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CHAPTER 1

Rings and their properties

DEFINITION 1. A Ring is a set R with two binary operations, + and X,
such that the following are true:
(1) (R,+) forms an abelian group
(2) (R — {0}, x) is associative
(3) The distributive law holds. I.e., a x (b4+¢) = a x b+ a X ¢ and
(b+c)xa=bxa+cxa

The following statements refer to terminology surrounding types of rings:
(i) R is a ring with identity if if there exists 1 € R such that 1-a =
a-1=aforallacR
(ii) A ring R with 1 is called a division ring if every nonzero element
has a multiplicative inverse
(iii) If R is a division ring and x is commutative, R is called a field.

EXAMPLE.
Z ={0,£1,4+2, ...} (+, x)
This is a ring, with identity (or, as we call it, "with 1”). However, it is not

a division ring ( and therefore not a field) -because not every element of Z
will have a multiplicative inverse that is in the set of integers.

Other examples of fields include Q, R , and C.

EXAMPLE.
Z/nZ ={0,1,2,....n— 1)}
this forms a ring under modular multiplication and addition with respect to

n. It happens to be a commutative ring with identity, but is not a field in
general- but is a field if n is a prime integer.

ExaMpPLE. Choosing some K € Z we see that K - Z is a ring without an
identity (multiplicative identity, of course)

The following are assorted properties of a ring R, where a € R:
(1) 0ca=a-0=0
(2) (-a)(b)= (a)(-b)
(3) (-a)(-b)=(a)(b)
(4) If 31 € R, it is unique.
DEFINITION 2. A unit is an element of R with a multiplicative inverse
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6 1. RINGS AND THEIR PROPERTIES

DEFINITION 3. A zero divisor is a nonzero element a € R such that
whenb e R, a-b=b-a =0 for some b# 0

These properties of elements of a ring are mutually exclusive.
PROOF. Suppose a is a unit. Then,
rz-a=1
for some x € r. If a - b =0, then since b =1 - b,
z-a-b=2-0=0
by which we see a contradiction. O
ExXAMPLE. In Z, the units are 41

EXAMPLE. For Z/nZ, we claim that each element is either a unit or a
zero divisor. The proof of this claim will be excluded.

The result of the would-be proof of the above example would lead us to
the conclusion that if n was prime, every nonzero element of Z/nZ would be
relatively prime to n, and thus would be a unit. If every element is a unit,
it then has a multiplicative inverse, and thus Z/nZ would be a field.

EXAMPLE.
R[z] = polynomials of x with coefficients in R

={ap+ a1z + asx® + ... + apz"|n > 0,a; € r}
If ring R has an identity, then R[z] must also have an Identity. Also notice
that when R = Z the element x (which is in Z ) is not a unit (because no
polynomial can act on x to yield 1) but it is also not a zero divisor. This
demonstrates that while the properties of being a unit/zero divisor may be
mutually exclusive, an element is not forced to be one or another.

DEFINITION 4. An integral domain is a ring with no zero divisors. For
example, 7. is an integral domain because if x,y € Z and ry = 0, we know
that either x = 0 or y = 0 (or both). This is equivalent to the claim that
‘there are no zero divisors’.

Notice that if R is an integral domain, and a,b,c € R and ac = bc then
ac —be =0, so (a — b)c = 0, so we know that a —b =0 or 0 or a = b or
¢ = 0. This is also helpful in showing that a ring is not an integral domain.

ExAaMPLE. Take the modulus group R = Z/nZ, and let a,b,c € R.
Then we know that if R is an integral domain, we can apply the rules above.

However, suppose n=6, c=3, a=2 and b=0. We can then see that a-c = b-c,
but ¢ # 0 and a # b, so we see that Z/67Z is not an integral domain.

We should notice that we picked a convenient value for n. We should
notice the following relation:

Z/nZ is an integral domain <= Z/nZ is a field <= n is prime
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THEOREM 1. Any finite integral domain is always a field. !

PROOF. We need to show that if a € R, a # 0, then a has a multiplicative
inverse. Consider the following maps:

R—r

T—a-x

This is a one to one function?, and since R is finite, this map is a bijection.
So, ax=1 for some x, so a must have an inverse z € R. This demonstrates
that all nonzero elements are unites, so R is a field. O

We can now understand that a Field is always a Division ring and an
integral domain. The reverse relationship isn’t always true; A division ring
is a field only if every nonzero element is a unit and its operation x is com-
mutative. Also, a division ring is an integral domain if it has commutativity.
The diagram looks something like the following:

(1) Field Division Ring

A
Integral domain

EXAMPLE.
ZID] € *Q[D] = {a + bV Dla,b € Q}
Taking the case where D=-1, we have:
Z|D] = {a + bila,b € Z}
This set is called " The Gaussian Integers”, and is a subring of Z[—1] C C

DEFINITION 5. The degree of an element p(x) € R[z] is n if p(x) =
anx™ 4+ ... + a1x + ag wheren >0

Let R be an integral domain, and let p(x),q(x) € R[z]. The following
are true:

(1) deg(p(z) - q(x)) = deg(p(x)) - deg(q(x))
(2) R[x] is an integral domain
(3) The units of R[x] are units of R
The proofs for these properties will be excluded. Also notice that if S is a
subring of R, the following is true:
S[z] C R[x]

1
2

an integral domain is always a commutative ring with 1
a one to one function is a function f from A to B such that f(a)=f(c)=b, a=c
3We have started to use the symbol ’C’ to mean ’subring of’
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DEFINITION 6. Let R and S be rings. A ring homomorphism is a func-
tion ¢ : R — S such that p(x +vy) = ¢(z) + ¢(y) and p(z-y) = ¢(x) - p(y).

ExAMPLE. Given R, consider a map from RI[x] to R:
eval : Rlx] = R
Where this map takes p(z) € R[x] and maps its constant term ag to R. Since

eval(p(z) - q(x)) = eval(p(x)) - eval(q(x)) and eval(p(x)q(x)) = eval(p(x)) -
eval(q(z)) so the map eval is a homomorphism.

DEFINITION 7. Given ¢ : R — S, a homomorphism, we define the
Kernel and Image of ¢ to be the following:

Ker(p) = {a € R[p(a) = 0}
Im(p)={be Slb=p(a),a € R}

EXAMPLE. Take the homomorphismy : Z — Z/nZ. We see that the
Ker(p) = nZ and that Im(p) = Z/nZ

From this example we can now interpret different things about the Ker-
nel and Identity, specifically:
Ker(y¢) =0 <= The homomorphism ¢ is injective
Im(p) =S <= The homomorphism ¢ is surjective

Also, the homomorphism ¢ is bijective if it is both injective and surjec-
tive. Another Fact to notice is that:

Ker(¢) C R) and Im(p) C S

Recall from group theory that if G is a group and N is a normal subgroup,
that G/N is a group. We defined N < G to be normal if and only if:

gNg ' CNVge@G, orgN =NgVgeqG

The elements of G/N are equivalence classes under g; ~ go if and only if
g19; " € N. G/N is a group with the well defined operation (g N)(gaN) =

(9192)N



CHAPTER 2
Quotient Rings

DEFINITION 8. Let R be a ring. A [Left] right ideal is a subset I such
that:

a-IC1I (or for aleft ideal) [I - a C eql] Va € R

If Tis a left AND right deal, then we just say that I is an ideal. Notice
that if R is commutative, left and ideals are automatically the same.

EXAMPLE. Let a ring R = Z,I = 3Z = {0,43,£6,+9,...} To check
that I is a right ideal, we have to check that given n € Z, n- I C I. This is
true, because no matter what integer you multiply a factor of 3 by, you will
always end up with another factor of 3.

More generally, nZ is an ideal of Z for all n € Z.
One remark to notice is that although 3Z is a sub-ring of Q, 3Z is not
an ideal of QQ, because it will not be closed under multiplication of elements

in Q.

EXAMPLE. Let R = Z[x], I = sub-ring of polynomials with even coeffi-
cients. Since this subset I is closed under multiplication, it is an ideal.

THEOREM 2. Let I be a sub-ring of R. Then,
R/I ={a+ I|la € R} under the equivalence relation:

a+I~b+1 < a—-bel

Is a ring under the operations:
(a+I)+O+I)=(a+b)+1I) and (a+I)(b+1I)= (ab+ 1)
If and only if I is an ideal.

The following is a diagram illustrating the concept of how a group R
would be split up into a quotient group- the collection of the elements of
R are split up into equivalence classes, which will be the elements of the
quotient group. The most common and easy to understand example of a
quotient group is the modulus group Z/nZ, where the elements are divided
into equivalence classes under modular arithmetic with respect to n.

Notice that if r € I, then v+ I ~ 0+ I. Then,

(r+(s+I)=rs+Tand (04+I)(s+1)=0+1

9
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So we need rs + I ~ 0+ I for it to be a well defined equivalence relation.
So, rs € I'if r € I,s € R, which is always true since we assumed I was an
ideal of R.

On the other hand, if I is an ideal:

(r—l—])-(s—{—[); (r+i1+1)-(s+ia+1)=rs+rig+i1S+iia+1
for some i;,i9 € I7 Consider the following:
(rs+1)— (rs+rio+i1S +ivio + I) = (rig + i18 + i142)

We know that ¢179 € I since I is a sub-ring, and closed under multiplication.
We can say that rio is in 1 if I is a left ideal, and similarly we can say that i1 s
is in I if I is a right ideal. Therefore, to nail down the equivalence relation
and to ensure that elements will be closed under actions, we have to assume
that I is both a right and left ideal.

FacTt. When given a homomorphism ¢ : R — S, where R and S are
both rings, the Ker(y) is an ideal

Operations on Ideals: Let I, J be ideals in R.

(1) I+J ={a+blael,beJ. Sincel and J are ideals, r(a +b) =
ra+rbe I+ J for some r € R.
(2) 1J = {Z?:l aibi\ai S I, b; € J}
Let A C R be any subset of R. The smallest ideal of R containing A will
be:
= ﬂ I, sometimes denoted ’(A)’
I<A,’T’ an Ideal
Called the ’ideal generated by A’.

Fact. If R is a commutative ring, then

(A) ={ra|r € R,a € A}
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is an ideal. Any ideal containing A must contain this, so therefore it is the
smallest ideal containing A, or ’(A)’

DEFINITION 9. Let R be a ring. A principal ideal is an ideal that can be
generated by a single element, I = (a), for some a € R.

ExAMPLE. Take the ideal nZ € Z
nZ = (n)={K -n|K € Z} = (—n) ={K - —n|K € Z}

ExXAMPLE. Take the ideals (3) and (6) in Z. For any m|n where m,n €
Z, (n) C (m). Therefore, (6) C (3)

THEOREM 3. The 1%t isomorphism theorem:
If o : R — S is a ring homomorphism, then R/Ker(p) = Im(p)
PROOF. Suppose there is a map:
r—+ Keryp — ¢(r)
The following is then true:
(r+ Ker(p) - (s+ Ker(y)) =rs+ Ker(p) — @(rs) =
— (1) pls) = F(r + Kerg) - F(s + Ker(p))

For some function F. Thus we see that there exists some relationship between

©(rs) and some function F involving what looks like the members of the
quotient group R/Ker(p). O

If I is an ideal of R, then:
RS R/Lrvsr 41
Which is a ring homomorphism. The Kernel of this map is exactly I, since:
m(r)=r+I=0+1I=rel

THEOREM 4. The 4% isomorphism theorem: if R is a ring an I is an
ideal, then there is a bijection between:
Subrings of R containing I +— Subrings of R/I
This suggests a map:
A— AT
which implies that if A is an ideal of R, A/I is an ideal of R/I. This

correspondence preserves ideals.

Fact. Let I be an ideal of R. If I € .S C R, then sI C IVs € 5. So, I is
thus an ideal of S.

Let R be a ring with 1. The following are then true:

(1) Let I be an ideal. Then, I=R <= I contains a unit.
(2) If R is a field, then the only ideals are R and {0}.
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PrOOF. If I contains a unit, some a € I, then we know that z-a =1
for some x € R. x-a € I, so we know that 1 €. Then, since y = y - 1 for
any y € R, we can see that by taking the actions of all elements in R on the
element 1 in I, that I = R. U

Proovr. If I is an ideal of a field R, and I # 0, then I contains some

a € R,a # 0, which is a unit- so therefore, using the same reasoning as
above, I = R. ([l

DEFINITION 10. An ideal M of R is mazximal if there is no ideal N of R
such that:
MCNCR

THEOREM 5. Let R be a commutative ring with identity, where M is an
ideal of R. M is maximal if and only if R/M is a field..

PROOF. By the fourth isomorphism theorem, we see that:

Ideals A of R containing M &5 Tdeals of R/M

A— A/M
If R/M is a field, then the only ideals of R/M are 0 and R/M. This implies
the only ideals A of R containing M are A = M and A = R, so M must
be maximal. In proving the other direction of this statement, assume M is
maximal. Note that:

A— A/M
M — M/M =0
Rw— R/M
Since M is maximal, then there does not exist some ideal A such that M C
A C R,, so there is no ideal such that 0 C A/M C R/M. Since, 0 must
be maximal in R/M. In a result proved in the homework (mainly that if

the maximal ideal of a ring is 0, that ring is a field) we see that R/M is a
field. O

Fact. If R is a ring, and A is an ideal of R, then there exists some
maximal ideal M of R, containing A.

EXAMPLE. Ideals of Z are nZ, for some integer n. All these ideals are
principle ideas, since nZ = (n) = (—n). nZ is maximal if and only if Z/nZ
is a field, which we already know happens when n is a prime number.

EXAMPLE. Look at the ideal (2,z) € Z[z]. This ideal looks like this:

(2,2) = {2 p(x) + zq(z)[p(2), q(z) € Z[x]}
This first term (2-p(z)) is any polynomial with all even constant terms. The
second term (zq(x)) is any polynomial with a zero constant term. Thus, the

elements in Z[z] this set contains are all polynomials with even constant
terms. This turns out to not be a principal idea.
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ExaMPLE. Now consider:
Zlx)/(2,2) 2 Z/27
Where:
p(z) + (2,2) — p(0) mod 2
Zs is a field, so therefore (2, ) must be maximal in Z|x].
ExaMpPLE. Let R be the ring of functions from X — R. Pick some p in
X, and let the ideal I be functions f : X — R such that f(p) = 0. Consider
the quotient: R — R. By definition, Ker(f(p))=I. By the 1% isomorphism
theorem,
R/I=Im(f)=R
And since R is a field, I must be a maximal ideal.

Fact. An ideal P of R where P # R is called prime, or ’a prime ideal
of R’, if it satisfies the following:

Whenever ab € P, where a,b € R, eithera € Por b € P.
EXAMPLE. When R = Z, the ideals are nZ, where n € Z. For which n
is nZ a prime ideal? Well, if ab € nZ, then either a € nZ or b € nZ. As
the name of the ideal implies, it turns out that this happens when n is a
prime number. This is because if ab=nm, we know that either n|a or n|b,

so either a € nZ or b € nZ. On the other hand if nZ is a prime ideal than
n is a prime number. If n|lab = nl|a or n|b,Va, b then n is prime.

EXAMPLE. If n=4, 2-2 € 47, but 2 ¢ 47Z. So 47 is not a prime ideal.

THEOREM 6. Let R be a commutative ring with 1. Then P is a prime
ideal in R if and only if R/ P is an integral domain.

PROOF. P is prime means that ab € P = a € Porb € P. (R/P is
commutative with identity: 14 P since R is commutative.) R/P not having
any zero divisors implies and is implied by:

(a+P)-(b+P)=(0+P)=0+P
Which means that
a+P=0+Porb+P=0+P
ab+P=0+P=a+P=04+Porb+P=0+P
Where (ab € P). This would imply that P is a prime ideal. O

EXAMPLE. Let R = Z[z]. Let I = (z), all polynomials without constant
terms. The following is then true:
Z)(x) =7
Which is an integral domain, which tells us that I is prime. This isomorphism
is brought about by the following map:

eval : Zlx) — Z
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eval(p(z)) — p(0)
Le., the map ’eval’ is yeilds the constant term of the polynomial p(x). This
is also a ring homomorphism. Notice that:

Ker = (z)

Because (x) will yeild all polynomials without constant terms, we can see
that Ker((z)) = 0. Thus, by the first isomorphism theorem,

Zlz)/Ker =Z/(x) = Im(eval) = Z
However, (x) is not maximal in Z[z], because:
(z) G (2,2) & Z[z]

Fact. When R is a commutative ring with 1, every maximal ideal is
prime.

PRrOOF. If an ideal I is maximal in R, this implies that R/ is a field,

which implies that R/ is an integral domain, which implies that I is prime
in R. O

1. Understanding Fractions:

Think of the field Q, a set of what we commonly call ’fractions’. It is
an understandable question to ask how this set was constructed. Consider
‘elements’, called fractions, § where a,b € Z. However, there are immediate
problems that arise from this idea, we need a stronger set of definitions to

ensure that % = % = %. It turns out we will admit the following definition:

a C
E—E <~ ad—bc

The General idea is that given a ring R and some subset D of R, we
think of as elements of R that we want to invert (multiplicatively). We have
chosen the letter 'd’ to represent this subset, because it will intuitively stand
for ’"denominator’. Consider pairs:

(a,b) € Rx D
with the equivalence relation:
(a,b) ~ (¢,d) <= z(ad —bc) =0

For some element x € D. As you can see, this mimics the structure of what
we would usually call a 'fraction’. Taking the equivalence classes, call this
set:

DR
And try to define a ring by the following operations:

a ¢ ad+be a ¢ ac

b a7 Tbd ™Mb d T w
Now, the following conditions must be upheld:
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(1) We need D to be closed under multiplication in order for addition
to be defined and nonempty

(2) If we want amap i : R — D™ 'R, r — 7 to be 1-1, we need D to have
no zero divisors This is because if we can show that d € D isa Zero
divisor, % ~ =. Suppose that d-x =0 then &= d;” ==>=0==
Thus the map i is not 1-1, since there are elements in the K er( )

that are not equal to 0.

THEOREM 7. Let R be a commutative ring with 1, and D is a nonempty
subset of R closed under multiplication. there then exists a commutative ring
with 1 denoted D™'R and a ring homomorphism:

¢:R+— D 'R
such that:
(1) If d € D is a zero divisor, p(d) =0
(2) If d € D is not a zero divisor, p(d) is a unit
(3) D7R is the ’smallest such ring’.

For any S with some map 7 : R — S that satisfies requirements (1) and (2),
there exists a unige ring homomorphism f : D™'R — R such that fop =1

(2) DR

A

R S

Restating this theorem more directly, considering the ring homomor-
phism I : R — D™'R we have th following 4 properties:

(1) If » € D C R is not a zero divisor, then i(d) € D~ R has an inverse
under multiplication.

(2) Given any ring S and a homomorphism 7 : R — S such that 7(d)
is invertible whenever d € D is not a zero divisor, then there exists
a unique ring homomorphism f : DR — S such that foi=m

(3) If D has no zero divisors, then i : R — D™'R is 1-1 (so, we can
think of R as sitting inside D™'R, and all the elements of D are
invertible).

(4) If D has no zero divisors and D = R — 0, then D™!R is a field.

ProoF. Construct D™'R. Take:
Rx D ={r,d|r e R,de D}

And consider the following equivalence relation:
™ 2

(r1,dy) ~ (ra,dg) or 7= & 7 < z(ride — rdy) =0 for some z € D~ 'R
1 2

This definition satisfies the reflexive, symmetric, and transitive properties
for a valid equivalence relationship. We then define operations in D™'R as
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follows:

1 9 rido + rody L T2 172
+—==—"—"—and — =

di " dy dida dy dy  dyda
We would then like to show that this makes D~'R a commutative ring with
1
Therefore, D' R must be well defined, commutative, an abelian group
under addition, associative under multiplication, and the distributive law
must hold. Define:

d
r—,deD

i:R— D 'Rasi(r)= 7

Notice that:
rd re (ri+ro)d rid | rod

VRS and that i(ry +72) = =4 + - = i(r1) +i(re)

Now suppose that d € D and d isn’t a zero divisor. Then, i(d) = %. Does
this have an inverse? Under our definitions of multiplication, we can see
that it will have an inverse as follows:

de e de?

— . —=—~1eD'R

e de de?
To prove out second requirement, that there exists a unique ring homomor-
phism f: D7'R — S, we offer the following diagram:

(3)

m(r)
m(d)~
S \
R ! D 'R d-! r

i(r) = % = r)d;l

r

Look at the Kernal of I : R — D™'R. I(r) = %l ~Y = a(rd®>—d-
0) = 0,7 € D. This implies that rozd> = 0, so, x € D,d € D = xd? € D,
since D is closed under multiplication. Since we assumed that D had no zero
divisors, we know that r must then be zero.

ITo really understand D' R, we need to have a good understanding of some concept
of '1’. A good candidate will be %, for all d € D.
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To prove the 4th claim, let D = R— {0}, and let D have no zero divisors.
Then, i : R — D~'Ris 1-1 and every nonzero element of D~! R is invertible,
so D7R is a field. U

This leads us to an interesting result:

Fact. Every integral domain sits inside some ’field’, called ’the field of
fractions’ of an integral domain.

We now need to address why 0 ¢ D. Since we know the following:
(a,b) ~ (¢,d) <= z(ad-—bc) =0 for some x € D

We can always let x = 0, and we then see that any elements (a,b), (b, c) are
equivalent under this relation. Thus, every element reduces down to zero;
the restriction is made on D to avoid the trivial case.

EXAMPLE. Let R =Z,D = Z — {0}. Then, D~'R = Q since 0 ¢ D, so
x(ad — be) = 0 is really just the same as ad — be = 0.

EXAMPLE. Let R = Z, D = 2Z—{0}. Then, D~'R = {a/2bla,b € Z,b #
0}. Since the following is true:
r 2z z
Y2 2y z €L,z =2x
We realize that we can assign the following relationship between Q and
D 'R:
QLD 'R DIRELQ

r_ 2z a _ a
Y 2y 2b 2b
fog=1Id,since g5 ~ % And, go f = Id, since g—; ~ % Thus:
D'R=Q

DEFINITION 11. A Ring of formal power series:

Zanx”, neZ=a+o+a+ 1z + agz® + ...
n>0






CHAPTER 3

The Chinese Remainder Theorem

An arithmetic problem: suppose we are given my,...,m, € Z" and
bi,...,b, € Z, with g.c.d.(m;,m;) = 1 Vi # j. Can we find an z € Z such
that x = b; mod m; V1 < i < n? The answer is yes, and we find out that if
x works, then so does x + (myms - - - my,); there is a unique solution up to a
multiple of m = mimsg - --m,,.

1. Construction
Consider R = Z. For each i, let I; = (m;) be an ideal of Z (recall:
mZ + nZ = g.c.d.(m,n)Z). Since g.c.d.(m;,m;) =1 for i # j, we get that
Ii +1; = Z ¥Yi # j (In such a case that I; + I; = R, we call I; and I;
co — mazimal).
We want © — b; € I; = m;Z = (m;) V1 < i < n, and we write this: z; = b;
(mod I;). Then the question becomes: Is there a function f such that:

[Z—=7Z/1; x...xZ]I,
Or equivalently,
fiZ—Z/miZ % ...x7Z/m,Z
Under such a function, we would get
x> (b1,...,bn)
All that would be left to show is surjection (which is clear), and we know

that the kernel of such a function is exactly mZ, where m = mgy - - - m,,.

THEOREM 8 (Chinese Remainder Theorem). Let R be a ring with iden-
tity and Az, ..., A, be ideals. Suppose that for alli # j we have A;+A; = R
(A;, Aj are comazimal). Then,

m:R— R/A; X R[Ay x ... x R/A,

Where w(r) = (r mod A1,...,r mod A,) = (r+Aq,...,r+ A,) is surjective
and the kernel is (;_; Ak.

COROLLARY. R/(_y Ar = R/A1 X ... X R/A,.

REMARK. In Z, mZ N nZ = mnZ for g.c.d.(m,n) = 1. So, [, miZ =
(my---my)Z for g.c.d.(mj,m;) = 1.

Proof: r € Ker(w) implies 7w(r) = (0,...,0) = (0 + Ay,...,0 + A,).
But, n(r) = (r+ Ay,...,r+ A,)sor € A; Vi, sor € A1N...NA4, =

19



20 3. THE CHINESE REMAINDER THEOREM

A+ A, = Ker(m) C AyN...NA,. Similarly, A;N...N A4, C Ker(r).
Hence, Ker(m) = A1N...NA, = A1Ay--- A,.

PROOF. Consider n=2 (rest follows from induction). Since they are
comaximal, A1 + As = R. That means, we can choose x € Ay, y € As such
that £ 4+ y = 1. This gives us a couple of congruences, namely y = 1 mod
A; and x = 1 mod Ay. So given (b mod Aj,by mod Ay) € R/A; X R/As,
we get the following:

(bymodAy, bamodAs) = (bymodAy,0) + (0, bamodAs

= (bymodA1,bymodA1)(1,0) 4+ (bamodAs, bamodAs)(0, 1
= m(b1)m(y) + w(b2)7(z

= 7r(b1y + bQSC

)
)
)
)

So 7 is surjective.
All that’s left to showis A1 N...NA, = A14y--- A,.

Fact. AiNAsn...NA, =A;---A, when R is commutative.
CLAIM. A1 NAg=A Ay = {Z?Zl aib¢|a¢ S Al, b; € AQ}

[Subclaim: M - N C M N N is always true for ideals in a ring. By
definition of ideals, Y a;-b; € M N N since m; -n; € M and m; -n; € N Vi.]
Proof of claim: We need to check that A1 N Ay C Ay - As. Write
1=2+y where x € A1,y € As. Given a € A1 N Ay implies:
a=la=(r+yla=za+ya€ A - A

In this case, x,a € A1 and y,a € Ay, and this sum xa + ya € Ay - As.
O

EXAMPLE. Let m,n € Z, g.c.d.(m,n) = 1. Let Z — Z/mZ x Z/nZ. By
the theorem, this is surjective with kernel mZ N nZ = (mn)Z. So,
asrings

g
Z/mnZ =  Z/mZ x Z/nZ for g.cd.(m,n) =1

COROLLARY. Let n = p’fl '--pfj for n € Z where each p; are distinct

primes V1 <i <j (k1,...k, > 1€ Z). Then,
ZInL =T/ T x ... x TIp{' T



CHAPTER 4

Domains

One should note that generally speaking, when considering a ring R in
this section, it will be an Integral Domain.
The following will be stated as true now, but will eventually be proven:

Fields C Euclidean Domains C Principal Ideal Domains C

Unique Factorization Rings C Integral Domains
DEFINITION 12. A Norm on a ring R is a function
N:R— Z"U{0}
Such that N(0) = 0. If N(r) # 0 for r # 0, we say that N is a positive
norm.
ExXaMPLE. Let R = Z. The candidate for a norm would be as follows:
N(k)=|kl,keZ
This happens to be an example of a positive norm.

ExAMPLE. Let R be a polynomial ring, say S[z] where S is any ring.
Let:

N(p(z)) = deg(p(x))
If s € S,s#0, then N(s) =0.
DEFINITION 13. An integral domain R is a Fuclidean domain if there is

a norm such that for any two elements a,b € R,b # 0, there are q,7 € R
such that:

a = qb+r Where r=0 or N(r) < N(b)

EXAMPLE. Let R =7, with N(K) = |K|. Given a,b € Z,b # 0, we see
that:
a=qb+r where r =0 or |r| < |b]
This shows that Z is a Euclidean domain.
ExAMPLE. Extending the example of a norm on a polynomial ring S[z],

we see that if S = R that the given definition of a norm would also qualify
S[z] as a Euclidean domain.

21
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This form in a Euclidean Domain allows an algorithm called the division
algorithm, which is as follows: In a domain R, given a,b € R,b # 0, we can
write:

a = qob + ro where rg = 0 or N(rg) < N(b)
assuming ro # 0 we see that:

b= qiro+r1 where r; =0 or N(r1) < N(rp)
ro = qor1 + 72 Where 19 = 0 or N(ry) < N(r1)
r1 = q3re + 13 where r3 = 0 or N(r3) < N(r2)

this process continues until r, = 0.
ExAMPLE. If F is a field, then F is a Euclidean domain with the norm:
N:F—7Z* U{O} where N(z) =0
Given a,b € F,b # 0 we see that:
a=ab™' + 0 where ab™! will be the ”q” term and 0 will be the r term

Since F is a field, ab—! € F, so this norm holds.

EXAMPLE. Let R =Z, and N(z) =0 . Then:

a=qgb+0

But since not every element of Z has an inverse, we will not always find a
good candidate for ’q’. Take for example:

2=¢3+0

Since % is not a member of Z, this will not be a valid Euclidean domain

under this Norm.

DEFINITION 14. An integral domain R is called a principle ideal domain
(PID) if every ideal in R is principle, i.e., it is generated by a single element.

EXAMPLE. Let R = Z. The ideals of R are then nZ, for n € Z and since
nZ = (n) = (—n), so Z is a principle ideal domain.

EXAMPLE. Take R = Z[z]. Then consider the ideal (2, ). This ideal
cannot be generated by a single element, so thus Z[z] is not a PID.

THEOREM 9. FEvery Fuclidean domain is a Principle ideal domain.

Proor. Let R be a Euclidean Domain under some norm N. Let I be
an ideal of R. We have to show that I is principle. Chose a € I,a # 0,
and N(a) to be smallest in that ideal. Since a € I we know that (a) € I,
which shows that (a) C I. We then have to show the reverse inclusion to
prove that (a) = I. We know that for any b € I, we can make the following
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representation: b = a-x,x € I. Let’s assume that b # 0,a # 0. Since R is a
Euclidean domain, we know that there exist ¢, € R such that:

b = qgc+ r where r=0 or N(r) < N(a)

Since we assumed that the norm of the element a was the smallest in the
ideal I, we know that r must then be zero. So then, we conclude that
b=q-a,sobin(a), and since b is any arbitrary element in I, we know that
I C (a). This shows that I = (a), which tells us that R is a Principle ideal
domain. ([l

DEFINITION 15. A greatest common divisor of 2 elements a,b € R (de-
noted ‘ged’) is an element d € R such that:
(1) dla and d|b (i.e., d = dx,b = dy,z,y € R)
(2) If ela and elb,theneld.

REMARK. Taking this definition of a common divisor of elements are
putting it in terms of ideals, we have:

dla <= a =dx, for some x <= a € (v) < (a) C (d)
And
dlb <= b=dyforsomey <= be (d) < (b) C (d)
So then, we have the following two requirements in terms of ideals:
(1) dla and d|b <= (a,b) C (d) Where (a,b) = > c-a+ f-b =

Ye-dr+ f-dy=dd (cx+ fy)
(2) If (a,b) C (e), then (d) C (e).

So, the ged of a and b is d, if (d) is the smallest principle ideal containing
(a,b).

EXAMPLE. In Z, let a,b € Z,a = 12,b = 16. Since (4) = (—4) are
the smallest principle ideals containing (12, 16), we know that the greatest
common divisors of a and b are +4.

Fact. The following are true:
(1) If (a,b) is principle, then (a,b)=(x) and x is the greatest common
divisor of a and b.
(2) If R is a PID, for any two elements a,b € R, the greatest common
divisor of a and b exists.

EXAMPLE. Z[z] is not a PID, because (2,z) is not principle. But, we
know that the greatest common divisor of 2 and x does exist. In finding the
ged, (let’s call it 'p’) we need to find an element such that the following is
true:

p|2 and p|z

Since the only candidate for p is £1, we know that the greatest common
divisor of 2 and x is £1.
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LEMMA. If (d) = (d), where both ideals are non zero in a ring R, d’ = ud
for some unit u € R. So, any two greatest common divisors (d,d’) differ by
some unit u.

PRrROOF. If (d) = (d'), then d € (d'), so d = zd'. Similarly, d’ € (d) so
d = yd. Thus, d = zyd, which implies that z(1 — zy) = 0. So, zy = 1
since we know that these ideals are nonzero in R, displaying that x and y
are units. Thus, d and d’ differ only by a unit. O

REMARK. If (a,b) C (d), (a,b) C (d’) then d and d’ are geds of a and b
if and only if (d) = (d').

DEFINITION 16. z and y are called ’associates’ if x = uy for some unit

Recall that if R is a Euclidean Domain and a,b € R, a,b # 0 that
a = qob+ 1o, N(ro) < N(b) or 7o =0

And that we can continue this process until we get some r,, where r,41 = 0.
Our Claim is now that this r,, is a! greatest common divisor of a, b.

PROOF. We need to show that r,|a and r,]b. This is easy to do. We
know that:
Tn‘rn—l
And by working up, that

Tn‘rn72

rnla, rn|b

Then we need to show that r, = xa + yb, for some z,y. Then, if e|a and
elb, then we know that e|r,, which will show that r, is a greatest common
divisor. Again, this comes from working upwards:

T =Tpn—2 — QnTn—1 = Tn—2 — Qn(rn—Q - Qn—lrn—Q)

’["n gV 1) a+ AN b

0

Lwe say ’a’ greatest common divisor because as we’ve seen, the gcd of two elements

does not have to be unique.
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Fact. (alb,bla) <= ((b) C (a) and (a) C (b)) <= a and b are
associates. If a and b are associates, then a = bu,u"'a = b. Conversely, if
(a)=(b) then

(a)

N

(b) = a=bx
And
(b) C (a) =b=ay
Thus,
a=br=ary=a(l—xy)=0
Thus, zy = 1 so x and y are units. Since a = bz, where x is a unit, we know
that a and b are associates.

COROLLARY.
(a) = R if and only if a is a unit.

Proor. R=(1), so if (a)=(1), (a)=R. This happens if and only if a and
1 are associates, i.e. ax = 1 for some x. And we know that this happens
when a is a unit. (]

Recall, if an ideal M is maximal in R, then M is prime.
Mmaximal in R <= R/M is a field = R/M is an integral domain
<= M is a prime Ideal in R.

ExAMPLE. Notice that :
Zlz]/(z) = Z

Which is an integral domain, not a field. Thus, (x) is prime but not maximal
in Z[x].

THEOREM 10. If R is a PID, every nonzero prime ideal in R is mazimal.

PROOF. Let (p) be a prime ideal in R, a principle ideal domain. We
want to show that if (p) C some ideal (m) C R, that (m) = (p) or (m) = R.
If (p) C (m), this means that p € (m), so p = mr for some r € R. Thus,

mr € (p), which is a prime ideal, so either m € (p) or r € (p). If m € (p),
then (m) C (p) = (m) = (p). If r € (p), then r = xp, and since p = mr,

p = mazp. Thus mzx = 1, so m is a unit, and (m) = R. O

REMARK. If F is a field, F[x] is a Euclidean domain and thus a Principle
ideal domain. The Converse is also true, if R[x] is a PID, R is then a field.

PROOF.
R[z]/(z) = (R) by the first isomorphism theorem

So thus (x) is prime. But R[x] is a PID, so (x) is maximal, and since
Rlz]/(z) = R, R is a field. O

DEFINITION 17. Let R be an integral domain.
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(1) We say that r € R is irreducible if v is not a unit, and whenever
r=ua-b ais a unit or b is a unit. Otherwise, we say that r is
reducible.

(2) p € R is called prime if (p) is a prime ideal in R.

LEMMA. In any integral domain, every prime element is irreducible.

PROOF. Let p be prime, so (p) is a prime ideal. Suppose p = ab, we
need to show that either a or b is a unit. Since ab € (p), this implies that
a € (p)orbe (p). Le., a=px or b=py.

if a = px = abx, so bx=1, showing that b is a unit
if b = py = aby so ay=1, so a is a unit
Thus, either a or b is a unit. ([l

EXAMPLE. Let R = Z[v/—5] = {a + bv/—5|a,b € Z}.

9=3-3=(24+vV-5)(2—+vV-bH)

We can see that 3 divides 3, and thus should divide the right hand side, but
3 does not divide 2 +1/—5)

(3-(a+bvV—-5)#2++vV—5 Va,bcZ)
Thus, 3 is not prime, i.e. (3) is not prime.
¢=(2+V=5)(2—v-5) € (3)
But (24 +v/=5) ¢ (3). However, 3 is irreducible in this ring.

LEMMA. Let R be an integral domain. r € R is irreducible <= (r) is
'maximal among all principle ideals’, i.e.: If (r) C (s) C R then (r) = (s) or
(s) = R where (s) is principle.

PROOF. Suppose whenever (r) C (s) C R that either (r) = (s) or (s) =
R.We would r to be irreducible, so let » = ab. Then, a|r so (r) C (a) C R.
By our assumption, (r) = (a) or (a) = R, which implies r and s are associates
where b is a unit, or s itself is a unit. This shows that r is irreducible.

Now let r be irreducible, and (r) C (s) € R. So, r=st. If s is a unit then
(s)=R. If t is a unit, then r and s are associates, so (r) = (s). O

COROLLARY. In a PID, r is irreducible if and only if r is maximal. The
proof of this comes directly from the Lemma, since maximal ideals are equiv-
alent to maximal among all principal ideals.

COROLLARY. In a PID R, for » € R, the following are equivalent:
(1) (r) is prime
(2) ris prime
(3) r is irreducible
(4) (r) is maximal

DEFINITION 18. A unique factorization domain or UFD is an integral
domain R such that:
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(1) Forr € R, where r is not a unit and r # 0, we can write:

T =PpipP2.---Pn
Where p; is irreducible for all i.
(2) (There is uniqueness up to associates) If
T = p1p2---Pn
And
T =4q4192---9m
Where q;, p; are irreducible for all i, then m = n and every p; is an
associate of exactly one q;, and cive versa.
dr e Z such that p; is an associate of q, ;)
n

ExampLE. If F is a field, F is a UFD. Every element is a unit, so every
element has a multiplicative inverse. There is nothing to check here, because
every non-zero element is a unit.

EXAMPLE.

Z[2i] = {a + b2i|a,b € Z}

Notice that ’i’ isn’t in this ring. We see that the following is true:
4=2-2=(2i)-(—29)

Are 2,2i, and -2i irreducible? Well:

2=a-b= aorb=4=41
And

2i=c-d= cord= =1
Thus, 2, 427 are irreducible since 1 is a unit. Are 2 and 27 associates? This
would imply that

2 (z+1d2y) =21

Where (x+i2y) is a unit. Since the units in this ring are £1, we see that
this is impossible. Thus we see that we have a nonunique factorization of 4
into a product of irreducibles.

Claim: In a UFD, x is prime if and only if x is irreducible.

ProoF. In a UFD, which is an integral domain, prime elements are
always irreducible. Suppose x is irreducible in a UFD. We would like to show
that x is prime, which we can do by showing that (x) is prime. Suppose
ab € (r). We would like to show that either a € (x) or b € (x); ie., if
alab = x|a or x|b. Suppose that z|(a,b). Then,

xe = ab = (ajaz...a,)(b1ba...by,)
Because we are working in a unique factorization domain. This shows that:

x - (c1c9...cp) = (a1ag...a,)(b1ba...by,)
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and by uniqueness, x is an associate of some a; or b;. If x is an associate
of a;, this implies that = - x = a; for some unit d. This means that z|a;, so
z|(ayas...ay), which in turn means that z|a. Similarly, if x is an associate of
by, then x|b. Thus, x is prime. O

Fact. In a UFD, greatest common divisors always exist. Given:

k k
a=p;'pa- ..y

and ‘ 4
b=pl ... pir
Where p; are distinct primes (irreducibles), the following is true:
gcd(a, b) _ p?lnin(khjl) . pilnin(kn,jn)

Our claim is that:
(1) d|a and d|b
(2) if ela and e|b then e|d
Consider: the following representation of the element ’e’:
e=c{"ey?
Where ¢; are distinct primes for all i. Since e divides both a and b,
e=pi'py? ..oy
Where u is a unit. Thus, we see that since e|a and e|b, s; < min(ki,j;).
This then implies that e|d. Notice that:

a-b=(gcd(a,b)(lecm(a,b))

THEOREM 11. Ewvery principle ideal domain is a unique factorization
domain.

ProoF. Let R be a PID, » € R be a non-unit. We would like to show
that r is equal to a product of non-units. If r is not irreducible, then:

r =TT

Where ri, r9 are not units. If 7y is reducible, then:
r = (rrz)re

If 11 is reducible, then:

r = ((rin1ri2)ri2)r2)

We need to check that this process can’t go on forever, that eventually r will
be written as a product of irreducibles. If it were so, that means:

7"1\7“, 7“11!7"1, 7”111\7“11 e
And in terms of ideals, this means:

(r)C(r1) € (ru1) € (rim) €...CR
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LCLCI3C...CR
The claim is that I, = I,,11 = I42 = ... = R for some n. The proof of that

is the
1=
j

is an ideal, and in a principle ideal domain, every ideal is principal. Thus, I
is principal. So, I=(a), so a € I,, for some n. This implies that:

(@) S I, €I = (a)
SO
(a) = dn = In+l1 = In42 = oI
In a PID, the ascending chain of ideals is a principle ideal. So, we can factor

irreducibles into finitely many irreducibles. In showing uniqueness, we see
that when

pb1p2-.-Pk = q192.-.4n

That we can pick off elements one by one (since given a p; it must divide
q192..-qn) until we see that the factorization was unique. ([l

COROLLARY. Since Z is a Euclidean Domain, and therefor a PID, it is
thus a UFD.

n = p1P2p3---Pk
Where p; are prime numbers for all 4, and this factorization is unique up to
a reordering of p;’s and multiplication by the units in Z, which are +1.

Recall: R[z| for any ring R denotes ”polynomials in x with coefficients
in R”.

DEFINITION 19. Let R be a ring. The following is true:
Rlz1, z2,...x,)) = (R[z1, 22, ...kpn—1)[Tn])
Also recall that R[x] has a norm given by:
N(p(x)) = deg(p(x))

And the units of R[z] are units of R. If R is an integral domain, then so is
Rlx].

Proor. If
p(x) - q(x) = 0= N(p((z) - q(x)) = N(p(x)) + N(q(x)) = 0 = N(constant)

So thus, either N(p(z)) = 0 or N(¢q(z)) = 0. This implies that both p(x)
and ¢(z) constant, we’ll call them a and b respectively. We then know that:

a-b=0

And since R is an integral domain, we know that either a = 0 or b = 0.
Thus, p(z) =0 or g(x) = 0. O
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Let I be an ideal in R. Since I is a subring of R, we can say that
I[z] Coupgring Rlx]. Given an element (rg+ 712+ ...rp2"), we see that when
taking an element (azz*) € I[x], then when you multiply these elements
you get: (aprox™ + apriz®! + .agr,z®*). We see that the coefficients
(agro, agry, ...axry) will live in I, since I is an ideal. From this we can con-
clude that I[z] is an ideal of R[z] if I is an ideal of R (it turns out the
converse is also true; if I[x] is an ideal of R[z], then I is an ideal of R).

REMARK.
R[z]/I]x] = (R/T)[z]
Where the isomorphism is in terms of rings.
PROOF. Define a homomorphism:
¢ : Rlz] — (R/I)[z]
where

n

4,0(2 rext) = Z(T‘k + Da®
k=1

k=1

(e.g., let I = 3Z C Z. The element 42° + 322 + 1 25 25 + 1, because
the coefficients would be reduced by modulo 3). The map ¢ is surjective,
because

Ker(p) = {p(z)| the coefficients of p(x) are in I } = I[x]
And by the first isomorphism theorem,
Rlz]/I[z] = Im(p) = (R/I)[x]

U

COROLLARY. If I is prime in R, I[z] is prime in R[z].

PROOF.

I prime in R <=
(R/I) is an integral domain <=
R[z]/I[x] is an integral domain <=
I[x] is prime in R[x]

U

EXAMPLE. nZ C Z is a prime ideal if and only if n is prime. So, (nZ)[z]
is prime in Z[z] if and only if n is prime.

If F is a field then F[z] is a Euclidean domain, where N (p(z)) = deg(p(x)).
Given a(z),b(x) € F[z] where b(z) # 0 we see that a(x) = b(z)q(x) + r(x)
where 7(z) = 0 or N(r(z)) < N(b(x)). So, F[z] is a unique factorization
domain. We'll show that R[z] is a unique factorization if and only if R is a
unique factorization domain.
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PROOF. The one direction of this statement is trivial: if R[x] is a unique
factorization domain, then R must also be a UFD, since R C R[z]. We'll
use the ring of fractions F of R to better understand the oppositve direction
of this statement. O

EXAMPLE. Q[z] is a Euclidean domain, since Q is a field. Notice that
(2,z) is a prime ideal in Q[z], because (2,z) = Q[z]. T

We would like to use the ring of fractions F of R to study factorization
in R[z]. A brief paraphrase of Gauss’s lemma goes as follows: ”Given R (a
UFD) and F (a field of factors of R), if you can factor in F[x] then you can
factor in R[x]”.

THEOREM 12. Let p(x) € R[z] and suppose p(z) = A(x) - B(x) where
A(x), B(z) € Flz], then there exists r,s € F' such that:
r-A(z) = a(x) € R[z]
s- B(z) = b(x) € R[x]
and

EXAMPLE.
z? € 7 C Q[z]
Factoring #? in Q[z], we get:
1
=2 —x
2

Then, we can do the following:

1 1
5(23:) =z and 2(5:13) =z

where 2, % € Q.

PRrROOF. Given p(x) = A(z)B(z) where the coefficients of A(x) and
B(x) are elements of F, i.e., are "fractions” as we think of them. Let
d = product of all denominators of the fractions . Then,

dp(x) = m(x)n(z)
Where m(z),n(x) € R[x]. d € R since R is a unique factorization domain,
and:
d= C1C9...Cp,
Where ¢; is irreducible in r. We then conclude that:
c162...cnp(x) = m(x)n(x)
We would like to show that for each i, ¢;|m(x) or ¢;|n(z). We know that:
R/(c;) is an integral domain = R/(¢;)[z] is an ID

and

(R/(ci))|=] = Rlx]/(ci)lx]
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So, when considering
c162...cnp(x) = m(x)n(x)

reduce modulus ¢; term by term, i.e., send the coefficients in R to coefficients
in R/(¢;). Let i = 1. Then,

0= m(x) n(x)

So, m(x) and n(x) are elements of (R/(c;))[z], which we know to be an
integral domain. Thus, by the definition of an integral domain, either:

m(z) =0 or n(x)] =0
So, ¢; must divide the coefficients of either m(x) or n(x). This implies that

m(z) € R[z] or n(z) € R[x]
C; C;
Taking this operation for all 7, we end up getting p(x) = a(x) - b(z) where
a(x),b(z) € Rx].
U

The Idea is that if you can factor with field coefficients, then you can
factor with ring coefficients. However, we still would like to give a solid
proof that R is a UFD if and only if R[z| is a UFD. To help this along, we
have the following corollary:

COROLLARY. Let R be a UFD, and suppose that p(z) € R[z]. If The
greatest common divisor of the coefficients of p(x) is 1, then p(x) is reducible
in R[x] if and only if p(x) is reducible in F[x]/

PRrROOF. If p(x) is reducible in F[x], then p(x) is reducible in R[x] by
Gauss’s lemma (recall that p(x) is reducible in F[x] if and only if p(x)=a(x)b(x)
where a(x) and b(x) are not constants). So by Gauss’s lemma, we factor
p(x) into non-units in R[x].

If p(x) is reducible in R[x]|, then p(x)=a(x)b(x), where a(z),b(x) €
Rlz] and a(x),b(z) are not units. If coefficients of p(x) have a great-
est common divisor of 1 (bear in mind you can force this condition by
factoring out by the greatest common divisor in R), then a(x) and b(x)
must not be constant polynomials- otherwise, if a(x) = ag then ag|p(x) =
ap|the greatest common divisor of p(x) and since the ged(p(x))=1, we know
that ap = 1, which is a unit. Thus, p(z) = a(z)b(x) where deg(a(z)) >
1 and deg(b(x)) > 1.

Then, a(x) and b(x) are not units in F[x], so p(z) = a(z)b(x) is a fac-
torization of p(x) € F[x] into non-units, so we know that p(x) is reducible
in F[x]. O

ExAMPLE. The following polynomial is irreducible in Z[z] if and only if
it is irreducible in Q[z]:

223 + 322 + 52+ 7
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Take an even easier example- is 2x reducible in Z7 We know that this is
true if and 2x is reducible in Q[z]. And since:

2
r=2-2=—-47- 2= ...
T T 17 7-x

2x isn’t uniquely factor able in Q, we know that 2x is irreducible in Q[z].
On the other hand though, it turns out that 2x is reducible in Z[z], and this
doesn’t violate our corollary because the greatest common divisor of 2x is
not 1.

DEFINITION 20. A polynomial:
an" + apn12" 2 + ...+ a1z + ag

Is called monic if a,, = 1. Notice that a monic polynomial in R|z] is ir-
reducible in R[z] if and only if it is irreducible in F[z], since the leading
coefficient forces the greatest common divisor of the coefficients to be 1.

THEOREM 13. R is a UFD if and only if R[] is a UFD.

Proor. If R[x] is a UFD, then R is a UFD since R C R[z| under the
map a +— a + 0z + 022 + ...
No suppose that R is a UFD and p(x) € R[x]. we can write p(x) as:

p(x) = a ged of the coefficients of p(x) - g(x)

We want to show that we can factor p(x) uniquely (up to associates) into
irreducibles in R[x]. We know that the following is true from the fact that
R is a UFD:

p(z) = ged(p(x)) - q(x) = (d1 - da . .. dy)g(x) q(z) € R[z],d;i € R

Focus of the q(x) term- we know that the greatest common divisor of its
coefficients is 1, since we factored out by the greatest common divisor of
p(x). Recall that if(q)x is irreducible in R[x], we’re finished with this proof.
Otherwise, if q(x) is reducible in F[x|, then q(x) is reducible in R[x]. We
can claim the following:

a(@) = m(@)n(@) = r_m()- _s_n(x)
N——

EF[z] eF eF

ER|z]
This follows from Gauss’s lemma. Since the ged of ¢(x) was 1, we know that
m(x) and n(x) were not constants, otherwise they would be units.

Think of q(x) as a polynomial with field coefficients, ¢(x) € F[z], and
since F is a field, F[x] is a Euclidean Domain and thus F[z] is a UFD. So,
we can write:

9(z) = q1(x) - g2(2) - . . gn ()
Where ¢;(z) € F[z] are irreducible. By Gauss’s lemma, we can write the
following;:

q(z) = rip1(z) - repa(x) . .. rppn ()
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Where moreover, r;p;(z) € R[z] and r; € F. We know know the following
two things:

(1) We know that the ged in R of a;p;(z) is 1, because we know that
the greatest common divisor of q(x) is 1.
(2) Each a;p;(z) is irreducible in F[x], since a; € F is a unit and ¢(x) €
F[z] is irreducible because F'[z] is a UFD.
Now, through these facts and our lemma, we know that a;p;(z) is irre-
ducible in R[z] for each i. (recall that the lemma said that if p(z) €
Rlz)andged(p(x)) = 1 that p(z) is irreducible in R[z| if and only if p(x)
is irreducible in F[z]. However, we still need to prove that this factorization
of q(x) is unique.
Suppose we have the following factorizations of q(x):

q(z) = q1(z)q2(x) ... qn(z) = s1(x)s2(z) ... s ()
Where s;(x), g;(x) are irreducible in R[z]. We need to prove that each ¢(x)
is an associate of some s(x).

First, recall that each representation of q(x) is a factorization in F|[x]
into irreducibles. Since Fx] is a UFD, we know that n = m and after a
reordering, that:

a;
G = Es(x>
So
biq(z) = a;si(xr) a;b; € R
We know that a; and b; are associates since the greatest common divisor of
¢i(x) and s;(z) is 1. This implies that:
a; =ub; and di _ u where u is a unit in R
i
U

EXAMPLE. Z[z,y] = (Z[z])[y] Is Z[z] a UFD? The answer is yes, since Z
is a UFD, so analogously we know that (Z[z])[y] is also a UFD! The following
corrolary follows from this idea.

COROLLARY. Z[z1,2,...2y] is a UFD

DEFINITION 21. A root of a polynomial p(x) € R[x] is an elementr € R
such that p(r) = 0.

LEMMA. p(z) € F[z] has a degree 1 factor if and only if p(x) has a root
in F'. This is true because:

p(x) =q(z) - (r — )+ r(z) and r(z) = 0 or deg(r(z)) < deg(z — o) =1
0 =p(a) =q(a) - 0+r(a)
So we can conclude that r(x)=0. Thus, (x — a)|p(z).

COROLLARY. If deg(p(x))=2 or deg(p(x)) = 3, p(x) = Flx], p(x) is
irreducible if and only if p(x) has no roots in F. (the reason for 2 or 3 is
because it forces linear factors.)
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EXAMPLE.
p(z) =2* +x+1¢€7Z/27[x]
The only elements in Z/27Z are 0 and 1, neither of which are roots for this
polynomial. Thus, p(x) is irreducible in Z/27Z.

However, if p(z) € Z/3Z, p(x) is reducible since p(1) = 0. Also notice
that when factoring in this ring, the following is true:

p(z) = (x — 1)(z — 1) under mod 3

We do have other root tests for polynomials of higher degree, take for
example:
p(2) = anz™ + an_12" 4+ ... + a1z + ap € R[]
If p(£) € F =0 and (r,s)=1 where R is a UFD and F is a field of fractions,
the following is true
rlap and s|a,
This can be shown through the following:
r r r r
0= p(;) = an(g)n + anfl(;)n T+ s +ao
—s"ag = apr™ + ap_12" 4 .+ airs” !
= r|s"ag

And since r and s are relatively prime, we know that r|ag. Similarly we can
show that s|ay,.

EXAMPLE. Suppose that p(x) is a monic polynomial, p(x) # 0Vr €
R such that r|ap and
p(z) =1z" + ...+ a,
We can conclude that p(x) has no roots in F, since the monic property of
p(x) forces s = 1.

EXAMPLE.
p(z) = 2% — 3z — 1 € Z[z]
Since this polynomial is monic, and only £1|ag we only have to try +1 for

r. Since p(1) # 0 and p(—1) # 0, we can conclude that p(x) has no roots in
7, and is irreducible.

PROPERTY. Let I be a principle ideal of a ring R. We have the following
maps:

R[z] — R/_I[:L’]

p(x) = p(x)
Where p(z) denotes p(x) reduced with respect to the ideal I.
~ Let p(x) be monic, and non constant. If there is no factorization of

p(z into polynomials of lower degree, then p(x) cannot be factored into
polynomials of strictly lower degree € R][z].
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PROOF. Suppose that p(x) is reducible in R[z]|. Thus,
p(x) = a(x)b(z), a(z),b(xz)# constants
Then,

p(z) = a(x) - b(x)
Is a factorization of p(z) into polynomials of strictly lower degree, since
deg(p(z)) = deg(p(x) (which follows from p(x) being monic and I being a
proper ideal, which ensures that there are no units in I). O

EXAMPLE.
P?+r+1€l
Reduce this polynomial by the ideal I = 2Z. Since this polynomial has no
roots in Z/27Z[x], it has no factorization in Z[z] and is thus irreducible.

EXAMPLE.
22 +1 € Z[z|
And let I = 3Z. 22 + 1 has no roots in Z/37Z, so 2 + 1 is irreducible in Z[z]
since it is irreducible in Z/3Z[z]. Notice that we should not allow I = 27,
because this polynomial does have roots in Z/2Z[z]. However the existence
of roots in the quotient group is not enough to show that p(x) is reducible
in Zzx].



CHAPTER 5

Eisenstein’s Criterion

The following is a theorem refered to as Eisenstein’s Criterion:
THEOREM 14. Let R be a ring, P a prime ideal, and
p(z) =2 +cp 12"+ . F
Where ¢; € P and co ¢ P? = (P - P). Then, p(z) is irreducible in R/x].

PROOF. Suppose that p(x) is reducible in R[z], say

p(z) = a(x)b(z)
Where a(z) and b(z) are nonconstant polynomials. Reducing this equation
modulo P and using the assumptions on the coefficients of p(x) we get the
equation:
z" = a(z)b(z) € (R/P)[x]

Where the bar denotes the polynomials with coefficients reduced with
respect to the prime ideal P. Since P is prime, we know that R/P is an
integral domain, and it follows that the constant terms of both a(x) and
b(x) are elements of P, and thus a(z) and b(z) have 0 as their constant
terms. But if this were true, it would follow that the constant term cg of
p(x) would be the product of two elements of P, and thus be an element of
P2, a contraction.

O

This is commonly applied to Z[z], and the result is stated explicitly
below:

COROLLARY. Let p be a prime in Z and let
p(z) = 2" + an_12" ' + ... + ag € Zfz],n > 1

Suppose that p divides a; for all 4, but that p? does not divide ag. From this
we can conclude that p(x) is irreducible in both Z[z] and Q[z].

ExaMpPLE. Take the following polynomial:
2 +1 -2+ 150 +5

Notice that the prime number 5 divides 10,15, and 5, but 52 does not di-
vide 5. Thus, this polynomial is irreducible. The same idea applies to a
polynomial in the following form:

n

r —p
37
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Where p is prime, because p? does not divide p.

REMARK. Recall that if F/[z] is a ED, it is then also a PID and therefore
a UFD. Given f(z) € Flz], we know that f(z) is irreducible if and only if
the ideal generated by f(x) is maximal; (f(z)) is maximal. This is due to
the fact that if (f(x)) is maximal it would cause F'[z]|/(f(x)) to be a field,
and we know that f(x) has a root « if and only if x — «|f(x), which would
happen since F[z]/(f(z)) is a field. Through induction, we see that f(x) has
roots ay, ag, ...ay, if and only if (z — a1)(x — ag) ... (x — ap)| f(z).

One consequence of this is that:

n=deg[(z — ar)(x — a2) ... (x — ay)]
= The number of roots in the set {a1, ag, ..., ap}
= The number of roots of f(x) < than the degree of f.



CHAPTER 6

Modules and Algebras

DEFINITION 22. Let R be a ring. A left R-module is an abelian group
(M, +) with a function from:
RxM— M, (r,m)—=r-m

Such that the following properties hold:

(1) (r-sym =r(s-m)

(2) (r+s)m =rm -+ sm

(3) r-(m+mn)=rm+rn
For allr,s € R and m,n € M. Also, if 1 € R, we demand that 1-m = m.

DEFINITION 23. Suppose that R = (R, +, ) and that M = R"™ = {(v1,va, ..., vn)|v; €
R}. Thus, M is an abelian group under addition, and:

R x R" — R"
Under the mapping
(r, (v1, V2, ..., V) = (TV1,TV2, .y TU,)
This defines a left R module.
More generally, left R modules are called R-vector spaces. Even more

generally, if F' is a field, left F-modules are the same as right F-modules, or
”vector spaces over F”.

ExampLE. If R is a ring, then R is an abelian group under addition,
and M = R is a left R-module under the mapping

RxR—R (r,m)w (r-m)

Which holds by associativity and the distributive law thanks to the ring
structure of R.

EXAMPLE. A submodule of a left R-module M is a subgroup N C M
such that:

RxN—->RxM-—-M-—=N
Where the last arrow really implies that the action of R on the subgroup N
of M has an image back in N, and it’s function defines a left R-module.
We claim that submodules of vector spaces are really what we’ve called

subspaces.

39
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ExAMPLE. What are the submodules of the R-module R? Well, we need
a subgroup S C R such that

RxS—-RxR—-R—S
ie.,ifre R,s€ S,;r-s € S so8Sisasubring of R and a left ideal of R.
ExAMPLE. If F is a field, define:
F" ={ai,ag,...,an|a; € F'}
F™ is then a F-vector space under the following map:
FxF"—=F" (a,(ay,a2,...,ay)) — (aai, aas, ..., cay)
E.g., (Z/pZ)™ is a Z/pZ vector space.
Similarly, we can define for any ring R and n € N a left R-module:
R" ={ay, a9, ...,anla; € R}
Notice that if n=1, this is the same as the example above in which R is a
left R-module over itself. This module is called a ”free left R-module of rank
n”.
EXAMPLE. Let R = Z. A natural question to ask is, what are Z-
modules? Our claim is that a Z-module is exactly an abelian group.

PRrROOF. By definition, every Z-module is an abelian group. Conversely,
suppose that (M, +) is an abelian group. We can make (M,+) into a Z-
module in the following way:

ZxM—M (Ekm)—m+m+m+...4+m

k times
This map satisfies the following properties:
(1) j(k-m) = (jk)m (Follows from the properties of group addition)
(2) (j + k)m = (jm + km) (Follows from associativity)
(3) m(j + k) = mj + km (Follows from M being an abelian group)
(]

ExaMPLE. Fix an F-vector space V. Consider S, an abelian group under
composition:

S ={T|T :V — V is a linear isomorphism} T(a+b) = T'(a)+T'(b) and T'(ca) = ¢-T(a)

Now consider the ring F[x]. We can define an F[x]-module structure on S in
the following way:
Flz] xS — S

ex.: (2 +32x+4+2,T) — ToT+3T+2-Id (remember that the sum of linear
transforms is still a linear transform). In other words, we’re defining a map
as follows:

(p(x), T) = p(T)
It needs to be checked that the conditions for a valid module structured are
upheld here, it’s unclear whether or not they are.
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DEFINITION 24. Let R be a ring with 1g. An R-Algebra is a ring A with
14, together with a ring homomorphism
f:R— A

Such that:

(1) f(1r) =14

(2) f(R) C the center of A
An alternative definition is as follows: An R-Algebra is a ring A with 14
that is also an R-module, and for a,b € A,r € R the following is true:

rx(a-b)=(r*a)-b

Where - denotes the action in the module A and * denotes the action in the
ring R. The idea behind an algebra is that it supports a type of compatibility
between the Algebra’s operation and the Module’s operation.

ExaMPLE. Let R = R, and let A = nan matrices with coefficients in R.
A is a ring under addition and multiplication, and it has an identity, which
we will denote 14. A is an R-module,

RxA— A (7", [aij]) — [7" : aij]
Notice that:
r(lais] - [bi]) = (Ir - ai]) - [bij]
so, A is also an R-Algebra.
ExaMPLE. Let R = R, and let A= functions from R — R under mul-
tiplication. The identity for A will be the constant function, f(x)=1. Thus

we have a map:
RxA—A (rf)—rf

This defines a module. Moreover, A is an R-algebra because it satisfies the
extra conditions in the definition of an Algebra.

Our claim is now that our first definition implies our second definition.

Proor. Given:

f:R— A
A ring homomorphism, we want to define an R-module on A such that:
RxA— A
(rya) — f(r)-a =: rxa

N——

the -’ represents multiplication in A
Why does this homomorphism happen to define an R-module? Consider
the following for r,s € R and a € A:

rx(sxa) = f(r)-(f(s)-a))
(f(r)- f(s))a
(

f(rs)-a=(rs)*a

where * is in the module structure
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Where we use the fact that (f) is a ring homomorphism in line 2. From this
we can conclude the following:

(1) 1g-a=f(lgr)-a=1a-a=a

(2) f(r)-a=a-f(r) VreRacA

(3) rx(a-b)=f(r)-(a-b)=(f(r)-a)-b=(rxa)-b
Using these properties, we can show that the definitions are compatible.
Suppose that we are given a ring R with 1, an R-module A with 14, and
let 7(ab) = (ra)b. We then define the following map:

f:R— A sothatf(lgr) =14
fr)=f(r-1g) = f(r)- f(1r) = f(r) - 1a
Now using the map that we’ve defined, we can do the following:
RxA—A (ra)—r*a

Where the operation x denotes how an element of R acts on an element of
the R-module A. If we also define:

f(r)y=rx1ly
We can show that f is a ring homomorphism in the following way:

f(r-s)=(r-s)x1x Dg'2r*(s*1,4)

=rx f(s)
=rx(la-f(s))
=rxla-f(s)
= f(r)- f(s)
And since f(r) = * 14, we know that:
f(lg) =1g*1y =14 sincelp-a=a Ya€ A

The last question we need to ask is if f(r) € the Center of A. In other
words, is the following true:

fr)=(r+1a) €Ca= (rxla)-a=a-(rx14)
This can be shown to be true. O

DEFINITION 25. Let M and N be R-modules. An R — module homo-
morphism is a group homomorphism:

f:M — N such that f(r-m)=r-f(m) Yre RmeM

EXAMPLE. Z-modules are abelian groups, and Z-module homomorphisms
are exactly group homomorphisms as we’re used to them:

KeZ, f(K-g)=f(g+..+g) =f(g)+..+flg)=K[f(9)

K times K times
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ExXAMPLE. Let F be a field, and let R = F[z]. Given V, an F-vector
space, if:
T:V->V

is a linear transform and p(z) € F[z] where
p(x) = anz™ + ap_12" ' + a1z + ag
Let
p(T) = anT" + a1 T" '+ ..+ a1 T +ag - Id
Where a linear transform to a power n is equal to the following:

TV =ToToT...oT
—_—

n

Notice that if p(z), ¢(x) € Fz] the following is true:
(p-@)(T) =p(T) - 4(T)

which makes the set of linear transforms into an F[z]-module. If you fix a
given T once and for all, you see that p(T) is a linear transform,

p(T): V=V
which gives us a function
Fla] xV =V (p(z),v) = [p(T)](v) = p-v

Which makes V into an F[z]-module. To prove this, we have to check the
following:

(1) p-g)-v=@ q)(T)v=®T) qT)) v=pT) (g(T)v)=p-(q-v)
2) p+q)-v=@T)+qT) v=pT)+qT)v=p-v+q-v
for p,q € Fx] and v € V. It can similarly be shown that
p-(vi+wv2)=p-vi+p-v2

So the distributive law holds up under our scrutiny, and V is indeed a F[x]-
module.

EXAMPLE. Let T=0, then p(T") = ag - Id. Then,
Flz] xV =V  (p,v) = p(T)(v) = apldv = a, - v

ExXAMPLE. Let T=Id. Then, p(T)(v) = (an + an—1+ ... + a1 +ap)v. We
can then derive the following fact:

{V, an F[x] Module} & { V, an F-vector space and T': V' — V, a linear transform}

DEFINITION 26. Let A and B be left R-modules. We define a new set
Hompg(A, B) in the following way:

Hompg(A,B) = {f|f : A— B where fis a group homomorphism f(r-a) =r- f(a)}
= {f| f is an R-module homomorphism from A to B}
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It is natural to wonder about the structure of this set Hompg(A, B). For
starters, we can show that:

Hompg(A, B) is an abelian group
This property comes from the following;:

(f[+eromp(a,mlg)a) = f(a)[+eplg(a)
And since we know that the addition of homomorphisms is abelian, putting
that together with the fact that B must be an abelian group under addition,
we see that Hompg(A, B) is abelian. Through this we can see that the inverse
of a function f € Hompg(A, B) is simple —f. Since it can also be shown
that:
f+g€ Hompr(A,B) and — f € Homa(A, B)

Looking at Hompg(A, B), we see that it’s actually an abelian group.
Another natural question is ”is Hompg(A, B) a natural R-module?” We have
the following candidate for a map:

R x Homg(A,B) - Homgr(A,B) (r,f)w—71-f
Where
(r-f)(a)=r-f(a)
To show that Hompg(A, B) qualifies as a valid R-module, we have to show
the following:

?
re(s-f)=(-s)-f
Which can be shown through the following:

(r-(s-f)a) =

=7)(s- f)(a))
=7-(s-f(a))
= (r-s)-f(a)

= ((r-s)-f)a)

And since the other qualifications are the distributive laws, where:

(rs)-f=r-f+5
And

re(frg)=r-ftrg
We omit their proofs but acknowledge that they hold. Now we check that:

r-f e Hompr(A,B){f € Homg(A, B)
The group homomorphism properties hold, and we have to prove the follow-
ing:
(r-f)(s-a) Z s-(r-f)(a) forr,s € R,a € A,

We know the following through the properties of a homomorphism on this

structure:

(r-f)(s-a)=f-f(s-a) =7r-(s- f(a)) since f is a R-module homomorphism
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=r-(s- f(a))
Which we would like to equal:
=s-(r-f(a))

Which we can see would happen when the ring R is commutative. So, we
see that Homp(A, B) is a natural R-module when R is a commutative ring.
Otherwise, we can’t assume that this works. In summary,

If R is commutative, then Hompg(A, B) is a left R-module

EXAMPLE. If F is a field, then Homp(V, W) is an F-vector space for any
F-vector spaces V and W. This follows naturally from F being a commutative
ring.

Observe the following:
Homp(A,B) x Homg(A,B) — Hompr(A,C) (f,g)—gof
And notice that
gof(r-a)=g(r- f(a)) =r-g(f(a)) =7 (g0 f)(a)
Take the special case:
Homp(A, A) x Homp(A, A) — Homp(A,A) (f,g) g0 f

Which is a associative, non-commutative operation. The R-module homo-
morphism f : A — A given by f(a) = a, i.e. the identity homomorphism,
will be the identity for composition under this operation. From this struc-
ture, we have the following result:

Homp(A, A) is a ring under addition, and composition, or (R, +, o)

This is defined as the Endomorphism ring of A.
We know the following:

Hompg(A, B) is an R-module if R is commutative.

Homp(A, B) is a ring under addition and function composition.

Notice that both of these are true for Homp(A, A) as a special case of
Hompg(A, B). Together, these two statements define an R-algebra:

r-(fog)=(r-flog=fo(r g
ExXAMPLE. Take the case where F is a field, and let A=V, a F-vector
space. Thus, Homp(V,V) is an F-algebra. If V=R", Homp(V,V) = Myxn
We have the following operations that allow Homp(V, V') to be an F-algebra:
(1) Normal addition, +

(2) Multiplication of matrices
(3) Scalar multiplication of matrices
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If A is an R-module and B is a submodule, we have the following:
RxA/B— A/B (r,a+B)—r-a+B
Which is a well defined map, and defines an R-module. A/B is then called

‘the quotient module’.

ExaAMPLE. Consider the M, «, modules R"™. We then know the following
about A, B € M and v,w € R™:
(1) A(Bv) = (AB)v
(2) A(v+w) =Av+ AW
(3) (A+ B)v=Av+ Bv
Allow a map A : R” — R™ to be R — linear. This means that:
A(v+w) = Av + Aw and A(c-v) = ¢ (Av)
When is A considered and M,,«, module homomorphism? It turns out that
this holds if and only if:
Ve € My, AXav)= = ( _A v )
=N =~

in Ring a linear Map vector

So, Ax = xA Vx € M, x, when z is in the center of M, «p.

As already mentioned, if N C M and N < M, then we know that M /N
is a quotient module, which implies that we have a map:

Rx M/N —- M/N (r,a+ N)—=ra+ N

If f: M — N is an R-module homomorphism, where M and N are any
R-modules, we define the following sets, similar to ring theory:

Ker(f)={m e M|f(m) =0} (is a submodule of M)

Im(f)={f(m)m e M} (which is a submodule of N )

As in the case of rings and groups, we see that the Ker(f) << M, or it is
an “ideal”. We then have the following definition for the 1%¢ isomorphism
theorem:

DEFINITION 27. The 15t isomorphism Theorem: If
f:M — N s an R-module isomorphism, then
M/Ker(f) % Im(f) m+ M — f(m)
Is an isomorphism of R-modules.

ExAaMPLE. Given R, a ring, and R" = {(r1,72,...,7)|r; € R} is an
R-module. We have the following map:

mi i R" — R mi(r1,7me,...iTy) — 75
Where 7; is clearly a surjective R-module homomorphism. We see that:

Ker(m) = {(r1,72,.,0 74, ...ry)|ri € R}
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So using the 1% isomorphism theorem, we see that:
R"/Ker(m;) = Im(m;) = R
e.g., let the ring R=R. Then we have a map:
i:RZ— R (z,9)— (2,y,0)
Then considering the map 7; on this structure, we have the following;:
R — R
so from this, we can conclude that:
R3/Ker(m) = R*/Im(i) 2 R
Where this is an R-module isomorphism.
REMARK. If A is an R-algebra, then we have the following:
axb=a-b—>b-a which is called a lie algebra.
Interestingly, this will always satisfy the Jacobi identity,
(axb)xc+(cxa)xb+(bxec)xa=0






CHAPTER 7

Operations on R-Modules

Let Ny, Na,...Ni be R-modules. Then, we have the following:
N1+ No+ ...+ N = {r1a1 + roag + ..rpag|ri € Rya; € N

which can be thought of as ”all linear combinations” of the elements from
the R-modules. If A is any subset of M, we have the following:

RA ={ria1 + ... + rpan|n € N,7; € R,a; € A}

Which we call the ”"submodule of M generated by A”, a subset of the R-
module M. If N is a submodule of M, we say that N is ’finitely generated’ if
N=RA, where A is a finite subset of M.

If A= {a}, we'll write Ra for RA. We say that N is 'cyclic’ if N=Ra for
some a € A.

ExaMPLE. Let the ring R = Z. We know that Z-modules are abelian
groups. If M=G is an abelian group, we say that:

N =2Z-a for some a
= {0, £a, +2a,+3a...}
= a cyclic subgroup generate by a € M

Which implies that N is finitely generated for an R-module. We see that
the term ”finitely generated for an R-module” is equal to the term ”finitely
generated for a group”.

ExXAMPLE. Let R be a ring, and let the R-module M be the R-module
R. We now ask, what are the cyclic submodules of R? Recall that an R-
submodule of R is exactly a left ideal I of R. Thus, I is cyclic if and only if
I =R-a for some a € A, or in other words, if I is a principal idea.

EXAMPLE. Surprisingly, it turns out that a submodule of a finitely gen-
erated module need not be finitely generated. Suppose that a ring R has
some element 1. Thus, R is a cyclic R-module, since R = R-1. Now let R
be the ring:

Q[xlv T2,T3, ]

49
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This ring is a cyclic R-module since it’s generated by the element 1. Now
consider the following;:

R - z1 is a submodule of R
R - z9 is a submodule of R

R - x3 is a submodule of R

Now consider the ’linear combinations’ of the submodules of R, which looks
like the following:

Rx1 4+ Rxo 4+ Rxs3 + ... = polynomials without a constant term

This is a R = Q[x1, 2, ...]-module! But, the claim is that this module is not
finitely generated. This is because we claim there exists an infinite number
of variables, whereas if you tried to use a finite number of generators, you
would miss out on variables. And naturally, you can’t use any constant
terms, since this combination has no constant terms.

DEFINITION 28. Let M and N be left R-modules. We define the direct
sum in the following way:

M &N = {(m,n)lme M,n e N}
To be an abelian group under the following operation:
(m1,n1) + (ma,n2) = (M1 + ma,n1 + na)
M @& N is a left R-module by the following formula:
r-(m,n)=(r-m,r-n)
r-(s-(m,n)) = (rs) - (m,n)
Which allows for the two distributive laws.

EXAMPLE. Consider R" as an R-module, where R?> = R @ R, and
R" = R®R... d R There turns out to be a fairly obvious isomorphism of
—_———

R-modules ans follows:
(M&@N)®P — Mo (NeP) ((m,n),p)— (m,(n,p))
Also notice that M & N =2 N & M under the simple isomorphism:
(m,n) — (n,m)
Also notice that {0} is an R-module, and that:
Mao{o}={0teM=M, (m0)<+— (0,m)+«—m
REMARK. Notice that there aren’t always inverses!
Me?=0

It turns out nothing can really fit in to the ’?’ spot- this isomorphism holds
only when M = {0}, which isn’t really the most interesting example.
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DEFINITION 29. Given {My, My, ...} , countably many' Manifolds, let:

0
Ml@MQ@...iz @Mk: @Mk
k=1 k>1

= {(m1,ma,...)|m; € MY but finitely many m; are zero }
Where we impose the following restrictions on operations:

(1) Addition will be defined entry-wise
(2) A left R-module multiplication on @ My, is defined entry wise
k>1

An example of this could be & R.
k>1

DEFINITION 30. Letting M and N be left R-modules, we define the direct
product in the following way:

o)
My x My x .= [ My =[] M
direct product k>1 k>1
=: {(ml,m27 |ml S MZ}
Where addition and left R-module structure operations are defined as they
were for @; entry-wise.

ExAMPLE. Consider:
(1,0,1,0,1,0,..) € [[ R
E>1

But, notice that:
(1,0,1,0,1,0,...) ¢ ® R

E>1
Because infinitely many m; = 0.
REMARK. But, the following is true:
& My, C H My,

>
k>1 kSl

EXAMPLE. As we know, Zy = {0,1}. Considering the elements of & My,
k>1

and [[,~; My, suppose we try to write out all the elements of [ [, Zo:
a1, a2.a3.a4, ...
b1, b2, b3, b4, ...
C1,C2,C3,C4, ...
di,dz,d3, dg, ...

I mathematics, a countable set is a set with the same cardinality (number of ele-
ments) as some subset of the set of natural numbers. A set that is not countable is called

uncountable
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Now consider the following new element, x € [[;~; Z:

r = (a1 + 1), (b2 + 1), (63 + 1), (d4 + 1),
However, since we've assumed that € [[,~; Z2, we claim that x wasn’t
in our original list! Thus, we see that [[,~, Z2 isn’t countable. Clearly,
z ¢ [[1>, Z2, since it (x) may have infinitely many zeros.

EXAMPLE. If R is a ring, the n-fold direct sums of R with itself: R" =
RA®R® ... R are called free R-modules of rank n. The intuitive notion is
——

n
that M is free of rank n if there exist n elements eq, €3, ...e,, in M such that for
any x € M there exist unique r1, 72, ...r, € R such that rie;+reea+...rpe, =
x. The idea is similar to having a basis on a vector space.
Notice that R™ is free of rank n, since we can let ¢; = (01,09, ...1;, ...) for
all i. Then,

x = (r1,22,23,...ky) = (x1- 1,29 - 1,3 -1, ...y - 1)
THEOREM 15. Let the ring R be a field, called F. Then we have the
following theorem, which we won’t prove:

. ) 1-1
n-dimensional F-vector spaces +— free F-modules of rank n

EXAMPLE. Notice that @ R or [[,~, R are not free of rank n for any

k>1
n > 1.

ExXAMPLE. Given Zg as a Z-module, we see that it is not free of rank n.
This is due to the fact that an element of Zg can be represented through a
non-unique way through multiplication or addition of other elements. ILe,
for any e; € Zg, the following is true:

r=1r1-€e1 =ry-e1 wherery #ry
No matter how we chose e; € Zg:
r1-d; = (r1 +6)er, 711 #1711+ 6 € Z since it’s a Z-modules
So, Zj, is not a free Z module. As seen in the homework, if we took an
abelian group G that has torsion (which means that there exist elements of

finite order, i.e. n-y =0 ) then G is not free. This argument holds even if
n is prime.

Fact. M is free of rank n if and only if:
M = R"
M — N, x=rie1+reea+ ...+ 1rpep— (r1,...79)
ExaMPLE. Consider Q. Since Q is abelian and therefore a Z-module,

we know that Q is not free of any rank. What this implies is that for any

finite collection of primes, the following cannot be done uniquely:
a 1 1 1

—=c—t+c—+ .. tcp—

b D1 P2 Dk
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Which is true because the denominator 'b’ may just be the next prime,
pr+1- And, if you take an infinite list of primes, you lose the property of
uniqueness, showing that Q is not free.

The motivation for ® is the following:
(—,—):R"xXR"—>R
DEFINITION 31. Given x,y, their direct product is taken as follows:

(7, y) = 2191 + 22y2 + . + Ty

This definition admits the following properties:

(1) (azy) = (z,0y)Va € R = a(z,y)

(2) (z+2y) = (z,y) + (2,9)

3) (@,y+2) = (z,y) + (,2)
Also, notice that (x + z,y +w) # (x,y) + (2, w).

Consider the following idea: If M and N are R-modules (where R is a
commutative ring with 1) the elements of M @z N are sums:
myry+ ... +mp Qrg

With the following properties:

(1) (r-m)@nm=m (- -n)=:r-(Mmn)

(2) m1 ®ny +ma@n; = (m1 +ma) @ny

(3) m1 ®ny +m; @ng =my ® (n1 + na)

ExAMPLE. The inner product on vector space is exactly an R-module
homomorphism:
RQrR —R

Let M be a left R module, where
(r,m)—r-meM

The question is, given some new operation *, with the following definition:

de finition
mxr = =

does this operation make M into a right R module? Well, we know the
following to be true:

(1) (my+mga)-r=r-(m+mg) =my*r+mgoxr

(2) m*(r1+7r—2) =m* +m*7g
But is the following true?

(m*11) %72 ;m*(rl *13)

It turns out that generally, this property holds. Unless, R is communative-
in which case, ever left R module is naturally a right R module by defining
this new operation as such.

DEFINITION 32. A (R,S)-bimodule is an abwelian group M such that:
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(1) M is a left R-module
(2) M is a right S-module
(3) (r-m)-s=r-(m-s)

ExaMpPLE. If R is communative, every left R-module is naturally a
(R,R)-bimodule. Take for example:
Myxn(C)

Which is a left C-module, and is a right M, «,R-module. l.e., we ask the
following question:

((a+bi)-A)-B = (a+bi)(A-B)

Where A is a matrix with complex entries, and B is a matrix with real
entries. It turns out that this equality holds, which implies that

Myxn is a (C, Myxn(R))-bimodule

ExAMPLE. If A is an R-algebra, we know the following about elements
re€ R,a1,a9 € A:
r-(a1-az) = (r-ay)-as
Which impleis to us that A is in fact a (A4, A)-bimodule, where we have the
following:
Ax A (al,ag) = a1 - a2

It is clear that thsis map satisfies all necessary properties to qualify as a
bimodule. Also notice that A itself is an (R,A)-bimodule, since
ri(ay -az) = (r-a1) - as

Suppose we have the following two bimodules: M, an (R,S)-bimodule,
and N a (S,T) -bimodule. We then claim that there exists a new (R,T)-
bimodule, called:

M (S N

Which is defined by the following free abelian group:
(M x N)/{subgroup generated by all:

(m1+ma,n)—(myi,n)—(ma,n), (m,n1+n2)—(m,ni)—(m,na), (ms,n)—(m, sn)}
The reason for quotienting out by those subgroups is because we want this
new operation ® to satisfy a few nice properties, namely:

(1) ms®@n—m®s-n=0

(2) (m1+m2)®n—m1®n—mg®n20

(3) m® (n1 +n2) —m®n; —mng
We will write the representatives for the equivelance classes as:

Zmi®ni

R acts on M ®g N on the left by the following:

(T,Zmi@)ni) — (Zrm“@m)
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Similarly, T acts on M ®g N on the right by:

(Zmi ® g, t) (Zml ®mn; - t)
REMARK. If 0 € M, and n € N, then:
0®neMeN
Is equivelant to 0. This follows from:

O®n=
=040)®@N =
=0 N+0R N
=0=0®N

ExAMPLE. Consider Zy as a (Z,Z) bimodule. We then notice that:

Z Zo={0®0, 0®1, 1®0 1®1
2®7 2 ={0®0, 0®1, 1®0, ® }
equal to 0 not equal to 0

From this, we conclude that the cross product of Z)2 with itself is a simple
group of order 2, and is thus isomorphis to Zy as a (Z, Z)-bimodule.

It is also worth noticing that one can manipulate the properties of the
tensor product to obtain similar conclusions with the tensors of other mod-
ules.

EXAMPLE.
Lo ® Ls
Given a ® b € Zy ® Z5 we see that we have the following problem:
a®b=3a®b
=a®3b
=a®0
=0

Thus, we can conclude that Zy ® Zs={0}

EXAMPLE. Qis a (Z, Z)-bimudle, and let A be a finite abelian group.Thus,
every a € A has finite order, and given:

Z@ZA

We notice that we can do the following with elements in this tensor product,
given:
n
£®a2p—®a:£-n®a:£®na:£®0:0
a qn qn qn qn
Where 1 in this case is the element that pushes the element a of finite order
to 0.
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ExXAMPLE. Let V be a R-vector space. Thus,

Vv QR C

a (R, R)-bimodule a (R, R)-bimodule

This is called ”the complexification of a real vector space”, and has some
applications to complex analysis. This leads to the following claim:

CLAIM.
as real vector spaces

VerC = ViV
With the following map:

> v @ (aj +iby) = > (ajv;,i(bib;))
This is actually an (R, C)-module, that has the following properties:
(1) (M ®s N)®@r P=M®s (N @r P)
(2) M ®g5 (N1 & No) = (M ®s Np)® (M 25 No)
(3) (N1 ®No) ®s M = (N, ®s M) & (N2 @5 M)
Notice that we have the following interesting properties relating to mul-
tiplication as we’re used to it:

Multiplication : R x R — R

And that
(1) (a+b)-¢c)=a-c+b-c
(2) a(lb+c)=a-b+a-c
3) (a-b)-c)=a-(b-c)
These properties imply that multiplication of real numbers is actually

given by a function:
RrR —R

Recall that R@rR = {>_ a;®b;|i € N, a;,b; € R}, which satisfy the following
relations:

(1) a®c+b@c=(a+b)®c
(2) a®b+a®c=a® (b+c)
(3) ab®c=a®bc

For example, 3®1+4®1 = (34+4)® 1. Let’s now show that multiplication

gives a well defined function from R ® R M R. We have the following
candidate:

a®b—a-beR
More generally,

n n
ZCM@b@' > Zai'bi
i=1 i=1
Is it then true that the map M satisfies the following?
Ma®c+b®c) ;M((a+b)®c)
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From what we know about normal multiplication, we see that this is true.
From this we can even go a little bit further, to say that multiplication in
a ring R, where R is an R-bimodule (or an abelian group) is really just a
function
M:R®7zR— R
Now consider R ®g R. Which R-module is that? Our claim is that:
RerR=R

And more generally, M ®r R = M for any right R-module M, and R with
1. Consider:
MrR—-M ,m®r—m-r
And where
m@ri+n@ror—=r-ri+n-ro
And all the other analogous natural properties we would like this map to
posess. Is this map onto? We see that the answer is, because
mIlpr—m-1=m
And is 1-1, because:
mre MR =mr=ma(r-1)=m-r)®1
So if
m@r+— m-r =0 this implies that n@r=m -r1=0=m-r=20



