreducible in F[X].

Proof. (=) Note that p(X) # 0 and p(X) is not a unit in F[X] (since
(0) = {0} in the first case, and (p(X)) = F[X] in the second case, which are
not maximal ideals in F[X]).

If p(X) = g(X)h(X), then

(X)) € (9(X)) € FIX].

Thus (since (p(X)) is a maximal ideal), (p(X)) = (g(X)) or (¢(X)) = F[X].
In the first case, we have deg p(X) = deg g(X) (why?). In the second case, it
follows that deg g(X) = 0 (why?) and so deg h(X) = degp(X). Thus, p(X)
cannot be written as a product of two polynomials in F[X] of lower degree,
i.e., p(X) is irreducible in F[X].

(<) Let I be an ideal of F[X] such that

(p(X)) €I C FIX].

As F[X] is a PID (see exercise above), I = (g(X)) for some g(X) € F[X].
So p(X) € (¢(X)) and thus p(X) = g(X)h(X) for some h(X) € F[X]. As
p(X) is irreducible, either g(X) or h(X) is a constant polynomial. In the
first case, we have I = F[X]. In the second case, we have (p(X)) = (g(X)).
Thus (p(X)) is maximal. O
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Corollary 3.56. If p(X) is irreducible in F[X], then F[X]/{p(X)) is a field.
Moreover, it contains a subfield F™* that is isomorphic to F.

Proof. By the previous Theorem, (p(X)) is maximal. Thus, by Theorem 2.48]
FX]/{(p(X)) is a field. Consider
F*:={a+ (p(X)) :a € F}.

Check that F™* is a subring of F[X]/(p(X)) that is a field (hint: the inverse
of a+ (p(X)) is a™t + (p(X)) for a + (p(X)) # 0).

Claim: F' and F™* are isomorphic.

Why? Define @ : F' — F* by ®(a) = a+ (p(X)). We have

Oa+b)=a+b+ (p(X))
=( + (p(X))) + (b + (p(X)))
®(a) + 2(b).

Similarly (do it!) ®(a-b) = ®(a) - ©(b). thus, ® is a homomorphism. It is
surjective by definition, so we only have to show that it is injective. Suppose
P(a) = (b), ie, a+ (p(X)) = b+ (p(X)), so a —b € (p(X)). Therefore
p(X)|a —b. As degp(X) > 1 and a — b € F, we must have a — b = 0, so
a=b. O
Remark 3.57. 1. We can now construct finite fields:

Let p be a prime number, and let f(X) be irreducible in Z,[X], deg f(z) =
n.

Then Z,[X]/{f(X)) is a field with p" elements.

We know that it is a field since (f(X)) is a mazimal ideal in F[X].
But why does it have p"™ elements?

Zp X1/ (F(X)) = {9(X) + (f(X)) : 9(X) € Zp[X]}.
By the Division Algorithm, g(X) = f(X)q(X)+r(X), where r(X) =0
or 0 < degr(X) < deg f(X)=n. And

9(X) —r(X) = f(X)q(X) € (f(X)).
Thus

and

L[ X]/(f(X)) = {r(X) + (f(X)) : 7(X) € F[X], degr(X) <nj}
={a, 1 X" "+t X +ag+ (f(X)):a; €Z,}.
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There are p choices for each of the a;, so altogether p™ elements. Pro-
vided that they are all different, which we now check:

Assume that (ag, . .., a,_1) # (bo,--.,bn_1), i-e., the polynomials a(X) :=
ap+ar X+ +a, 1 X" and 0(X) :=bg+ 0 X + -+ b, 1 X" are
different in Z,[X]. We show that a(X)+{f(X)) # b(X)+(f(X)): If we
had equality, then a(X) —b(X) € (p(X)), so p(X) divides a(X) —b(X)
which has degree less than n. This is only possible if a(X) —b(X) =0,
i.e., a(X) =b(X), a contradiction.

. By the previous result, we have

F=FC FIX]/(p(X).

So we may view F has a subfield of F|X]/{p(x)). We say that F[X]/(p(X))

and an “extension field” of F.



Chapter 4

Field Theory (a brief
glimpse. . .)

Overview: We saw a glimpse of “field extensions”, namely

K = FIX]/(p(X)), p(X) irreducible in F[X]

F

(where the field that is “up” is larger than the field “below”)
Can we get a general picture?
Recall the definition:

Definition 4.1. If F' and K are fields and F is a subring of K that contains
1k, we say that K is an extension field of F (or a field extension of F, or
that F' is a subfield of K ).

Remark 4.2. (Very important) In this case, K is a vector space over F':
We have addition of elements of K and multiplication by elements of F.
The properties of vector space are satisfied because K is a ring.

Definition 4.3. Let K be an extension field of F. We denote by [K : F] the
number of elements of any basis of K over F (the dimension of K over F),
and call it the degree of K over F.

Proposition 4.4. Let K be a field and let L;, © € I, be subfields of K. Then
Micr Li is a subfield of K.

Proof. We first show that L := (,.; L; is a subring of K by using the subring
test (Exercise [2.18): Let a,b € L. Then a,b € L; for every i, and since L;

65
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is a subfield, we get a — b,a-b € L;. Thus a — b,a-b € L. Clearly L is
commutative, since K is.

To check that L is a subfield, we now have to check that if a« € L\ {0},
then a has an inverse in L. Since K is a field, a has an inverse ¢! in K.
Since a € L; for every i, a has an inverse in L;, and this inverse must be
equal to a™! (do it). So a™' € L; for every 4, which gives a™! € L. O

Corollary 4.5. Let K be a field and let S be a subset of K. Then there is a
smallest subfield L of K containing S (in the sense that if N is a subfield of
K containing S, then L C N ).

Proof. By Proposition [4.4, any intersection of subfields of K is a subfield
of K. Take for L the intersection of all subfields of K containing S. It is
necessarilly the smallest subfield of K containing S. O]

Definition 4.6. Let K be an extension field of F and w € K. Then F(u)
(“F adjoin uw”) is the smallest subfield of K containing F' and u and is called
a simple extension of F.

We can give an explicit description of F'(u):

Proposition 4.7. With notation as in the previous definition,

flu
Pl = {29 (x),9(x) € FIX] g(0) £ 0}
Proof. We check both inclusions.
(D) Let f(X) =ap+---+a,X™ € F[X]. Since F(u) is a field containing
F and u, we have a;u’ € F[u] for every i. Therefore f(u) € F(u). Similarly
g(u) € F(u) and since g(u) # 0 and F(u) is a field, g(u)™' € F(u). Thus

f(u)
—= € F(u).
g(u) )

(C) Let

f(u)
=q—=: f(X),9(X) € FIX], gu) #0 .
{280 13),9(x) € FIXL 90

It is easy to check that NV is a subfield of K that contains F’ and u. Therefore,
by definition of F'(u), we have F(u) C N. O

In picture: I‘( Example: ((‘j

F(u) Q(V2) ={a+bv/2:a,bcQ}

| |
F Q
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Observe that the description of Q(v/2) is simpler than what is given in
Proposition 4.7, We will come back to this.

Definition 4.8. Let K be an extension field of F and let u € K. We say
that w is algebraic over F if u is the root of a polynomial in F[X]. If u is
not algebraic over F', we say that u is transcendental over F.

Example 4.9. 1. \/2 is algebraic over Q, as it is a oot of X>—2 € Q[X].

2. /=34 V2 is algebraic over Q.

Why? Let o = /—3 + V2. Then a®> = -3+ 2/—-6+2. Soa?+1=
2v/—6 and taking squares we get a*+2a?+1 = 4(—6), so a*+2a?+25 =
0. So, v is a root of X* +2X? + 25.

3. m is transcendental over Q (Lindemann, 1882).

e is transcendental over Q (Hermite, 1873).

Theorem 4.10. Let K be an extension of F' and let uw € K be algebraic over
F. There there exists a unique monic irreducible polynomial my p(X) €
F[X] that has w as a root.

This polynomaial is called the minimal polynomial of u over F, and satisfies

(muyr) = {f(X) € FIX]: f(u) = 0}.
Proof. Since u is algebraic over F', the set
1= {(X) € FIX] : f(u) = 0}

is a non-zero ideal of F[X]. As seen in Example B.54] I = (p(X)) with
p(X) polynomial of minimal degree in I, and we can choose p(X) monic. So
myp(X) = p(X) is a monic polynomial of minimal degree that has u as
root and it satisfies the final statement.

We check that m,p(X) is irreducible: Supppose that m, x(X) = f(X)g(X)
with f(X) and ¢g(X) of degree less than m,/r(X). Since m, p(u) = 0, we
get f(u) = 0 or g(u) = 0, impossible since they both have degree less than

We check that m, p(X) is unique: Let ¢(X) be another monic irre-
ducible polynomial such that ¢(u) = 0. By definition of m, px) we have
degmy, p(X) < degt(X). We divide t(X) by my p(X): t(X) = my/r(X)q(X)+
r(X) with 7(X) = 0 or degr(X) < degm,,/r(X). Replacing X by u we get
r(u) = 0, which means that we must have r(X) = 0 (otherwise we would get
a monic polynomial with u as root, of degree less than m, x). So m, /r(X)
divides t(X), and since #(X) is irreducible, ¢(X) is a constant. Since they
are both monic, we must have ¢(X) =1, so t(X) = my/p(X). O
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Example 4.11. The minimal polynomial of o = /=3 + v/2 over Q is
f(X) = X*+2X? 4 25.

Why? We already checked that « is a root of f(X). We check that f(X)
is irreducible in Q[X]. We use the mod 3 test (p = 3). Then f(X) =
X*4+2X?%+1 has no roots in Zs, so f(X) has no linear factors. We check all
the monic quadratic irreducible polynomials in Z3[X| (how many are there?
See exercise set 5) using the Division Algorithm, and we see that none of

them divides f(X). So by the Mod 4 Test, f(X) is irreducible in Q[X].

Final question: What is the connection between F'(u), u algebraic, the
minimal polynomial m, r(X) of u over F', and F[X]/(m, /r(u))?

Theorem 4.12. Let K be an extension field of F and let w € K. The
following are equivalent.

1. u is algebraic over F;

2. FIX]/ (X)) = Flu] = {f(u) : (X) € FIX]};
3. F(u) = Flu);

4. [Fu): F] is finite.

In this case, and if degm, p(X) =n, then {1p,u,u?, ... ,u"" '} is a basis of
F(u) over F. In particular [F(u) : F| = degm, p and

F(u) = {ag+ayu+---+a,_1u""' :q; € F}.
Proof. (1)=-(2): Consider the map
Az FIX] = Flul, Mf(X)) = f(u)

(the evaluation at u). A direct computation shows that (f(X)+ g(X))(u) =
Flw)+g(u) and (F(X)g(X))(w) = f(w)g(u), ie., A(F(X)+9(X)) = AF(X))+
Ag(X)) and A(f(X)g(X)) = A(f(X))A(g(X)), so that A is a ring homomor-
phism.
The map A is clearly surjective, so by the first isomorphism theorem, we
have
F[X]/Ker A\ = Flul,

and the result follows since by Theorem |4.10
Ker A = {f € FIX]: f(u) =0} = (my/r(X)).

(2)=(3): Clearly, F[u] C F(u), and we know that F(u) is the smallest
subfield of K containing F' and u. But F[X]/(m.,/r(X)) is a field since
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my r(X) is irreducible. So F[u] is also a field. Since it contains F' and u, it
cannot be smaller than F(u), so we have Flu] = F(u).

(3)=(4): It suffices to show that [F[u] : F] is finite, i.e., that dimp F'[u]
is finite. By definition

Flu] = {f(u): f € FIX]}
= Spang{1,u,u?, ...},

and, writing m, r(X) = ag+ a1 X + -+ + a1 X"t + X", we have
ap+aru+ -+ ap_u" 4+ u" = 0.

Therefore:

u" € Spanp{1,u,...,u" '},

u" ™ € Spanp{1,u,...,u"" ' u"} = Spanp{1,u,...,u""'},

u' € Spanp{l,u,...,u" '} VieN.
and we obtain

Flu] = Spanp{1,u,u? ...} = Spanp{1,u,...,u" '}.
(4)=(1): Consider the elements 1,u,u* u?, ... in F(u). Since [F(u) :
F] = dimp F(u) is finite, they cannot be linearly independent, so there are
m € N and ayg, . ..,a,, € F' such that
ap+ au+ -+ apu™ =0,

so u is algebraic over F'.

Suppose now that one (=all) of the above conditions hold, with n =
degm, p(X). As seen in the proof of (3)=(4), {1,u,...,u""'} generates
Flu):

Flu] = {g(u) : g(X) € F[X], degg(X) < degm.,/r(X)}
={ag+au+---+a,_u"":a; € F}

We check that {1,u,...,u" '} is linearly independent over F': Assume
that by + bju + -+ + b,_u™ ' = 0 for some by,...,b,—; € F not all 0, and
let g(X) = by + b, X + -+ + b, 1 X" 1. Then g(u) = 0 but degg(X) <
degm,, p(X), impossible. ]
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Example 4.13.

Q(v2) = QV2) = {a+bv2:a,b € Q}
= Q[X]/(X* - 2).

Note that X* — 2 is irreducible in Q (for instance by FEisenstein with p = 2,
or using that it has degree 2 and no root in Q).

{1,/2} is a basis over Q of the field Q(v/2), which is the smallest subfield
of C (or R) containing both Q and /2.

[Q(v2): Q] =2.
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